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ABSTRACT

High quality factor, small mode volume photonic crystal cavities and single emitter
quantum dots are the topic of this dissertation. They are studied as both a combined
system with InAs quantum dots grown in the center of a 2D GaAs photonic crystal slab
nanocavity as well as individually. The individual studies are concerned with passive 1D
silicon photonic crystal nanobeam cavities and deterministic, site-selectively grown
arrays of InAs quantum dots.

For the combined system, strong light matter coupling in a quantum dot photonic crystal
slab nanocavity is discussed. Vacuum Rabi splitting is seen when the interaction strength
exceeds the dissipative processes of the coupled system. In order to increase the
probability of a spectral matching between cavity modes and quantum dot transitions, a
technique for condensing an inert gas onto a sample is used. This can lead to a spectral
tuning of up to 4 nm of the cavity mode with minimal change in the cavity quality factor
while maintaining cryogenic temperatures down to 4 K. The effect of a large density of
quantum dots within a quantum dot photonic crystal slab nanocavity is also addressed.
Gain and absorption effects are found to occur, changing the cavity emission linewidth
from that of its intrinsic value, as well as lasing with a low number of quantum dots and
with high spontaneous emission coupling factors. Additionally, methods for improving
the quality factor of GaAs photonic crystal cavities and better understanding different
loss mechanisms are discussed.
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In the individual studies, the site-selective growth of InAs quantum dots on pre-structured
GaAs wafers is shown as a promising method for the eventual deterministic fabrication of
photonic crystal cavities to single quantum dots. An in-situ annealing step is used to
reduce quantum dot density, helping ensure that dots are not grown in unwanted
locations.

Given silicon’s potential for achieving higher quality factors than its GaAs counterpart, a
study of 1D passive silicon photonic crystal nanobeam cavities is carried out.
Transmission through a coupled microfiber is used to measure quality factors of the
cavities and compared with that of a crossed polarized resonant scattering measurement.
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CHAPTER 1: INTRODUCTION

1. Explanation of the problems and a review of the literature

It is well known in the field of cavity quantum electrodynamics (CQED) that the
properties of an emitter can be altered by tailoring the environment in which it is located
[1]. As early as 1946 E. M. Purcell had published his article [2] describing the change in
the spontaneous emission rate of a dipole when resonantly coupled to a cavity mode.
This work was later extended by Jaynes and Cummings, who built up a model to describe
the interaction of a two level atom with a single mode of the quantized electromagnetic
field [3, 4]. In order to experimentally create such single modes of the field special
cavities must be used, which led to the birth of experimental CQED.

Using a semiclassical theory, the interaction between an atom and a classical field is
described in the dipole approximation by the Hamiltonian
V  E

where  is the dipole moment and E is the electric field. Incorporating a fully quantum
picture the electric field then becomes an operator and the new interaction Hamiltonian is
V  ( a  a † )( g   g *  )

In this equation a † and a are the field creation and annihilation operators, respectively,
and create or remove an excitation in the electromagnetic field. The Pauli spin matrices

  and   correspond to transitions in a two level atom,   changing the excitation
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from the ground state gnd to the excited state exc, and vice versa for   . The strength of
the interaction is given by g which is directly proportional to the dipole matrix element
and the amplitude of the electromagnetic field g 

E

. Within the rotating wave



approximation the full Hamiltonian of a two level atom interacting with a single mode of
the quantized electromagnetic field can be expressed as
1
H  H 0  V      ( a † a  )  g ( a   a †  )
2
with  the atomic transition frequency and  the field frequency. This equation is
known as the Jaynes-Cummings Hamiltonian. Upon inspection of the interaction part of
the Jaynes-Cummings Hamiltonian, one sees that coupling is only possible between states
such as exc, n and gnd , n  1 . However, these states, called the bare states, are not the
eigenstates of this Hamiltonian. Known as the dressed states, the eigenstates of this
system are entanglements of the bare states and, at zero detuning, are

2, n   exc, n  gnd , n  1 

2

1, n   exc, n  gnd , n  1

2



with eigenvalues of
3
E 2,n  ( n  )  g n  1
2

3
E1,n  ( n  )  g n  1
2
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The difference between these eigenvalues, E1,n - E 2,n , is 2g n  1 which can be
rewritten as R0 , or Planck’s constant times the quantized Rabi frequency
R0  2 g n  1 . Figure 1 shows a plot of the energies of the coupled system as a function

of the atomic transition frequency. A signature of a strongly coupled system is evident in
this diagram by the characteristic anti-crossing behavior; as the detuning approaches zero
the energies of the eigenstates repel one another and the energy spectrum splits, unlike
the uncoupled atom and field states which become degenerate.

Figure 1: Energy diagram for a strongly coupled system (solid lines) and
for an uncoupled system (dotted line). As the detuning between the
atomic and cavity frequencies approaches zero the strongly coupled
system energies repel one another as opposed to the uncoupled system
energies which become degenerate.
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It is interesting to investigate what happens with this system in the absence of any applied
electromagnetic field. In the semiclassical approach the interaction energy would go to
zero, however, in a fully quantum picture there is always some electromagnetic field
intensity, even in the vacuum state. Theoretically creating a cavity of volume V,
integrating the energy density within that cavity, and equating that energy to what we
would find by modelling the field as a quantized harmonic oscillator we can determine
the strength of the vacuum electric field
E vac 


2 0V

In free space where V =  the vacuum electric field is negligibly small but as the volume
decreases the field increases. This implies that one could create strong light matter
interactions between a two level emitter and the vacuum field provided the volume of the
cavity is sufficiently small. Since the splitting between the eigenenergies is directly
proportional to the electric field, smaller volume cavities will lead to larger splittings.
This energy splitting when the photon number is zero is called vacuum Rabi splitting.
Figure 2 shows the first few rungs of the Jaynes Cummings ladder of energy states
beginning with the unexcited atom, zero photon state.

In any real system there are always dissipative processes that one must take into account.
For example, in the case of an emitter coupled to a cavity, there is the photon loss rate out
of the cavity  and the rate of emission of the emitter into modes other than the cavity
mode  . The photon loss rate is related to the quality factor (Q) of the cavity which is a
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exc,1  gnd ,2

Figure
2:
The
Jaynes
Cummings ladder of energy
states. The solid lines are
eigenenergies of a strongly
coupled system while the
dashed lines indicate energy
levels for an uncoupled
system. A factor of 1 2 has
been omitted from the
eigenstates for clarity.

