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Abstract

For the future of quantum integrated technologies, the dynamically controlled
generation of indistinguishable single photons with low decoherence and a
defined waveform, in a semiconductor scalable architecture, is of crucial im-
portance.The ultrafast modulation of the interaction between a two-level
systems and an optical microcavity in an integrated semiconductor device,
would allow us to perform, on chip, experiments that so far have been only
a prerogative of atom-cavity systems. Single excitons in semiconductor mi-
crocavities represent a solid-state and scalable platform for cavity quantum
electrodynamics (c-QED), potentially enabling an interface between flying
(photon) and static (exciton) quantum bits in future quantum networks [1].
Self-assembled nm-size semiconductor quantum dots (QDs) can be epitaxi-
ally integrated into III-V semiconductor devices like photonic crystal cavities
(PhCCs), photonic crystal waveguides (PhCWs) and fast p-i-n diodes. The
three dimensional confinement of carriers in these nanostructures provides
sharp atom-like transitions making them ideal candidates for the generation
of single photons. Optical resonators, fabricated around the QDs, can be
use to control their emission properties in terms of recombination rate and
far field pattern. While both single-photon emission [2] [3] and the strong
coupling regime [4] [5] have been demonstrated, further progress has been
hampered by the inability to control the coherent evolution of the c-QED
system in real time, as needed to produce and harness charge-photon entan-
glement [6].

In this thesis we focus on the study, the fabrication and the character-
ization of novel high electrical bandwidth photonic crystal cavity devices
working at cryogenic temperatures, where the energy of the exciton in a sin-
gle quantum dot can be electrically tuned at GHz frequencies, to control the
detuning from the cavity field faster than the radiative recombination time.
In this thesis the design, the fabrication and the measurement of photonic
crystal cavity diodes are presented. PhCCs, with quality factors exceeding
104, have been integrated with sub-µm accuracy in µm-scale diodes with
high electrical bandwidths up to 4 GHz. A GaAs p-i-n membrane, with
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self-assembled InAs QDs grown in the middle, has been epitaxially grown
on top of a Al0.8Ga0.2As sacrificial layer. The bottom and top GaAs-doped
layers act as contacting materials and together with optimized metal con-
tacts, provide the vertical electric field across the quantum emitters used
to tune their exciton energy by means of the quantum confined Stark effect
(QCSE). The high electrical bandwidth of the diode has been possible due
to novel designs of the diode mesa and of the contact pads, an engineering of
the doping concentration and a careful optimization of the metal contacts,
to minimize parasitic impedances. The good optical properties of the cavity
have been realized with different dry etching techniques, also developed and
tested in this work. A new cryogenic probe station and an optical set-up
have been designed and assembled for the electro-optical characterization of
the fabricated devices with static and dynamic bias. Multiple synchroniza-
tion schemes have been implemented to perform a series of measurements
demonstrating PhCC-diodes with a 3 dB frequency up to 4.2 GHz, the real-
time Stark effect on single QD lines with a tunability of ∼ 2.5meV/V and a
total tuning range of ∼ 7meV, the ultrafast dynamic modulation of a single
exciton energy up to 3 GHz, the time-resolved photoluminescence of a single
QD switching its energy within ∼ 300 ps, and finally the dynamic control of
the exciton spontaneous emission and the ultrafast modulation of the photon
waveform in a QD-cavity system in the weak coupling regime. Different sim-
ulations have been performed in order to describe the experimental results.
The results of finite difference simulations have been compared with the static
Stark effect providing a quantitative description of the physical properties of
the our QD. The inverse permanent dipole moment p and polarizzability β
were found to be dependent on the size and shape of the QD as well as on the
strain and the indium concentration. In term of electromagnetic simulation,
a novel method has been combined with finite element (FE) simulations for
comparison with the experiments and to predict, with good accuracy, the
spectral emission of real photonic crystal cavities whose patterns have been
analysed by means of a scanning electron microscope (SEM). The master
equation formalism of the cavity quantum electrodynamics (c-QED) theory
has been solved including the dynamic modulation of the QD-cavity detuning
in order to describe the results of the ultrafast tuning in the time-resolved
experiments.

The demonstration, for the first time on a semiconductor system, of the
dynamic control of the coupling of a single exciton to a PhC cavity mode on
a sub-ns timescale, faster than the natural lifetime of the exciton, will pave
the way to the control of single-photon waveforms, as needed for quantum
interfaces [7], and to the real-time control of solid-state c-QED systems.
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1 | Introduction

Since the very beginning, our technological evolution was inter-connected
with the ability of human brain to create logical relationships between causes
and effects to solve challenging problems. Although the majority of indi-
viduals share the same brain structure and the same synaptic functionali-
ties the reasons behind the efficiency in the reasoning process are not fully
understood. In the prologue of the book of G.Steiner, Rob Riemen cites
a famous sentence of Bernard de Chartres, a twelfth-century French Neo-
Platonist philosopher, reminding us that

� we are like dwarfs on the shoulders of giants, so that we can see things
more and more distant from them, not for the keenness of vision or for the

height of our body, but because we are raised aloft by the stature of the
giants� [8].

In the past centuries these giants were able, at the right moment, to
magically sink in an ocean of wonderful ideas on which the most people even
struggle to float. It remains therefore charming and dutiful to recognize with
gratitude that human advancement is based on the greatness of a few that
could fish well in advance in this almost inaccessible sea. Among these pi-
oneers of the future we must acknowledge one of the most incredible minds
in our history, Albert Einstein (Nobel Prize in Physics in 1921). With his
greatness he has radically changed the model of interpretation of our physical
world. One of the driving forces of his scientific research was the strong inter-
est about the physical entity that we commonly call light and its interaction
with matter.

In the annus mirabilis 1905 he published two highly innovative articles
in this respect. He validated the primordial quantum theory of black-body
radiation developed by Max Planck [9] by explaining the photoelectric ef-
fect in metals [10] and expounded the theory of special relativity [11], which
preceded of about a decade that of general relativity. Even in the years be-
fore his seminal 1905 papers, Albert Einstein was already attracted by the
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statistical properties of electromagnetic fields [12]. He realized that the cre-
ation, annihilation and conversion of light quanta is a fundamental feature of
nature that if well understood can push mankind towards substantial techno-
logical and cognitive advances. Beginning in 1905 with On a heuristic point
of view about the creation and conversion of light [10] and in four subsequent
papers on quantization [13–16], he set the foundations of the old quantum
theory [17–19], summarized in his light quantization hypothesis :

[...] the energy of a light ray emitted from a point [is] not continuously
distributed over an ever increasing space, but consists of a finite number of
energy quanta which are localized at points in space, which move without

dividing, and which can only be produced and absorbed as complete
units [10].

Einstein’s descriptions of the ultraviolet photoionization of gases and of
the photoelectric effect [10] can be considered as the first implementations
of quantum electrodynamics as well as the first not-statistical microscopic
explanation of electromagnetic phenomena in term of quantized light. A more
formal quantum theory of light and matter was presented only several years
later by Dirac and Fermi [20, 21] while modern quantum electrodynamics
(QED) has been pioneered by Feynman, Dyson, Schwinger and Tomonaga
in the 1940s. Quantum optics implementations after the union of QED and
advanced experimental techniques did not appear for several more years.

In his 1916 theoretical paper [22] Einstein discovered another crucial phe-
nomenon within the framework of the old quantum theory. The description
of atomic stimulated emission in terms of photons as quanta of the electro-
magnetic field [23] was the foundation of a technological revolution started in
the 1950’s towards the realization of oscillators and amplifiers based on the
maser–laser principle (Townes, Basof, Prokhorov, 1964 Nobel Prize winners).

The wave-particle duality and the quantized description of light alluded
to by Einstein in his early papers are at the core of modern physics, laying
the foundation for two centuries of scientific research. Most of this research
has a vital ingredient in the quantum interaction of light and matter in
a well-defined region of space. The study of these interactions and of their
technological application is one of the most charming fields of modern physics
known as cavity quantum electrodynamics (cQED)and it is the backbone of
this work.

In a paper of 1935 [24], critical against the Copenhagen interpretation
of quantum mechanics, Albert Einstein with his colleagues Boris Podolsky
and Nathan Rosen proposed a thought experiment to show that the so-far
accepted formulation of quantum mechanics had an intrinsic consequence not
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1. INTRODUCTION

previously noticed. The scenario described is better known as EPR paradox
and involved the phenomenon called quantum entanglement. Although the
substantial experimental evidence for the non-local aspect of quantum me-
chanics (QM) has recently been gathered [25], we cannot call into question the
incredible driving force that Einstein’s papers have exerted on the contempo-
rary research. After his seminal paper [24,26], rich scientific and philosophi-
cal debates [27–34] flourished towards the comprehension of physical realism
in quantum mechanics and beyond. Nevertheless the concept of quantum
entanglement is discovered to be at the core of quantum measurement and
deeply connected to the superposition principle applied to composite micro-
scopic systems. Since the first experiments on quantum entanglement [35,36],
developments in understanding locality and especially quantum decoherence
were carried out by many research groups at the pace of technological evo-
lution. The wavefunction collapse in the measuring process can be viewed
today as an epiphenomenon of quantum decoherence involving the local time
evolution of a system entangled to its environment. Science and Philosophy
found in the entanglement context an unprecedented quantitative point of
contact(for an in-depth analysis of entanglement we recommend the review
papers of Fine [37], Zeilinger [38] and Aspect [39]).

Cavity QED turned out to be the ideal tool to approach the wonders
of quantum entanglement. It offers interesting examples on how quantized
photons interacting with quantized emitters can be exploited to gather fasci-
nating information on the microscopic world at the boundary between quan-
tum and classical mechanics. In the wake of the Einstein’s genial insights
and following the line of more renowned works [3, 6, 40–54], we present in
the following the breakthroughs in the history of cQED together with its ex-
perimental evolution. We will discuss its great potential for future quantum
technologies in computing and information applications with a special focus
on its semiconductor implementation.

Rather than a simple introduction, this chapter aims to be a summary
of the main milestones in atomic, superconducting and semiconductor sys-
tem for which an overall discussion it is not easy to find in literature. We
start with the early history of cavity QED in section 1.1 to continue, in
section 1.2, with the cQED theory behind the main experiments. c-QED in
atomic systems is briefly presented in section 1.3. Although they are chrono-
logically later than the first c-QED experiments with semiconductors, the
superconducting circuits are reviews in short in 1.3.2. Section 1.4 is devoted
to semiconductor c-QED, focusing on photonic crystal cavities, quantum dots
and the main experimental results in the field. The chapter ends with a brief
discussion of two of the trendiest quantum applications in recent years, quan-
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1.1. EARLY HISTORY OF CAVITY QED

tum computation and cryptography (1.5). The thesis outlook completes the
sections of the chapter.

1.1 Early history of cavity QED

Cavity quantum electrodynamics (c-QED) is the domain of modern physics
that studies the interaction between light and matter in a confined region of
space. A microscopic quantized system, where two energy levels are coupled
via a radiative transition (two-level system), is embedded in an electromag-
netic cavity where the interplay with the the quantized oscillating field, gives
rise to a series of non-trivial phenomena. These effects can be exploited to
illustrate fundamental quantum principles and may lead to interesting ap-
plication in optical communication and quantum computing. The cavity, no
matter how small it can be made, typically remains a macroscopic object
compared to the atomic scale of the emitter system. A peculiar feature is
that the microscopic interacting system has to be considered as a whole with
the macroscopic object, the "box" surrounding it. The microscopic domain
of quantum mechanics is thus extended upwards at the edge with the large
classical one. In this respect the famous thought photon box experiment after
the Einstein-Bohr debate at the 1930 Solvay Conference in Brussels can be
considered as the first ancestor of modern cQED set-ups [55]. However the
origin of cQED is historically set in 1946 after a paper written by Edward
Purcell (Nobel Prize, 1952) [56]. In the framework of the nuclear magnetic
resonance discovered by Isidor Rabi (Nobel Prize, 1944), he showed that the
spontaneous emission probability of an atomic spin transition can be en-
hanced near resonant metallic structures. Invoking the Fermi Golden Rule
he calculated such enhancement factor as FP = 3Qλ3/4π2V where Q and V
are respectively the quality factor and the volume of the resonator and λ is
the wavelength of the transition.

The spontaneous rate alteration is easily described in term of "electric im-
ages" of an oscillating dipole (atom) near a conductive mirror [41]. The field
radiated at far distance by a quantum emitter results from the interference
between the direct radiation and the reflected one, equivalent to the field of a
charged-conjugate dipole. Constructive or destructive interferences can arise
depending on the orientation and position of the dipole close to the reflective
surface and enhancement or inhibition of the emission rate can be observed.
Although these two effects are in principle comparable, the possibility of
emission inhibition has been first noted only in 1981 by D. Kleppner [57]. In
this paper, which is considered a milestone in cQED theory, is shown that
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1. INTRODUCTION

the emission rate of an atom, with a transition frequency below the cut-off
frequency of the waveguide where it is located, can become much smaller
than in free space as a consequence of the suppression of the local density
of modes in which the atom can radiate. While radiation rates are modified
by the component of the field in phase quadrature with real transitions of
the dipole, the in-phase dispersive part of the interaction causes a shift of
the dipole emission energy in proximity of a conducting wall. Since Pur-
cell’s paper many theoretical works investigated the spontaneous emission
rate and level shift near mirrors in different configurations. Bethe was the
first to describe the energy shift observed by Lamb in hydrogen atoms [58].
This most prominent of a series of energy shifts caused by the non-resonant
parts of the broadband electromagnetic field was seen as the consequence of
emission and reabsorption of virtual photons [59]. Virtual processes seemed
to be modified by the presence of the EM field in a confined space like it
was for real photon emission. The energy shift predicted by Casimir and
Polder in 1948 [60] was thus a consequence of vacuum fluctuation leading
to intriguing effects as the Casimir force between two metallic plates in free
space [61]. The interaction between light and matter has also shown other
interesting properties when it was a matter of coupling the bosonic field with
more than one single atoms at the same time. In 1954 Dicke predicted the
effect of superradiance, a phenomenon that occurs when a group of emitters,
such as excited atoms, interact with a common light field. If the wavelength
of the field is much greater than the separation of the emitters, the interac-
tion occurs in a collective and coherent fashion [62]. This causes the group
to emit light as a high intensity pulse proportional to the square of the num-
ber of emitter, in disagreement with the linear dependence predicted by the
spontaneous emission model of independent atoms.

Another phenomenon also related to the light-matter interaction occupied
the brilliant minds of other scientists of that time and was proved crucial for
the future experimental development of cQED. In 1947 W.E. Lamb and R.C.
Retherford realized with hydrogen atoms the first experimental demonstra-
tion of stimulated emission [58] as predicted by Einstein thirty years before.
In the wake of the following technological achievements of microwave am-
plifier [63] and optical pumping method with multi-level atomic systems in
1955, C.H. Townes and A.L. Schawlow proposed the infra-red laser in 1957
and the optical maser one year later [64]. In the same year they moved for the
open resonator idea shared unconsciously with their Russian colleagues A.
Prokhorov and N.Basov [65,66] and published one year later by G. Gould [67].
It takes just a little for the first functional laser to come into being in 1960
when T.H. Maiman used solid-state flashlamp-pumped synthetic ruby crys-
tal to produce red laser light at 694 nm [68,69]. The gas laser [70], the laser
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1.2. CQED THEORY

diode [71] and the heterojunction laser [72] extended this technology even
further and applications foreseen by Gould in spectrometry and interferom-
etry became possible also in the framework of cQED. Before jumping to the
other breakthroughs in experimental cQED we will mention the bases of the
cQED theory that chronologically anticipated them.

1.2 cQED theory

1.2.1 Jaynes-Cumming model

The first theoretical works of Purcell, Bethe and Casimir considered the
cQED effects in the domain later known as weak coupling regime. When the
perturbative approximation of cQED breaks down and the damped cavity
mode cannot be considered as a broad continuum any more, the atom-cavity
system enters the new interesting regime of strong coupling. This situation
was theoretically described with a fully quantum approach around 1963 by
E. Jaynes and F. Cummings. Trying to depict the coherent evolution of a
spin-like system coupled to a harmonic oscillator in maser, they started from
the general formulation of the coupled system [73]

H = Hfield +Hatom +Hinteraction (1.1)

and considered the dipole interaction in terms of quantum operators neglect-
ing the fast oscillating components of the atom-field coupling (rotating wave
approximation). With this approach they derived the well-known Hamilto-
nian [74,75]

H = ~ω(a†a+
1

2
) + ~ω0σ

†
zσz − i~g(a†σ− − σ+a) (1.2)

where the two-level system is described in the basis of its ground state |g〉
and excited one |e〉, whereas the single-mode cavity field is expressed in terms
of Fock states |n〉. The emitter population is described by the population
operator σz = |e〉 〈e|−|g〉 〈g|, while the atomic transitions with energy ~ω0 are
described by the lowering and rising Pauli operators σ− = |g〉 〈e| and σ+ =
|e〉 〈g| acting on the Hilbert space homomorphic to the spin − 1/2 unitary
group. The photon, population of the cavity field with energy ~ω(n + 1

2
) is

ruled by the creation and annihilation bosonic operators a† and a with the
well-known relations

a† |n〉 =
√
n+ 1 |n+ 1〉 , a |n+ 1〉 =

√
n+ 1 |n〉 , [a, a†] = 1 (1.3)
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1. INTRODUCTION

Although this treatment can be used to describe any two-level emitter cou-
pled to a cavity, we will call it here atom following the historical tradition.
The atom-field states live in the Hilbert space that is the tensor product of
the atomic and field domains and can be expressed by |i, n〉 with i = g, e
and n = 0, 1, 2, .... It is clear from the energy conservation rule that, given a
fix number n of photon in the cavity without losses, the system can switch
only between the two dressed states |g, n+ 1〉 and |e, n〉. The factor g of
the interaction Hamiltonian is the so-called coupling constant, related to the
dipole interaction frequency of the atom with a single photon. It is often
expressed in term of the single photon Rabi frequency Ω0 = 2g since it is also
related to the period of the one-photon oscillations between the atom and
the field.

Ω0

2π
=
d · E0

h
(1.4)

where, assuming that the field is uniform within the cavity, E0 = (~ω/2ε0V )
1
2 ,

is the one-photon field inside the resonator of volume V (ε0 is the the vac-
uum permittivity) and d is the electric dipole matrix element of the atomic
transition taking in account how well the mode polarization ε matches the
direction of atomic dipole D = qr

d = 〈g|D · ε |e〉 . (1.5)

In the general case of a field with a number n of intra-cavity photons the
Rabi frequency is

Ωn = Ω0

√
n+ 1 (1.6)

corresponding to the energy separation ~Ωn between two non-degenerate
dressed-states of the atom-field coupled system at resonance (ω0 = ω). The
spectrum of energy levels of the coupled system is also known as anharmonic
Jaynes-Cumming ladder. The energies of the two bare states |g, n+ 1〉 and
|e, n〉, when the interaction is turned off (g = Ω0 = 0,) depend just on the
detuning between the emitter and the cavity field ∆ = ω0 − ω and are as
follows

E|g,n+1〉 = ~ω(n+ 1)− ~∆

2

E|e,n〉 = ~ω(n+ 1) +
~∆

2

(1.7)

being clearly degenerate with E = ~ω(n + 1) for ∆ = 0. As soon as the
interaction is activated the atom-field system behaves as a whole and new
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1.2. CQED THEORY

dressed states pop up lifting the degeneracy. For the general case of n photons
in a resonant system (∆ = 0) the energies read

En
− = ~ω(n+ 1)− ~

Ω0

2

√
n+ 1, for the odd state |n−〉 =

|g, n+ 1〉 − |e, n〉√
2

En
+ = ~ω(n+ 1) + ~

Ω0

2

√
n+ 1, for the even state |n+〉 =

|g, n+ 1〉+ |e, n〉√
2

(1.8)

where the energy separation 2~g = ~Ωn = ~Ω0

√
n+ 1 reported previously

is visible. This anharmonic nature (the fact that the energy separation be-
tween dressed states in not constant but increases with an increasing number
of photons in the system as it is visible in Figure 1.1(b) for a non-zero cou-
pling constant g) is at the core of photon blockade and photon tunnelling
experiments as reported below in the experimental section. The time evo-
lution of the system can be computed by solving the Schrödinger equation
depending on the energy detuning ∆ = ω0 − ω between the atom transition
and the field. For example the resonant system starting in the initial state
|e, n〉 evolves into [6]

|Ψe,n(t)〉 = cos(
Ω0

√
n+ 1

2
t) |e, n〉+ sin(

Ω0

√
n+ 1

2
t) |g, n+ 1〉 , (1.9)

with

Pe(t) = | 〈e|Ψe,n(t)〉|2 =
1 + cos(Ω0

√
n+ 1t)

2
(1.10)

being the probability to find the atom in its exited state at time t and Pg =
1−Pe = (1− cos(Ω0

√
n+ 1t))/2 the complementary one to have at the time

t the emitter in its ground state with one more intra-cavity photon in the
system.

In general a pure Fock state is very difficult to realize and normally a
small coherent field is expanded as a sum over Fock states each with its own
photon number n and Rabi frequency Ωn as

|α〉 =
∑
n

cn |n〉. (1.11)

This gives a slightly more complex expression for the probability Pe(t)

Pe(t) =
∑
n

|cn|2
1 + cos(Ω0

√
n+ 1t)

2
(1.12)

that is at the core of the effect of "wavefunction collapse and revival" due
to dephasing and rephasing of the relative Fock components in the coherent
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1. INTRODUCTION

field. Unlike previous classical and semi-classical approaches to the Rabi
problem [76], the Jaynes-Cummings model could successfully describe this
pure quantum effect predicted later by Meystre [77] and Eberly [78] and
observed in 1987 in a one-atom maser by Rempe, Walther and Klein [79].
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Figure 1.1: Characteristic behaviour of an atom-cavity system in strong coupling neglecting any possible
losses.(a) Anti-crossing behaviour for three different states of the coupled system, changing the detuning
between the atom and the cavity field but keeping the coupling constant g = g0. (b) At zero detuning (∆ =
0) the degeneracy between the bare states |e, n〉 and |g, n+ 1〉 is lifted up for g > 0. The anharmonicity of
the Rabi ladder is clearly visible with the splitting between the two dressed states proportional to Ω0 (the
vacuum Rabi frequency) and to the square root of the number of photon in the cavity. (c) Schematics of
the interacting system without losses and Rabi oscillation in time domain for nphotons = 0.

The single-photon case can be extrapolated from the more general one by
setting n = 0. In this context the atom population undergoes a single Rabi
oscillation, easier to analyse but still with interesting consequences. Figure
A system starting in the |e, 0〉 state with the atom in its excited state and
zero photon in the cavity will evolve to

|Ψe(t)〉 = cos(
Ω0

2
t) |e, 0〉+ sin(

Ω0

2
t) |g, 1〉 (1.13)

while one in the initial configuration |g, 1〉 evolves as

|Ψg(t)〉 = cos(
Ω0

2
t) |g, 1〉 − sin(

Ω0

2
t) |e, 0〉 . (1.14)
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1.2. CQED THEORY

The schematic representation of the two-level emitter coupled to the optical
cavity and the coherent exchange of a photon between the atom and the
cavity is visible at the top and the bottom of Figure 1.1(c), respectively.

Depending on the time at which we measure the system we can manip-
ulate it in different way. After a time t = π

2Ω0
the atom and the field mix

together into the state

|Ψ〉 =
1√
2

(|e, 0〉+ |g, 1〉) (1.15)

that can be used to study quantum entanglement in the cQED context.
In such an entangled state, the photon and the exciton cannot be described
independently any more but as a whole. If the single photon in the cavity can
be measured with ideal unitary efficiency, the outcome of the measurement
will automatically give information on the exciton state in the QD. conversely,
by knowing the state of the exciton, the corresponding Fock state of the cavity
can be determined instantaneously.

When t = π
Ω0

an atom-field state initially in |e, 0〉 translates to |g, 1〉 and
|g, 1〉 evolves into − |e, 0〉. For the more general situation where these two
simple cases are superimposed it can be proved that a "π Rabi rotation" can
map the state of the atom into the field and vice versa

(ce |e〉+ cg |g〉) |0〉 → |g〉 (ce |1〉+ cg |0〉) (1.16)

(c1 |1〉+ c0 |0〉) |g〉 → |0〉 (−c1 |e〉+ c0 |g〉) (1.17)

With an evolution of t = 2π
Ω0

the atom-field system comes back to its
original configuration plus a global quantum phase shift of π

|e, 0〉 → − |e, 0〉 , |g, 1〉 → − |g, 1〉 . (1.18)

1.2.2 Master equation approach

In the real experiments the atom and the cavity constitute an open system
that interacts with a continuum of infinite modes in the surrounding envi-
ronment and losses cannot be neglected. In this respect the master equation
formalism is normally preferred. In this case the evolution of the dynamics
is extracted by the temporal dependence of the density matrix operator ρ

ρ̇ = − i
~

[H, ρ] (1.19)

that describes the quantum coupled system [80]. In a overall Hilbert space
that is the tensor product of two Hilbert spaces, one for the the cavity with

10



1. INTRODUCTION

Fock states with photon number from zero to one photon and the other for
the two-level quantum emitter, the diagonal terms of such a density matrix
operator are proportional to the energy ~ω and ~ω0 of the cavity photon and
of the radiative recombination emission from the QD exciton, respectively.
The off-diagonal terms are related to the coupling between exciton and cavity
field and describe the coherent exchange of the photon between the two.
Given an initial configuration for the atomic and the field wavefunctions the
value of a physical observable O after a time t can be easily computed as

〈O(t)〉 = Tr(Oρ(t)) (1.20)

In the period between 1972 and 1976 Kossakowsky and Lindblad developed a
most general type of Markovian master equation describing the non-unitary
evolution of the density matrix ρ in presence of losses [81–83]. The Lindblad
master equation reads

ρ̇ = − i
~

[H, ρ] +
N∑
j=1

γkL(Oj)ρ (1.21)

where the L(Oj) is the Lindblad superoperator acting on Oj written as

L(Oj)ρ = OjρOj
† − 1

2
(Oj

†Ojρ+ ρOj
†Oj) (1.22)

and accounts for the loss-channel "j" producing an exponential decay with
rate γj in the expectation value of 〈Oj(t)〉 . With the losses terms the master
equation is

ρ̇ = − i
~

[H, ρ] +κ[aρa†− 1

2
(a†aρ+ρa†a)] +γ[σρσ†− 1

2
(σ†σρ+ρσ†σ)] (1.23)

where k and γ are the decay rate of cavity mode and of the atom due to the
coupling with the leaky modes of the environment. κ can also be seen as
the inverse of the cavity quality factor Q in the relation κ = ω/Q. Including
the Lindblad terms the master equation formalism can account both for the
ideal case of strong coupling (setting κ and γ equal to zero) and for realistic
configurations of the system in strong or weak coupling regime.

1.2.3 Strong coupling

To achieve strong coupling in a real experiment the coupling constant g and
hence the single photon Rabi oscillation frequency Ω must be greater than
the cavity losses and the emitter decay rate

Ω� κ, γ. (1.24)
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If this condition is fulfilled, when the atom-like emitter is progressively tuned
in resonance with the cavity field, the bare atomic and field states become
dressed states of the coupled system, with an energy split equal to Ω0

√
n+ 1

for a given number of intra-cavity photon, and the phenomenon of anticross-
ing is observed . The photon remains in the cavity long enough before leaking
out, allowing the atom to reabsorb it. In this condition the atom and the field
coherently exchange a photon in a periodic fashion known as Rabi oscillation
whose amplitude is damped by the losses to the surrounding environment.

Bloch sphere

In the viewpoint of quantum information processing it can be more conve-
nient to use a graphical description of these quantum oscillations and of other
operations that can be performed on the system. The emitter evolution is
then represented as rotations of its corresponding vector on the topological
domain called Bloch sphere [84]. Recalling the results of the previous section,
the most general normalized state of an excited quantum two-level emitter,
coupled to a photonic cavity at vacuum, can be written as a function of two
orthogonal states |0〉 = |g, 1〉 and |1〉 = |e, 0〉. The most general case can be
defined as follows

|Ψ〉 = cos(
θ

2
) |0〉+ eiφsin(

θ

2
) |1〉 (1.25)

which can be represented as a vector in Cartesian coordinates free to span
every point on the surface of an unitary sphere where theta is the angle
formed by the state vector with the vertical axis Z and φ is the one between
the XY -projection of the vector and the X axis. The north pole (θ = 0) is
the |0〉 state and the south pole (θ = π) is the |1〉 one (see Figure 1.2). If the
system is initiated in the |0〉 = |g, 1〉 state and undergoes a θ = π

2
rotation

around any direction perpendicular to Z and at an angle φ from the X axis,
the final state is

|Ψ〉 =
1√
2

(|0〉+ eiφ |1〉). (1.26)

If the transformation is coherent, the vector’s end lie on the surface of the
sphere. Any source of losses induces decoherence and in general the square
modulus of the state is not unity any more, with its vector spanning the
inside volume of the sphere. Is good to notice that a rotation of θ = 2π
introduces an overall π phase as pointed out already in the previous section.
A θ = 4π rotation is needed to restore the state completely. An arbitrary
rotation RZ(α) of the general state around the Z axis changes the relative
phase φ between |0〉 and |1〉 to φ′ = φ+ α. A general rotation of θ about an
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Figure 1.2: (left) Bloch sphere representation of a two level system in q-bit notation without decoherence.
A unitary transformation on a general wavevector of the system can be considered as a rotation of such a
vector on the surface of the sphere. (right) Time evolution of the occupation probability of the state |1〉
with respect to the corresponding system vector rotations shown on the left (red, blue, green circles). The
strong coupling oscillation between |0〉 and |1〉 is shown with a black dashed line as a semi-circumference
on the Bloch sphere(left) and a sinusoidal curve in the time-dependent plots (right).

arbitrary unit axis n̂ = (nx, ny, nz) can be written as

Rn(θ) = e−i
θ
2
n·σ = cos(

θ

2
)11− isin(

θ

2
)n · σ (1.27)

where σ = (σx, σy, σz) is the vector of the Pauli matrices that act on the
spin-1/2 like two-level system. A representation of the vector of the coupled
system on the Bloch sphere is given in Figure 1.2 (left) where three typical
rotations, performed in sequence starting from an initial state |ϕ〉, are shown
with red (from A to B), blue (from B to C) and green (from C to D) circles to
provide a general idea of the possible types of rotation that can be performed.
The corresponding transformations of the time-dependent occupation prob-
ability P|1〉 for the state |1〉 = |e, 0〉, are shown on the left of Figure 1.2

13
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together with the axis n̂ and the angle θ of rotation, with respect to a stan-
dard coherent oscillation in strong coupling, taken as reference (dashed black
line) and also drawn as a semi-circumference from |0〉 to |1〉 on the right of
Figure 1.2. This geometrical description turns out very useful since it has be
shown that any arbitrary unitary operation on a single quantum emitter can
be written in the form

U = eiαRn(θ), (1.28)

the Hadamard gate for α = π
2
and θ = π [85,86] being one of the most famous

example. In this graphical representation the strong coupling oscillation can
be viewed as the coupled system vector periodically switching between north
and south pole of the sphere while its modulus is being damped by the
system losses. By breaking the resonance condition during these oscillations
the atom-cavity evolution can be frozen in a desired state.
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accompanied by the Lindblad terms describing the atom and cavity losses thus introducing decoherence
channels for the system. (a) Strong coupling regime dynamics. (b) Weak coupling regime and atomic
spontaneous emission enhancement due to Purcell effect.
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1.2.4 Weak coupling and Purcell Effect

The weak coupling regime is also known as the perturbative approximation
of cQED since its first postulation by E.Purcell in 1946 [56]. In this regime
the quality factor of the cavity is not high enough for the photon to live in
the cavity sufficiently long to be reabsorbed by the atom. The losses of the
system dominate the coupling strength and the strong coupling condition
is not fulfilled any more. The Rabi oscillations disappear and the initially
excited emitter will exponentially decay with the photon irreversibly lost into
the environment. As pointed out by E.Purcell the cavity here still plays an
important role since the spontaneous emission decay rate of the atom can
be enhanced by the presence of the resonator around it and become much
faster than in free space. This phenomenon is called Purcell effect and can
be used to considerably improve single photon sources coupled to a cavity
by increasing the number of photons emitted per unit time. If the cavity
mode linewidth is large enough, compared to the one of the emitter, the
spontaneous transition rete Γ from the excited to the ground state of the
atom can be written following the Fermi’s golden rule as

Γ =
2π

~2
|Wfi|2ρ(ω) (1.29)

where |Wfi|2 = E2
0 | 〈g, 1|D · ε |e, 0〉 |2 is the atom-field coupling term and

ρ(ω) = dN(ω)/dω is the density of the quasi-continuum of optical states
(DOS) represented by the cavity. In this way is possible to calculate the
spontaneous emission rate for a specific atomic transition when the atom is
coupled to the cavity (Γcav) or in free-space(Γvac). Assuming a Lorentzian
DOS distribution with quality factor Q and an atom at resonance and spa-
tially aligned with one anti-node of a cavity field, with uniform distribution,
the ratio between these two rates reads

FP =
Γcav
Γvac

=
3

4π2

Qλ3

V
(1.30)

also known as Purcell factor. For high quality factor cavity with relative
small volume

VCAV =

∫ ∫ ∫
ε(r)|E(r)|2d3r

max[ε|E(r)|2]
, (1.31)

comparable to the cubic wavelength (VCAV ∝ λ3), very large Purcell factors
can be obtained. However, since this enhancement is sensitive to the po-
sition of the atom relative to the field distribution inside the cavity, for a
robust cQED platform the control of both the position and the energy of the
emitter is important. Another important parameter that is normally taken
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into consideration whenever a good single photon source is required is the
β − factor

β =
Γcav
Γtot

=
Γcav

Γcav + Γleaky + Γnon−rad
(1.32)

defined as the ratio between the decay rate of the emitter into the desired
mode of the surrounding cavity and the overall rate Γtot, given by the sum
of the decay rate into the desired mode (Γcav), other optical modes ((Γleaky))
and non radiative channels (Γnon−rad). β must be as close as possible to 1 if
a good single-photon source is required.

1.3 Experimental cQED systems

In the 1970’s experimentalists, thanks to the new technological achievements
of the previous years, started to check the early prediction of cQED. The first
experimental modification of a single-emitter spontaneous emission rate was
performed by Drexhage, Kuhn and Schäfer working with the optical tran-
sitions of dye molecules embedded in a Langmuir-Blodgett film deposited
on a mirror. [87]. Similar molecular experiments but in an optical cavity
were conducted much later by de Martini et al [88]. In 1985, following the
theoretical prediction of Kleppner in 1981 [57], Gabrielse and Dehlmet [89]
demonstrated for the first time the phenomenon of spontaneous emission in-
hibition. They shown that the cyclotron orbit of a single electron stored in a
non-resonant microwave cavity, created by the electrodes of a Penning trap,
lasted 10 times longer than the calculated one in free-space. Apart from
these early experiments, for more than twenty years experimental cQED was
a mere prerogative of atomic systems, especially of Rydberg atoms coupled
to microwave and optical cavities. The importance of atom-field interaction
in the experimental background was already clear during the early 1970s
when Dicke’s superradiance was demonstrated in a wide variety of atomic
systems [90–95]. Rydberg atoms of different elements, with one or more elec-
trons exited to have a very high principal quantum number, were found to
be an ideal tool to study the matter-field coupling. They exhibit a huge elec-
tric dipole on microwave transitions that makes them particularly sensitive
to electric and magnetic field and suitable for incorporation inside macro-
scopic cavities. The possibility to be efficiently and selectively detected by
field-ionization detectors together with a long decay time and electron wave-
functions that approximate, under certain conditions, classical orbits around
the nuclei complete the picture of their peculiar characteristics.
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1.3.1 Atoms in cavities

In the early 1980s the first clear test of Purcell’s prediction with atoms in-
side a resonant cavity was obtained in the microwave domain [96]. Sodium
Rydberg atoms prepared in their initial state |23S〉 were injected one by one
in a metallic tunable Fabry-Perot microwave cavity tuned in and out of res-
onance with the |23S〉 → |23P 〉 transition at 340GHz. The cavity quality
factor Q = 106 and mode volume V = 70mm3 allowed a Purcell enhancement
factor of FP = 530. Few years later experiments with Rydberg atoms on in-
hibition of spontaneous emission have been conducted by Hulet [97], Jhe [98]
and collaborators. In this experiments the atoms were prepared in the cir-
cular state |22C〉 with maximum angular momentum. The |22C〉 → |21C〉
transition for atoms sent across a metallic parallel plates waveguide was tuned
via Stark effect by applying a static electric field across the mirror. When
the radiation wavelength was made larger than twice the inter-mirror gap
the number of atoms detected after the transit in the |22C〉 state increased,
revealing the inhibition of spontaneous emission rate.

In 1987 Feld and collaborators succeeded to demonstrate for the first time
spontaneous emission enhancement and level shifts even in optical cavities
[99, 100]. The radiative shifts of atomic levels near a mirror or inside a
resonator have been proved also later in other experiments by the group
of Hinds and Haroche [101–106] and by Walther’s collaborators [107]. These
results proved experimentally the change from the 1/z3 (Van der Waals type)
to the 1/z4 (Casimir-Polder type) dependence of the energy shift as the atom-
resonator distance z is increased.

Atoms in microwave cavities

The strong coupling regime where single atoms can coherently interact with
a cavity field was first observed in the microwave domain with the pioneer-
ing work of Walther’s group on the one-atom micromaser [108]. In their
experiments Rubidium 85Rb Rydberg atoms excited by a frequency-doubled
dye laser in the initial state

∣∣63P3/2

〉
were crossing a cylindrical supercon-

ducting Nb cavity at cryogenic temperature around 0.3K. The cavity was
tuned to frequencies around 21.5GHz to be in resonance with the two pos-
sible transitions |63P 〉 → |61D〉 and exhibited an extremely high Q of about
3 ·1010 which corresponds to an average lifetime of the photon in the cavity of
0.3s. The vacuum Rabi frequencies for these transitions range from 20kHz
to 44kHz. The interaction time between the flying atoms and the cavity is
modulated between 30−130µs by changing the atomic speed. The density of
the incident beam was so low that at most one atom at a time was present in
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the single mode microwave cavity. More precisely the average atoms number
was lower than 0.2, the maser limit beyond which collective effects play an
increasingly larger role making the theoretical prediction inaccurate.

After this preliminary work an ensemble of outstanding activities on mi-
crowave cQED with atoms flourished in the group of Walther at Max Planck
Institute in Munich and of Haroche at ENS in Paris. The former contin-
ued his work on micromaser operating on a single photon transition while
the latter focused on two-photon micromaser. In both cases the micromaser
approach represented an almost ideal system to study the effect of repeated
measurements on a nearly isolated quantum system. The successive atoms
are used both as a pump for the maser field and as a detector. Their state
after exiting the cavity can be measured with state-selective field ioniza-
tion techniques [108–110] providing information about the state of the cavity
mode. In 1987 Rempe and co-authors observed for the first time the "collapse
and revival" of a coherent photon state during atom-cavity Rabi oscillations
in the presence of a thermal field [79]. The sub-Poissonian atomic statistics
correlated to the highly non-classical steady-state maser field was also stud-
ied [110,111]. The reduction of the cavity temperature and the steady-state
operation of the same maser have led to the realization of self-stabilizing
trapping state [112–114] where the intra-cavity field can be peaked at a pre-
cise photon number [115]. In this condition a quantum feedback between the
atom and the field acts to control the cavity photon number and the gener-
ation of preset Fock state on demand has been more recently demonstrated
in the same group [116–118]. Other effects as first-order phase transition
and bistability in the photon sub-Poissonian population have been also ob-
served [119,120].

An open cavity scheme made of two spherical superconducting mirror in a
Fabry-Perrot configuration and an injected field with average number of pho-
tons n = 2 are some of the peculiar insights of the two-photons micromaser
experiments started at ENS in 1987 with the first maser/laser device [121].
Few Rubidium atoms in the Rydberg excited state |40S〉 entered the cavity
one at a time. The resonator with Q ∼ 108 was tuned at 68.415GHz and
in resonance with half of the |40S〉 → |39S〉 transition energy inducing the
atoms to undergo the weakly allowed two photon emission. The one-photon
processes that had been the main limitation in previous attempts to realize
two-photons oscillators is here reduced thanks to high Q and the inhibiting
mechanism of cQED on the off-resonance state

∣∣39P3/2

〉
.

In other experiments of the same group, circular Rubidium Rydberg
atoms (in a state with high orbital quantum number) with principal quan-
tum number 51 and 50 were used at 1 K to suppress thermal noise. In these
highly excited states the valence electron occupies a thin torus area around
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the atom’s core. The cavity was tuned to the |51S〉 → |50S〉 transition at
51.1 GHz. With a very small bandwidth of ω/Q = 4.35 kHz, the cavity
could store photon for about 1 ms longer than the atom-cavity interaction
time of few tens of µs. Together with the long decay time of the circular
Rydberg states (30 ms) and the vacuum Rabi frequency of about 50 kHz it
made such a system a good candidate to study strong coupling interactions.
The cavity could contain either just the vacuum or a small coherent field as
a superposition of different Fock states. The detection of the Rydberg atoms
escaping the cavity was performed by selective field-ionization as in the Mu-
nich set-up. After thermal field cooling, in absence of any external field,
the average photon number in the cavity was 0.1 and damped vacuum Rabi
oscillations were observed. When the cavity was initially filled with different
coherent fields having average photon numbers of 0.4, 0.85 or 1.77 similar
signals were obtained. In these conditions the oscillations were related to
the beating of several Rabi frequencies, one for each Fock state composing
the coherent field and the pure quantum phenomenon of "collapse and re-
vival" was observed [122]. By observing the strong coupling evolution of the
atom-field states the Haroche group was thus able to create a Schrödinger
cat state with atoms and confirm the basic features of environment-induced
decoherence theory at the quantum/classical border [123]. The schematic
view of the experimental apparatus used in atomic c-QED experiments in
the microwave domain, is shown in Figure 1.4(a) [6], together with the main
experimental results in strong coupling regime as the atom-field Rabi oscil-
lation (Fig. 1.4(b)) and the collapse and revival of the atomic population
probability during the strong interaction with a coherent field, sum of Fock
states with different photons number (see Fig. 1.4(c) and (d)) [122]. Two
additional spherical cavities (R1 and R2 in Figure 1.4(a)), before and after
the interaction region, were used in other experiments at ENS to couple a
classical field with the flying atoms for investigating states superposition with
Ramsey interferometric techniques [124]. We are speaking of intriguing ex-
periments based on the Rabi oscillations phenomenon at the core of quantum
foundations. Atom-photon and atom-atom entanglements were first achieved
in 1997 by Maitre and Hagley [125, 126] exploiting a controlled strong cou-
pling interaction.

Few years later Rauschenbeutel demonstrated the coherent operation in a
logic quantum phase gate [127] by performing a Monroe transformation [128]
with atom-cavity systems in non-linear regime, detecting single photons with-
out absorbing them. The principle of this quantum phase gate could lead
to nondestructive measurements of single photons in a cavity. In the same
year we have witnessed the single photon quantum non-demolition (QND)
experiment by Nogues et al [129]. Although previous works already demon-
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Figure 1.4: Main atomic c-QED experiments with circular Rydberg atoms. (a) An artistic sketch
of the experimental setup used at ENS. A stream of Rydberg atoms pre-selected in velocity enter the
superconducting cavity one by one and interact with the microwave field that can be filled with an
arbitrary number of photons from vacuum up to 4. Two classical cavities before and after the interaction
region are used to perform atom-field Bloch rotations for Ramsey interferometric measurements. (b)
The observation of the vacuum Rabi oscillations between the excited Rb atoms and the cavity field.(c-
d) Collapse and revival of the atomic population probability within a coherent field, superposition of
multiple Fock states (visible in the FFT plot). The dephasing and re-phasing of the Fock components
with different Rabi frequencies is a pure quantum effect at the core of electromagnetic field quantization.
Pictures reproduced from [6,122,123].

strated QND with macroscopic propagating beams [130, 131] or with bigger
photon numbers [132], this was the first nondemolition measurement with
single quanta of light. Quantum jumps in the cavity field population were
recently confirmed in similar experiments [133,134] by mean of repeated non-
destructive detections showing the step-by-step collapse of field state as pos-
tulated by the theory of an ideal quantum measurement. A more complex
entanglement of three quantum systems was also achieved in this atomic
cQED framework [135]. The atomic microwave set-up of Haroche’s group
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can be considered so far one of the few systems where complex combinations
of successive logic operation on single addressable quantum systems can be
performed.

