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Abstract

Single photons are one of the most appealing candidates for the implementation
of quantum information due to their low decoherence. Since scaling up of the
quantum information systems to tens of qubits requires a large number of opti-
cal elements, the integrated generation, control and transport of single photons
has emerged as a high priority in this field of research. Quantum Dots (QDs) are
nanometer-sized semiconductor heterostructures that show atomic-like behav-
ior making them suitable for single photon generation. These heterostructures
can be grown embedded in III-V semiconductor waveguides, and can therefore
be used in integrated single-photon sources. This thesis deals with different as-
pects of integrated single-photon sources based on QDs. In order to control the
single photons generated by QDs, they are integrated with photonic crystals
(PhCs) which are created by etching a periodic pattern of holes on a suspended
slab of semiconductor wafer. The transport of single photons created by QDs in
a PhC to other parts of the circuit can be achieved by coupling them to low-loss
semiconductor ridge waveguides (RWGs). A difficulty here arises because of the
mode mismatch between the narrow and suspended PhC waveguide (PhCWG)
and the wide ridge waveguide, which makes the coupling between them very in-
efficient. In order to overcome this difficulty, in this thesis a novel design based
on the adiabatic transition of electromagnetic mode from the PhCWG to the
RWG has been demonstrated and 70% coupling efficiency between PhCWG
and RWG has been achieved enabling a high 3.5 MHz single photon funnel-
ing rate from the QD to the RWG. The properties of emitted single photons
depend on the excitation method of the emitter. Resonant pumping of QDs al-
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lows background-free and bright emission of single photons and the direct and
coherent manipulation of them which is vital for the realization of solid-state
qubits. The difficulty of extracting resonance fluorescence in a solid-state system
such as a QD comes from the strong scattering of resonant laser pump which
dominates the weak single-photon signal of the QD. In this thesis, by exploit-
ing the polarization properties of the light emitted by single QDs integrated in a
semiconductor RWG a novel design has been demonstrated which allows filter-
ing of the scattered resonant laser by cross-polarization and detecting resonant
emission of single QDs. Finally the two phenomena of dipole induced reflec-
tion and stimulated emission which can be used to realize optical quantum gates
and single photon transistors have been theoretically studied. The feasibility of
their observation in the current state-of-the-art growth and fabrication facility
has been investigated and necessary technology for that purpose has been de-
veloped. The results obtained in this thesis provide the possibility of resonant
generation and coherent manipulation, control and transport of single photons
on a semiconductor chip which is a step toward realization of a scalable and
fully functional quantum photonic integrated circuit for the future quantum
information and quantum computation applications.



1
Introduction

Today we live in the information age of the human history which has been
created by the digital revolution in the beginning of 50s. The invention of
transistors by Bardeen, Brittain and Shockley in 1947 (who received the Nobel
prize in physics in 1956) started this revolution, which later came to its turning
point with the invention of integrated circuits by Kilby (who received the Nobel
prize in physics in 2000) in the late 50s. After this invention, the dimensions of
the transistors started to shrink at a very high rate. It is stated by Moore’s law
that the number of electronic components integrated in a chip doubles every 18
months. This trend has been continued since Moore introduced this law for the
first time in 1965 [1]. The corresponding increase in computing power creates
a high demand for ever increasing bandwidth for data transfer. The invention
of the optical fiber by Kao (Nobel prize in physics in 2009) started the usage
of optical signals for data transport. Optical fibers are usually made of silica
and operate in the near infrared range of the electromagnetic spectrum. They
permit the transmission of the data over larger distances with higher bandwidth,
very low loss and high immunity to electromagnetic interference.

The drive for using optical signals in place of the electrical ones created a
demand for devices capable of generating and processing of light on a chip. This
generated the idea of creating a photonic integrated circuits (PIC) [2]. In these
PICs, analogous of the electrical integrated circuits, optical signals are generated
and processed with the help of dielectric waveguides [3]. Several functionalities
including the arrayed waveguide grating [4] which acts as an optical multiplexer
and the externally modulated laser, which combines a distributed feedback laser
diode with an electro-absorption modulator on a single InP-based chip [5], have
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4 Introduction

been demonstrated in PICs.
After the recent development in the realization of the PICs, a considerable

amount of attention has been paid to extend the functionality of these circuits
to the single photon level where the behaviour of the light at the level of the
individual quantum (photon) becomes noticeable. In this regime photons obey
the rules of quantum mechanics and their properties can be exploited for the im-
plementation of the quantum information systems [6] which will be reviewed
quickly in the following sections before considering the structure of the quan-
tum photonic integrated circuit (QPIC) in more detail.

1.1 Photonic quantum information

The concept of the photon as the quantum of light was developed by Einstein
and Planck for explaining the black body spectrum and the photoelectric ef-
fect [7]. The later experiments, most notably scattering of single photons by
electrons performed by Compton (who received the Nobel prize in 1927) and
the measurement of the charge of a single electron performed by Millikan (who
received the Nobel prize in 1923) proved that the energy in the electromagnetic
field is quantized. In 1926 physicist F. Wolfers and chemist G. N. Lewis used
the term "photon" for the first time to name this particle and after that this
term was adopted extensively among the scientific community [8].

Photons along with atomic and superconducting systems are one of the can-
didates for implementation of quantum information protocols. They are con-
sidered as one of the most practical candidates due to their low decoherence
and fast transmission [9]. These properties have made them suitable for the
applications described in the following sections.

1.1.1 Quantum computing
A quantum computer is a device that makes use of the laws of quantum mechan-
ics such as superposition and entanglement to carry out a computational task.
Contrary to the classical computers based on transistors, data is encoded in a
superposition of 0 and 1 (called qubit) and not in a well-defined state as classi-
cal bits. This property gives the quantum computers a powerful advantage due
to their inherent parallelism for solving certain type of problems (for example
the algorithm of the factorization of a number), where the quantum computer
performs exponentially faster than its classical counterpart [10].
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There are several proposed platforms for the realization of quantum com-
puters namely solid-state spin systems, trapped ions and atoms, photons and
superconducting qubits. It is still an open question which system is the best
platform for quantum computation implementation [11]. Photons are very at-
tractive candidate for fast and secure transfer of the information but making a
quantum gate with photons is much harder since they don’t interact with each
other. Later in this chapter the proposed approaches to realize this interaction
will be reviewed. Since the other systems provide a better platform for the
processing of the qubits, a combination of the storage and processing of the
qubits in these platforms and the transmission of the data through photons as a
quantum network has been recently proposed [12].

1.1.2 Quantum communication

Quantum communication is the use of quantum mechanics for transferring
qubits between two separate locations. One of the most important types of
quantum communication is quantum key distribution (QKD) which consists
of the process of sharing a secret key between two parties (usually indicated as
Alice and Bob) so that an eavesdropper (usually called Eve) can not learn this
key even if she can eavesdrop all the communication between Alice and Bob.
This is guaranteed by the laws of quantum mechanics (the only restriction is
that Eve can not impersonate Alice and Bob). If Alice sends quantum bits to
Bob, an eavesdropping attempt by Eve will produce a change in the qubits state
that Alice and Bob will notice. This is due to the fact that any measurement,
according to quantum mechanics, projects the quantum state which is being
measured into the measurement basis. The idea of QKD was first proposed
by S. Wiesner in early 70s [13] and a decade later C. Bennett and G. Brassard
proposed a famous protocol for secure communication known as BB84 [14].

Practical implementations of QKD (where the 0 and 1 states are encoded
into polarization or other degrees of freedom of the photon) faces several chal-
lenges including efficient single-photon sources and detectors in the telecom
wavelengths which limit the distance and bit exchange rate of QKD protocols
[15]. Also the need to realize the so-called quantum repeaters for distribution
of the signal through the lossy channel creates more practical restrictions for
QKD implementation [16]. Recently QKD over a distance of 300 Km has been
demonstrated on an optical fiber system [17].
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1.1.3 Quantum simulation

The idea of quantum simulation was first proposed by Feynman [18]. He sug-
gested the use of a control quantum system that can reproduce the behaviour
of the original quantum system. In this way one can overcome the inability of
the classical computers to simulate the behavior of quantum systems, since they
can’t solve problems involving superposition and entanglement efficiently. To
date quantum simulators have been realized in a variety of platforms including
trapped ions, atoms, superconducting circuits and photons and are expected to
outperform classical computers very quickly [19].

1.2 Quantum photonic integrated circuits

Implementing quantum information protocols with free-space optics faces the
problem of loss and tremendous complexity with an increased number of opti-
cal elements. One proposed solution to this problem is the quantum photonic
integrated circuit (QPIC) [6]. In this platform single photons are generated,
processed, transported and detected on a chip. Recently quantum optics exper-
iments with photons have been conducted on an integrated platform based on
silica. Although this platform creates a suitable framework for coupling low-
loss silica waveguides to silica fibers at telecom wavelengths [20, 21, 22], this
approach does not include the sources and detectors on the chip. In order to
have a fully functional QPIC all the aforementioned components should be in-
tegrated on a chip. This makes a direct bandgap III-V material like InP or GaAs
a very suitable candidate since they can emit on-demand single photons on-chip
at telecom wavelengths (1300 and 1550 nm) [23, 24, 25, 26]. In this work our
focus is on the GaAs technology for generation of single photons.

A sketch of a QIPC can be seen in figure 1.1 where different parts of the
circuit are being depicted.

In this sketch several types of components are distinguishable:
• Single-photon sources generate on-demand single photons. This is usu-

ally achieved when an atom brought to its excited-state decays to the ground-
state by a process called spontaneous emission. Single atoms are difficult to
integrate into semiconductor materials, therefore semiconductor heterostruc-
tures are used instead which show atomic-like behaviour (known as quantum
dots) [27] and can be expitaxially grown and embedded into III-V wafers.

• Cavities enhance the emission of the single-photon emitter and facili-
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Figure 1.1: Sketch of a quantum photonic integrated circuit, where single photons
can be generated by QDs inside the PhC cavities and the emission can be transported
by RWGs toward other parts of the circuit or the on-chip detector. Design by Dr. R.
Johne.

tate its coupling to the waveguides and couplers which are used to transport and
split the light on the chip. In- and output couplers are used for connection to
the outside by coupling to a fiber.

• Single-photon processors are devices made of a cavity and a single QD
where the effective interaction between individual single photons is realized by
means of exploiting inherent nonlinearities of the system. An example of such
nonlinear devices is a single-photon switch where the presence of a single pho-
ton switches the transmission of another one through the system. Two of such
nonlinear phenomena will be reviewed in this chapter and have been investi-
gated theoretically in detail in this thesis in chapter 3.

• Single photon detectors are used to detect single photons by means of
converting a single photon pulse to an electrical pulse. Recently fast and efficient
single photon detectors have been made with superconducting nanowires biased
close to their superconducting critical current [28]. Upon the absorption of a
single photon a hot-spot is formed and the superconductivity breaks down for
a few tens of picoseconds. The increased resistance of the detector area creates
a measurable electric pulse. Recently waveguide-based single photon detectors
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have been demonstrated by three groups [29, 30, 31].
In the next section of this chapter we introduce the quantum dots which are

single-photon emitters in our circuit and of fundamental importance for their
performance.

1.3 Quantum dots

With advances in modern semiconductor growth techniques such as molecu-
lar beam epitaxy (MBE), precise deposition of semiconductor material layers
is now possible, which paves the way for fabrication of modern nano-scale de-
vices. When semiconductor layers of different bandgap are grown on top of
each other a heterostructure is formed. The development of semiconductor
heterostructures has led to a revolution in semiconductor industry and started
a myriad of inventions like SOAs, LEDs and lasers. The Nobel prize in physics
in 2000 was awarded to Z. I. Alferov and H. Kroemer for the development of
these structures.

When a semiconductor material layer is embedded in a semiconductor with
a higher bandgap a potential well for the charge carriers is formed. If the dimen-
sion of the well is smaller than de Broglie wavelength of the charge carriers, they
are spatially confined in the potential well and quantum mechanical effects start
to govern the physics of the structure. In this situation the energy of the system
is quantized and according to the dimensionality of the confinement different
heterostructures can form (for 1D, 2D and 3D confinements, quantum wells,
quantum wires and quantum dots, respectively). In the case of 3D confinement
the density of the states will show a delta function behaviour similar to an atom.

By depositing layers of lattice-mismatched semiconductor materials on top
of each other it is possible to create QDs embedded in the semiconductor ma-
terial layer, which is known as Stranski-Krastanov method (for QDs in this
work a layer of InAs is deposited on top of GaAs). The lattice mismatch creates
strain which leads to the formation of self-assembled 3D islands as shown in
figure 1.2a.

As it is indicated in figure 1.2b, an electron can be excited and brought to
the conduction band leaving an available state in the valence band. It is usually
convenient to consider the valence band as having a hole instead of missing
an electron. The interaction of an electron and a hole creates a bound state
which is called an exciton. Generation of an electron-hole pair can be achieved
electrically or optically (for example by pumping the electron by an off-resonant
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a)
500 nm 

b)

e2 

e1 

h1 

h2 

hω Pump Eg 

Figure 1.2: (a) Atomic Force Microscope image of InAs QDs grown on GaAs (mea-
surement performed by T. Xia). (b) Typical energy diagram of the QD heterostruc-
tures, where the pumped electron recombines with the hole in valance band and emits
a photon with a frequency equal to the bandgap frequency.

laser to a higher energy state which decays quickly to the excited state). In this
picture a QD shows sharp atomic-like emission lines when an electron from
the conduction band recombines with a hole in the valence band and emits
a single photon (with the same frequency as the energy of the exciton). The
observation of sharp atomic-like (single QD) lines (with linewidth < 200 µeV)
can be achieved only at low temperatures (< 50 K) since at higher temperatures
the linewidth broadening of the QDs due to their increased interaction rates
with the phonons, makes the observation of the sharp QD lines impossible
[32].

The density, linewidth and the wavelength of the QDs can be controlled
by the growth condition. In this work InAs/GaAs QDs with a density of ∼
10 µm−2, low temperature emission wavelengths between 1200-1300 nm and
linewidths between 20-180 µeV have been used.

1.4 Photonic crystals

Photonic crystals (PhC) are structures where the refractive index of the dielec-
tric is modulated periodically. The term "photonic crystal" was first introduced
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a) b)

c) d)

Figure 1.3: Scanning Electron Microscope images of phtonic crystals fabricated in 1,
2 and 3D. (a) Bragg mirror inside a micropillar [42], (b) Nanobeam cavity [43], (c)
triangular PhC in InP slab [44] and (d) GaAs woodpile structure [45].

by Yablonovitch (it is also called photonic bandgap material) to be used for
inhibition of spontaneous emission in solid state systems [33]. In this struc-
ture interference effects create a range of forbidden wavelengths where the light
cannot propagate in the structure. The concept is analogous to the semiconduc-
tor energy bandgap where the periodic electronic potential creates an energy
bandgap where electronic states cannot exist. The refractive index periodicity
can exist in 1, 2 and 3 dimensions (as shown in figure 1.3). The 3D PhC is very
demanding to fabricate and was first realized by the Yablonovitch group [34].
After the first demonstration of the 2D PhC slab [35], a variety of PhC devices
such as cavities, splitters, waveguides and filters have been realized with them
[36, 37, 38, 39, 40, 41].

In order to investigate the optical properties of PhCs we start from solving
Maxwell equations for an environment without any loss and any sources (no
isolated charges and currents): [46]

∇.H(r, t ) = 0 ∇ × E(r, t ) + µ0
∂H
∂t
= 0 (1.1)
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∇.[ε (r)E(r, t )] = 0 ∇ ×H(r, t ) − ε0ε (r)
∂E
∂t
= 0 (1.2)

where H and E are magnetic field strength and electric field vectors, ε , ε0 and
µ0 indicate relative permittivity of the material, permittivity of the vacuum and
magnetic permeability of the vacuum, respectively. Relative magnetic perme-
ability has been considered to be unity (non-magnetic material). These equa-
tions can describe the propagation of the light in the medium. If we assume
a harmonic solution, then our fields can be written as the product of a spatial
function (which is our mode profile) and a harmonic time-dependent compo-
nent:

E(r, t ) = E(r)e iωt (1.3)

H(r, t ) = H(r)e iωt (1.4)

With this assumption we obtain an eigenvalue equation for H(r, t ) known as
master equation:

∇ × (
1
ε (r)
∇ ×H(r, t )) = (

ω

c
)2H(r) (1.5)

The linearity of the operator acting on H(r, t ) on the left hand side of the
equation guarantees that any linear combination of the solutions of the equation
is also a solution of this equation.

If we introduce a periodic profile of the refractive index

ε (r) = ε (r + Ri ), (1.6)

where Ri is the lattice vector of the crystal we can apply the Bloch theorem and
obtain solutions of the form [47]:

Hk(r) = uk(r)e ik.r, (1.7)

where k is the wave vector spanning the first Brillouin zone of the reciprocal
lattice. The solutions are plane waves modulated by periodic functions called
Bloch functions. In this way it is possible to construct a band diagram which
provides the dispersion relation between the frequency and the wave vector
ω(k). For each k the range of accepted frequencies can be extracted from this
band diagram. Depending on the parameters of the lattice (refractive index,
lattice constant and so on), there might be a range of frequencies where the
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Figure 1.4: Calculated band diagram of a triangular PhC made of holes etched in a
GaAs slab for the TE-like mode, with thickness t = 2a

3 and hole radius r = a
3 . The

blue shading shows the continuum of radiation inside the light cone and the yellow
area indicates the photonic bandgap [48]. The inset shows the high symmetry points
of the first Brillouin zone.

light cannot propagate within the crystal. These frequencies are called pho-
tonic bandgaps. An example of band diagram calculations which are carried out
numerically is shown in figure 1.4.

By introducing defects in the crystal structure of a photonic bandgap mate-
rial (for example by removing some holes in a 2D PhC), localized modes (with
frequencies within the photonic bandgap) will be allowed to exist in that defect
while forbidden to propagate within the crystal. In this way it is possible to cre-
ate optical confinement and a range of photonic crystal cavities (PhCCs) and
waveguides (PhCWGs) can be realized.
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1.5 Cavity quantum electrodynamics

1.5.1 Jaynes-Cummings model
The study of the interaction of an atom with an electromagnetic mode inside a
cavity, where the quantum nature of electromagnetic radiation is not negligible,
is called cavity quantum electrodynamics (CQED). Although the theoretical
formulation of CQED dates back to the work of Jaynes and Cummings in the
60s [49], the first experimental realizations of these systems have been realized
around 30 years ago with the work of S. Haroche (who has been awarded the
Nobel prize in physics in 2012 with D. Wineland for their work on controlling
quantum systems). In the following we briefly introduce the simplest formula-
tion of CQED.

When a two-level system is coupled to a quantized monochromatic electro-
magnetic field the interaction between them is described by the Jaynes-Cummings
Hamiltonian:

H = ~ωaσ+σ− + ~ωc a†a + ~Ω(a† + a)(σ+ + σ−). (1.8)

Here σ+(a†) and σ−(a) indicate raising and lowering operators of atom (cavity
mode), respectively. ωa , ωc and Ω = µE1 indicate the frequency of the atom,
cavity and the interaction rate of atom and the cavity mode where:

µ = 〈g |D.ε |e〉 E1 =

√
~ω

2ε0V
(1.9)

µ and E1 are dipole moment of the atom and electric field per photon respec-
tively, where D is the dipole operator of the atom, ε indicates the unit vector in
the direction of the electric field and V is the volume of the mode. |g〉 and |e〉
are the ground and excited states of the atom. By decreasing the volume of the
mode in a cavity the interaction between the atom and the cavity can be made
very strong.