2g

2

exc,1  gnd ,2


exc,0  gnd ,1

2g

exc,0  gnd ,1


gnd ,0

measure of the amount of time energy remains inside the cavity. The atomic transition
will now have a linewidth associated with it as well as the cavity mode frequency. If
these linewidths are large compared to the energy splitting then the two energy peaks at
zero detuning would not be resolvable. Due to the strong interactions, the linewidths of
each of the two peaks are equal to the mean of the atomic and cavity linewidths.
Therefore, to resolve the splitting one needs the interaction strength to be larger then the
mean of the dissipative processes, or 2 g 

 
2

. For the results provided in this

dissertation the cavity loss rate well exceeds the emitter dephasing rate so the strong
coupling requirement now depends on a maximization of the ratio of

g  E vac 

1
V

and  


Q

g



. Since

the requirement can also be seen as maximizing

Q
V

; i.e.

high quality factor, small mode volume cavities are necessary for achieving vacuum Rabi
splitting.
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Much of the original work in CQED in general and vacuum Rabi splitting in particular
was accomplished by the atomic physics community [5]. The experimental results began
in the microwave regime with Rydberg atoms passing through a Fabry-Perot cavity
composed of superconducting mirrors [6]. The optical region was then accessed with the
use of cesium atoms, also passing through a Fabry-Perot type cavity. Early work
involved many atoms within the cavity [7], followed by experiments involving one
intracavity atom at a time [8], and then progressing to the point of trapping individual
atoms inside a cavity [9, 10]. At first statistics were built up by averaging over a number
of different experimental runs until trapping techniques evolved to the point that holding
times could be in the millisecond range, allowing for a full spectrum of data to be
collected for one, single atom [11].

While the trapping time of atoms may be long compared to the length of time an
experiment is run and superconducting mirrors can form cavities with ultrahigh Q’s, there
was still a strong desire to move this field over into the realm of solid state physics.
Entire optical tables are necessary to create atomic CQED systems whereas their solid
state analogs can be made on semiconductor substrates with footprints on the order to
microns. Plus, atoms move about while solid state emitters can remain in place
indefinitely. The only question that one must ask is what do we choose for the emitter
and what do we choose for the cavity [12]?
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The obvious choice of emitter when solid state CQED began was the semiconductor
quantum dot [13, 14, 15, 16]. While initially interface fluctuation quantum dots were
thought to have superior properties eventually it was the self organized quantum dot
which emerged as the top candidate. A quantum dot is composed of many atoms but is
able to effectively act as a single two level emitter. In fact, single quantum dots have
been shown to exhibit a number of atomic like properties such as photon antibunching
[17, 18, 19], resonance fluorescence [20], Autler-Townes splitting and Mollow
absorption spectra [21]. Quantum dots are often grown using molecular beam epitaxy
(MBE) and utilizing the Stranski-Krastanov (SK) growth mode. Essentially a thin layer
of material such as indium arsenide (InAs) is grown on a substrate such as gallium
arsenide (GaAs). Under the right growth conditions, the lattice mismatch between the
two materials will cause the quantum dot material to clump together into small pyramidal
or spherical like structures, usually of 30-70 nm in diameter and 5-10 nm in height. An
atomic force microscope (AFM) image of a single layer of quantum dots is shown in
Figure 3. In the simplest approximation one can think of this as a 3D spherical potential
well which, upon solving the Schrödinger equation, will lead to discrete energy levels.
Of course, there are other choices of emitter such as colloidal quantum dots and nitrogen
vacancy centers in diamond, however, semiconductor quantum dots have remained the
most promising “artificial atom”.

Next, one must decide what type of solid state cavity to use. The choices include such
systems as micropillars, microtoriods, microspheres, and microdisks but the one that
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Figure 3: AFM image of quantum dots.
seems most promising, and that was used in the experiments described later in this
dissertation, is the photonic crystal cavity [22, 23, 24, 25, 26, 27]. Starting with the
notion of a photonic crystal [28], which is basically an extension of the well know one
dimensional Bragg mirror into higher dimensions, a photonic crystal cavity can be made
through the introduction of intentional defects. For the 2D photonic crystal slab
nanocavity light confinement is achieved within the plane of the slab by Bragg reflection.
This is achieved by etching a lattice of air holes into the slab to act as a periodic change
in the index of refraction, thereby forming a photonic bandgap. A defect is then
introduced into the lattice to allow for light localization within the bandgap; i.e. a cavity.
Cavities can be created by leaving out one or more air holes or changing the size of
particular air holes. By making alterations such as shifting the nearest neighbor air holes
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around the defect region, the structures can be optimized [29, 30]. Changes in this shift
along with hole radius, lattice constant, and slab thickness allow for high quality factor,
small mode volume solid state cavities to be created at given wavelengths. Currently,
fabrication tolerances have limited most photonic crystal cavities to the near IR region.
The in-plane confinement occurs from total internal reflection which can be relatively
good as the index of refraction of GaAs is in the range of 3.4.

Incorporating quantum dots into photonic crystal cavities is relatively straight forward. A
substrate such as GaAs is placed into the MBE chamber where one first grows a buffer
layer, followed by an aluminum gallium arsenide (AlGaAs) sacrificial layer, the bottom
half of the photonic crystal slab, InAs quantum dots, and finally the top half of the slab.
A mask of the photonic crystal pattern is then created using electron beam lithography,
dry etching with sources such as chemically assisted ion beam etching for creating the air
holes, and wet etching with hydrogen fluoride for sacrificial layer removal.; see Figure 4.

Figure 4: Quantum dot – photonic crystal slab nanocavity.
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Now that we have our solid state CQED system, how do we reach the strong coupling
regime? A properly designed and fabricated GaAs photonic crystal cavity can have mode
3


volumes in the   range and quality factors exceeding 20,000 which are sufficient to
n

achieve strong light matter coupling. There are, however, some additional requirements
that can be harder to control such as spectral and spatial matching of the quantum dot and
the cavity mode.

In order to meet the spectral requirement the quantum dot transition frequency must be
close to that of the cavity mode. An ensemble of quantum dots typically has a ground
state inhomogeneous linewidth of 50 – 100 nm, therefore, there is a certain amount of
luck involved in minimizing the detuning. If one is fortunate enough to find a quantum
dot spectral line within a few angstroms of the cavity mode and blue detuned then
temperature tuning can be used to scan the quantum dot through the cavity. Quantum
dots can suffer from large phonon broadening which is why samples are held at cryogenic
temperatures. This limits the amount of tuning of the quantum dot to roughly 0.4 nm.
The larger temperatures necessary for greater shifts increase  so much that the strong
coupling regime is no longer obtainable. Alternatives to temperature tuning include
techniques such as digital etching of the photonic crystal [31] or, as discussed in more
detail in the following chapter, condensation of an inert gas onto the sample [32]. Gas
condensation is a reversible process where a controlled amount of xenon or nitrogen gas
in introduced to the cryogenically cooled sample, adhering to its surface and thus
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modifying the photonic crystal parameters through increased slab thickness and
decreased hole radii. This process can tune the cavity mode upwards of 5 nm with
negligible changes in quality factor.