Atoms in optical cavities

Optical cQED has progressed in parallel with its microwave counterpart and
adopted an opposite approach where the field escaping from the cavity pro-
vided information about the atomic state. The earlier experiments were pio-
neered in the Kimble’s group at Caltech and in Garching by Rempe and col-
laborators. One of the main challenges as compared to the microwave experi-
ment was the realization of a small but high finesse cavity that could resonate
at the typical optical transition frequencies of alkali atoms (λ ∼ 850 nm).
The single-atom strong coupling regime in optical domain was achieved in the
early 1990s by Rempe [136] and Thompson [137] (see Figure 1.5(c-d-e)). In
these experiment a beam of Cesium atoms in their ground state was crossing
the cavity with an interaction time of T = 0.4µs, longer than the Rabi period.
The resonator was tuned on the Cesium transition

∣∣6S1/2

〉
→
∣∣6P3/2

〉
and the

flux of atoms was adjustable in order to have an average atom number N̄ ∼ 1.
In addition to the "vacuum" thermal field a tunable-power laser beam cou-
pled with the cavity mode was used to inject a pre-set number of photons n in
the resonator and to probe the resonant atom-field state. The strong coupling
regime was fulfilled by the system parameters (Ω0, κ, γ) = 2π(6.4, 0.9, 2.5)
MHz and clear double peaks with Rabi splitting Ω0

√
n+ 1 were observed in

the spectrum of the dressed states |n,∓〉 = (|g, n+ 1〉 ∓ |e, n〉)
√

2. Similar
Rabi spectra were obtained by Feld’s group at MIT with Barium atoms [138]
in the wake of their previous work on the optical analogue of the micromaser,
the one-atom laser [139]. Non-linear effects in atom-cavity systems were also
exploited for quantum logic control [140]. The experimental apparatus used
by the Kimble’s group at Caltech is shown in Figure 1.5(a). More recent
works improved the Rabi splitting visibility [141–143] using state-of-the-art
optical cavities where (Ω0, κ, γ) = 2π(11, 0.7, 0.4) MHz and the atom and
photon average number was of the order of N̄ ∼ 10−3 and n̄ ∼ 10−2, respec-
tively. Also the one-atom microlaser received further attention [144] [145]
with the demonstration of photon antibunching and sub-Poissonian statis-
tics.

The short atom-field interaction time, one of the main limiting factors
for atomic cQED, was gradually improved by several orders of magnitude by
mean of traps for slow neutral atoms. At the beginning laser cooled atoms
were trapped in a magneto-optic trap (MOT) and dropped one by one across
the nearby cavity. Transits of duration T = 100µs allowed the study of the
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non-linear optical response of individual atoms and the presence of cavity
forces due to Lamb shifts in the strong cQED interaction [146, 147]. In a
recent cQED experiment using a MOT trap, indistinguishable single pho-
tons of controlled shape were efficiently generated [148]. The cQED cavity
forces were at the core of optical traps where an attractive pseudopotential
experienced by the dressed states |n,∓〉 of the Jaynes-Cumming ladder was
able to confine for about 0.5 ms slow atoms interacting with a very weak
intracavity field [149–151]. The position-dependent atom-field strong cou-
pling influenced the transmission of a weak laser probe through the cavity.
The heterodyne detection of this transmission allowed the reconstruction of
single-atoms trajectories in the cavity and the demonstration of the atom-
cQED microscopes [150, 152, 153]. The trajectory of one Cs atom, after it
was dropped inside the cavity and inferred from the position-dependent atom-
cavity interaction, is plotted in Figure 1.5(b) from [150]. In a related exper-
iment, the Caltech group has demonstrated the photon blockade effect using
the intrinsic anharmonicity of the dressed states ladder in systems with single
atoms strongly coupled to an optical cavity filed [154]. Although atomic con-

(a) (b) 

(c) (d) (e) 

Figure 1.5: Atomic c-QED experiments with Cesium atoms in optical cavity. (a) The experimental setup
used in the Kimble’s group at Caltech where Cesium atoms are dropped inside the optical cavity where
they strongly interact. Differently from the microwave experiments the system is probed here by mean
of an external laser then detected by a standard detector in the visible range. (b) Atom trajectory as
recorded by Hood et al. [150] observing the variation of atom position dependent the c-QED coupling in the
system. (c-d) First experimental demonstration by Thompson et al. of strong coupling by observing the
Rabi splitting for different configuration of exited atoms and thus photons injected into the cavity [137].

finement with quantized QED fields was an important advance in obtaining
well-localized atoms, it remained preferable to decouple the trapping field
from the QED interaction. New far off-resonance dipole traps (FORT) were
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successfully implemented by several groups [144,155,156]. In this traps a far
detuned optical beam traps the atom by means of an ac-Stark shift dissipa-
tive force without affecting its state. The interaction time in these devices
was further extended in the range of several seconds allowing for interesting
results as the deterministic creation of single photons from the same atom in
the so called "photon gun" [157–159], one of the crucial component in view
of future quantum optical applications. It is worth mentioning also the con-
siderable results about trapped Calcium ions Ca+ in optical cavities, as first
theoretically considered by Meyer et al. [160]. The ion-trap laser was first
realized [161] and a later experiment proved that the waveform of a single
photon can be deterministically controlled [162].

Much effort was spent in the last years trying to further improve the
atom-photon manipulation in strong coupling regime towards a possible on
chip integration. New cQED systems were developed allowing to couple
individual atoms with the whispering gallery modes of ultrasmall cavities
like dielectric quartz microspheres [163–165] and microtoroidal resonators [49,
166,167]. For the former systems Rabi frequencies around Ω0 ∼ 1.5 GHz were
estimated while the latter exhibited Ω0 ∼ 80 MHz . A recent experimental
breakthrough has been the trapping of an atom by optical tweezers in a
silicon photonic crystal resonator((Ω0, κ, γ) = 2π(0.08, 80, 0.006) GHz) [168],
and other optical devices have been recently engineered to achieve larger
coupling efficiencies [169]. New schemes have been also proposed to create
single photon source with atoms strongly coupled to photons inside optical
cavity. In one of these an entangled photons pair can be deterministically
generated by means of two successive atom-photon quantum interfaces based
on optical cavities with high quality factors [170], one step further from the
entanglement scheme proposed by Cirac et al. in 1997 [7].

1.3.2 Solid state c-QED

Since the pioneering works of Nakamura [171] and Yablonovitch other emerg-
ing solutions with better scalability and on chip integration started to ap-
pear. Different types of superconducting solid-states systems (reviews [50,
51, 53, 172, 173]) and semiconductor photonic bandgap resonators came into
light [49, 174–181]. It was clear that a robust single photon source coupled
to a photon field inside a scalable resonator on chip would be an essential
ingredient for future optical quantum technologies. It turned out that such
requirements could be potentially fulfilled by other non-atomic single photon
sources in the form of artificial atoms integrated permanently inside nano-
scale resonators. The era of solid-state cQED begun.
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Semiconductor QED

After the first proposal by Yablonovitch to use a high dimensional photonic
crystal (PhC) for atomic spontaneous emission suppression [174], much at-
tention has been directed towards photonic bandgap devices. In these struc-
tures with a periodic modulation of the refractive index, forbidden frequency
ranges for light are created by interference effects. Such phenomenon is the
light analogous of the electronic bandgap in semiconductors where the regu-
lar arrangement of atom results in a periodic potential producing forbidden
energy bands. Similarly, inside a photonic bandgap material (or photonic
crystal), photons with specific energy cannot propagate and the available
density of optical states (DOS) is highly reduced. A quantum emitter em-
bedded inside these devices would experience spontaneous emission inhibi-
tion. By breaking the periodicity of the structure in a well defined region
of space, a defect or cavity can be created. A careful engineering of such
microcavities leads to electromagnetic resonant modes with proper polariza-
tion and field pattern to which the emitter can be coupled and its radiative
decay enhanced. At the turn of the 1990s different groups have demon-
strated inhibition and enhancement of atomic transitions in such photonic-
bandgap devices [175, 177–179, 182, 183] well summarized in the reviews of
Yamamoto [45,180] and Mabuchi [181].
At the beginning of the 1990s, a modified Stranski-Krastanov growth mecha-
nism driven by self-organization phenomena at the surface of strongly strained
semiconductor heterostructures was realized to fabricate three-dimensional
structures with quantized energy level and atom-like transitions, commonly
known as quantum dots (QDs) [184]. The possibility to monolithically inte-
grate such QDs inside photonic bandgap material during the epitaxial growth,
paved the way to new nm-scale devices towards the realization of scalable
semiconductor system for integrated c-QED experiments and applications.
Few years later microcavities as microdisks [185], micropillars [186–188], pla-
nar photonic crystals cavities (PhCCs) and waveguides [189] were fabricated
with high integration capability, which provides an advantage over the ultra-
high Q silica and dielectric microspheres proposed and studied in the same
period [165, 190–195]. A more detailed discussion of semiconductor cavity
electrodynamics in the case of quantum dots (QDs) coupled to photonic
crystal cavities (PhCCs) is given below in section 1.4, after a short summary
of the main results with superconducting circuit c-QED.
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Superconducting circuit QED

In circuit QED the emitter is represented by a superconducting qubit source
with discrete energy levels. The observation of coherent dynamics of a su-
perconducting charge qubit by the Nakamura group [171, 196] inspired the
integration of superconducting quantized systems with electromagnetic cavi-
ties to form a new type of solid-state cQED systems. The coherent evolution
of a qubit-photon state was proposed in system such as LC circuits [197,198],
junctions [199, 200] and 3D cavities [201, 202]. In 2004 Blais et al. [203]pro-
posed to couple a superconducting charge qubit to a coplanar waveguide
resonator in order to realize a cavity QED system on chip. Based on this
proposal, Wallraff et al. observed for the first time the vacuum Rabi splitting
with a qubit strongly coupled with a single microwave photon [204] as also
shown in Figure 1.6(d). Most circuit QED setups still use as a cavity a 1D
transmission line in the form of coplanar waveguide (CPW) resonators [205]
with quality factors Q ∼ 105 − 106. These CPWs allow to create well local-
ized fields in one region of the chip where a superconducting qubit source
can be positioned. The sketch of a superconducting circuit c-QED system
and the SEM micrograph of a final device using a cooper pair box as artifi-
cial atom (as used in [203] and [204]), are reported in Figure 1.6(a) and (b),
respectively. The quantized emitter is normally created by transmission-line
shunted plasma oscillations also called transmons [206, 207]. It is based on
the concept of Cooper pair box (CPB) [171, 208]. Cooper pairs of electrons
bounded together at very low temperature [209] can coherently tunnel across
a Josephson junction [210,211] between a superconducting island coupled to
a superconducting reservoir. Josephson junctions consists of two supercon-
ducting electrodes coupled by a very thin (∼ 1 nm) insulating barrier where
a current can travel with zero resistance due to the Josephson effect. Quan-
tized states can be created with two charged states defined by the number of
charges in the CPB. Other investigated superconducting qubits include the
flux quantization in non-linear SQUID inductors and the phase quantization
in the current-biased junction (for deeper reviews see [172, 173]). In circuit
QED experiments the accessible parameters are comparable to atomic sys-
tems with (Ω0, κ, γ) in the order of 2π(10, 1, 1) MHz, respectively. After the
first observation of strong coupling a remarkable number of solid state cir-
cuit QED experiments were performed. To recall just a few, the measurement
of the ac-Stark shift in the spectrum of a strongly coupled superconducting
qubit [212], the observation of vacuum Rabi oscillations [213], the demonstra-
tion of a single photon source [214] and single qubit lasing [215], the coupling
of two qubits via a cavity bus [216,217], the observation of the nonlinearity of
the Jaynes-Cummings ladder [218], the observation of the Lamb shift [219],
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the generation of pure and superimposed Fock states [220, 221], the demon-
stration of two qubit entanglement [222], the demonstration of gates and
basic two qubit quantum computing algorithms [223], the violation of Bell’s
inequalities [224], the demonstration of single shot qubit readout [225], the
implementation of photon storage and qubit readout [226],the measurement
of the quantum-to-classical transition in cavity QED [227], the quantum non-
demolition detection of single microwave photons [228], the time-shaping of
single microwave photons [229], the preparation and generation of highly en-
tangled 2 and 3-qubit states [230,231] and the first measurement of microwave
frequency photon antibunching [232] using linear amplifiers and beam split-
ters on-chip. Similarly, strong interactions have also been observed between
superconducting qubits and freely propagating photons in microwave trans-
mission lines. This includes the observation of resonance fluorescence [233]
and induced transparency [234] with a single superconducting artificial atom.
A recent experiment demonstrated the control of non-classical Fock states to-
gether with the catch, the temporary storage and the subsequent release of
photons using a SQUID coupled to microwave resonator [235] (see Figure
1.6(c)).

1mm 

Cooper Pair Box 

T=20 mK 

2g 

(a) (b) 

(c) 
(d) 

Figure 1.6: (a) Superconducting circuit QED design. A superconducting Cooper pair box at T=20 mK
can be coupled with the microwave field of the superconducting waveguide [53]. (b) SEM micrograph of
the real device and magnified view of the Cooper pair box [203,204]. (c) Catch and release experiment of
microwave photon showing the capability to fast tune the coupling between the quantum emitter and the
cavity field in and out of resonance at arbitrary delays [235]. (d) first demonstration of strong coupling
Rabi splitting in circuit QED [204].
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However superconductivity can break down around electromagnetic fre-
quencies from 1 to 30 GHz. This sets a stringent requirement on the working
temperature that, to suppress the black-body radiation, must remain below
100 mK. Electrons interact much more strongly with the environment than
photons and a long phase coherence is more difficult to achieve. Moreover RF
interferences can reduce the critical current of a Josephson junction, under-
mining the functioning principle of a superconducting qubit. Furthermore
superconducting circuit QED systems work in the microwave domain and
are very difficult to scale down and integrate with other passive or active
components on chip on a µm-scale. For these reasons the semiconductor het-
erostructures or novel systems, that can be engineered and integrated on chip
thank to advanced semiconductor nanofabrication techniques, seemed to be a
better possible solution in terms of scalability. The most representative actors
here are semiconductor quantum dots (QDs) and nitrogen-vacancy centers in
diamond (for a better discussion on this see [236–238]) monolithically inte-
grated in photonic-bandgap devices allowing for generation and manipulation
of single photons in the optical and near-infrared domains. Nitrogen-vacancy
center have a very long spin coherence time (& 0.5 sec [239]) and show Pur-
cell enhancement and single-photon when integrated within photonic crystal
cavities [237] as well as c-QED strong coupling regime when coupled with
high Q microsphere resonators [240] in low and room temperature experi-
ments. Nevertheless we will focus in the following on the fascinating systems
of semiconductor single quantum dots in photonic-bandgap devices.

1.4 c-QED with QDs and PhCCs

Semiconductor cavity quantum electrodynamics (c-QED) systems in the case
of three-dimensional semiconductor heterostructures, namely quantum dots
(QDs), coupled to semiconductor photonic crystal cavities (PhCC), are pre-
sented in the following.

1.4.1 Photonic Crystals

A one dimensional photonic crystal realized by alternating thin films with
high refractive index contrast and also known as Distributed Bragg Reflector
(DBR) has been studied intensively for several decades. Among its different
application we recall the vertical cavity surface emitting laser (VCSEL) [241]
and the DBR micropillar cavity [186,242].

An ideal light confinement in all spatial directions can be obtain ideally
only by a complete three-dimensional photonic bandgap. One of this kind
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Figure 1.7: Example of photonic crystals as the result of the periodic modulation of the refractive index
in different dimensionality. 1D-Bragg mirror in a micropillar [243]. 2D - Photonic crystal hexagonal lattice
in GaAs membrane (TU/e). 3D - complex structure with modulation in all spatial dimension (courtesy
of http://www.nanoscribe.de)

was successfully demonstrated by Yablonivtch’s group with the first fabri-
cated a 3D PhC,a meta-material called the "Yablonovite" [183]. However
the fabrication of a 3D photonic crystal still remains today a challenging
task, which precludes in practice the possibility of integration. An overview
of the possible types of photonic crystal structures with a 1D-, 2D- or 3D-
lattice, is reported in Figure 1.7.

A planar technology has appeared as a promising compromise between
confinement efficiency and integration feasibility. Two-dimensional photonic
crystals [189] offer a better confinement than the one-dimensional case and
facilitate fabrication and analysis with respect to the three-dimensional coun-
terpart. Semiconductor in-plane PhCC can provide extremely small mode
volumes and large Q have been predicted and measured for certain de-
signs [244–250].

In its general definition a photonic crystal is a dielectric structure where
the relative dielectric constant ε(r) is spatially periodically modulated such
that ε(r + R) = ε(r), with R the lattice vector of the periodic crystal. A
discrete translational symmetry arises and affects the propagation of light as
solved through the Maxwell equations. If the material is assumed isotropic
with very low losses (in order to write the permittivity as a real function
with no frequency dependence), the field strength small enough to work in
linear regime and no isolated charges and external currents are present, the
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Maxwell equations, with magnetic permeability µ set to 1, are written as
follows [251]:

∇ · ε0ε(r)E(r, t) = 0 (1.33)

∇ ·B(r, t) = 0 (1.34)

∇×E(r, t) +
∂B(r, t)

∂t
= 0 (1.35)

1

µ0

∇×B(r, t)− ε0ε(r)
∂E(r, t)

∂t
= 0. (1.36)

The steady-state harmonic solutions for the macroscopic electric and mag-
netic field E(r, t) and H(r, t) = 1

µ0
B(r, t) can be written in the form

E(r, t) = E(r)e−iωt (1.37)

H(r, t) = H(r)e−iωt (1.38)

where the spatial components are factorized with oscillatory terms. When
these harmonic functions are inserted in the Maxwell equations the solutions
for the fields are given by a master equation very similar to the Schrödinger’s
eigenvalue problem. For the magnetic field it reads:

(∇× (
1

ε(r)
∇×)H(r) =

ω2

c2
H(r) (1.39)

where c = 1/
√
µ0ε0 is the speed of light in vacuum. The corresponding

electric field becomes:

E(r) =
i

ωε0ε(r)
∇×H(r). (1.40)

In complex dielectric media the fields profiles and frequencies can be esti-
mated by numerical methods that, under certain boundary conditions, can
compute the eigenstates and the eigenvalues of the problem. According to
the Bloch’s theorem the mode profile of the magnetic field in the periodic
structure can be expanded as a superposition of many waves in the form

H(r) =
∑
k

Hk =
∑
k

eik·ruk(r) (1.41)

where Hk are the Bloch states relative to the Bloch wave vector k, noth-
ing more than a plane wave eik·r modulated by uk(r), the periodic Bloch
function that incorporates the translational symmetry of the lattice. For a
given structure, a band diagram is extracted by varying the wave vector k
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within the so called Brillouin zone. A dispersion relation ω(k) between the
mode wave vector and its frequency is calculated as a modification of the
free-space case (ω = c|k|). Index contrast and periodicity fix the regions
within the Brillouin zone where Bloch states cannot exist. These regions
are called photonic bandgaps and photons with the corresponding energies
cannot propagate inside the photonic crystal but are reflected. The bands
below and above the bandgap are called respectively dielectric and air band.
In the former case an electromagnetic mode of the band tries to occupy the
space inside the high-index material (often a semiconductor) while in the
latter case the field density is concentrated mainly in the air holes of the
lattice. To extend the analogy with the electronic counter part even further,
the modes close to the dielectric band are sometimes called acceptor like and
the ones close to the air band donor like defect (see Figure 1.9).

Photonic crystal cavities in membranes

A cavity can be created by introducing one or more defects in the periodic lat-
tice of a photonic crystal slab. In general for planar PhCC one or more holes
are removed from the hexagonal array to create H1, L3, L5 or other cavities.
As already pointed out two-dimensional PhCCs are a good choice in term
of integration and fabrication feasibility. Moreover, as we will discuss below,
their transverse electric modes (TE), with the electric field polarized in the
plane of the membrane, show a good match with the quantum dot polariza-
tion. In a slab PhCC, light is confined in the plane due to the Bragg reflection
of the photonic crystal and in the vertical direction z by total internal reflec-
tion. A three-dimensional sketch of a typical L3 cavity, realized by removing
three adjacent holes from the 2D lattice in the suspended PhC membrane, is
shown in Figure 1.8. The previous solution of the Maxwell equations can be
decomposed in an in-plane and an out-of-plane components [251]. Also the
total wave vector k can be decomposed in a vertical component kz and in a
planar one k‖ where |k‖|2 = k2

x+k2
y. The in-plane vector k‖ gives the photonic

bandgap that results from the Bloch periodicity. Furthermore a wave in the
membrane that would be free to propagate to the vertical direction would
have a real kz and would be a field of the form eikz ·z. On the other hand,
a guided wave, confined by total internal reflection in the z-direction, would
decay exponentially in this direction resulting as e−kz ·z,which is evanescent
along z. Considering that k2

x + k2
y + k2

z = k2 = (ω/c)2, a leaky mode with
k2
z > 0 has (ω/c)2 > (ω‖/c)

2 and lies in the light cone above the light line (see
Figure 1.9). Conversely for a guided mode below the light line the opposite
is true, (ω/c)2 < (ω‖/c)

2, and the field is confined. The amount of leaky
components, i.e. the weight of the part of the k-distribution above the light
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Figure 1.8: Three-dimensional artistic rendering of the cross-section of a modified L3 photonic crystal
cavity membrane suspended due to the etching of the sacrificial layer underneath. The inside layer coloured
in red represents the self assembled QDs, which can couple to the cavity field pattern that is maximum
in the center of the slab.

line, determines the mode’s quality factor Q. The quality factor, together
with the volume V of the cavity is an important parameter characterizing
the mode and a cQED system in general. It can be expressed as the ratio
between the total energy stored in the cavity and the sum of the planar (Γ‖)
and vertical (Γ⊥) energy loss rates as

QRAD =
Ucav

Γ‖ + Γ⊥
=

ω

2κ
=

λ

∆λ
(1.42)

where κ is the decay rate of the optical energy stored inside the cavity and
κ/2 the decay rate of the corresponding field, neglecting absorption effects.
In a more general treatment, the total quality factor is limited by optical
absorption in the photonic crystal material and a correction is needed [252]

1

QTOT

=
1

QRAD

+
1

QABS

(1.43)

1

QABS

= F · α
k

(1.44)
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where α = 4πni/λ is the absorption coefficient (∼ 1 for intrinsic GaAs),
k = 2πnr/λ is the wave vector and nr, ni are the real and imaginary parts
of the complex refractive index n = nr + jni. F is a correction factor taking
into account the ratio between the field distribution inside the total volume
of the absorptive material and in the cavity volume Vcav

Vcav =

∫
ε(r)|E(r)|2d3r

max[ε|E(r)|2]
(1.45)

Figure 1.9: Band diagram through the three critical points Γ, M and K of the first Brillouin zone for
a triangular photonic crystal slab with lattice constant a, radius r = 0.48a as calculated in [251]. The
TE photonic bandgap is highlighted in yellow while the light cone is grey. The top and bottom inset on
the right show the distribution of the electric field for a photonic mode close to the air and the dielectric
bandedge respectively.

1.4.2 Quantum Dots

When combined with modern techniques in semiconductor quantum dot
(QD) growth [184], the photonic bandgap resonators can provide that level
of control and integration that future quantum technologies in the optical
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domain require. Semiconductor QDs integrated inside photonic cavities are
potential systems for cQED experiments on chip where light-matter inter-
action can be locally controlled. Nowadays multiple types of semiconductor
quantum dots (QDs) can be permanently integrated in various photonic de-
vices using epitaxial growth techniques and the processing facilities from the
semiconductor industry [184]. They can be engineered to have a wide range
of desired optical properties and are the key components of semiconductor
single-photon sources emitting in the low-loss transmission bands of single
mode fibers at 890 nm, 1310 nm and 1550 nm, as other frequencies are sup-
pressed by scattering and absorption. These quantum emitters are made
of thousands of atoms but nonetheless have ”atomic-like” optical properties.
The carriers inside the valence and the conduction bands of these mesoscopic
heterostructures are three-dimensionally confined to the nm-scale, smaller
than their de Broglie wavelength at 300 K (∼ 10 nm), leading to a quantized
spectrum of energies. Their discrete emission make them the ideal candi-
dates for cQED experiments. Among the possible systems, self assembled
InAs QDs were proved to fulfill a series of requests for quantum applications.
They can be grown by the Stranski-Krastanov method [184,253,254] directly
into a semiconductor matrix with higher energy gap like GaAs. About 2
monolayers of InAs are grown until the strain due to a 7% lattice mismatch
with the underlying GaAs substrate is relaxed and pyramidal or truncated-
pyramid shape islands are formed [255] (see the atomic force microscope
characterizations in Figure 1.10(c) ).

Since the nucleation process during the epitaxial formation is intrinsically
random, QDs are produced with different sizes in uncontrollable positions.
The size distribution has an effect on the emission wavelength uniformity
with a spread of 10 − 40 nm for low-density (< 10 QDs per µm2) QDs en-
sembles. When capped by a top GaAs layer of at least 20 − 30 nm they
developed a truncated pyramid or lens shape with standard in-plane dimen-
sions of 10− 70 nm and heights of 1− 10 nm as measured by AFM (atomic
force microscope) and TEM (transmission electron microscope) [256, 257].
The capping step is crucial to make this quantum emitter optically active.
An InAs/GaAs heterojunction is formed with the low bandgap InAs region
forming a potential box with the surrounding barrier of the higher bandgap
GaAs matrix. The small aspect ratio of self-assembled QDs sets the dom-
inant quantization axis along the growth direction [001]. The transitions
with lower energies are the ones which comprise the recombination to an
heavy-hole in the valence band. For this reason emissions from QD have a
prominent heavy-hole character with the polarization of the emitted photon
that lies in the plane perpendicular to the [001] crystallographic direction.
The excitonic states of a QD are therefore ideal in coupling with a transverse
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electric- (TE) polarized PhCC mode to implement light-matter interaction
at the single photon level. The carriers that recombine inside a QD can
be excited electrically or optically. In the fundamental optical excitation
an electron is promoted to the conduction band leaving a hole in the va-
lence band to which it can be bound, due to Coulomb interaction, forming a
quasi-particle called exciton. Shape and indium concentration determine the
electron and hole wavefunction distributions inside the QD. Truncated pyra-
mid QDs, with an indium concentration gradient toward the top, normally
exhibit a significant inverse dipole moment with the hole residing above the
electron [256]. Such electron-hole pair is generally treated as a quasi-particle
called exciton or more precisely neutral exciton. Among the optical methods,
the non-resonant, the quasi-resonant or the resonant excitations can be used
(see Fig. 1.10(a)). In non-resonant excitation electron-hole pairs are created
above the bandgap of the GaAs barriers surrounding the QD and subse-
quently relax into the QDs. The resonant excitation consists of pumping at
exactly the QD exciton energy to directly produce the desired state. The
former is easier to implement but suffers from higher background emission
and more prominent non-radiative recombination channels. The latter gives
a cleaner emission spectrum but is difficult to implement since the resonant
excitation laser must be properly filtered out from the collected signal. A
quasi-resonant excitation is normally used as a good compromise between
these two. A laser pump with a wavelength lower than the target transition,
excites the carriers at higher energy levels within the QDs but still below the
GaAs bandgap, which then relax to the desired excitonic state with lower re-
combination energy. In this way the emission spectra are cleaner than in the
non-resonant configuration and the fluorescence signal can still be separated
from the pump by using a simple high-pass filter. The comparison between
the non-resonant and the quasi-resonant excitation schemes is sketched in
Figure 1.10(a). The electrical excitation is also possible by embedding the
QD inside a diode structure where carriers are injected in the QD from the
two sides of the p-n junction [258–260].

Once externally excited, these solid-state emitters exhibit sharp emission
lines (30− 100µeV) due to the recombinations of carriers from the quantized
energy levels [261, 262]. A schematic representation of the main excitonic
states within a self-assembled QD is reported in Figure 1.10(b). A QD emits
light with transverse electric (TE) polarization in the plane. This is due to
the fact that the holes states in the strained self-assembled QD have a domi-
nant heavy hole character as it will be described in more detail in chapter 3.
Nevertheless, due to a small asymmetry in the QD lateral dimensions, two
planar polarizations arise, nominally the vertical and the horizontal polar-
ization along the direction where the QD has lower or greater width, respec-
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tively. A quadruplet of excitonic states exists, normally split in two doublets,
one for dipole-allowed bright exciton states with angular momentum equal
to 1 and one for the dark exciton dipole-forbidden transitions with Jz = 2
(see chapter ?? for more details). The in-plane asymmetry of a real QD
lifts the degeneracy and an exciton fine-structure arises [263]. The bright
exciton states are separated from the dark exciton ones by 1µeV while the
vertically polarized bright exciton can have 10 − 100µeV more energy than
the horizontally polarized one. Bright and dark excitons can be connected
by a slow process known as spin flip mediated by short-range electron-hole
interaction or coupling with lattice vibrational modes [264,265]. The electron
or the hole in a dark exciton created with a non-resonant or quasi-resonant
technique can change its spin becoming a bright exciton that subsequently
decays emitting a photon. For this reason the excitation line of a weakly
pumped QD shows a bi-exponential decay with a fast component (∼ 1 ns)
and a slower one (∼ 3 ns). The Heisenberg uncertainty principle is at the
core of the time-bandwidth product ∆E∆t > ~/2 between the spectral width
and the duration of the photon pulse emitted by a QD. The radiative limit
(or Fourier-transform limit) is the configuration at the lowest bound of this
relation, when the coherence time of the emitter is equal to twice its radiative
decay time in the bulk, i.e. 2τ 0

decay/τcoherence = 1. Such a special condition can
be achieved if the dephasing of the radiative emission is zero and is the main
requirement for a perfect two-photon interference between indistinguishable
photons. In the real experiments it holds

1

τcoherence
=

1

2τ 0
decay

+
1

τdephasing
(1.46)

where the dephasing time τdephasing (∼ 0.8 ns at 5 K [266]) can be shorter
than the radiative lifetime of the QD but still greater than zero. The coher-
ence length is then shorter than the radiative limit, with a relative broader
QD line, and single photons emitted from the same QD are unlikely to be
perfectly indistinguishable (non-zero peak at zero delay between single pho-
ton detectors in a Hong-Ou-Mandel autocorrelation experiment). Moreover
the single-photon generation rate is low, as determined by the long excitonic
lifetime (∼ 1 ns). Microcavities can help in solving these problems by employ-
ing cavity quantum electrodynamics (c-QED) in the weak or strong coupling
regimes in order to create sources of Fourier-transform limited single photons
with a high emission rate and an improved level of indistinguishability for
robust quantum networks.

Quantum dots can contain also multiple electrons and/or holes leading
to other states in addition to that of the single neutral exciton X0. The
lowest multiexcitonic s-shells states include a negatively (positively) charged
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Figure 1.10: (a) Energy bands and pumping schematics for InAs QDs inside a GaAs barrier for non-
resonant and quasi-resonant excitations. (b) Energy levels of the excitonic and multiexcitonic states formed
inside a QD (reprint from [54]). The biexcitonic cascades towards the polarized bright exciton states are
indicated by the arrows. The polarization-dependent spin-splitting between the two bright exciton states
is indicated in violet and is related to the asymmetric shape of the QDs. (c) Atomic Force Microscope
image of low-density self-assembled InAs QDs on GaAs. The typical dimensions shown in the inset give
an emission wavelength around 1400nm at room temperature (AFM image by T.Xia, TU/e).

exciton X− (X+) and a biexciton XX. Excitons in even higher states are
normally neglected since after creation they decay very fast (ps time scale)
towards the corresponding lowest states. Biexcitons can decay radiatively to
either of the bright excitons during the so called biexciton cascade [267]. In
this process two photons per excitation cycle are produced, which are indis-
tinguishable if the bright-exciton spitting is negligible. Following the early
proposal of Benson et al. [268], various groups could demonstrate the entan-
glement of two-photons in biexciton cascade by reducing this spin-slitting
with an external magnetic field [269], with optimized growth conditions [270]
or with sample annealing [271].

In contrast to atomic systems, the QDs can strongly interact with phonons
or impurities in the solid state surroundings. The coupling with longitudinal
acoustic phonons broaden the QD linewidth to hundreds of µ eV or few
meV at temperature above 50 K, and emission/absorption side bands start
to appear beyond the zero-phonon line [54, 272]. For this reason a QD for
c-QED should be normally operated at low temperatures below 30 K where
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the temperature-dependent homogeneous broadening is reduced [266].
As already stated the emission wavelength of single QDs can be tuned

by changing their dimension. Most of the experimental works done so far
have used small InAs quantum dots emitting around 900 nm and exclusively
at low temperatures due to the weak confinement. The most efficient QDs
sources in this range are able to provide photons with a considerable rate
of 4 MHz under pulsed excitation at 82 MHz [273]. Bigger QDs offer a
better confinement and they can emit also at room temperature although
the linewidth is negatively affected. When rich in In [257] (by using a 5 nm-
thick In0.2Ga0.8As capping layer), they can be tuned at around 1.3µm at low
temperature, which is a suitable wavelength for long-distance optical fiber
transmissions (attenuation loss of ∼ 0.35 db/km at 1310 nm) [274]. Such
QDs are the emitters used in the devices of our research. InAs QDs together
with semiconductor photonic-bandgap devices constitute a suitable system
for integrated cQED experiments [275,276].

1.4.3 QDs-PhC experiments

Coherent and indistinguishable single-photon emission is a crucial require-
ment for several quantum applications. Real implementations would benefit
from a single photon source with high quantum efficiency. Most of these
requests can be fulfilled by exploiting the weak and strong coupling regimes
of semiconductor cQED in photonic crystal cavity devices.

Single-photon emission from quantum dots was demonstrated in several
experiments by measuring the second order correlation function g2(τ) using a
Hanbury-Brown and Twiss set-up. Antibunched and sub-poissonian statistics
of the emitted photons were proved at different energies [267,277–283]. Other
experiments focused on the interference of the emitted photons [284, 285].
Hong-Ou-Mandel interferometric experiments could demonstrate the gener-
ation of two coherent and indistinguishable photons from the same InAs
QD [286, 287]. Figure 1.11(a) shows the SEM image of micropillar cavities
used by Santori in his experiments to demonstrate antibunching single pho-
ton emission in a Hanbury-Brown-Twiss (HBT) setup(Fig. 1.11(b)) and two
indistinguishable photons interference in a Hong-Ou-Mandel interferometer
(Fig. 1.11(c)). The QD spontaneous emission control was first achieved
in micropillars [186–188, 243, 288–292] and microdisks [293, 294] and then
in photonic crystals where both inhibition and enhancement were demon-
strated [288](Fig. 1.11(d)) [295–297]. The Purcell effect in two-dimensional
photonic crystal cavities was studied by various groups [298–302] as a method
for improving the quantum efficiency of single-photon sources, once the de-
tuning ∆ = ω0 − ω between the QD emission and the cavity field is re-
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duced to zero, or for mapping the local density of optical states in a pho-
tonic device [303]. The extended Purcell enhancement mediated by lon-
gitudinal acoustic phonons (∆ < 4 nm) and QD-quantum well hybridiza-
tion (∆ > 4 nm) was also reported [304, 305]. Electrically controlled QD
in lateral [306] or vertical heterojunctions allowed the generation of single
photons on demand, as for the single-photon LED by Bennett et al. [259],
or QD-based nanolaser as reviewed by Strauf and Jahnke [307]. The re-
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Figure 1.11: Main experimental c-QED results with QD in microcavities. (a) Micropillar cavities used
in [286] to measure the antibunching single photon signature of a single QD and the interference of two
indistinguishable photons in a Hong-Ou-Mandel-like setup, respective in (b) and(c). (d) Time-resolved
photoluminescence (TRPL) experiment reprinted from [288], showing the enhancement and inhibition of
the spontaneous emission of a single quantum dot (QD) respectively tuned in and out of resonance with
respect to a cavity mode. (e) SEM micrograph of a modified L3 photonic crystal cavity as used in [5] to
prove strong coupling effects such as the anticrossing between a QD and a PhCC mode in (f) and the
Rabi Splitting in (g). Time-resolved signal from a QD strongly coupled with a cavity mode. The plot,
reprinted from [305], shows two Rabi oscillations of the intracavity photon population during the c-QED
evolution of the system after the initial optical excitation of the QD to its excitonic state. The optical
losses in the system quench the signal after the first 100 ps.

finement of manufacturing techniques for high-Q cavities fabrication, has
enabled the achievement of strong coupling also in semiconductor cQED
since the early 2000s [242, 308]. After the first demonstration of strong cou-
pling between a single QD and a micropillar PhCC by Reithmaier et al. in
2004 [4] and with a photonic crystal cavity by Yoshie et al. in the same
year [5](Figure1.11(e)(f)(g)), different groups studied anticrossing and Rabi
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splitting with similar or other QD-PhCC systems. Various cQED parame-
ters (Ω0, κ, γ) = 2π(20− 50, 8− 20, 1) GHz were spanned in micropillar cavi-
ties [309], microtoroid resonators [294], photonic crystal nanobeams [310] and
photonic crystal cavities without [305] (see Fig. 1.11(h)) or with alignment
to an AFM pre-localized emitter [304,311]. Other strong coupling non-linear
phenomena like photon blockade and photon tunneling were also observed
by the Vučković’s group in 2008 [312]. The cQED parameters for different
system of QDs integrated in photonic devices are summarized in Table 1.1.

In the last years a big effort was spent to realize integrated semiconduc-
tor devices towards the realization of a quantum network on chip [313, 314].
Important results include the generation of entangled photon pair [269–271,
315] and the single-photon generation from individual self-assembled InGaAs
quantum dots coupled to the guided optical mode of a GaAs photonic crystal
waveguide towards the realization of an on-chip, highly directed single-photon
source with β-factor& 85% [316]. A key component for robust quantum net-
works and many quantum applications is the photonic quantum logic gate,
where the quantum state of a solid-state quantum bit (qubit) conditionally
controls the state of a photonic qubit. The possibility of a scalable opti-
cal quantum computing application (having its principal component in the
single-photon transistor) has been recently pushed forwards due to the results
on the ultrafast photon-photon interaction mediated by a strongly coupled
QD-cavity system on chip [317,318], the demonstration of the quantum phase
gate and the first implementation of a controlled-NOT gate realized with a
QD strongly coupled to a nanocavity [319]. The Quantum teleportation has
been recently used by the Imamoğlu’s group to transfer the quantum infor-
mation carried by a photon (generated in a superposition state, using the
resonant excitation of a neutral dot) to a semiconductor spin [320]. The high
control on entangled photon pairs in the recent years has pushed the QD-PhC
technology forward so that it is now considered a mature alternative to her-
alded single-photon sources from spontaneous parametric down conversion
(SPDC) in non-linear crystal. When it would be possible to tune multiple
single-photon sources in resonance with a high degree of indistinguishability
and integrate them with scalable single-photon detector, quantum simulators
and boson sampling implementations will become possible by using quantum
linear optical networks to solve on chip problems that are intractable on
conventional computers [321–325].

The main parameters of the cQED systems described so far are summa-
rized in table 1.1 for the experimental works in strong coupling regime.
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1.4.4 Ultrafast control of the c-QED interaction

Single excitons in semiconductor microcavities represent a solid-state and
scalable platform for cavity quantum electrodynamics (c-QED), potentially
enabling an interface between flying (photon) and static (exciton) quantum
bits in future quantum networks [1] As already described before in this chap-
ter, an optical cavity modifies the electromagnetic environment of an emitter
and thereby its radiative recombination dynamics. In the weak-coupling
(WC) regime, i.e. when the cavity loss rate exceeds the emitter-cavity cou-
pling rate, the increased local optical density of states produces a change in
the spontaneous emission rate [56]. This enables the efficient funneling of
spontaneously emitted photons in a given mode, and can be used to realize
efficient single-photon sources [158] [159] [162]. In the strong coupling (SC)
regime, the emission becomes reversible and coherent Rabi oscillations of the
emitter and cavity populations are observed as already pointed out referring
to [4] [5] [137]. A dynamic control of the emitter-field interaction is needed to
take full advantage of c-QED processes. The real-time control of Rabi oscilla-
tions would enable the creation of entanglement between emitter and photon,
a fundamental resource in the context of quantum communications [1]. In the
WC regime, the ultrafast control allows for the generation of time-symmetric
photon wavepackets, as needed for efficient quantum interfaces [7, 326]. The
absorption of single photon pulses, indeed, plays a crucial role when a quan-
tum state has to be transferred by means of a single photon from a quantum
source to a similar target system in photonic quantum networks. Without
any control, the typical quantum sources in the network nodes, such as atoms
or quantum dots, emit photon pulses that are asymmetric in the time do-
main, with a sharp rise and a slow decay tail, resulting in a mode mismatch
where photon indistinguishability and thus quantum gate fidelity are com-
promised [327]. It has been shown that a two-level system in free space has
a perfect absorption for incoming pulses which perfectly match the time re-
versed emitter profile [328, 329]. Moreover, the tolerance of linear quantum
optical circuit against the effect of mode mismatch is highly dependent upon
the shape of the interacting photons’ wavepackets and can be optimized by
using Gaussian distributed photons with a large bandwidth [330]. Therefore,
quantum interfaces are made challenging due to the limited absorption in a
two-level system of an asymmetric single photon pulse emitted by a simi-
lar quantum source. The dynamic control of the c-QED interaction in WC
regime may offer a possible solution to this problem, providing QD-cavity
systems that are sources of time-symmetric single photon pulses, i.e. photon
wavepackets with a Gaussian-like profile [330,331].

In atomic c-QED system at microwave frequencies, this control is achieved
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by changing the interaction time [6], while at optical frequencies it is realized
by adiabatic passage techniques, which enable shaping a photon waveform
on 100 ns timescales [333] [7] [158] [162]. The catch and release of single
photons [235] as well as the photon waveform shaping [229] have been re-
cently demonstrated at microwave frequencies using superconducting circuit
quantum electrodynamics. While semiconductor c-QED systems, based for
example on quantum dots (QDs) in optical microcavities, present an evident
potential in terms of integration and scalability. However, the progress in
their application to quantum information has been strongly limited by the ab-
sence of fast control methods, which would enable the generation of symmet-
ric photons [328,331] as well as the implementation of quantum gate [334,335]
and of entangled photon-exciton state []. A number of approaches have been
proposed for the control of the exciton-cavity interaction [336–341], and a
more general discussion on the control methods in semiconductor c-QED is
given in the next section. However, none of them has been applied to control
c-QED on the ultrafast timescales typical of solid-state systems (10s ps in
the SC regime and 100s ps in the WC regime). A method for the all-optical
ultrafast control of quality factor and mode volume has been very recently
proposed by our group [342], but its application has so far remained limited to
ensemble of QDs, eluding the most interesting single-emitter, single-photon
regime. A possible solution can be the integration of single QDs in a photonic
crystal cavity diode designed to enable a > 1 GHz modulation frequency of
the exciton energy. By the fast tuning of the exciton energy via the quantum
confined Stark effect (QCSE), the QD-cavity coupling can be change on a
few 100s ps time-scale, which should be sufficient to reshape the temporal
waveform of the photon emitted in the WC regime.

the absorption, of symmetric single photon pulses within a coupled QD-
cavity system.

1.4.5 Control methods for semiconductor cQED

An efficient coupling of quantum dots with photonic crystal cavities is cru-
cial not only for the realization of efficient cQED system but also for the
implementation of quantum architectures that need single photon sources
with high quantum efficiency, coherence and reproducibility as for boson
sampling implementations [325]. The most interesting phenomena of cQED
show up when the emitter is in resonance with the cavity field and aligns to
one anti-node of its pattern. Unfortunately such spatial and spectral match
is not easy to achieve. The optical properties of the photonic bandgap device
relies mainly on its geometrical design. Once the semiconductor material is
chosen, a careful engineering of the lattice constant, the radius and the mem-
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brane thickness determines the bandgap width and the eigen-frequencies of
the cavity modes. After fabrication, no further control is possible. A stan-
dard procedure called lithographic tuning involves the patterning of multiple
photonic crystal cavities with different designs and increasing holes radius
and lattice parameters in the hope of getting the desired wavelength. The
patterning parameters can be slightly change by fraction of µm to match the
correct modes frequency, but uncertainties of few nanometers in the PhCC
production complicate the situation with the mode wavelengths that can
fluctuate of several nanometers from the nominal design. Even for a very ac-
curate optimization of the holes in the lattice, when random deviation smaller
than 0.33nm and quality factor in silicon of Q ∼ 106 can be achieved, the
reproducibility still remains a challenge [343]. Moreover the environment
conditions where the PhCC crystal is preserved or measured have a not
negligible impact on the mode wavelength. GaAs PhCC are susceptible to
oxidise and long measurement time inside cryogenic set-up can expose the
device to gas contamination that beyond a certain threshold start to slowly
shift the cavity resonances [301]. On the side of the emitters the situation is
not better. As already mentioned, the random nucleation of the QDs during
the epitaxial growth sets a limit for the control of their sizes and positions.
Consequently their energies cover a broad ensemble of values that most of
the time do not meet the couplings requirements. Different groups are trying
to control the positions of the QDs by growth in strain-induced nucleation
sites on patterned substrates [344] and in inverted pyramid recesses [345], or
implement new growth techniques like droplet epitaxy [265,346]. Others were
able to patter a proper PhCC around a quantum emitter previously charac-
terized in position and spectrum with microscopic techniques [304,311,347],
but this method does not enable the scalable integration of single-photon
sources with identical characteristics. Moreover, these attempts provided
in general lower quality QDs compare to the standard Stranski-Krastanov
method and most of the experiments still rely on confocal measurements of
sparse self-assembled QDs stochastically coupled to the PhCC. This is also
the case of the current research. A way to control the cavity mode wave-
length or the QD emission energy is therefore an essential requirement for
cQED experiments. Besides, irreversible methods like post-processing cavity
tuning by digital etching techniques [348] or by pattern modification through
additional burned holes [349], other methods allow a wider tuning range and
a certain degree of reversible control. We will summarize such techniques in
the following dividing, when possible, the strategies for cavity tuning from
those for QD tuning. Some of these techniques can provide that level of con-
trol that makes semiconductor c-QED a possible tool for using such tunable
single-photon source in integrated quantum applications on chip.
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Thermal tuning

Both the cavity modes and the QDs emission can be tuned by changing the
temperature of their environment. Due to the thermo-optics effect the elec-
tronic bandgap of the semiconductor is modified by the temperature variation
with a consequent modification of the exciton energy and of the refractive
index-dependent cavity resonances [350, 351]. Such thermal tuning is exper-
imentally easy to implement and can provide average tuning rates around
0.08 nm/K for the cavity modes [352] and 0.35 nm/K for QDs emission. The
sample can be heated up by heaters in the sample holder of the cryostat or by
integrated metallic micropads deposited directly in proximity of the cavity.
The former is normally implemented in every cryostat and offer a relatively
slow (tens of seconds) tuning while the latter was first used by Faraon et al.
with a nominal speed in the µs range [353]. Thermal variation can also be
achieved by the opto-thermal method with a power-tunable laser focused on
the device and exciting the material above bandgap. Power in the range of
hundreds of µW can already provide a temperature variation of about 150o

C with a tuning range below 20 nm [354] but this is not applicable to c-QED
experiments if the laser is focused on the cavity. This thermal technique can
be exploited for spectral aligning of cavity and emitter where their different
tuning rates provides the required wavelength crossing for a certain temper-
ature. However quantum experiments on quantum dots must be carried out
at temperature below 40 K when the phonon density and the QDs dephas-
ing are reduced. At a temperature around 9 K the thermal tuning range
is extremely small (fractions of nm) [336] and often unusable. The simul-
taneous change of the exciton and of the cavity frequency as a function of
the temperature tuning, has also the negative drawback that the mode and
the QD cannot be tune independently and most of the time the resonance
configuration is difficult if not impossible to achieve. Moreover the cavity
quality factor can be negatively affected at higher temperature making this
method not preferable.