1.5.2 Coupling to the environment
While the Hamiltonian 1.8 allows calculating the evolution of the wavefunc-
tions of an isolated quantum system, the loss and decoherence rates due to the
coupling to the environment are best studied by the evolution of the density
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matrix. The density matrix is a matrix that describes a quantum system in a
statistical mixture of several different quantum systems. If a quantum system is
in state |ψi〉 with the probability pi the density matrix of the system is defined
as:

ρ =
∑

i

pi |ψi〉〈ψi | (1.10)

where:∑
pi = 1 and pi > 0. In order to describe a physical state a density matrix

operator should be Hermitian, positive and T r (ρ) = 1, where T r indicates the
trace of the matrix. The diagonal and off-diagonal terms of the density matrix
indicate the population and the coherence of the eigenstates of the system. The
expectation value for a given observable can be calculated as:

〈A〉 = 〈A〉ρ =
∑

i

pi〈ψi |A|ψi〉 = T r (ρA) (1.11)

Equation of motion for the density matrix:
The Schrödinger equation gives the dynamics of a quantum state which is

not being driven by any external interaction is given as:

∂

∂t
|ψ〉 =

−i
~

H |ψ〉, (1.12)

where the Hamiltonian of the system is time-independent. From this we can
drive an equation of the motion for the density matrix:

∂ρ

∂t
=

∂

∂t

∑
i

pi |ψi〉〈ψi | =
−i
~

∑
i

pi (H |ψi〉〈ψi | + |ψi〉〈ψi |H ), (1.13)

which finally leads to:
∂ρ

∂t
=
−i
~

[H , ρ ], (1.14)

This equation is known as Liouville-von Neumann equation. In order to extend
this result to the case of a quantum system interacting with the environment
and derive the Lindblad form of the Master equation, we only introduce the
fundamental assumptions involved in the derivation. The mathematical details
of the derivation can be found elsewhere [50].

The first approximation which is also known as Born approximation, as-
sumes that the interaction between system and environment is weak such that
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the effect of the system on the environment is negligible, which can be summa-
rized as:

ρ(t ) ≈ ρS (t ) ⊗ ρE, (1.15)

here ρS (t ) and ρE indicate the density matrix of the system and the environ-
ment.

The second important approximation is the Markov approximation which
assumes that the time scale over which the state of the system varies appreciably
(τS ) is much larger compared to the time scale corresponding to the environ-
ment’s decay functions (τE ) [50]. In other words the dynamics of the system
cannot be resolved in the time scales in the order of τE , which means the sys-
tem’s evolution is described in a coarse-grained time scale. Finally the rapidly
oscillating terms as compared to τS have been neglected which is know as rotat-
ing wave approximation.

The aforementioned approximations lead to the Lindblad form for the Mas-
ter equation of the system:

ρ̇S =
−i
~

[H , ρS ] +
∑

i

ΓiLAi (ρS ) (1.16)

where
LAi (ρS ) = Ai ρS A†i −

1
2

(A†i Ai ρS + ρS A†i Ai ), (1.17)

here Ai and Ei are the operators of the system and the environment that define
the interaction of the system with environment in the form:

HI =
∑

i

Ai ⊗ Ei, (1.18)

and Γi is the corresponding interaction rate.

1.5.3 Weak and strong coupling regimes of CQED
In a CQED system the interaction of the two-level system (atom) and the cavity
with the environment can be described by Lindblad formalism where we define
γ and κ as the interaction rates between the atom and the cavity with the envi-
ronment (i.e. the decoherence rates). Two distinct regimes can be distinguished:

If coupling between the cavity and the atom dominates the other lossy chan-
nels γ and κ ( g � κ, γ ), then we are in the strong coupling regime. In this
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Figure 1.5: Probability of finding two-level system in the excited state versus time (in
units of vacuum Rabi period) in an atom-cavity system for (a) strong coupling regime
κ = 0.1Ω0 and (b) weak coupling regime κ = 10Ω0 from Ref. [51]. Ω0 and κ indicate
the atom-cavity coupling and cavity loss rate, respectively.

regime Rabi oscillations in the population dynamics of the atom can be ob-
served which after sometime smear out due to dissipation (indicated in figure
1.5a). This regime is also characterized by the "dressing" of the atomic levels
by the cavity excitation and formation of mixed eigenstates of the atom-cavity
system [52]. When the loss rate of the cavity is higher than the atom-cavity in-
teraction we are in the weak coupling regime where the excited-state population
of the atom decay exponentially and no oscillations is observed (figure 1.5b). In
this regime the main effect of the cavity is to modify the decay rate of the atom
by a factor of FP , named as Purcell factor [53]:

FP =
3

4π2
Qλ3

V
, (1.19)

where Q = ω
κ is the quality factor of the cavity, λ is the wavelength of the cavity

mode (assumed to be in resonance with the atom) and V is the volume of the
cavity.

CQED systems have been demonstrated first in atomic systems in weak
and strong coupling regimes and used to create an entangled state between the
atom and the cavity [51]. In solid-state structures, CQED systems consisting
of semiconductor QDs coupled to micropillar and PhC cavities in weak and
strong coupling regimes have been realized and used as efficient sources of single
photons [54, 55].
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a) b)

Figure 1.6: (a) Conditional phase shift of the probe beam as a function of the intracav-
ity photon number in a (a) cesium atom-optical cavity system [56] and (b) a QD-PhCC
system [57].

1.6 Quantum information processing using opti-
cal nonlinearities

As mentioned earlier there are several proposals for implementation of quan-
tum information including CQED based systems (superconducting qubits [58],
trapped ions and Rydberg atoms [59]) and solid-state spin systems [60]. There
has been rapid progress in the implementation of quantum information pro-
tocols in all these platforms but no system shows a clear practical edge over
the others indicating the long road ahead towards the maturity of quantum in-
formation technology. Another approach for realization of QIP is the optical
approach. The first proposal for optical realization of the QIP is known as KLM
proposal where by combining linear optics and nonlinear detection, QIP algo-
rithms have been implemented [61]. In this approach, the number of required
optical components scales very quickly with the number of qubits which makes
it very demanding to realize. Another interesting optical approach is based on
single-photon nonlinearities. In this approach the realization of a two-qubit gate
is demanding due to the weak interaction between photons. There have been
different proposals for strengthening this interaction. In this section we briefly
review the state-of-the-art in the investigation of single-photon nonlinearities
and their application to photonic quantum information processing.

The first proposal for implementing quantum information with optical non-
linearities was based on using cross-Kerr nonlinearity [62], where the refractive
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index of a material changes proportionally to the intensity of the light applied
to it. Despite myriad of proposals in the theoretical side [63, 64], the progress
in experiments was hampered by the fact that natural nonlinearities produced
by the Kerr effect are extremely weak and noisy [65]. Later Schmidt and
Imamoglu [66] proposed that the media showing electromagnetically-induced
transparency [67] can show stronger optical nonlinearity which can be in the
range of practical values for realizing an optical quantum gate.

The idea that a single quantum emitter inside a cavity (waveguide) can in-
duce a giant optical nonlinearity has been studied extensively [68]. The first ex-
perimental realization was in a cavity containing cesium atoms, where a pump
and probe beam were sent through the atom-cavity system and their relative
induced phase shift was measured [56]. The value of phase shift obtained in
that experiment was still not enough (δ ≈ 16◦) for realizing an optical gate (see
figure 1.6a). Later a modified version of this configuration and a new scheme of
implementing optical quantum gates in atom-cavity systems were proposed the-
oretically [69, 70, 71]. Furthermore the CQED nonlinearity was exploited re-
cently for realization of single-photon optical switches and transistors in atomic
systems [72, 73].

In the solid-state CQED systems there has been progress for realization of
nonlinearities in the strong coupling regime where by using the nonlinearity of
Jaynes-Cummings energy ladder in a strongly coupled QD-PhC cavity system,
different functionalities like optical switching [74, 75, 76], strong photon cor-
relation [77], conditional reflectivity [78] and phase shift [57] (see figure 1.6b)
have been demonstrated. The use of giant optical nonlinearities in weakly cou-
pled QD-photonic cavities, where the nonlinearity originates from the satura-
tion of the QD with one photon, has been theoretically investigated [68, 79, 80].
Another nonlinear phenomenon that has recently attracted attention is stimu-
lated emission whose demonstration in a CQED system and its applications
have been studied theoretically recently [81, 82, 83, 84]. We note however that
a single-photon nonlinearity does not automatically guarantee the possibility of
applications in a quantum gate [85].

1.7 Scope and outline of this thesis

The general goal of this thesis is the generation and efficient extraction of single-
photons from the QDs inside QPICs. For achieving QIP with single photons
in an integrated platform this goal has very high importance. In this work, by



1.7. Scope and outline of this thesis 19

proposing new design and fabrication methods, the issue of the efficient transfer
of single photons between different components of the QPIC and the problem
of the extraction of single-photons from QDs generated by resonant pumping
(filtering of the scattered laser) has been addressed and solved.

Chapter 2 focuses on experimental methods used in this work including
fabrication, (time-resolved) micro-photoluminescence spectroscopy and single
photon detection methods.

Chapter 3 includes a theoretical investigation of two single-photon nonlin-
ear phenomena by using a Master equation based numerical approach and the
conditions for their experimental realization in our system.

Chapter 4 concentrates on different technological advances made during
this work for efficient coupling of light in the single photon level into a PhC
cavity. These methods include design and fabrication of a RWG-PhC interface
for efficient coupling, a PhC-based integrated filter, thin film deposition for the
suppression of Fabry-Perot reflections by RWG cleaved end facets and integrated
gratings for coupling to the top.

Chapter 5 addresses the efficient coupling of single photons generated in
PhC cavity into ridge waveguides. In the second part the progress toward
demonstration of dipole-induced reflection in our system and the outlook of
its feasibility have been discussed.

Chapter 6 introduces a novel method based on k-vector and polarization fil-
tering used for successful suppression of resonant driving laser and detection of
resonance fluorescence of QDs inside RWGs. Finally the conclusion of present
work and possible directions for future progress and applications are presented
in Chapter 7.
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2
Experimental Methods

This chapter explains the experimental methods used in this work. The first
part describes the fabrication methods and in the second part the measurement
methods and experimental setups used for optical measurements are explained.

2.1 Fabrication

Recently tremendous progress has been achieved in the field of nanofabrication.
This progress is originated and motivated by the fabrication methods needed for
the realization of the electronic circuitry [86] but nowadays has found numer-
ous applications in the fields of medicine, defence, space and communication.
The fabrication of structures with smaller dimensions (below 1 µm ) has at-
tracted a two fold interest: at the fundamental scientific level these structures
provide suitable tools for the study of the effects where quantum mechanics
plays the major role due to the low dimensions of the system, while at the ap-
plication level reduced dimensions can provide more sensitivity for example in
biosensors and more computation and communication power in semiconductor
devices [87].

Usually the two main approaches for nanofabrication are the top-down and
the bottom-up approaches. In the first approach the fabrication starts with
a bulk material and continues with transferring designs on the surface of the
material and subsequent transfer of the pattern by etching techniques. The
second approach mostly relies on self assembly of smaller units of material like
molecules for realization of the nanostructures.

21
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2.1.1 Material growth

The growth of the material used in this work is done by Molecular Beam Epi-
taxy (MBE) method. This method is performed in high or ultra-high vacuum
which results in much better purity and growth control comparing to other
growth methods. On the other hand the process is rather slow which makes
its industrial application more difficult. The mechanism of the working of the
MBE is as follows: The III-V materials (e.g. Ga and As) in ultra pure form are
heated in effusion sells where the sublimation occurs and the resulting vapors
("beams", due to their long mean free path) condense on the wafer and react
with each other to create the desired combination. A sacrificial layer of AlGaAs
(1.5 µm thickness) is deposited on the GaAs substrate which is followed by
the Stranski-Krastanov growth [88] of the InAs QDs in the middle of a thin
GaAs (320 nm) layer. The density of the dots is around 10-20 µm−2 which emit
around 1300 nm wavelength [89].

2.1.2 Thin film deposition

The deposition of thin films plays an important role in nanofabrication. In this
work SiN has been used as hard mask for realization of PhCs and RWGs and
also as a thin anti-reflection (AR) coating layer for the suppression of the reflec-
tion at the two cleaved end facets of the RWGs. Deposition of SiN is done by
plasma enhanced chemical vapor deposition (PECVD) using an Oxford Plas-
malab System 100 machine. Here silane (SiH4) and ammonia (NH3) gasses are
injected into the reaction chamber with gas flows of 17 and 13 sccm, respec-
tively. The sample in the reaction chamber is heated up to 300◦C, where the
two gasses react on the hot surface of the sample to form SiN. The reaction rate
of the two gasses is enhanced by generating a plasma of the two reactant gasses
by using a RF generator. This reaction generates a layer of SiN on the sample
surface which has a thickness that can be controlled by knowing the deposition
rate (around 15 nm/s).

For SiN deposition as AR coating layer we lowered the temperature of the
reaction chamber to 100◦C with gas flow rates of 15.7 and 14.3 sccm for (SiH4)
and (NH3), respectively. This resulted in SiN layer with refractive index of
1.806 (measured with elipsometry), with a deposition rate of around 17 nm/s.
The SiN layer has good adhesion to the GaAs surface and follows the shape of
the sample.
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2.1.3 Electron-beam lithography
In order to transfer the mask pattern to the surface of the sample the electron-
beam lithography (EBL) technique has been employed in this work. In this
machine a beam of electrons generated by a filament is focused on the surface of
the sample which is coated by the electron resist. Electrons change the solubil-
ity of the resist in exposed areas, thereby enabling the removal of the exposed
(unexposed) parts of the sample for positive (negative) resists when immersed in
the developer solvent. This method has higher resolution but lower throughput
in comparison with photolithography.

c) 

a) 

d) 

b) 

Figure 2.1: (a) Different scattering processes during the electron beam exposure [90].
(b) A sketch of the proximity effect corrected mask used for fabricating PhCs. A PhC
structure after exposure with EBL and development (c) without and (d) with proximity
effect correction [91].

In this work a 30 kV EBL (RAITH150-TWO) has been employed where
the mask pattern on the sample surface is generated by an advanced electronic
system which controls the position of the electron gun. The position of the
sample on the stage is controlled by the motorized stage and is precisely detected
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by laser interferometry. After transfer of the sample to the vacuum chamber
and alignment, the exposure is done automatically by the help of a computer
program. In the normal exposure mode the machine divides the exposure area
to 100 × 100 µm2 exposure fields and performs the exposures sequentially. For
exposing long features (' mm ) like RWGs another mode of exposure (fixed
beam moving stage (FBMS), where the electron beam is fixed and the stage
moves) has been employed.

One of the main problems encountered in EBL is the phenomenon of prox-
imity effect. This effect is generated by the collisions between electrons with
lighter atoms in resist and cross electron collisions (forward scattering) and also
by collision between electrons and heavier atoms in the substrate (backward
scattering) as indicated in figure 2.1a. The final result is that each feature re-
ceives more dose than assigned in the design which manifests itself in a PhC
structure by the fact that the holes close to the borders of the structure are
smaller than the ones in the center (figure 2.1c and d).

In order to compensate for this effect a proximity effect correction (PEC)
software (RAITH NanoPECS) has been used to adjust the doses and create a
homogeneous energy distribution. Monte Carlo simulations for the electron
trajectory in our structure were performed and the results were fitted with the
spread function: [92]

f (r ) =
1

π (η + ν + 1)
(

1
α2 e

−r 2

α2 +
η

β2 e
−r 2

β2 +
ν

2γ2 e
−r
γ ), (2.1)

where the first and second (Gaussian) terms (α = 30 ± 10 nm and β =
1.86±0.01 µm) are related to forward and backward scattering, respectively and
the third term (γ = 930±10 nm) is related to the collision of electrons with high
atomic number atoms of the GaAs substrate and the weights are ν = 0.57±0.02
and η = 0.35 ± 0.02. The EBL system calculates the right dose distribution to
compensate the proximity effect which results in a better exposure pattern. A
typical PhC mask after PEC can be seen in figure 2.1b.

2.1.4 Etching methods
Etching is the process of the transfer of the pattern exposed on the resist to the
material where the parts not exposed is protected against the etchants. Usually
there are two vastly used categories of etching in the nanofabrication: wet and
dry etching. Dry etching is performed without any liquid etchant and is mostly
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Figure 2.2: (a) A sketch of the RIE chamber where the electrons are accelerated toward
the the bottom electrode after generation of the plasma. The accumulation of the
electrons creates a bias voltage that accelerates the heavy ions toward the sample. (b)
A sketch of the ICP chamber where the plasma is generated with a magnetic coil at a
higher temperature.

done by creating a plasma in the vacuum environment where the reactive ma-
terials in the form of gasses are introduced. The plasma is generated by a RF
field which ionizes the gasses and accelerates the ions toward the sample. In wet
etching the sample is immersed in a liquid etchant which is able to solve and
corrode the target layer of the material with a high selectivity.

Dry etching

Depending on the needed isotropy different methods of etching have been em-
ployed in this work. First etching method is reactive ion etching (RIE) (see
figure 2.1a) where a strong (13.56 MHz) RF electric field by creating a plasma
ionizes the etchant gasses and dissociates the electrons off them. The lighter
electrons (compared to the ions) are accelerated more toward the grounded bot-
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Figure 2.3: Process flow for the fabrication of the single PhC structures. (a) deposition
of SiN (green) and ZEP (yellow) layers, (b) exposure and development of the ZEP, (c)
etching SiN layer in opened areas with RIE, (d) removal of the ZEP with the O2 and
etching with ICP and (e) wet etching with HF 10%. Dark blue and violet colors indicate
GaAs and AlGaAs layers, respectively.

tom electrode of the chamber and get absorbed by it. This creates a negative self
bias in the order of few hundred volts which accelerates the plasma (which now
has higher concentration of positive ions due to the removal of the electrons)
and makes the positive ions collide with the sample and etch it. For etching SiN
a CHF3 (etching rate ≈ 20 nm/s) and for etching GaAs a methane/hydrogen
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Figure 2.4: Process flow for the fabrication of single RWG structures. (a) deposition
of SiN (green) and ZEP (yellow) layer, (b) exposure and development of the ZEP, (c)
etching SiN layer in opened areas with RIE, (d) removal of ZEP with O2 and etching
of the GaAs layer with RIE and (e) removal of SiN with HF 10%. Dark blue and violet
colors indicate GaAs and AlGaAs layers, respectively.

(etching rate ≈ 70 nm/s) based plasma (Oxford Plasmalab 100) have been used.
For etching high aspect ratio holes in PhCs deeply and with a vertical profile

an inductively coupled plasma (ICP)RIE has been employed. In ICP a high
density chlorine based plasma is generated at high (200◦C) temperature with
the help of a magnetic field created by a coil (see figure 2.1b). Etching rates
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Figure 2.5: Process flow for the fabrication of the coupled RWG-PhC structures. (a)
deposition of SiN (green) and ZEP (yellow) layer, (b) exposure and development of the
ZEP, (c) etching SiN layer in opened areas with RIE, (d) removal of the ZEP with the
O2 plasma and etching with ICP, (e) wet etching with HCl 36% and (f) removal of SiN
with CF4 plasma and final surface cleaning with H3PO4 10%. Dark blue and violet
colors indicate GaAs and AlGaAs layers, respectively.

around 400 nm/s for GaAs and Al0.7Ga0.3As layers have been measured with
this etching method.

Lastly, when wet etching is not possible and high isotropy is required a
barrel etcher (TePla 100) is used. In this machine a microwave source generates
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a) b)

Figure 2.6: (a) A SEM picture of the PhC structure after etching by the ICP. The
sample is cleaved to observe the profile of the holes after the etching. (b) A SEM
picture of a PhCWG realized by the recipe mentioned in section 2.1.5 and cleaved after
the process.

the plasma inside an isolated chamber. This reduces the anisotropy since the
there is no DC bias and ion bombardment. The barrel etcher is used with O2
for cleaning the surface of the sample and with CF4 gas for the removal of the
SiN.

Wet etching

In the realization of single, free-standing PhC structures hydrofluoric acid (HF
1-10%) has been employed for isotropic etching of SiN and Al0.7Ga0.3As with
an etching rate of 30-200 nm/s. This method of etching is fast and harder to
control geometrically.