Another requirement is that the quantum dot should be located in the antinode of the
electric field within the cavity; see Figure 5. Recalling that the interaction strength is
equal to the dipole moment times the electric field, spatial positioning can make a big
difference.

Figure 5: Computed electric field profile (Image courtesy of T. Yoshie).
The SK growth mode for quantum dots results in a random spatial distribution which can
make meeting the spatial requirement difficult. Several deterministic techniques have
been implemented over the years and include locating individual dots with an AFM
through perturbations they create on the sample surface [33], in-situ lithography [34], and
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photoluminescence measurements of quantum dots as measured from highly reflective
structures fabricated on the sample [35]. Each of these methods has produced positive
results, however, they are not very functional if one wishes to create a network of
coupled cavities. One method to address this is to create a deterministic array of siteselectively grown quantum dots which could then have photonic crystal cavities
fabricated around them. The literature contains a number of techniques [36] but here I
will only discuss the one relevant to this dissertation – lithographic prestructuring of
substrates [37]. Beginning with a GaAs substrate, electron beam lithography and wet
chemical etching are used to create an array of nanoholes roughly 50 nm in diameter and
30 nm in depth. During the MBE quantum dot growth these nanoholes act as nucleation
sites where the dots preferentially form. Using in-situ annealing one can increase the
probability of dot nucleation at each site and minimize nucleation in between the sites.
While the optical quality is still less than that of randomly grown quantum dots, there is
still much optimism that site-selective techniques will be the enabler of future networked
solid state CQED systems.

Assuming one doesn’t utilize the above techniques for deterministic placement of
quantum dots into cavities, it might be reasonable to suggest one use a high density of
quantum dots, thereby increasing the probability of spectral and spatial matching.
Unfortunately this can be detrimental to the search for strong coupling [38]. With a high
density there is a large number of surrounding uncoupled quantum dots that can give rise
to absorption and lower the quality factor of the cavity. On the other hand, at higher
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powers one can get gain and even lasing. Lasing within these systems is quite interesting
in that the number of contributing quantum dots can be very low and the spontaneous
emission coupling factors can approach unity [39, 40].

Even though GaAs photonic crystals have been the workhorse of solid state CQED up
until now their quality factors are more or less just above the necessary values.
Theoretical simulations give results with often more then two times the quality factor as
compared to some of the highest experimentally measured values. Additionally, silicon
has shown to give much higher quality factors then GaAs. This has led to a desire to
better understand why GaAs cavities appear to be inferior and what can be done to
improve upon them [41, 42]. Sample cleanliness can be a problem that degrades the
structures as well as non-uniformity due to poor lithography and non-verticality of air
holes from the dry etching process. Also, if the MBE growth conditions are not properly
optimized surface roughness can occur on the 2D slab. It is because of these strict
demands on the growth and fabrication that many research groups in this field have not
been able to reach the strong coupling regime of solid state CQED.

New designs, such as 1D photonic crystal nanobeam cavities [43, 44, 45], are actively
being pursued with even higher quality factors then the 2D slab designs. These
nanobeams confine the light by a photonic crystal hole array in one dimension (Bragg
reflection) and total internal reflection in the other two dimensions; see Figure 6. Making
such nanobeams out of silicon has resulted in quality factors upwards of 750,000 [46].
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These silicon structures are mostly passive as currently there are no good quasi two level
emitters that can be implemented into them. Also, being passive means that new methods
besides photoluminescence must be used to measure the cavity quality factor. Such
methods include fiber taper coupling [47, 48] and crossed polarized resonant scattering
[49, 50].

Figure 6: SEM image of a 1D silicon photonic crystal nanobeam cavity
(Image courtesy of A. Homyk).
The field of solid state CQED has seen tremendous progress in the past decade. It took
over twenty five years for the atomic community to go from the many atom perturbative
regime to single (one and the same) atom vacuum Rabi splitting while the same feat was
accomplished in the solid state community in half that time. With improvements in
cavity designs, quantum dot growth, choice of materials, fabrication techniques, and
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experimental understanding of these complex systems the future of solid state CQED
seems bright.

2. Explanation of the dissertation format

This dissertation is mainly composed of the seven peer reviewed and published journal
articles which have been appended to this body of work. As a selection of the articles
that I have co-authored over my tenure as a graduate student, these specific ones were
chosen for their relevance in building a coherent story of the study of quantum dots,
photonic crystals, and their interactions. I had a primary role, either as overall lead or as
lead of the Tucson group, in many of the publications and made important contributions
to the rest.

The first article “Vacuum Rabi splitting with a single quantum dot in a photonic crystal
nanocavity” (Appendix A) discusses strong light matter coupling between a single InAs
quantum dot and a high Q mode of a GaAs photonic crystal slab nanocavity. My
contribution to this work was in the taking of all of the optical spectroscopic
measurements. The experimental apparatus was initially constructed by G. Rupper and
the theoretical framework was provided by G. Khitrova, H. M. Gibbs, and C. Ell. The
quantum dots were grown by the group of D. G. Deppe with the help of O. B. Shchekin
and the photonic crystal fabrication was performed by T. Yoshie in the group of
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A. Scherer. Feedback and experimental guidance for improving the fabrication was
provided by G. Khitrova and H. M. Gibbs.

In the second manuscript (Appendix B) a technique for spectrally scanning a photonic
crystal cavity mode by the condensation of an inert gas such as xenon or nitrogen is
described. S. Mosor took the lead in the construction of the experimental apparatus along
with the help of B. C. Richards and me. Improvements in the vacuum system for lower
base pressure, better reproducibility, and faster pump down times were accomplished by
me, B. C. Richards, and S. Mosor. The same three researchers participated in the
spectroscopic analysis showing the cavity mode shift as a function of the discrete
introduction of an inert gas cycled into a cryostat containing a photonic crystal cavity. I
was personally responsible for the optical measurements showing strong coupling of a
photonic crystal cavity mode with two different single quantum dots. Quantum dot
growth and photonic crystal fabrication were again performed by those from the above
publication.