Free-carrier injection

Since the refractive index of a semiconductor is strongly dependent on its
carrier concentration, a possible tuning mechanism relies on the injection of
free-carriers into the material. These free-carrier can be efficiently injected
electrically by using doped heterojunctions or optically with high power laser
pulses above bandgap. A negative shift of the refractive index can be ob-
tained as the consequence of various phenomena like band-filling (Burstein-
Moss effect), band-gap shrinkage and free-carrier photon absorption (plasma
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effect) [355]. The speed of this switching technique is very high in the picosec-
onds range for InP and GaAs cavities [356], [357]. A tuning range up to 8
nm was also reported by Raineri et al. [358]. Since the generated carriers can
affect the charge surroundings of the QDs and can recombine within the emit-
ters with high probability, the system dynamics is heavily affected, making
cQED experiments profoundly challenging. A possible solution, using carrier
injection far from the cavity by non-local optical excitation, has been used in
our group to demonstrate the fast modulation of the spontaneous emission
from ensemble QDs [342].

Non-linear effects

Non-linear optical effects in semiconductor cavities can provide an extremely
fast wavelength modification at the fs-scale [359]. Short laser pulses (∼ 200
fs) are used to excite a non linear Kerr material below bandgap (to avoid
free-carriers generation) with strong pump power around 800µJ cm−2. The
cavity can be tuned of about 0.5−1.5 nm in approximately 0.3 ps [360]. The
instantaneous electronic Kerr effect in semiconductor cavities provides the
fastest switching method so far but is practically limited by the high power
and ultra-short laser pulses requirements that will strongly perturb the QD
population and the cavity quality factor (Q).

Liquid infiltration

Cavity modes close to the air band in the two-dimensional photonic crystals
have electric fields mainly confined inside the air holes. By replacing the air
by liquid infiltration, the refractive index contrast can be varied without any
material modification. The wavelength of a sensitive resonance can be tuned
according to the amount and kind of liquid in the PhC and on the same prin-
ciple different kind of biosensor can be produced. By a combined method of
infiltration and evaporation PhCC modes can be tuned quite precisely [361].
Another interesting approach used liquid crystal whose refractive index can
be controlled by an external electric field [354]. Despite the big sensing po-
tential this technique is limited to room temperature applications and slow
speed. Moreover only the donor-like modes close to the air band are suscep-
tible to this refractive index tuning. A QD that can couple to such a mode
must be permanently integrated inside a PhCC hole and this implementation
is almost impossible to achieve.
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Mechanical tuning

On the cavity side, a large wavelength shift can be achieved by the spatial
modification of the dielectric environment in photonic crystal cavities. Dif-
ferent mechanical tuning techniques were implemented showing good results
in term of integration and switching range. In probe tuning methods a di-
electric tip, like the one of a scanning near-field optical microscope (SNOM)
or of an atomic force microscope (AFM) is brought close to the surface of the
cavity thus interacting with its accessible near field and producing a spectral
shift without remarkable Q alterations [362]. The same shift is also used
to probe the local intensity of the cavity’s field in a standard SNOM mea-
surement [362, 363]. Bent microfibers were also used with a similar purpose
forming a cavity by the refractive index well generated in proximity with a
PhC waveguide [364]. To overcome the obvious integration limits of these
approach, other mechanical methods were implemented. Different groups
have proposed and realized tunable cavities based on mechanical or elec-
tromechanical actuations. Techniques to produce micro electromechanical
systems (MEMS) in silicon [365] have been extended to III/V semiconduc-
tors and to photonic crystals where much smaller displacements are required
and nanomechanical systems (NEMS) arise. The evanescent coupling be-
tween similar coupled PhCCs and therefore the effective refractive index of
the whole system can be controlled by means of a complete or partial mechan-
ical displacement of the structures. Two coupled photonic crystal nanobeams
were successfully tuned laterally by electromechanical actuation [366,367] as
for planar slotted cavities [368]. Vertically coupled PhCC and nanobeams
have also been realized by our group extending the integration and coupling
capabilities with single-photon emitters [338,369]. A tuning below 15 nm and
small Q losses have been demonstrated. Although NEMS can ideally operate
at any temperature the slow operation speed (∼ µs) makes them limited in
ultrafast cQED applications.

Optical tuning

Other optical effects may be alternatively used to modify the QD emission
energy. The dynamics of the charged particles inside these solid-state emit-
ters can be pronouncedly affected by intense alternating electromagnetic
field [370–374]. As already pointed out in the previous section about the
theory behind cQED systems the coexistence of an atom-like source and an
external electric field provides two energy levels for the atomic ground (|g〉)
and excited (|e〉) states that are dependent on the atom-field detuning. A
renormalization of the atomic states and a diagonalization of the system
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Hamiltonian gives the energy of the two states as [375–377]

Eg,e =
~
2

(−∆±
√

Ω2 + ∆2) (1.47)

(+ for |g〉 and − for |e〉) where Ω is the Rabi frequency defined earlier in
this chapter. The corresponding energy shift for each state is thus ∆Eg,e =
pm
√

Ω2 + ∆2. Far from resonance, when Ω << |∆|, the square root can be
expanded and each state experience an energy shift

∆E = ±~Ω

4∆
(1.48)

that is proportional to the light intensity and has opposite sign for |g〉 and
|e〉. The overall sign is given by the sign of the detuning ∆, providing a way
to tune the recombination energy between |e〉 and |g〉 by varying the detuning
∆ = ω0 − ωField. This effect is called ac-Stark effect (due to the oscillating
electric field of the electromagnetic wave) or simply optical Stark effect and
in principle does not require an optical resonator. However, the presence
of the cavity, whose main electromagnetic mode is detuned from the QD
emission but can be coupled to a resonance tunable laser, can considerably
enhance this effect, resulting in an optical switch of the QD emission [339,
378]. Depending on the sign of the detuning, the QD’s wavelength shift can
be either positive (red-shift for ∆ < 0) or negative (blue-shift for ∆ > 0)
with a small absolute tuning of 0.05nm [378]. At 14K the tuning rate is
linear with the laser excitation power with an average value of 0.9pm/µW .
An ultrafast optical Stark effect was used by Unold et al. as a mean to
control the QD exciton polarization [373]. As can be clearly understood, due
to minor energy shifts, this method cannot be considered a good solution in
flexible quantum experiments.

Strain tuning

Most of the QD optical properties are not only related to shape and com-
position but also to the biaxial strain that is created during the epitaxial
growth [379]. The strain is an essential parameter that cannot be neglected
when a precise QD’s energy levels calculation is desired. By changing the
stress of the semiconductor matrix surrounding the quantum emitter, the
confined energy levels can be tuned by a fraction of nm (∼ 0.5 nm) [380]
even if very recently a tuning range of ∼ 14 nm has been demonstrated [381].
By integrating the sample with a piezo-electric device the strain modulation
can be performed with a minor change of the cavity mode wavelength (less
than 0.08nm) due to PhC lattice deformation. In other configurations the
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cavity tuning was extended to 0.3nm by uniaxial strain with small Q-factor
variation [382, 383]. The tuning speed is limited by the deformation of the
piezo that is normally in the µs−ms range. Such techniques involve the use of
piezoelectric devices mounted in the cryogenic space of the characterization
set-up. This is a main limitation that undermines the on-chip integration
and the opportunity to tune multiple devices independently.

Electric field tuning

The absorption and emission characteristics of a QD are determined by its
discrete energy levels. By applying an external electric field, the perma-
nent dipole inside a QD can be modified in a perturbative manner. First-
and second-order perturbation terms provide a parabolic relation between
the energy of an excitonic state and an external electric field as it will be
described in more detail in chapter 3. The energy shift due to the applied
electric field is known as quantum confined Stark effect (QCSE). The linear
term of the energy tuning is due to the interaction between the permanent
dipole moment (conventionally called p) of the exciton state within the QD
and the external electric field. Moreover the presence of the field, induces a
change in the electron-hole separation, resulting in a quadratic tuning term
proportional to the exciton polarizability β. The electric field shifts the elec-
tron to lower energies while the hole level shifts to higher energies. This
reduces the electron-hole recombination energy causing a red shift of the
emitted photon. For a InAs QD with truncated pyramid shape the hole re-
sides normally on top of the electron along the growth direction. An electric
field directed towards the top would move electrons and holes to opposite di-
rection therefore increasing the permanent dipole moment and reducing the
overlap integral of their wavefunctions. The recombination efficiency (the
fluorescence quantum yield) thus decreases and the radiative recombination
time increases while the tunnelling time across the heterostructure potential
decreases. The implementation of the QCSE can be achieved by integrating
the quantum emitter inside the intrinsic region of a semiconductor hetero-
junction like a p-i-n diode [260]. The band banding provided by the electric
field across the junction is responsible for the energy tuning and in principle
high tuning range and ultrafast modulation can be obtained. By sandwich-
ing the QD with thin Al30%Ga70%As barriers to reduce the tunnelling effect
of carrier across the bias-induce triangular potential, a giant Stark tuning of
about 30 nm can be obtained for multiple excitonic complexes inside a single
QD under biases up to 300 kV/cm [384]. In addition the tuning curve of the
exciton energy versus the external electric field can provide qualitative and
quantitative information on the dipole moment (p ∼ −0.4 e nm) and the po-

48



1. INTRODUCTION

larizability (β ∼ −4× 10−3 e nm kV−1cm) of single QDs [256]. The vertical
geometry is not the only possible one. Lateral electrodes have been used for
small tuning of the exciton state [385, 386] whose electric dipole still owns
a little lateral component sensitive to side electric fields. For most of these
experiments the photo-luminescence (PL) signal was extracted from single
QD though small apertures realized on top of the emitter in a previously de-
posited metal mask.Combining this electrical tuning with the state-of-the-art
photonic devices is a potential tool for fast and accurate control of semicon-
ductor cQED dynamics on chip. However integrate a high quality photonic
crystal cavity inside a diode structure is not trivial. When this potential
is realized the QD energy can be tuned on a large scale across the cavity
resonance and interesting cQED effects show up. The spontaneous emission
enhancement of single QDs tuned in resonance with a PhCC by means of
electric field in diode structures was reported by several groups using the
vertical design or the lateral one (where ion implantation doping is used
to define a laterally doped p-i-n junction [387]) and unidimensional DBR
diode [388] or planar cavities [389–391]. The cQED strong coupling regime
was also demonstrated with QDs fast tuned in and out of resonance with a
high quality photonic crystal cavity (Q ∼ 17000) by lateral electrodes at 150
MHz rate [392]. Advanced ion implantation techniques allowed in the recent
years the realization of a ultra-small lateral diode, resulting in an electri-
cally pumped photonic crystal laser [387] with an ultra-low threshold below
70 nA [393]. This lateral design shows other interesting application as the
ultrafast electrical modulation of a single mode photonic crystal LED up to
10 GHz [393] and the realization of nanobeam photonic crystal LED [394].
Despite the level of complexity and the ultrahigh speed potential none of
the previous solutions could demonstrate a wide range ultra-fast electrical
tuning of single QDs exciton for dynamic coupling with a high Q photonic
crystal cavity. Realizing such challenging device is the goal at the origin of
our research. If we succeed this could opens the way towards a real-time
control of QD-PhCC dynamics, providing 30 years later the atomic cQED
results a semiconductor platform where ultra-fast cQED interaction can be
actively manipulated on chip.

The tuning methods presented so far are summarized in table 1.2

1.5 Quantum information applications

More and more experiments showed that a complete integration of multiple
quantum functionalities on an optical chip would be attainable in the coming
years [395] with demo devices already available today [52]. The realization
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1. INTRODUCTION

of such a quantum photonic integrated chip (QPIC) seems today a possible
way to a substantial improvement of our computational and information
technologies.

Since the idea of the integrated circuit attributed to of J. Kilby (No-
bel Prize for Physics in 2000) in which multiple electronic components are
interfaced in the same microchip, most of the devices available to modern
mankind are based on a continuously growing number of microscopic semi-
conductor devices. The challenge to fabricate smaller electrical transistors
with higher performances continues day after day (see Moore’s law). In highly
integrated CMOS architectures, MOSFETs (metal-oxide-semiconductor field
effect transistors) few nanometers wide, owe their operation to a reduced
number of carriers and their miniaturization is not far from saturation. The
question arises whether such devices will continue to operate effectively at
even lower dimension or if the increasing parasitic impedances will set strin-
gent limitations in term of miniaturization and energy consumption. While
electronic devices dominate in the computing applications, communication
technologies are increasingly based on photons due to the laser sources im-
provement and low-attenuation optical fibres. Optical signals are transported
by photons within the low-scattering, low-absorption bands of glass optical
fibers (mainly 1310 nm and 1550 nm). These near-infrared frequencies in
the THz range together with the small interaction of photon with their sur-
roundings can provide the low-noise high-speed communication capabilities
that the huge data sharing of the World Wide Web requires. Moreover the
need for energy-efficient optical interconnections without intermediate elec-
tronic conversions has led in the recent years to the development of photonic
integrated circuits (PICs) where the light can be routed into a semiconduc-
tor chip through dielectric waveguides. Distributed-Feedback (DFB) lasers,
VICSELs, optical amplifiers (SOA), bandpass programmable filter arrays,
wavelength division multiplexers, wavelength splitters (WS), spot-size con-
verters (SSC) and waveguide photodetectors (WPDs) are just some of the
functionalities that can be integrated on a PIC for photon generation, ma-
nipulation and detection [396].

The QPIC concept is just the natural extension of more and more ad-
vanced PIC technologies. Quantum effects can be studied and exploited in
the few-particle regimes where quantum interactions of light and matter can
be controlled beyond the classical limit. In a QPIC, single quanta of the
electromagnetic radiation can be generated, guided, processed, detected and
coupled with external fibers on the same chip. Semiconductor devices work-
ing in the quantum domain with an high level of integration are the main
ingredients to ensure that this technology is realized. Direct bandgap mate-
rials like GaAs and InP are the ideal substrates for generating near infrared
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light. Scalable single photon sources like quantum dots are an attractive so-
lution for quantum light generation [3], if compared to spontaneous emission
in atoms or heralded photons in spontaneous parametric down conversion
(SPDC) [397]. The use of photonic cavities can improve these single photon
sources even further by enhancing spontaneous emissions into a well defined
optical mode. Waveguides and couplers bring on chip the functionalities of
table-top fibers and beam-splitters and are at the core of photon-photon in-
teraction in quantum gates [398]. Non-linear cQED phenomena like photon
blockade and tunneling in QD-cavity systems can be implemented to realize
photon transistors controlling the transmission of one or more photons by
the occupation state of the emitter [154, 312]. Integrated near infrared de-
tectors are the means for converting single photons into a readable electric
pulse. Superconducting single photon detectors are the emerging scalable al-
ternative to avalanche photodiode detectors for this QPIC application. Thin
superconducting nanowires in a meander configuration are biased close to
their critical current. The absorption of a single photon breaks the super-
conducting state and a higher resistive hot-spot is created in the wire. The
superconductivity is reversibly broken for a short time of few hundreds of ps
and an electric pulse can be measured on a shunt load in parallel with the de-
tector [399]. In 2011 our group demonstrated the first SSPD integrated with
a GaAs waveguide, an important step towards the integration of multiple
functionalities on chip [400]. Figure 1.12 shows a three-dimensional render-
ing of an ideal quantum photonic integrated circuit for quantum experiments
and applications. Through a QPIC, the power of quantum mechanics and
cQED phenomena can be put at the service of emerging technologies such as
quantum computing and cryptography.

1.5.1 Quantum Computing

The intrinsic probabilistic nature of quantum systems can be used to ex-
ponentially increase the computational capability required to solve certain
classes of problems like the factorization of large prime number or the calcu-
lation of complex many-bodies dynamics in chemical simulations. The basic
unit of information here is called quantum bit or qubit. Differently from a
classical bit that can assume only two values, one at a time, a single qubit
can represent a 0, a 1, or any quantum superposition of these two states.
This coherent linear superposition can be written as.

|Ψ〉 = c0 |0〉+ c1 |1〉 (1.49)

where |c0|2 + |c1|2 = 1. Measuring a qubit involves the collapse of the general
wave function either in the |0〉 or in the |1〉 states with probability |c0|2 or
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Figure 1.12: Artistic sketch for a possible implementation of a quantum photonic integrated circuit
(QPIC). Waveguides interconnects multiple nodes of the chip where quantum dots coupled to photonic
crystal cavities are use to generate, manipulate and store quantum information. Superconducting single
photon detectors can be used to measure photons and perform complex experiments on chip.

|c1|2 respectively. A quantum computer is a device that makes direct use of
quantum-mechanical phenomena, such as superposition and entanglement, to
perform operations on such a single qubit or on multiple qubits registers. The
field of quantum computing was first introduced by Y.Manin in 1980 [401] and
R.Feynman in 1982 [402]. The single qubit concept can be extended to an ar-
bitrary number n of qubits. In this configuration the system can be in any of
the 2n states with a strong computational parallelism. It has been shown that
a quantum computer could be more favourable in term of computation steps
than a classical one for solving problems such as the factorization of prime
number with a large amount of digits [403]. Two-level systems can be used
as the source of these qubits or as a mean to store and process them. On the
other hand photons can be the ideal candidates to transmit quantum informa-
tion across an optical network thanks to their weak interactions [404], though
this characteristic can limit the feasibility of photonic quantum gates. The
interaction between these two systems in a quantum network can be the so-
lution to fulfil these fundamental technological requirements [1]. Among the
different physical implementations, a clear winner for quantum computation
is still missing [86, 405]. For any quantum system whether it is atoms, ions,
superconducting junctions, nitrogen-vacancies in diamond, quantum dots or
others, the greatest challenges is controlling or removing decoherence. Deco-
herence introduces irreversible non-unitary processes that must be avoided.
These issues are even more difficult for optical approaches as the timescales
involved are orders of magnitude shorter than the microwave counterparts.
Coherence is not less important for photon-photon interference where non-
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linear quantum effects require indistinguishable photons [148, 286, 287, 406]
that can be produce on a QPIC only if all the photons are coherently emitted.
The realization of photon waveform shaping, photonic transistors, quantum
gates and quantum entanglement in a tunable multi-nodes and multi-purpose
quantum platform is one of the challenges of our 21st century.

1.5.2 Quantum Cryptography

The idea of quantum cryptography was first proposed by S.Wiesner in 1983
[407] and one year later by C.H.Bennet and G.Brassard [408] in the form
of the well-known protocol BB84. This protocol was the first and simplest
example of a quantum cryptosystem (quantum cypher) where a secret key is
exchange via single photons and then used to code a message.

BB84 protocol

In BB84 a single qubit can be encoded in the four polarization states of a
photon generated in Alice’s lab and send to Bob. Alice can randomly choose
the state to transfer among two orthogonal states in a horizontal-vertical
basis {|H〉 , |V 〉} or two other orthogonal ones in a maximally conjugate
basis rotated of 45o {|−45o〉 , |+45o〉}. Bob, the receiver, randomly selects
the basis to use for measuring the polarization of the incoming photon. If
the basis matches the Alice’s one than Bob evaluates the same polarization.
If the other orthogonal basis is selected, according to quantum mechanics
there is 1/2 probability to measure |0〉 or |1〉 no matter what the value of the
transmitted bit was. At the end of the preliminary transmission phase Alice
and Bob share their choices of basis for each single qubit. On average 50%
of the times the chosen basis do not match and the corresponding bits are
discarded. The remaining bits form a secret and shared key which can be used
to encrypt and decrypt an information following the standard procedures of
a one-time pad protocol [408]. The BB84 cypher is intrinsically secure from
a possible eavesdropper’s attack.

If an eavesdropper (conventionally called Eve) wants to collect informa-
tion about the data exchanged, the only thing she can do is to intercept
and measure each of the photons and resend them to Bob in the same or in
another basis, in order to conceal her presence. However, Eve’s measure also
involves the choice of a random basis thus introducing an additional 25%
error that can be easily detected, so that the transmission is aborted. In this
respect single photons are crucial since they cannot be split or cloned [409].

Despite the elegance of a quantum cryptography system that can work
based on pure single-photon sources, current implementations rely on atten-
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uated laser pulses. Even though they may contain more than one photon
following a Poissonian statistics, additional check (such as the decoy state
quantum cryptography) [410] can guarantee security from photon number
splitting attacks.

Ekert91 protocol

In this protocol, originating from the brilliant mind of A. Ekert [411], the
quantum channel of BB84 is replaced by a single common source sending
simultaneously one qubit to Alice and one to Bob. It assumes that the two
qubits are emitted in a maximally entangled state like

|Ψ〉 =
1√
2

(|0, 0〉+ |1, 1〉). (1.50)

Also in this configuration Alice and Bob have 50% probability to chose the
same basis and measure the same state. Here the security is based on the
violation of Bell’s inequality by the non-local nature of quantum mechan-
ics [31]. An entangled system cannot be decomposed in a mere product of
separable states thus increasing security against Eve’s attacks.

1.6 Thesis Outline

This thesis focuses on the design, fabrication and characterization of an ul-
trafast GaAs photonic crystal diode for the electrical control of the exciton
recombination energy of a single InAs QD on a sub-ns timescale. The high-
speed control allows us to tune the QD in and out of resonance with the
surrounding cavity mode and thereby to dynamically control the cQED evo-
lution of the system faster than the radiative recombination time. Such a
complex device would allow the temporal shaping of a single near-infrared
photon as an important requirement for quantum integrated semiconductor
platforms, and not yet obtained by the scientific community at the time of
this work.

Chapter 2 provides a panoramic on the experimental methods in our re-
search. In the first part the main techniques available in our clean-room
for the processing of III/V semiconductor devices are described. Then the
principles of device characterization are explained both for micro photolu-
minescence (mPL) and time-resolved photoluminescence (TRPL) measure-
ments. In Chapter 3 the theory behind optical selection rules in semicon-
ductor heterostructures and the quantum confined Stark effect are presented
in the context of the quantum dots. The dependence of the electrostatic
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tuning on the varying electric field for different experimental configurations
is first estimated with numerical simulations. In a second part the theory
of the ultrafast electro-optics modulation is addressed with a c-QED mas-
ter equation formalism and simulations of the system dynamics are shown
for ideal cases. Chapter 4 provides the reader with a description of the
necessary optimizations in the manufacturing process of this novel device.
Optimized recipes, specifically created for GaAs processing and metalliza-
tion in Nanolab at TU/e, will be explained. The metal contact optimization
and the characterization of the electrical impedances, an important part of
the research success, complete this chapter. Chapter 5 focuses on the design
and the assembly of a new cryogenic probe station, the optical setup and
the sub-nanosecond synchronization scheme for characterizing the function-
alities of the PhCC-diode. In Chapter 6, the main experimental results are
described. The first demonstration of an ultrafast diode where the wave-
lengths of single excitons can be tuned of several nm in less than 300 ps. The
realization of photonic crystal cavity diodes with quality factor Q ∼ 104 and
even higher electrical bandwidth up to 4 GHz is shown. The time-resolved
photoluminescence is collected from a filtered single quantum dot coupled
to a resonant mode. The ultrafast synchronization scheme is exploited to
dynamically control the system dynamics with sub-nanosecond precision. A
first demonstration of single photon time shaping in semiconductor system
is provided in the end. An outlook over possible future implementation and
functionality extension of this technology is provided in chapter 6 together
with the conclusion of the thesis.
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In this chapter we describe the main facilities for device fabrication and
mPL characterization already available before the start of this work. The
optimization of design, recipes, metallization and process flow for GaAs/Al-
GaAs devices together with the set-up of a new cryogenic probe-station for
ultrafast electro-optical experiments will be presented in the following chap-
ters as a crucial part of the thesis achievements and for the fabrication of a
wide variety of GaAs/AlGaAs devices in our group.

2.1 Clean-room facilities

In 1970s Gallium Arsenide (GaAs) made a significant commercial entry in
the semiconductor market as the direct bandgap compound semiconductor
of choice for fast electronic and optical application due to its high carrier
mobility and direct bandgap. In respect to the elemental semiconductors
like Silicon (Si), GaAs offers a large variety of bandgap engineering solutions
that allows for fine tuning of emission wavelength in optical application as
well as a fast electron transport in its optimal conduction band. The direct
bandgap character and the possibility to integrate it with a series of other
III-V material as AlGaAs or InAs extend its appeal to hybrid systems where
the ultrafast control of the electronic environment and the generation of near-
infrared sub-poissonian light can be simultaneously achieved [412]. InGaAs
quantum wells and quantum dots can be monolithically integrated inside
GaAs devices with epitaxial techniques. Heterostructures of GaAs and Al-
GaAs at different stoichiometric ratios allow for the realization of suspended
structures thanks to their selective response to chemical etchings during the
micromachining process. The growth of a III-V vertical layers stack where
a AlGaAs sacrificial layer, a sparse distribution of self assembled InAs QDs
and intrinsic or doped GaAs membranes can be epitaxially combined is at the
core of our technology. Composite metal contacts deposition together with
isotropic or anisotropic selective wet and plasma chemical etchings through
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the front side surface of a properly masked wafer patterned by mean of elec-
tron beam or ultra violet light lithography do the rest. In the following the
main facilities developed by the semiconductor industry for these purposes
are presented.

2.1.1 Layers stack growth

The epitaxial growth of the III-V heterostructure is performed in our case
with a molecular beam epitaxy (MBE) reactor in ultra high vacuum con-
ditions (∼ 10−10 mbar). A 2” semi-insulating GaAs substrate is clamped
vertically on top of a Indium holder that ensures the best thermal unifor-
mity during deposition. Through a series of degassing steps that preserve
the critical vacuum requirements, the sample is introduced inside the growth
chamber at a well defined distance from a series of pockets containing the
pure III or V crucibles. By selectively controlling the shutter position and the
temperature of each crucible, atomic or molecular beams of different III or V
elements can be directed towards the sample surface. Due to their long mean
free paths in the vacuum chamber these evaporated atoms or molecules form
non-interacting beams that react only when they reach the wafer surface.
According to the substrate temperature different phenomena such as recom-
bination, diffusion, substitution and de-oxidation can be controlled. This
temperature is tuned in a optimal range between 500oC and 600o C. The
deposition rate of a typical MBE machine is around 2µm/h, not suitable for
the fast pace required by the industrial production but highly desirable for
the epitaxial growth of thin films with high purity and dimension control.

The series of epitaxial layers starts with the wafer deoxidation and a first
buffer layer of few hundreds nm of bare GaAs on a [001]-oriented GaAs sub-
strate. An AlxGa1−xAs sacrificial layer with x = 67 − 79% is then grown
with a thickness of 1− 1.5µm. In the following step the Si, Ga and As cells
are simultaneously opened in order to deposit a n-doped GaAs layer with
donor concentration of ND ∼ 2 × 1018cm−3. The first half of the intrinsic
GaAs membrane is then grown with a thickness of ∼ 100 nm on top of a
thin pre-deposited Al0.25Ga0.75As layer acting as etch-stop layer for the n-
via. The active material is embedded in the next step as a low-density layer
of sparse artificial-atoms. InAs self assembled quantum dots are grown with
a very low growth rate by means of a Stranski-Krastanov technique [274] that
makes few monolayers of material, initially grown in a 2D growth mode, to
suddenly nucleate in small islands once the accumulated strain due to InAs/-
GaAs lattice mismatch is released. To tune the optical emission of these
quantum emitters a subsequent Indium capping is performed. For relatively
large QDs and a 5 nm-thick In0.2Ga0.8As capping layer, an ensemble emis-

58



2. METHODS

sion wavelength centred around 1.4µm at room temperature (∼ 1.3µm at 10
K) is achieved. During operation, reflection high energy electron diffraction
(RHEED) is often used for monitoring the crystallographic orientations and
the transmutation from the two-dimensional to the three-dimensional topol-
ogy. The top half of the intrinsic GaAs region, another thin Al0.25Ga0.75As
etch-stop layer and a Be-doped GaAs layer with acceptor concentration of
NA ∼ 1.5× 1018cm−3 are finally laid out to create the symmetric p-i-n diode
structure with the optically active emitters embedded in the center of the
membrane. The central position of the QDs ensure the best electro-optical
tunability under an external electric field parallel to the growth direction
and a good coupling with the antinode of an optical field vertically confined
by total internal reflection in the membrane once the PhC is realized. The
doping concentrations of the top and bottom layers are tuned at optimal val-
ues as a compromise between low dopants diffusion, low optical absorption
and high layer conductivity that are crucial requirements for a fast electrical
response of the p-i-n junction and for good optical performances of the pho-
tonic crystal resonator. The layer stack of the GaAs p-i-n junction is shown
in Figure 2.1(a). The room temperature PL emission from the QDs ensemble
is plot in Figure 2.1(b) where two broad spectral peaks with FWHM∼ 40
nm are visible due to the radiative recombination of the first and of the sec-
ond excited exciton states as indicated in the picture. The second ion mass
spectrometry (SIMS) measurements of the doping concentration NA and ND

in the sample are shown in Figure 2.1(c) for the Be p-doped (green circles)
and the Si n-doped GaAs layers, respectively.

2.1.2 Post-growth processing

Plasma enhanced chemical vapour deposition (PECVD)

Most of the fabrication processes rely on the use of thin dielectric layers as
an etching mask during the lithographic steps or for electrical insulation.
Two material have been tested and used for this purposes and namely silicon
nitride (SiN) and silicon oxide (SiO2) sharing the same deposition technique
but with different structural and electrical properties. An Oxford Plasmalab
System 100 customized to work as a PECVD machine is used in our clean-
room to deposit SiN or SiO2 layers at different temperatures and with variable
deposition rates. The system consists of a load-lock and a reactor chamber.
The former can be easily vented or pressurized at room temperature and is
used for sample mounting. The latter can be kept at low pressure and heated
to a temperature up to 400o C. Through a sealed venting port the sample
can be transferred between the load-lock and the reactor regions without any
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Figure 2.1: (a)Layers stack for the GaAs sample grown by MBE. (b) photoluminescence spectra of the
QDs ensemble at relative low power for different position across the 2 inch wafer. (c) Second ion mass
spectrometry (SIMS) of the sample with the doping concentration for the Be p-doped layer on top of the
membrane and the Si n-doped one at the bottom.

contamination. Mass flow controller (MFC) valves interfacing the nitrogen-
atmosphere reaction chamber with the specific bubblers in the subfab of the
clean-room allow the injection of precursor gasses (silane SiH4, ammonia
NH3 and oxygen O2) with controlled ratios. The SiN layer for example is
formed when SiH4 and NH3 react on the hot sample surface. Such a reaction
can be enhanced by mean of a high frequency RF field creating a plasma
of precursor gases between a top electrode and the bottom grounded sample
plate. Temperature and gases-ratio can be used to control the deposition rate
of the film and therefore the final thickness. For my requirements a temperate
of 300o C, a SiH4 : NH3 ratio of 1 : 1 or a SiH4 : O2 ratio of 2 : 2 can are
used giving good film characteristics and deposition rates of ∼ 14 nm/min
for SiN and ∼ 50 nm/min for SiO2. The isotropic conformal deposition
of SiN and SiO2 follows the shape of the underlying surface morphology.
Such a technique has a exceptional adhesion to a properly cleaned and de-
oxidized GaAs surface and can be used as a good mask for wet and dry etch
processes. Despite the higher electrical permittivity of the SiO2, making
it a better electrical insulator, the SiN film showed better uniformity with
higher etching control with respect to SiO2 becoming the masking choice in
my processes. In Figure 2.2 the Oxford PECVD Plasmalab system 100 is
shown together with a schematic view of the plasma deposition process in
the processing chamber where SiH4 and NH3 mix together to create SiN. In
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3mm 

Conformal  Si3N4 

Figure 2.2: Real image and schematics of an Oxford PlasmaLab system 100 PECVD for SiN deposition.
The plasma helps the good adhesion of the SiN thin film. The conformal deposition follows the shape of
the sample underneath as can be seen by the SEM micrograph in the inset where 420nm of SiN have been
deposited on a test mesa with a small opening recess.

the inset of Figure 2.2, the scanning electron microscope (SEM) image of the
SiN conformal deposition on a circular mesa with a ∼ 1.5µm-wide reopening
recess is shown.

Optical Lithography

At the core of nano-devices fabrication is the possibility to create high res-
olution microscopic structure with a well-defined geometry. The technique
to define a geometrical pattern into a chip by using a resist, is called lithog-
raphy. Among the different methods two are the main solutions used in the
semiconductor industry: optical lithography and electron beam lithography.
In photolithography the resolution of the patterned design is proportional
to the wavelength of the radiation source used to illuminate a sensitive pho-
toresist layer through small apertures in a Cr mask. Ultra-violet (UV) light
has a small wavelength for which diffraction effects are reduced. It is used
for fast exposures that require resolution in the order of 0.5µm where a
photo-sensitive layer deposited on top of the desired substrate is brought in
contact with the patterned mask and exposed at once under a high power
UV lamp. All the Cr masks have been designed within Clewin4 and exported
in Graphics Database System (GDS) format to be then realized in TU Delft.
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The sample is first coated inside a closed spinner where a thin photo-resist
(PR) can be uniformly deposited with nominal thickness between 600nm
and 1.5µm. A pre-bake step for few minutes at temperatures ranging from
90oC to 100oC, depending on the type of coating, is necessary to harden the
resist giving it the right photo-sensitivity. A Suss Microtech MA6 aligner in
contact mode has been used for the UV exposure where a high vacuum is
created between the sensitive material and the Cr mask improving the pat-
terning results. After selective UV irradiation the sample can be baked one
more time to be then immersed in an inorganic solvent in order to develop
only the illuminated regions. Two type of resists have been used accord-
ing to the specific process. Using a positive resist like HPR-504 or AZ-4533
the regions exposed for few seconds (2.5 − 4.2s) or 50sec, respectively, are
removed upon development in a 1:1 solution of PLSI (trisodium phosphate
and sodium metasilicate) and H2O for 180 sec followed by de-ionized water
rinsing. The opposite has been achieved by using a negative resist like the
ma-N440 where non-exposed areas are dissolved in the ma-D 332S solution by
Micro Resist Technology. The regions exposed in a series of 4 cycles of 70sec
each adhere to the substrate with controllable undercut. The Optical lithog-
raphy is the ideal technique to pattern diode mesas and metal contact areas.
The working principle of the photolithography for both the positive (HPR
504) and the negative photoresists (MaN 440) is schematically reported in
Figure 2.3(a). In Figure 2.3(b) the SEM micrographs of different tests of the
MaN 440 negative photoresist are reported for an exposure power of the UV
lamp of about 11W/cm2 in high vacuum contact mode. During these system-
atic characterizations, two rotation speed of the close spinner were used for
coating the resist, 2000 rpm (light blue labels) and 4000 rpm (green labels).
Also the pre-bake temperature was changed from 85o C to 95o C. Gathering
information on the re-entrant profile of the resist with a faster rotation speed
deposition is important. In fact, when a small sample (∼ 6× 6mm2) has to
be coated with a good uniformity of the resist on its entire surface, a rotation
speed faster than 3500 rpm must be used. A more re-entrant undercut can
also make the lift-off easier but the photoresist, thinner at the edges of the
patterned geometries, may be more susceptible to deterioration or detach-
ment from the substrate. Also in this case the best compromise has been
adopted. After pre-bake, exposure, post-bake (if needed) and development
the hardening of the resist can be achieved by another baking normally in
the range between 120o C and 200o C for 5 to 10 minutes.
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Figure 2.3: (a)Photolithography of positive and negative resists.(b) Systematic tests on the patterning
profile during optical lithography of a thin film of negative resist MaN-440 used for metal contact met-
allization. The re-entrant cross-section facilitates the lift-off in vapour and liquid acetone. The profile of
the final pattern strongly depends on the spinning speed, the pre-bake temperature and the UV exposure
time. SEM micrographs courtesy of Tjibbe de Vries (TU/e).

Electron-beam Lithography (EBL)

In all the circumstances where a higher resolution is required, electron-beam
lithography (EBL) is chosen in my fabrication. Photonic crystal cavities with
lattice constant around 300 nm, radii diameters ∼ 140 − 200nm and possi-
ble holes shifts of few tens of nm represent the typical case where EBL has
been preferred with patterning errors lower than 5 nm. A GaAs substrate
is properly cleaned and covered with a SiN hard mask. On top of the SiN
a high-resolution e-beam positive polymer resist (Zeon Corp. ZEP-520A) is
spread out in an open spinner rotating at 5000 rpm for ∼ 1 min. A baking
step first for 4 min from 100o C to 150o C and then for 2 min at 200o C pro-
duces the evaporation of the Anisol solvent hardening the resist. The sample
is then loaded in the vacuum chamber of a RAITH150-TWO EBL machine.
A motorized X-Y-Z stage, a 30 keV electron gun inside a scanning electron
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microscope (SEM) column, a movable beam deflector and blanker and a pat-
tern generator allow for the high-resolution control of the relative position be-
tween sample and electron beam. The position accuracy is controlled within
1 nm by mean of laser interferometric techniques. The pattern in this case is
drawn by the electron beam into the e-beam resist following the coordinates
of a series of geometrical shapes that can be specified in a dedicated software.
An initial manual alignment is necessary to regulate the sample orientation,
the aperture, the stigmation and the focus of the beam and the write-field
mismatch. The write field is an imaginary square of 100 × 100µm2 and is
the smallest unit of discretization in the raw movement of the electron beam
(EB). While proceeding with the automatic patterning the stage moves from
the center of a write-field to another. Within each write-field the e-beam
is rapidly deflected with a fine movement providing excellent resolution but
between two different write-fields stitching errors < 50 nm may occur. To
avoid this possibility the desired patterns must be concentrated in individ-
ual write-fields and not across them. The SEM detectors can also be used
to perform mix-and-match exposures on substrates already patterned with
alignment marks. This possibility has been widely used to align the photonic
crystal cavities to the center of the diode mesa with a precision around 200
nm. After exposure the sample undergoes an immersion in n-amylacetate for
72 s followed by a 45 s rinse in a MIBK:IPA(890 : 110) solution of methyl-
isobutyl-ketone and isopropanol. After undesirable electrostatic effects, due
to the diffusion and the back-scattering of electrons inside the multi-layered
substrate (see the chapter 4 on fabrication optimizations), are taken into
account, the EBL can be used to pattern very good photonic devices. The
schematic representation of the electrons gun of the EBL with a ZEP520-A
(green layer) coated sample, is shown in Figure 2.4. The magnetic lenses
close to the electrons gun and used to fast deflect the beam are depicted as
copper-like cylindrical segments.

Dry plasma etching

Once the pattern is lithographically defined with one of previous methods,
it can be transferred to the underlying SiN mask or to the GaAs substrate.
The defined area can be isotropically or anisotropically excavated by mean of
wet and dry etching techniques while the regions that should remained un-
touched are covered with a proper hard mask previously deposited. Among
the dry etching techniques, plasma etching is the most widely used for its
great versatility with different materials. The sample is loaded in a cylin-
drical vacuum chamber where the chemically reactive gases are introduced
through MFC valves and subjected to a strong RF (radio frequency) electric
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Figure 2.4: In a electron beam lithography (EBL) machine the sample is mounted on top of a piezo
stage that can provide a coarse alignment to the center of each 100µm ×100µm write fields. Magnetic
lenses in proximity with the electrons gun are used to fast and accurately deflect the beam to pattern the
desired geometries from a digital file. As a modified SEM, the EBL can be used also to scan the sample
for manual or automatic alignment to pre-patterned markers.

field of few hundreds Watts oscillating at 13.56 MHz. The electrical excita-
tion ionizes and dissociates the gas molecules. The high mobility electrons,
stripped off the ionized gases, are accelerated towards the bottom electrode
and sustain the plasma. Since the bottom electrode is electrically insulated
they accumulate there forming a large negative self bias (in the range between
300 − 500 V) and a static electric field pointing down in the chamber. The
more massive ions in the plasma are less susceptible to the RF field but can
be accelerated by the negative voltage, reach the sample with high energy
and etch it by a combination of sputtering and chemical reactions. There-
fore, the plasma not only provides a sufficient density of ions in the chamber
but also accelerates them to achieve a strong mechanical bombardment. To
achieve the anisotropic, smooth and deep etching of nanometric features, the
optimal balance between isotropic chemical reactions and uni-directional ion
bombardment must be found. These two components can be controlled by
changing temperature, pressure, RF power and the stoichiometric ratio of
the reactive chemicals. Despite a considerable experience in InP processing
in the TU/e clean-room, robust and reliable recipes for anisotropic etching of
GaAs had to be found and tested in this thesis as it will be discussed in chap-
ter 4. Three different plasma etching machines have been used with different
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anisotropy and etching rate : reactive ion etching (RIE), inductively coupled
plasma (ICP) RIE (Oxford Pasmalab 100) and the barrel etcher (TePla 100).
The first two share the same working principle already discussed before. The
RIE has been used as multi-purposes machine for SiN and GaAs vertical
etching. The CHF3 recipes pure or mixed with oxygen were used to transfer
the PhCC pattern from ZEP520A to SiN or to define the diode mesas from
positive photoresist into the nitride layer, respectively. SiCl4 (silicon tetra-
chloride) has been implemented for a smooth etch of deep vertical holes in
GaAs membranes at 40o C. CF4 mixed with oxygen at very low power was
optimized in order to achieved a controlled vertical etching of a double SiN
layers stack.

Figure 2.5: (a)working principle of a RIE machine where a self bias is created by the free electron
accelerated from the generated plasma to the bottom electrode by mean of a radio frequency (RF) field
oscillating at 13.56 MHz. The heavier reactive ions are thus accelerated towards the sample surface by the
DC bias producing material sputtering. (b) In an ICP machine the plasma is generated in the inductive
RF coil while a secondary RF field accelerates the ions to the sample. In an ICP chamber more control
and verticality can be achieved at the price of a more difficult calibration to avoid surface damage.

When a RIE is supplied with an extra top metal coil whose magnetic field
can control the density and the energy of the electrons that ignite and sustain
the plasma, an ICP-RIE is produced. ICP recipes are in general more difficult
to calibrate but allow in principle a larger control over depth, verticality and
aspect ratio in semiconductor recesses as needed during photonic crystal holes
realization. Very high temperature and plasma density can be achieved thus
increasing both chemical reactions and ion bombardment. The tests for a
good etching recipe started with a Cl:Ar:H compound and then move on to
a Cl2 : N2 recipe at 200o C which gave better and more reproducible results
as it will be shown in the chapter on fabrication. A graphical description of
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the working principle in a RIE and in an ICP machine, is reported in Figure
2.5(a) and (b), respectively.

A barrel etcher uses microwave oscillating field with power in the range
between 50 W and 300 W instead of a RF bias. Is a smaller and simpler
machine compare to RIE or ICP-RIE and anisotropic etching is not possible.
A high isotropy is accompanied by a low ion bombardment since in this case
the DC self-bias cannot be created. The standard usage is with a pure oxygen
plasma for sample cleaning or photo-resist and e-beam resist removal. A CF4

highly isotropic recipe is also available for SiN ashing. Unfortunately it was
strongly uncontrollable and could not be used to remove a thin layer of SiN
without affecting another SiN insulating film underneath. For this purpose a
new CF4 recipe has been implemented in a RIE system as mentioned before.