During the course of this work it has been experimentally found that cold
(2◦C) HCl can etch an Al0.7Ga0.3As layer with strong anisotropy. This anisotropy
originating from different etching rates along different crystallographic orien-
tations, results in a tilted profile which makes a ≈ 55◦ angle with the sub-
strate and has been used with other material previously [93, 94]. Depending
on the crystallographic orientation, this etching technique can be used to cre-
ate a trapezoidal support for the RWGs (see figure 2.7b). If the waveguide is
fabricated along [011] crystallographic direction a trapezoidal support can be
realized where the short base is connected to rectangular (GaAs) waveguide.
We realized that the undercut in thick (> 1 µm ) Al0.7Ga0.3As layers is stopped
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after 0.8 µm, making the control of the size of the trapezoidal base possible
by changing the waveguide width (it can also be concluded that the waveguides
with < 1.6 µm width will be suspended). The proposed etching method makes
the fabrication of the coupled PhC-RWG system much easier by enabling the
fabrication of this system in a single lithographic step without the need to align
them with respect to each other, thus avoiding alignment errors and reducing
process time dramatically.

a) b)

Figure 2.7: (a) A SEM picture of a rectangular RWG where the etching of GaAs layer
has been stopped before reaching AlGaAs (sacrificial) layer. (b) a RWG realized by
etching of the sacrificial layer with HCl resulting in formation of a trapezoidal support.

2.1.5 Process flow
In this section the fabrication recipes for the realization of the single PhC and
RWG structures and coupled RWG-PhC system are explained. As indicated our
material system is composed of a 320nm GaAs layer (with a layer of low density
InAs QDs embedded in its middle) on top of 1.5 µm thick sacrificial AlGaAs
layer which is in turn on top of a GaAs substrate. In all these cases the first steps
are as follows (the schematic of these recipes have been shown in figures 2.3-5):

1. After preliminary cleaning of the surface of the sample (10 minutes
O2 plasma in barrel etcher and 2 minutes immersion in HCl 1:1 H2O solution),
a 400 nm thick layer of SiN is deposited (≈ 28 min deposition time) on the
surface of the sample.

2. A 360 nm thick layer of polymer electron beam resist (ZEP 520A)
is deposited on the surface of the sample by spin coating. The ZEP coated



2.2. Measurement setups 31

sample is baked for 4 minutes with a hot plate whose temperature in gradually
increasing from 100 to 150 ◦C and subsequently 2 minutes at 200 ◦C. After
baking, the sample is placed inside the EBL and the design is exposed on the
resist coated surface. After the EBL, the sample is developed in n-amyl acetate
for 1 minute and rinsed for 40 seconds in methyl isobutyl ketone (MIBK) /
isopropanol solution to stop the development.

3. The exposed design is further transferred into the sample by etch-
ing the SiN layer for ≈ 20 minutes with CHF3 plasma based RIE. This process
etches simultaneously SiN in open (developed) areas of the design and the pro-
tecting ZEP layer in unexposed areas with a lower rate (≈ 10 nm/s). After
etching with RIE, the ZEP layer will be removed by 10 minutes etching with
O2 plasma in the barrel etcher.

From this stage the fabrication steps are different for different structures.
First we consider the fabrication of simple PhCs:

4. In the final step the pattern is further transferred into the sample
layer by 2.5 minutes etching at 200◦C in ICP, which will etch GaAs/AlGaAs
layer down to the middle of the AlGaAs layer (see figure 2.3d and figure 2.6a).
The remaining SiN and the sacrificial layer will be removed by 2 minutes etch-
ing with HF 10% (see figure 2.3e and figure 2.6b).

The fabrication of the simple RWGs continues as follows:
4. The GaAs layer in open areas is etched by a methane/hydrogen

based plasma RIE for 3 minutes. The remaining SiN layer is removed by 2
minutes wet etching with HF 10% (see figure 2.4d,e and figure 2.7a).

Finally the fabrication of the coupled PhC-RWG system continues as fol-
lows:

4. The sample is etched in ICP as in the case of simple PhC structure
and subsequently wet etched in a concentrated (36%) HCl solution for 8 min-
utes. After wet etching the SiN layer is removed by etching in barrel etcher for
10 minutes with O2 and subsequently 2.5 minutes with CF4 plasma. Finally the
surface of the sample is cleaned with 10% H3PO4 for 2 minutes (figure 2.5d,e
and figure 2.7b).

2.2 Measurement setups

In this section the different optical setups used for characterization and measure-
ment of the fabricated devices are described. One general micro photolumines-
cence (PL) setup has been used for characterization of the different QD samples
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and cavity designs. Two other micro PL setups used in this work have the pos-
sibility of accessing emission from the top and side at low temperatures. Finally
our single-photon detector and the and time-resolved measurement technique
are introduced.

2.2.1 Micro photoluminescence
The micro PL setup is shown in figure 2.8. The sample is kept inside a helium
flow cryostat that can be cooled down to 5 K and is moved by a piezoelec-
tric XY stage. In this setup, light can be focused on the sample by the use of
a near-infrared objective (100×, numerical aperture (NA) = 0.6). The result-
ing emission is separated from the laser by a dichroic mirror and is sent to a
spectrometer (Horiba-Jobin Yvon FHR 1000). The light dispersed by the spec-
trometer is detected by an InGaAs nitrogen cooled detector array. The sample is
illuminated by a white light source and a near-infrared CCD is used to observe
the surface [95].

2.2.2 Waveguide micro photoluminescence
The transmission measurements and the measurements performed in chapter
6 are done with a waveguide micro PL setup (shown in figure 2.9) where the
light is coupled from the fibers (whose positions can be controlled by XYZ
translational stages) via a lens (NA=0.15) to an objective (50×, NA=0.42) for
focusing the light to the sample and vice versa, from the two sides. The top
excitation and collection is done with an objective (100×, NA=0.5), where the
excitation and collection paths are separated with the help of a beam splitter
and coupled to two different fibers controlled by XYZ translational stages.

The objectives are moved by piezoelectric stages in XYZ directions. In order
to investigate the sample a green light LED can illuminate the sample and the
reflected light is detected by a CCD camera. The sample is kept inside a helium
flow cryostat window that can be cooled down to 12 K and its temperature can
be controlled.

2.2.3 Waveguide probe station
The time-resolved photoluminescence (TRPL) and antibunching measurements
shown in chapter 5, are performed with an end-fire setup where lensed fibers
(NA=0.33) are moved by piezoelectric positioners and can be coupled to the
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Figure 2.8: A sketch of the micro photoluminescence setup used for the characteriza-
tion of the QD emission and sample designs.

sample from the two sides inside the helium flow cryostat which can be cooled
down to 2 K. Top excitation can be done by an objective (100×, NA=0.5) and
the temperature of the setup can be controlled by a temperature controller. The
setup has also a RF probe and provides the possibility of the electro-optical
measurements (not used in this work).

2.2.4 Superconducting single photon detector

The single-photon detector used in this work is a superconducting single pho-
ton detector (SSPD). The detection mechanism of the SSPD is as follows [28]:
Upon the absorption of a photon in a superconducting nanowire a Cooper pair
breaks, creating a lot of quasi particles. The generated "hot spot", perturbes the
suppercurrent flow in the nanowire, resulting in the transition to the resistive
state and production of a voltage pulse. The single photon detection system
used in this work is made of two SSPDs installed at the bottom of a cryogenic
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Figure 2.9: A sketch of the waveguide micro photoluminescence setup, where
the optical emission of the samples can be accessed via three axis.

stick which is placed inside a helium dewar to be cooled down to 1.6 K [96].
The applied bias current can be controlled and is set to a value which ensures the
best trade-off between the dark count rate and the detection efficiency (in this
work these values were typically around hundreds of Hz and 10%, respectively).

2.2.5 Time-resolved photoluminescence and anti-bunching mea-
surements

The TRPL measurements performed in this work are done by time-correlated
single-photon counting using a fast correlation card (PicoHarp 300 with 4 ps
temporal resolution). In order to perform TRPL a pulsed laser provides the
start transistor-transistor logic (TTL) signal and the arrival of the electric pulse
from SSPD (generated by the incidence of single photons) provides the stop
signal. By repeating this cycle many times one can reconstruct the single decay
profile (histogram) from single photon collection events over a large number
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Figure 2.10: Schematic of the experimental arrangement for (a) time-resolved PL,
where the pulsed laser sends the start signal for the correlation card and the electric
pulse coming from the SSPD after the photon detection event provides the stop sig-
nal, and (b) anti-correlation measurements, where the emission of the sample is sent
through a fiber-based beam-splitter to the two channels of the SSPD and the subsequent
electric pulses provide the start and the stop signal for the correlation card.
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of cycles [97]. The trigger level of the counter is set to a value which ensures
the elimination of the electrical noise in our SSPD. In the anti-bunching mea-
surements the signal is sent to a 50-50 beamsplitter. The two outputs of the
beamsplitter are connected to the two SSPDs where one of them provides the
start and the other one provides the stop signal. The schematic of the experi-
ments for TRPL and antibunching measurements performed in this work are
drawn in figure 2.10.



3
Theoretical Investigation of Single-photon Nonlinear

Phenomena

3.1 Introduction

Single photons are one of the best candidates for quantum information and
computation since they can travel long distances without strong interaction
with their environment [9, 98]. The difficulty of the implementation of quan-
tum computation with photons comes from the fact that they hardly interact
with each other. This makes it very hard to build all-optical devices at the
single-photon level, where presence of a single control photon can control the
behavior of another target photon. This difficulty has made the single-photon
nonlinearity a long-standing goal in the field of quantum optics.

One of the most promising systems for realization of the strong nonlinear-
ity at the single photon level is the cavity quantum electrodynamics (CQED)
system, where a single two-level emitter is embedded in a cavity, whose presence
enhances the interaction of the emitter with the electromagnetic field. CQED
systems have been realized in different platforms including Rydberg atoms in
microwave cavities [99], single atoms in optical cavities [100, 101], supercon-
ducting qubits [102], and solid-state systems [103].

In this chapter we theoretically investigate the feasibility of two low-photon-
number nonlinear phenomena in our system of a single quantum dot (QD)
coupled to a photonic crystal cavity (PhCC). The first phenomenon is dipole
induced-reflection (DIR) where the presence of a single photon changes the
transmission of the second photon through the system. The second phenomenon

37
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is the stimulated emission at the single photon level where the presence of a pho-
ton stimulates the emission from an inverted two-level system and creates two
identical photons in the output.

The numerical simulations in this chapter are performed by using the Quan-
tum Optics Toolbox based on MATLAB [104]. The initial design of the numer-
ical code for the stimulated emission phenomenon was developed by Dr. R.
Johne.

g 

κ 

γ 

a in 

κW 

κW 

Figure 3.1: Sketch of the CQED system where a single two-level system coupled to a
cavity, which is in turn coupled from the two sides to input and output waveguides.

3.2 Dipole-induced reflection

The system considered here is a two-level atomic-like emitter coupled to a cav-
ity, which is coupled to one-dimensional continua of the modes (waveguides on
the two sides), as indicated in figure 3.1. Sending light in resonance with the
atom (atom and cavity are assumed to be in resonance for simplicity) with very
low power (much less than one photon per emitter’s lifetime in the cavity) will
result in total reflection from the system where the optical system behaves like
a mirror. This phenomenon is called dipole-induced reflection (DIR) and it is
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the result of the destructive interference of the incoming light with the light
radiated from the two-level system in the cavity [105, 68, 106]. By increasing
the incoming light power to the order of one photon per emitter’s lifetime in
the cavity the light will saturate the atom and the system becomes transparent
and transmits the photon, thus realizing an optical nonlinearity at the single-
photon level. This phenomenon has applications in the realization of single-
and low-photon-number optical switches and transistors [107, 57, 76, 72]. This
effect has been demonstrated in solid-state systems including a single QD inside
a PhCC at the edge of the strong coupling regime [75, 108, 78], where the cou-
pling between the two-level system and the cavity mode dominates all the other
loss channels. This regime of CQED is very demanding to realize in solid-state
systems. In the following discussion, in view of its easier implementation, we
focus on weak coupling regime where the coupling rate of the cavity to the envi-
ronment is stronger than the interaction between the two-level system and the
cavity mode. This regime of CQED has been previously studied theoretically
and experimentally for realization of a quantum phase gate [56].

3.2.1 Numerical analysis
In this section the experimental system depicted in figure 3.1 has been stud-
ied theoretically. This system can be realized with our state-of-the-art fabrica-
tion technology by fabricating a PhCC coupled to a photonic crystal waveguide
(PhCWG) which is coupled from the sides to ridge waveguides (RWGs). The
two-level system is a single QD which can be embedded inside the PhC slab.

The Hamiltonian of the system reads:

H = ~ωaσz + ~ωc a†a + i~g (σ+a − σ−a†) + i~(Ω(t )a† +Ω(t )∗a) (3.1)

where ωa and ωc are the frequencies of the QD and the cavity respectively,
g is the QD-cavity coupling rate, a†(a) and σ+(σ−) are creation (annihilation)
operator for the cavity (QD), σz is the atomic inversion operator and Ω(t ) =
√
κw Ee−iωd t describes the coupling of the continuous wave (CW) input laser

light to the cavity.
In order to describe the interaction of the system with the environment, the

Lindblad Master equation [109] formalism for the density matrix of the system
has been used. The equation of the motion for the density matrix can be written
as:

ρ̇ =
−i
~

[H , ρ ] + γL(σ−)ρ + γd L(σz )ρ + κL(a)ρ + κw L(a)ρ



40 Theoretical Investigation of Single-photon Nonlinear Phenomena

−1 0 1

0.2

0.4

0.6

0.8

Detuning (δω/κ)

T
ra

ns
m

is
si

on

Figure 3.2: Calculated transmission of the incident light through the system as a
function of the detuning of the input beam with the atom for different intensities of
the input beam. The decay time of the cavity to the waveguide has bee assumed to be
around 10 ps, g = κw

2 and all other lossy channels have been neglected. Black: 0.04,
blue: 0.1 and red: 0.3 photon per emitter’s lifetime in the cavity power of the input
beam. QD and cavity has been assumed to be in resonance.

where
L(c )ρ = c ρc† −

1
2

(c†c ρ + ρc†c ),

and the coupling strength of the cavity to 1D quasi-continua of modes (waveg-
uides in the both sides) and the dissipative environment is described by κw and
κ, respectively. γ and γd indicate the coupling strength of the QD to the envi-
ronment and its dephasing rate, respectively.

The equation of the motion of the density matrix has been solved in a frame
rotating with the QD frequency to obtain the steady-state density matrix of the
system. The transmission of the incident light as a function of its detuning from
the atomic frequency is calculated as:

T =
〈κw a†a〉s s

��E ��2
, (3.2)

where E is the amplitude of the input beam as previously described and 〈...〉s s
indicates the expectation value of the quantity in the bracket at the steady-state.
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Figure 3.3: Calculated transmission of the incident beam through the system in res-
onance with the atom as a function of the input photon flux. The decay time of the
cavity to the waveguide has been assumed to be around 10 ps, g = κw

2 , κ1 =
2g2

κw
is

the linewidth of the emitter inside the cavity and all other lossy channels have been
neglected. QD and cavity has been assumed to be in resonance.

The result of the calculations is shown in figure 3.2. Here the decay time of the
cavity to the waveguide (τ = 1

κw
=

Q
ωc

) has been assumed to be around 10 ps
which indicates a Q ' 10000 for the coupling to the waveguides, g = κw

2 and
the three powers of the incident light are 0.04, 0.1 and 0.3 photons per emitter’s
lifetime in the cavity and QD and cavity has been assumed to be in resonance.
and κ1 =

2g2

κw
is the linewidth of the emitter inside the cavity. All the other lossy

channels have been neglected.
Here we clearly observe a dip in the transmission at the resonance frequency

which is a clear indication of the DIR. As the power of the incidence light is in-
creased, the minimum value of the transmission increases due to the saturation
of the two-level system. This point becomes more clear when we plot the trans-
mission of the incident light through the system as a function of its intensity
at the resonance condition as depicted in figure 3.3. All the other parameters
are the same as figure 3.2. Here a jump in the transmission of the system is
observed when the power of the incident light is in the order of one photon
per emitter’s lifetime in the cavity which indicates a giant optical nonlinearity
achieved by a very low intensity of light. These results are in agreement with
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Figure 3.4: Calculated transmission of the incident light through the system as a func-
tion of the detuning of the input beam with the atom with different values of the leakage
rate of the cavity. The decay time of the cavity to the waveguide has been assumed to
be around 10 ps, g = κw

2 and all other lossy channels have been neglected. The power of
the input light is around 0.04 photon per emitter’s lifetime in the cavity. Black: κ = 0,
red: κ = κw

10 and blue: κ = κw
2 . QD and cavity has been assumed to be in resonance.

previous analytical calculations [68].
The effect of the dissipative interactions with the environment is also note-

worthy. First we consider the effect of the cavity leakage to the environment
( κ ) on the signal, as it can be observed from figure 3.4. Here κ = (0, κw

10 ,
κw
2 ),

g = κw
2 and the QD decay and dephasing have been neglected for simplicity

(the power of the input light is around 0.04 photon per emitter’s lifetime in the
cavity). QD and cavity has been assumed to be in resonance. When the rate
of the cavity leakage to the environment increases the amount of light coupled
to 1D continuum (waveguide) that will be collected as the transmitted light de-
creases. The same behavior is observed (not shown here) when we increase the
dissipative coupling of the QD to the environment (γ ).

One of the most interesting features of our system is the effect of the dephas-
ing rate of the QD (originating from its interaction with the phononic bath and
from the carrier-carrier interactions), on the transmission dip in resonance. As-
suming that there are no other dissipative channels, increasing the dephasing
rate increases the transmission at resonance which reduces the signal visibility.
This effect can be clearly observed from figure 3.5 where the transmission of
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Figure 3.5: Calculated transmission of the incident light through the system as a func-
tion of the detuning of the input beam with the atom with different values of the dephas-
ing rate of the QD. The power of the input light is around 0.04 photon per emitter’s
lifetime in the cavity. Black: γd = 0, blue: γd =

κw
10 and red: γd =

κw
5 ). QD and cavity

has been assumed to be in resonance.

the incident light through the system as a function of the detuning of the input
beam with the atom with different values of the dephasing rate of the QD has
been calculated, where γd = (0, κw

10 ,
κw
5 ), g = κw

2 and γ = 0 (the power of the
input light is around 0.04 photon per emitter’s lifetime in the cavity and QD
and cavity has been assumed to be in resonance). This effect is due to the fact
that acquiring higher degree of dephasing creates an undefined value of quan-
tum phase for the radiated field from the QD, hence washing out the signature
of the interference between it and the incident field.

3.2.2 Feasibility study

In this section, for a systematic study of the effect of dephasing, we use an
analytical formula for the transmission of the input light as a function of the
parameters of the system which has been derived by solving the Heisenberg
equations of the motion [68]. The visibility of the signal defined as Tmax−T min

Tmax
as a function of the dephasing time of the QDs and the Purcell factor of the
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CQED system has been calculated and the required range of the parameters for
observing DIR effect has been discussed.

By rewriting the Hamiltonian of the system to include the coupling to the
1D quasi-continua we have:

H = ~ωaσz + ~ωc a†a + i~g (σ+a − σ−a†) + ~Σmωmb†mbm + ~Σnωnc†ncn

+ i~Σm gm (b†m a − a†bm ) + i~Σn gn (c†n a − a†cn),

where the bm and cn represent the two quasi-continua of modes (input and
output ports of the waveguide) and the last two terms describe the coupling
of the cavity mode to the input and output ports of the waveguide. Writing
Heisenberg equations of the motion and including the leaky channels for the
coupling to the environment leads to the following analytical expression for the
transmission of the incident light through the system [68]:

T = Tmax (
β

1 + β2x
− 1)2.

Here Tmax = 1 + κ
2κ1

, β = f
1+ f and f is defined as:

f =
γ f

γa + 2γd
Fp .

Where γ f , γa and γd are the spontaneous emission rate of the atom into the
bulk, emission rate of the atom into the leaky modes corresponding to the out-
of-plane losses, and the dephasing rate of the atom, respectively and Fp indicates
the Purcell factor [53] of the QD, defined as the ratio of the spontaneous emis-
sion rate of the QD in resonance with the cavity mode over the emission rate
in the bulk. κ and κ1 are the same as defined previously. x is the saturation pa-
rameter defined as: 2Pin κ

g2 , where g is the coupling rate of the cavity to the QD,
Pin is the power of the input beam and T → Tmin for x → 0 and T → Tmax for
x → ∞

Based on this formula by putting experimental values of our system for γ f
and γa (1 and 5 ns respectively), we obtain the feasibility plot shown in figure
3.6 which shows the contrast of the experimental signal as a function of the
Purcell factor and the QD dephasing time.