In order to better understand the effect of an ensemble of quantum dots on the optical
properties of a quantum dot – photonic crystal slab nanocavity, an extensive study was
performed and published in the article “Quantum dot photonic-crystal-slab nanocavities:
Quality factors and lasing” (Appendix C). In this article it was shown that a large density
of quantum dots can give rise to both gain and absorption. This is manifest in the change
of the linewidth a cavity mode, it becoming either larger or smaller depending upon the
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pump power of the sample. A tradeoff is found in that while higher quantum dot
densities can make the search for strong coupling easier it also increases absorption
which leads to a reduced Q. Lasing is seen with a small number of (<15) of quantum
dots contributing to the lasing mode and exhibiting a high spontaneous emission coupling
factor. I took the lead in the optical experimentation with help from fellow group
members. Once again the quantum dot growth and photonic crystal fabrication was
performed by those as in the previous publications.

The fourth (Appendix D) and fifth (Appendix E) manuscripts are both related to gaining a
better understanding of why GaAs photonic crystal cavities exhibit much lower Q’s then
their silicon counterparts or as predicted in finite difference time domain (FDTD)
simulations. The first of these two, “GaAs photonic crystal slab nanocavities: Growth,
fabrication, and quality factor”, discusses methods for reducing sacrificial slab roughness,
a characteristic that can be observed even when the top layer of the sample is smooth.
While the reduction of sacrificial slab roughness has not led to an increase in Q, another
technique is shown which does; sample cleaning with potassium hydroxide. This
cleaning method removes surface debris which arises from wet etching of the sacrificial
layer with hydrogen fluoride. My role in this experiment was in taking
photoluminescence measurements along with B. C. Richards and helping with KOH
etching with B. C. Richards and U. K. Khankhoje. B. C. Richards performed the AFM
measurements and D. Litvinov performed the TEM measurements. MBE growth for
reducing sacrificial layer roughness was led by G. Khitrova and H. M. Gibbs. The
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second manuscript discusses two additional mechanisms leading to Q degradation. One
of these mechanisms is due to crystal axis dependant roughness resulting from the
epitaxial growth process and the other is due to the presence of a bottom substrate
underneath the free standing photonic crystal slab. Again, I played a substantial part in
the photoluminescence measurements along with B. C. Richards. The modelling of the
structures was done by U. K. Khankhoje and S-H. Kim. For both of these manuscripts
the quantum dot growth was done by G. Khitrova and H. M. Gibbs and the photonic
crystal fabrication was done by U. K. Khankhoje.

“In-situ annealing of InAs quantum dots on pre-structured GaAs substrates” (Appendix
F), the sixth publication, is concerned with using annealing techniques in order to control
the density and distribution of quantum dots on a substrate that has been fabricated with
nanoholes in order to induce site-selective nucleation. Electron beam lithography, AFM
measurements, and photoluminescence measurements were mainly performed by me with
some help in the AFM and PL measurements by M. Gehl. Wet etching and quantum dot
growth were performed by M. Helfrich.

The seventh and final manuscript, “Characterization of 1D photonic crystal nanobeam
cavities using curved microfiber” (Appendix G) investigates high Q, small mode volume
passive silicon nanobeam cavities by monitoring the transmission of a coupled fiber.
These values are compared to those obtained with a crossed polarized resonant scattering
technique. The fiber taper apparatus was set up by J-Y. Kim while the fabrication of the
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nanobeams was carried out by A. Homyk with modelling by U. K. Khankhoje. B. C.
Richards and I took the fiber coupling and crossed polarized resonant scattering
measurements. I was responsible for setting up the crossed polarized resonant scattering
apparatus.
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CHAPTER 2: PRESENT STUDY

The methods, results, and conclusions of this study are presented in the papers appended
to this dissertation. The following is a summary of the most important findings in these
publications.

2.1 Quantum dot photonic crystal slab nanocavities

The first three sections of this chapter all deal with optical experimentation of GaAs
photonic crystal slab nanocavities containing an embedded, single layer of InAs quantum
dots.

2.1.1 Strong coupling

The paper “Vacuum Rabi splitting with a single quantum dot in a photonic crystal
nanocavity” shows one of the first solid state realizations of strong light-matter coupling
between a quasi two level emitter and high quality factor, small mode volume cavity.
The emitter that is used is an InAs semiconductor quantum dot grown using MBE and
utilizing the SK growth mode, while the cavity is formed by fabricating a freestanding
GaAs photonic crystal slab with three missing air holes. A quantum dot density of
400/m^2 was grown in the center of the photonic crystal slab with a random spatial
distribution. Photoluminescence measurements were performed in reflection geometry
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with the aid of a liquid helium cryostat containing internal x-y nanopositioners. The
samples were optically pumped with above band excitation using a continuous wave
titanium sapphire (Ti:Sa) ring laser and the resulting emission was dispersed with a
spectrometer and detected on a liquid helium cooled indium gallium arsenide (InGaAs)
charged coupled device (CCD) array; see Figure 7.
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Beamsplitter

Beam
Expander
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Laser

Liquid helium
cooled cryostat
Internal positioners

Figure 7: Schematic of experimental setup.
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In order to reach the strong coupling regime the cavity - quantum dot system must meet
two criteria; the first is a spectral matching of the quantum dot transition with the cavity
mode frequency, and the second is a spatial requirement where the quantum dot must be
physically located in an anti-node of the cavity. The ensemble quantum dot emission has
an inhomogenous linewidth of 50 nm, and the individual quantum dots are spatially
distributed in a random fashion. These features, as well as the need for a high quality
factor cavity mode, necessitated the fabrication of a large number of photonic crystal
cavities which were analyzed one by one until a structure was found with the desired
features. With the single quantum dot emission blue detuned from the cavity mode, the
quantum dot spectrum can be swept through the cavity mode by increasing the
temperature. The range of the spectral shift is around 0.5 nm. Larger shifts require
higher temperatures which lead to an increasingly broadened quantum dot transition
linewidth due to phonon broadening. This in turn reduces the chances of observing
strong coupling, as the requirement for this regime is that the interaction strength must be
greater then the mean of the cavity decay rate and the quantum dot dephasing rate.

Once a structure in the strong coupling regime was found, it was analyzed at several
different pump powers and as a function of the detuning between the quantum dot
transition frequency and the cavity mode frequency. At high pump powers of 690 W
the emission is dominated by the cavity peak owing to the saturation of uncoupled
quantum dots and to Purcell enhancement of the spontaneous emission of quantum dots
weakly coupled to the cavity mode. The quality factor measured at high pump powers
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was 13,300. As the power is lowered to the intermediate value of 25 W, the
surrounding uncoupled quantum dots are no longer saturated. Their absorption results in
the decrease of the quality factor down to 8,000. As the power is lowered even further to
0.78 W one can begin to see photoluminescence of individual quantum dots. By
changing the temperature one of the quantum dot transitions is scanned across the cavity
mode. Due to the strong light matter coupling the two peaks repel one another,
exhibiting a characteristic anti-crossing. This can be seen in more detail in Figure 8
which shows the two coupled system peaks plotted as a function of temperature.
Overlaid on this plot are the uncoupled quantum dot and nanocavity resonances. At zero
detuning one can see that the uncoupled resonances are degenerate while the coupled
system emission is double peaked.