Wet etching

In all the other cases where a clean and smooth isotropic etching is required
or for selective removal of sacrificial layers in suspended structure fabrication
a wet technique is preferred. During the wet etching the sample is immersed
in a compound chemical solution capable of eroding one or multiple III/V
materials. Etching rate and selectivity can be controlled by temperature and
stoichiometric ratio between the chemical reactants. The etching depth is
controlled by tuning the time of immersion and using, when possible, the
color change of the sample surface while material layers are subsequently re-
moved. A de-ionized water rinse is performed after each wet etching to stop
the chemical reaction at the desired point. Finally a more precise control-
check with a 2 nm-resolution profilometer allow a better etching rate calibra-
tion on relatively large area (> 50 µm2). The chemical solutions are prepared
in a dedicated bench equipped with fume hood and can be heated or cooled
as necessary. The main solutions used during the process are summarized
in table 2.1. Very useful reviews of a big variety of dry and wet etching
techniques for III-V semiconductors have already been given in [413–416].

Metal evaporation and Lift-off

The electric contacts of the diode are deposited with metal evaporation tech-
niques. The device that I aimed to fabricate is a complex electro-optical
device where both the photonic properties and the electronic features had
to be optimized at a very high level in order to fulfil all the functional re-
quirements. The ultrahigh speed required in the modulation of the electric
field across the diode set very challenging fabrication constraints. For these
reasons a full investigation of the optimal metallization has been carried out

67



2.1. CLEAN-ROOM FACILITIES

C
hem

istry
E
tches

R
ate

Stop
on

H
F

a(1
−

10)%
SiN

30
−

200
nm

/m
in

G
aA

s,P
R

A
l0
.7 G

a
0
.3 A

s
1
−

3
µm

/m
in

A
l0
.8 G

a
0
.2 A

s
2
−

7
µm

/m
in

B
H
F

b
SiN

80
nm

/m
in

G
aA

s,A
lG

aA
s,P

R
H
C
l

37%
conc. c

A
l0
.7 G

a
0
.3 A

s
>

200
nm

/m
in

SiN
,G

aA
s

H
C
l3

7
%

:H
2 O

(2:1) d
G
aA

s
:O

2
∼

2
nm

/m
in

G
aA

s,A
lG

aA
s,SiN

,P
R

C
6 H

8 O
7 e:H

2 O
2
(80:1)

A
lx
<

0
.4 G

a
1−
x A

s
∼

55
nm

/m
in

A
l0
.7 G

a
0
.3 A

s,SiN
C

6 H
8 O

7
:H

2 O
2
(1.5:1)

A
lx∼

0
.2

5 G
a

1−
x A

s
<

10
nm

/m
in

A
lx
>

0
.2

5 G
a

1−
x A

s,SiN
G
aA

s
>

800
nm

/m
in

K
O
H

f
G
alium

oxide
G
aO

2
<

10
nm

/m
in

G
aA

s,A
lG

aA
s,SiN

A
lum

inum
oxide

A
l(O

H
)
3

<
10

nm
/m

in
A
cetone

P
R
s

∼
2
µm

/m
in

G
aA

s,A
lG

aA
s,SiN

T
ab

le
2.1:

Sum
m
ary

of
the

m
ain

chem
ical

solutions
used

during
the

fabrication
process.

T
he

etching
rates

have
to

be
considered

as
indicative

values
since

tem
perature,

concentration
and

substrates
conditions

can
affect

them
.

aH
ydrofluoric

acid
diluted

in
H

2 O
bB

uffered
H
F
obtain

by
adding

am
m
onium

fluoride
(N

H
4 F

)
to

hydrofluoric
acid

in
the

ratio
H
F
4
9
%
:N

H
4 F

4
0
%
=

1
:
7

cP
erform

ed
at

0
−

2
o
C

dA
lso

used
in

digitaletching
after

a
self-lim

ited
G
aA

s
oxidation

(∼
2n
m
)
by

3
0
%

hydrogen
peroxide

H
2 O

2
eC

itric
acid

m
onohydrate

m
ixed

by
w
eight

1:1
w
ith

w
ater

fSolution
w
ith

25
g
of

K
O
H

in
1
0
0
m
lof

deionized
w
ater

68



2. METHODS

using different evaporation machines available in our laboratories (see chapter
4). The evaporators inside the clean-room are both electron-beam type ma-
chines where the metals are loaded in crucibles that can be selectively rotated
and heated up to very high temperature by an electron beam with energy up
to 15 keV. Once the metal starts to evaporate the shutter is opened allowing
the migration of its atoms towards the surface of the sample mounted inside
the main vacuum chamber at ∼ 10−7 mbar. The metal condenses then on
the entire wafer forming a thin metallic layer with variable thickness. The
deposition rate, and therefore the final thickness, is controlled by means of
piezoelectric crystal made to resonate at their characteristic frequencies. In
this way a multi-layer contact can be deposited in the same run and subse-
quently annealed, if required. Ti/Pt/Au (50/50/200 nm) and Cr/Au (50/200
nm) have been deposited with these evaporators. However, as it will be clear
in chapter 4, the best results in term of conductivity and contact resis-
tance were obtained with Ni/Zn/Au (5/25/190 nm) on p-doped GaAs and
Ge/Ni/Au (20/10/150 nm) on n-doped GaAs after a proper annealing step.
For this metallizations, two different thermal evaporators outside the clean-
room were used. Here a high current flows through small semimetal/ceramic
containers called "boats" inside the vacuum chamber and below the sample.
The desired metal can be melted inside a single boat forming an evaporation
cloud that then condensates on the sample surface. Regardless of the type
of evaporator used, the patterning of the metallic areas is realized by UV
lithography of a negative photo-resist such as ma-N440. After developing in
ma-D332S only the non-exposed regions remained with a sloped undercut
under which the metal cannot be deposited. The slope angle of the over-
hanging layer can be carefully modify by changing the resist thickness, the
exposure time and the post-baking temperature as shown in Figure 2.3(b).
After metal evaporation the sample is laid down for few hours in a acetone
vapour atmosphere inside a closed recipient. Finally it is blown with liquid
acetone and isopropanol (IPA) to lift-off the photo-resist leaving the metallic
contacts nicely tight to the sample in the desired positions.

2.2 Cavity design and characterization

Numerical Finite Element Method

Numerical methods are used to calculate the optical response of photonic
crystal cavities for design purpose or for comparison with experimental re-
sults. Among the different simulation possibilities the finite-difference-time-
domain (FDTD) method and the finite element method (FEM) are powerful
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techniques to probe the optical properties of different cavity designs. In the
FDTD method the simulated geometry is divided into a regular square grid.
The multiple optical modes can be computed by Fourier transforming the
complete temporal response of the simulated resonator to a spectrally broad
excitation source but the demanding computational requirements in high res-
olution calculations limit flexibility. Despite a bigger memory use, the FEM
flexible tetrahedral meshes can faithfully follow the device topology down to
the smallest details, becoming more dense where a finer detail is required. Ac-
curate results can be obtained also for high-Q cavity modes even for moderate
mesh resolutions making FEM the simulation choice of my work. The RF
package of COMSOL Multiphysics 3.5a was used as simulation environment.
Two-dimensional and three-dimensional FEM simulations of photonic crystal
cavities have been implemented on ideal designs and on geometrical repro-
ductions of fabricated cavities thanks to a dedicated Voronoy algorithm [417]
that can extract the position and shape of PhC holes from the SEM image
of a real device. The work flow of my algorithm is shown in Figure 2.6 from
(a) (the original SEM image of a L3-modified PhCC), through (b),(c) and
(d), (respectively the holes digitalization, the Voronoy cells calculations and
the statistical analysis of the shape and position of the holes in the photonic
crystal lattice), until (e) (the triangular mesh generation for the digitized
structured as imported in the FEM software for the cavity modes calcula-
tion). The spectral resonances and the spatial profiles of different modes can
be quickly estimated by a 2D simulation of the electric field in-plane compo-
nents, thereby neglecting the vertical losses. Figure 2.7 reports the typical
results of a 2D simulation. In Figure 2.7(a) the XY profiles of the norm of the
electric field |E| in the plane is shown for the principal TE-polarized cavity
modes. In (b) the spectrum of the field, integrated over the entire simulation
domain, is plotted in a range of wavelengths comparable with the experi-
mental measurements. In this case the full structure is used with a slightly
off-center current point source acting as the oscillating dipole of the QD
emitter. A 3D computation allows the determination of wavelengths, quality
factors and profiles taking the vertical losses into account. To improve the
speed, the 3D simulation is carried out in one single octant of the symmetric
structure providing a computation time of ∼ 150 s for a single frequency in
an optimized mesh with 2 millions elements. For each symmetry plane two
possible boundary conditions (perfect electric conductor with n×E = 0 or
perfect magnetic conductor with n×H = 0) can be implemented, according
to the polarization of the mode under investigation. In this configuration
a vertical one-dimensional magnetic dipole is positioned close to the origin
of the simulation domain for the excitation of the transverse electric (TE-
polarized) cavity modes. The local density of optical states (LDOS) in the
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Figure 2.6: Work-flow for the FEM simulation of a real device.(a)SEM micrograph of a L3 modified
cavity fabricated with nominal values a = 320 nm, r/a = 0.28, s = 0.17, rm/a = 0.24 at a clearing dose of
D0 = 35 C cm−2 during the EBL patterning. (b) The image is calibrated and the real pattern is analysed
with a particles-finder algorithm that can extract position, eccentricity and radius for all the holes in the
pattern. (c-d) The collected data are triangulated with a Voronoy cells code to perform statistics analysis
of the lattice constants and the radii. (e) A photonic crystal with exactly the same holes configuration
as the fabricated device is generated and imported in a FEM software where a dense triangular mesh is
generated for 2D or 3D electromagnetic simulations.

PhCC is computed as the ratio between the integral of the Poynting vector
in the simulated volume and the power radiated by the dipole in the bulk
material with index n = 3.4 (GaAs at low temperature) [195]. The 3D simu-
lation algorithm has been implemented by L.Midolo and more details can be
found in his thesis [418]. A three-holes line defect cavity (L3-cavity) design,
unmodified or modified by shifting and reducing the first two holes at the
side of the cavity, has been chosen in this work due to its recognizable spec-
trum and the possibility to obtain rather high Q factors with simple lattice
modifications.

Micro-photoluminescence

The optical characterization of the devices can be performed by a micropho-
toluminescence (mPL) setup where a He-flow cryostat able to work at tem-
perature down to 6− 9K is interfaced with a optical apparatus. In a general
implementation the quantum dots in the sample can be excited by an ex-
ternal laser source in non-resonant, quasi-resonant or resonant configuration.
The excitation can be continuous or pulsed depending of the operation fea-
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Figure 2.7: 2D FEM calculated |E| patterns and spectrum of the integrated field for the real L3 modified
cavity of figure 2.6(a) after the virtualization algorithm explained in Fig. 2.6. The notation used to label
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tures of the diode laser used. The re-emitted photons are then collected by a
high numerical-aperture microscope as close as possible to the sample surface
and sent directly, in free space or through a single mode optical fiber, to the
dispersion grating of a spectrometer like the Horiba Jobin Yvon FHR 1000.
The emission spectrum can be measured through the light dispersed into a
InGaAs pixels array cooled at the liquid nitrogen temperature with a reso-
lution below 200µeV. In a standard confocal mPL set-up the PL signal and
the laser pump are spatially separated by using a beam splitter or a dichroic
mirror. In the case of non-resonant or quasi-resonant excitation the laser fil-
tering is commonly realized by mean of high pass optical filters that cut-out
the laser component at lower wavelength. For resonant excitation the laser
suppression can be achieved using more complex polarization scheme. The
birefringence of λ/2 and λ/4 plates can be combined to excite the sample
with one polarization and collect the mPL signal in the orthogonal one. A
series of high precision piezo-motors are normally used to control the rela-
tive position between the optics and the sample in order to probe different
regions of the measured device. While moving the optics can be more con-
venient in terms of price and construction ease a stable system cannot avoid
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having the piezos inside the ultrahigh vacuum and low temperature chamber
of the cryostat at the price of a more difficult assembly and maintenance.
For alignment purpose a white lamp or a more efficient light emitting diode
(LED) can be used to illuminate the sample while the reflected image can be
deflected by another beam splitter and directed to a charge-coupled detec-
tor (CCD) camera. The design and assembling of a cryogenic optical setup
with the optimal configuration of cryostat and optical elements to ensure
high collection efficiency is far from easy. The situation is made even more
difficult when it is needed to integrate high frequency electrical probes work-
ing at low temperature for electro-optical characterization. While a more
simple mPL setup designed and built by C.Zinoni (EPFL) has been used in
the preliminary stage of this research, a new and more complex cryogenic
probe-station has been designed and built as a crucial step for this and other
research in our group. With this novel set-up, that will be described in detail
in chapter 5, a complete electro-optical characterization at low temperature
and high frequency has been possible with satisfactory collection efficiency
and stability.

Figure 2.8: Schematics of the micro photo luminescence set-up for standard optical characterizations as
designed and built by C.Zinoni (EPFL).
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Time-resolved PL

Time-resolved PL (TRPL) is a standard technique to investigate the time
evolution dynamics of the photon emitted by a radiative source. The char-
acterization of the optical flux by mean of direct mapping into the electrical
domain is prohibited by the unavailability of ultrafast detectors with single-
photon sensitivity and linear response. Single-photon detectors are used
instead in the time-correlated single-photon counting technique. In the case
of QDs pumped by an external pulsed laser, the life-time of a single emitter
or of an ensemble of them can be measured in a statistical fashion where
the same experiment is repeated many times per second measuring the de-
lay time between the excitation and the arrival of the emitted photon. The
detected counts pile up in a time histogram following the exponential proba-
bility distribution P (t) = e−1γQD(t−t0) of having a photon emitted at certain
time t. In this way the inability to directly detect the temporal shape of
the emitted photon is solved through a statistical method. For a sufficient
number of experiments the signal to noise ratio can be reduced. Provided
that the excitation power is low enough to preserve the single photon statis-
tics and that the detection rate is at most 1% to 5% of the excitation rate,
the histogram of photon arrivals per time bin represents the exact decay one
would have obtained from an ideal single-shot analogue measurement. A
pulsed diode laser (λ ∼ 970 nm) is modulated by a PicoQuant PDL 800-B
controller that ensures a pulse width < 60 ps and a repetition rate 10− 100
MHz. Either an internal or external trigger can be used with the possibility
to synchronize the laser pulsation with an external square wave bias of arbi-
trary frequency. Once the laser excites the carriers inside the QD forming an
exciton, its radiative recombination produces a single photon that can be col-
lected through a confocal microscope and sent to a Scontel superconducting
single photon detector (SSPD) [] housed inside a cryogenic dipstick at 2 K
and working at a bias current Ib ∼ −13 mA with quantum efficiency of 20%
in the 1.1− 1.3µm range. Prior to detection a wavelength filtering is used to
select the PL signal from the desired emitters. According to the experiments
a Kioshin-Kogaku fiber-coupled tunable filter with FWHM ∼ 0.65 nm or the
exit slit of a Horiba FHR 1000 monochromator (width ∼ 0.4 nm) have been
exploited. Amplifiers, inverters and derivators may be used to ensure that
the electrical pulses from the laser trigger and from the detector channel out-
put are single negative pulses with comparable absolute amplitudes of ∼ 150
mV. These two pulses are sent respectively to the start and stop ports of a
PicoHarp 300 correlation module where time-to-digital conversions (TDL),
constant-timing-discriminators (CDF) and proper thresholds are used to in-
crement the coincidence counts at the corresponding arrival time. In order
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Figure 2.9: (a)Scheme of a typical time resolved photoluminescence (TRPL) measurements. The fluo-
rescence signal from the excited QDs is collected back from the same optical objective, coupled to a single
mode fiber and eventually filtered prior to be sent to a Scontel superconducting single photon detector
(SSPD). The SSPD dipstick is kept inside liquid helium at a temperature of T ∼ 1.7 K. A detector con-
troller monitors temperature and pressure of the device and biases it with current Ib ∼ −13µA, close to
the critical current of the device (∼ −17µA). The derivative of the internal trigger of the pulsed laser
controller and the negative output (∼ −150 mV) from the SSPD are connected to the start and stop port
of a PicoHarp-300 correlation card, respectively. TRPL measurements are thus sensitive to the electrical
settings of the correlation card and of the detector as measured in (b) and (c). (d) The time-resolved
fluorescence is measured statistically over a large number of repetitive excitations.

to maximize the ratio between the signal and the dark counts of the detec-
tor, optimal voltage thresholds of ∼ 80 − 100 mV must be used for both
input ports. An infinitely precise TRPL setup would be able to measure
an infinitely sharp excitation laser as an infinitely sharp line at time t0 in
the time histogram. However for real detectors and electronics this is not the
case and temporal uncertainties are always present. The instrument response
function (IRF) to a sharp excitation is an intrinsic characteristic of the com-
plete TRPL setup summarizing its temporal precision. For our configuration
an IRF with FWHM of ∼ 110 ps has been measured under attenuated pulsed
excitation with pulse width < 60 ps (see black curve of Figure 6.11(b)). In
Figure 2.9(a) the time-resolved measurement setup is schematically sketched
according to the description given above. For one channel of our SSPD cooled
down at the temperature of = 1.7 K and biased with a −11.9µA current, the
signal (black circle) and the noise (red circle) counts per seconds are plotted
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in Figure 2.9(b) under a continuous wave (CW) laser excitation with λ = 760
nm and power P= 10 pW, as a function of trigger threshold of the correlation
card discriminator. A trigger level in the range from 60 mV to 100 mV gives
the highest signal to noise ratio in the time-resolve measurements. From
Figure 2.9(c) we can gather that the ideal bias current for our detector is in
the range from −11µA to −14µA. A lower bias current (in absolute value)
reduces the detection efficiency while an higher one would increase the dark
counts thus reducing the signal visibility. In my experiments a trigger thresh-
old of ∼ 60 mV and a bias current of −13µA have been chosen obtaining a
signal to noise ration around 103− 104 and only few dark counts per second.
The pile up of the time-correlated signal events in the histogram during a
typical time-resolved measurement under periodic pulsed laser excitation of
a model emitter with mono-exponential decay, is sketched in Figure 2.9(d).
The red peak is the laser pulse used as the periodic start signal. The green
parts represent the fluorescence photons collected at their own time tSTOP .
Period after period, the signal events statistically populate the histogram
until a decay curve with good visibility is obtained.

Conclusions

The fabrication facilities together with the photoluminescence characteriza-
tion techniques allow for a complete independent realization and testing of
electro-optical devices. In this chapter the main facilities of our lab have
been presented being a valuable starting point for any project that requires
a high level of technology in semiconductor micromachining and measure-
ments. Photonic crystal L3 cavities have been chosen as a robust design
for cavity QED experiments when coupled with single InAs quantum dots.
Multiple variations of the lattice configuration have been simulated and fabri-
cated with the purpose to find the configuration with the highest Q. However
efficient and stable recipes for GaAs processing and Ohmic contact metal-
lizations were still missing and the chapter 4 will give a more detailed insight
in the manufacturing and electrical characterization of specific GaAs devices
as the PhCC-diodes.
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3 | Theory of ultrafast electrical
tuning in c-QED

The optical properties of a self assembled quantum dot are intrinsically re-
lated to the radiative recombinations that may occur between different charge
states in its conduction and valence bands. In the QD, the electron and the
hole in their respective ground state form a bound state, a quasi-particle
called exciton, a quantized system on its own . Conventionally speaking this
excitonic state is also called first excited exciton while the ground state in this
case coincides with its absence, when the electron and the hole recombine.
Excitonic recombinations are some of the visible transitions in a photolumi-
nescence experiment and are related to certain selection rules. Tuning the
energy of this radiative processes is possible by applying an external mag-
netic (Zeeman effect) or electric (Stark effect) field. The quantum confined
Stark effect (QCSE) is easier to implement in view of an integrated and
scalable device and has been chosen as the tuning mechanism in our exper-
iments. The expected exciton energy shifts in a self-assembled InAs/GaAs
quantum dot have been estimated by numerical simulations accounting for
the strain-dependent electronic states of the system in different geometrical
configurations. Before describing the numerical simulation within the frame-
work of the Nextnano algorithms [419], an overview of a self assembled QD
heterostructure with its radiative recombination rules is given. The simu-
lation domain and the QD shape approximation are then presented. The
concept of strain is introduced together with the main numerical simulations
of its compressive and share components in the modelled heterostructure. For
the strain simulation shown here a particular truncated pyramid geometry
of the QD has been selected. For the same QD, the strain-dependent ground
and first excited states of the electron and the heavy hole are also calculated
together with the energy bands in the presence of an external electric field
with variable intensity. Then the Stark effect calculations are reported for
multiple combinations of QD morphology and indium concentration. The
parabolic fits in this simulation campaign give estimations of the permanent
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dipole moment and of the polarizability of the quantum emitter in different
configurations and allow us to better understand the dependency of the Stark
shift from the emitter’s parameters and thus the kind of QDs we have worked
on in our experiments. The chapter ends with the numerical calculation of
the ultrafast dynamic control of the c-QED interaction in different regimes.
The master equation formalism and the modelling of the system will be pre-
sented. The Stark tuning calculated in the previous sections is treated as a
bias-dependent shift in the QD frequency ωQD(t) in time. The square wave
bias modulation case is presented for different system parameters changing
the coupling constant g, the cavity decay rate κ and the electrical bandwidth
of the device affecting the rising and falling time of the voltage-dependent
energy shift.

3.1 Electronic states of a QD heterostructure

The distribution of carriers inside a quantum dot heterostructure can be
calculated numerically once the topology and the material in the structure
are known (see 3.1.3 below). The theory behind these calculations traces back
to the distribution of electron and hole states in a semiconductor material.
The wavefunction and the energy for a single electron with linear momentum
p −→ ∇ can be calculated from the single-particle Schroedinger equation
[420]

[− ~2

2m
∇2 + V (r)]ψ(r) = Eψ (3.1)

where m is the electron mass, while V (r) is the static potential energy in
the homogeneous medium neglecting the interaction with lattice vibration
and with other charges and E is the corresponding quantized energy of a
given wavefunction ψ. For a periodic crystalline structure, like the one of
a bulk semiconductor, the single-electron Schroedinger equation is solved in
the lattice-periodic potential V (r) = VCry.(r) and the Bloch theorem applies
with the Bloch wavefunctions (also called Bloch waves) that can be defined
as the product

ψ = ψB,j,k = uj,k(r) · e−ik·r (3.2)

where uj,k(r) is the wavevector-dependent Bloch function, periodic on the
crystallographic reticle such that uj,k(r + Rlattice) = uj,k(r), and e−ik·r is
a plane wave with wavevector k = p/~. In a general case an arbitrary
wavefunction can be written as a linear combination of Bloch wavefunctions
ψB,j forming an orthonormal basis for the respective Hilbert space. For each
value of k, there are multiple solutions to the Schrödinger equation labelled
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by j, the band index, which simply numbers the energy bands. Each of
these energy levels evolves smoothly as a function of k, forming a continuous
band of k-dependent states. For each band j, we can define a function Ej,k,
which is the dispersion relation for electrons in that band. In solids, the
highest range of energies in which electrons are normally present at absolute
zero temperature is called valence band. On the other side, mobile electrons
that gained enough energy to escape the valence band and jump over the
semiconductor bandgap are said to be states in the conduction band. Here,
they move freely throughout the crystal lattice and are directly involved
in the conductivity of the semiconductor. An electron promoted from the
valence to the conduction band leaves a missing negative charge in the valence
band that can be regarded as a positive particle, namely a hole. Among the
different bands, four are of main importance and are the electron (j = e) and
hole (j = h) ground and first excited states respectively in the conduction and
in the valence band at k = 0. The conduction and the valence band energies
can be calculated at different k for electron and holes, respectively. At k = 0,
these stationary states are also eigenvectors of the total angular momentum
operator J = L+S, where L is the angular momentum associated with the
corresponding Bloch wave and S is the particle spin. In bulk semiconductors,
the electrons at the conduction band minimum have zero angular momentum
(L = 0) since they occupy an s-like orbital. For them the total angular
momentum is Je = 1/2 taking into account the spin of the electron, S = 1/2.
Thus, the projections of the angular momentum are JeZ = ±1/2. The solution
for the holes at the top of the valence band, instead, is complicated by the
presence of three p-orbitals with L = 1, each of them oriented along one of
the main spatial directions. Six main states, degenerate for k = 0, can be
calculated. Four states with J = 3/2 are divided in two with J = 3/2, Jhhz =
±3/2 (heavy holes, hh) and two with J = 3/2, J lhz = ±1/2 (light holes,
lh). The remaining two states with J = 1/2, Jsoz = ±1/2 are called split-
off. The orbital degeneracy of the p-type valence-band states is split owing
to the spin–orbit coupling Hso ∝ L · S with the split-off band that are
typically lowered of few hundreds of meV’s below the J = 3/2 states, and
thus can be neglected in our case. The light and heavy hole subbands are
further split by the confinement and/or strain in a nanostructure, such as a
quantum dot. Interaction between the sublevels can lead to heavy-light hole
mixing in the most general case. For k 6= 0 the light holes occupy a lower
energy level in the valence band, due to their lower effective mass m∗lh <
m∗hh.When a heterostructure like a quantum dot is formed by combining
different semiconductors, the potential energy VS(r) in the structure can
be written as the sum of VCry.(r) for the crystal and of VHet.(r) for the
heterostructure (mainly dependent on the bandgap profile along single or
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multiple directions in the semiconductors modulation). In this situation, the
Bloch theorem, used so far for a free electron where VHet.(r) = 0, can be
extended to the general case by substituting the plane wave e−ik·r with an
envelope function ξj(r), that is the solution of the Schroedinger equation [421]

[− ~2

2m∗j
∇2 + VHet.(r)]ξj(r) = Ej,Het.ξj (3.3)

where j = e, h and only the VHet.(r) is considered. For a slow-varying het-
erostructure potential and parabolic bands the wavefunctions of a carrier in
the compound system can be simplified at k = 0 (Γ point) and read

ψj ∼ uj,k=0(r) · ξj(r) (3.4)

In practice the extra effect of intraband coupling can introduce more com-
plexity. The strength of this intraband mixing depends on the difference in
effective masses along and across the symmetry axis of the heterostructure.
For example in self assembled InAs/GaAs quantum dots, the strength of this
mixing increases with decreasing the dot size [422].

3.1.1 Overview of the radiative selection rules

The optical selection rule governing the radiative recombination between
different charge states [420] are worth to be mentioned in order to understand
the photoluminescence experiments and the simulation results. The role of
strain will be also pointed out and then further discussed in the following
subsections.

In the dipole approximation the coupling between electronic states, that
determines the emission of a photon, is ruled by

HI = −D ·E(r, t) (3.5)

where D = −er is the dipole operator and E(r, t) is the electric field associ-
ated with the electromagnetic wave. The transition rate between two states
of the heterostructure, ψf and ψi, is given by [420]

Pfi ∝ | 〈ψf |HI |ψi〉 |2 (3.6)

and in this approximation reads

Pfi ∝ |Dfi · ε|2 (3.7)

whereDfi is the dipole matrix elementDfi = −e 〈ψf | r |ψi〉 between the two
states and ε is the electric field polarization vector. If an optical transition
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is possible or not, depends on the result of the spacial integral 〈ψf | r |ψi〉.
Since r is an odd function itself, it is clear that the result will be different
than zero if and only if the two wavefunctions in the initial and final states
have opposite parity in order to give an even function when combined with r.
This simple observation is the selection rule for optical transitions. The total
parity of each ψi,f is the product of the parity of its constituents, namely the
Bloch wave ui,ki(r) (or uf,kf (r)) and the envelope function ξi(r) (or ξi(r))
that we introduced before. The dipole matrix element is thus proportional
to

rfi =
〈
uf,kf ξf

∣∣ r |ui,kiξi〉 =
〈
uf,kf

∣∣ r |ui,ki〉 〈ξf | ξi〉+ 〈ξf | r |ξi〉
〈
uf,kf

∣∣ui,ki〉
(3.8)

where i and f are the initial and final states of the transition, respectively.
Since the Bloch waves are assumed to be approximately constant within
the band, but are orthogonal between different bands while the envelope
functions are orthogonal for different states within a band, the expression
before can be simplified as

rInterbandfi =
〈
uf,kf

∣∣ r |ui,ki〉 〈ξf | ξi〉 (3.9)

for interband transitions and

rIntrabandfi = 〈ξf | r |ξi〉 (3.10)

for intraband recombinations in a QD. For the interband recombination of an
electron at the lowest energy state in the conduction band and a heavy hole at
the highest energy state in the valence band of the heterostructure, the Bloch
wave of the electron (hole) has a even (odd) parity while the envelope func-
tions are both even, giving a (even∗odd∗odd)∗(even∗even) = even parity for
the integral of the dipole matrix element and thus a non zero transition proba-
bility. An analogue case is true for the 〈e2| r |e1〉 intraband transition between
the two electronic states of the conduction band. It is worth noting that the
interband matrix elements are mainly determined by the crystalline material
used in the heterostructure since 〈ue,kf | r |uh,ki〉 〈ξe| ξe〉 ≤ 〈ue,kf | r |uh,ki〉 and
wavefunction engineering is limited. Contrary to the non-polarized emission
in bulk semiconductors, the axis of symmetry is well defined in heterostruc-
tures and the recombination of electrons with heavy or light holes is strongly
polarized, occurring with different probabilities due to the specific quan-
tization of the system. A e − lh recombination exhibits a higher energy
with polarization components both in the plane (transverse electric or TE)
and along the growth direction (transverse magnetic or TM) while the low-
est energy e − hh transition is coupled to an electric field polarized in the
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Figure 3.1: Projection of the multi-resolutions three-dimensional grid in the XY(a) and XZ(b) plane as
used to discretize a truncated pyramid quantum dot (inspired by the TEM analysis of similar self-assembled
InAs QD [257]) with T = 1 and θ = 45o, for numerical calculations of strain, band diagram, quantum
states and Stark effect. For the simulations an iterative finite differences method (Nextnano [419])is used
as explained in the text. The In concentration can be varied along the vertical direction and is shown here
by the color gradient (in this sketch, from 80% in the bottom to 100% on the top of the QD).

XY plane (TE) when Z is the growth direction of the heterostructure [423].
However in real system the determination of the final polarization for the
allowed optical transitions is more complicated and results from the com-
bination of quantization and strain effects. Accumulated strain during the
growth of the heterostructure produce an anisotropic deformation of the lat-
tice and breaks the heavy/light-holes degeneracy. The strong compressive
strain in InAs/GaAs quantum dots, for example, pushes away the light-holes
states suppressing TM-polarized emission. Despite the weak coupling of light
holes to TE-polarized field, excitonic transitions in self-assembled QDs have
a predominant heavy-hole character with the dipole oscillating in the plane
and emitting a TE-polarized radiation. For this reason, an accurate sim-
ulation of electronic states and radiative recombinations in the QD cannot
neglect the strain that must be computed prior to any other calculations.
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Moreover a circularly polarized photon carries an angular momentum of ±~.
Other selection rules, neglecting the e-hh coulomb interaction, must be con-
sidered according to the angular momentum matching between the initial
and final states exchanging the photon. Single e − hh excitonic transitions
are thus possible only if ∆Jf−iz = ±1. These constraints distinguish the
bright exciton states in a QD, |B+〉 = |Jez = −1/2〉

∣∣Jhhz = 3/2
〉
and |B−〉 =

|Jez = +1/2〉
∣∣Jhhz = −3/2

〉
with ∆Jf−iz = ±1 from the dark exciton states,

|D+〉 = |Jez = +1/2〉
∣∣Jhhz = +3/2

〉
and |D−〉 = |Jez = −1/2〉

∣∣Jhhz = −3/2
〉

with ∆Jf−iz = ±2. The exciton states for which an optical recombination is
possible are called bright and those that cannot decay optically, dark. Dark
excitons may change their spin in spin-flip processes becoming bright states
ready for a radiative decay [264].

Finite differences numerical simulations have been carried out within the
Nextnano package developed by S.Birner from the Munich University [419].
The shape of the quantum dot has been approximated with the one of a
truncated pyramid with base width W and height hT = T · h where T is the
truncation factor ranging from 0 to 1 and h = W ·tan(θ)/2 is the height of the
corresponding pyramid for T = 1 and angle θ between the lateral face and
the base. The geometrical approximation (see Figure 3.1) has been based on
atomic force and transmission electron microscope analysis of similar QDs as
shown in the inset of Figure 3.1(b) [257].

3.1.2 Strain simulations

Self assembled QDs can be created by Stransky-Krastanov growth in a MBE
reactor. When InAs is deposited on a substrate with smaller lattice constant
like GaAs, the elastic energy and the stress increase due to lattice mismatch
between the two semiconductors. After a critical thickness the system un-
dergoes a transition where the elastic energy is partially released and the
film breaks, forming isolated islands surrounded by a strain field [424]. In a
three-dimensional structure the strain-stress relation is given by the general-
ized Hooke’s law taking into account compressive and shear forces acting of
the system and reads

εij =
1

Y
[(1 + ν)σij − νδijσnn] (3.11)

where i, j = x, y, z and δij = is the Kronecker delta. This formula allow
us to calculate the strain components εij as a function of the stress tensor
components σij (σnn = σxx + σyy + σzz), the Young modulus Y (equal for all
axes in an isotropic material) and the Poisson ratio ν = −εTransverse/εAxial
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(∼ 0.35 for InAs and ∼ 0.31 for GaAs) describing the amount of compres-
sion(extension) that occur in the two transverse directions perpendicular to
the axis where traction(compression) stress is applied. The components of
the strain tensor εij are related to the restoring spatial displacement u(r) in
the stressed structure as

εij =
1

2
(
dui
dj

+
duj
di

) (3.12)

with i, j = x, y, z. For example when a structure is subjected to a tensile
stress on the x direction, it reacts with a negative (compressive) strain εxx =
dux/dx since the restoring displacement tends to reduce along the stress axis.
In the opposite case of compressive forces along x, the strain reaction εxx will
be positive with the structure that tries to restore its initial width pushing
outwards along the x direction.

From the combination of the strain tensor elements, two main quantities
can be estimated. One is the isotropic strain I defined as

I = εxx + εyy + εzz. (3.13)

The other is the biaxial strain B written as

B = (εxx − εyy)2 + (εyy − εzz)2 + (εzz − εxx)2. (3.14)

The total elastic energy UElast. accumulated by the system is written as

UElast. =
1

2

∫
([C11·I2+C12·(εxxεyy+εyyεzz+εxxεzz)+2C44(ε2

xy+ε
2
yz+ε

2
xz)])d

3r

(3.15)
where C11 = Cxxxx, C12 = Cxxyy and C44 = Cxyxy are the elastic constants of
the material ([0.833, 0.453, 0.396]N/nm2 for InAs and [1.19, 0.538, 0.595]N/nm2

for GaAs). Strain calculations are important since they influence the charge
distribution in the quantum dot heterostructure [425]. The strain field of the
QD creates an asymmetric spatial redistribution of electron and holes and a
net electric dipole moment p = e(〈ψh| r |ψh〉−〈ψe| r |ψe〉) (not to be confused
with the dipole matrix element dij) arises. The wavefunctions redistribution
creates a permanent dipole in the dot. A small piezoelectric potential also
arises due to shear strain and stationary charges that accumulate at the edge
of the QD [426]. Even if the eVPE is less than the ∼ 1% of the total energy,
it is absent in the vertical growth direction and it can be neglected for elec-
tronic ground states, it has been included in the numerical analysis as part of
the Nextnano algorithms. The strain field has been calculated by minimizing
the elastic energy UE on a discrete and non-uniform 3D grid (more dense in
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Figure 3.2: Numerical calculations of the strain in a truncated pyramid InAs/GaAs quantum dot with
base width W0 = 20nm, truncation T = 0.45, θ = 45o (see inset of Figure 3.1(b)) and InxGa1−xAs
composition varying linearly from x = 0.8 in the bottom to x = 1 in the top of the QD. One dimensional
profile of the main strain components, εxx, εzz , I (isotropic) and B (biaxial), through the center of the
QD, along the X (a) and the Z (b) directions in the XZ plane of (c). (c) Two dimensional contour plot
of εxx, εzz and εxy in the XY (left) and XZ (right) plane crossing the QD as shown in the sketches on
top of the data plots. for the numerical simulations the physical parameters for zinc blende InxGa1−xAs,
GaAs and AlGaAs, included in the Nextnano package, have been used [419].

the region of the QD as shown in Fig. 3.1) and solved numerically with the
finite differences technique. Figure 3.2 shows the main results for the strain
calculations. The lattice mismatch between InAs and GaAs causes a com-
pressive strain in the planar direction, stronger (εxx and εyy more negative)
for the narrower regions on the top of the QD while a tensile strain is created
along the growth axis. A shear strain εxy in the XY-plane (see Fig.3.2(c)-
bottom graphs) is responsible for the piezo-electric potential at the corner
of the truncated pyramid. In Figure 3.2(c) the XY (left) and XZ (right)
profiles of the strain components εxx, εzz and εxy are shown for a truncated
pyramid geometry with W0 = 20 nm, truncation T = 0.45, theta = 45o and
In-concentration distribution varying linearly from 80% to 100% along the
growth direction of the QD. In Figure 3.2(a) and (b), the one-dimensional X
and Z projection of the εxx(orange line) and εzz (light blue line) components
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3.1. ELECTRONIC STATES OF A QD HETEROSTRUCTURE

and of the idrostatic (I, black line) and biaxial (B, red line) strains is plot
through the center of the QD, respectively.

While the electronic states in strained quantum dot heterostructure have
been already calculated for specific pyramid and truncated-pyramid geome-
tries [255, 427–429], we have focused on the morphology and indium con-
centration dependencies of the Stark shift in different configurations. Four
configuration (S1, S2, S3 and S4) of the InxGa1−xAs concentration have been
considered with a linear variation of x from the bottom to the top of the QD.
The specific values of x at the two extremes have been varied around the
reference values for similar InAs QDs [256,430] .

3.1.3 Band structure and quantum states calculation

The electronic wavefunctions as well as the band diagram at k = 0 have been
calculated for electron and holes states following the iterative Schrödinger-
Poisson solution of the Nextnano algorithm [419]. The program evaluates
first the bulk band structure of all constituent materials, performs a global
strain calculation as reported in the previous section, and determines the new
band edges and piezo-electric charges. Then, the Poisson equation and the
multi-band Schroedinger equations are iteratively solved self-consistently. A
database containing the material parameters for group III–V materials in zinc
blende and wurtzite crystal structures is also provided within the software.
The charge density distribution % is first predicted using the perturbative
theory from ψe,h, then the electrostatics within the device is solved with the
Poisson equation

∇[ε0εr(r)∇V
e

] = −%(r) (3.16)

where V is the electrostatic potential and ε0 is the vacuum permittivity. The
tensor εr(r) is the material dependent static dielectric constant at position r.
It is isotropic in a zinc blende material and anisotropic for a wurtzite one. As
for the strain calculations, the Poisson equation has also been discretized on
the same non-uniform three-dimensional grid and solved numerically by an
iterative finite differences method [431–433]. Typically, Neumann boundary
conditions for the Poisson equation are employed which implies a vanish-
ing electric field at the boundaries (dVEff./dr = 0). For non-equilibrium
simulations Dirichlet boundary conditions [433] have been used. Here, the
electrostatic potential in equilibrium (built-in potential) is determined using
zero-field (Neumann) boundary conditions. Then the electrostatic potential
at the boundaries is fixed with Dirichlet boundary condition [432]. The so-
lution of %(r) is then refined by solving the Schrödinger equation with the
effective mass and envelope function approximations (EFA) [432] that, in the
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Figure 3.3: (a) Nextnano finite differences numerical calculations of the squared wave function (50%-
probability iso-surfaces) for electron (

∣∣∣ψ0,1
e

〉
) and heavy hole (

∣∣∣ψ0,1
hh

〉
) in the ground and in the first

excited state at zero electric field (|F | = 0) at a temperature of 10K. For this simulation a strained QD,
with the same parameters used in the simulations of fig 3.2, has been considered .(b) On the left the
simulation domain is shown together with the 70%-probability iso-surfaces (|ψ|2) for the ground state of
electron (from magenta to light blue) and heavy hole (from red to green) under an electric field F from
0 to 105kV/cm. On the right the energy bands, the electron-heavy hole separation d and the exciton
recombination energy ~ω0 are shown as calculated varying the uniform electric field F across the QD.
The field bends the energy bands and causes the increase in the electron-hole separation inside the QD.
A field pointing upward (left graph) can be realized by biasing the top region with a voltage lower than
the bottom one (reverse bias).

Γ point of the crystal Brillouin zone and for an electron with energy Ee,n,
reads [434]

−~2

2
[∇a

1

m∗e
)ab∇b + Ec(r)]ψe,n(r) = Ee,nψe,n (3.17)
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where the effective mass terms (1/m∗e)ab are the elements of a tensor Me

that takes into account different values of the effective mass along different
directions (a, b = x, y, z) and the modifications due to the local strain field.
It can be assumed spherical for the electrons at the Γ point with a fairly
good approximation. The potential energy Ec is the conduction band edges
including the piezoelectric charges, the band offsets and the strain-dependent
band deformation δEc, as well as the electrostatic potential V that is obtained
from the previous Poisson equation. To give just an idea of δEc, it is easier
to consider the bulk description of the strain-induced deformation of the
conduction band-edges that is the main component for the electron ground
state in the QD [429,434]. In this approximation δEc reads

δEc = ac(εxx + εyy + εzz)− eVPE (3.18)

where VPE is the piezoelectric potential calculated during the strain analysis.
The three single-band Schroedinger equations for the heavy, light, and split-
off holes are similar. For the heavy hole, the valence band Ev and the effective
mass tensor Mhh are considered. In the same bulk description, the strain-
dependent deformation δEv of the valence band for the heavy hole can be
written as [429]

δEv = −av(εxx + εyy + εzz) +
√
Es − eVPE (3.19)

where VPE is the piezoelectric potential and Es is defined as

Es = b2
v

B2

2
+ d2

vI
2 (3.20)

taking into account the isotropic and biaxial strains I and B. The deforma-
tion potential constants ac, av, bv, dv, respectively equal to [−6.7, 0.7,−1.8,−3.6]eV
for InAs, have been used. The discretization of the single-band Schrödinger
equation in real space leads to a real, symmetric eigenvalue problem that is
solved iteratively by standard Arnoldi method (ARPACK) [435–437] in the
simulation domain. The temperature dependence of the absorption in the
semiconductor of the heterostructure has also been included using the model
of Varshni [351] to account for the change in the bandgap according to

Eg(T ) = Eg,T=0) −
αT 2

T + β
(3.21)

where T is here the temperature in Kelvin and α and β are the two Varshni
parameters characteristic for each material. T has been chosen equal to 10K
in the numerical analysis to compare the simulations with the experimental
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results in cryogenic conditions. More information about the Nextnano algo-
rithms for strain, device electronics and quantum states calculations can be
found in [419].

The calculations of the probability distribution for electron and heavy
hole at zero bias and of the energy bands configuration as a function of the
external electric field are reported in Figure 3.3 for a truncated pyramid QD
with base width W0 = 20nm, truncation T = 0.45, base angle θ = 45o and
fraction x of In, in the InxGa1−xAs composition, varying linearly from 0.8
in the bottom to 1 in the top of the QD (same structure used for the strain
simulation of Fig. 3.2). In Figure 3.3(a) the 50%-probability isosurfaces
for the electron (|ψe|2) and the heavy hole (|ψhh|2) in their ground and first
excited states are shown together with the truncated pyramid shape used in
the simulation. The strain field within the QD (see Fig. 3.2) is responsible
for the generation of piezo-electric charges at the corners of the QD causing
a 45o-rotation of the spatial distribution of electron and heavy hole as can
be clearly seen in the first excited states of Figure 3.3(a). In the left plot of
Figure 3.4(b) the truncated pyramid domain is shown together with the In-
concentration gradient along the vertical direction (001) (from 80% in light
blue to 100% in black) and the two-dimensional XZ-projection of the 70%-
probability isosurfaces for the electron and the heavy hole ground states
under a reverse bias field F (black arrow) ranging from 0 to 105 kV/cm.
The heavy hole resides above the electron with an inverse permanent dipole
p ∼ 0.48 e nm, comparable with other similar system [256] and with our
experimental data reported later in the chapter 6 of this thesis. Under reverse
bias, the electric field F increases the electron-hole separation d up to ∼ 0.95
nm for |F | ∼ 100kV/cm. On the right side of Figure 3.3(b) the XZ projection
of the field-dependent three-dimensional conduction and valence bands are
shown together with the Z-projection of the 3D probability distribution of the
electron and the heavy hole in the ground state. The recombination energy
~ω0 has been calculated as the difference between the electron and the heavy
hole energies and reproduces the experimental results of the emission spectra
of our QDs with a good accuracy.

3.2 Stark shift of the exciton energy

The quantum confined Stark effect [438,439] is the modulation of the energy
levels of a quantum confined system under the application of an external
electrostatic field and it can also be applied to the field-dependent absorption
of a semiconductor heterostructure [440, 441]. When a permanent dipole
moment is present in the system, it can couple to a uniform electromagnetic
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field F according to the dipole interaction Hamiltonian

HInt. = −D · F . (3.22)

where D = −er is the electrical dipole vector from which the permanent
dipole moment p can be calculated as

p = −e(
〈
ψ0
e

∣∣ r ∣∣ψ0
e

〉
−
〈
ψ0
h

∣∣ r ∣∣ψ0
h

〉
) (3.23)

where ψ0
e and ψ0

h are known from the solution of the unperturbed Hamiltonian
[421]. The perturbation theory can be applied to the excitonic state as well
by considering the electron and hole wavefunctions in their respective ground
states.