From this figure it can be deducted that in order to acquire a visible signal we
need to increase the Purcell Factor or dephasing time of the QD. With the best
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Figure 3.6: Visibility of the signal (defined in the text) as a function of the Purcell
factor of the system and dephasing time of the quantum dots.

purcell factors obtained in our cavities (see chapter 5), we require a dephasing
time longer than 170 ps to obtain a signal visibility of at least 30%. This depends
critically on the quality of the QD growth and is hardly feasible in our InAs
QDs as it will be discussed in chapter 5.

3.3 Stimulated emission

Stimulated emission was first theoretically proposed by Einstein [110]. This
phenomenon was initially used to explain optical amplification in case of many
emitters and electromagnetic modes and is the underlying phenomenon for the
realization of lasers. Stimulated emission occurs when an incident photon inter-
acts with an excited atom where the presence of the incident photon stimulates
the inverted atom to emit a second photon identical to the first one [111]. This
nonlinear behaviour can be exploited at the single- photon level for realization
of the single-photon optical transistors [112] and two-photon optical gates [113]
and for the investigation of quantum cloning [114, 115, 116]. In the recent years
stimulated emission in single emitters has been realized in a variety of systems
including surface plasmons [117], superconducting transmission lines [118] and
single molecules [112] and the attention to its theoretical investigation in solid-
state cavities and waveguides has been increased tremendously [84, 81, 82].
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Figure 3.7: Sketch of the system considered for numerical analysis of the stimulated
emission. The stimulating CW resonant laser is applied from the side and a quasi-
resonant pulsed laser will put QD in the excited state.

3.3.1 Numerical analysis

In order to study the time-resolved dynamics of the stimulated emission at the
single-photon level we consider an experimental system similar to the one con-
sidered in section 3.2. In this system the QD is incoherently pumped by a
quasi-resonant pulsed laser from the top to an intermediate level, which quickly
decays to the excited state (figure 3.7). A resonant CW laser is applied from the
side via a waveguide to stimulate the transition. The reversible dynamics of the
system is described by the Hamiltonian:

H = ~ω23σ
z
23+~ω13σ

z
13+~ωc a†a+i~g (σ+23a−σ−23a†)+i

√
κ1( f (t )a†+ f (t )∗a),

where ω23 and ω13 and ωc are the frequency of the excitonic line, the in-
termediate level and the cavity mode and f (t ) describes the incident resonant
(stimulating) beam (as described in section 3.2.1), g = 0.1κ1 is the coupling
strength between the cavity and the QD and

σz
23 = |2〉 〈2| − |3〉 〈3| and σz

13 = |1〉 〈1| − |3〉 〈3|.
|1〉, |2〉 and |3〉 indicate the three atomic levels as depicted in figure 3.7.
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The Master equation of the system can be written as:

ρ̇ =
−i
~

[H , ρ ] + Γ12L(σ−12)ρ + Γd L(σz
23)ρ + Γ23L(σ−23)ρ (3.3)

+ Γ31L(σ+31)ρ + κL(a)ρ + κ1L(a)ρ

where κ and κ1 indicate the coupling rate of the cavity to the dissipative envi-
ronment and the waveguide, respectively. Γd and Γ23 are the atomic dephasing
and decay rates, Γ12 = 5κ1 is the fast decay term from the intermediate level
and Γ31 is the incoherent pumping rate of the intermediate level described by a
Gaussian pulse with 20 ps temporal width and an amplitude of 0.1κ1.

In the first series of simulations the time-resolved dynamics of the expec-
tation value of the excited state population of the QD has been calculated by
solving the time-dependent equation of the motion for the density matrix of
the system and the results are shown in figure 3.8. We assume that the QD is
in state |3〉 in t = 0. 2-3 transition and cavity mode has been assumed to be
in resonance. At first, applying the CW resonant laser drives the 2-3 transition
and we see the corresponding Rabi oscillations, which after some time damp
and bring the population to an equilibrium value that depends on the intensity
of the resonant laser and on the decay channels present in the system. In this
calculation we only considered one dissipative channel, namely the coupling of
the cavity to the waveguide. When the quasi-resonant pulse is sent to the system
(after 3 ns), the system is brought to the excited state and with higher power
of the CW resonant laser it experiences a faster (n + 1 times, where n is the
number of photons per cavity lifetime sent via resonant laser) initial decay and
subsequent Rabi oscillations which is the result of increased interaction between
the CW resonant laser field and the atom and indicates the stimulated emission
(the decay time has been defined as the time needed for the population of the
excited state to decrease to 20% of its maximum value).

The black plot in this figure shows a situation where the incident stimulat-
ing power is very low (0.05 photons per cavity lifetime) and the atomic decay
is close to its value when no resonant field drives the cavity. By increasing the
power of the resonant laser (blue: 0.5 photons per cavity lifetime) we observe
a faster initial decay and appearance of the Rabi oscillations. By increasing the
resonant stimulating power (red: 1 photons per cavity lifetime) the initial decay
time decreases more and more Rabi fringes appear. This regime can be best de-
scribed by the coherent exchange of photons between atom and the stimulating
field.
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Figure 3.8: Time-resolved dynamics of emission of the QD when stimulated by a low
intensity CW laser. The decay time of the cavity to the waveguide has been assumed to
be around 10 ps, g = 0.1κ1, Γ12 = 5κ1 and all other lossy channels have been neglected.
2-3 transition and cavity mode has been assumed to be in resonance. Different colors
indicate different intensities of the resonant laser applied to the system. Inset: the
logarithmic plot of the black and red plot which shows the decrease in initial decay
time better. (Black: 0.05, blue: 0.5 and red: 1 photons per cavity lifetime intensity of
the stimulating CW laser)

In order to have a realistic simulation of the phenomenon as it happens
in our solid-state system we include the term responsible for the dephasing of
the QD (figure 3.9), which is usually present in solid-state systems due to the
electrostatic fluctuations and interaction with the phononic bath. In these sim-
ulations the power of the CW resonant laser is one photon per cavity lifetime
and the only dissipative channels are coupling of the cavity to the waveguide
and the dephasing channel (Γd = κ1 (black), Γd = 0.1κ1 (blue) and Γd = 0.01κ1
(red)). As it is expected the presence of the dephasing washes out the coherent
oscillation between stimulating field and the atom and increases the required
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Figure 3.9: Effect of the dephasing of the QD on the observed dynamics. Different
colors indicate different values of the dephasing rate. The decay time of the cavity to
the waveguide has been assumed to be around 10 ps, g = 0.1κ1, Γ12 = 5κ1 and atomic
decay to the environment (Γ23) has been neglected. (Γd = κ1 (black), Γd = 0.1κ1 (blue)
and Γd = 0.01κ1 (red), and κ1 is the coupling rate of the cavity to the waveguide. 2-3
transition and cavity mode has been assumed to be in resonance. The stimulating laser
has an average photon number of one per cavity lifetime.)

power of incident field for the stimulation. For realistic best values of the de-
phasing time in our QDs (around 100 ps which corresponds to the blue plot)
we have calculated the first initial decay time for different powers which shows
the reduction of the initial atomic lifetime by increasing the CW resonant laser
power, hence the possibility of observing time-resolved signature of stimulated
emission in our system as indicated in figure 3.10.

3.4 Conclusion

In this chapter the Master equation has been solved numerically in order to
get insights into the dynamics and feasibility of nonlinear effects at the single-
photon level, namely two phenomena of dipole-induced reflection and stimu-
lated emission. It has been shown that achieving dipole-induced reflection with
our current system is demanding. By assuming realistic values for the parame-
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Figure 3.10: Plot of the initial decay time of the QD normalized to unstimulated decay
time as a function of the photonic flux. The decay time of the cavity to the waveguide
has been assumed to be around 10 ps, Γd = 0.3κ1(0) for red circles (black squares),
g = 0.1κ1, Γ12 = 5κ1 and the atomic decay to the environment (Γ23) has been neglected.
κ1 indicates the coupling rate of the cavity to the waveguide. 2-3 transition and cavity
mode has been assumed to be in resonance.)

ters of the system the feasibility of the observation of the stimulated emission
effect in our system has been demonstrated.



4
E�cient Coupling of Light into a Photonic Crystal

For the successful realization of the quantum photonic integrated circuit (QPIC),
efficient coupling of light into the circuit and between different units of the cir-
cuit is of paramount importance. As discussed previously photonic crystals
are one of the best candidates for control of the emission from single-photon
emitters and realization of processing units in a QPIC, but they typically suffer
from high propagation losses. This indicates the necessity of efficient coupling
of light between PhC and conventional low-loss waveguides, and with the out-
side world. In this chapter some techniques which have been used to achieve
this goal during the course of this work are discussed. They include an inter-
face between a nanobeam and a photonic crystal waveguide (PhCWG), grating
couplers for efficient coupling of PhCWG to the top and anti-reflection (AR)
coatings for the suppression of the Fabry-Perot (FP) oscillations at the two end
facets of a ridge waveguide (RWG). The use of a PhC cavity as an on-chip filter
of the single QD emission is also presented.

4.1 Design of photonic crystal waveguide-nanobeam
interface for efficient coupling of light

PhCWGs are one the most versatile photonic elements for the realization of the
QPIC and a variety of their applications has been theoretically anticipated and
experimentally demonstrated [119, 120, 36]. Another important element of a
QPIC is a RWG that can be realized with low losses for efficient transport of
light inside the QPIC and coupling of light to the outside world. In this section

51
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we consider the design of an interface between a PhCWG and a nanobeam to
achieve efficient coupling of the light between them. Coupling of light from the
nanobeam to RWG will be discussed in chapter 5. The simulations performed
in this section are 2D finite element method simulations performed with the
COMSOL 3.5a software and are carried out by J. F. P. Schouwenberg as a part
of his Bachelor thesis work.

The structure considered here is a triangular PhC structure of GaAs where
by removing the middle row of holes we create a PhCWG and this PhCWG is
coupled to a GaAs nanobeam. Direct coupling of the two structures will result
in considerable loss due to scattering and reflection at the interface. This is
due to the spatial mode profile mismatch related to the difference in the width.
In order to reduce this mismatch and consequently the losses we proposed a
design based on adiabatic theorem [121, 122, 123] which states that a system can
remain in its eigenstate in the presence of a perturbation only if the perturbation
is introduced gradually. Based on this strategy [124] we propose a solution
based on two main ideas: first choosing the same waveguide width for the two
structures and second gradually increasing the air contribution of the PhCWG
in the transition region between the PhCWG and the nanobeam.

The result of the transmission of the TE-mode of the light versus its wave-
length for different proposed designs is plotted in figure 4.1. While with the di-
rect coupling a transmission below 50% is obtained in the considered frequency
region, introducing air holes in a funnelled way increases this value up to 60%.
By applying a tapering in the radii of the holes in the transition region the trans-
mission increases to 80%. By optimizing the tapering almost unity transmission
is obtained. The optimized parameters of this tapering are as follows: 7 holes
have been introduced into the transition region, the radius of each hole is suc-
cessively reduced in steps of 0.115r0, where r0 is the radius of the holes in PhC
and finally the width of the nanobeam is chosen equal to 2a

√
3, where a is the

lattice constant of the PhC.

4.2 Design of the photonic crystal cavity as an on-
chip filter

One of the most important functionalities needed for the realization of the
QPICs is the ability to perform on-chip filtering of the emission of a single-
photon emitter which can be used for variety of applications including on-chip
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Figure 4.1: Transmission of light through coupled PhCWG-nanobeam device versus
wavelength for different design structures: (a) normal, (b) funnelling, (c) tapering, (d)
funnelling tapering, (e) optimal tapering
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interference of single photons. A coupled PhCC-PhCWG system has been the-
oretically and experimentally investigated and proposed as a system capable of
realizing the filtering functionality [125, 126, 127, 128, 129]. Here we use a con-
figuration known as direct (in-line) coupling between a L3 PhCC (obtained by
removing the first three holes from the center of the PhC) and a PhCWG. Two
holes have been left as connecting barriers between the PhCC and the input and
the output PhCWGs. When the wavelength of the input light matches the wave-
length of the cavity, light can pass through the cavity by resonant tunnelling.
This filter is called two-port resonant tunnelling transmission filter.

1μm 

Figure 4.2: SEM picture of the realized on-chip filter, where a L3 cavity is coupled to
a PhCWG and consequently coupled to a RWG.

The performance of this filter can be described by coupled-mode theory
[46, 105]. The coupling of the cavity to the PhCWG and to the leaky radiation
modes can be characterized by quality-factors Qwg and Qr , where the total
quality factor QT is obtained as:

1
QT
=

1
Qwg

+
1

Qr
. (4.1)

This results in the following equation for the transmission of light from the
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input to the output PhCWG [127]

T = (
QT
Qwg

)2 = (
1

1 + Qwg
Qr

)2. (4.2)

This formula indicates that for a fixed Qr (which depends on the design
and fabrication of the cavity), increasing the transmission requires a decrease of
the Qwg , which will increase the bandwidth of the filter thus deteriorating the
filtering functionality. Thus for achieving the optimum performance a trade-off
between the transmission and bandwidth should be achieved.

Figure 4.3: Demonstration of the filtering with the cavity mode by applying non-
resonant laser (780 nm) from the top and collecting from the side (with 10 µW power
and 1, 5 and 10 seconds acquisition times for the blue, black and red plots). Blue: after,
red: before and black: inside PhCC. Green (top) plot shows the transmission through
the filter (from the input to the output PhCWG in the spectral region around the cavity
mode) obtained by dividing the red curve by the blue curve. Offset is for clarity.
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Figure 4.4: Filtering of single QD lines by applying laser before the PhCC and col-
lecting from the side. Non-resonant CW laser (780 nm) with 20 nW power has been
applied before the cavity for 120 seconds. Measurement performed by Dr. T. B. Hoang.

An example of the structures realized with aforementioned design can be
observed in figure 4.2. Here the radius of the second hole of the in-line L3
cavity is reduced 10% with respect to the first hole [130]. In figure 4.3 the
filtering functionality has been demonstrated where by applying a non-resonant
laser (780 nm) from the top, on the two sides of the cavity (blue and red) and
on top of it (black) the photoluminescence collected from the side has been
recorded. Here our PhCC-PhCWG system is coupled to a RWG and the signal
is collected from the cleaved end facet of the RWG. The details of this coupling
will be given in chapter 5. The blue curve shows the slow light mode of the
PhCWG and in the black and red plot we observe the filtered cavity mode
which is located close to the slow light mode of the PhCWG. When the light
is applied inside the PhCC, the cavity wavelength shows a slight shift (∼ 0.2
nm) due to the heating effect of the laser which redshifts the PhCC wavelength.
Also, more background emission compared to the case where the laser is applied
before the PhCC (red plot) is observed due to the excitation of PhCWG section
around the cavity (since our laser spot is bigger then the area of the cavity). The
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Q-factor of the cavity is around 1300 which indicates a filter bandwidth of ∼ 1
nm.

Here considering the experimental values of the Q-factors (Qloaded ' 1300
and Qunloaded ' 2000) and by using equation 4.2, transmission through the
cavity can be estimated to be around 4% which is in good agreement with the
measured value shown in the figure 4.3. This value can be improved by better
fabrication quality and optimized design [131].

Coating layer 
(n₂) 
  

Dielectric 
 (n₃) 

Air (n₁) 

SiN 
GaAs 

AlGaAs 

Air 

Figure 4.5: Schematic of the AR coating method where a thin layer of dielectric (yel-
low) is deposited between the dielectric material and the air (left) and material layers in
our AR coated samples, where a layer of SiN (green) is deposited on top of the devices
(GaAs (brown)/AlGaAs (dark blue) RWGs) to suppress the reflections at the cleaved
facet (right).

Finally in order to show the applicability of the on-chip filter for filtering the
single-photon emission of the QDs used for on-chip single-photon experiments
we demonstrated the filtering of single QDs by our device. In figure 4.4 we
see the filtering of the single QDs (by exciting the PL from the top before the
cavity with a non-resonant (780 nm) laser with 20 nW power and 120 seconds
acquisition time and collecting from the side). In this case two single QD lines
were observed which indicates the relatively high density of QDs in this sample.
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4.3 Anti-reflection coating for suppression of the
reflection at ridge-waveguide cleaved end facets

When light is sent through a cavity with reflecting mirrors the transmission
as a function of the wavelength shows peaks of high transmission for certain
wavelengths. This phenomenon, which is due to the interference of the light
reflected from the mirrors, is known as Fabry-Perot (FP) oscillations and can
have detrimental effect in many cases for example in optical amplifiers. In the
framework of this thesis, FP oscillations are a source of problem in that they
may mask the spectral features related to dipole-induced reflection effect (see
chapter 5). A couple of different methods including tilting of the RWGs and de-
position of anti reflection (AR) coating materials [132, 133] have been proposed
to suppress these reflections. In this work we used AR coating as the solution to
overcome FP oscillations, since the multi-mode nature of our RWGs (typically
with 5 µm width) makes the determination of the parameters needed for the
tilting solution very difficult [134].

Figure 4.5 (left) illustrates the function of the AR coating layer where a layer
of material with refractive index n2 and thickness of d is deposited between the
two dielectric materials of refractive index n1 (here n1 = 1 is considered to be
air) and n3 (the right figure shows the schematic of AR coated samples used in
this work). By writing the boundary conditions in the interfaces and after some
algebra [135], for the case of normal incidence, for the reflection coefficient at
the interface of the materials with refractive indices n2 and n3 we have:

R =
n2

2(n1 − n3)2 × cos2(k0b ) + (n1n3 − n2
2)2 × sin2(k0b )

n2
2(n1 + n3)2 × cos2(k0b ) + (n1n3 + n2

2)2 × sin2(k0b )
, (4.3)

where k0 is the wavenumber in free space and b = 2n2d cos(θ), where θ is
the propagation angle in the AR coating layer with respect to the normal and d
is the thickness of the coating layer.

This formula can be simplified when k0b = π
2 which means d = λ0

4n2
:

R =
(n1n3 − n2

2)2

(n1n3 + n2
2)2

, (4.4)

and interestingly reflection goes to zero when n2
2 = n1n3. The AR coat-

ing layer causes destructive interference between the reflected and constructive
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a) b)

Figure 4.6: Plot of the reflection coefficient versus (a) refractive index of the first order
mode of the RWG with tAR =

λ0
4nAR

and nAR = 1.806, (b) deviation of the thickness
of the coating layer from the optimized value (δ = t − λ0

4nAR
) where nAR = 1.806 and

nmode = 3.26.

interference between the transmitted beams. While our physical system is con-
stituted by a ridge waveguide with a layer of SiN deposited on the facet (see
right part of the figure 4.5), we approximate it as a tri-layer system using the
effective-medium approach (a more precise calculation may be realized by 3D
finite-element simulations). Based on formula 4.3 by considering the optimal
value of the AR coating layer thickness (d = λ0

4n2
, where λ0 = 1300 nm and

n2 = nSiN = 1.806 which is the effective refractive index of our SiN as AR coat-
ing layer, measured by ellipsometry), we have plotted the reflection coefficient
as a function of the nmode (effective refractive index of the fundamental RWG
mode) shown in figure 4.6a. By fixing the nmode at the optimum value obtained
from this figure (nmode = 3.26) we have plotted the reflection coefficient versus
the deviation of the AR coating thickness from the optimized value ( λ0

4n2
, where

λ0 = 1300 nm) in figure 4.6b. As it can be evidenced from this figure the reflec-
tion coefficient has a value of R < 10−2 for errors around 30 nm which is within
the precision that can be obtained by PECVD deposition (' 10 nm).