Uncoupled
cavity mode
scan rate
Uncoupled
quantum dot
scan rate
Coupled quantum
dot – cavity
peak positions
(exp.)

Figure 8: The two coupled-system peaks are plotted as a function of
temperature and compared with the scan rates of an uncoupled QD and an
empty cavity peak.
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2.1.2 Spectral cavity shifting through inert gas condensation

One way in which one could increase the probability of detecting strong coupling in a
quantum dot photonic crystal slab nanocavity would be to increase the likelihood of
spectral matching between the quantum dot transition and the cavity mode. The original
method for meeting the spectral requirement was to use temperature tuning of the
quantum dot. However, the scan range of this technique is limited by phonon broadening
at higher temperatures, restricting the scan range to 0.5 nm. In order to increase the scan
range while maintaining low temperatures and, hence, minimizing phonon broadening, a
new technique was found. This technique involves the condensation of an inert gas onto
a cryogenically cooled quantum dot photonic crystal nanocavity sample. As the gas
condenses onto the sample, the slab thickness is effectively increased and the photonic
crystal hole diameters are effectively reduced, resulting in a redshift of the cavity mode.

This experiment was carried out by measuring the wavelength of the cavity mode
emission using above band pumping with a cw Ti:Sa ring laser in reflection geometry.
Essentially this is the same setup as in the previous section. The only alteration to the
setup was a small port introduced into the high vacuum system attached to the cryostat
and allowing for the introduction of the inert gas. The chamber is initially evacuated to a
pressure of 2*10^-6 Torr in order to reduce any impurities. A valve to the cryostat and a
valve to the vacuum pump are closed while either xenon or nitrogen gas is introduced
into the chamber. Once a desired pressure of gas is obtained the valve to the cryostat is
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opened and the gas condenses onto the sample. The pump valve is then opened in order
to bring the pressure back down to its initial level and the process is then repeated. At
each cycle the cavity mode wavelength and quality factor are measured. The xenon gas
showed a maximum cavity shift of up to 5 nm with minimal degradation of quality factor
while larger shifts rapidly decrease the Q. The amount of the shift, however, tends to be
cavity dependent as another structure showed only 3 nm shift without reduction in quality
factor before a slow degradation set in. For nitrogen, the maximum scan range was
limited to 4 nm at a temperature of 20 K but with much less consistency in the results.
Using a temperature of 10 K the scans become much more consistent and smooth but are
limited to 3.4 nm.

After a condensation scan is completed one must remove the condensed gas in order to
perform a new scan. This is achieved by warming up the sample which melts off the
condensed gas, allowing it to be pumped back out of the system. To remove xenon gas
the sample is heated up above the xenon melting temperature of 161.4 K while for
nitrogen one can either heat the sample up above the nitrogen melting temperature of
63.6 K or one can use local heating by a high power laser beam. Powers above 0.5 mW
were found to be sufficient to locally remove the condensed nitrogen.

Using our new condensed gas scanning method we were able to observe strong coupling
again, this time with two different quantum dots both strongly coupled to the same
photonic crystal cavity. As cycles of xenon gas are condensed onto the sample the cavity
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mode is scanned through both quantum dot transitions with each displaying a
characteristic double peak and anti-crossing. The three peak positions are plotted as a
function of xenon cycle number in Figure 9. In this figure one can see that the quantum
dot transition wavelengths stay constant and only the cavity mode shifts. The uncoupled
cavity mode resonance is overlaid on the graph and the double peak features can be
observed around cycle number 11 and cycle number 22.

Figure 9: Strong coupling anti-crossing curves using xenon condensation
to scan the cavity mode. The three peak positions are plotted versus cycle
number, and anti-crossings are observed between the cavity mode and two
distinct quantum dots. The dashed line shows the cavity mode spectra at
high excitation power where coupling effects are not evident.
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2.1.3 Gain - absorption effects and lasing

As earlier work had shown, surrounding uncoupled quantum dots in a photonic crystal
cavity can lead to absorption effects and lower the quality factor of a cavity, hence
decreasing the likelihood of observing strong coupling. In order to better understand this
process a detailed study was carried out on gain, absorption, and lasing effects in the
published paper “Quantum dot photonic-crystal-slab nanocavities: Quality factors and
lasing” (Appendix C). Specifically, the emission linewidths of cavity modes were
measured as a function of temperature and fabrication parameters for both high and low
pump powers.

The sample was mounted in a continous flow helium cryostat with internal x-y
nanopositioners and optically excited with above band pumping using either a cw Ti:Sa
laser at 780 nm or by a 20 ns pulsed diode laser operating at a 2.5% duty cycle and
emitting at 784 nm. The pulsed laser was used for the lasing experiments in order to
decrease any possible thermal heating effects. A 0.5 numerical aperture microscope
objective is used in reflection geometry, and the collected emission is dispersed in a
spectrometer and detected on a liquid nitrogen cooled InGaAs CCD array.

Five specific photonic crystal nanocavities were chosen for this study. Each nanocavity
had the same values of r/a = 0.27 and s/a = 0.20 (r = radius, s = shift, a = lattice constant),
however, different fabrication parameters such as electron beam dosing, hole radius,
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lattice constant, and end spacer shift were used. The reason for choosing various
fabrication parameters was to ensure that the cavity mode emission of the five
nanocavities extended across the whole ground and first excited state spectral region of
the quantum dot ensemble as the temperature is tuned from 20 K up to 200 K.

Through the judicious choice of the five nanocavities and with the aid of temperature
tuning, the cavity emission linewidth was measured as a function of detuning from the
quantum dot ensemble ground state peak. For both high (720 W) and low (2-10 W)
cw pump powers, far red detuned cavity emission showed a constant linewidth of roughly
0.05 meV, equating to a quality factor of 20,000. This was assumed to be the empty
cavity linewidth (linewidth in the absence of any gain or absorption effects) as the
quantum dots are not expected to contribute any effects when sufficiently detuned from
the cavity mode. Therefore, any linewidths which were measured with values greater
then 0.05 meV were assumed to be affected by quantum dot ensemble absorption effects
and, likewise, any linewidths with values under 0.05 meV are assumed to be affected by
gain.