3.2.1 Perturbative treatment

A strained quantum dot heterostructure exhibits an electric permanent dipole
and is a good candidate for energy Stark tuning. Due to strain and indium
concentration distribution in a truncated pyramid QD, the hole wavefunction
may be confined in the narrower region of the QD, thus above the electron,
resulting in an inverse dipole moment [256]. Tuning the electron and the
hole ground state, the recombination energy of the exciton in the QD can
be modulated. This kind of modulation has the advantages to have a broad
tuning range and a fast switching time and has been chosen as the spectral
tuning mechanism in our c-QED experiments. The energy shift due to the
external electric field can be computed by using a perturbative approach
to the Schroedinger equation where the interaction Hamiltonian is used as a
first- and second-order perturbation to account for the first- and second-order
Stark effect terms.

First order perturbation

For a general m-degenerate state (non-degeneracy is the special case with
m = 1) the first-order energies of the m×m matrix in the m-fold subspace
and read

Eij
Int. =

〈
ψ0
i

∣∣HInt.

∣∣ψ0
j

〉
=
〈
ψ0
i

∣∣D · F ∣∣ψ0
j

〉
(3.24)

where the ψ0’s are the wavefunctions of electron and hole, bound together in
an excitonic fashion, for the unperturbed Hamiltonian of the semiconductor
heterostructure in effective mass and envelope function approximations. In
the non-degenerate case (m = 1) the first-order energy shift can be written
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as a factorization of the uniform electric field F and of the average value of
the electric dipole in the system as

E
(1)
Int. = −e(

〈
ψ0
e

∣∣ r ∣∣ψ0
e

〉
−
〈
ψ0
h

∣∣ r ∣∣ψ0
h

〉
) · F (3.25)

and is also called linear Stark effect.

Second order perturbation

The presence of the electric field slightly moves the electron and the hole in
opposite direction causing a re-polarization of the permanent dipole. If the
hole wavefunction resides above the electron, for an electric field pointing
upward, the electron-hole separation increases and thus the dipole moment
increases giving a larger energy shift. To account for this effect a second-order
perturbative term must be considered. For a non-degenerate ground state the
energy term E

(2)
Int. of the quadratic Stark effect is given by the perturbation

theory as

E
(2)
Int. =

∑
k>0

〈ψ0
0|HInt. |ψ0

k〉 〈ψ0
k|HInt. |ψ0

0〉
E

(0)
0 − E

(0)
k

=
3∑

i,j=1

FiβijFj (3.26)

where the ψ0’s are the unperturbed electron-hole bound states ψ0 = ψ0
eψ

0
hh

with binding energy E(0)
0 and E(0)

k , and the components of the polarizability
tensor βij are

βij =
∑
k>0

〈ψ0
0|pi |ψ0

k〉 〈ψ0
k|pj |ψ0

0〉
E

(0)
0 − E

(0)
k

. (3.27)

In the case of a vertical dipole oscillating in the direction of a moderate
electric field, and for an isotropic polarizability the first- and second-order
terms can be further simplified and the overall energy shift for an exciton
ground states becomes

E(F ) = E0 + p · F + β · F 2 (3.28)

From the voltage V applied between the two contacts of our device, the
electric field can be calculated as

F =
V − Vbi
H

(3.29)

once we know the built-in voltage Vbi ∼ 1.43V and the intrinsic region thick-
ness H ∼ 250nm of the PhCC-diode. Quantitative analysis of the Stark
shift for our quantum dots yield the permanent electric dipole moment p
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and the polarizability β. Moreover when a semiconductor heterostructure
is grown, an energy band variation is created in the region of the quantum
dot. An external electric field can cause band bending and favour the shift
of the electron and the hole in opposite vertical directions. One of the main
effects of this phenomenon is a slight bigger electron-hole separation result-
ing in a lower dipole matrix element and a reduced recombination rate. By
comparing experiments with numerical simulations of strained-QDs with dif-
ferent morphologies and indium distribution, the shape and composition of
our quantum emitters inside the processed device can be estimated. Such
information would be otherwise very difficult, if not impossible, to obtain by
means of microscopy techniques.

3.2.2 Stark shift simulations

Finite differences numerical calculations have been performed for different
QD shapes and Indium concentrations. The simulation campaign has been
performed within Nextnano, describing the InxGa1−xAs quantum dot as a
truncated pyramid on top of a thin wetting layer of InAs within the GaAs
matrix. Its volume has been kept constant in order to study the trend of the
dipole moment p and of the polarizability β varying the geometric parameters
(see Table 3.1). Simulations at constant volume are comparable to simula-
tions at constant basis width but are more consistent because they allow us
to compare at the same time different aspect ratios with equal volume. For
example, during annealing at high temperatures the same quantum dot can
change its aspect ratio while maintaining the same amount of material it is
made of. Nevertheless we should also mention that an absolute comparison
between simulation and experimental data is challenging since the sizes of
the real QDs in sample are very difficult to know with high precision after
they have been capped and the device has been processed. The volume V
of a square truncated pyramid with bottom side a, top side b and height hT
can be calculated as

V =
(a2 + ab+ b2)hT

3
. (3.30)

In term of the bottom square width W , the lateral face-base angle θ and the
truncation T , defined as the fraction of the total height h = tan(θ)W/2 of a
corresponding pyramid, the volume of the truncated pyramid reads

VQD =
W 3tan(θ)(T 2 − 3T + 3)

6
(3.31)

where the standard pyramid volume V equals W 2h/3 for T = 1. Solving
this equation for the variable W at fixed volume VQD, for given T and θ, the
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solution for the other geometrical parameters of the truncated pyramid, W
and hT = T · tan(θ)W/2, has been found and used in the simulation. The
reference volume is arbitrary and has been chosen as the one of a pyramid
(T = 1) with a base side W0 of 20nm and an angle θ = 45o (h = W0/2). All
the other different geometrical configurations are calculated for this volume
varying the truncation and the angle. For example, in a truncated pyramid
with the same lateral face inclination θ and a truncation T = 0.6, a base side
of 20.45nm (∼ 1.0223 times the reference value W0 = 20nm) and a truncated
height hT = 6.13nm have been calculated. In table 3.1 the value of W and
hT used in the simulations, normalized to W0, are summarized as a function
of the truncation factor T and of the angle θ for the fix reference volume
VQD =

W 3
0

6
.
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Figure 3.4: Quantum confined Stark effect simulation as a function of the reverse bias field along the
vertical axis, for a strained QD with different truncated pyramid parameters and In concentrations. The
different In concentration distribution S1, S2, S3 and S4 have been modelled as linear gradients from the
bottom to the top of the QD and are indicated on top of each plot in (a). (b) The trends of the permanent
dipole moment p and the polarizability β are plotted as a function of the In concentration. (c) QD tuning
parameters p and β versus the truncation factor in the truncated pyramid shape. Open squares, circles,
up triangles and down triangles refer to S1, S2, S3, S4 In-concentration, respectively. (d) Dependence of
p and β as a function of the base angle θ of the truncated pyramid QD.

The Nextnano iterative Poisson-Schoedinger method has been used to
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calculate the strain- and electric field-dependent energy bands and the elec-
tron and heavy hole ground state energies. The exciton recombination energy
has been estimated from the difference of these energy levels for each electric
field ranging from 0 to 105kV/cm and pointing upward along the z axis. The
maximum electric field used in the simulations has been chosen taking into
account the maximum reverse bias voltage that can be applied across a real
PhCC-diode before the carriers in the QD can tunnel out due to the field-
dependent bands bending and narrowing of the InAs/GaAs potential barrier.
In figure 3.4 the Stark tunings for different configurations are plotted versus
the vertical electric field along the [001] direction. The vertical axis of Fig.
3.4(a) shows the normalized energy E/E0 where E0 is the exciton energy for
zero field. The geometrical parameters and the In concentration are reported
explicitly in the figure 3.4(a). A linear gradient from the bottom to the top of
the QD has been chosen for the In concentration distributions. The fraction
x of In in the InxGa1−xAs composition along the z direction of the QD has
been varied from 0.7 to 0.9 in the configuration labelled S1, from 0.7 to 1 in
S2, from 0.8 to 1 for S3 and kept constant to 1 in S4 (see Figure 3.4(a)). In all
the four In-concentration configurations (S1,S2,S3,S4), for truncations below
T ∼ 0.6 and angles θ < 50o, the permanent dipole moment has a negative
value with the heavy holes wavefunction that is more concentrated towards
the upper part of the QD, above the center of mass of the electron’s proba-
bility cloud. When the QD exhibits such a inverse electric dipole, its exciton
energy decreases (red-shifts) for the all range of the electric field pointing
upward along the QD growth direction (black arrow in the left plot of Figure
3.3(b)), with the electron (heavy holes) that moves to higher (lower) ener-
gies and towards the bottom (top) of the QD as it has been also observed
in [256]. From the simulations it has been also observed that, for truncations
below T ∼ 0.6, the greater is the In gradient (S2), the wider is the tuning
range. The energy of a QD with truncation of T ∼ 0.6 and In concentration
S3, can be red-tuned to 0.983 times its original value. An exciton spectral
line at 0.98eV (∼ 1265nm), for example, can be red-shifted of about 20meV
(∼ +25nm) with an electric field of ∼ 100kV/cm (equivalent to ∆V ∼ 2.4V
in a ∼ 250nm-thick intrinsic region of a p-i-n junction in reverse bias). Even
if a precise control of shape and In concentration is impossible during the
quantum dot growth, the numerical calculations offer a qualitative estimation
of the optimal parameters to achieve a wide spectral tuning of the exciton
energy by means of the QCSE. The dipole moment and polarizability cal-
culated for different configuration, agree well with our experimental results
(see chapter 6) and with other works on similar systems [256,384].

In the real device, however, at high electric fields the bands bend to such
an extent that the carriers can tunnel out of the QD quenching the radiative
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recombination. Moreover for high electric field the electron and the hole
become more and more separated. Their overlap integral (proportional to the
recombination rate) reduces and the exciton spectral line may be impossible
to detect by the CCD array of the spectrometer.

3.3 Dynamic ultrafast modulation of the QD-
cavity coupling in c-QED

To theoretically describe the experimental situation, the QD is modeled as a
three-level quantum emitter coupled to the field of an optical microcavity. In
this scheme the ground state of the QD (level 0) is incoherently pumped at
time t0 (operator σ02) to the higher energy state (level 2) which then relaxes
incoherently to the cavity coupled excitonic state of the QD (level 1) through
the lowering operator σ21. In the experiments described later in this thesis,
the level 2 corresponds to the higher-energy states excited by a pumping
laser with a λ ∼ 980nm, above the InAs wetting layer emission at 890 nm.
The schematic view of the three levels with the pump, the relaxation and the
radiative decay transitions is shown in Figure 3.5(a).

The exciton decay from the level 1 to the ground state is then described
by σ10. The dynamics of the system is simulated by the temporal evolution of
the density matrix ρ. The rotating wave approximation of the system Hamil-
tonian describing the coherent QD-cavity interaction in a frame rotating at
ωFRAME reads

H = ~∆CAV (a†a) + ~∆QD(t)(σ†σz)− i~g(a†σ10 − σ†10a) (3.32)

where a(a†) is the bosonic annihilation (creation) operator for the cavity field,
σ12 is the lowering operator that couples the QD exciton state to the cavity
mode transferring the quantum emitter to its ground state and g = Ω0/2
where Ω0 is the vacuum Rabi frequency of the coupled system. The cavity
frequency is fixed and the detunings are given by ∆i = ωi − ωFRAME with
∆CAV = 0. The σ10 is operator describing the exciton recombination within
the QD, thus the transition from the level 1 to the level 0 of our three-level
system.

To simulate the dynamic control of the c-QED evolution, the Stark mod-
ulation of the exciton energy has been represented as a temporal variation
of the QD frequency. The time-dependent QD frequency ωQD(t) may follow
any arbitrary bias modulation that can be experimentally realized by means
of a ultrafast voltage function generator. One of the simplest modulation
functions that can be implemented is a square wave bias. The exciton en-
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Figure 3.5: (a)Schematic representation of the three level system used to model the incoherent pump and
relaxation, as well as the radiative decay of the QD exciton in our c-QED experiments. (b) Representation
of the energy modulation function ωQD(t), following a square wave bias pulse with period T , tuning the
exciton energy during the c-QED dynamics.

ergy shift in time can be estimated from the steady state response of a diode
to a 50% duty cycle square wave and reads

ωQD(t) = ωAQD + (ωBQD − ωAQD)×


Ce
− T

2τRC : t < δ

1− Ce
δ−t
τRC : δ < t < δ + T

2

Ce
δ+T/2−t
τRC : t > δ + T

2

where T here is the period of the electrical modulation, δ is the delay of the
rising or falling edge of the square wave bias from the initial optical pump
at t = 0, C = 1/(1 + e−T/2τRC ) and τRC is the temporal constant of the
switching that depends on the electrical impedances of the final device as
explain in 4.1. The steady-state QD frequencies at the two applied voltages
are denoted by ωAQD and ωBQD. Three different experimental configurations
can be modelled for the dynamic control, depending on the value of these
two frequencies and are schematically represented in Figure 3.6(a). When the
QD is on the red (blue) side of the cavity mode at t = 0, its initial frequency
ωAQD is lower (larger) that the cavity mode frequency ωCAV . A fast electrical
modulation can switch on the resonance condition with ωBQD = ωCAV . In
another situation the QD can be initially on resonance with the cavity mode
and then fast red- or blue-shifted from the cavity mode switching off the
interaction. When ωAQD is lower than the cavity mode frequency and ωBQD is
higher, a crossing from the red to the blue side of the cavity can be modelled.
The blue to red crossing can also be modelled by inverting the maximum and
minimum voltage values of the modulation. The static simulations, without
any modulation of the exciton energy, for the detuning ±∆ from the cavity
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mode, can be obtained for the special case ωAQD = ωBQD = ω ± ∆. The fast
modulation of the QD-cavity detuning is represented in Figure 3.5(b) and by
the dark line in the plots of Figure 3.6.

Including the incoherent pumping, the relaxation of the higher energy
level to the bright exciton state and the system losses, the Master equation
for the complete dynamics reads

dρ

dt
=− i

~
(Hρ− ρH)

+ κCAV (aρa† − 1

2
a†aρ− 1

2
ρa†a)

+ γQD(σ10ρσ
†
10 −

1

2
σ†10σ10ρ−

1

2
ρσ†10σ10)

+ γrelax.(σ21ρσ
†
21 −

1

2
σ†21σ21ρ−

1

2
ρσ†21σ21)

+ ΦPUMP (σ02ρσ
†
02 −

1

2
σ†02σ02ρ−

1

2
ρσ†02σ02)

+ γd(σDρσ
†
D −

1

2
σ†DσDρ−

1

2
ρσ†DσD)

where κCAV is the cavity loss rate, γQD is the exciton radiative decay rate into
the leaky modes of the photonic crystal responsible for the transition from
|1〉 to |0〉, γrelax. is the fast incoherent relaxation rate (τrelax. ∼ps) from the
pumped high energy level |2〉 to the exciton state |1〉, ΦPUMP is the incoherent
pump term that excites |0〉 to |2〉 at time t = 0 and it is proportional to
| 〈2| er |0〉 | ·

√
PLASER/ALASER and γd is the pure dephasing rate of the QD

in the dephasing term that describes the coupling of the QD with acoustic
phonons [442, 443]. For a laser with continuous power PLASER = 500µW
and spot area ALASER ∼ 7µm2 (estimated from the real spot size of the
980 nm laser as focused on the sample by our confocal objective), the pump
term approximately equals ∼ 0.5 GHz assuming for simplicity that the dipole
element between level 2 and level 0 is the same as the one between level 1
and 0. To simulate the optical excitation due to a pulsed laser with pulse
width of 70ps, the incoherent pump term has been multiplied by a Gaussian
distribution with a FWHM of 70ps and centered at t = 0. The three states
of the QD can be written in vectorial form, from the lowest to the highest,
as

|0〉 =

 0
0
1

 , |1〉 =

 0
1
0

 , |2〉 =

 1
0
0

 .

The matrices of the operators governing the QD transitions between an initial
state |ψi〉 and a final one |ψf〉 within the three-levels representation (i, f =
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0, 1, 2) are

σ01 =

 0 0 0
0 0 1
0 0 0

 , σ02 =

 0 0 1
0 0 0
0 0 0

 , σ12 =

 0 1 0
0 0 0
0 0 0


while the dephasing operator σD is

σD ≡ σ†10σ10 =

 0 0 0
0 1 0
0 0 0

 .

As it can be easily verified, for all the "atomic "transitions the following
equations hold:

σi→f |ψi〉 ≡ σif |ψi〉 = |ψf〉 (3.33)

and
σf→i |ψf〉 ≡ σfi |ψf〉 = |ψi〉 (3.34)

where
σf→i = σ†i→f ≡ σfi. (3.35)

The Hilbert space of the cavity field, instead, is mapped by the representative
Fock states with number of photons from 0 to 1. The overall general states
of the coupled system have been obtained as the tensor product of the QD
and the cavity states. The cavity damping rate, the QD decay rate into
leaky modes and the QD-cavity coupling rate can been chosen from the
experimentally accessible parameters of the c-QED system. For photonic
crystal with a quality factor ranging from 3000 to 11000 the cavity decay
rate κCAV /2π may vary from 75 GHz to 20 GHz, respectively. A value of
γQD/2π ∼ 0.04 GHz is a good estimation for the decay rate of a quantum
emitter into leaky modes inside the photonic bandgap. The coupling constant
g depends mainly on the cavity. It can vary over a broad range since it is very
sensitive to the spatial alignment between the quantum dot and the pattern
of the cavity field. If the position of the single QD could be controlled with
nm-precision in order to place it in correspondence with an anti-node of the
electric field in the PhCC, the constant governing the interaction can be
derived from [242,444] as

g =

√
πcλ2

2n3VCAV τQD
(3.36)

where τQD is the radiative decay time of the quantum emitter in the bulk,
λ is the wavelength of the cavity emission, n is the refractive index of the
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semiconductor (n = 3.48 for GaAs at temperature around 10K) and VCAV
is the effective volume of the cavity field that can be estimated with finite
element (FE) simulations for the specific mode considered in the QD-cavity
interaction and equal to

VCAV =

∫ ∫ ∫
ε(r)|E(r)|2d3r

max[ε|E(r)|2]
(3.37)

where ε is the semiconductor permittivity andE(r) is the electric field vector.
Since g is proportional to

√
1/VCAV , by varying the number of holes n that

are removed from the photonic crystal lattice in order to create a linear defect
cavity Ln, its maximum value can be changed. PhCCs with relatively large
volume provide a lower g and thus a slower dynamics in strong coupling
where its dynamic control can be easier if compared to configuration with
small cavity volume and faster dynamics. On the other side, a lower value
of g would make the strong coupling requirements more difficult to fulfil
since the realization of long PhCCs with high quality factor is challenging
to achieved. A L3 cavity can be considered as a good compromise between
speed and optical properties.

For the y-polarized Y3 mode of a L3-modified cavity in a ∼ 400nm-thick
membrane, an effective volume VCAV = 1.5 × (λ/n)3 ∼ 0.08µm3 has been
calculated with the 3D finite element method reported in chapter 2. For
emission wavelengths around 1.3µm, thus, a maximum coupling constant
g/2π ∼ 70 GHz has been estimated. A photonic crystal cavity with quality
factor above 10000 (κCAV /2π . 23 GHz) is, in principle, a good candidate to
reach the strong coupling regime (g > κCAV ) as it has already been demon-
strated in [304]. Maximum values of g/2π from 56 GHz to 35 GHz can be
achieved instead for cavity lengths from L5 to L11, respectively.

When the QD is misaligned with the cavity field pattern, the coupling
constant rapidly decreases to few GHz or even vanishes, breaking the strong
coupling requirements. In the weak coupling regime, the lower bound of g can
be estimated from the Purcell enhancement in the time-resolved measurement
of a single emitter on resonance with the cavity mode as g &

√
κcavγONQD /4.

In this case only the minimum value of g can be valued because the decay
time of the emitter from the mono- or bi-exponential fit to the TRPL, is
increased by the instrument response function of the measurement setup. In
the strong coupling regime, instead, the vacuum Rabi frequency Ω = 2g can
be used. In the c-QED simulations g has been varied between 4 GHz and 50
GHz to account for different configurations both in weak and strong coupling
regimes. We solve the Master equation numerically using a QuantumOptics
toolbox developed in the Matlab environment [445]. In order to simplify the
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Figure 3.6: Cavity quantum electrodynamics simulations including the square wave modulation of the
QD exciton energy. Different c-QED parameters as κ/2π and g/2π have been used keeping constant the
decay rate of the QD to the leaky modes γQD/2π = 0.04 GHz, the dephasing rate γd/2π = 0 GHz, the
relaxation rate from the higher energy states to the first excited exciton state γr/2π ∼ 100 GHz and
the Gaussian incoherent pump term ΦPUMP = 0.5 GHz. (a) Schematic drawings of the three possible
configurations accessible in the simulation and in the experiments. The QD is initially detuned from the
cavity and then modulated in resonance with it (left). The QD initially on resonance with the cavity mode
is then detuned (center). The QD detuned form the cavity is tuned to cross it, ending to a detuned energy
again (right). (b) Weak coupling c-QED simulations in the three configurations with g/2π = 5 GHz and
κ/2π = 10, 20, 40 GHz as indicated by the solid, dotted and dashed-dotted orange lines, respectively. In
this case an electrical bandwidth of fCUT ∼ 1GHz has been assumed for the bias modulation. For each
plot the left axis indicates the normalized probability of the exciton Pexc. and of the photon in the cavity
Pph. whilst on the right axis the QD-cavity detuning ∆ (in meV) is shown. (c) Strong coupling c-QED
simulations in the same three configurations for different value of g/2π = 5, 15, 30 GHz and fCUT = 6
GHz. In the central plot the delay is also change in order to match the characteristic time of the dynamics
showing the Rabi oscillations suppression when the QD is detuned from the cavity mode within the system
decay time.

calculations, the time (in ns) and the system parameters (in GHz) have been
respectively multiplied and divided by the value of the coupling constant
g in order to deal with dimensionless variables with a reduced number of
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significant digits.Before the start of the simulation, the system has been
initialized to its ground state with the QD at level 0 and no photons in
the system. The population of the intra-cavity photons Pph and the one of
the exciton Pex inside the cavity have been calculated during the dynamic
tuning of the exciton energy.The mean value of the occupation probability
has been computed using the relation 〈a†a〉 = Tr[a†aρ] for the cavity field
and 〈σ†10σ10〉 = Tr[σ†10σ10ρ] for the exciton population. The output from the
cavity can be extracted from Tr[κCAV a

†aρ] by considering also the cavity
loss rate κCAV . In the real dynamics the quantum dot and the photonic
crystal cavity field may interact even for non-zero frequency detuning due to
phonon coupling that provide (subtract) the amount of energy required to
bring in resonance with the cavity a QD red-shifted (blue-shifted) from the
cavity mode. However, the phononic perturbation introduces variations to
the system dynamics that are most significant in the strong coupling regime
and for detuning around 2− 3 meV (∼ 4− 5nm) where the phonon density
is maximum at 10K []. When the system is simulated in the weak coupling
regime or just above the threshold of the strong coupling and the tuning
range is kept low enough to reproduce our real accessible experiments, the
simulations without the phonon contribution are qualitatively reliable in our
case and much faster to compute. The c-QED simulations for the population
probability of the exciton (Pex) and of the intra-cavity photon (Pph) in weak
and strong coupling regimes, are shown in figures 3.6 and 3.7. In the Figure
3.6(a) three different configurations are schematically shown together with
the energy tuning of the QD towards higher energy (blue-shift, light blue
arrows) or lower ones (red-shift, red arrows). For each configuration, the two
energy tuning directions are perfectly equivalent when working with low to
moderate tuning ranges for which the phonons contribution can be neglected.
The first is when the QD is initially detuned from the cavity mode and then
switch in resonance with it by means of a square wave bias pulse changing the
QD-cavity detuning ∆ with a certain characteristic frequency f = 1/2πτRC .
In the second, sketched in the middle of Figure 3.6(a), the QD is initially
on resonance with the cavity and detuned from it at a later time. In the
last case the QD starts detuned from the cavity, either at lower or higher
energy, it crosses the cavity mode under the electrical pulse and then ends
detuned from the cavity again. The simulations of the normalized occupation
probability Pexc.for the exciton (green) and Pph for the cavity (orange) in the
weak and strong coupling regime are respectively shown in Figure 3.6(b)
and (c), for different parameters of the c-QED interaction and assuming zero
dephasing (γd = 0), a very fast incoherent relaxation rate γr/2π = 100 GHz,
the QD decay rate to leaky modes γQD/2π = 0.04 GHz and the pumping term
ΦLASER ∼ 0.5GHz. In the weak coupling simulations, a coupling constant of
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Figure 3.7: c-QED simulation of Pph for the fine tuning of the system parameters g/2π and κ/2π and of
the modulation bandwidth fCUT in weak coupling (a-c) and in strong coupling (d-f) regime. The white
curves are the time evolutions for the specific parameter value while the black line, when present, represents
the QD frequency modulation following the response to square wave bias of a circuit with characteristic
RC constant and thus electrical bandwidth fCUT . The main parameters used during the simulation are
reported in each figure. As for figure 3.6 γQD/2π = 0.04 GHz, γd/2π = 0 GHz, γr/2π ∼ 100 GHz and
ΦPUMP = 0.5 GHz.

g/2π = 5 GHz has been assumed while κ/2π has been varied to be 10 (solid),
20 (dotted) and 40 (dashed-dotted) GHz. The square wave modulation has
been supposed to be seen by an electrical circuit with a cutoff frequency
around 1 GHz. In the configuration on the right, the symmetrical shaping of
the photon from the cavity is realized during the gradually enhanced decay
of the exciton. For the tuning speed of the simulation a almost perfect
symmetrization can be achieved when κ ∼ 10 GHz. In the central plot,
instead, the cavity output rapidly drops once the QD is detuned from it.
The last case gives also a symmetric pulse with narrower width but with the
exciton that is not decay yet due to its suppressed emission out of resonance.
In the strong coupling analysis the cavity decay rate has been kept constant to
κ/2π = 4GHz (∼ 53000 of quality factor Q), changing g/2π = [5, 15, 30] GHz
and considering a tuning bandwidth of 6 GHz with an appropriate switching
delay. The most interesting case is the one in the middle of figure 3.6(c)
where the coherent exchange of the single photon between the exciton and
the cavity is stop at a certain time by increasing their reciprocal detuning.
If the delay at which the Rabi oscillation are quenched is chosen equal to
any multiple of π/4 of the oscillation period 1/g, a photon-exciton entangled
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state can be created and extracted from the device, provided that occupation
probability amplitude has not yet been thwarted by the system losses. In
Figure 3.7 the simulations of the time evolution of the system have been
carried out for more values of the main c-QED parameters. These colour
plots can be of great aid to design the time-resolved experiments, giving an
idea of the expected dynamics for different devices. The systems parameters
for the QD, the dephasing, the incoherent relaxation and the pumping laser
are as in the numerical analysis of Figure 3.6. The other parameters are
reported close to the plots.

Conclusions

In this chapter a brief description of the theory behind the semiconductor
heterostructures is reported with a special focus to the quantum dots. The
quantum confined Stark effect (QCSE) is derived up to the second order per-
turbative terms in the perturbation theory of the atom-field interaction. The
results of the finite element numerical calculation of the strain, the energetic
bands, the ground and first excited state of electron and heavy hole and of
the QCSE have been presented for a InAs/GaAs QD with a truncated pyra-
mid shape with base side W0 ∼ 20nm, truncation around 0.5 and base angle
θ ∼ 40o assuming a linear gradient in its In concentration from the bottom
to the top of the structure. A simulation campaign changing the geometrical
and the In-concentration parameters of the QD has been used to determined
the permanent dipole p and the polarizability β, entering the quadratic equa-
tion of the Stark effect, for different configurations as a means to understand
the experimental data, gathering information on the final shape and compo-
sition of our real quantum emitter. In the final section, the master equation
formalism for the solution of the cavity quantum electrodynamics (c-QED)
evolution of the QD-cavity system has been presented. The simulations of
the temporal evolution of the system, modulated by the presence of a square
wave bias pulse changing the QD-cavity detuning on a time scale comparable
with the exciton decay time, have been presented in different configurations
and changing the interaction parameters.
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4 | PhCC-diode fabrication

This chapter focuses on the fabrication and characterization of photonic crys-
tal cavity diodes (PhCCs) with high electro-optical bandwidth for the ultra-
fast control of the cavity quantum electrodynamics. The design of the device
is presented in the first section taking into account the geometry influence on
the parasitic impedances in the diode structure. In the second part the main
recipes that have been developed from scratch for GaAs processing will be
presented. Multiple chemistries and parameters have been tested both in RIE
and RIE-ICP plasma machines to achieve stable and efficient etching strate-
gies that have been at the core of fabrication for many devices in our group,
such as PhCC double membrane NOEMS, PhCC waveguides and PhCC-
diodes, the latter being the specific topic of this work. A schematic view of a

Figure 4.1: 3D rendering of the photonic crystal cavity diode designed, fabricated and characterized in
this thesis. When the diode is operated in reverse bias, an effective electric field pointing upward, can be
used to tune the energy of the photon radiated by the exciton in the quantum dot (QD) and thus the
QD-cavity detuning.
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PhCC-diode is rendered in Figure 4.1 together with the labels of its principal
components and the reverse bias (RB) electric field that can be applied to
the device for the Stark tuning of the QD radiative emission energy. The
metal contact optimizations will be also described as a crucial point in ob-
taining low-resistance high-bandwidth diodes. In order to realize the proper
device where a fast electrical modulation and a high quality factor cavity are
required at the same time, a novel process flow has been developed. All the
technological advances will be presented following the consecutive steps of
fabrication. In conclusion, the electrical characterization of the devices will
be presented, demonstrating the realization of multiple PhCC-diode designs
with low reverse bias current (∼ 10’s nA) and high cut-off frequency (1 − 4
GHz).

4.1 Device design

A high electrical bandwidth device can only be obtained with a careful engi-
neering of all the impedances in the final design. The parasitic capacitance
and resistance due to the contact metallization have to be added to the in-
trinsic impedances of the diode structure in order to estimate the maximum
operation frequency.

4.1.1 Intrinsic impedances

The geometrical and physical properties of the layers inside a p-i-n junction
determine most of its electronic properties in term of energy bands and sheet
conductivities. The high GaAs electron mobility of ∼ 8500 cm2V−1s−1 at
zero field and ∼ 300 cm2V−1s−1 at 50kVcm−1 and T = 10K, the diffusion
coefficients for holes and electrons Dh . 10cm2/s and De . 200cm2/s, the
intrinsic resistivity ρi ∼ 3.3×108Ω cm and room temperature carrier concen-
tration ni ∼ 2.1×10−6cm−3 and a breakdown field around 400kV/cm are the
other relevant material parameters [446, 447]. The two main quantities that
determine the overall impedance of the diode are the diode capacitance and
the sheet resistance as a function of the thickness and of the dopant density
in the two doped layers. Due to the typical structure of a p-i-n junction the
n and p sections accumulate charges while a depletion region with no charge
is created in the intrinsic layer. A capacitance is thus formed and can be ap-
proximated as a insulating material sandwiched by two parallel plates (the
charged edges of the depletion region approximately equal to the intrinsic re-
gion width). From the electrical point of view the advantage with respect to
a standard p-n junction is that the depletion region can be much wider with
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4. PHCC-DIODE FABRICATION

higher capacitance and faster response. To avoid the detrimental effects that
charges in the surrounding of the quantum dots can cause and to exploit the
maximum QDs tunability, the diode should work in reverse bias with very
low current in the nA range. The equivalent circuit of a diode in reverse bias
accounts for an inductance L ∼ nH in series with a capacitance Ci in parallel
with a variable resistance Ri. Such a resistance Ri is proportional to the
voltage across the diode and inversely proportional to frequency. It is much
larger than the other impedances in the device and thus can be neglected.
For the speed of the electrical modulation of the device, what counts is the
overall series resistance. Above the dielectric relaxation frequency of the in-
trinsic region (fd = 1

2πρiεdεo
∼ 500 Hz where ρi is the intrinsic resistivity) the

diode capacitance can be written as

Ci =
εdε0πr

2

H
(4.1)

where εd is the relative permittivity of GaAs ∼ 10.89 (ε0 is the vacuum
permittivity), r is the radius of the diode mesa and H is the thickness of
the intrinsic region di plus the depletion zones xp and xn in the p-doped
and n-doped layer, respectively. A representative case, with acceptor density
NA = 1.5 × 1018 cm−3 in the to Be-doped p-layer and donor density ND =
2 × 1018 cm−3) in the bottom Si-doped n-layer, is sketched in Fig. 4.2(a).
Taking into account the depletion regions in the two doped layer, H can be
written as [448]

H =
(
√
d2
i + 2εdε0

q
NA+ND
NAND

(Vbi − V )− di)× (1 + ND
NA

) + di

1 + ND
NA

(4.2)

where xp has been evaluated from xn knowing that qNAxp = qNDxn with
NA (ND) the doping concentration for the p-doped (n-doped) layer, V the
voltage applied to the diode and Vbi the built-in voltage of the junction,
which in turn depends on dopant densities and temperature [448]. A small
and thick diode with radius around 1µm and intrinsic region ∼ 1µm would
give a very low capacitance of ∼ 10−16 F and can be an ideal candidate
for high frequency operations. However a thick membrane would negatively
affect the quality factor of the photonic crystal cavity due to a higher absorp-
tion and geometrical mismatch with the lattice parameters. Moreover a too
small mesa would make it impossible to pattern a sufficient number of holes
required for a good cavity field confinement in the plane and make the de-
position of the contact pads extremely difficult. On the other side a too thin
mesa would have a big capacitance that limits the electrical bandwidth. The
high electric field at the center would create an excessive voltage gradient
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Figure 4.2: Vertical layout and parameters (a) and calculations of the built-in voltage Vbi and of the
intrinsic capacitance Ci for the p-i-n junction. (b) Isocurves of Vbi as a function of NA and ND in cm−3.
(c) Isolines of Ci also as a function of the doping concentrations at zero voltage and with mesa radius
r = 8µm. (d) Voltage dependence of the intrinsic capacitance Ci for different value of the mesa radius for
NA = 1.5 × 1018 cm−3 and ND = 2 × 1018 cm−3. (e) Ci versus V at fixed radius r = 8µm for different
p-dopings.

across the quantum dots that undermines photoluminescence recombination
due to an increase in the tunnelling probability through the thin triangular
barrier between the InAs and the GaAs regions. More suitable parameters
have been used during the design in order to find the best compromise be-
tween high speed, good optical properties and fabrication feasibility. For a
GaAs intrinsic region of about 210 nm thickness and a mesa radius rang-
ing from 6µm to 11µm an intrinsic capacitance from 50fF to 170fF can
be obtained still leaving a small space for photonic crystal cavity fabrication
and top metal contact deposition. The calculations of the built-in voltage
and of the intrinsic capacitance of the diode are plotted in Figure 4.2 as a
function of the doping concentration of the p- and the n-layer (NA and ND,
respectively) (see Figures 4.2(b-c)) and for different voltage, varying the ac-
ceptors density in the p-doped layer and the mesa radius (Fig. 4.2(d-e)). As
a standard piece of material with constant thickness t, width d, length l and
electrical resistivity ρ, also the doped regions have their own size-dependent
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resistance Rm = ρ l/(t d). When dealing with thin films of nominally uni-
form thickness is more convenient to express the resistance in term of sheet
resistance Rs = ρ/t ∼ 1/(eNAµh(T )t) (µh(T ) is the temperature-dependent
mobility of the holes and NA the doping concentration in the p-doped mate-
rial, e the electron charge) as Rm = Rs × l/d where Rs is expressed in Ω/�.
Geometrically speaking a "square" (�) is any portion of material with l = d.
Even a bigger amount of film surface, with a non-rectangular geometry, can
be discretized in multiple squares of arbitrary area chosen small enough to
best approximate its shape. The squares next to each other in the direction
of the flowing current must be regarded as series resistances while the ones
aligned perpendicularly are summed as shunt resistances, each of value Rs.
In general a combination of these two configurations has to be used with
different rows of shunt resistances summed in series along the current path.
When a cluster of 4, 9, 16, etc. squares is formed the overall resistance has
to be considered once again as a square resistance and so with value Rs.
This approach makes the calculation of the resistance of the doped layer in
the diode easier. For both the GaAs doped layers it is thus convenient to
know their resistivity at a certain temperature in order to predict the layers
resistance in the device. Table 4.1 shows the calculated sheet resistances
for different configuration of doping and thickness for both the n-doped and
p-doped films, using the resistivity values from [449]

The sheet resistances are also important to calculate the cumulative re-
sistances between the metal contacts and the active region of the final device.
Since the n-doped layer has a smaller sheet resistance, its position is less cru-
cial and a distance of 1−2µm between the bottom contact and the mesa has
been chosen corresponding to a series resistance of ∼ 50Ω for the n-layer (see
the designs in Figure 4.5). For the top p-doped layer the situation is differ-
ent. Here the thickness of the layer and the amount of material between the
contact and the center of the mesa are really important to reduce the series
resistance. For a circular mesa of radius r, where a contact of approximately
semi-circular shape is deposited (see Fig. 4.3(a)), the resistance between the
contact and a point at a distance y0 can be roughly calculated as follows

Rp
l (y0) =

∫ y0

D

dRm = Rp
s ×

∫ y0

D

dy

W (y)
(4.3)

where Rp
s = ρp/t is the sheet resistance of the p-layer with thickness t, D is

the distance between the most inner edge of the top p-contact and the edge
of the mesa where it is deposited, and W (y) is the width of the differential
portion of material at position y that for a circular mesa can be written as

W (y) = 2×
√

2ry − y2. (4.4)
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4. PHCC-DIODE FABRICATION

The solution can be even found analytically and is equal to

Rp
l (y0) =

Rp
s

2
× (arcsin(

y0 +D

r
− 1)− arcsin(

D

r
− 1)) (4.5)

giving the possibility to set another important parameter in the design, i.e.
the position of the photonic crystal from the top contact edge. The contour
plot isolines of the calculated p-layer resistance as a function of the p-doped
GaAs thickness and of the distance y0 from the top-contact edge are shown
in Figure 4.3(b). During the first attempts of fabrication a thinner p-doped
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Figure 4.3: (a) Drawing of a circular mesa contacted by a top metal pad. The equation for the calculation
of the p-layer resistance up to the distance y0 from the contact edge D is explained in the text. (b) Contour
plot of the layer resistance in Ω as a function of the p-doped layer thickness and of the distance y0 for a
circular mesa with radius r = 8µm, contact width D = 4µm and doping concentration NA ∼ 1.5 × 1018

cm−3.

layer of 30 nm has been used to tune the recipe although with too high val-
ues for the layer resistance. A new design with a thicker layer of ∼ 80 nm
has been used with successful results. The doping concentration have been
chosen to be NA = 1.5 × 1018 cm−3 and ND = 2 × 1018 cm−3 in order to
minimize resistivity without introducing too much optical absorption that
can be detrimental for the optical properties of the final device. For a diode
mesa with a radius of 8µm and 80 nm-thick doped layers with the doping
concentrations just mentioned, an intrinsic RC value of ∼ 10 ps can be ob-
tained close to the top-contact edge, equivalent to an intrinsic 3 dB frequency
of about 16 GHz.

4.1.2 Parasitic impedances

The main parasitic impedances that can affect the device speed are the con-
tacts resistances, in series with the device, and the shunt parasitic capaci-
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4.1. DEVICE DESIGN

tance. The former are strictly correlated to the kind of metallizations used
for the electrical contacts on the doped layers. Here the energy band con-
figuration is also important to achieve good Ohmic contacts with very low
resistances. This is a crucial point for the realization of a high speed device
and it will be discussed later in the section on contacts optimization. The
latter is the capacitance created between the bottom n-doped layer and the
top p-contact once they are insulated by a thick dielectric layer (the teal
material shown in the sketch of Fig. 4.1) to avoid a short-circuit. For this
reason the top-contact must contact a small portion (with a size of ∼ 15µm2,
that has been kept constant in all our designs) of the p-doped layer, through
an opening especially created in the insulating material and aligned with re-
spect to the diode mesa with sub-µm accuracy. Silicon nitride (SiN) has been
chosen as insulator for its relatively low dielectric constant ε ∼ 6, for the pos-
sibility to smoothly deposit it inside our clean-room by means of a PECVD
machine. Additionally it can be well integrated in the process flow due to a
series of etching techniques common to the GaAs micromachining used for
PhCC fabrication. The parasitic capacitance Cp is directly correlated to the
area of the top metal pad and the dielectric constant of the insulator and
inversely proportional to the insulating film thickness,

Cp =
εSiNε0Apad
HSiN

(4.6)

where Apad is the area of the top metal contact and HSiN is the thickness of
the SiN layer used as insulator. For a metal pad dimension of ∼ (60×40)µm2,
suitable to be contacted by a three fingers probe G-S-G with pitch of 100µm,
and a SiN thickness of about HSiN = 420 nm a shunt parasitic capacitance
Cp ∼ 0.38 pF must be added in parallel to the intrinsic capacitance Ci of the
diode. Even lower capacitance can be obtained by reducing the top contact
area (Ex. A = (40× 30 µm2) gives Cp ∼ 0.15 pF) or increasing the insulator
thickness. However an insulator thickness bigger than HSiN = 450 nm has
been shown to jeopardize the uniformity of the subsequent depositions of the
resists for optical and electron-beam lithography and therefore could not be
used. On the other side the silicon di-oxide (SiO2), that in principle should
give an even lower capacitance due to its lower dielectric constant (∼ 3.8),
resulted more difficult to be uniformly deposited and etched. Knowing the
radius of the mesa and the area of the top metal pad, contacting the device on
the p-region of the mesa, the characteristic frequency of the device, neglecting
the p-layer resistance Rp

l , can be estimated as in figure 4.4 assuming a 420
nm SiN insulating layer, a parasitic inductance of 1 nH, a n-layer resistance
Rn
l of ∼ 50Ω and a contact resistance of Rc = 200Ω as the sum of the

resistances of the two metal pads Rp
c and Rn

c . The contact resistance Rn
c
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Figure 4.4: (a) Equivalent circuit for the final device in reverse bias taking into account the intrinsic
and parasitic impedances. (b) Contour lines of the 3 dB frequency at zero bias as a function of the mesa
radius and the top-contact pad area. A contact resistance Rc = Rpc +Rnc = 200Ω, a inductance L = 1nH,
a n-layer resistance Rnl = 50Ω and an SiN insulator thickness of 420 nm have been assumed.

for the metallization on the bottom n-doped layer can be made sufficiently
smaller using a germanium-nickel-gold alloy as it will be described later in this
chapter. The top-contact resistance Rp

c has to be considered as the resistance
due to the portion of the top-metal pad that contacts the mesa surface. This
resistance is constant as a function of the top-contact area since changing
the top-pad size does not change the portion of p-doped layer contacted on
the mesa. In this configuration, the contact resistance Rc accounts for the
∼ 75% of the total series resistance. If the device is operated taking care
of the electrical response 2µm far away from the top-contact edge, the p-
layer resistance Rp

l ∼ 750Ω starts to play an important role, being more
than the 70% of the overall series resistance. The electrical bandwidth of
the device, when it is probed close to the edge of the top-contact pad on the
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mesa, is thus mainly limited by the parasitic impedances Rc and Cp. For
a 8µm radius diode, the parasitic capacitance Cp is about 4 or 5 times the
intrinsic capacitance Ci and is ∼ 80% of the total capacitance Ctot = Ci+Cp.
The total capacitive reactance XC varies with the operation frequency f as
XC = 1/(2πfCtot) and constitutes the 90% (∼ 2 kΩ) of the total impedance
of the circuit at a frequency of ∼ 100 MHz and only the 40% (∼ 160Ω) of the
overall resistance for f ∼ 2 GHz. At a frequency of∼ 1 GHz and at a distance
of ∼ 2µm from the top-contact edge, the total capacitive reactance (∼ 320Ω)
constitutes only the ∼ 24% of the total impedance of the circuit, and the
main limitation is the greater series resistance Rc+R

n
l +Rp

l ∼ 1kΩ. Different
combinations of mesa radius and top contact area have been included in
the optical lithography masks for device fabrication in order to check the
theoretical predictions of the electrical bandwidth and the process feasibility
(see Figure 4.5).

n-layer p-layer EBL alignment marks p-contact SiN reopening 
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Figure 4.5: Digital designs in CleWin4 and corresponding calculated electrical bandwidth for different
sizes of the mesa and of the top-contact. The top-metallization contact the p-doped surface of the diode
mesa through a small opening realized in the SiN insulator. The n-via is performed together with the
patterning of the mesas and of the EBL alignment marks used to accurately defined the photonic crystal
cavity on the device. A total of 5 lithographic Cr masks have been realized, one for each crucial step of the
diode processing, for a total of 800 devices that can be processed at a time, electrically insulated among
each other.
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4. PHCC-DIODE FABRICATION

4.2 Process Flow

The fabrication of the devices has been carefully optimized and can be sep-
arated in two parts: the realization of the ultrafast electrical diodes and the
integration of high quality factor photonic crystal cavities. The process flow
can be summarized in 6 crucial steps, schematically shown in Fig. 4.6.