As mentioned our AR coating material is a layer of SiN deposited by PECVD
at 100◦C (due to uniform deposition of SiN in every direction, it follows the
shape of the sample and is deposited also on the cleaved facets) with n = 1.806,
which has a good value for satisfying the relation between refractive indices for
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Figure 4.7: Plot of the transmission versus wavelength through a (320 nm) GaAs /(1.5
µm) RWG (with width equal to w = 4 µm) without AR coating (blue), with 77 nm
SiN layer (red) and with 168 nm SiN layer (black). The length of the RWGs is equal
to L = 1.8 mm. The SiN layer thicknesses have been measured with focused ion beam
microscopy. Offset is for clarity.

the suppression of the reflection. Figure 4.7 shows the result of the transmis-
sion measurement versus the wavelength of the light through RWGs where no
AR coating was applied (blue), with 77 nm (red) and 168 nm (black) SiN layer
thickness which is close to the value of λ

4n = 180 nm.
As it can be observed the reflection at the two cleaved end facets and conse-

quently the contrast of the FP fringes has been reduced noticeably comparing to
the case where no AR coating was applied. It is possible to calculate the reflec-
tion coefficient from the contrast of the fringes by knowing the length L = 1.8
mm and typical loss of our RWGs α = 5 cm−1 (detailed calculation is discussed
in chapter 5) [136] which will lead to R = 28% for the case with no AR coating
(blue) and R = 20% for the case with 77 nm thick SiN layer and R < 7 × 10−3

for the case with 168 nm thick SiN layer (calculated by considering the contrast
to be equal to the difference between the highest and the lowest transmission).
It is also possible to extract the effective refractive index of the mode from the
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spectral distance between the fringes (more explanation given in section 5.1)
which in this case gives a value equal to nmode ' 3.35.

4.4 Grating couplers for efficient coupling of light
from the photonic crystal cavity to the top

As mentioned earlier the coupling of the light from the QPIC to the outside
world is an important issue to be addressed for realization of QPICs. While
in most of this thesis end-fire coupling from the side is used, another possible
approach is the use of grating couplers to couple light from a photonic structure
to the top and vice versa [137, 138, 139]. The grating coupler is basically a Bragg
grating which is used to couple light from free space into a waveguide and from
the waveguide into free space.

Figure 4.8: SEM picture of the grating coupler realized for coupling light from the
PhCWG to the top. The length of the red lines and the white line is chosen equal to λ

2
and λ

2n in design, respectively. λ = 1300 nm is the wavelength of the incident light and
n has been considered to be equal to the refractive index of GaAs.

In this part of the work, following [107], we used a circular grating cou-
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Figure 4.9: (a) Transmission from a PhCWG coupled to a grating coupler from the
top, (b) microPL generated by applying non-resonant laser (780 nm with 10 µW power
for 2 seconds) to the PhCWG from the top and collected from the cleaved end facet of
the PhCWG. Inset shows the entire range of the acquired spectrum.

pler to couple the light from a PhCWG to the top. This grating is made of a
λ

2n = 190 nm wide circular nanobeam (where λ is the wavelength of the inci-
dent light assumed to be λ = 1300 nm and n = 3.4 has been considered to be
equal to the refractive index of GaAs) spaced by λ

2 = 650 nm from the end of
the PhCWG and from the other GaAs facet. A SEM picture of the realized
grating is shown in figure 4.8. Next we coupled the light from the side by the
help of an objective with NA=0.42 to the cleaved end facet of the PhCWG and
collected the light coupled to our objective (NA=0.5) from the top. The result
of this measurement is presented in figure 4.9a. Here we see the fiber to fiber
transmission where the input fiber is coupled from the side (via an objective) to
the cleaved facet of the PhCWG and the output fiber collects the light coupled
to the top objective as a function of the wavelength. The observed FP fringes
correspond to the reflection at the cleaved end facet of PhCWG and the facet
terminated by the grating coupler. In figure 4.9b the result of the microPL mea-
surement (obtained by applying the 780 nm laser from the top and collecting
the PL from the cleaved end facet) is recorded. A qualitative agreement can be
seen between the PL and transmission measurement, where the peaks on the
blue side of the slow light mode of the PhCWG correspond very well between
the two measurements. Close to the slow light mode of the PhCWG, increased
losses [140, 141] reduce the intensity detected by the coupler.
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In order to calculate the coupling efficiency of our grating coupler (figure
4.10-top), in the same fabrication process we realized two other different struc-
tures: RWG-PhCWG-RWG and RWG-PhCWG systems (where one facet is
cleaved in RWG and the other in PhCWG). The schematic of these two kinds
of design is drawn in figure 4.10 (middle and bottom). The transmission for
each kind of structure is calculated by integrating the transmission over a wave-
length interval far from slow light region (1260-1320 nm) of the PhCWG av-
eraged for 4 nominally identical devices. In this way we obtained transmission
values (fiber to fiber) for these two kinds of structures as: TRP = ηR

2
× ηRP

2 =

(4.23 ± 0.06) × 10−4 and TP = ηR × ηP × ηRP = (1.7 ± 0.1) × 10−5, where ηR,
ηP and ηRP indicate the coupling efficiency from the fiber to the center of the
RWG, the coupling efficiency from the center of the PhCWG to the fiber and
the coupling efficiency between the center of the RWG and the center of the
PhCWG, respectively (see figure 4.10). By measuring the spectral average of the
fiber to fiber transmission in the structures with grating couplers over the same
spectral range and averaging it over 4 nominally identical devices we obtained
TG = ηG × ηP = (8.52 ± 0.09) × 10−6 (ηG is the coupling efficiency between
the center of the PhCWG (via grating coupler) to the fiber coupled to the top
objective) which gives the coupling efficiency from the center of the PhCWG to

the fiber coupled to the top objective equal to ηG =
TG×
√

TRP

TP
' 0.0100± 0.0005

which is close to the coupling efficiency obtained for similar structures [107].
We note that theses relatively small error bars do not take into account possi-
ble variations from chip to chip and should not be taken as an indication of
the reproducibility of the efficiency value. By similar procedure the coupling
efficiency from the center of the PhCWG to the fiber coupled from the side
(cleaved PhCWG end facet) can be estimated to be around 2 × 10−3 which indi-
cates the efficiency of the grating coupler approach.

4.5 Conclusion

In this chapter several methods for coupling light efficiently from and to the
PhC structures have been investigated. An optimal design for the efficient cou-
pling of light between a nanobeam and a PhCWG has been proposed and almost
unity theoretical efficiency with the proposed design has been obtained. By cou-
pling a L3 PhCC coupled in-line to a PhCWG an on-chip filter has been realized
and filtering of single QD lines through it has been observed. By depositing SiN
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Figure 4.10: Sketches of the three different structures measured for determining grat-
ing coupler’s efficiency. ηR, ηP , ηG and ηRP indicate indicate the coupling of the fiber
(yellow) to the center of the RWG (red), the coupling of the center of the PhCWG
(blue) to the fiber, the coupling of the center of the PhCWG coupled to the fiber via
grating coupler and the coupling between the center of the RWG and the center of the
PhCWG, respectively. Transmission through the first, second and the third system are
denoted as TG , TRP and TP in the text.

layer as an AR coating layer at the RWG facet the contrast of the FP fringes in
the transmission has been reduced which has important applications for ob-
taining a visible signal in dipole-induced reflection measurement (discussed in
chapter 3). Finally a circular grating coupler for the efficient coupling of the
light between the PhCWG and the top objective has been proposed, realized
and the transmission through PhCWG coupled to the top by this grating has
been measured. The results presented in this chapter are important technologi-
cal progresses toward the successful realization of a QPIC.



5
Single-Photon Transmission through A Coupled Ridge

waveguide-Photonic crystal Cavity System

In this chapter the efficient coupling of single photons emitted by single quan-
tum dots (QDs) in a photonic crystal cavity (PhCC) to a ridge waveguide
(RWG) are demonstrated. Using a single-step lithographic process with an op-
timized tapering, up to 70% coupling efficiency between the photonic crystal
waveguide (PhCWG) and the RWG was achieved. The emission enhancement
of single QDs inside an in-line PhCC coupled via the RWG to a single-mode
fiber was observed. Single-photon funnelling rates around 3.5 MHz from a sin-
gle QD into the RWG were obtained. This result is a step toward the realization
of a fully functional quantum photonic integrated circuit. In the second part of
the chapter the feasibility of the demonstration of dipole induced transparency
and technological progress toward that goal has been discussed. Section 5.1 of
this chapter has been published in [142].

5.1 Funnelling single photons into ridge-waveguide
photonic integrated circuits

As mentioned previously, single photons are one of the most promising can-
didates for the implementation of quantum computation and quantum sim-
ulation, due to their low decoherence [9, 98, 69]. On-demand and on-chip
generation and control of single photons are the main issues to be addressed
for this purpose. Semiconductor quantum dots (QDs) have attracted consider-

65
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able attention as single-photon sources because of their potential for integration
with a semiconducting photonic integrated circuit [27]. The integration of QDs
with photonic crystal (PhC) structures has been previously addressed and im-
portant functionalities such as efficient coupling of the emission of single QDs
into PhC cavities (PhCCs) and waveguides (PhCWGs) have been demonstrated
[143, 106, 144, 145, 146, 147, 148, 26, 25] Recently, approaches to reproducibly
control the exciton and cavity energy on chip, as needed to realize a scalable
circuit, have been developed [149, 23, 150]. However, quantum photonic inte-
grated circuits cannot be practically implemented with these suspended struc-
tures due to their low mechanical stability and high optical loss. Although ridge
waveguides (RWG) are widely used for low-loss, on-chip transmission [151], and
their coupling with photonic nanostructures has been studied [152, 153, 154],
the efficient coupling of single photons from a single QD in a PhCC to a RWG
has not been addressed. In this chapter a design to overcome the mode mis-
match between the RWG and the suspended PhC structure has been proposed
and its efficiency has been demonstrated by transmission measurement and the
detection of single photons at the end of the RWG.

Our approach is shown in figure 5.1a and consists of a first transition be-
tween the PhCWG and a suspended nanobeam (SNB), whose width is then
adiabatically increased to the typical width (3− 5 µm) of a RWG. The PhCWG
and the SNB are fabricated from a GaAs/AlGaAs heterostructure by reactive
ion etching of the AlGaAs sacrificial layer. When the width of the SNB ex-
ceeds twice the lateral extent of AlGaAs etching, a supporting post is left and
the structure evolves towards a conventional RWG [152] (see the cross-sectional
scanning-electron microscope (SEM) image in figure 5.2a). In order to max-
imize the coupling efficiency between the PhCWG and the SNB [124], the
width of the SNB is chosen equal to 2a

√
3 where a is the lattice constant of

the PhC, five more holes are inserted in the SNB in continuation of the two
inner hole rows of the PhCWG and their radii are tapered down in 10nm steps
(figure 5.1a). As discussed in 4.1 this design provides a calculated 97% coupling
efficiency between PhCWG and SNB.

We then calculated the coupling efficiency between SNB and RWG. Our
RWG consists of a 4 µm wide and 320 nm thick slab of GaAs on top of a
Al0.7Ga0.3As sacrificial layer with 2.7 µm width and 1.5 µm thickness. The
shape of the AlGaAs sacrificial layer in the simulation is considered according
to the measured etching profile. We assume a SNB with 320 nm thickness and
2a
√

3 width (with a = 320 nm). The fundamental transverse electric guided
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Figure 5.1: (a) A sketch of the design where the interface between SNB, PhCWG
and RWG is shown, (b) Evolution of the normalized transverse-electric guided mode
at the interface between SNB and RWG. The arrow indicates the input port used for
calculation of the transmission in the structure, (c) and (d) Normalized transverse-
electric guided mode profile at the entrance of the SNB and RWG respectively.

modes of the RWG and the SNB have been simulated (figure 5.1c,d). A clear
mode mismatch between the two modes is observed in both the lateral and
vertical directions which would result in poor coupling efficiency if the two
structures were coupled directly. Instead the tapering of the SNB width and of
the supporting post ensures an adiabatic transition. Figure 5.1b illustrates the
evolution of the transverse electric guided mode at the interface between the
SNB and the RWG. The parameters considered here are the same as in figure
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5.1c,d except that the length of the taper and the initial width of the RWG are 10
µm and 3 µm respectively, due to computational limitations. These calculations
show that about 98% of the power is transmitted from the SNB to the RWG. We
note that this tapered transition can be realized with a single step of lithography
and etching, without the need for a critical realignment.

The layer stack and fabrication of the devices is done according to the recipe
introduced in chapter 2. The resulting devices are shown in figure 5.2a and b. In
all the experiments described below, the initial width of the SNB is set to 2a

√
3

and it is tapered to a RWG width of 4 µm at the cleaved facet.

Figure 5.2: Scanning electron microscope (SEM) image of the fabricated devices at
(a) entrance of a RWG with 4 µm width and (b) interface of the suspended and ridge
structures.

To measure the coupling efficiencies in our system we started by measuring
the transmission through a simple RWG with 4 µm width and 1.6 mm length at
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room temperature. A tunable continuous wave laser is sent through an end-fire
transmission measurement set-up which has two 50× objectives (NA=0.4) for
side collection and excitation. The plot of the transmission as a function of the
wavelength for the RWG is shown in figure 5.3a where the Fabry-Perot (FP)
fringes due to the reflections at the two cleaved facets are evident. The period of
these fringes corresponds very well the length of the RWG (∆λ = λ2

2ng L , where L
is the distance between two cleaved facets, ng is the effective group index of the
RWG mode, assumed to be equal to the effective refractive index of the RWG
mode (ng ' ne f f ) and λ is the wavelength of the incident light). By fitting the
transmission function for the RWG which is given by:

T = η2
C ×

e−αL

1 + R2e−2αL − 2Re−αL cos(2kL)
, (5.1)

where k = 2nπ
λ (λ is the wavelength of light in vacuum), α is the loss per unit

length, L is the length of the RWG, n is the refractive index of the material, ηC is
the coupling efficiency between the fiber and the RWG and R is the reflectivity
at the facet calculated by numerical simulations to be around 0.276, we extract
[155] the value of the loss per unit length α ≈ 4 − 5cm−1. This is a rather small
loss considering the tight optical confinement in our RWG design. From the fit
it is also possible to extract [155] the coupling efficiency between the fiber and
the RWG, which for this measurement is ηC ' 4%.

In the following we use the spectrally-averaged fiber-to-fiber transmission
T 1 (indicated by horizontal solid red line in figure 5.3a) to give an approximate
value of the coupling efficiency C RW G : T 1 ' C

2
RW G , where C RW G represents

the coupling from the fiber to the center of the RWG including the loss. The
value of the transmission (fiber-in, fiber-out power ratio), averaged over the
spectral region shown in figure 5.3a, was measured on four nominally identical
RWGs, giving a value of T 1 = 0.138± 0.005% and C RW G = 3.72± 0.07% which
agrees well with the value obtained from the fitting ηC e−α

L
2 ' 3%.

The transmission through a symmetric RWG-PhCWG-RWG system was
then measured. The PhCWG here is a triangular PhC with L = 20 µm length
(filling factor F F = 31%, lattice constant a = 320 nm) and the two SNB-
PhCWG transitions are tapered as described previously. The spectral transmis-
sion of the RWG-PhCWG-RWG system shown in the inset of figure 5.3b over
a large range, shows a clear signature of the dispersion edge of the even mode of
the PhCWG around 1.32 µm. A high-resolution wavelength scan is shown in
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the main panel of the figure 5.3b around 1.29 µm, in the high transmission spec-
tral region of the PhCWG. Similar FP fringes were observed in four nominally
identical waveguides. The system considered here can be described as a three-
layer Fabry-Perot etalon with the corresponding multiple Fourier components
which make a reliable fitting of the experimental data difficult, motivating our
use of the spectrally-integrated transmission. The average transmission in this
spectral range was measured to be T 2 = 0.067± 0.004% on the four waveguides.
Denoting the coupling efficiency at the interface between RWG and PhCWG
as C PW G , we have: T 2 ' C

2
PW G × C

2
RW G . From the values of T 1 and T 2 we

find C PW G = 0.696 ± 0.008 meaning that ∼ 70% of power from the PhCWG
is coupled to the RWG. This high value shows the effectiveness of our tapering
method. Also we conclude that a fraction C PW G × C RW G = 2.60 ± 0.08% of
the power in the center of the PhCWG is coupled to the single mode fiber.

The final series of measurements are performed on a sample which is com-
posed of a L3 cavity [130] coupled in-line to a PhCWG with two holes (the
radius of the second hole is reduced by 10% with respect to the first one) as
connecting barriers. The PhCC-PhCWG system is subsequently coupled to the
RWG with 400 µm length and 4 µm entrance width (lattice constant of PhC
a = 330 nm). The sample is cooled down to 5 K in a different end-fire set-
up with lensed-fibers (NA=0.33) mounted on piezo-electric positioners for side
collection and excitation and an objective (NA=0.5) for top pumping. First a
pulsed laser emitting at λ = 757 nm (repetition rate=80 MHz, pulse width=70
ps) is applied with 0.5 µW average power to the cavity from the top and the re-
sulting photoluminescence (PL) coupled to the single-mode fiber via the RWG
is collected from the side, dispersed by a f = 1 m spectrometer and detected by
an InGaAs array detector. A peak at λ = 1309.7 nm (figure 5.4- black spectrum)
is observed which corresponds to the cavity mode (Q ' 1000) and is pumped
by the QD multiexcitonic background [156, 157]. This peak is modulated by
FP fringes due to reflections at the cleaved facet and at the interface between
RWG and SNB (L = 400µm).

By applying a pulsed quasi-resonant laser (λ = 1064 nm, repetition rate=62
MHz, pulse width=6 ps) the cavity mode was not observed anymore. Reducing
the power to 30 nW resulted in the observation of single dot lines (colored
spectra in figure 5.4). The temperature of the sample was increased from 5 K
to 38 K and the spectral evolution of the single QD indicated by the arrow
was recorded. The QD red-shifted by around 1.6 nm in this temperature range.
The PL of the QD in and out of resonance with cavity mode (at 25 and 38
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Figure 5.3: Plot of the transmission versus wavelength for a (a) RWG. (the blue and the
red horizontal lines are the fit to the experimental data and the average transmission for
the measured RWG, respectively). The inset illustrates a sketch of the system measured
and (b) RWG-PhCWG-RWG system. The left inset shows the RWG-PhCWG-RWG
transmission over a broader spectral range and the right inset illustrates a sketch of the
system measured. The red horizontal line indicates the average transmission for the
measured RWG-PhCWG-RWG system.

K) was filtered by a tunable filter and sent to a superconducting single photon
detector (SSPD) [28], whose output was sent to a correlation card with 4 ps
timing resolution. The obtained time-resolved PL spectra showed a change of
the lifetime of the QD from τon = 0.67 ± 0.02 ns where it was in resonance
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Figure 5.4: PL spectra of a QD in an L3 cavity coupled in-line to a PhCWG and then
to a RWG, recorded at different temperatures. The curves are offset for clarity.

with the cavity mode (25 K) to τ = 1.47 ± 0.03 ns for the situation where it
was detuned 1.0 nm from the center of the cavity mode (38 K) (figure 5.5).
This change of the spontaneous emission rate is due to the change of the optical
density of states and is here limited by the impossibility to tune this QD more
that 1.0 nm away from the cavity wavelength. On QDs in the RWG but outside
of the PhC region we measured a lifetime τb ul k = 1.11 ± 0.06 ns (figure 5.5)
while for the QDs in the PhC but out of resonance in similar PhC structures
we previously measured decay times of τo f f = 3 − 6 ns [23]. Based on this, we
estimate a Purcell enhancement factor of Fp = τb ul k × ( 1

τon
− 1

τo f f
) ' 1.5 and a

coupling efficiency of β = 1 − τon
τo f f
' 84% of the QDs into the cavity mode.

Ultimately the non-classical (single-photon) nature of the emission from the
single QDs into the RWG was investigated. The emission of the aforementioned
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Figure 5.5: Time-resolved PL of the dot indicated by the arrow at 25 K (on-resonance,
red triangles) and 38 K (off resonance, blue rectangles) collected from the side. The PL
decay of a dot in the bulk (green circles, measured from the side) is shown for compar-
ison. The decay curves have been normalized and the fits (grey lines) are obtained by
convolving a mono-exponential decay with the measured instrument response function
(IRF) (black triangles).

dot at 25 K, under pumping with the pulsed quasi-resonant laser with the same
power as in figure 5.4, is coupled from the side by RWG to the single mode fiber
and filtered by the tunable filter and consequently sent to a fiber-based Hanbury
Brown-Twiss interferometer based on two SSPDs [158]. A clear dip can be ob-
served at zero delay τ = 0 ns in the corresponding coincidence rate (figure 5.6b)
and from the ratio of the coincidence counts at zero delay (integrated over a
6ns time window) to the average of the counts at the multiples of the repetition
period, we estimate a g(2) (0) ' 0.42. The discrepancy between the experimental
value and the perfect single-photon case can be attributed to the residual back-
ground emission not completely filtered due to the limited bandwidth (0.8 nm)
of our tunable filter (see figure 5.6a).