What one learns from this analysis is that for low pump powers, which are required for
strong coupling type experiments, the cavity linewidth is dominated by the quantum dot
absorption. For energies coinciding with the quantum dot ensemble ground state peak or
beyond, the cavity quality factors are reduced due to absorption of surrounding quantum
dots. The highest Q’s are found on the low energy side of the ensemble distribution,
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suggesting that this energy range would be optimal. However, the lower absorption in
this range also corresponds to a low density of quantum dots and, therefore, a decreased
probability of meeting the spectral requirements for strong coupling. Alternatively,
increasing the cw pump power results in a saturation of surrounding quantum dots and
now as one proceeds from energy values in the far red detuned range in towards zero
detuning with the ensemble peak a narrowing of the linewidth is observed. This gain is
observed with detunings in the range of -30 to +10 meV. For larger positive detunings
absorption again plays an effect, and the linewidths once again exceed the empty cavity
value; however the broadening is not nearly as severe as when one uses low pump
powers.

With gain effects being observed it was then decided to inspect these samples further to
see if the single layer of quantum dots can produce lasing when excited with sufficient
power. In these investigations the pulsed laser was used in order to minimize any thermal
heating effects. Two nanocavites were chosen for this experiment; one lying in the
spectral range where no gain was observed and one in a range with maximum gain. As
the pump power is increased the quality factor of the cavity in the no-gain region
saturated at the empty cavity Q value and its intensity increased in a sublinear fashion. In
contrast, the nanocavity in the gain region had a Q which continued to increase with
increasing pump power, eventually reaching the instrument limited value of 40,000.
Also, its intensity increased in a superlinear fashion. Like that of other photonic crystal
structures with multiple embedded quantum dot layers [51, 52], lasing is evident in the
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gain region nanocavity through the exhibition of linewidth narrowing and a threshold like
behavior in the output versus input curve. However, estimates would have us believe that
the number of quantum dots contributing to the lasing here is less then 16, at least an
order of magnitude lower then any previous claims at that point in time. Lasing with
such a low number of emitters implies a large spontaneous emission coupling factor as
was also evident by the soft threshold that was witnessed.

2.2 Improvements in the growth, fabrication, and modelling of quantum dot photonic
crystal slab nanocavities

The following two sections discuss different methods used in order to understand why
quality factors of GaAs photonic crystal cavities are not higher than one would expect
given results from simulations and other material sytems.

2.2.1 GaAs photonic crystal slab nanocavities: Growth, fabrication, and photon
storage time

Short wavelength (<1000 nm) GaAs photonic crystal cavities have long suffered from
low quality factors as compared to the theoretically computed values using FDTD codes
and as compared to similar devices made of silicon. A study was thus undertaken in
under to try to determine what the deleterious effects could be through the use of AFM,
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transmission electron microscopy (TEM), and scanning electron microscopy (SEM) as
well as optical spectroscopy.

In order to create a photonic crystal slab a sacrificial layer is grown under the GaAs slab
which is later removed through wet etching, post fabrication. Using TEM it was
discovered that the top of the AlGaAs sacrificial layer can be rough even when the top of
the slab is smooth, thereby also making the bottom of the GaAs slab rough. Since surface
roughness can lead to increased scattering, measures were taken in order to reduce the
roughness. In order to quickly analyze samples, the sample growth process was
terminated immediately after sacrificial layer growth and it was scanned with an AFM.
Different growth parameters were then investigated, such as introducing a growth
interruption to give time for smoothing under Arsenic pressure, growing thin layers of
GaAs within the sacrificial layer, and using a misoriented substrate. AFM measurements
confirmed that utilizing these different types of growth parameters can reduce the surface
roughness by an order of magnitude. Unfortunately, photoluminescence measurements
did not show any increase in quality factor for samples with smooth bottom slabs as
compared to those with rough bottom slabs. A possible reason for consistent quality
factors is that fabrication imperfections could be the dominating force. Once the
fabrication process is increased to a sufficient level, surface roughness effects may well
prove to have a significant effect.
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Using a SEM with the sample tilted with respect to the electron beam column, a large
amount of debris was found on top of the samples. This debris was not immediately
evident when the sample surface was positioned perpendicular to the beam column. It
was speculated that this debris originated during wet etching of the sacrificial layer with a
hydrofluoric acid solution. Assuming the debris was most likely a hydroxide of
aluminum the samples were dipped into a potassium hydroxide solution. AFM and SEM
measurements confirmed the removal of the debris. Photoluminescence measurements
were taken on ten different nanocavities both before and after the potassium hydroxide
dip and showed an average increase in the quality factor of 50% and a maximum increase
of 73% for one cavity in particular. In addition, the photoluminescence intensity
substantially increased after the potassium hydroxide dip and the cavity modes shifted to
higher energy by average of 11 meV.

2.2.2 Modelling and fabrication of GaAs/InAs photonic-crystal cavities for cavity
electrodynamics

In the paper “Modelling and fabrication of GaAs photonic-crystal cavities for cavity
quantum electrodynamics” (Appendix E) a study was performed for a better
understanding of the relatively low quality factors found for GaAs photonic crystal slab
cavities. A detailed analysis of the modelling and fabrication of these devices was
undertaken as well as an investigation of several important optical loss channels.
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A number of fairly obvious factors that can lead to the degradation of the cavity quality
factor were initially discussed. One of these factors is the uniformity of the photonic
crystal holes. Any irregularities in the lithography or etching will obviously decrease the
radiative quality factor. These irregularities can be attributed to a poorly focused electron
beam and, hence, a careful control of the lithographic process is paramount. A second
factor is problems with sample cleanliness such as leftover remnant resist and debris.
Remnant resist can be removed by using an oxygen plasma treatment as more traditional
wet chemical cleaning methods were found to be inefficient, leaving behind a thin layer
of the resist. As discussed in the previous section, debris on the sample surface can be
removed with a potassium hydroxide dip. A third factor that can reduce the quality factor
is non-verticality of the photonic crystal hole side walls. There are two major
contributors to non-verticality; inadequate or excessive resist development and nonvertical flow of chlorine gas onto the substrate during the dry etching process. Side wall
slopes of only 2 degrees have been shown to lower the quality factor by an order of
magnitude, making hole verticality an important issue.

Most modelling software assumes perfect hole uniformity, however, fabricated samples
are not perfect. To better model the actual fabricated samples a 2D contour image was
extracted from SEM images and imported into the FDTD software. For comparison,
average photonic crystal parameters were measured from the SEM images and also used
in the FDTD simulations. In the analysis of one specific nanocavity photoluminescence
measurements showed a quality factor of 10,050. Using the simulation software with
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average parameter values led to a quality factor of 31,418 while using the contour image
method led to a quality factor of 21,283. While the contour method is obviously much
closer to the measured value then the average parameter method, it is still significantly
larger. The cause of this discrepancy could easily be accounted for by things such as side
wall roughness and non vertical air holes which can not be accounted for in the FDTD
simulations.