Substrate 

Sacrificial 

Substrate 

Sacrificial 

Substrate 
Sacrificial 

Substrate 

Sacrificial 

Substrate 

Sacrificial 

 b) n-contact deposition 

 c) SiN insulation d) SiN insulation re-opening 

a) Mesa definition and n-via 

f) Top contact evaporation 

Si3N4 

Substrate 

Sacrificial 

e) PhCC fabrication 

Figure 4.6: Schematic view of the process flow for the fabrication of an ultrafast photonic crystal cavity
diode.

Mesa etching and n-via

After epitaxial growth of the heterostructure by molecular beam epitaxy
(MBE) on a (001)-oriented, nominally undoped GaAs substrate, the sample
surface is cleaned with 10 minutes of oxygen plasma at 300W and a deoxi-
dation solution of HCl37% : H2O = 1 : 1 for 4 min then rinsed in deionized
water. A layer of ∼ 200 nm of SiN is deposited at 300o C in the PECVD,
oxidized in O2 stripper at 300 W for 10 min, rinsed in pure water for 5
min where siloxane linkages (Si-O-Si) are formed to create bonds with hex-
amethyldisilazane (HMDS), a primer deposited for 3 min in a special oven
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at 140o C to favour uniformity and adhesion in the following resist deposi-
tion. Optical lithography is used for the definition of the mesa down to the
n-doped layer. A 600 nm thick positive photoresist (PR) HPR-504 is then
spun in a closed spinner at 3000 rpm for 30 sec (with a nominal acceleration
setting of 50 rpm/sec) and pre-baked on a heating plate at 100o C for 150
sec. The MA6 mask aligner is used to expose the resist with a 11 W/cm2

UV-lamp through the opening of a Cr mask in high-vacuum contact with
the sample. The bright-field mask used is made of Cr disks with different
sizes on a transparent glass canvas. The transparent regions allow the UV
light to expose the photoresist (PR) that remain unexposed only under the
Cr features. After an irradiation of ∼ 4 sec, the sample is baked again for
150 sec at 115o C and developed in PLSI:H2O = 1 : 1 (volume ratio) for
105 sec where the exposed parts are dissolved away. A final rinsing in deion-
ized water for 4 min ensures the completely removal of any organic solution.
The pattern is then transferred from the PR to the SiN mask underneath
by means of a CHF3 : O2 recipe (SWG-recipe) in a RIE machine for 115
sec. Acetone and isopropanol (IPA) are used to remove the photoresist layer.
Another cycle of O2-plasma stripper for 5 min at 300 W and an etching with
HCl37% : H2O = 1 : 1 is used to properly clean and de-oxidise the open
GaAs surfaces. A C6H8O7 : H2O2 = 80 : 1 solution is used to wet etch the
GaAs mesas for ∼ 5′40” down to the n-doped layer with an etching rate of
∼ (58 ± 5) nm/min [450]. Some sample mesas are measured with a height
profilometer in order to confirm the right etching. After this check, the SiN
film is removed with HF10% for 115 sec. During the same processing, four
crosses are etched down with good contrast (> 250 nm) at the four positions
around each mesa as alignment marks for the EBL definition of the photonic
crystal cavities in the precise centres of the diodes.

n-contact deposition

The sample is then coated with a negative photoresist MaN-440 at 2000 rpm
for 30 sec and baked once at 90oC for 5 min. The mask aligner is used again
to expose the sample through a Cr mask in contact with it 4 × 100 sec to
avoid over-heating of the photoresist. This mask is also bright field with
the Cr n-metallization pads preventing the UV-light to expose the sample.
Since the photoresist used here is a negative one, the unexposed areas are
the ones that will be dissolved away in a MaD-332S solution for 1′45” with
a re-entrant cross-section that is suitable for metal evaporation and lift-off.
After water rinse for 4 min and just before metallization, any possible surface
oxide is removed with a fast dip in HF1% for 30 sec and HCl37% : H2O = 1 : 1
for another 30 sec while the water rinse is reduced here to less than 1 min in
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4. PHCC-DIODE FABRICATION

order to prevent/reduce any re-oxidation. Metal deposition is performed in
a Edwards thermal evaporator at 10−6 mbar as explained in chapter 2. After
evaporation a Ge/Ni/Au metal stack, the sample is laid down (preferably
with the active region facing downwards) inside acetone vapours in a close
container for ∼ 2 hours and then hardly sprayed with acetone and IPA to
completely remove the remaining negative resist by lift-off. If necessary the
contacts can be thermally annealed to improve their electrical characteristics.
At this point any cleaning steps in aqueous solutions would introduce galvanic

n-pad n-pad 
100mm 100mm 

n-layer 

mesa 

20mm 

2mm 

n-pad 

n-layer 

p-layer 

Before cleaning After cleaning 

n-pad 

n-pad 

n-layer n-layer 

(a) (b) 

(d) (c) 

Figure 4.7: (a-b)optical and SEM images of the deposition of the bottom n-contact with µm precision
with respect to the etched diode mesa. (c-d)Comparison of the region close to the metallization before
(c) and after (d) a cleaning step with HCl:H2O = 1 : 1 for 1 min, showing the detrimental effects due to
galvanic erosion in water-based solutions.

erosion of the n-doped layer close to the metal contacts and this has been
strictly avoided to prevent irreversible electrical degradation [451,452]. When
GaAs coated with metals enters the solution, the metal behaves like a cathode
while the semiconductor acts as the anode of a galvanic cell causing erosion of
material at the interface. When the sample is illuminated during the cleaning
and photo-generated charges are produced within the doped layer, two main
chemical reactions take place with the water that is electrolysed at the metal
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surface by the electrons coming from the GaAs substrate according to

2H2O +O2 + 4e− −→ 4OH− (4.7)

and the GaAs that undergoes anodic oxidation occurring by holes in the
valence band of the semiconductor following the reaction

GaAs+ 6h+ −→ Ga3+ + As3+. (4.8)

This results in the etching of the n-contact layer close to the n-metal pad, as
shown in Figure 4.7(d) for the case of a cleaning step with HCl:H2O= 1 : 1
for ∼ 1 min. This insulates the n-layer from the n-contact, introducing a
very large series resistance (in the order of few tens of kΩ) and must thus
be avoided. A similar erosion has also been observed for the p-doped layer
when cleaned and rinsed in de-ionized water, under lighting, at the end of
the PhCC-diode process, with and without top-metal pad. In this case we
could not provide a clear explanation of the phenomenon.

Insulation and re-openings

A low dielectric constant material must be deposited now to ensure electrical
insulation from the bottom n-doped layer and contacts. For this purpose a
420nm-thick SiN film is deposited with PECVD at 300o C. The temperature
of deposition is important since for higher deposition temperatures the film
is more resistant against wet and dry etching. To access the top surface
of the mesas and create the clearing spaces on the bottom metallizations
for future electrical probe contact, small openings must be performed in the
insulating layer with a sub-µm alignment precision. The successful alignment
of the SiN re-openings and of the top-metal pads is shown for three types
of the diode geometry, in the optical microscope images and in the SEM
micrographs of Figure 4.8(a) and (b), respectively. The primer deposition
and HPR-504 spinning steps are repeated as in the first mesa definition. The
MA6 mask aligner is used this time with a dark-field Cr mask where the
openings are in bare glass surrounded by a chromium area. Using a positive
resist the exposed areas are dissolved away after development. An extra
baking at 120oC for 5 − 10 min is added in order to harden the HPR-504.
The CHF3 : O2 recipe in the RIE is used once again to etch ∼ 100nm of SiN
in 1 min without damaging too much the PR. The best way to complete the
re-opening of all the SiN on mesas and contacts is by means of BHF solution
(NH4 : HF = 7 : 1) at room temperature. Thanks to the isotropic etching of
the amorphous SiN in BHF, clean and smooth recesses with 45o can be obtain
along all the remaining 320 nm in ∼ 4′30” (80 nm/min). A good method
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Figure 4.8: Micrographs from optical(a) and scanning electron(b) microscopes for the preliminary process
showing the accurate alignment of the bottom and top contacts to different type of diode mesas with SiN
insulation and re-opening under the p-pad. (c) Magnified SEM images of the p-contacts evaporated inside
the SiN re-openings on the diode mesa. In this case, the etching of the SiN has been performed using
a test recipe different from the optimized one for the final devices . In fact, when the SiN re-opening
is performed exclusively with RIE plasma, its pronounced vertical profile across all the 420 nm of the
SiN insulating layer makes the evaporated p-metal discontinuous at the GaAs/SiN interface (red arrows)
worsening the electrical properties of the final device.

to stop at the right depth is to look at the SiN colour on bigger reference
structures during the entire wet etching. After 4 min from the start of the
etching, the colour should be a light brown. Waiting 35 − 45 more seconds
from this moment will give the best results. A final water rinse of ∼ 80
seconds must be performed at the end to avoid formation of ammonia-based
salt on the devices. It has been observed that even pure deionized water, in a
bright environment, can negatively affect the roughness of the p-layer surface,
due to the light-enhanced galvanic erosion. The sloped profile obtained with
the BHF wet etching (cross-section SEM images of Figure 4.9(a) and (b)),
has been a crucial ingredient to achieve the optimal adhesion of the top
metal contact deposited at the end of the process as it can be seen from
the SEM image in Figure 4.9(c). A dry etching technique using only the
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RIE gives, instead, re-openings with a steep vertical profile that hinder the
continuous deposition of the top-metal pad at the SiN-GaAs interface (see
the SEM blow-ups of Figure 4.8(c)), thus increasing the contact resistance
and drastically lowering the device speed. The photoresist is then removed
with acetone (dip for 2 min and hard spray for 1 min) and IPA. Since it
was hardened prior to RIE an extra step in O2-stripper for 5′ at 300 W,
followed by acetone+IPA again, may be necessary. A quick check under the
optical microscope should confirm the cleanliness and precision of openings
and surface. This is the signal that everything has been performed properly
and that it is possible to proceed with the photonic crystal processing.

2.9mm 0.45mm 

0.4mm 

1.45mm 

0.45mm 

42.5o 

p-contact 

Sacrificial 

Substrate 

Diode membrane 

SiN 

(a) 

(b) (c) 

Figure 4.9: (a)(b)SEM micrograph of the SiN insulation re-opening using BHF wet etching solution.
(c) top p-contact evaporated on the sloped SiN re-opening showing a good adhesion that provides good
electrical contact.

Photonic crystal cavity integration

The sample is cleaned with a O2 plasma and a HCl37% : H2O = 1 : 1 solu-
tion for 2 min, possibly in complete darkness to avoid any possible erosion
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of the p-doped layer caused by galvanic erosion even in pure deionized wa-
ter. A thick SiN layer (370− 390 nm) is deposited in PECVD at 300o C to
conformally cover the existing SiN film and its openings. On top of this a
ZEP-520A e-beam resist is spinned in an open spinner at 5000 rpm for 60 sec
with a starting ramp acceleration of 7 sec to guarantee an optimal covering of
the central part of the mesa without any problems from the two height steps
due to the mesas’ thickness (∼ 335 nm) and to the insulating SiN openings
(∼ 420 nm). A pre-baking from 100o C to 150o C in 4 min and then at 200o

C for other 2 min are used to let the anisol solvent in ZEP-520A evaporate,
resulting in the hardening of the resist. The PhCC patterns are then exposed
in a RAITH-II-150 EBL system at 30 keV, automatically aligned to the diode
due to the EBL alignment marks etched down at the beginning of the pro-
cess with good height contrast. A proximity effect correction (PEC) is needed
here with a clearing dose of ∼ 35− 36 C/cm2 in order to have a uniform size
distribution for all the holes inside the photonic crystal. The experimental
feedback of the patterning optimization can be obtained by the statistical
analysis on size and position of the holes in the photonic crystal lattice as
performed using the algorithm presented in the Figure 2.6. The ZEP devel-
opment is performed by slowly stirring the sample inside n-amylacetate for
1 min and 12 sec and rinsing in MIBK:IPA(890 : 110) for no more than 50
sec. Patterning errors can be checked with an optical microscope and any
clearing dose fluctuation during exposure can be compensated, under certain
limits, by increasing the development time (∼ 1% more for every 5 sec). The
thickness of the ZEP is carefully checked with a height profilometer through
bigger rectangular boxes used for clearing dose analysis. Single or multiple
descums in the O2-plasma barrel etcher can be performed to obtain the de-
sired thickness taking into account that every minute of O2 plasma at 100 W
can make the e-beam resist thinner by of ∼ 10−15 nm with a small increase
of the holes radius by ∼ 1 − 2 nm. The holes are then etched in RIE with
a pure CHF3 recipe without oxygen for about ∼ 22 min (SiN etching rate
∼ 17.8 nm/min, ZEP etching rate ∼ 15.6 nm/min). The chamber of the RIE
is first cleaned with a O2 recipe for 5 min and then preconditioned for other
5 min with the same plasma used during etching. The ratio between SiN
and ZEP thickness is crucial for a proper transfer of the PhCC pattern to
the SiN hard mask and then to the GaAs membrane. If the ZEP is too thin
the SiN surface becomes uncovered before the holes are completely etched,
with an increase of the SiN roughness that can worsen the later PhCC dry
etching in GaAs. If the ZEP is too thick a trenching effect start to arise
inside the holes with the reacting ions of the RIE plasma that undergo spi-
ral trajectories reducing their energies and therefore the etching rate in SiN
with poor results in depth and verticality of the holes. It has been found
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that the optimal thicknesses for SiN and ZEP are 380 nm and 370− 390 nm,
respectively. The SiN deposition time and ZEP treatments reported before
have been chosen in order to fulfil this requirement. The residual resist is
stripped-off from the SiN hard mask with O2-plasma at 300 W for 10 − 20
min. The processing continues with the transfer of the PhCC from the SiN
hard mask to the GaAs membrane. Two methods, described below, were in-
vestigated by carefully optimizing the anisotropic vertical dry etching of the
holes with ICP and RIE obtaining high reproducibility and smooth surfaces.
The etching of the SiN hard mask must also be kept under control during
this step to avoid excessive mask erosion with consequent increase in the
holes diameter. Ensuring that about 110 nm of SiN would remain after dry
etching of the GaAs membrane is a good rule of thumb for a proper PhCC
processing.

SiN  insulation 
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Figure 4.10: (a) Diode mesa (r = 8µm) after reopening of SiN insulating layer and PhCC processing.
(b) Cross sectional coloured SEM showing the undercut and the suspended PhC membrane integrated
in the diode structure. (c-d-e) SEM micrograph at different magnification of a final device following the
method of fabrication where the top p-contact evaporation and lift-off are performed at the final step. (f)
Cross section in false colours of a complete device where all the crucial components are clearly visible. The
bottom contact at 2µm from the mesa is insulated from the top p-contact by the thick SiN layer (green).
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Suspended membrane and hard mask removal

To have the GaAs PhCC membrane surrounded by air, the Al0.8Ga0.2As sac-
rificial layer is removed below the PhC region. Two wet methods have been
investigated. The first consist of a HF1% dip for 20 sec, followed by HF5%

for 20 sec and cold concentrated HCl37% acid for 6−8 min at 0−2o C with a
final water rinse of only 1 min. The second one is much simpler and consist
of only 20 sec etching in HF10% and a rinse in deionized water for 1 min.
While the former can give more controllable results when 70% AlGaAs is
used, the latter one is ideal for 80% AlGaAs since sufficient undercut can
be achieved in a short time without risk to remove/damage the SiN insula-
tion underneath. The latter is also much cleaner, reducing the probability to
end up with Al-related hydrofluoric compounds underneath the suspended
membrane that are difficult to remove even in KOH. After the undercut is
successfully performed, the SiN hard mask must be completely removed in
order to clear the access to the mesas’ top surface being careful not to remove
the SiN insulating layer. For this purpose a low-power dry etching technique
is preferable than a wet one where precise control is more difficult. Moreover
the galvanic erosion of the GaAs PhCC surface in pure water observed at
this stage is a limiting factor in the SiN removal with acid solution. A CF4

anisotropic recipe at very low power and 40o C have been implemented in
a RIE machine to overcome this limitation. In this way we could remove

SiN-covered n-pad 
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mesa’s edges 

p-layer 
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Figure 4.11: SEM micrographs of a PhCC-diode.(a) A L3 modified PhCC has been aligned to the diode
mesa with µm accuracy prior to the top contact evaporation. (b) Magnified view of the cavity after the
top metallization and the completion of the device.

the SiN hard mask used for PhCC fabrication without affecting the impor-
tant SiN insulating layer below. After the CF4 etch the sample is clean in
O2-plasma at 300 W for only 5 min. The top and the cross-section SEM
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images of a circular PhCC-diode after the photonic crystal cavity fabrication
(undercut included) and the dry removal of the SiN mask (still preserving
the SiN insulating layer underneath) but before the last top-contact depo-
sition are respectively shown in Figure 4.10(a) and (b). Figure 4.10(b) has
been coloured to highlight the SiN insulation (teal), the top p-doped layer
(light green) and the bottom n-doped material (light-blue). A magnified
high-resolution SEM image of the L3 modified photonic crystal cavity fabri-
cated on the device that has been used to obtained the results presented in
section 6.3, is shown in Figure 4.11(a) prior to the top p-contact deposition
and in Figure 4.11(b) after the p-metal evaporation and lift-off.

Top contact deposition

In our optimized recipe, the deposition of the top p-contact has been per-
formed in the last step of the fabrication. Without using water but only
diluted ammonia for about 1− 2 min (stirring well), any carbon-based prod-
ucts that may have been created during the CF4 plasma can be removed.
Then the sample goes through all the steps for metal definition, evaporation
and lift-off. The alignment of the top contact with respect to the diode mesas
and to the photonic crystal cavities just realized must be precisely controlled
with sub-µm accuracy. Since most of the time the overall size of the sample
to be patterned is of about 6× 6 mm2, a higher rotation speed of 4000 rpm
during negative PR deposition has been found to be mandatory to achieve
good uniformity all across the sample. For this reason a lower pre-bake tem-
perature of 87oC is used with an exposure time ∼ 70% of the one used in
the standard processing of MaN-440. After surface de-oxidation Ni/Zn/Au
p-contacts are evaporated manually in a thermal evaporator outside of the
clean-room. In a first attempt to the PhCC-diode fabrication, the top p-
contact was deposited before the realization of the photonic crystal cavity,
aligned to the diode mesa as shown in Figure 4.8 (a) and (b). In this case
the top-metallization must be protected during the ICP (or RIE) etching of
the PhCC pattern. A 1µm-thick AZ4533 positive photoresist, opened only
in correspondence to the PhCC regions, has been used to protect the top-
contacts against the ICP plasma during the transfer of the PhCC patterns
to the GaAs membrane. A successful protection of the p-contact have been
achieved but the resist had to be removed in order to be able to contact the
device with an electrical probe for diode characterizations. Unfortunately
the O2-plasma cleaning employed to remove this shielding layer, have caused
the detachment of the top p-contact from the device, as can be seen in the
top two rows and in the two bottom ones of Figure 4.12 for different cavity
designs (from the L3 to the L17 and the Noda double-heterostructure [246])
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Figure 4.12: SEM micrographs of the first alignment attempt of different type of photonic crystal
cavities in the center of the diode mesa for r = 11µm and r = 8µm. In these devices the evaporation of
the p-contacts has been performed before the PhCC fabrication (as for the preliminary test shown in Fig.
4.8).

aligned with good precision to diode mesas with a radius of 11µm and 8µm,
respectively. For this reason a new process workflow has been implemented.
First the photonic crystal cavity is patterned and etched in the diode mem-
brane and then the top p-contact is deposited at the end of the process. With
this technique our PhCC-diodes have shown good optical and electrical prop-
erties as it will be described at the end of this chapter and in chapter 6. The
scanning electron microscope images of a final PhCC-diode with reduced top-
contact area, mesa radius of 8µm and a L3-modified cavity are reported in
Figure 4.10(c-e). Figure 4.10(f) shows the coloured cross-sectional view of a
similar device with a Noda double heterostructure aligned to the diode mesa.
The bottom n-doped layer (light blue), the top p-layer (light green), the SiN
insulation (teal material), the bottom-metallization (yellow coloured, on the
right and covered by the SiN) and the top-contact (yellow pad on the left of
the figure, deposited on top of the SiN layer and on the diode mesa through
the 45o sloped SiN re-opening of Figure 4.9(a-b)) are also highlighted in the
picture.
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4.3 Process optimization

A state of the art device with low reverse bias current, high electrical band-
width and high quality factor photonic crystal cavity can only be fabricated
optimizing all the crucial steps of the process. In the following the main
optimizations performed both at the diode and at the PhCC sides will be
explained.

4.3.1 Metallization optimization

Whenever a metal and a semiconductor are in intimate contact, the Fermi
level of the metal and of the semiconductor must equilibrate with the bands of
the second bending up (down) in a n-doped (p-doped) material. A potential
barrier higher than kBT (kB is the Boltzmann constant) is created, preventing
most charge carriers (electrons or holes) to pass from one to the other. This
kind of metal-semiconductor interface is known as Schottky junction, good
to make rectifying diodes but detrimental for getting electric signals into
and out of a semiconductor device over a broad range of frequencies. For the
latter case a low resistance Ohmic contact that can conduct for any polarities
at high frequency is mandatory. A schematic representation of the formation
of Schottky barriers on the bottom n-doped layer (light blue) and on the
top p-material (light green) of our diode is given in top sketch of Figure
4.13. In the bottom of the same Figure, the calculation for the Schottky
barrier height φB (solid lines)and width W (open circles), and the tunnelling
probability PTunnel. across the barrier (dotted line) are plotted as a function
of the metal work function φm, for the n-(blue, light blue) and p-(green,
light green)doped layers with doping concentration ND = 2× 1018cm−3 and
NA = 1.5 × 1018cm−3, respectively. There are two ways to make a metal-
semiconductor interface look Ohmic enough for low-resistance contacts: lower
the barrier height or make it very narrow. The Schottky barrier φB as well
as the built-in energy φi between the metal and the doped semiconductor
can be calculated for the n and p layers as follows [448]

φnB = φm − χ (4.9)

φni = φm − φis = φm − χ− Ec + En
F (4.10)

φpB = EG + χ− φm (4.11)

φpi = φis − φm = χ+ Ec − Ep
F − φm (4.12)

where
En,p
F = Ei

F + kBT · ln(
ND,A

ni
) (4.13)
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are the Fermi levels in the n- and p-doped GaAs layers with respective dop-
ing concentration ND and NA and Ec is the semiconductor conduction band
energy. The work function of the metal φm is equivalent to the energy neces-
sary to free an electron from the metal Fermi level, ni is the intrinsic carrier
concentration for the undoped semiconductor, εs is its dielectric constant and
χ = 4.07 eV is the electron affinity of GaAs. The depletion regions width
near the metals can be calculated for the two doped layers as

Wn,p =

√
2εsφ

n,p
i

q2ND,A

(4.14)

while the tunnelling probability P n,p
Tunneling of the majority carriers across the

Schottky barrier for n-doped and p-doped GaAs reads

P n,p
Tunneling = exp(−4

3

√
2qm∗

~|Fn,p|
(
φn,pB
q

)
3
2 ) (4.15)

where |Fn,p| (the electric field across the Schottky junction) can be expressed
simply as φn,p/(qWn,p). The lower and the thinner is the Schottky barrier
between the semiconductor and the metal the better is the electrical contact
with low resistance and near Ohmic behaviour. Increasing the doping con-
centration in the n and p layers can considerably thin the depletion region
and favour the field tunnelling transmission of carriers between semiconduc-
tor and metal, almost independently from the applied voltage. Unfortunately
doping higher than 5× 1018cm−3 cannot be used due to high optical absorp-
tion that would hinder the optical properties of the PhCC in the diode. For
middle range dopant concentrations, the electron/hole transport across the
Schottky junction at room temperature is mainly due to thermionic field
emission (negligible at low T) with the carriers travelling toward the barrier
at average thermal velocity and tunnelling through the barrier. A step of
rapid annealing of the contact helps to decrease the height and the width of
the Schottky barrier promoting the Ohmic behaviour since part of the metal
from the contact diffuses into the semiconductor, producing a highly-doped
surface layer locally under the contact. Metals with the lowest Schottky
barrier have been initially chosen for our doped layers according to the sim-
ulations in figure 4.13. More performing alloys have been later implemented
based on previous results on similar structures [453,454]. Different metalliza-
tions and variable annealing temperatures have been investigated in order to
reach Ohmic features with small resistance for both bottom and top contacts.
The best results on the Si-doped GaAs layer, 80 nm thick and with doping
concentration ND = 2 × 1018 cm−3, have been obtained with a layers stack
of Ge/Ni/Au= 20/10/200nm evaporated in a thermal evaporator at ∼ 10−6
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Figure 4.13: (top) Schematic explanation of the two Schottky barrier created at the interfaces between
the metallizations and the doped layers. (bottom) For the doping concentrations NA = 1.5 × 1018cm−3

and ND = 2 × 1018cm−3 the Schottky barrier height φB , the thickness of the depletion region W and
the probability Ptunnel. of carrier tunnelling across the barrier have been calculated as a function of the
workfunction φm of the metal, both at the n-doped (blue plots) and p-doped (green plots) interface. The
relevant metals have been indicated near the x-axis, close to their work function value.

mbar and annealed with a thermal ramp from 25oC to 415oC in ∼ 120 sec
and a short soaking at maximum temperature for ∼ 25 seconds. The Ge,
with its low workfunction, has been used as doping layer during the thermal
annealing, while the thick Au layer has been employed at the end of the met-
allization to have contact pad with high conductivity. The Nickel intermedi-
ate layer quenches the bubbling of Germanium during annealing and allow
the realization of smoother contact more suitable for the conformal covering
with insulating SiN. For the Be-doped GaAs layer a Ni/Zn/Au= 4/25/150nm
multi-metals contact have been deposited by means of thermal evaporation
at low pressure. The initial thin film of Ni improves the contact adhesion be-
tween the GaAs below and the Zinc above making the top metal pad stronger
and more durable. Nevertheless the 4 nm-thick Ni layer is thin enough to
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Figure 4.14: Single measurements between two 200 × 200µm2 TLM pads, 5µm apart from each other,
for the optimized metallization with and without annealing (see legend) for the (a) n- (a) and the (b)
p-doped layer.

allow the diffusion of the Zn inside the top region of the p-doped layer during
the annealing step, thus improving the Ohmic behaviour of the contact. A
final thermal annealing at 375oC for 35 sec, performed immediately after the
lift-off step, provides Ohmic behaviour of the contact with resistance around
180Ω. To characterize the quality of the contacts, transmission line measure-
ment (TLM) have been performed with the room-temperature probe-station
setup inside the clean-room. Square metal pads with side D = 200µm at
increasing distance L from each other (5 to 30µm) have also been patterned
and evaporated during the processing of the diodes. In a TLM experiment
the pads have been measured two by two using electrical probes and mea-
suring the current for the applied voltage ranging from −2 to 2 V. If the
contact creates a Schottky barrier with the semiconductor at negative or
positive polarity the typical Schottky diode I-V characteristic is visible with
negative and positive threshold current, respectively. If the contact is Ohmic
a straight line shows up, symmetric with respect to the origin (I= 0,V= 0).
From the inverse of the slope of the I-V graph the resistance can be esti-
mated for each couple of TLM pads. Typical TLM measurements between
two TLM pads at a distance L= 5µm from each other are shown in Figure
4.14 (a) and (b) for the n- and p-layer, respectively. The I-V characteristics
for the not-annealed (blue and green lines) and the annealed (orange and
red lines)conditions are plotted for the two optimized metallization written
in Figure 4.14, showing a clear transition from Schottky to Ohmic behaviour
before and after the annealing step, respectively. The current flowing from
one probe to another meets along its path three main resistances: the contact
resistance of the first pad, the resistance in the semiconductor between the
two metals equal to RsL/D and the resistance of the second pad. A plot of
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the overall resistance R versus the pads separation L (Figure 4.15) and the
corresponding linear fit, provides the value of Rs and Rc. In this case the
R-value at zero distance equals two times the contact resistance Rc while the
slope gives the semiconductor sheet resistance Rs divided by the pad lateral
dimension D and the double of the contact transfer length Lt (the average
distance that an electron can travel in the metal before to be absorbed in
the semiconductor) can be estimated by the absolute value on the x-axis at
zero resistance and are in good agreement with the results for similar sys-
tems [453, 454]. The extracted values for the contact resistances, multiplied
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Figure 4.15: TLM measurements for different multilayer contacts, indicated together with the respective
layer sequence and thickness for the p-doped layer (top graph, green) and for the n-doped one (bottom
graph, blue). The values for the normalized contact resistances are also shown together with the sheet
resistances estimation for the two doped layer, in good agreement with the expected values of table 4.1.
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for the area of a single TLM pad (200 × 200µm2), give the contact resis-
tances per area ρc reported in Figure 4.15 (ρnc ∼ (4± 1)× 105Ω for the best
n-metallization and ρpc ∼ (7 ± 2) × 103µm2 for an optimal p-metallization)
and allows the approximately estimation of the contact resistance of the
bottom-pad (Area ∼ 3.7 × 105µm2, Rn

c ∼ (11 ± 3)Ω) and of the top-pad
(Area ∼ 40µm2, Rp

c ∼ (180 ± 50)Ω, just on the mesa surface) of the fi-
nal device. Besides the optimized Ni/Zn/Au metallization, other multilayer
contacts have been first tested for the p-doped layer including 50Cr/150Au,
50ti/200Au, 5Pt/5Ti/30Pt/150Au and various Au/Zn/Au system, with and
without annealing. As it is reported in Figure 4.15(top), after annealing, the
4Ni/25Zn/200Au metallization has given better results with respect to the
two Au/Zn/Au contact types (5Au/15Zn/150Au and 20Au/40Zn/150Au).
The others p-contact tests have not been shown due to much higher contact
resistance even after the annealing step (& 1 kΩ). The reproducibility of the
optimized contacts for the n- and p-layer was good even if the precise esti-
mation of the contact resistance from the TLM plots was not always possible
(for example, the extrapolated p-contact resistance is reported here only for
a single specific case of the optimize metallization) due to fluctuation in the
current measurement within the probe-station setup of our clean-room. The
sheet resistance of the two doped layer, as estimated from the slope of the
linear fit in Figure 4.15, can be compared with the theoretical values reported
in Table 4.1 for the respective nominal thickness and doping concentration.
The measured sheet resistance Rn

s of the n-layer is slightly higher than the
calculated one. There are mainly two possible reasons for this discrepancy.
First, the values in Table 4.1 have been calculated assuming a doped layer
with an uniform distribution of dopants along the layer thickness. In the real
sample the doping concentration follows a Gaussian profile (FWHM ∼ 60
nm for a 80nm-thick layer) as it has been measured in the second ion mass
spectrometry (SIMS) data for the n-doped layer in one of our sample (see
Fig. 2.1(c)). The second possible reason is due to errors in the MBE growth
of the sample, with the thickness and the doping level in the real device
that can be slightly different from the nominal value of the design. For the
p-doped layer the same considerations hold true with the addition of the
fact that during the manufacture of the diodes, the subsequent cleaning and
de-oxidation steps can make the layer thinner by few nm. This reduction of
the p-layer thickness during fabrication can also negatively influence the Be-
doping concentration since the beryllium atoms tend to diffuse towards the
first 5−10 nm below the surface of the p-layer that can be partially removed
during the first cleaning steps. This phenomenon has been observed also on
a preliminary sample design having a p-doped layer with a nominal thickness
of 30 nm. For the 30 nm-thickness case, from the reduction of the p-layer
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and the Be concentration distribution a sheet resistance Rp
s ∼ 15 kΩ/� has

been measured with the same TLM technique described above, comparable
to an ideal p-layer with same acceptor density (NA ∼ 1.5 × 1018cm−3) but
a reduced thickness of ∼ 20 nm. Trying to optimize the conductivity of the
p-layer, several tests have been performed including two capping layers (100
nm-thick Al70%Ga30%As and 100 nm-thick GaAs), consequentially grown
on top of the p-layer and then remove in the first step of the fabrication. In
this case, the measured sheet resistance Rp

s of the p-layer was even higher
(∼ 15kΩ/�), probably due to the a greater diffusion of Be inside the AlGaAs
capping layer during the high-temperature epitaxial growth.

4.3.2 Photonic crystal optimization

The realization of a photonic crystal cavity with a high quality factor could
be achieved only with a careful optimization of all the processing phases, from
the initial patterning in EBL to the dry etching of the lattice into GaAs.

Proximity effect correction for EBL

The optical quality of the photonic crystal is strictly dependent on the precise
location of the lattice holes and on the uniformity of their diameters. Al-
though the resolution of the pattern depends on the type of resist and on the
amount of dose per unit area used during the EBL exposure, the electrons en-
tering the multi-layered substrate follow uncontrollable trajectories that can
modified the actual dose deposited in the ZEP. A 30keV beam, colliding with
the low atomic-number atoms of the resist, undergoes a forward scattering
that broadens its initial radius up to 15 − 30nm. When an electron reaches
the SiN hard mask and the semiconductor layers underneath it is back scat-
tered to the resist film over a radial area of about 7−12µm2, giving an extra
background dose that locally sums to the direct one. This phenomenon is
known as proximity effect and leads to an undesired influence on the dose of
the features surrounding the point exposed by the electron beam. The Monte
Carlo simulations of the 30 keV electrons trajectories inside the exposed sub-
strate are shown in Figure 4.16(a) where the forward and the back scattering
of the beam is highlighted by the red and the orange arrows, respectively. In
a PhCC this effect deteriorates the holes radius uniformity across the lattice
with the inner holes bigger than the outer ones due to a higher back scattered
dose from the greater number of neighbours [455]. To improve the photonic
crystal cavity patterning for a higher optical quality, such an effect has been
quantified by reconstructing the experimental point spread function (PSF)
for the specific electron gun used in our exposure. First the clearing dose D0
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as simulated with Monte Carlo method (RAITH NanoPECS). (b) Experimental point spread function
obtain for our real EBL machine at 30keV and 20keV. (c) Ratio r/a between the holes radius and the
lattice constant across two photonic crystal reference samples with and without proximity effect correction
(PEC). The distribution of the radii is much narrower when PEC is used.

of the ZEP-520A has been estimated in C/cm2 by exposure of big boxes at
increasing doses. Then an array of multiple points with different dose fac-
tors Ddot have been exposed both at 20keV and 30keV on a reference GaAs
substrate coated with 400nm of SiN and then ZEP-520A. After the expo-
sure, the calibration pattern is developed following the standard procedure.
The sample is reinserted again in the vacuum chamber of the EBL machine
and the automation functionalities of the integrated SEM are used to collect
high resolution images of each point at the precise exposed locations. An
image-analysis algorithm is then used to automatically measure the radii of
all the point-like features. The experimental point spread function PSF(r) is
calculated for each dot as 0.01 · D0/Ddot [456] and plotted versus the point
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radius for fitting with the following theoretical estimation [457]:

f(r) =
1

π(1 + η + ν)( 1
α2 e−r

2/α2 + η
β2 e−r

2/β2 + ν
2γ2 e−r/γ)

(4.16)

where the two Gaussian terms describe the forward and back scattering with
α = 35 ± 5nm and β = 1.85 ± 0.02µm, respectively. The exponential term
with decay constant γ = 890±20nm takes into account the beam suppression
in the dense GaAs substrate. From the fit the weight terms are estimated
to be η = 0.77 ± 0.02 and ν = 0.53 ± 0.02 (see figure 4.16 (b)). Using this
values a proximity effect correction (PEC) algorithm has been implemented,
improving the uniformity of the holes size in the photonic crystal lattice. A
comparison between the statistical distribution of the ratio r/a inside our
photonic crystal without (left) and with (right) the PEC is given in Figure
4.16(c). Using the PEC, the width of the hole size distribution is reduce by
∼ 4, resulting in PhCCs with better optical properties.

Cl/N Plasma etching in ICP

Plasma dry etching techniques are used to transfer the PhC pattern from the
e-beam resist to the SiN hard mask and from this to the GaAs substrate. An
O2 descum of the ZEP-520A has been performed prior to SiN etch to control
the ZEP thickness and remove residual polymers that can hinder the transfer
of the desired pattern into the SiN hard mask and thus into GaAs. After
SiN etch and ZEP removal the PhCC pattern is ready to be transferred to
the GaAs diode membrane. It is worth remembering that etching very small
nm-scale features with plasma dry etching is made difficult by two limiting
factors.

1. The neutral species in the chamber tend to diffuse towards the sample
surface and inside the excavated features of the hard mask with reduce
transport capabilities due to the small dimensions involved. Neutral
species, responsible for the chemical etching, and etch products diffuse
isotropically in and out of the small features, unaffected by the per-
pendicular sheath electric field. When the aspect ratio increases, the
number of collision with the sidewall also increases slowing down the
etching rate and the escape of the waste etch products from the etched
area. When the neutral gas is not able to efficiently escape from the
etching region, microtrenching effect may arise with the bottom part of
the features that is slightly etched by the cumulative trapped neutrals.
A crucial parameters determining the progress of neutrals in and out
of a trench is the sticking coefficient. A low sticking coefficient is de-
sirable to transfer species in and out of the trenches fast and without
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loss. However a combination of chemical compounds of low and high
sticking gases are preferable since the high sticking species is necessary
to passivate the sidewall against chemical isotropic etching caused by
the low-sticking one [458].

2. As the pattern becomes smaller and two opposite sidewalls get closer,
effect of charging by ions and electron is increased. High mobility elec-
trons move isotropically within the plasma and close to surfaces, and
they tend to build up at the edge of the opening in the SiN mask and in
the etched GaAs substrate. This negative charging effect further repels
electrons and deflects the positive ions. If the substrate is conductive
the balancing current will alleviate this effect but if semi-insulating, like
in our case, the charge build up can be much worse. Notches at the top
of the holes and just below the SiN mask or uncontrollable trenching
effect at the base of the recesses (a deeper etching against the bottom
sidewall) are two of the main problems caused by ions deflection [458].

Cl2 : N2 = 2:10 sccm Cl2 : N2 = 4:10 sccm Cl2 : N2 = 6:10 sccm 
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Figure 4.17: Schematic view of the passivation technique using N2 during the ICP etching and cross
sectional SEM micrograph for three sample process changing the ration between Cl2 and N2 flow rate, for
T=200o C, RF=150W, IC=600W, Strike pressure (set during the first ignition of the plasma) of 12 mT,
Chamber pressure of 4 mT, He-cooling pressure of 10 mT and etching time of 2 min.

An inductively charged plasma (ICP) can work at very low pressure, high
plasma density and controllable DC bias in order to fine tune verticality
and etching rate in a micromachining process. The low pressure improves
anisotropy by minimizing the scattering of the reacting ions by gas phase
collisions. Moreover the ICP machine has the extra advantage that the RF
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Cl2 : N2 = 4 : 10 sccm, [PStrike, PChamber, PHe] = [12, 4, 10] mTorr
Time = 2 min, T=200o C
Sample RF power (W) IC Power (W)

1 130 500
2 130 550
3 130 600
4 150 500
5 150 550
6 150 600
7 170 500
8 170 550
9 170 600

Table 4.2: Samples coding for the ICP tests.

power (controlling the perpendicular electric field acting on the ions in the
plasma due to electron acceleration and accumulation at the bottom elec-
trode) and the inductive coil (IC) power (controlling the angular emission of
the electron igniting the plasma) can be controlled separately.

As a general rule for plasma etching, an increased flow rate of the etching
neutral species together with a high temperature above 100o C, help to reduce
the microtrenching erosion at the bottom of the holes, increasing verticality
and smoothness. However increasing the neutral species above a critical
flow rate or without compensating it with a gas with an appropriate high
sticking coefficient to protect the sidewall may cause abnormal erosion of
the sidewall with increasing roughness and undesired profiles. Conversely,
low-temperature etching of very small features is difficult to implement in
an ICP. At lower temperature (∼ 60o C) the ions sputtering is maximum
with remarkable trenching effects after the reacting ions collide against the
small opening in the SiN mask and are deflected down to the GaAs surface.
Furthermore, at relative low temperatures, for fixed RF and IC powers, the
ions acquire more energy and they can easily etch all the SiN mask before
the desired depth of the GaAs recesses has been obtained. The requirement
for PhCC etching is to achieve smooth vertical and deep holes with high
aspect ratio since our diode membrane is thicker than an usual device to
host the low-resistance doped layers. However the etching of small holes is
more challenging than mesas or trenches because the reacting ions impinging
the sample end up being confined in two dimensions rather than one. As
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sidewalls get closer and closer the effect of charging by ions and electrons
increases with a greater electrostatic force acting laterally on the reactive
species inside the holes. The higher the aspect ratio is, the more pronounced
this effect becomes since the ions must travel for more distance inside the
holes. A passivation gas is thus highly necessary to overcome undercut and
trenching problems in the PhC holes. A fine equilibrium between chemical

130 140 150 160 170
500

520

540

560

580

600

 I
C

 P
o

w
e

r 
(W

)

RF Power (W)

95.00

115.0

135.0

155.0

175.0

191.0

GaAs vertical E.R. (nm/min) 

1 2 3 4 5 6 7 8 9

 

 

 

1 2 3 4 5 6 7 8 9

50

100

150

200

250

300

350

 

 

 

 SiN  inside  PhC 

 SiN  outside PhC

 GaAs Total 

 GaAs Vertical 

1 2 3 4 5 6 7 8 9

 

 

 

r = 60 nm r = 75 nm r = 90 nm 

Sample # Sample # Sample # 

1 2 3 4 5 6 7 8 9

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

 

 

 

 r = 60 nm

 r = 75 nm

 r = 90 nm

Sample # 

A 

(a) 

(b) (c) 

RF 130W 
RF 150W 

RF 170W 

E
tc

h
in

g
 r

a
te

 (
n
m

/m
in

) 

Figure 4.18: Cl2 : N2 plasma optimization experiments. Etching rate (ER) (a) and anisotropy A =
φBOTTOM/φTOP between the bottom and the top hole diameter (b) as a function of RF and IC power
for photonic crystals with different holes radius. The "GaAs Total" ER is defined based on the total depth
reached in the GaAs substrate at the end of each etching test. "GaAs vertical" is, instead, the portion of
material that is etched with a vertical profile and it is normally smaller than the total GaAs depth. (c)
GaAs vertical etching rate for holes with radius= 90nm. In all the experiments the temperature has been
kept at 200oC with system pressures equal to the preliminary flow rate tests (see figure 4.17). The sample
numbers in the graphs conform to table 4.2.

etching and ion bombardment must be found in order to increase the etching
rate, the selectivity between hard mask and GaAs etching , the sidewall
smoothness and the anisotropic vertical profile of the holes.A Cl2 : Ar : H2

recipe, already available when this thesis work started, has been proved to be
not reliable for the etching of vertical and deep GaAs holes with radius lower
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than 100 nm and has been replaced in this work by a Cl2 : N2 one where
the Cl2 acts as the chemical reacting species whilst the N2 is used for both
high energy bombardment and sidewall passivation. Different ratios of their
flow rate have been investigated for a etching time of 2 min (with T= 200oC,
RF power= 150W, IC power= 600W) and are shown in Figure 4.17. A Cl2
flux, lower than ∼ 3 sccm, is not enough to provide a sufficient amount of
etching species entering the holes and the etching stops after the first few nm.
On the other side, a Cl2 flux bigger than ∼ 4 sccm, uncontrollably increases
the trenching effect since the reduce amount of N2 with respect to Cl2 is not
enough to protect the hole sidewalls. An vertical etching with an etching rate
of ∼ 200 nm/min has been obtained with the optimal ratio of Cl2 :N2 = 4 :
10. The etching rate could be further increased by increasing the flux of Cl2
and N2 but keeping their ratio constant. Unfortunately the mass controller
valve of our ICP limits the maximum amount of N2 to 10 sccm. For the best
mixing ration (Cl2 : N2 = 4 : 10 sccm) the RF power and the IC power have
been independently varied to find the optimal configuration that reduced the
isotropic distribution of the high mobility electron and increased the vertical
bombardment of the reacting ions. For RF power ranging from 130W to
170W and IC power within [500, 600]W the smallest sidewall roughness has
been obtained. For all the tests an hard mask of 390nm of SiN has been
deposited on a bare GaAs wafer. Multiple copies of long PhC arrays with
different holes radius from 60 nm to 90 nm, have been patterned in ZEP
following the EBL procedure described above and in chapter 2. After each
test of the ICP recipe the sample has been cleaved and analysed with the
scanning electron microscope (SEM) to measure the etching rate and the
cross section profile of the GaAs holes as well as the erosion of the SiN
hard mask. The measured etching rates (ERs) of the GaAs substrate and
of the SiN hard mask for different samples as a function of the main ICP
parameters, reported in Table 4.2, are shown in Figure 4.18(a) for different
PhC radii, and in the 2D-plot of Figure 4.18(c) for r = 90 nm. From the
cross-sectional SEM analysis, the diameter of the holes was approximately
constant, down to a certain depth and then rapidly decreased. The data
labelled "GaAs Total" correspond to the total etching depth achieved in the
experiments, while "GaAs Vertical" indicates the portion of the etched GaAs
substrate with vertical profile, as required by the PhCC fabrication. The SiN
mask shown two different etching rates, one for the region outside the PhCC
pattern and one for the region within it. The etching rate inside the PhCC
area is greater because, during the etching, the profile of the holes in the
SiN mask changes from vertical to sloped. As the etching proceeds, the
SiN thickness decreases and the adjacent tilted sidewalls of two neighbouring
holes move towards each other causing a further thinning of the mask at that
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point (see the profile of the residual SiN mask in the SEM images of Figure
4.17). Since this phenomenon is happening for all the holes of the photonic
crystal, the SiN is consumed faster than in the non-patterned regions. To
estimate the etching anisotropy, the ratio A = φBOTTOM/φTOP between the
diameter in the bottom and in the top of the holes is plotted for different
sample, for a photonic crystal with r = 90 nm (see Fig. 4.18(b)). The
greatest ER with good anisotropy has been obtained with an RF power of
170 W and an IC power of 550 W. In this configuration the electrons are
generated by the coil of the ICP with a narrower distribution with a greater
vertical velocity that improve anisotropy. The high RF power provides ion
with higher energy, thus a strong and directional sputtering and a greater
etching rate. In this case also the SiN etching rate increases, reducing the
margin of error in the choice of its initial thickness.