To estimate the funnelling rate of single photons into the RWG (RRWG),
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a) b)

Figure 5.6: (a) MicroPL emission of the QD indicated by arrow in figure 4 obtained at
T= 25 K, where a tunable filter has been used to detect the emission in QD wavelength,
(b) Normalized coincidence counts of the aforementioned QD at 25 K coupled from
the side to a Hanbury Brown-Twiss set-up.

we measured the combined detection rate from both SSPDs during the anti-
bunching measurement to be around 10 kHz. Taking into account the coupling
efficiency from the center of the RWG to the single-mode fiber in the set-up
with lensed-fibers, which was measured to be C ′RW G = 7%, the transmission
of our tunable filter which is equal to 40% and the quantum efficiency of the
SSPD Q E = 10%, we determine RRWG = 3.5 MHz. When compared to the 62
MHz repetition rate of the laser, this indicates a probability of around 6% to
produce a single photon in the RWG for each laser pulse. This value is partly
limited by the coupling efficiency between PhCC and PhCWG, estimated as
1
2 × Qloaded × (Q−1

loaded − Q−1
unloaded) ' 0.2, where Qloaded and Qunloaded are the

quality factors of the PhCC with and without the PhCWG respectively, as mea-
sured on a similar PhCC. An additional limitation is given by the competing
emission channels from charged and multi-exciton states in the QD, which pre-
vent reaching the saturated emission rate. The PhC coupling efficiency can be
improved by optimized design and fabrication, while the QD charge state may
be controlled by the application of an electric field [156], which would also be
beneficial for controlling the QD-PhCC spectral coupling [23].
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5.2 Progress toward the demonstration of dipole-
induced transparency

In order to demonstrate the phenomenon of dipole-induced reflection (DIR) a
RWG-PhCWG-PhCC-PhCWG-RWG system with the design mentioned in the
previous section has been realized. One of the main technological difficulties
for observation of this effect in the aforementioned system is the presence of
the FP fringes caused by the reflections at the two end cleaved facets. This
problem has been solved by deposition of SiN (with the conditions mentioned
in chapter 2) on top of the sample, while the PhC part of the sample is covered
by putting a very narrow (1mm) cleaved piece of InP on top of it. With this
method the reflection of the cleaved end facets has been reduced. We studied
the transmission through many RWG-PhCWG-PhCC-PhCWG-RWG systems
(with embedded low density QDs) with Q-factors between 1000-2000. A typical
spectrum of the coupled QDs to the cavity mode in these devices (measured at
15 K) can be observed in the figure 5.7a, where a QD coupled to cavity can be
distinguished. Figure 5.7b shows the transmission through the same device (at
25 K where the QD and cavity mode has been brought to resonance), where
the cavity peak can be clearly observed but no evidence of the DIR was found,
which would appear as a dip in the cavity transmission peak (see chapter 3 for
more detailed discussion).

As discussed in chapter 3, the phenomena of dipole-induced reflection can
be observed in a regime with high Purcell factor and long dephasing times of the
QD. As it was also mentioned in this chapter the Q-factors of the PhCCs used
for realization of the RWG-PhCWG-PhCC-PhCWG-RWG is not very high ('
1000−2000). Although the theoretical FP for this Q value is high for L3 cavities,
experimentally observed values are around FP ' 2 (see section 5.1). This can be
due to very limited range of our ability to tune the wavelength of the QDs and
inability to grow QDs in a site controlled way to ensure spatial overlap with the
PhCCs.

The linewidths of our QDs have been measured by high-resolution photo-
luminescence spectroscopy and the statistics is presented in figure 5.8. It can
be observed that around 4% of the QDs have the linewidth which is resolution
limited (< 30 µeV corresponding to a coherence time longer than 45 ps). This
is due to the problem of spectral wandering in our QDs. As it has been dis-
cussed in chapter 3, with such a coherence time Purcell factors higher than 7
are needed for observing a visible signal (with at least 30% signal visibility, as
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Figure 5.7: (a) MicroPL spectrum of a typical cavity in 15 K (obtained by exitation and
collection from the top with a 780 nm exciting laser with 1 µW excitation power and
30 seconds acquisition time) where a QD (black arrow) is coupled to the cavity (blue
arrow) mode, (b) Transmission of light as a function of wavelength through RWG-
PhCWG-PhCC-PhCWG-RWG system measured in 25 K where QD and cavity have
been brought to resonance. The FP oscillations have been eliminated by the deposition
of SiN as anti-reflection coating layer on two cleaved facets of RWG.

defined in chapter 3). This renders the possibility of the observation of DIR
phenomenon in our samples negligible. In order to increase the possibility of
the observation of the DIR, better design and fabrication for increasing Q and
improved growth conditions for reduction of linewidth in our QDs are needed.
DIR has been recently reported in literature [75, 106] in different experimental
configurations in strong coupling regime with spectrally narrower QDs.

5.3 Conclusion

In this chapter a design has been proposed for the efficient coupling between a
PhC structure and a RWG. The devices fabricated with this design have shown
a high value of around 70% for the coupling efficiency between PhCWG and
RWG. The emission of single QDs coupled to the RWG has been collected
from the side and its rate enhancement with tuning in and out of resonance
has been observed. The single photon nature of the detected emission has also
been proven. These results represent a step towards the realization of a fully
functional quantum photonic integrated circuit, including single photon detec-
tors [29]. Also the technological progress toward fabrication of a system where
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Figure 5.8: Histogram of the distribution of the measured linewidth of the QDs in the
best sample available for DIR measurement.

the DIR effect can be observed has been presented and the feasibility of the
demonstration of this phenomenon with our present fabrication and growth
technology has been investigated.
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6
Resonance Fluorescence of the Single Quantum Dots

inside Semiconductor Ridge Waveguides

6.1 Introduction

The phenomenon of resonance fluorescence is a central topic in modern quan-
tum optics. This phenomenon was first theoretically studied by Mollow [159]
and was later observed in atomic systems [160, 161]. It describes a situation
where a single two-level system is driven by a resonant monochromatic beam
and the two-level system emits at the same wavelength as the driving field.

When the Rabi frequency corresponding to the resonant driving field is
much bigger than the atomic linewidth, two peaks appear in the two sides of the
resonance frequency, where the central peak has twice the intensity of the two
side peaks. These three peaks form the so-called Mollow triplet which can be
best described by the "dressed" picture. The splitting between these side-bands
is proportional to the applied resonant electric field amplitude and therefore
to the square root of the laser intensity. This regime has been realized in dif-
ferent platform including solid-state system [162], atomic systems [161], and
superconducting qubits [163].

In the very weak Rabi frequency regime, the scattered light imitates the
properties of the excitation laser and shows high coherence, known as the
Heitler regime [164], which has been experimentally demonstrated in trapped
ion systems, and solid-state emitters [165, 166, 167].

Since the properties of the single-photons emitted from an atomic system
depend on the method of its excitation, resonance fluorescence has attracted

79
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tremendous attention for the realization of quantum information schemes in
the recent years. It allows for direct and coherent access and excitation of two-
level systems and generation of brighter and back-ground free single-photon
emission.

6.2 Polarization properties of the emission of sin-
gle InAs/GaAs quantum dots

Semiconductor quantum dots (QDs) show atomic-like sharp transitions and can
be integrated inside semiconductor microcavities and waveguides, which can be
used to realize many quantum optical phenomena in a scalable solid-state sys-
tem including Rabi oscillations [168, 169, 170, 171, 55, 172] and anti-bunching
[173]. They are also very good candidates for the generation of indistinguish-
able single photons for applications in quantum cryptography and computation
[174, 175, 176, 177]. Incoherent excitation of the QDs lacks the ability to ac-
cess and manipulate the excitonic transition and creates additional excitation of
the continua of the modes of the environment, enhancing the spectral diffusion
[178]. In order to fully use the capabilities of QDs for quantum information
applications, simultaneous resonant manipulation and detection of their emis-
sion, similar to what has been achieved in atomic systems, is required. Although
different schemes such as four-wave mixing [179] and differential transmission
and reflection [169, 180] for the coherent manipulation of the two-level systems
have been demonstrated, these schemes cannot simultaneously manipulate the
two-level system coherently and collect the generated single-photons, indicating
the importance of the resonance fluorescence for applications in quantum infor-
mation and computation. The main difficulty here arises from the strong scat-
tering of the resonant laser beam off the defects in the solid-state system which
dominates the weak single-photon signal. Recently approaches based on cou-
pling of laser scattering to a planar distributed Bragg reflector (DBR) [162, 181]
and cross polarization techniques [182, 183, 184] have been used to suppress
the laser scattering in planar structures. However, in micro- and nanophotonic
structures such as waveguides and cavities the scattering is a more critical issue
and so far resonant fluorescence of QDs in waveguides has not been demon-
strated.

In this chapter of this thesis a novel technique has been used to detect the
resonance fluorescence of the QDs in a ridge waveguide and the properties of



6.2. Polarization properties of the emission of single InAs/GaAs quantum dots 81

a)

x 
y 

z 

TE 

TM 

b)

e2 

e1 

hh1 

lh1 

Figure 6.1: (a) Sketch of a quantum well heterostructure, where the growth direction
has been assumed to be z direction. (b) Typical energy diagram of the QD heterostruc-
tures, where different electron and hole energy levels have been depicted.

this emission have been investigated.

6.2.1 Polarization of the emission of single InAs/GaAs quan-
tum dots

The wavefunction of the electrons in a heterostructure is described by the en-
velope function formalism. The detailed derivation of this formalism is beyond
the scope of this thesis and can be found somewhere else [185]. In order to have
an understanding of the electronic wavefunction in the QDs used in this work,
first we consider the wavefunction of an electron in a quantum well (QW). In
this case the electronic wave function can be described by the product of a pe-
riodic function and an envelope function, where the envelope function satisfies
the Schrödinger equation with the heterojunction’s potential. If we consider
the growth direction to be the z direction (figure 6.1a), the presence of the
heterojunction will remove the degeneracy between the light and heavy holes
and pushes the light holes away toward lower energies (figure 6.1b) (Light and
heavy holes are the eigen-states of the Ĵ 2( Ĵ = L̂ + Ŝ ) operator with quantum-
numbers ( J , Jz ) equal to ( 3

2,±
1
2 ) and ( 3

2,±
3
2 ), where L̂ and Ŝ indicate the angular

momentum and spin of the electron).
The QDs used in this work (InAs/GaAs QDs) are conventional Stranski-
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Krastanov QDs, which are elongated in the plane, hence have a similar behavior
as QWs. The heterostructure confinement and the presence of the compressive
strain which creates an anisotropic deformation of the lattice pushes the light
holes toward lower energies.

The lowest-energy transition from the conduction to the valance level there-
fore involves heavy-hole states. Due to the spatial distribution of the wave func-
tion of the heavy hole, for the transition probability from an electronic state to
the heavy hole state we have [186]

〈φ∗ℎℎ |z |φe〉 = 0,

where z is the growth direction and φℎℎ and φe are the wave functions of the
heavy hole and the electron, respectively.

The emission from the InAs/GaAs QDs used in the work is therefore strongly
TE polarized (electric field in the same plane as the growth plane).

6.2.2 Fine-structure splitting in single quantum dots
In order to present the solution used in this work to suppress the scattering of
the resonant laser, we first look into the fine-structure splitting of QDs.

The fundamental excitation in a QD brings an electron from the valence
band to the conduction band, leaving behind a hole in the valence band. The
holes can be introduced as quasiparticles with spin and charge opposite to that
of electrons. This picture depicts the excited electron as system of two particles
consisting of an electron and a hole. But this picture does not capture the whole
physics involved. In order to complete this picture we have to introduce the in-
teraction between holes and electrons. This interaction describes the formation
of a new quasiparticle called exciton.

So far in describing excitonic structure we have not considered their fermionic
nature. Electrons and holes are fermions meaning that they have half-integer
spins and they obey Pauli’s principle. This characteristic of fermions creates an
additional interaction between electrons and holes called exchange interaction.

When an exchange of the coordinates occur between two identical parti-
cles, the situation remains identical and the system has exchange degeneracy. In
the case of Fermions we have anti-symmetric solutions for the system’s wave-
function and therefore the Coulomb interaction Hamiltonian between elec-
trons and holes will have the terms called exchange terms in the following form
[187]:
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Figure 6.2: Schematic of the fine structure splitting of a QD. The bi-exciton can have
two different decay paths.

where HC indicates the Coulomb interaction between the electron and the
hole. Due to the low degeneracy in QDs resulting from elongation of the QD
along one axis and the strain, this interaction term lifts the degeneracy of the ex-
citonic ground state, resulting in a superposition of two eigenstates of the sym-
metric QD (with projection of the total angular momentum along the growth
direction of Jz = +1 and Jz = −1) into symmetric and asymmetric eigenstates
which couple to V- and H-polarized photons, where V and H indicate the [110]
and [110] axes of the crystal [27]. The resulting energy splitting between the en-
ergy levels of H- and V-polarized photons is called fine-structure splitting (FSS)
as pictured in figure 6.2. Also the bi-excitonic state can have two different decay
paths via H- and V-polarized states which are separated by the FSS. Recently
a tremendous amount of attention in literature has been paid to FSS since its
elimination enables the generation of photonic entangled states [176, 177].
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6.3 Observation of the resonance fluorescence of
single InAs/GaAs quantum dots in a ridge waveg-
uide

As it was stated in the introduction, the main obstacle for observing resonance
fluorescence in a solid-state system is the strong scattering of the resonant laser
which dominates the weak single-photon signal. In this part, we used the polar-
ization of the emission of single QDs to propose a way to suppress the scattering
of the resonant laser. The experimental setup is shown in figure 6.3. Due to the

SSPD 

Sample 

Cryostat 

Polarizer 

Polarizer 

Objective 

Laser 

Wave plates 

Figure 6.3: Sketch of the experimental setup used, where the QDs are resonantly
excited from the top and their resonance fluorescence is collected from the side. Details
have been explained in the text.

design of the setup, by sending the resonant laser from the top-excitation arm
we can only excite the polarizations in the plane (perpendicular to the growth
direction). Due to the fabrication imperfections in our RWGs the collected sig-
nal by the side-collection arm will consist of the excited transition of the QD
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Figure 6.4: (a) Sketch of the method used to suppress the laser scattering in our system
using polarization properties of QDs. (b) SEM picture of the fabricated bent RWGs
used in the experiment.

and the scattered laser. The polarizer in the side collection arm can only rotate
in the plane parallel to the cleaved facet of the RWG which makes the use of the
standard cross-polarization schemes in this configuration impossible, since the
scattered laser and the signal will be filtered or passed together.

In order to solve the problem we designed bent RWGs (the detail of the
fabrication process has been discussed in chapter 2). The mechanism of this
solution can be best clarified if we consider the situation depicted in figure 6.4a
where the resonant laser is sent from the top with a polarization orthogonal to
the polarization of the TE mode of the RWG, so that scattering into the TE
mode is strongly suppressed. In the bent region this laser can excite both QD
transitions with H- and V-polarizations (split by FFS) which also couple to the
TE guided mode. Any residual TM-polarized scattered light is suppressed by a
polarizer at the output.

The sample used in these experiments is composed of bent RWGs fabricated
from a wafer composed of a 320 nm GaAs layer over a 1.5 µm AlGaAs layer,
with InAs QDs embedded in the middle of GaAs layer. The width of the RWG
is 4 µm and the GaAs layer is etched around 220 nm in two sides of the RWG
to make the trenches (A SEM picture of the devices is shown in figure 6.4b).
In order to demonstrate the observation of resonance fluorescence in a RWG,
the sample has been cooled down to 15 K in our experimental setup, where
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Figure 6.5: Microphotoluminescence of the QDs excited from the top and collected
from the side. Black: when excited non-resonantly (by 780 nm laser with 0.5 µW
excitation power and 30 seconds acquisition time) from the top and collected from the
side. Red: excited resonantly with 100 µW excitation power and 30 seconds acquisition
time. Green: when resonant pump (same power and acquisition time as the red plot) is
detuned +0.15 nm from the QD wavelength. Blue: when resonant pump (same power
and acquisition time as the red plot) is detuned -0.15 nm from the QD wavelength.
Offset is for clarity.

we have access to the optical emission from top and side. In the first series
of the measurements, the non-resonant PL of the QDs by exciting them from
the top (with a 780 nm laser, 500 nW power and 30 seconds acquisition time)
and collecting the resulting PL from the side has been obtained as depicted in
figure 6.5. By applying a tunable CW resonant laser in resonance with the QD
(with 100 µW power and 30 seconds acquisition time) indicated in the figure
and collecting the resonant-PL from the side we observe a strong increase in
the emission of the QD. When the laser is detuned from the QD wavelength
by a small amount (∼ 0.15nm) we see an almost complete suppression of the
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resonant-PL. This is a strong indication of the resonance fluorescence in our
QD.

In the next series of measurements we selected another QD and used our
CW resonant laser (excitation from the top and collection from the side) to
measure the linewidth of the QD by sweeping the laser wavelength through the
QD wavelength with a resolution of around 3 µeV . The obtained emission
has been sent to a SSPD for detection. During this measurement we applied a
very weak (60 nW) non-resonant (780 nm laser) in order to create the optical
gating effect for the efficient extraction of resonance fluorescence [188]. The
plot of the resonance fluorescence intensity versus the detuning has been shown
in figure 6.6. Here two lines with widths (FWHM) of 41 and 32 µeV can be
observed that indicate the two different polarizations of the QD along [110]
and [110] axes of the crystal. These two lines are separated by 64 µeV which is
the amount of FSS in this QD.
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Figure 6.6: Integrated resonance fluorescence intensity of the QD excited from the top
(with 200 µW power) and collected from the side as a function of the detuning of the
top resonant exciting laser where the FSS doublet can be observed.

The interaction of the QD and the CW resonant laser can be described by
using optical Bloch equations [52] for a two-level system. By treating the field
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semi-classically and using the rotating wave approximation we have:
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Figure 6.7: Resonance peak intensity versus the applied power of the resonant laser.
The solid line is the fit obtained by using the equation 6.6.

ḃ = −i
Ω

2
(c − c∗) −

b
T1

(6.1)

ċ = −i
Ω

2
(b − a) + ic∆ω −

c
T2
. (6.2)

Here a = T r (ρA), b = T r (ρB) are the populations of the two states, where
A = |1〉〈1| and B = |2〉〈2|, and c = T r (ρC ) is the coherence of the two-level
system, where C = |1〉〈2| ( |1〉 and |2〉 indicated the ground and the excited state
of the QD) and ∆ω is the detuning between the laser frequency and the two-
level system frequency. Ω = µE indicates the Rabi frequency where E is the
driving amplitude of the resonant CW laser and µ is the dipole moment of the
two-level system. T1 and T2 denote the lifetime of the excited state population
and the decoherence time of the QD which are related via the formula:

1
T2
=

1
2T1
+

1
Tγ
, (6.3)

where Tγ is the pure dephasing time of the QD.
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Solving equations (6.1) and (6.2) for the steady state yields:

b (∆ω) =
1
2

Ω2T1/T2

Ω2T1/T2 +T −2
2 + ∆ω

2
(6.4)

c (∆ω) = −i
Ω

2
1/T2 + i∆ω

Ω2T1/T2 +T −2
2 + ∆ω

2
. (6.5)

These formulas can be simplified for the resonance case as follows [52]:

I ∝
Ω2T1T2

Ω2T1T2 + 1
∝

P
Ps at + P

(6.6)

δL =
2~
T2

√
P

Ps at
+ 1, (6.7)

where δL is the linewidth of the two-level system under resonant excitation
and I is the intensity of the RF signal.
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Figure 6.8: Linewidth of the QD versus the applied power of the resonant laser. The
solid line is the fit obtained by using the equation 6.8.