Upon removal of the sacrificial layer an air gap is created and below this air gap is a
bottom substrate composed of GaAs and having a reflectivity of ~30%. This air gap must
be greater than half the vacuum wavelength in order to reduce optical loss into the bottom
substrate by evanescent coupling. However, an additional source of loss can then occur
from multiple non-negligible reflections between the photonic crystal slab and the bottom
substrate. This can lead to interference effects in the far field emission pattern and a
reduction in the quality factor. One can view this reduction in quality factor and change
in emission pattern as analogous to that which occurs when a point dipole source is
placed in front of a mirror, a well known problem in CQED. Simulations show that the
quality factor can be changed by as much as 10%, making the choice of sacrificial layer
thickness an important concern.

The last effect that was investigated in this study was the effect of crystal axis dependant
surface roughness. As described in the previous section, the underside of the GaAs slab
can show RMS roughness on the order of up to 25 nm. Using TEM and AFM it was
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observed that this roughness is more pronounced along the [110] direction than in the [110] direction. Two sets of photonic crystal samples were then fabricated with one set
having their cavity axes along the rougher direction and the other along the smoother
direction. In order to make a meaningful comparison the exact same parameters were
used for both sets of cavities. Photoluminescence measurements revealed a difference of
20-30% in the quality factor values between the two sets of cavities.

2.3 Deterministic growth of quantum dots

Epitaxial growth using the SK growth mode leads to a random spatial distribution of
quantum dots which makes it difficult to locate an emitter in the antinode of a photonic
crystal cavity. This would obviously make it very difficult for one to build up a network
of strongly coupled quantum dot photonic crystal cavities where photonic crystal
waveguides could connect one strongly coupled system to another; a potentially
important step in quantum information and computation protocols. In order to address
this issue we embarked on a project to deterministically grow quantum dots in siteselective locations on a substrate with an eventual long term goal of fabricating
individual photonic crystals to individual quantum dots.

This process begins with the spin coating of PMMA/MA resist onto a GaAs substrate
containing a 90 nm epitaxial GaAs buffer layer. Using electron beam lithography,
several square arrays of nanoholes are defined in the resist with varying lattice constants.
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The nanohole arrays are transferred into the substrate by wet chemical etching with
H2SO4:H2O2:H20 (1:8:800) producing holes of 30 nm in depth and 50-70 nm in diameter.
After resist stripping and cleaning the sample is placed into the chamber of an MBE
machine where it undergoes thermal deoxidation and Ga-assisted deoxidation to remove
any remaining surface contamination and surface oxides. The next step is to grow a thin
Ga buffer layer of 16 nm to help compensate for any surface roughness followed by
growth of InAs quantum dots.

The nanoholes etched into the substrate act as preferential nucleation sites and quantum
dots tend to grow in these locations first. Depending upon the amount of material grown,
nucleation can also occur in the unstructured areas as well. In order to address issues
such as quantum dot density, which can be directly related to the probability of
nucleation in unstructered areas, uniformity of quantum dot size, and increased
probability of single as opposed to double dot nucleation, an in-situ annealing process
was used. To test this process samples were grown with and without a 2:30 minute
annealing step. Additionally, some samples had a GaAs capping layer grown over the
InAs quantum dot layer for photoluminescence experiments while other samples were
halted after the quantum dot growth so that they could be characterized by AFM.

AFM measurements of the unannealed and uncapped sample showed that there was a
predominance of two quantum dots forming at each nucleation site with some amount of
growth occurring between the nucleation sites. The average quantum dot diameter was
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measured to be 49.1 nm with a density of 4.8*10^9/cm^2. Annealing, which causes the
material to redistribute through migration of adatoms, increased the number of single
quantum dots located at each nucleation site. The sizes of the quantum dots, however,
was much larger with an average diameter of 82.6 nm, a consequence of dominant
ripening of the dots. Longer annealing times should help reduce the dot diameter. The
quantum dot density fell by roughly 2 to a new value of 2.6*10^9/cm^2. Furthermore,
both samples showed a 3x larger density in the structured areas as opposed to regions of
the sample far removed from the patterned nanoholes, evidence of predominance of siteselective growth.

Photoluminescence measurements of the capped samples was undertaken in order to
ascertain the optical quality of the deterministically grown quantum dots. Both annealed
and unannealed samples show multiple individual quantum dot peaks with linewidths on
the order of 100 eV. Although luminescence was confirmed, the intensity of the spectra
was reduced and the linewidths increased as compared to samples that were grown on
unpatterned substrates. Still, this is an important step in the goal of site-selective growth
of single quantum dots.

2.4 Silicon photonic crystal nanobeam cavities

Silicon photonic crystal cavities have shown remarkably higher quality factors than that
of their GaAs counterparts. A detailed investigation was undertaken in the
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characterization of passive 1-D silicon photonic crystal nanobeam samples with the hope
of one day being able to couple quasi two level emitters to these structures.

InAs quantum dots can act as an internal emission source and make the characterization
of GaAs photonic crystal samples relatively easy; a photoluminescence experiment is all
that is needed. The silicon cavities that are studied here are passive, therefore, new
techniques must be incorporated in order to determine the quality factors of these
nanobeam samples. One method that was utilized was the coupling of a curved
microfiber to the photonic crystal sample. This coupling of the fiber to the sample can
create an additional loss mechanism and, hence, lower the observed quality factor. In
order to better appreciate the extent of this degradation a comparison was made with a
crossed polarized resonant scattering measurement. This second type of measurement
does not load the cavity so intrinsic quality factor measurements are possible.

When coupling a curved microfiber to a nanobeam cavity there are several parameters
that should be analyzed, such as the contact position of the fiber, the angle between the
fiber axis and the nanobeam axis, and the polarization of the light in the fiber. By
adjusting these parameters the loading of the cavity should be able to be minimized. To
experimentally measure the quality factor while addressing each of these three issues, a
tunable laser is input into the fiber and passes through an in-line polarization
compensator before interacting with the nanobeam cavity. The light which is transmitted
is then detected by an InGaAs photodiode. As the laser is tuned through a cavity mode a
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change can be observed in the transmitted laser intensity and the FWHM of this
transmitted lineshape can be used to extract the quality factor.

The contact position of the fiber on the nanobeam can drastically alter the transmitted
signal. When contact was made near the edge of the nanobeam the coupling was weakest
and the transmission dip at the cavity resonance was small. This led to much higher
quality factor measurements as opposed to positioning the fiber on the center of the
nanobeam where the coupling was the strongest and the transmission dip the deepest. In
addition, placing the fiber directly onto the cavity region at the center of the nanobeam
modifies the local index of refraction and shifts the cavity resonance.