Prior to any test campaign the ICP chamber has been cleaned with SF6 : O2

plasma for 30 minutes, heated up to 200oC and preconditioned with Cl2 : N2

plasma for ∼ 15 minutes. The optimization analysis plot are reported in
Figure 4.18 where the samples have been coded according to the reference
table 4.2. In addition to photonic crystal cavities with quality factor around
7000, this recipe allowed the fabrication of a variety of other GaAs PhC
devices like double-membranes PhCC [459] and PhC-nanobeam [338] and
PhC waveguides [460].

SiCl/Ar Plasma etching in RIE

The deterioration in the ICP process reproducibility during the last period
of this work has required another optimization of the photonic crystal fabri-
cation using a mixture of SiCl4 and Argon (for sidewall passivation) in a RIE
machine at 400C. Similarly to the ICP optimization multiple stoichiometric
ratios and RF powers have been investigated. This was also an opportunity
to improve the sidewall smoothness in the GaAs holes and achieve PhCC
quality factors above 10000. Differently from the ICP recipe the SiCl4 one
strongly depend on the complete transfer of the PhCC pattern to the SiN
mask in the previous step. If the holes in SiN are not completely etched, the
lower SiN etching rate in RIE (∼ 35nm/min) may prevent the GaAs etching
to start properly. Two experimental campaigns have been conducted in or-
der to first estimate the raw parameter and then refine them to achieve the
optimal recipe for the etching of smooth, vertical and deep holes. The param-
eters used during the raw and the fine parameters campaigns are reported
in Table 4.3 (top) and (bottom), respectively (the best parameters found in
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4.3. PROCESS OPTIMIZATION

Raw experiments with PStrike = 20 mTorr
Sample SiCl4 Ar O2 P (mT) RF(W) Minutes SEM

1 10 0 0 5 20 3

2 10 0 0 10 100 3

3 10 0 0 10 150 3

4 15 0 0 10 200 2

5 15 0 1.5 10 200 2

6 5 10 0 5 100 4

7 5 10 0 10 100 4

8 5 10 0 10 150 4

9 10 20 0 5 100 4

10 25 3 50 10 200 4
Fine tuning with PStrike = 15 mTorr

1 5 10 0 5 150 5

2 5 10 0 5 200 4

3 5 10 0 10 200 4

4 5 15 0 5 150 5

5 4 10 0 10 150 5

6 20 5 1 5 200 3

Table 4.3: SiCl4 : Arfluxes (in sccm) and plasma parameters in RIE at 400C with the corresponding
SEM micrographs of the PhC holes.
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Figure 4.19: Photoluminescence spectra at low temperature of optimized GaAs L3 photonic crystal
cavities fabricated using the parameters highlighted in green in Table 4.3 for the reactive ions etching
(RIE) with SiCl4 at 40o C.

each campaign are highlighted in green). The best etching condition use a
relatively high flux of Ar (15 sccm), the high sticking species protecting the
holes sidewalls in this case, and high RF power of 150 W and a low flux of
SiCl4 in order to increase the sputtering reaction with respect to the chemical
etching and improve verticality and etching rate. The PL spectra of different
L3-modified PhCCs, realized with the RIE at 400 C, using the SiCl4 recipe
parameters highlighted in green in Table 4.3, are plotted in Figure 4.19 for
different lattice constant a. The wavelengths and the quality factors of the
y-polarized Y3 modes are indicated close to the corresponding peaks. From
the dependence between the PhCC resonance and the lattice parameter a a
lithographic tuning can be implemented in order to fabricate a cavity that
can be coupled with the exciton state of the neighbouring quantum dots
(QDs) (see also Figure 6.7).
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4.4. ELECTRICAL CHARACTERIZATION

4.4 Electrical characterization

The quality of the fabrication from the electrical point of view can be es-
timated by measuring the I-V characteristic of the device and its electrical
bandwidth.

4.4.1 Static response

The I-V curve of the diode its breakdown, threshold, forward bias resistance
and reverse bias current have been estimated. Having a diode with high
breakdown voltage and low reverse bias current is an important requirement
for our experiments where the current level must remain as small as possi-
ble in a large range of voltages in order to reduce the carrier recombination
near and into our quantum dots for performing clean electro-optical exper-
iments. Breakdown voltages below −5 V and reverse bias current of ∼ 10s
nA, have been obtained. The diode threshold has been observed to increase
at low temperature from ∼ 0.75 V at T= 300 K to about 1.3V for T< 20
K, extending the reverse bias behaviour to higher positive biases in cryo-
genic conditions. The I-V characteristic of two similar PhCC-diodes with
r = 8µm and top-contact area ∼ 3× 103µm2 processed using the optimized
recipes described in the previous sections, are reported in Figure 4.20. The
first diode is measure at room temperature (red line) while the second in
cryogenic conditions (T=∼ 10K, blue lines) under illumination of the device
with a continuous wave (CW) laser with λ = 780 nm and excitation powers
of 0 W (Laser off, cyan down triangles), 10µW (green up triangles), 80µW
(orange circles) and ∼ 250µW (red squares). For non zero excitation power
at λ = 780 nm (∼ 1.6 eV), where the absorption of the intrinsic-GaAs layer is
high (∼ 104cm−1), the PhCC-diode could be operated as a photodiode with
the photo-generated electron-hole pairs that accelerate in the material under
the effect of the electric field and thus generate a negative photocurrent. The
photocurrent generation has not been observed during the device illuminated
with a tunable laser around 1.3µm, since the absorption coefficient of the in-
trinsic GaAs is < 10 cm−1 and the probability to create an electron-hole
pair is very low. From the slope of the room temperature I-V characteristic
above threshold a basic estimation of the total series resistance Rc ∼ 200Ω
has been obtained (left axis of the plot in Fig. 4.20). For such a device,
the main contribution to the total impedance is given by the top-contact
(4Ni/25Zn/200Au annealed at 350o C for ∼ 35 sec) resistance Rp

c for oper-
ations at frequencies above 1 GHz and by the total capacitance (C = 0.5
pF) for lower frequencies, where the value of the corresponding reactance
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(∝ 1/(2πfC)) is & 320Ω.
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Figure 4.20: Absolute value of the current I as a function of the bias V for two similar PhCC-diodes with
r = 8µm and top-contact area ∼ 3× 103µm2, measured in our probe station setup at room temperature
(red open circles) and in cryogenic conditions (coloured symbols with blue lines) (T∼ 10K) under laser
excitation with wavelength λ = 780nm and excitation power ranging from 0 (cyan triangles) to ∼ 250µW
(red squares). The inverse of the derivative for the I-V curve at room temperature is also shown (green
hexagons) from which a basic estimation of the diode resistance in forward bias has been performed
(Rc ∼ 200Ω).

4.4.2 Bandwidth measurements

The electrical bandwidth of an electronic device is intimately connected to its
electrical impedances. While a normal resistor would be independent from
the frequency f of the bias signal, a capacitance and an inductance in series
with the resistor give a frequency dependent reactance to the total complex
impedance as follows

Z = R +XL +XC = R + j(2πfL− 1

2πfC
) (4.17)

being clear that an ultrafast diode should exhibit small resistance and small
capacitance. Knowing the value of these two parameters is an important
feedback helping in the optimization of the process and in the understanding
of the device. To separate the real and the imaginary part of the complex
impedance a scattering technique has been used.

143



4.4. ELECTRICAL CHARACTERIZATION

Smith chart

The Smith chart is a clever representation of the frequency response of the
electrical circuit in order to easily predict the amplitude and the phase of the
reflection coefficient Γ when an electrical signal is fed into the device through
a transmission line. Two Smith charts, one for impedances Z and the com-
plementary one for admittances Y , can be used with more convenience in
impedance matching for series or parallel electrical components respectively
or combined together for more complex circuits. On both the Smith charts
everything is normalized to the reference resistance, conventionally chosen to
be Z0 = 50Ω. Each point of the impedance Smith chart represents a partic-
ular configuration of the total impedance and corresponds to one, and only
one, particular frequency. The Smith chart has also another interpretation.
A vector can be drawn from the point where the calculated impedances re-
sides to the center of the chart at Zs = 1 (see the plot in Figure 4.21). The
length of such a vector is equivalent to the amplitude of the reflection coef-
ficient Γ, varying from 0 in the center to 1 on the outer circle of the chart.
The angle that the vector forms with the horizontal axis (green line in Fig.
4.21), represents the phase built up during the reflection of the signal. The
normalized variable in the impedance Smith chart reads

Zs = Z/Z0 (4.18)

while the admittance Smith chart (use for impedance matching with shunt
reactances) can be obtained from the impedance one by taking the inverse of
its value and changing the sign for inductance and capacitance according to

Y =
1

Z
= G+BL +BC = G+ j(− 1

2πfL
+ 2πfC) (4.19)

and
Ys = Y/Y0 (4.20)

with Y0 = 0.02 Siemens. The three-finger RF probe used to bias the device
together with the BNC cable from the voltage generator output constitute our
transmission line to the PhCC-diode. In Figure 4.21 the impedance Smith
chart is schematically described. The horizontal axis (green line) represents
the normalize resistance, the real part of the complex impedance, and varies
from 0 (left) to ∞ (right) for increasing value of R. The regions above and
below the resistance axis, describe the imaginary part of the total impedance,
depending on the presence in the circuit of series inductances or capacitances.
The rounded axes in the top half (red lines above the resistance-axis), indi-
cate the lines where the series inductance L is constant at a precise signal
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4. PHCC-DIODE FABRICATION

frequency. Once the frequency is fixed, moving along the red lines from left to
right, means that the inductance, and therefore the reactance XL, does not
vary while the series resistance is increasing. The inductance varies, instead

Constant Series Capacitance 

Constant Series Inductance 

Zs=Z/Z0 

C= 0 
R= 
L= 

|G|= 1, q=0   
C= 
R=0 
L=0 

|G|= 1, q=p   

C= 0 
R=Z0=50W 
L=0 

|G|= 0, q=p/2   

Zs=1 Zs=0.2 Zs=0 

Zs=-j4 

Zs=-j 

Zs=-j0.25 

Zs=j0.25 

Zs=j 

Zs=j4 

Zs=+ j 

L~0 

C(f) 

R 
1/ f 

Short Open 

Match to Z0 

Figure 4.21: Smith Chart representation with the most important points highlighted. The scattering
coefficient for a resistance in series with a capacitance under sinusoidal bias at increasing frequency would
follow the orange line in the plot since the constant resistance is summed with a increasing reactance equal
to XC(f) = 1/(2πf).

from one curve to the other as indicated by the corresponding normalized re-
actant values close to the red curves. Along the blue lines in the bottom half
of the plot, instead, the series capacitance is constant at a fixed frequency. In
this case, since the corresponding reactance XC is proportional to minus the
inverse of C, when the capacitance increases, the imaginary part of Zs moves
to blue iso-curves with lower value of Im[Zs]. The red and the blue arrow
of Figure 4.21, indicates the direction of increasing XL and XC , respectively.
The conditions where the series imaginary reactances change but the real
impedance remains constant, are described by the black circles in the chart.
For example, when the frequency f of an electrical signal, travelling along a
transmission line constituted by a resistance R in series with a capacitance
C, increases, the real part of the total impedance (namely the series resis-
tance) does not change while the imaginary part, the frequency-dependent
reactance XC = −1/(2πfC), decreases with the total impedance Zs that
describes a semi-circle in the bottom of the Smith chart crossing the horizon-
tal axis at Zs = R/Z0. This is the specific case of our electrical bandwidth
measurements with the network analyser , as sketched by the schematic cir-
cuit and the dotted orange arrow in Figure 4.21. In Figure 4.21 three main
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points along the horizontal green axis are indicated (black circles), repre-
senting, from left to right, the short-circuit, the Z0 = 50Ω load and the open
circuit configurations probed during the network analyser calibration, before
the characterization of our devices (for the calibration of the instrument, a
considerable help has been given by Harry van Doorn from the Department
of Applied Physics at TU/e).

S11 scattering parameter

From the frequency dependent Smith chart plot the real and imaginary parts
of the complex reflection coefficient Γ can be extracted and through these
the absolute value of the total resistance and the total capacitance can be
determined at different frequencies. In general for a single device is more
convenient to define the one-port scattering parameter S11 where the single
port consists of the single device itself and for a single frequency f = f0 it
reads

S11(f0) =
Z(f0)− Z0

Z(f0) + Z0

= Re[S11(f0)] + jIm[S11(f0)] = |S11(f0)|eiθ(f0) (4.21)

from which the resistance and the capacitance of the device can be measured
as follows

R(f = f0) = R = Re[Z0
1 + S11(f0)

1− S11(f0)
] (4.22)

C(f = f0) =
1

2πIm[Z0
1+S11(f0)
1−S11(f0)

]
. (4.23)

A network analyser has been used to provide a small-amplitude signal at
different frequencies in the range between 100 kHz and 8 GHz. In order to
measure a consistent value of the frequency dependent scattering parameter
a calibration of the instrument must be performed in advance. A calibration
sample from PicoProbe has been placed at the sample position where an
open circuit, a short circuit and a Z0 = 50Ω resistance can be subsequently
measured with our electrical probe. Once the instrument has been calibrated
different experiments have been performed in our probe-station on several
devices with different mesa size and top contact area. The characteristic
impedances of the device have been extracted from a dedicated fit where RC ,
L and C are free to vary while Z0 has been fix to 50Ω. The fitting function
follows 20log(|S11|) where |S11| is the magnitude of the one-port scattering
parameter and for complex impedances reads

|S11|(f) =

√√√√(R− Z0)2 + (2πLf − 1
2πCf

)2

(R + Z0)2 + (2πLf − 1
2πCf

)2
(4.24)
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where the frequencies f are in GHz, R in Ohm, L in nH and C in nF. In Fig-
ure 4.22(b) the 20log(|S11|) values for different PhCC-design with different
mesa radius and top-contact area are plotted as a function of the frequency of
the network analyser signal. The SEM images of three diodes, corresponding
to the data indicated by the relative arrows, are also shown. The electri-
cal bandwidth has been estimated from the 3 dB value of 20log(|S11|) and
ranged from 1.3GHz to 4.2GHz depending on the geometrical configuration
of the diode (see SEM micrograph in the insets of Figure 4.22(b)) and in good
agreement with the theoretical predictions (see Figure 4.4 and 4.5(bottom)).
As expected from the theoretical analysis, the diode with smaller mesa radius
(r = 6µm) and smaller top-contact area (∼ 1.4 × 103µm2), have the higher
electrical bandwidth around 4 GHz. The values of the impedances in the
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Figure 4.22: Network analyser characterization for different devices. (a) Smith chart of a PhCC-diode
with mesa radius r = 8µm and top-contact area of ∼ 2.7× 103µm2 for frequencies in the range from 100
kHz to 6 GHz. (b) Logarithmic function of the magnitude of the scattering parameter S11 for multiple
devices following the optimization history. The reduction on the top contact area and of the mesa size
has allowed us to reach an electrical bandwidth beyond 4.2 GHz (violet plot). The SEM micrograph are
taken from representative PhCC diodes. The values of the resistance and of the capacitance reported are
extracted from the fits according to equation 4.24.

device can be extracted by the fit (red curves in Fig. 4.22(b)). The extrap-
olated resistance and capacitance values, for all the configurations shown in
the figure, are indicated on the side of the plot and colour-coded with re-
spect to the experimental curve. A value for the inductance L (not shown
in the graph) has also been estimated, being in all the cases lower than ∼ 2
nH, as also predicted by the theoretical calculation of the diode. In Figure
4.22(a) the Smith chart of a PhCC-diode with r = 8µm and top-contact
are of ∼ 2.7 × 103µm2 is shown for a frequency ranging from 100 kHz to 6
GHz. Despite the higher electrical bandwidth, for smaller diode mesas with
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r = 6µm), the integration of a PhCC with quality factor higher than 8000 is
extremely challenging. For the most important c-QED experiments a diode
with a 3db−frequency of 2GHz (r = 8µm) and PhCC quality factor above
10500 has been used.

Conclusions

Thanks to the optimizations in all the steps of the PhCC-diode processing
it has been possible to realize devices with high electrical bandwidth and
good optical properties. The electrical characterization has confirmed that
our PhCC-diodes have a small reverse bias current and a high electrical
bandwidth in the GHz range, the main ingredient for integrated ultrafast
c-QED experiments with our solid-state system. The recipe created ad hoc
for the process have also provided the necessary tools for the realization
of other interesting devices based on photonic crystal structures like PhCC
double membranes and PhC waveguides. The optical and electro-optical
characterizations towards the most important results of this work will be
discussed in the last chapter after a short description of the new setup that
has been design and assembled for ultrafast c-QED experiments with our
device.
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5 | Experimental setup

In this chapter the experimental setup and its components are presented.
The motivation and the design of the new cryogenic system are exposed
together with the details of the cryostat chamber and the confocal optical
components. A brief description of the alignment procedure is also given as
an aid for future students that want to work on the same or similar setups.
The chapter is conclude with the synchronization scheme used in combination
with the characterization setup for the experiments on PhCC-diodes.

5.1 Cryostat and moving sample

The electro-optical characterization of the PhCC-diodes has required the re-
alization of a novel cryogenic setup where single diodes have been measured
down to T=9K by means of a high frequency electrical probe biasing the
device and a excitation laser pumping the QDs at the same time. A confocal
design has been chosen. The pump laser beam and the fluorescence signal
have been focused respectively into and out from the sample by the same
microscope objective in close proximity with it. Their spatial separation
could be obtained by using pellicle beam splitters or a wavelength selective
dichroic mirror to transmit wavelength below 1100nm and reflect above this
threshold with 98% efficiency. Moving the sample, the electrical probe and
the optics relatively to each other with sub-micrometric precision is also an
important requirement for scanning different points on the same device or
for characterizing multiple diodes in the same cooling-down, saving liquid
Helium and time. This possibility is even more important in our case where
the interaction between quantum dots and photonic crystal cavities has been
realized by means of a stochastic spatial alignment of emitter and cavity with
multiple device that had to be checked before the good candidate was found.
An optical system where the microscope is moved for positioning the beams
would be easier to design and assemble but the cage structure it requires
can be too heavy, negatively affecting the positioning performance in term of
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precision and stability. Moreover, to achieve a high collection efficiency from
the sample, an objective with large numerical aperture and short focal dis-
tance, placed close to the device, must be used. This requirement translates
into the need to rise and lower the microscope prior sample mounting and
measurements, an operation very critical for unstable movable-optics config-
urations. For this reason we have decided to keep the optics stable while

PX: ± 2.5mm 

PY: ± 2.5mm 

PZ :0-12mm 

WD = 17mm 

Probe-1 

Probe-2 

Sample holder 

Tmin = 8 K 

Pmin = 10-5 mbar 

Confocal

Objective 

Pulsed or CW laser [0.7,1.1] mm 

Dmin~ 2mm 

1.6mm 

1.1mm 

Fused quartz 

Fused silica 

Radiation shield 
7mm 

25mm 

22mm 2.5mm 

13mm 

Reentrant window 

50X  LCD  APO  NIR 

378-828-5 

NA = 0.42 

F = 3.9 mm 

WD =17.13 mm in air 

Spot = 1.7 mm, l=650nm 

 

Sample holder 

XYZ  Piezos 

94% Transmission 

2mm 
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Figure 5.1: Schematics and rendering of the cryostat chamber where radiation shield, sample holder,
piezos stages and electrical probes are hosted for electro-optical measurements. To achieve a high collection
efficiency the high NA objective has been brought in close proximity with the sample surface by a re-entrant
window in the cryostat lid.

moving the sample holder inside the cryostat. The lid of the cryostat has
been designed with a quartz re-entrant top window to allow the approach of
short working distance microscope objective as close as possible to the sample
area. However this solution required more effort in the design of the cryogenic
chamber to host the piezo stages that could move the sample. The presence
of these movable parts increases the separation and the thermal insulation
of the sample holder from the cold finger of the cryostat thus increasing the
minimum working temperature of the system to ∼ 9K as compare to other
smaller systems (Tmin ∼ 2 − 3K). To decrease the temperature to 6 − 7K
a radiation shield can be used and this sets other stringent requirements on
the design of the probes and of their translational stages, in order not to
crash them into the radiation shield (made of fused silica glass) during their
blind alignments. Two RF probes working up to 40GHz with 100µm pitch
and G-S-G configuration have been included to increase the setup versatility
in measuring two devices simultaneously or where a double control, i.e. the
electromechanical tuning of the PhCC and the static Stark tuning of the
QDs, is required by other projects in the group. In support of the setup are
also three temperature sensors and a heating plate in order to keep thermal
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fluctuations under control and speed up the warming-up procedures avoiding
unpleasant condensations that may affect functionality and reproducibility of
delicate devices as PhCC-diodes and double membrane PhCC micro-electro-
mechanical actuators. In the double membrane case [338], for example, drops
of condensed water (with a surface tension of 72 mN/m) can exert a strong
capillary force on the two PhC membranes, separated from each other by just
∼ 180nm, making them to irreversibly collapse. Without such a cryostat, the
reproducible demonstration of the electromechanical tuning of double mem-
branes PhCCs at cryogenic temperature wouldn’t be possible. Two schematic
sketches of the inner part of the chamber are shown in fig 5.1 with the Mitu-
toyo objective (NA= 0.42, working distance WD∼ 17mm) in close proximity
with the sample, taking into account the necessary space for the radiation
shield and the probes. The designed has been sent to Janis Industry for
further engineering and production.

5.2 Confocal optical setup

A fix confocal optical setup interfaced through the microscope objective with
the sample inside the cryostat requires several components like optical filters,
beam splitters, mirrors, lenses, translation stages, posts and rails. Among
all of them the most important ones are the lenses that have been used to
focus the excitation laser and the fluorescence signal out and into single mode
optical fibers in the telecommunication range around 1.3µm.

5.2.1 Lenses

Fibre coupling is needed to route the signal to the axial entrance of the
spectrometer, to the single photon detector or among different labs in our
building for different purposes. The collection efficiency and the signal to
noise ratio in the optical measurements also depend on this coupling. The
beams in the system have been modelled as Gaussian beams for which the
focused beam diameter φF after a certain lens with focal length F can be
calculated by knowing the initial diameter φ0 of the beam impinging the lens
and the radiation wavelength λ. The focal length of a desirable lens matching
the optical invariant requirement between the two interfaces can be obtained
for different wavelengths as

F =
πφFφ0

4λ
(5.1)

where φ0 must fit into the objective pupil φOBG and φF must equal the field
diameter φField ∼ 9µm as confined around the fibre core. Figure 5.2 shows
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the lens matching parameters with the wavelength-dependent calculation of
the target focal lens for different configuration of parallel beam diameter and
focused spot size. For example, a lens with the focal length of∼ 13 mm can be
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Figure 5.2: (top)Schematics of the focus procedure of a parallel beam with diameter φ0 into a single
mode fibre with field diameter φF . (bottom) the calculation of the required focal distance (in cm) is
plotted as a function of φ0 and φF and for different values of the wavelength λ.

used to focus a parallel beam with diameter φ0 ∼ 2.5 mm and wavelength λ =
1.3µm into a single mode fibre SMF-28J with field diameter φF ∼ 9µ m. A
lens numerical aperture lower than the numerical aperture of the fibre (NA=
0.14) is preferable when the parallel beam has a diameter close to the lens
diameter DLens otherwise the internal reflection inside the fibre core would
be highly compromised. This condition can be fulfilled in general for most of
the lenses (even with higher numerical aperture calculated as ∼ DLens/2F )
provided that the parallel beam diameter is 0.28 times narrower than the lens
focal distance. Aspheric lenses coated for the desired wavelength and with
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focal length around 13mm have been chosen taking into account the 2.5mm
wide objective entrance pupil and the field diameter φField = 9µm of a single
mode fibre SMF-28J. Similar considerations have been used for imaging from
the objective to the CCD camera where the magnification ratio M can be
calculated from the ratio between the focal lengths of the two lenses as

M =
FCCD
FOBJ

. (5.2)

In this case the camera sensor size SCCD is important when compared to
the objective magnification and its field of view FoVOBJ ∼ 120µm (a direct
consequence of the microscope numerical aperture NA=0.42 and its focal
length of ∼ 4mm in air). The focal distance of the lens that must focus the
image from the sample straight to the 12.25mm sensor array reads

FCCD =
SCCD
FoVOBJ

FOBJ (5.3)

giving a value around 400 mm in our configuration.

5.2.2 Overview

All the main optical components assembled in the setup are listed in table
5.1 together with the electrical probe model and the tunable filter used in
our experiments.

Figure 5.3 shows the three dimensional render of the entire setup where
the optical paths are interfaced with the objective and the cryostat by deflect-
ing them with a high grade silver mirror at 45o. Even if it is not indicated in
the sketch for sake of clarity, at each fiber coupling location two micrometric
XZ-translational stages (Thorlabs ST1XY-D/M) have been used one for the
focusing of the lens and one for the fibre. The lens holder is also mounted
on another Y-translational stage (Thorlabs MT1/M) free to move along the
rail direction for the fine control of the focusing. The double XZ-movement
allows for a simultaneous alignment of the fibre core to the central axis of the
lens and of them both with respect to the entire optical setup and to the ob-
jective. With only one XZ-stage it would be still possible to align the fibre to
the lens but almost impossible to keep the correct configuration while trying
to send the beam into the center of the objective entrance pupil and parallel
to its optical axis, too. Two beam splitters (BS) have been used to reflect the
light from a white LED into the objective for illumination purposes and to
send the reflected image back to the CCD camera. A wavelength-dependent
dichroic mirror allows a 98% transmission of a pumping laser with λ < 1.1µm
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Figure 5.3: 3D renders of the setup. (a) The overall configuration with the main optical components
labelled with the symbol names of table 5.1. (b) The fluorescence signal from the objective is reflected
by the dichroic mirror (DM) above λ = 1.1µm and couple to the single mode fibre for spectrometry or
time-resolved measurements. (c) Using an additional mirror the signal can be sent to the lateral entrance
of the spectrometer with higher collection efficiency.

to go through towards the microscope whilst reflecting at 90o with same ef-
ficiency any signal above λ = 1.1µm collected back from the sample. As
it is also shown in figure 5.3(c) and (d), an additional mirror (M) can be
interposed between the dichroic mirror (DM) and the signal fibre coupling
to send the collected fluorescence through air to the lateral entrance of the
spectrometer where the absence of fibre coupling helps to improve the mPL
intensity for fast characterizations. Two spectral filters have been used in-
side the setup. A low-pass filter below λ = 1µm (F1) placed in front of the
parallel beam from the laser input helped to clean the excitation signal from
any spurious component that may trigger undesired optical transitions. A
second filter (F2) is placed before the signal fibre coupling or in front of the
spectrometer lateral entrance to suppress the laser component in the mea-
surements. A fibre-based tunable filter with much narrower bandwidth has
also been used for device characterization in more sensitive experiments.

5.2.3 Optical alignment

Aligning an optical setup is an art on its own. The main goal is to have
all the beams parallel to each other’s and with the objective optical axis,
positioned at the same point on the sample through the center of the micro-
scope. The focusing and defocusing of circular fringes centred at the same
place on the device for both the excitation and the collection path, indicate
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a good alignment of the beams with the confocal objective. The optical com-
ponents listed before have been selected to reach these requirements but an
alignment procedure is more than necessary to achieve this goal and will be
briefly reported in the following.

1. In the initial step a visible laser at 650nm is used to align the principal
axis of the setup. The position of the lens L1 is progressively changed
with the Y-stage to achieve a parallel beam from the laser fibre with
a beam diameter that does not change along a 2m distance. The two
XZ-stage are simultaneously moved in order to find the best horizontal
and vertical alignment. Two iris diaphragms placed at exactly the
same horizontal and vertical position along the supporting rail and at
a distance of about 1m between each other, are used in this procedure
setting the main optical axis of the setup. Since the dichroic mirror
is relatively thick compare to the laser spot size, it can shift the laser
beam by fraction of mm in the lateral direction. For this reason it
is important to ensure the beam parallelism by using an additional
alignment diaphragm after it. The position of the laser beam is also
corrected to enter the objective pupil after the mirror deflection.

2. The alignment of the signal path is performed with a similar technique
on the L2 lens having the main optical axis as an important reference.
In this case the visible laser is sent from the collection fibre into L2,
in opposite direction relative to the PL collection path. The laser is
made parallel before the dichroic mirror while this one is optimized in
order to send the beam through the center of all the alignment irises
and straight to the objective at the same position of the pumping laser
spot.

5.3 Synchronization schemes

Besides simple mPL spectra, this probe station setup, together with a laser
controller (PicoQuant PDL-800B), a fast bias pulse generator (Agilent 81134A),
a laser diode (PicoQuant LDH-P-965 ), a superconducting single photon de-
tector (Scontel SSPD) and a correlation card (PicoHarp-300), has been used
to perform different type of time-resolved electro-optical characterizations on
the PhCC-diodes. Three main experimental schemes have been implemented
(figure 5.4).

Standard TRPL A simple time-resolved synchronization scheme was used
as the one explained in chapter 2. The PDL-800-B laser controller
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Figure 5.4: Implementation of three synchronization schemes. (a) For simple TRPL experiments. (b)
Use to characterize the time constant in the fast dynamic tuning of single quantum dots by square wave bias
modulation. (c) Sub-ns synchronization between optical excitation and electrical modulation in ultrafast
c-QED experiments.

sent electric pulses to the laser diode head LDH-P (λ = 970nm) with
tunable repetition frequencies (20, 40, 80MHz). The internal trigger of
the laser controller has been sent into the channel zero of the correlation
card giving the start signal. When the filtered signal from multiple or
single QDs in the device was detected by the superconducting single
photon detector, a negative output pulse fed the second channel of the
correlation module and gave the stop arrival time of the fluorescence
photon. By high repetition rate and multiple experiments the time-
resolved mPL of different emitter-cavity system has been measured to
estimate the decay constant of single emitters and the coupling with the
photonic cavity. This configuration is schematically shown in Figure
5.4(a).

Dynamic tuning of TRPL This scheme (Fig.5.4(b)) has been used as a
first characterization of the time-resolved dynamic tuning of the exci-
ton energy in a single quantum emitter in the middle of a diode with
and without photonic crystal cavity. A square-wave bias is used to tune
the energy of the QD by the quantum confined Stark effect. During
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Figure 5.5: Picture of the experimental setup ready for dynamic c-QED control experiments. The main
components are labelled to emphasize the synchronization technique also explained in figure 5.4(c).

this modulation the emission wavelength of a single quantum emit-
ter is dynamically changed at 100 MHz frequency between λ0

QD and
λ1
QD, thereby changing its detuning with respect to a spectral filter

with FWHM∼ 0.4nm, centred at λ0
QD. The sample is excited in this

case by a continuous wave (CW) laser (λ = 980nm) below the GaAs
bandgap to avoid any stroboscopic effect between laser pulsation and
bias frequency. The voltage generator (the Agilent 81134A which can
provide a square wave bias with a tunable frequency between 15MHz
and 3GHz), has been also used as synchronization trigger for the start
input of the correlation card. The stop of each experiment is given
also in this case by the SSPD output after the spectral filter. Each
time that the wavelength of the QD is tuned inside the filter by the
corresponding voltage level of the square wave bias, the correlation
counts increase with a characteristic rise time that depends on diode
bandwidth, modulation range and experimental configurations as filter
width and position. Detailed results of this sort of experiment are given
in the following chapter.

Sub-ns synchronization for ultrafast c-QED coupling In order to mea-
sure the dynamic coupling between a single quantum emitter and the
photonic crystal cavity at ultrafast speed, a fine synchronization scheme
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has to be implemented. In our solution a sub-ns temporal delay be-
tween the pulsed laser excitation and the rising/falling edge of the
square wave bias has been achieved by using the synchronization tech-
nique sketched in Figure 5.4(c). The idea was to use the two channels
of the voltage function generator 81134A to control separately the opti-
cal and the electrical excitation of the device. The first channel (CH1)
has been used to bias the diode thought the RF probe as in the pre-
vious scheme. The second channel (CH2) sends a reference trigger to
the laser controller and thus controls the laser pulse. An internal de-
lay could be established between these two channels with the sub-ns
accuracy required by our experiments. In order to provide for each rep-
etition period a negative pulse, compatible with the electronics of the
correlation card, the trigger signal of the bias generator is coupled with
a PicoQuant synchronization module that performs its time derivative.
The falling edge of a square wave trigger with peak-to-peak amplitude
of ∼ 1 V is thus transformed in a negative pulse with amplitude around
−150 mV, and then sent to the correlation card as the start signal. The
trigger and the two channels share exactly the same frequency, another
important requirement to suppress any jitter or frequency beats that
would have made the measurement very difficult if not impossible. To
reduce additional jitter and losses in the transmission line between the
cryostat and the detector two Helium lines have been assembled in the
same laboratory. One has been used for cooling down the sample in the
cryostat and the other for the SSPD. In figure 5.5 the two Helium ves-
sels are visible together with all the optical and electrical components
inside the setup used in this kind of experiments.

Conclusions

A cryogenic setup for electro-optical characterizations of different photonic
crystal devices has been designed and assembled with particular attention
for all the optical components in order to realize a probe-station mPL sys-
tem with high collection efficiency. The fabricated PhCC-diode have been
measured with this setup following different experimental schemes allowing
several experiments on the ultrafast dynamic control of semiconductor c-
QED.
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6 | Experimental results

Abstract

The probe-station cryogenic setup described in the previous chapter has been
used to characterize the fabricated devices. Different samples have been
cooled down to approximately 10 K in multiple runs where single spectral
lines have been seen from single quantum dots excited at low power (< 1µW).
In the first section the static Stark effect is demonstrated and quantitatively
analysed for devices fabricated on two different samples. In the second section
the dynamic electro-optical experiments and the corresponding simulations
are shown in two different configurations together with the demonstration
of the ultrafast energy tuning (switching time ∼ 300 ps) of a single exci-
ton energy in time-resolved measurements. For these two sections, diodes
with a mesa radius of 8µm and a top contact area of (40 × 60)µm2 with
nominal bandwidth around 1.4 GHz have been used. In the last section a
PhCC-diode with smaller top contact area and 3 dB frequency around 2
GHz has been used. The ultrafast tuning of the c-QED coupling between a
L3-modified cavity mode and a single exciton in the weak coupling regime
is demonstrated, showing that the photon population inside the cavity can
be reshape on demand at an arbitrary time with sub-ns precision, on a time
scale faster than the intrinsic radiative decay time. This can be considered
as the first demonstration of an ultrafast manipulation of the c-QED evolu-
tion in a semiconductor system consisting of a single InAs QD and a GaAs
photonic crystal cavity.

6.1 DC Stark tuning

The first kind of measurement has been performed on bare diode mesas
without photonic crystal cavity, whose a SEM image and IV curve at T= 297
K (black) and T= 10 K(red) of a representative device are respectively shown
in Figure 6.1(a) and (b) for the sample Z492. In forward bias above ∼ 3 V,
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6.1. DC STARK TUNING

the devices worked as light emitting diodes (LEDs) and electro-luminescence
emissions were visually observed from the center of the mesas. The three-
finger RF probe is used to bias the device in reverse bias at low current
(∼ nA) to suppress additional charges in the surrounding of the QDs and
to established a vertical electric field aligned with the growth direction of
the emitters, in order to check the static Stark tuning of our emitters under
electric field. As already pointed out in chapter 3, for increasing amplitude
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Figure 6.1: (a) SEM micograph of a micro-diode without photonic crystal. The contact pads and the
SiN insulation are indicated. (b) IV curves of the p-i-n diode at room temperature (black) and in cryogenic
conditions (red).

of such an electric field, a red-shift of the QDs spectral lines is expected due
to the QDs inverse permanent dipole with the heavy hole confined above the
electron with respect to the growth direction. The sample is excited with a
∼ 800 nW continuous wave (CW) laser at 980 nm. The photoluminescence
signal is collected from the center of the mesa at different static voltages from
900 mV to −1700 mV and sent through single mode fibre to the spectrometer
in order to quantitatively estimate the field-dependent energy shift of the
excitonic lines. In figure 6.2 the quantum confined Stark effect (QCSE)
for two different samples with the same epitaxial structure((a) L721 and
(b) Z492) is shown (the epitaxial structure of the sample referred in this
thesis can be seen in Appendix A). The parabolic fit of the energy versus
electric field allows us to estimate the permanent electric dipole p and the
polarizability β for different spectral lines on the two samples. The averages
of the measured values, reported in the bottom plots of figure 6.2, are p =
(−0.82 ± 0.02)e nm, β = (−3.75 ± 0.13) × 10−3e nm kV−1 cm for L721 and
p = (−0.43±0.02)e nm, β = (−5.38±0.13)×10−3e nm kV−1 cm for Z492, and
are in good agreement with the numerical simulations shown in chapter 3 for
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truncation around 0.55 and pyramid angle θ = 45o. Although the truncated
pyramid shape of the QDs with truncation around 0.5 and base angle ∼ 40o

has been confirmed by the transmission electron microscope (TEM) analysis
of samples grown in similar conditions [257], the InAs composition within
the heterostructure is more difficult to determine. The Stark effect can be
used to gather qualitative information on it and to compare different growth
techniques. On average, the QDs in the L721 sample (right side of figure
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Figure 6.2: Stark effect experiments for the two different sample L721 (a) and Z492 (b). On the top the
red-shift of the QDs’ (multi)excitons energies are shown for different values of the reverse bias field. In the
bottom row the quantitative analysis of the energy tuning versus the electric field is plotted for different
spectral lines. The average values of dipole moment p and of the polarizability β are also reported for the
two families of QDs.

6.2), grown in the MBE reactor by Dr. Lianhe Li at Leeds University have
an higher dipole moment and a lower polarizability with respect to the ones
in the Z492 sample grown in our MBE reactor in the NanoLab at TU/e.
This can be due to slightly different growth conditions that, according to
our numerical calculation (figure 3.4(b)), give a larger gradient in the In
concentration from the bottom to the top of the QDs for L721. Since the
nominal growth conditions (temperature, indium flux and growth time) are
very similar, as well as the electrical structure, one possible reason can be
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6.1. DC STARK TUNING

the slightly different effective temperature on the sample holder during the
formation of the InAs islands in the two growth systems. The different Stark
parameters give a different tunability for the two families of dots. For the
L721 sample an average tuning of 2.8meV/V (corresponding to ∼ 4nm/V)
and a maximum shift of about 7 meV (∼ 10 nm) have been obtained. For
the sample Z492 the mean tunability was 2.2meV/V with a maximum tuning
of ∼ 5 meV.

In all the measurements, the PL intensity from the QDs decreased for
increasing reverse bias fields. This is due not only to the decreased overlap
of electron and hole wavefunctions but also to the band bending of the het-
erostructure that creates a triangular potential barrier of decreasing width
where the charges in the QD can tunnel out with a certain tunnelling prob-
ability that reads

PTunneling = exp(−4

3

√
2m∗

~
∆V 3/2

eF
) (6.1)

wherem∗ is the effective mass of the electron, or the hole, F is the electric field
across the barrier and ∆V is the barrier height that for our structure is ∼ 0.25
eV. It has already been proved that this tunnelling effect can be reduced by
using two ∼ 50 nm-thick Al0.3Ga0.7As barriers at ∼ 10 nm distance from the
top and the bottom of the QDs layer [384]. In our case a preliminary test with
these barriers gave poor Stark effect results. For this reason we have preferred
to avoid them, having a simpler working design where a∼ 10 nm tuning range
was enough to couple single QDs with a cavity mode lithographically tuned
to match their first excited state emission.

By using a CW laser of similar power but at a lower wavelength of ∼ 780
nm, the achievable energy shift slightly decreases. This effect can be due
to the presence of photo-excited carriers in the GaAs layer that can screen
the external electric field. Moreover the fact that the carriers are generated
in GaAs makes them more susceptible to the electric field-dependent band
bending, sweeping them away from the recombination region inside the QD
and causing a quenching of the PL intensity already at lower field amplitudes.
If using a 780 nm excitation laser has already detrimental effects in the static
measurements, the modulation of the exciton energy with a rapidly varying
electric field is completely hindered by such an optical pump above the GaAs
bandgap as will be also mentioned in the next section.
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6.2 Stark tuning under AC modulation

6.2.1 µPL spectra under AC modulation

To provide a clear evidence of the fast energy modulation, a dynamic electro-
optical characterization of the devices realized on the Z492 sample, has been
performed also in cryogenic conditions at T= 10 K. In this case the diodes
have been operated with an AC electrical signal. A square wave (SW) bias
with arbitrary amplitude and frequency has been generated by the ultrafast
function generator (Agilent 81134A) and provided to the RF probe contacting
the sample. Together with this AC bias, a negative DC offset has been used
to ensure the reverse bias of the p-i-n diode. A low power (∼ 700 nW) CW
laser at 980 nm has been used to excite the QDs while the PL signal has
been acquired as a function of the SW frequency at different positions for
both bare mesas and PhCC-diodes and sent to the low-resolution grating
of our spectrometer. During this bias modulation between the two levels
of the SW, the QDs’ excitons energy, and thus their emission wavelength,
can be dynamically changed between two respective values A and B (top
sketch of Figure 6.3). If the integration time of the PL collection is much
longer than the period of the modulation, the acquired spectrum shows,
for each excitonic emission, two different peaks. This two peaks feature
is visible in the low-frequency (∼ 15 − 50 MHz) spectra of figure 6.3 for
QDs probed near the contact of a bare mesa diode (without PhCC) (a) or
in the center of a photonic crystal cavity diode (b) with circular geometry
and mesa radius ∼ 8µm. Both the devices have been processed on the same
sample Z492 and following the same fabrication procedure but in the first one
the photonic crystal cavity has not been patterned. When the modulation
frequency approaches the 3 dB frequency of the diode, the voltage across
the capacitor drops and the tuning amplitude decreases. Above the cut-off
frequency, the voltage seen by the QDs is almost constant and equal to the
average between the two SW bias levels, with the PL spectrum showing a
single peak as in the high frequency spectrum of Fig. 6.3(b). The response of
the diode to the square wave bias and the frequency at which the two peaks
start to broaden and merge together depends on the electrical impedances of
the devices. To reach a high modulation frequency of the exciton energy in
the GHz range, low impedances are compulsory as explained in detail in the
first part of chapter 4. As it is also clear from the comparison between (a)
and (b) in Figure 6.3, the position on the diode mesa where the experiment
is performed is important since the amount of series resistance, due to the
p-doped GaAs sheet, strongly depends on the distance from the top metal
pad contacting the mesa. In the bare mesa experiment the QD are excited
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equivalent circuit modelled in Spice, the experimental data and the results of our electro-optic simulation
are shown for a bare circular mesa (without PhCC) with radius r = 8µm, excited close to the top p-contact
edge, as indicated by the red spot in the SEM image. (b) Similar plots related to a second experiment
performed on a similar device with the same epitaxial structure and fabricated using the same processing
technique but with excitation in the middle of the diode, where a photonic crystal cavity (PhCC) has
been realized.

close to the metal contact where the additional sheet resistance of the p-
layer can be neglected. In this configuration the equivalent circuit can be
mainly regarded as a RC low pass filter with overall resistance ∼ 270Ω and
capacitance ∼ 0.5 pF. From this parameters a 3 dB frequency of about 1.4
GHz is calculated, in good agreement with the electro-optical experiment
of Figure 6.3(a) where the two voltage-dependent peaks get closer around
1 GHz. For a QD excited in the center of a PhCC-diode the p-layer sheet
resistance must be also considered. A good estimation of this additional
resistance, in the case of a circular mesa like the one of the SEM micrograph
in Figure 6.3(a-b) and for a distance of about 2µm from the p-contact edge,
is ∼ 800Ω, as it has already been shown in Figure 4.3 of chapter 4. This
extra resistance, together with an additional 50Ω resistance in the n-doped
layer, is responsible for the lower 3 dB frequency of ∼ 0.6 GHz. In this
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second case (equivalent circuit in Fig. 6.3(b)), the intrinsic capacitance of
the diode is decomposed in two stray capacitances (0.11 pF and 0.01 pF)
accounting for an uniform distribution of the intrinsic impedances between
the top and the bottom doped layers of the diode mesa. The effective region
where the experiment is performed, ∼ 2µm away from the top-contact edge,
has a radius ∼ 1.5µm that is comparable to the laser spot size focused on
the sample, resulting in a local capacitance of ∼ 0.01 pF. By choosing the
right value of the negative DC bias and of the AC square wave amplitude,
single quantum dot lines can be selectively coupled to a PhCC mode within
a spectral range of ∼ 6 meV (∼ 8 nm). The reduction of the parasitic
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Figure 6.4: (a)Dynamic Stark effect in electro-optic experiments under square wave (SW) bias modu-
lation for a device not optimized. The two peaks corresponding to the two modulation energies of the
QD merge at the low frequency of ∼ 10 MHz. (b) Similar experiment on an optimized device but using
an excitation laser with λ = 780 nm. The generation of the carries above the GaAs bandgap negatively
affects the effective bandwidth of the device, which is thus reduce to ∼ 300 MHz.

impedances and the optimization of the metal contacts in the manufacturing
of the diode, has been a difficult and meticulous procedure, without which
the electrical bandwidth of the device would be limited to ∼ 10 MHz as
shown in Figure 6.4(a) for three QDs in an non-optimized device. Also for
this experiment the use of a laser with shorter wavelength, above the GaAs
bandgap, would be deleterious since the photo-excited carrier in the bands
would be responsible for the lowering of the tuning speed with a maximum
switching frequency of ∼ 300 MHz as it has been observed when a CW laser
at λ = 780 nm was used on similar devices (Figure 6.4(b)).
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Figure 6.5: Details of the electro-optical simulations algorithm in the case of Figure 6.3(b). (a) The
response of the equivalent circuit to the SW bias, modelled within the Spice environment, is calculated for
different frequencies from 15 MHz to 3 GHz. (b) The corresponding electric field is used to estimate the
energy (or wavelength) of the emitter at the corresponding time-dependent electric field. (c) The simulated
spectra in the wavelength domain are shown for increasing frequencies and are in good agreement with
the experimental results of Fig. 6.3(b.