From these formulas it can be deducted that the population of the QD sat-
urates at high intensities of the laser and the linewidth of the QD has a zero-
intensity limit of δ0 =

2~
T2

and broadens with increasing power, a phenomenon
known as power broadening [189].
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Waveguides

In the last series of our measurements we recorded the peak intensity of the
resonance fluorescence and the linewidth of the one of the polarizations of the
QD versus the applied power of the resonance laser. The the peak intensity
of the resonance emission of the QD versus the applied power (figure 6.7) can
be nicely fit with equation 6.6 with the parameter Ps at = 160 µW. In order
to incorporate the effect of spectral diffusion in our system we note that the
linewidth of the QD is the result of the convolution of the Gaussian profile
resulting from the spectral diffusion and the Lorentzian profile originated from
the power broadening mechanism [190, 191]. This results in the so called Voigt
line shape where the FWHM of the QD is given by:

δ ≈ AδL +
√

(1 − A)2δ2
L + δ

2
d, (6.8)

where δd indicates the linewidth of the QD originated by spectral diffusion
and A = 0.5346 is a parameter which is empirically determined [190]. Fitting
the measured linewidth (figure 6.8) with this formula results in δ0 ≈ 8 µeV and
δd ≈ 33 µeV. The value of the zero-intensity-limit for the coherence time can be
attributed to the relatively high temperature (15 K) where the experiment was
performed [181]. In order to further prove the highly single-photon nature of
the emission we need to perform anti-correlation measurements which would
be very demanding in this case due to the low β−factor of the RWGs and the
instability of the optical setup for long integration times.

6.4 Conclusion

In this section, a new technique based on the polarization properties of the
InAs/GaAs QDs has been proposed to suppress the scattering of the resonant
laser and detection of the resonance fluorescence of the QDs in RWGs. The
obtained resonance fluorescence data is in good agreement with theoretical for-
malism describing the interaction of a resonant laser with a two-level system.
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Conclusions and Outlook

Semiconductor quantum dots are one of the best candidates for generation
of single photons at telecommunication wavelengths for quantum information
purposes. The possibility of integrating them in solid state circuits have made
them very appealing for practical applications. In this thesis new fabrication
methods for efficient extraction of single photon emission of semiconductor
quantum dots (QDs) inside a quantum photonic integrated circuit (QPIC) have
been implemented and the properties of the emission of QDs at the single pho-
ton level in different excitation regimes inside the semiconductor waveguides
have been investigated. The main results achieved during the course of this
work can be summarised as follows:

• A fabrication method for efficient coupling of a light between a pho-
tonic crystal waveguide (PhCWG) and a ridge waveguide (RWG) has been de-
signed and implemented. By using a novel etching method it was possible to
perform the fabrication in a single lithographic step. The devices obtained with
this method showed 70% transmission between PhCWG and RWG. The sin-
gle photon nature of the emission of QDs under non-resonant excitation has
been demonstrated and single-photon funnelling rates around 3.5 MHz from
the PhCWG to RWG have been demonstrated. This represents the first demon-
stration of efficient funnelling of single photons in a RWG.

• By exploiting the polarization properties of the emission of QDs used
in this work, a new method based on k-vector and polarization filtering has been
proposed for the filtering of the resonant laser scattering and extraction of the
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resonance fluorescence of the QDs inside RWGs. Power-dependent resonance
fluorescence of the QDs and the phenomenon of power broadening have been
observed.

• A theoretical investigation of the nonlinear phenomena of dipole-induced
reflection (DIR) and single-photon stimulated emission based on the Master
equation approach has been performed and the feasibility of the observation
of these phenomena in our experimental system has been discussed. While de-
vices with suitable transmission for observation of DIR have been fabricated,
the progress has been hampered by the typical linewidths of the available QDs,
which make the observation of DIR very improbable in our system. On the
other hand the demonstration of the resonant driving of the QD by filtering
the scattering of the resonant laser makes the observation of single-photon stim-
ulated emission feasible in the near future.

There are many ways in which the results obtained in this thesis can be
improved. The coupling of the photonic crystal cavity (PhCC) to PhCWG
can be improved by improved electron-beam lithography (EBL) and etching,
and better coupled PhCC-PhCWG system design, such as tilted-cavity or side-
coupling schemes. The PhCC-PhCWG-RWG system can be used as an on-chip
filter and it can also be realized with double membrane structures for achieving
a tunable on-chip filter. This together with control over the frequency of the
cavity mode and QD will constitute an important component of future QIPCs
where experiments like on-chip single-photon interference would be possible.
Furthermore the polarization properties of the structures with higher β-factors
like PhCs [192, 193] can be exploited to design and realize devices where the
resonance fluorescence of the QDs can be extracted more efficiently.

For the observation of the dipole-induced reflection effect, better fabrication
of the PhCC can help increasing of Purcell factor and improvements in growth
conditions can lead to narrower linewidth of the QDs, which all facilitate the
observation of this effect. The DIR can further be used for the realization of the
optical switches. With more theoretical efforts the possibility of the realization
of optical gates based on single-photon nonlinearity can be explored and the
aforementioned effect can play the central role in this realization.

The operation of a fully on-chip integrated quantum device such as a quan-
tum gate requires efficient coupling to on-chip detectors and to optical fibers
for long distance communications. This is a prerequisite for a quantum net-
work or systems like quantum internet [12]. The present thesis contributes to
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this field by the demonstration of efficient injection and extraction of photons
into a waveguide and undertakes first steps towards the integration of nonlinear
elements such as QDs in waveguide-coupled PhCCs. The possibility of the ex-
traction of resonance fluorescence emission from QDs embedded into RWGs,
demonstrated in this thesis, paves the way for on-demand on-chip generation
of the single photons at telecommunication wavelength with significantly en-
hanced indistinguishability [167] which is a requirement for the demonstration
of on-chip entanglement of QD spins and photons [194, 195] as a first step
towards more advanced quantum communication and computation functional-
ities such as quantum state transfer [196].
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[55] J. P. Reithmaier, G. Sȩk, A. Löffler, C. Hofmann, S. Kuhn, S. Reitzen-
stein, L. V. Keldysh, V. D. Kulakovskii, T. L. Reinecke, and A. Forchel.
Strong coupling in a single quantum dot-semiconductor microcavity sys-
tem. Nature, 432:197, 2004.

[56] Q. A. Turchette, C. J. Hood, W. Lange, H. Mabuchi, and H. J. Kim-
ble. Measurement of conditional phase shifts for quantum logic. Physical
Review Letters, 75:4710, 1995.

[57] I. Fushman, D. Englund, A. Faraon, N. Stoltz, P. Petroff, and J. Vuck-
ovic. Controlled phase shifts with a single quantum dot. Science, 320:769,
2008.

[58] J. Clarke and F. K. Wilhelm. Superconducting quantum bits. Nature,
453:1031, 2008.

[59] M. Saffman, T. G. Walker, and K. Molmer. Quantum information with
Rydberg atoms. Review of Modern Physics, 82:2313, 2010.

[60] C. Barthel, D. J. Reilly, C. M. Marcus, M. P. Hanson, and A. C. Gossard.
Rapid single-shot measurement of a singlet-triplet qubit. Physical Review
Letters, 103:160503, 2009.

[61] P. Kok, W. J. Munro, K. Nemoto, T. C. Ralph, J. P. Dowling, and G. J.
Milburn. Linear optical quantum computing with photonic qubits. Re-
view of Modern Physics, 79:135, 2007.



Bibliography 101

[62] N. Imoto, H. A. Haus, and Y. Yamamoto. Quantum nondemolition
measurement of the photon number via the optical kerr effect. Physical
Review A, 32:2287, 1985.

[63] J. C. Howell and J. A. Yeazell. Quantum computation through entan-
gling single photons in multipath interferometers. Physical Review Let-
ters, 85:198, 2000.

[64] G. J. Milburn. Quantum optical Fredkin gate. Physical Review Letters,
62:2124, 1989.

[65] I. L. Chuang and Y. Yamamoto. Simple quantum computer. Physical
Review A, 52:3489, 1995.

[66] H. Schmidt and A. Imamoglu. Giant Kerr nonlinearities obtained by
electromagnetically induced transparency. Optics Letters, 21:1936, 1996.

[67] S. E. Harris, J. E. Field, and A. Imamoglu. Nonlinear optical processes
using electromagnetically induced transparency. Physical Review Letters,
64:1107, 1990.

[68] A. Auffeves-Garnier, C. Simon, J. M. Gerard, and J. P. Poizat. Giant
optical nonlinearity by a single two-level system interacting with a cavity
in the Purcell regime. Physical Review A, 75:053823, 2007.

[69] L. M. Duan and H. J. Kimble. Scalable photonic quantum computation
through cavity-assisted interactions. Physical Review Letters, 92:127902,
2004.

[70] H. F. Hofmann, K. Kojima, S. Takeuchi, and K. Sasaki. Optimized phase
switching using a single-atom nonlinearity. Journal of Optics B, 5:218,
2003.

[71] C. Bonato, F. Haupt, S. S. R. Oemrawsingh, J. Gudat, D. Ding, M. P.
van Exter, and D. Bouwmeester. CNOT and Bell-state analysis in the
weak-coupling cavity QED regime. Physical Review Letters, 104:160503,
2010.

[72] W. Chen, K. M. Beck, V. Bucker, M. Gullans, M. D. Lukin, H. Tanji-
suzuki, and V. Vuletic. All-optical switch and transistor gated by one
stored photon. Science, 341:768, 2013.



102 Bibliography

[73] T. Peyronel, O. Firstenberg, Q. Liang, S. Hofferberth, A. Gorshkov,
T. Pohl, M. D. Lukin, and V. Vuletic. Quantum nonlinear optics with
single photons enabled by strongly interacting atoms. Nature, 488:57,
2012.

[74] D. Englund, D. Fattal, E. Waks, G. Solomon, B. Zhang, T. Nakaoka,
Y. Arakawa, Y. Yamamoto, and J. Vuckovic. Controlling the sponta-
neous emission rate of single quantum dots in a two-dimensional pho-
tonic crystal. Physical Review Letters, 95:013904, 2005.

[75] R. Bose, D. Sridharan, H. Kim, G. S. Solomon, and E. Waks. Low-
photon-number optical switching with a single quantum dot coupled to
a photonic crystal cavity. Physical Review Letters, 108:227402, 2012.

[76] T. Volz, A. Reinhard, M. Winger, A. Badolato, K. J. Hennessy, E. L.
Hu, and A. Imamoglu. Ultrafast all-optical switching by single photons.
Nature Photonics, 6:605, 2012.

[77] A. Reinhard, T. Volz, M. Winger, A. Badolato, K. J. Hennessy, E. L.
Hu, and A. Imamoglu. Strongly correlated photons on a chip. Nature
Photonics, 6:93, 2012.

[78] D. Englund, A. Majumdar, M. Bajcsy, A. Faraon, P. Petroff, and J. Vuck-
ovic. Ultrafast photon-photon interactions in a strongly coupled quan-
tum dot-cavity system. Physical Review Letters, 108:093604, 2012.

[79] E. Waks and J. Vuckovic. Dispersive properties and large Kerr nonlinear-
ities using dipole-induced transparency in a single-sided cavity. Physical
Review A, 73:041803(R), 2006.

[80] E. Waks and J. Vuckovic. Dipole induced transparency in drop-filter
cavity-waveguide systems. Physical Review Letters, 96:153601, 2006.

[81] D. Valente, S. Portolan, G. Nogues, J. P. Poizat, M. Richard, J. M. Ger-
ard, M. F. Santos, and A. Auffeves-Garnier. Monitoring stimulated emis-
sion at the single-photon level in one-dimensional atoms. Physical Review
A, 85:023811, 2012.

[82] D. Valente, Y. Li, J. P. Poizat, J. M. Gerard, L. C. Kwek, M. F. Santos,
and A. Auffeves-Garnier. Optimal irreversible stimulated emission. New
Journal of Physics, 14:083029, 2012.



Bibliography 103

[83] D. Valente, Y. Li, J. P. Poizat, J. M. Gerard, L. C. Kwek, M. F. Santos,
and A. Auffeves-Garnier. Universal optimal broadband photon cloning
and entanglement creation in one-dimensional atoms. Physical Review A,
86:022333, 2012.

[84] E. Rephaeli and S. Fan. Stimulated emission from a single excited atom
in a waveguide. Physical Review Letters, 108:143602, 2012.

[85] J. H. Shapiro. Single-photon Kerr nonlinearities do not help quantum
computation. Physical Review A, 73:062305, 2006.

[86] S. A. Campbell. The science and engineering of microelectronic fabrication.
Oxford University Press, 2001.

[87] Z. Cui. Nanofabrication: Principles, Capabilities and Limits. Springer,
2008.

[88] S. Bellucci. Self-Assembly of Nanostructures: The INFN Lectures, Vol. III: 3
(Lecture Notes in Nanoscale Science and Technology). Springer, 2012.

[89] L. H. Li, N. Chauvin, G. Patriarche, B. Alloing, and A. Fiore. Growth-
interruption-induced low-density InAs quantum dots on GaAs. Journal
of Applied Physics, 104:083508, 2008.

[90] Raith GmbH. Raith NanoSuite Software Reference Manual 6.0, 2010.

[91] W. Ying, H. Weihua, Y. Xiang, Z. Renping, Z. Yang, and Y. Fuhua.
An efficient dose compensation method for proximity effect correction.
Journal of Semiconductors, 31:086001, 2010.

[92] R. Wuest, P. Strasser, M. Jungo, F. Robin, D. Erni, and H. Jackel. An
efficient proximity-effect correction method for electron-beam patterning
of photonic crystal devices. Microelectronic Engineering, 67:182, 2003.

[93] J. Leclercq, R. Ribas, J. Karam, and P. Viktorovitch. III-V micromachined
devices for microsystems. Microelectronics Journal, 29:613, 1998.

[94] M. A. Dundar, E. C. I. Ryckebosch, R. Notzel, F. Karouta, L. J. van Ijzen-
doorn, and R. W. van der Heijden. Sensitivities of InGaAsP photonic
crystal membrane nanocavities to hole refractive index. Optics Express,
18:4049, 2010.



104 Bibliography

[95] ISA Jobin Yvon/Spex. Guide for Spectroscopy, 1994.

[96] SCONTEL. TCOPRS-001 Operation manual, 2008.

[97] M. Wahl. Time-correlated single photon counting. PicoQuant GmbH,
2009.

[98] E. Knill, R. Laflamme, and G. J. Milburn. A scheme for efficient quan-
tum computation with linear optics. Nature, 409:46, 2001.

[99] M. Brune, F. Schmidt-kaler, A. Maali, J. Dreyer, E. Hagley, J. M. Rai-
mond, and S. Haroche. Quantum rabi oscillation: A direct test of field
quantization in a cavity. Physical Review Letters, 76:1800, 1996.

[100] K. M. Birnbaum, A. Boca, I. Miller, D. Boozer, T. E. Northup, and H. J.
Kimble. Photon blockade in an optical cavity with one trapped atom.
Nature, 436:87, 2005.

[101] R. J. Thompson, G. Rempe, and H. J. Kimble. Observation of normal-
mode splitting for an atom in an optical cavity. Physical Review Letters,
68:1132, 1992.

[102] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R. S. Huang, J. Majer,
S. Kumar, S. M. Girvin, and R. J. Schoelkopf. Strong coupling of a single
photon to a superconducting qubit using circuit quantum electrodynam-
ics. Nature, 431:162, 2004.

[103] K. Srinivasan and O. Painter. Linear and nonlinear optical spectroscopy
of a strongly coupled microdisk-quantum dot system. Nature, 450:862,
2007.

[104] S. M. Tan. A computational toolbox for quantum and atomic optics.
Journal of Optics B: Quantum and Semiclassical Optics, 1:424, 1999.

[105] E. Waks, C. Santori, and Y. Yamamoto. Security aspects of quantum
key distribution with sub-poissonian light. Physical Review A, 66:042315,
2002.

[106] D. Englund, A. Faraon, I. Fushman, N. Stoltz, P. Petroff, and J. Vuck-
ovic. Controlling cavity reflectivity with a single quantum dot. Nature,
450:857, 2007.



Bibliography 105

[107] A. Faraon, I. Fushman, D. Englund, N. Stoltz, P. Petroff, and J. Vuck-
ovic. Coherent generation of non-classical light on a chip via photon-
induced tunnelling and blockade. Nature Physics, 4:859, 2008.

[108] V. Loo, C. Arnold, O. Gazzano, A. Lemaitre, I. Sagnes, O. Krebs,
P. Voisin, P. Snellart, and L. Lanco. Optical nonlinearity for few-photon
pulses on a quantum dot-pillar cavity device. Physical Review Letters,
109:166806, 2012.

[109] G. Lindblad. On the generators of quantum dynamical semigroups. Com-
munications of Mathematical Physics, 48:119, 1976.

[110] A. Einstein. Zur quantentheorie der strahlung. Physikalische Zeitschrift,
18:121, 1917.

[111] A. E. Siegman. Lasers. Mill Valley, CA: University Science Books, 1986.

[112] J. Hwang, M. Pototschnig, R. Lettow, G. Zumofen, A. Renn,
S. Gotzinger, and V. Sandoghdar. A single-molecule optical transistor.
Nature, 460:76, 2009.

[113] K. Kojima, H. F. Hofmann, S. Takeuchi, and K. Sasaki. Efficiencies for
the single-mode operation of a quantum optical nonlinear shift gate. Phys-
ical Review A, 70:013810, 2004.

[114] S. Fasel, N. Gisin, G. Ribordy, V. Scarani, and H. Zbinden. Qunatum
cloning with an optical fiber amplifier. Physical Review Letters, 89:107901,
2002.

[115] C. Simon, G. Weihs, and A. Zeilinger. Optimal quantum cloning via
stimulated emission. Physical Review Letters, 84:2993, 2000.

[116] A. Lamas-Linares, J. C. Howell, and D. Bouwmeester. Stimulated emis-
sion of polarization-entangled photons. Nature, 412:887, 2001.

[117] D. J. Bergman and M. I. Stockman. Surface plasmons amplified by stim-
ulated emission of radiation: quantum generation of coherent surface
plasmons in nanosystems. Physical Review Letters, 90:027402, 2003.

[118] O. V. Astafiev, A. A. Abdumalikov, A. M. Zagoskin, Y. A. Pashkin,
Y. Nakamura, and J. S. Tsai. Ultimate on-chip quantum amplifier. Physi-
cal Review Letters, 104:183603, 2010.



106 Bibliography

[119] H. Benisty, C. Weisbuch, D. Labilloy, M. Rattier, C. J. M. Smith, T. F.
Krauss, R. M. De La Rue, R. Houdre, U. Oesterle, C. Jouanin, and
D. Cassagne. Optical and confinement properties of two-dimensional
photonic crystals. IEEE Journal of Lightwave Technology, 17:2063, 1999.

[120] M. Loncar, T. Doll, J. Vuckovic, and A. Scherer. Design and fabrication
of silicon photonic crystal optical waveguides. IEEE Journal of Lightwave
Technology, 18:1402, 2000.

[121] S. G. Johnson, P. Bienstman, M. A. Skorobogatiy, M. Ibanescu, E. Li-
dorikis, and J. D. Joannopoulos. Adiabatic theorem and continuous
coupled-mode theory for efficient taper transitions in photonic crystals.
Physical Review E, 66:066608, 2002.

[122] P. Bienstman, S. Assefa, S. G. Johnson, J. D. Joannopoulos, G. S. Pet-
rich, and L. A. Kolodziejski. Taper structures for coupling into photonic
crystal slab waveguides. Journal of Optical Society of America B, 20:1817,
2003.

[123] M. Askari and A. Adibi. High efficiency coupling of light from a ridge
to a photonic crystal waveguide. Applied Optics, 10:5803, 2013.

[124] L. Rosa, S. Selleri, and F. Poli. Design of photonic-crystal and wire waveg-
uide interface. Journal of Lightwave Technology, 23:2740, 2005.

[125] C. Manolatou, M. J. Khan, S. Fan, P. R. Villeneuve, H. A. Haus, and J. D.
Joannopoulos. Coupling of modes analysis of resonant channel add-drop
filters. IEEE Journal of Quantum Electronics, 35:1322, 1999.