Another parameter that can have an influence on the transmitted signal is the angle
between the fiber and the nanobeam. Since the cavity mode is polarized orthogonal to
the nanobeam axis and the light with the fiber is polarized perpendicular to the fiber axis,
changes in the angle between the fiber and nanobeam can affect the coupling strength.
With the fiber aligned parallel to the nanobeam the polarization matching should be the
best, however, the coupling in this situation, as well as the modification to the index of
refraction, is very large. Regardless of where contact on the nanobeams is made, the
length of the contact region extends across the nanobeam so optimization can not be
made in this configuration. Therefore a parallel configuration will produce a large dip
but will not yield the highest measured quality factor. Perhaps a perpendicular
configuration would then be optimal as the contact between the fiber and nanobeam

51

would be minimized? In fact, the optical coupling is so low in this arrangement due to
the orthogonal polarizations in the fiber and in the cavity that we were not able to
measure any transmission dip. The largest quality factor measurements came when the
angle was between 20 to 60 degrees with contact made at the edge of the nanobeam. This
configuration reduces the contact region while still allowing for some overlap between
the polarization components.

To better understand how lossy the curved microfiber technique can be a comparison was
made with spectra taken using a crossed polarized resonant scattering apparatus. In this
type of experiment the input light passes through a polarizer of a given polarization, such
as vertical, and is reflected off of the nanobeam whose axis is at 45 degrees to the
incoming light. An analyzer is then placed in front of a detector and aligned
perpendicular to the original input light polarization which in this case would be
horizontal. Any light that does not interact with the cavity mode will be attenuated
because of the crossed polarizers, however, light that has interacted with the cavity mode
will be resonantly scattered at 45 degrees, allowing some portion of that light to be
transmitted through the analyzer and reach the detector; see Figure 10. The positive
aspect of this technique is that one can measure the intrinsic, unloaded quality factor, but
it does suffer from one drawback in that the lineshapes of the signal can be highly
asymmetric. This asymmetry arises from a Fano like interference between the light
resonantly scattered from the cavity and the coherent reflected background [53]. The
quality factor must then be extracted by fitting the spectra with a Fano lineshape function
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using an appropriately chosen asymmetry parameter value. Doing such allowed us to
measure an intrinsic quality factor of 44,100 as compared to 29,000 when measured using
the curved microfiber in the optimal configuration of 45 degree angle and edge contact.
This shows that the curved microfiber method only degrades the quality factor by 30%.
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Figure 10: Crossed polarized resonant scattering setup.

2.5 Summary of accomplishments

The contents of this dissertation have included a variety of investigations involving
photonic crystal cavities, quantum dots, and their interactions. This work has already had
a large impact on the general field of solid state cavity quantum electrodynamics as
evidenced by the more than 575 citations that the article “Vacuum Rabi splitting with a
single quantum dot in a photonic crystal nanocavity” (Appendix A) has received to date.
This seminal result showing strong coupling in the solid state helped make tangible the
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possibility of future integrated quantum devices for quantum information and
computation, quantum cryptography, nanolasers, single photon sources, and so forth. In
order to practically produce such devices one would need to easily meet the spectral and
spatial requirements for photonic crystal cavity – quantum dot coupling. The
condensation of inert gas experiment provided a method to essentially help relax the
spectral coincidence requirement. Furthermore, studies on absorption and gain have
showed that large ensembles of quantum dots will not be practical for realistic devices
other than lasers. Optimally, one would like a single emitter coupled to a cavity. This
led to the work carried out on the deterministic, site-selective growth of quantum dots.
By growing a quantum dot at a known location, a cavity could later be fabricated at the
same location and, hence, maximize the probability of meeting the spatial coincidence
requirement. Additionally, by increasing the spacing between the site-selectively grown
quantum dots one could avoid any deleterious ensemble absorption effects.

While GaAs photonic crystal slab nanocavities have exhibited just high enough quality
factors to realize solid state cavity quantum electrodynamics experiments and prove their
future applicability, for any hope of real, usable devices these quality factors must be
increased. The studies that were carried out on growth, fabrication, and modeling were
performed with exactly this in mind. Removal of debris and remnant resist has helped to
edge the Q values up slightly higher as has fabricating cavities along the smoother of the
two crystallographic axes. Optimizing the MBE growth led to a smoother sacrificial
layer and while this has not produced higher Q’s as of yet it could very well lead to
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improvements once other larger contributing loss factors have been overcome, such as
hole verticality and uniformity.

The experiments performed with silicon nanobeam cavities were also motivated by the
desire for higher quality factors. When making identical type structures in silicon and
gallium arsenide, silicon always exhibits a larger quality factor. The nanobeam design
itself is also quite promising and seems to be an improvement upon the more traditional
2D slab design. Having a smaller footprint, nanobeams could also allow for tinier, more
compact devices. The only current drawback with silicon is the difficulty of coupling
emitters as presently one can not simply grow a layer of high optical quality quantum
dots within a silicon structure like one can do for gallium arsenide.

In conclusion, the work of this dissertation has helped advance the entire field of solid
state cavity quantum electrodynamics. The initial strong coupling data helped open the
door and the subsequent experiments have all been pushing forward the promising
photonic crystal cavity – quantum dot device.

2.6 Future directions

What directions will the work of this dissertation lead to in the future? One of the
beautiful features of the photonic crystal is the relative ease with which one cavity could
be coupled to another by simply creating waveguides through the removal of entire rows
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of air holes nearby the cavities. With increases in deterministic quantum dot growth it
should only be a matter of time before one could begin creating networks of strongly
coupled cavities. However, for all their promise there is still one big underlying problem
that could be the Achilles heel of photonic crystal – quantum dot devices for solid state
implementations of quantum information and computation and that is the fast dephasing
times of these systems. If dephasing times are faster then qubit operation times then
information will be lost and computation will not be able to occur.

Thinking more generally about cavities and emitters, there are other interesting directions
one could take using the research explained in this dissertation as a background.
Metamaterials have garnered much interested in the past decade and the split ring
resonator has properties which could be very interesting from a CQED perspective.
While the current quality factors of a split ring resonator is only on the order of 10, its
plasmonic mode volume can be two orders of magnitude smaller then a photonic crystal
cavities mode volume. Even with such low quality factors, the extremely small mode
volumes can give Purcell enhancement factors in the 105 range. In fact, for certain
applications such as high modulation rate light emitting diodes and single photon sources
the low Q values could be beneficial; a low Q means that light will quickly escape from
the cavity. Deterministically coupling quantum dots to split ring resonators could indeed
lead to very interesting future quantum metaphotonic devices.
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