6.2.2 Electro-optical simulations

To validate the data under AC electrical signal, an electro-optical simulation
has been implemented for comparison with the experiments. First the equiv-
alent electrical circuit of the diode has been modelled in a Spice environment
including the electrical impedances as predicted from the calculation of sec-
tion 4.1. The equivalent circuits are also shown in Figure 6.3 in two different
cases. The steady state time-dependent electrical response of the circuit to
a square wave bias with same parameters as the one used in the experiment
has been computed for different SW frequencies in the range from 15 MHz
to 3 GHz in order to reproduce the experimental conditions (Fig. 6.5(a)).
The initial transient has been neglected since it lasts for a time much shorter
than the duration of each experiment. From the voltage response of the cir-
cuit, a corresponding time-dependent electric field across the intrinsic region
of the diode, at the estimated QD position, has been calculated. Then the
field-dependent exciton energy is computed at each time by using the average
value of the permanent dipole moment p and of the polarizability β measured
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in the static Stark experiment (Figure 6.2) according to

E = E0 + pF + βF 2 (6.2)

where E0 is arbitrarily chosen to give energies comparable with the experi-
mental results (Figure 6.5). The minimum and the maximum value of the
square wave bias modulation as well as the corresponding electric field values
and the QD energy tuning range are highlighted in Figure 6.5(a) and (b) for
two different frequencies, 0.1 GHz (green dotted lines and arrow) and 2 GHz
(blue dotted lines and arrows). A Lorentzian curve with FWHM∼ 0.4 nm,
comparable to the one of the QD line in low resolution experiments, has been
used to represent the exciton line as seen in our spectra. For each frequency,
the time-dependent wavelength of the Lorentzian peak has been integrated
in time over three periods of the SW modulation. The integrated spectra as
a function of the SW frequency give a good estimation of the experimental
results as can be seen in Figure 6.3. The electro-optical simulation plots,
related to the experiment in the center of the mesa, are reported in Figure
6.5 where the equivalent circuit of 6.3(b) has been used.

6.2.3 Ultrafast QD switching

In order to give a stronger evidence of the ultrafast tuning of a single exci-
ton energy, time-resolved photoluminescence experiments at T= 10 K have
been performed on a PhCC-diode similar to the one of Figure 6.3(b). Fig-
ure 6.6 schematically describes the experiment and shows the main result.
The square wave bias modulation is applied to a single QD, out of reso-
nance from the cavity mode, and electro-optical measurements, like the one
of Figure 6.3, are performed to estimate the tuning range and the effective
emission wavelengths during the dynamic switching. Then a tunable filter
with FWHM∼ 0.4 nm has been used and centred at one wavelength of the
modulation. The square wave amplitude has been set in order to tune the
QD wavelength in and out of the spectral filter with a tuning range of ap-
proximately 1 nm. The filtered PL is then fibre coupled to a single channel
of the superconducting single photon detector (SSPD). The voltage output
from the detector is correlated with the trigger source of the bias genera-
tor. When the QD is in resonance with the filter, the correlation counts are
proportional to the QD PL intensity, taking into account for the quantum
efficiency of the detector. When the QD is detuned from the filter window,
the correlation count rapidly decrease and only dark counts and electric noise
are still visible. The characteristic transition time between these two config-
uration depends from the parameter of the SW modulating the device and
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6.2. STARK TUNING UNDER AC MODULATION

from its intrinsic electrical impedances. For a PhCC-diode with an electrical
bandwidth around 1.5 GHz and a SW frequency of 80 MHz, the normalized
correlation counts, which are also affected by the limited temporal resolu-
tion of the detector, are shown on a linear scale in Figure 6.6. The dashed
light-blue line in the correlation plot of Figure 6.6 shows the response of
the circuit to the square wave modulation for a diode with impedances com-
parable to the real device. The expected correlation trace, estimated with
the electro-optical simulation, agrees well with the experimental data. The
time-dependent integral of the moving Lorentzian peak, modelling the QD
line, convoluted with a Gaussian filter with FWHM= 0.4 nm and centred
at the lowest QD wavelength during the square wave modulation, has been
calculated for the typical bias response of the real device and is over imposed
to the data as a green solid line in the plot of Figure 6.6. The asymmetry
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Figure 6.6: Time-resolved photoluminescence (TRPl) experiment demonstrating the ultrafast switching
of a single QD energy. (a) Schematics of the experiment. The PL signal from a single QD in the center
of a PhCC-diode is modulated by a SW bias with 80MHz frequency. A fibre-coupled tunable filter is
used after the PL is collected from the confocal microscope. The filtered PL is sent to a single channel
of a SSPD whose output voltage is correlated with the trigger from the bias generator. (b) During the
modulation the QD line has been brought in and out from the filter windows thus changing the collected
correlation trace. The RC characteristic of the diode is responsible for the electrical response of the device
and therefore for the rising and falling time of the modulation. A switching time of ∼ 300 ps from in to
out has been observed.
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in the rising and falling time of the modulated signal is well understood and
comes from the configuration chosen in the experiment. Since the filter has a
small spectral width compare to the tuning range of ∼ 1 nm and it is centred
at the lower wavelength of the QD during its modulation, the QD goes out
of the filter faster since the voltage change of the SW immediately translates
in a wavelength shift of the QD, 1 nm away from the filter. When the QD
is detuned ∼ 1 nm above the filter central wavelength, the second half of
the SW bias tunes it back at similar speed but it enters the filter mainly in
the last part of the rising edge of the SW thus producing a slower varying
correlation counts. For this reason, the relative spectral position between the
QD line and the filter center, determines the asymmetric correlation counts
curve of Figure 6.6(b). The characteristic switching time on the faster edge
is about 300 ps, proving that our PhCC-diode can be used for an ultrafast
energy tuning of a single QD on a time scale smaller than its radiative decay
time(∼ 1 ns). It has also to be noticed that in this experiment no coupling
QD-cavity has been performed since the cavity mode was chosen on purpose
detuned from the exciton energy in order to study the mere exciton tuning.
The QD-cavity coupling plays instead in important role in the experiments
reported in the next section.

6.3 Ultrafast control of c-QED dynamics

Here we report, with a device fabricated on the sample Z693, the first demon-
stration of the dynamic control of the radiative interaction of a single solid-
state emitter with an optical cavity, on a timescale faster than its natural
decay (∼ns). This is obtained by placing the self assembled QD in a photonic
crystal cavity integrated with a diode designed to enable a > 1 GHz modu-
lation frequency according to the fabrication procedure described in chapter
4. The use of the external electric field, not only provides the Stark tuning
of the exciton energy, but has been also used to sweep away the charges in
the surrounding of the QD and to suppress the Coulomb interaction between
the QD (multi)excitons and the carriers in the wetting layer responsible for a
spectrally broad emission that can induce a non-resonant coupling with the
modes of a photonic crystal microcavity [461].

6.3.1 PhCC diode characterization

InAs QDs were epitaxially grown at 570o C in the Molecular Beam Epitaxy
(MBE) reactor of the Nanolab @ TU/e with Stranski–Krastanov method,
with a density of few tens per µm2, an ensemble peak wavelength of about
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1260 nm at cryogenic temperature and a mean single-exciton linewidth of
about 100µeV (Figure 6.10(c)), using the low-growth rate procedure intro-
duced in [274]. In order to be able to create a vertical electric field vary-
ing on a sub-ns timescale, we integrate our self-assembled QDs inside the
GaAs micro-diode with vertical geometry where the top (bottom) part of
the 400 nm-thick membrane region is p- (n-)doped (see chapter 2). A small
capacitance C ∼ 0.4 pF and a contact resistance below 200 Ohm were ob-
tained using the optimized design and the fabrication techniques described
in chapter 4. In order to be able to perform experiments on the dynamic
coupling, the cavity must be designed in such a way that its high-Q mode
lays near the QDs ensemble, within the achievable range for the energy tun-
ing of a single QD line. Without these demands, the ultrafast tuning would
be meaningless in view of the dynamic control of the solid-state c-QED. For
this reason the optimizations of the required passive cavity properties, such
as the lithographic tuning of the PhCC mode (Fig. 6.7) and the comparison
between FE simulation and real mPL (Fig. 6.8), are shown here as necessary
steps towards the more complex measurements reported later in this section.
The cavity resonance wavelength has been lithographically tuned in order
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Figure 6.7: Lithographic tuning of the L3/Y3 photonic crystal cavity mode in order to match the first
excited state emission of the QDs centered around 1260 nm at T= 10 K. (a) The mPL spectra of different
L3-modified cavity are shown changing the lattice constant a. (b) The cavity wavelength (black open
circles) and quality factor (red open squares) are reported as a function of a. A linear dependence of the
emission wavelength from the lattice parameter a is estimated to be ∆λ/∆a ∼ 1.3.

to match the first excited state emission wavelength of the QD ensemble at
T= 10 K (∼ 1260 nm) in the Z693 sample (see Appendix A for its epitaxial
structure). Several modified L3 cavities, one for each device, were fabricated
with lattice parameter a ranging from 280 nm to 315 nm and constant ratio
r/a = 0.32, with r the non modified holes radius. To enhance the quality
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factor of the cavity a modified L3 designed has been used shifting the first
two holes adjacent to the cavity by about 0.15a and reducing their diameter
to 80% of their original value [462]. Figure 6.7(a) shows the mPL spectra
from some of the PhCC used during the lithographic tuning calibration in
cryogenic conditions. A linear dependence ∆λ/∆a ∼ 1.3 of the L3/Y3 mode
wavelength from the lattice parameter a (black open circles) together with
the quality factor trend (red open squares) is also reported in Figure 6.7(b).
A quick cavity wavelength estimation can also be performed at room tem-
perature and accounting for a blue-shift of the cavity mode and of the QDs
emission of ∼ 15nm and ∼ 80 nm, respectively, from T= 297 K to T=10
K. The ideal radiative quality factor QRAD for this cavity, calculated from
3D FEM simulations (black line of Figure 6.8(b)), is around 27000. From
the SEM analysis we have estimated a standard deviation of σ ∼ 2.3 nm in
the holes radii dimensions and positions, which may be partly responsible
for the lower experimental Q around 10000. Using our algorithm reported in
chapter 2 for the 2D FE simulations, the photonic crystal pattern of the real
device has been digitalized from its SEM micrograph and simulated in the
3D FEM framework (red line of Fig. 6.8(b)). In this case a quality factor of
∼ 9000 has been calculated for the Y3 mode of the L3-modified PhCC (|E|2
profile in one octant of the complete structure is visible in 6.8(a)), showing
a better agreement with the observed cavity mode. Moreover an absorption
of α ∼ 102 cm−1 in the p-doped GaAs layer set a limit of ∼ 60000 for the
experimental total quality factor QTOT = QRAD ·QABS/(QRAD+QABS). The
sample has been tested electrically and optically in a cryogenic probe-station
setup where a RF micro-probe is used to bias the diodes. A high numeri-
cal aperture objective is used to excite the devices and collect the emitted
photons. The radiative signal is coupled to a single mode fibre for spectral
characterization and time-resolved experiments as reported in chapter 5. The
diodes IV curves have a turn-on voltage around 1.1 V at T= 10 K and a re-
verse bias current of the order of few nA with breakdown voltages that range
from −5 V to −9 V for different devices. To estimate the impedances of the
device and its 3 dB frequency a network analyser has been used to measure
the scattering parameter S11 as already explained in the last section of chap-
ter 4. A diode with a mesa radius of 8µm (Figure 6.9) and a modified L3
PhCC featuring a y-polarized Y3-mode centered around 978 meV at T= 10 K
with a quality factor Q around 10550 (Figure 6.9(d)) is considered in the fol-
lowing. Magnified high-resolution SEM images of the device before and after
the top p-metal evaporation are respectively shown in Figure 4.11. In Figure
6.9(b) the 3 dB electrical bandwidth of this diode is shown to be 2 GHz (blue
circles). As also explained in chapter 4, for smaller diodes (r∼ 6µ m) higher 3
dB frequencies around 4.2 GHz were observed (red circles) but with reduced
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Figure 6.8: (a). 3D FE simulation domain with the plot of |E|2. To reduce the computation time,
one octant of the structure has been simulated using one boundary condition for each axis due to the
symmetry of the PhCC. (b) Local density of optical states (LDOS) for the ideal case with a = 310nm,
r/a = 0.32, hole-shift = 0.15a and modified rm = 0.8 · r (black line) and for the photonic crystal pattern
extracted from the SEM micrograph of the real device (red line). The inset in (b) shows the high resolution
measurement of the real L3-modified cavity that is in good agreement with the numerical simulation from
its SEM image.

Q. In that case the field confinement is negatively affected due to the lower
number of holes in the photonic crystal lattice imposed by the reduced avail-
able space on the smaller mesas. Micro photoluminescence (mPL) spectra
were collected from the PhCC in the center of the diode mesa for different
bias voltages applied to the device in the range from 900 to −2000 mV. The
optical excitation was performed by means of a 2µm-diameter spot, 970 nm
pulsed laser with 800 nW of average excitation power. The bias on the device
sets a net electric field F across the diode pointing upward with amplitude
ranging from 25 kV/cm to 90 kV/cm. The photoexcited carriers in the QDs
lead to the generation of photons from bi-excitons, charged excitons and sin-
gle excitons recombinations, visible as single Lorentzian lines in the mPL
spectra. In Figure 6.11(a) the clear Stark tuning of the QD excitonic lines
as a function of bias voltage V (∼ 4nm/V) is shown. For each traceable line
the radiative emission energy versus the applied electric field has been fitted
following the Stark equation E = E0 + p× F + β × F 2 in order to estimate
the permanent dipole moment p and the polarizability β. From the field
dependence of the excitonic QD1 line in Figure 6.11(a), which shows Purcell
enhancement when tuned inside the cavity mode at V= −1200 mV, we esti-
mate a permanent dipole moment p= (−0.43±0.02) e nm and a polarizability
β = (−3.1±0.2)×10−3enmkV −1cm, in good agreement with the values mea-
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Figure 6.9: Scanning electron microscope images of the photonic crystal cavity diode (a) and enlarged
view of the L3 modified cavity in (c) with the electric field |E|2 distribution (over-imposed) of the Y3

mode calculated from the 3D FEM simulation of Figure 6.8. (b)Network analyzer measurement of the
S11 one-port scattering parameter showing the diode bandwidth of 2 GHz (blue circles) compared to the
data of a smaller device with better electrical performance (red circles). (d) High resolution spectrum of
the PhCC L3 cavity Y3 mode with a estimated Q-factor of 10500 (κ/2π 22GHz).

sured for the sample Z492 (see Fig. 6.2), with the numerical simulation of
chapter 3 and with similar QD structures [256,257]. The mPL spectra at 100
mV are shown in Figure 6.10(a) at different pumping power together with the
Lorentzian fits of the QD1 peak. For all the fits, the background term is esti-
mated and subtracted in order to calculate the number of florescence counts
from QD1 as a function of the excitation power. The integrated intensity of
the QD1 line at bias V= 100 mV was observed to have a linear dependence
with the pump power (Fig. 6.10(b)), indicating that it is related to a single
exciton. Figure 6.11(b) shows the results of the time-resolved experiments
of the QD1 line, filtered using a filter with FWHM∼ 0.65 nm, with the cor-
responding fit (dark gray curves) accounting for the Instrument Response
Function (IRF) of our detector (black line). The decay times for QD1 out of
resonance at 400 mV (blue hexagons) and in resonance at −1, 200 mV (red
circles) are τQD1

off = (3.1±0.2) ns and τQD1
on = (0.27±0.03 ns, respectively. The
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Figure 6.10: (a) mPL spectra of the QD1 line biased at 100 mV for different excitation power as
indicated in the plots. The QD peak is fitted (red line) and then its fluorescence counts are extracted
by the integral of the Lorentzian curve, after the constant background contribution has been subtracted
(filled red curves). (b) Double logarithmic plot of the QD1 integrated intensity as a function of the pump
power. (c) Lorentzian fit (red curve) and estimation of the QD1 linewidth in a high-resolution long-time
integration measurements.

slower component of the in-resonance bi-exponential decay, (τBG = (2.5±0.2)
ns), can be attributed to spin-flip transitions from dark to bright exciton
[264,463]. The QD ensemble is then measured in the bulk of the diode mesa
outside the photonic crystal (green squares) to obtain the reference lifetime
of τBULK = (0.85± 0.10) ns). The measured spontaneous emission enhance-
ment is τBULK/τQD1

on == (3.2±0.8). The emission rate into the mode can be
derived correcting for the emission rate into leaky modes, providing a Purcell
factor of FP = τBULK × (1/τQD1

on − 1/τQD1

off ) = (2.9 ± 0.6). The theoretical
maximum Purcell Factor for a QD perfectly aligned to the electromagnetic
field pattern inside the L3 cavity with quality factor of the order of 10550 can
be calculated from the formula FP = (3/4π2) · (λ/n)3 ·Q/VEFF = 520, where
n = 3.42 is the GaAs refractive index at cryogenic temperature (T= 10 K)
and VEFF = 1.5×(λ/n)3 0.08µm3 is the effective mode volume obtained from
the three dimensional finite elements (FE) simulation (Figure 6.8) of the y-
polarized cavity mode (|E|2 profile over-imposed to the SEM micrograph in
Figure 6.9(c)). The much lower observed FP can be justified by the limited
spatial alignment of the QD which can also explain why we are observing the
weak and not the strong coupling regime even for a relatively high Q-factor
L3 cavity. The fraction of photons emitted into the cavity mode, the β-factor
= 1 − (τQD1

on /τQD1

off ), is calculated to be βQD1 = 91% for the QD1, which is
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Figure 6.11: (a) Low temperature mPL spectra for 800 nW excitation power for different DC voltages
applied to the diode. A weakly coupled single exciton line labeled QD1 is enhanced when tuned across
the L3 cavity mode. The yellow line is a guide to the eye. (b)TRPL decay curves of QD1 out of (light
blue hexagons) and in (red circles) resonance with the cavity mode for T= 10 K. The QD ensemble decay
in the bulk is measured as reference (green curve) and the decay time constants are calculated from single
and double exponential fits (grey lines) including the convolution with the IRF of the detector (black line).

comparable with previous reports for L3 cavities [301].

6.3.2 Ultrafast modulation of the exciton energy

The high speed bias generator is employed for the electro-optical characteri-
zation of the device. In order to infer information about the effective modu-
lation of the electric field at the QD position, we study the time-integrated
mPL under a square-wave modulation of the applied voltage, as shown in
Fig. 6.12(b) for a modulation amplitude of 240 mV (corresponding to a
energy tuning amplitude of ∼ 3 meV) and with a frequency varying from
15 MHz to 3 GHz. As sketched in Figure 6.12(a), at low frequencies the
voltage, and correspondingly the exciton energy, have sharp transitions be-
tween levels A (−1210 mV) and B (−1450 mV), resulting in two clear peaks
(labeled as Ai and Bi, i = 1, 2, 3, in Fig. 6.12(b)) for each QD line when
the photoluminescence signal is integrated for an acquisition time of 120 sec,
much longer than the bias modulation period. Two clear peaks for each QD
are visible in the collected spectrum as the consequence of each emitter be-
ing modulated between two voltage-dependent energy configurations.. The
average bias is chosen so that the QD1 line (yellow curves) is in resonance
with the cavity in one half of the period (A1). For modulation frequencies
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Figure 6.12: (a) Schematics for the low- (blue curve) and the high- (dotted red line) frequency exciton
modulation between energies A and B due to the square wave bias in the center of the diode. (b) mPL
data collected from the QDs inside the cavity and dynamically modulated by the square wave bias between
−1210 mV and −1450 mV at different frequencies up to 3 GHz. Two lines outside of the cavity mode
spectral region are modulated between the energy states A2-B2 (blue curves and arrows) and A3-B3 (red
curves and arrow) while the coupled QD1 is tuned in(A1) and out(B1) of resonance with the cavity mode
and enhanced. (c) Low-excitation spectra (∼ 150 nW) for the QD1 at −1210 mV (black), −1260 mV (red)
and −1450 mV (blue). The green dotted lines show the filter window (FWHM= 0.65 nm) in which the
fast modulated cavity signal is collected and sent to the SSPD for the measurements of Figure 3.6.

above 200 MHz the field across the QDs is affected by the RC constant of the
circuit and the two lines get slightly broader and closer to their mean central
value. From the frequency-dependent separation between these two peaks,
an electro-optical bandwidth of about 1.2 GHz has been estimated. However,
the fact that the two peaks are distinct and separated by more than the cav-
ity linewidth at frequencies exceeding 2 GHz demonstrates the possibility to
control the QD-cavity coupling on sub-ns time-scales. We then investigated
the dynamic modulation of the photon waveform by time-resolved PL ex-
periments (TRPL). For this purpose we used a tunable spectral filter with
FWHM of ∼ 0.65 nm to select the emission from the QD1 line and we chose a
square-wave bias amplitude of 50 mV between V= −1260 and V=−1210 mV
in order to modulate the QD1 in and out of the cavity resonance, but still in-
side the filter window. This ensures that the correlation counts in the TRPL
experiments are not affected by the presence of the filter but only by the fast
modulated QD-cavity interaction. Figure 6.12(c) shows the low power (∼ 150
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nW) mPL spectra taken at the two modulation voltages of V= −1210 mV
(in resonance, black curve) and V= −1260 mV (out of resonance, red curve).
The background contribution to the mode feeding [461] [464] is negligible at
this low pump power, as shown by the very low PL intensity observed at the
cavity resonance when the QD is detuned by ∼ 1 meV (V= −1450 mV, blue
line in Fig. 6.12(c)).

6.3.3 Dynamic control of c-QED

To show the possibility to dynamically tune the QD in resonance with the
PhCC at a specific time, a tunable delay ∆t has been set between the laser
pulse at time t0 and the square wave electrical signal following the sub-ns
synchronization scheme explained in details at the end of chapter 5. To recall
the working principle, the first channel of our fast bias generator provides
the external trigger to the pulsed laser diode at 970 nm while the second
channel is used to generate the electrical function for the dynamic Stark tun-
ing of QD1. In this configuration the two channels share the same trigger
frequency of 60 MHz and a variable delay can be set between the optical and
the electrical pulse while the filtered signal is collected from the device and
sent to the SSPD every 16.67 ns. The path differences in the system do not
allow us to directly determine the absolute time of arrival of the optical and
electrical pulses. It is possible anyway to trace-back the delay in each single
experiment by comparing the data at different delays among themselves and
with the optimal fitting parameters of the cavity output simulations (green
curves in Figure 6.13) convoluted with the IRF of the detector. Depending
on the delay between the laser and the electrical pulses, we observed differ-
ent scenarios as shown in Fig. 6.13(a-c). From each measured data (black
circles), we subtracted the slow contribution due to the dark-to-bright ex-
citon spin-flip process (red line), as estimated from the slow component of
a bi-exponential fit, to best compare the relevant bright exciton dynamics
with our cQED simulation (green lines), based on the master equation for-
malism reported in chapter 3. During the time interval of Figure 6.13a QD1

is fixed at its higher energy state showing the natural on-resonance mono-
exponential decay already observed in the experiments of Figure 6.11(b). In
Fig. 6.13(b) the QD is initially detuned from the cavity (V= −1260 mV)
and is brought in resonance at ∆t ∼ 0.25 ns by the electric pulse, thus in-
creasing its spontaneous emission rate. Changing the delay allows controlling
the timing of the modulation and gives us the sub-ns temporal control over
the modulated cavity output, as shown in Fig. 6.13(c), for a larger delay
∆t ∼ 0.47 ns. In this case, the modulated cavity signal is lower since the QD
is brought in resonance with the cavity at a later time when its population
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Figure 6.13: Time-resolved mPL experiments under quasi-resonant excitation. A pulsed laser at 970
nm with a pulse width of ∼ 70 ps at a repetition rate of 60 MHz is used. The fast modulation of the
normalized photon counts (black circles) collected from the cavity center during the dynamic tuning of
the QD1 energy in (−1210 mV) and out (−1260 mV) of resonance with the cavity mode is shown for
different delays between the laser excitation and the square wave electric signal. The fast component of
this filtered signal shows a good agreement with the theoretical simulations (green curves) not including
the slow exponential term (red lines). The experimental delays can be more precisely estimated from the
simulation and are found to be ∆t > 3 ns (a),∆t = (0.25 ± 0.03) ns (b) and ∆t = (0.47 ± 0.01) ns (c).
(d) Simulation of the photon symmetrization and Gaussian fit (blue line) in ideal conditions with the
experimentally accessible parameters shown in the legend.

has already partially decayed. The maximum modulation with respect to
the unperturbed mono-exponential decay is a factor of 1.9 (at a time t= 1.18
ns in Fig. 6.13(c)), and is limited by the maximum QD-cavity detuning
of ∼ 0.13 meV in this experiment (as seen in the limited ratio of 1.65 in
the integrated PL peaks in resonance and out of resonance in Fig. 6.12(c)).
The measurements show an excellent agreement with the c-QED simulations
(green lines), taking into account the energy level modulation (orange lines)
expected from the RC constant of the circuit τRC ∼ 300 ps. The c-QED
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parameters used in the simulation are set to match the static decay curves of
the QD (Figure 6.11(b)) and the cavity quality factor (Figure 6.9(d)). The
cavity damping rate, the QD decay rate into leaky modes and the interac-
tion coupling are estimated to be κ/2π = 22 GHz, γQD/2π = 0.036 GHz,
g/2π ∼ 5.0 GHz , respectively. For the simulation of each experiment an
optimization algorithm has been used to account for possible variations in
the amplitude of the electric signal. In fact, from the static stark tuning of
Figure 6.11, the tunability of QD1 has been measured to be ∼ 4 nm/V. Ac-
cording to this value, a variation of about 1% in the voltage levels corresponds
to a variation of about 0.04 meV in the QD1 energy affecting the coupling
strength and therefore the TRPL data. A proper comparison between the
experimental curves and the c-QED simulations must be able to account for
these effect. To consider possible fluctuations in the electrical signal tuning
the QD, an optimization algorithm has been developed where multiple sim-
ulations with different square wave configurations have been compared with
the normalized counts of the TRPL experiment at ∆t ∼ 0.25 ns, used as
reference. During this initial optimization of the square wave parameters,
the delay and the voltage-dependent energy levels A and B were let free to
vary inside the reasonable ranges related to the experiment while τRC ∼ 300
ps has been used as estimated from the dynamic electro-optical experiment
of Figure 6.12(b). For each combination of the parameters the normalized
cavity output, calculated from the c-QED simulations and convoluted with
the IRF of our detector, has been compared with the normalized data (blue
circles in Fig 6.13) having already removed the slow decay component due
to spin-flip processes (red lines in figure 6.13). The match between the simu-
lation and the data has been estimated from the squared difference between
them. The best fitting parameters, giving the lowest discrepancy with the
experimental curve, has been estimated and used as fixed values for the sim-
ulation of the c-QED dynamics in all the other cases keeping the delay as the
only free parameter. The modulation energies estimated with this method
are EA = 978.02 meV and EB = 977.89 meV. Figure 6.13(d) shows the ideal
simulation with an extended range for the exciton energy tuning in order to
reach a complete photon symmetrization (Gaussian fit in blue line) for c-QED
parameters similar to our experiment and for the allowed diode response to
the square wave modulation.

These results clearly demonstrate the dynamic control of the single exci-
ton spontaneous emission within few 100s ps, which is sufficient to reshape
the temporal waveform of the photon emitted in the weak coupling (WC)
regime. An ultrafast modulation of the c-QED evolution is achieved when
the emitter is dynamically tuned with respect to the cavity resonance. The
dynamic control in our experiment is limited by the relatively high QD den-
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sity, which forces us to use a narrow spectral filter and therefore a limited
tuning range, so that the QD emission out of resonance is not negligible
(see Figure 6.12(c)). The electrical bandwidth of our PhCC-diode would
indeed be sufficient to control the rise time of the photon and achieve a
complete symmetrization of its waveform, as estimated in the simulated dy-
namics of Figure 6.13(d), where c-QED parameters equal to our experiment
([g, κ, γ]/2π = [5.4, 22, 0.04] GHz) but a larger tuning range and a slightly
slower modulation have been assumed. Such symmetric photon waveform,
in combination to phase modulation to compensate the chirp induced by the
tuning [331], would enable efficient quantum state transfer in quantum net-
works with solid-state nodes [1]. Further optimization of the structure will
open the way to the control of strong coupling (SC) c-QED systems. By
increasing the cavity Q factor up to ∼ 60000, the maximum value allowed by
the absorption in the p-doped layer, the control of the Rabi oscillation would
be possible for coupling constants g close to the present value, making the
long-awaited control of solid-state c-QED processes possible and enabling the
generation and control of charge-photon entanglement.

Conclusions

In this chapter the main experiments performed on the fabricated PhCC-
diodes have been presented. Due to the optimizations in the fabrication, the
specific setup designed and assembled for electro-optical characterization and
the sub-ns synchronization schemes reported in chapter 5, we were able to
demonstrate ultrafast PhCC-diodes where the energy of a single exciton could
be tuned in the GHz range, faster than its radiative decay time. We use our
device to performed the ultrafast control of a single exciton emission in a pho-
tonic crystal cavity. This result can be considered the first dynamic tuning
of c-QED in weak coupling regime for a similar scalable semiconductor sys-
tem. If further improvements in the QD growth could provide single emitter
isolated from the QDs ensemble and at a precise location within the photonic
crystal cavity, even more interesting experiments can be performed towards
the realization of light-matter entanglement in strong coupling regime within
a scalable quantum chip.
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7 | Conclusions and Outlook

There are good chances that the quantum photonics experiments of the fu-
ture will be performed on integrated architecture like the quantum photonic
integrated chip (QPIC) presented in chapter 1. The combination of semicon-
ductor heterostructures and photonic bandgap devices has a great potential
towards the realization of such a technology. Even if the monolithic inte-
gration of tunable single photon sources, optical cavities and single photon
detectors is very challenging, it has a great potential in many possible quan-
tum application. Single quantum dots coupled to photonic crystal cavities
can be considered as ideal candidates to manipulate single photons at telecom
wavelength by means of cavity quantum electrodynamics effects, given the
fact the evolution of the system can be controlled on time scale smaller than
the radiative decay of the quantum emitters. In this thesis a novel nanopho-
tonic device for the ultrafast control of the single exciton energy and thus of
the QD-cavity coupling has been demonstrated.

The most important results achieved in this work can be summarized as
follows:

• The optimization of all the aspects of the design and the fabrication of
nanophotonic devices employing self assembled InAs QDs embedded in
GaAs photonic crystal diodes with a high electrical bandwidth of ∼ 4.2
GHz, a very small consumed energy (∼fJ) and cavity quality factors
above 104. The diodes have shown a very high breakdown voltage
around −8 V and a reverse bias current of few nA that make them
suitable for controlling the QD exciton energy by means of an ultrafast
quantum confined Stark effect (QCSE).

• A new probe-station setup has been designed and assembled with a
particular attention to increase the collection efficiency of the PL signal
from the QDs in our PhCC-diodes.

• A demonstration of the static Stark effect on single QDs at the cryo-
genic temperature of 10 K has been given. A tunability of ∼ 2.2 meV/V
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and a total tuning range of ∼ 6meV have been achieved on single QD
line. An inverse permanent dipole moment p ∼ −0.4e nm and a polar-
izability β ∼ −4×10−3 e nm kV−1 cm, have been measured on average
for the exciton state of different QDs. These value shown a good agree-
ment with the numerical modelling of a truncated pyramid QD with a
linear gradient in the In distribution from the bottom to the top.

• The PhCC-diodes with higher bandwidth have been used to prove that
the energy of a single exciton could be tuned of few meV up to 3 GHz at
low temperature (T=10 K). The photoluminescence signal collected as
a function of the frequency of a square wave bias, has been employed as
a useful electro-optical characterization of the device functionalities. A
time-resolved photoluminescence (TRPL) experiment of the modulated
exciton emission has been performed. The fast changing correlation
counts, following the square wave tuning, shown a switching time of
∼ 300 ps. This can be considered the first direct demonstration of such
a fast energy tuning for a single quantum emitter inside a photonic
crystal cavity.

• The ultrafast Stark effect has been used on a further optimized PhCC-
diode to demonstrate the dynamic control of the QD-cavity coupling
and thus of the QD spontaneous emission. The ultrafast photon shap-
ing in the weak coupling regime has also been achieved for the first
time in a semiconductor system.The TRPL data have been compared
with the c-QED simulations of our system under square wave electrical
modulation. These results are an important step towards a complete
symmetrization of the single photon produced during the decay of the
emitter as required by many quantum applications.

There are still open issues to be solved before an integrated quantum
chip can be used for quantum applications. The results of this thesis have
been obtained with an intense work in design, simulation, fabrication, setup
and measurements. There are still improvements that can be made to the
performances and the functionalities of the final devices but which have not
been possible to carry out due to the limited time of this PhD research. The
quality factor of the photonic crystal cavities can be further optimized in or-
der to suppress the cavity decay rate and increase the Purcell effect in weak
coupling regime. A high Purcell factor would enhance the extraction of the
PL signal from the QD into a specific mode and improve indistinguishability
and coherence, two main requirements for interferometric experiments and
robust quantum applications. In principle, a route towards the realization of
PhCC with higher quality factors is a systematic study of different optimized
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designs and the experimental estimation of the QDs absorption limiting the
maximum reachable quality factor. However the experimental results are in
practice still far from the theoretically estimated value of 60000. Therefore,
a further optimization of the electron-beam lithography and the test of more
chemistries in the wet and dry etching of the photonic crystal pattern can
improve the optical properties of our microcavities. Also the growth of our
quantum emitters need a specific optimization. During this work it has never
been possible to integrate in our PhCC-diode QDs with very low density, very
high PL intensity and precise position with respect to the cavity. These are
major limitations when quantum experiments with InAs QDs have to be per-
formed. Higher intensity QDs would allow much easier measurements and
could pave the way to the realization of more complex quantum schemes.
The positioning of one single emitter at the specific position of an antinode
of the cavity field, for example, would allow us to avoid the spectral filter-
ing in the time-resolved c-QED experiments and to tune the exciton energy
on a wider range thus providing a complete symmetrization of the photon
wavefunction for quantum memories applications and an efficient quantum
state transfer between different remote quantum dots on the same chip [7].By
combining one single quantum dot with high emission intensity at a precise
location within a photonic crystal cavity diode with quality factor & 104

also the ultrafast control of the strong coupling regime will become possible.
New interesting experiments will be possible on an integrated semiconductor
device. To name a few, the photon blockade [154, 312] and the generation
of a light-matter entangled state that can be used to implement the Ekert91
protocol [411] on a quantum chip. The time shaping of the photon waveform
in weak coupling regime could be use to realize a coherent mapping of a sin-
gle quantum excitation between two QD located at two different nodes of a
quantum network. The possibility to stop at a desired time the Rabi oscil-
lation in a strongly coupled system will allow the creation of a light-matter
entangled state that can be transferred between two quantum emitters in
view of quantum memory applications.

Our ultrafast photonic crystal cavity diodes own combined electro-optical
properties that make them a competitive solution for the dynamic control of
cavity quantum electrodynamics interactions in a solid-state system radiat-
ing in the near infra-red domain of the optical radiation. At the time of this
thesis, a clear competitor where the energy of a single exciton can be tuned
in resonance with a high quality factor cavity on time scale of the order of
∼ 300 ps, for controlling the c-QED dynamics, is not present yet, although a
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Property Our ultrafast PhCC-diode Best Competitors Reference
Device total size ∼ (150× 200) µm2 ∼ (6× 11) µm2 [342]
Active region ∼ (1.3× 0.6) µm2 similar [54]
Wavelength ∼ 1.3 µm . 900 nm [3,54]
Tuning range ∼ 7.5 meV (11 nm) ∼ 35 nm [384]
Tunability ∼ 1.8 meV/V (2.5 nm/V) similar [384]
Tuning speed ∼ 300 ps 50− 200 ps [342,360,373]
PhCC Q-factor ∼ 10500 > 3× 104 [294,304,465]
Consumption few fJ similar [54]
Radiative time ∼ 200 ps (in cavity) similar [3, 54]
Coherence time . 1− 2 ns similar [54, 286]
c-QED control Yes in weak coupling Not yet on single [342]

Possible in strong c. semicon. emitter

Table 7.1: Summary of the ultrafast PhCC-diode characteristic as compared to the best state-of-the-art
devices.

ultrafast all-optical control of the spontaneous emission of the QDs ensemble
has been recently demonstrated in our group [342]. Table 7.1 compares the
properties of our ultrafast devices with the state-of-the-art results achieved
by others group on different devices. With the technologies developed in this
work ,the realization of such a golden device is not so far any more. Look-
ing into the future, the horizon of the coherent manipulation and detection
of light-matter interactions at the single photon level within semiconductor
architecture is getting closer, and the possibility of integrated quantum pho-
tonic applications is shining brighter than before.
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A | Wafer Structures

In this short appendix, the epitaxial structures of the samples used to achieve
the results of this thesis work are presented (see Figure A.1). The main three
samples are L721 in Fig.A.1(a), from the Molecular Beam Epitaxy (MBE)
reactor of the University of Leeds, Z492 and Z693, grown in the MBE of our
clean-room in NanoLab@TUe and respectively shown in Fig. A.1(b) and (c).
In addition to these, many other samples (not shown here) have been used to
optimize the electrical bandwidth and the optical properties of the ultrafast
photonic crystal diodes.
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Figure A.1: Epitaxial structure of the samples shown in this thesis. (a) L721 grown by Dr. Lianhe
Li from the University of Leeds. (b) Z492 and Z693 grown by Frank van Otten and YongJin Cho from
NanoLab@TU/e.
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Summary

Dynamic Control of the Spontaneous Emission of Single Quantum
Dots in Photonic Crystal Cavities

The possibility to realize quantum photonic integrated networks for applica-
tions in quantum computing and information processing is closely related to the
possibility to generate indistinguishable and coherent single photons, route and
detect them, by means of novel devices with a high level of scalability and integra-
tion. Semiconductor nano-scale devices are among the most promising candidates
in this direction. Artificial solid-state atoms such as InAs self assembled quan-
tum dots (QDs) can be monolithically integrated inside electromagnetic resonators
such as GaAs photonic crystal cavities (PhCC) to generate well-defined single pho-
tons with high efficiency. In addition to the rich physics behind phenomena such
as Purcell effect, Rabi oscillations, quantum decoherence and entanglement, these
solid-state platform can pave the way to future integrated quantum technologies
on chip. Characterizing the solid-state cavity quantum electrodynamics (c-QED)
interactions in the weak and strong coupling regimes is the natural extension of
the older atomic c-QED experiments. Manipulating the system dynamics within
these semiconductor counterparts, however, is much more challenging since the
time scales involved are orders of magnitude faster.

This thesis describes the fabrication and characterization of novel semiconductor
devices, namely ultrafast photonic crystal cavity diodes. With these devices, the
coupling between an exciton, created in a QD by optical excitation, and a single
photon trapped in a resonant cavity (PhCC), can be changed in real time by means
of the quantum confined Stark effect (QCSE), on a time scale faster than the decay
time of the quantum emitter. This optimized capability has been used to control
the c-QED interaction of the solid state system leading to the shaping of the pho-
ton waveform in the weak-coupling regime, an important requirement to improve
photon absorption between multiple quantum dots as nodes of a future quantum
photonic network.

The history of Cavity Quantum Electrodynamics (c-QED) is presented in the first
chapter from the first experiments on atomic systems in the microwave and opti-
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cal domains, to modern techniques based on semiconductor heterostructures and
superconducting circuits. A more detailed description of the weak and strong cou-
pling regimes in the c-QED theory is also given, together with the treatment of
the basic principles and of the main experiments with self-assembled quantum dot
heterostructures and photonic crystal cavities. The chapter continues with the
comparison, among different systems, of the main quantities characterizing the
light-matter interaction in the cavity. The multiple possible methods to control
the relative energy between the quantum dots and the resonant modes of the pho-
tonic crystal cavities, are also described and compared each others, pointing out
their merits and defects in view of an ultrafast modulation. The chapter ends
with a brief outlook of the possible future technologies based on such a solid-state
platform, namely quantum photonic integrated circuits for boson sampling and
quantum simulation as well as for quantum computing and cryptography.

In the second chapter, the facilities and the etching techniques used for processing
semiconductor devices in our clean-room of NanoLab@TU/e are presented together
with an original algorithm to predict the electromagnetic resonant modes of a fab-
ricated photonic crystal cavity, whose hole pattern is extracted from its scanning
electron microscope (SEM) image. At the end, an overview of the micro photolumi-
nescence (mPL) techniques used for the static and the time-resolved (TR) optical
characterization of the devices is given.

The third chapter deals with the theoretical model used to describe the physics
of real-time control of c-QED. It starts with the theory behind the semiconduc-
tor heterostructures, responsible for the selection rules in the radiative transitions
among different electronic states of the QD. Then, it continues with the treatment
of the strain distribution within a single QD and of the quantum confined Stark
effect. In this respect, the results of finite-element (FE) simulations for QDs with
truncated pyramid shape are shown for different parameters of the geometry and
of the In concentration. The last section of the chapter is devoted to the cavity
quantum electrodynamics simulations following a master equation formalism of the
Jaynes–Cummings model in weak and strong coupling regime, assuming a quan-
tum dot-cavity system with suitable parameters and an electrical modulation of
the QD-cavity coupling.

In the fourth chapter the design, fabrication and electro-optic characterisation of
the photonic crystal cavity diodes are presented. The electrical bandwidth of the
diode is optimized up to 4.2 GHz, by reducing the parasitic resistances and ca-
pacitances with the improvement of the epitaxial structure, the metallization and
the fabrication procedure. A quality factor Q ∼ 104 is obtained for a L3 modified
cavity design, aligned to the diode structure with sub-µm accuracy.

The fifth chapter reports the design and the assembly of the novel cryogenic probe
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station setup and of the table-top optical apparatus used to characterize the devices
at high frequency and low temperature. The collection performances and stability
are achieved by using piezo stages in the cryostat chamber, moving the sample
with respect to a stable high numerical aperture (NA) objective in close proximity
to the device and the probes. A synchronization scheme between the optical and
the electrical pulse is implemented in order to demonstrate the dynamic control of
the c-QED interaction in time resolved photoluminescence (TRPL) measures.

In the sixth chapter the experimental results at ∼ 10K on the best fabricated de-
vices are reported . These include the demonstration of the static Stark effect with
a tuning range of the QD energy up to ∼ 7 meV and a tunability of ∼ 2 meV/V,
the dynamic Stark tuning of single QD lines as a function of the electrical pulse
repetition frequency, the ultrafast (∼ 300 ps) switching of a single exciton energy
under continuous wave (CW) excitation and square wave bias modulation, and
the demonstration of the dynamic control of the spontaneous emission of a sin-
gle exciton, whose coupling to the surrounding photonic crystal cavity is changed
on a time scale faster than its radiative decay time. The experimental measures
show a good agreement with the electro-optical and c-QED simulations reported
in the same chapter and in chapter 3. This represents the first demonstration of
the ultrafast dynamic control of the c-QED interaction and of the shaping of the
photon waveform in a solid state system by means of electrical modulation of the
QD energy.

Finally, in the last chapter, the most relevant results of this work are summa-
rized, the remaining open issues behind the topic are pointed out and the possible
directions for future research projects based on these achievements are foreseen.
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