[126] Y. Xu, Y. Li, R. K. Lee, and A. Yariv. Scattering-theory analysis of
waveguide-resonator coupling. Physical Review E, 62:7389, 2000.

[127] M. Notomi, A. Shinya, S. Mitsugi, E. Kuramochi, and H. Ryu. Waveg-
uides, resonators and their coupled elements in photonic crystal slabs.
Optics Express, 12:1551, 2004.

[128] H. Takano, Y. Akahane, T. Asano, and S. Noda. In-plane-type channel
drop filter in a two-dimensional photonic crystal slab. Applied Physics
Letters, 84:2226, 2004.



Bibliography 107

[129] J. Moosburger, M. Kamp, A. Forchel, U. Oesterle, and R. Houdre. Trans-
mission spectroscopy of photonic crystal based waveguides with resonant
cavities. Journal of Applied Physics, 91:4791, 2002.

[130] A. R. A. Chalcraft, S. Lam, D. O’Brien, T. F. Krauss, M. Sahin, D. Szy-
manski, D. Sanvitto, R. Oulton, M. S. Skolnick, M. A. Fox, D. M. Whit-
taker, H. Y. Liu, and M. Hopkinson. Mode structure of the L3 photonic
crystal cavity. Applied Physics Letters, 90:241117, 2007.

[131] J. F. P. Schouwenberg. Bachelor thesis. Eindhoven University of Technol-
ogy, 2012.

[132] J. Salzman, R. J. Hawkins, C. E. Zah, S. Menocal, and T. P. Lee. The
tilted waveguide semiconductor laser amplifier. Journal of Applied Physics,
64:2240, 1988.

[133] D. Marcuse. Reflection loss of laser mode from tilted end mirror. IEEE
Journal of Lightwave Technology, 7:336, 1989.

[134] J. Salzman, R. J. Hawkins, and T. P. Lee. Modal coupling in tilted-mirror
waveguide lasers and amplifiers. Optics Letters, 13:455, 1988.

[135] E. Hecht. Optics. Addison Wesley, 1997.

[136] B. E. A. Saleh and M. C. Teich. Fundamentals of Photonics. John Wiley
& Sons, Inc., 2007.

[137] D. Taillaert, W. Bogaerts, P. Bienstman, T. F. Krauss, P. Van Daele, I. Mo-
erman, S. Verstuyft, K. De Mesel, and R. Baets. An out-of-plane grating
coupler for efficient butt-coupling between compact planar waveguides
and singe-mode fibers. IEEE Journal of Quantum Electronics, 38:949, 2002.

[138] N. Eriksson, M. Hagberg, and A. Larsson. Highly directional grating
outcouplers with tailorable radiation characteristics. IEEE Journal of
Quantum Electronics, 32:1038, 1996.

[139] W. Kuang, C. Kim, A. Stapleton, and J. D. O’Brien. Grating-assisted
coupling of optical fibers and photonic crystal waveguides. Optics Letters,
27:1604, 2002.



108 Bibliography

[140] S. Hughes, L. Ramunno, J. F. Young, and J. E. Sipe. Extrinsic optical
scattering loss in photonic crystal waveguides: Role of fabrication disor-
der and photon group velocity. Phsical Review Letters, 94:033903, 2005.

[141] E. Kuramochi, M. Notomi, S. Hughes, A. Shinya, T. Watanabe, and
L. Ramunno. Disorder-induced scattering loss of line-defect waveguides
in photonic crystal slabs. Physical Review B, 72:161318, 2005.

[142] S. Fattah poor, T. B. Hoang, L. Midolo, C. P. Dietrich, L. H. Li, E. H.
Linfield, J. F. P. Schouwenberg, T. Xia, F. M. Pagliano, F. W. M. van Ot-
ten, and A. Fiore. Efficient coupling of single photons to ridge-waveguide
photonic integrated circuits. Applied Physics Letters, 102:131105, 2013.

[143] A. Badolato, K. Hennessy, M. Atature, J. Dreiser, P. M. Petroff, and
A. Imamoglu. Deterministic coupling of single quantum dots to single
nanocavity modes. Science, 308:1158, 2005.

[144] L. Balet, M. Francardi, A. Gerardino, N. Chauvin, B. Alloing, C. Zi-
noni, C. Monat, L. H. Li, N. Le Thomas, R. Houdre, and A. Fiore.
Enhanced spontaneous emission rate from single InAs quantum dots in
a photonic crystal nanocavity at telecom wavelengths. Applied Physics
Letters, 91:123115, 2007.

[145] V. S. Rao and S. Hughes. Single quantum dot spontaneous emission in a
finite-size photonic crystal waveguide: Proposal for an efficient "on chip"
single photon gun. Physical Review Letters, 99:193901, 2007.

[146] T. Lund-Hansen, S. Stobbe, B. Julsgaard, H. Thyrrestrup, T. Sunner,
M. Kamp, A. Forchel, and P. Lodahl. Experimental realization of highly
efficient broadband coupling of single quantum dots to a photonic crystal
waveguide. Physical Review Letters, 101:113903, 2008.

[147] T. B. Hoang, J. Beetz, L. Midolo, M. Skacel, M. Lermer, M. Kamp,
S. Höfling, L. Balet, N. Chauvin, and A. Fiore. Enhanced spontaneous
emission from quantum dots in short photonic crystal waveguides. Ap-
plied Physics Letters, 100:061122, 2012.

[148] A. Enderlin, Y. Ota, R. Ohta, N. Kumagi, S. Ishida, S. Iwamoto, and
Y. Arakawa. High guided mode-cavity mode coupling for an efficient
extraction of spontaneous emission of a single quantum dot embedded in
a photonic crystal nanobeam cavity. Physical Review B, 86:075314, 2012.



Bibliography 109

[149] L. Midolo, F. Pagliano, T. B. Hoang, T. Xia, F. W. M. van Otten, L. H.
Li, E. H. Linfield, M. Lermer, S. Höfling, and A. Fiore. Spontaneous
emission control of single quantum dots by electromechanical tuning of
a photonic crystal cavity. Applied Physics Letters, 101:091106, 2012.

[150] R. B. Patel, A. J. Bennett, I. Farrer, C. A. Nicoll, and A. J. Shields.
Two-photon interference of the emission from electrically tunable re-
mote quantum dots. Nature Photonics, 4:632, 2010.

[151] I. Hiroaki, K. Hiruma, K. Ishida, T. Asai, and H. Matsumura. Low loss
GaAs optical waveguides. IEEE Transactions on Electron Devices, 32:2226,
1985.

[152] C. Baker, C. Belacel, A. Andronic, P. Snellart, A. Lemaitre, E. Galopin,
S. Ducci, G. Leo, and I. Favero. Critical optical coupling between a GaAs
disk and a nanowaveguide suspended on the chip. Applied Physics Letters,
99:151117, 2011.

[153] A. Talneau, K. H. Lee, S. Guilet, and I. Sagnes. Efficient coupling to W1
photonic crystal waveguide on InP membrane through suspended access
guides. Applied Physics Letters, 92:061105, 2008.

[154] M. G. Banaee, A. G. Pattantyus-Abraham, M. W. McCutcheon, G. W.
Rieger, and J. Y. Young. Efficient coupling of photonic crystal micro-
cavity modes to a ridge waveguide. Applied Physics Letters, 90:193106,
2007.

[155] A. De Rossi, V. Ortiz, M. Calligaro, L. Lanco, S. Ducci, V. Berger, and
I. Sagnes. Measuring propagation loss in a multimode semiconductor
waveguide. Journal of Applied Physics, 97:073105, 2005.

[156] N. Chauvin, C. Zinoni, M. Francardi, A. Gerardino, L. Balet, B. Al-
loing, L. H. Li, and A. Fiore. Controlling the charge environment of
single quantum dots in a photonic-crystal cavity. Physical Review B.,
80:241306(R), 2009.

[157] M. Winger, T. Volz, G. Tarel, S. Portolan, A. Badolato, K. J. Hennessy,
E. L. Hu, A. Beveratos, J. J. Finley, V. Savona, and A. Imamoglu. Ex-
planation of photon correlations in the far-off-resonance optical emission
from a quantum dot-cavity system. Physical Review Letters, 103:207403,
2009.



110 Bibliography

[158] C. Zinoni, B. Alloing, C. Monat, V. Zwiller, L. H. Li, A. Fiore,
L. Lunghi, A. Gerardino, H. de Riedmatten, H. Zbinden, and N. Gisin.
Time-resolved and antibunching experiments on single quantum dots at
1300 nm. Applied Physics Letters, 88:131102, 2006.

[159] B. R. Mollow. Power spectrum of light scattered by two-level systems.
Physical Review, 188:1969, 1969.

[160] H. J. Kimble and L. Mandel. Theory of resonance fluorescence. Physical
Review A, 13:2123, 1976.

[161] H. J. Kimble, M. Dagenais, and L. Mandel. Photon antibunching in
resonance fluorescence. Physical Review Letters, 39:691, 1977.

[162] E. B. Flagg, A. Muller, J. W. Robertson, S. Founta, D. G. Deppe,
M. Xiao, W. Ma, G. J. Salamo, and C. K. Shih. Resonantly driven coher-
ent oscillations in a solid-state quantum emitter. Nature Physics, 5:203,
2009.

[163] O. Astafiev, A. M. Zagoskin, A. A. Abdumalikov, Y. A. Pashkin, T. Ya-
mamoto, K. Inomata, Y. Nakamura, and J. S. Tsai. Resonance fluores-
cence of a single artificial atom. Science, 327:840, 2010.

[164] W. Heitler. The quantum theory of radiation. Clarendon Press, Oxford,
1954.

[165] J. T. Hoffges, H. W. Baldauf, T. Eichler, S. R. Helmfrid, and H. Walther.
Heterodyne measurement of the fluorescent radiation of a single trapped
ion. Optics Communications, 133:170, 1997.

[166] C. Matthiesen, A. N. Vamivakas, and M. Atature. Subnatural linewidth
single photons from a quantum dot. Physical Review Letters, 108:093602,
2012.

[167] Y-M. He, Y. He, Y-J. Wei, D. Wu, M. Atature, C. Schneider, S. Höfling,
M. Kamp, C-Y. Lu, and J-W. Pan. On-demand semiconductor single-
photon source with near-unity indistinguishability. Nature Nanotechnol-
ogy, 8:213, 2013.

[168] H. Kamada, H. Gotoh, J. Temmyo, T. Takagahara, and H. Ando. Ex-
citon rabi oscillation in a single quantum dot. Physical Review Letters,
87:246401, 2001.



Bibliography 111

[169] T. H. Stievater, X. Li, D. G. Steel, D. Gammon, D. S. Katzer, D. Park,
C. Piermarocchi, and L. J. Sham. Rabi oscillations of excitons in single
quantum dots. Physical Review Letters, 87:133603, 2001.

[170] H. Htoon, T. Takagahara, D. Kulik, O. Baklenov, A. L. Holmes, and
C. K. Shih. Interplay of rabi oscillations and quantum interference in
semiconductor quantum dots. Physical Review Letters, 88:087401, 2002.

[171] A. Zrenner, E. Beham, S. Stufler, F. Findeis, M. Bichler, and G. Abstre-
iter. Coherent properties of a two-level system based on a quantum-dot
photodiode. Nature, 418:612, 2002.

[172] T. Yoshie, A. Scherer, J. Hendrickson, G. Khitrova, H. M. Gibbs,
G. Rupper, C. Ell, O. B. Shchekin, and D. G. Deppe. Vacuum rabi split-
ting with a single quantum dot in a photonic crystal nanocavity. Nature,
432:200, 2004.

[173] P. Michler, A. Kiraz, C. Becher, W. V. Schoenfeld, P. M. Petroff, L. Zhang,
E. Hu, and A. Imamoglu. A quantum dot single-photon turnstile device.
Science, 290:2282, 2000.

[174] C. Santori, D. Fattal, J. Vuckovic, G. S. Solomon, and Y. Yamamoto.
Indistinguishable photons from a single-photon device. Nature, 419:594,
2002.

[175] S. Ates, S. M. Ulrich, S. Reitzenstein, A. Löffler, A. Forchel, and P. Mich-
ler. Post-selected indistinguishable photons from the resonance fluores-
cence of a single quantum dot in a microcavity. Physical Review Letters,
103:167402, 2009.

[176] N. Akopian, N. H. Lindner, E. Poem, Y. Berlatzky, J. Avron, D. Ger-
shoni, B. D. Gerardot, and P. M. Petroff. Entangled photon pairs from
semiconductor quantum dots. Physical Review Letters, 96:130501, 2006.

[177] R. M. Stevenson, R. J. Young, P. Atkinson, K. Cooper, D. A. Ritchie,
and A. J. Shields. A semiconductor source of triggered entangled photon
pairs. Nature, 439:179, 2006.

[178] A. Hogele, S. Seidl, M. Kroner, K. Karrai, R. Warburton, B. D. Gerardot,
and P. M. Petroff. Voltage-controlled optics of a quantum dot. Physical
Review Letters, 93:217401, 2004.



112 Bibliography

[179] P. Borri, W. Langbein, S. Schneider, U. Woggon, R. L. Sellin, D. Ouyang,
and D. Bimberg. Ultralong dephasing time in InGaAs quantum dots.
Physical Review Letters, 87:157401, 2001.

[180] T. Unold, K. Mueller, C. Lienau, T. Elsaesser, and A. D. Wieck. Optical
stark effect in a quantum dot: ultrafast control of single exciton polariza-
tions. Physical Review Letters, 92:157401, 2004.

[181] A. Muller, E. B. Flagg, P. Bianucci, X. Y. Wang, D. G. Deppe, W. Ma,
J. Zhang, G. J. Salamo, M. Xiao, and C. K. Shih. Resonance fluorescence
from a coherently driven semiconductor quantum dot in a cavity. Physical
Review Letters, 99:187402, 2007.

[182] J. W. Robertson, S. Founta, M. Hughes, M. Hopkinson, A. J. Ramsay,
M. S. Skolnick, and Shih. Polarization-resolved resonant fluorescence of
a single semiconductor quantum dot. Applied Physics Letters, 101:251118,
2012.

[183] A. N. Vamivakas, Y. Zhao, C. Lu, and M. Atature. Spin-resolved
quantum-dot resonance fluorescence. Nature Physics, 5:925, 2009.

[184] H. S. Nguyen, G. Sallen, C. Voisin, P. Roussignol, C. Diederichs, and
G. Cassabois. Ultra-coherent single photon source. Applied Physics Let-
ters, 99:261904, 2011.

[185] E. Rosencher and B. Vinter. Optoelectronics. Cambridge University Press,
2004.

[186] G. Bastard. Wave mechanics applied to semiconductor heterostructures. les
eclitions de physique, 1992.

[187] J. J. Sakurai. Modern quantum mechanics. Addison Wesley, 1993.

[188] H. S. Nguyen, G. Sallen, C. Voisin, P. Roussignol, C. Diederichs, and
G. Cassabois. Optically gated resonant emission of single quantum dots.
Physical Review Letters, 108:057401, 2012.

[189] A. Majumdar, A. Faraon, E. D. Kim, D. Englund, H. Kim, P. M. Petroff,
and J. Vuckovic. Linewidth broadening of a quantum dot coupled to an
off-resonant cavity. Physical Review B, 82:045306, 2010.



Bibliography 113

[190] A. Majumdar, E. D. Kim, and J. Vuckovic. Effect of photogenerated
carriers on the spectral diffusion of a quantum dot coupled to a photonic
crystal cavity. Physical Review B, 84:195304, 2011.

[191] H. Kamada and T. Kutsuwa. Broadening of single quantum dot exciton
luminescence spectra due to interaction with randomly fluctuating envi-
ronmental charges. Physical Review B, 78:155324, 2008.

[192] M. Burresi, R. J. P. Engelen, A. Opheij, D. van Oosten, D. Mori,
T. Baba, and L. Kuipers. Observation of polarization singularities at the
nanoscale. Physical Review Letters, 102:033902, 2009.

[193] S. J. Dewhurst, D. Granados, D. J. P. Ellis, A. J. Bennett, R. B. Patel,
I. Farrer, D. Anderson, G. A. C. Jones, D. A. Ritchie, and A. J. Shields.
Slow-light-enhanced single quantum dot emission in a unidirectional pho-
tonic crystal waveguide. Applied Physics Letters, 96:031109, 2010.

[194] W. B. Gao, P. Fallahi, E. Togan, J. Miguel-Sanchez, and A. Imamoglu.
Observation of entanglement between a quantum dot spin and a single
photon. Nature, 491:426, 2012.

[195] K. De Greve, L. Yu, P. L. McMahon, J. S. Pelc, C. M. Natarajan, N. Y.
Kim, E. Abe, S. Maier, C. Schneider, M. Kamp, S. Höfling, R. H. Had-
field, A. Forchel, M. M. Fejer, and Y. Yamamoto. Quantum-dot spin-
photon entanglement via frequency downconversion to telecom wave-
length. Nature, 491:421, 2012.

[196] M. Christandl, N. Datta, A. Ekert, and J. Landahl. Perfect state transfer
in quantum spin networks. Physical Review Letters, 92:187902, 2004.



114 Bibliography



Summary

Investigation of Single-Photon Emission from Quantum Dots in
Semiconductor Waveguides under Non-resonant and Resonant Excitation

Single photons are one of the most promising candidates for applications in
quantum information and computation. The possibility of integration inside a
semiconductor integrated circuit has made semiconductor quantum dots (QDs)
a suitable candidate for use as a single-photon source inside a quantum photonic
integrated circuit. In this thesis several experimental steps toward the extraction
of the single-photon emission of QDs integrated inside semiconductor waveg-
uides have been demonstrated.

In chapter 1, the main applications of photons for quantum information
processing, including the concept of quantum photonic integrated circuit, are
reviewed. Semiconductor QDs and photonic crystals (PhCs) (as an environ-
ment for controlling the emission of QDs) are introduced. Finally, after a short
introduction to cavity quantum electrodynamics, the state-of-the-art of using
single-photon nonlinearities for quantum information purposes are reviewed.

In chapter 2, the experimental methods used during the course of this work
are introduced. The equipment and recipes used for fabricating PhCs, ridge
waveguides (RWGs) and coupled RWG-PhC systems are discussed. In the sec-
ond part of the chapter the optical setups used for optical measurements are
introduced.

In chapter 3, the two single-photon nonlinear phenomena of dipole-induced
reflection and single-photon stimulated emission are investigated based on a
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Master equation approach and the possible experimental configurations for ob-
serving them in our system are discussed.

Chapter 4 describes the designs and structures used to couple light efficiently
to and from a photonic crystal. These include the design for efficient coupling
of light from a photonic crystal waveguide (PhCWG) to a RWG. By using an
adiabatic tapering a theoretical transmission of 98% has been obtained. Next,
an in-line L3 cavity used as an on-chip filter has been realized and filtering of
single QD lines has been demonstrated. To suppress Fabry-Perot oscillations
generated by reflections of light at the two cleaved facets of a RWG, a thin
layer of SiN has been deposited as an antireflection coating and the reduction of
the fringe contrast has been experimentally observed. Finally, circular grating
couplers for coupling light from the top into a PhCWG have been realized
and coupling efficiencies around 1% from the center of PhCWG to the top
collection fiber (via an objective) have been achieved.

Chapter 5 includes the demonstration of efficient coupling of single pho-
ton into RWGs. By using the tapering design in chapter 4, transmission values
around 70% between RWG and PhCWG and single-photon funnelling rates
around 3.5 MHz from a PhCC into a RWG have been demonstrated. In the last
section of the chapter the feasibility of the dipole-induced reflection measure-
ments in our system is discussed and it is shown that with the current QDs the
observation of this phenomenon is very improbable.

Chapter 6 introduces the novel combined k-vector and polarization filtering
method that has been proposed during this work for extraction of resonance
fluorescence of QDs inside a RWG. It has been shown that by this method the
scattering of the resonant laser driving QDs can be suppressed and the resonant
emission of the QDs can be extracted. By changing the power of the resonant
driving laser the peak emission intensity and the linewidth of QDs have been
measured and fitted with a model based on optical Bloch equations for a two
level system.

Finally, in chapter 7 the main results obtained in this thesis are summarised
and future directions for research activities based on these results are proposed.
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