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Abstract

Semiconductor quantum dots (QDs) are low dimensional system, typically a few
nanometers in size, characterized by discrete energy levels and strong light - mat-
ter interaction. Due to their optoelectronics properties they have emerged as a
promising candidate for qubit system and platform for quantum computing, cryp-
tography and information processing. Quantum dots are capable of single and
polarization-entangled photon emission and can be easily integrated into photon-
ics circuits. The strong light - matter interaction that characterizes quantum dots
system allows optical control of electron and hole spins states of individual quan-
tum dots, thus enabling quantum gate operations or implementation of different
quantum computing protocols.

One of these protocols relies on cluster state, highly entangled quantum states.
Processing of such states, through measurements of single qubits, allows imple-
mentation of quantum computing. This protocol is deemed less demanding than
a classic quantum gates approach, which requires multi-qubit input gates.

However, environment noise for single charge carrier is still a limiting factor for
any quantum information protocol, because loss of coherence in quantum systems
limits the number of operations executable on a qubit. Recently, GaAs quantum
dots produced by droplet etching epitaxy are currently state of the art in terms of
low-noise environments for single charge carriers.

In this work, we studied GaAs quantum dots fabricated by a different tech-
nique, metalorganic vapour-phase epitaxy (MOVPE) growth on (111)B oriented
GaAs substrates pre-patterned by micrometre-scale tetrahedron recesses. This
method enables much higher degree of QD engineering flexibility and site-control
of the growth process.

In Chap.1, we introduce the concept of quantum computing and give an overview
of a specific implementation, the so called one-way quantum computer, using a
specific class of entangled states, cluster states, as main resource for computation.
We will also describe quantum dots, their properties and how they can be used as
single and entangled photon emitters.

In Chap.2, we will describe the fabrication steps for producing and process-
ing a particular family of quantum dots, pyramidal site-controlled quantum dots,
in order to make them useable for characterization and measurements. We will
also describe the instruments, custom built setups and procedures to optically
characterize the quantum dots.
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In Chap.3, we investigate several excitation and initialization schemes for quan-
tum dots. Quantum systems with two or three energy levels are simulated under
a variety of optical excitation schemes. These simulation will define a range of
suitable parameters of the optical pulses, compatible the resources available in our
laboratory. Several experimental examples of these excitation scheme will also be
provided.

In Chap.4, we carry out an in-depth study of the energetic structure of GaAs
quantum dots. Using a variety of spectroscopic techniques, such as polarization
and time resolved micro-photoluminescence, we investigate the optical recombi-
nation of several quantum dots to associate to each transition line an excitonic
state. Optical selection rules of our quantum dots have also been investigated,
uncovering light-hole-like excited states and deviations from the expected group
theory calculations.

In Chap.5, we demonstrate quantum dot initialization by a hole with a well
defined spin state, one of the requirements for the physical implementation of
quantum computation. As a step towards cluster state generation, we demonstrate
periodic precession of the spin state in a weak magnetic field. We also attempt
cluster state generation, but low quantum dot brightness and fast loss of coherence
of the spin state will prove to be very limiting.
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Gocalinska, and G. Juška, Engineering site-controlled QDs for quantum tech-
nologies on (111)B GaAs substrates. VII International Conference on Infor-
mation Technologies and Nanotechnologies (ITNT-2021) 20 - 24 September
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Chapter 1
Background

Quantum phenomena, with no classical counterpart, can be exploited to overcome
the scalability limitations of classical computing and telecommunications [1].

Some specific tasks, such as large prime number factorization [2], simulation of
molecules dynamics or other optimization problems [3], can be theoretically sped
up and solved in sub-exponential time by using algorithms that employ quantum
superposition.

Also telecommunications can be made more secure, by avoiding man-in-the-
middle attacks, if quantum cryptography is used [4]. Encrypted keys can be ex-
change securely using protocols which exploit the impossibility of cloning quantum
states and the collapse of an entangled state after a measurement.

The requirements of a quantum system to become a platform to implement
quantum computing and communication are codified by the so-called DiVincenzo
criteria [5]. This set of 7 conditions are:

1. A scalable physical system with well characterized qubits

2. The ability to initialize the state of the qubits to a simple fiducial state, such
as |000...⟩

3. Long relevant decoherence times, much longer than the gate operation time

4. A universal set of quantum gates

5. A qubit-specific measurement capability

6. The ability to interconvert stationary and flying qubits

7. The ability to faithfully transmit flying qubits between specified locations

1
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This thesis will focus on the 2nd, 3rd and 6th criteria for a particular family of
semiconductor devices, Pyramidal Site-Controlled Quantum Dots. From Chap.2 to
Chap.5 we will describe their structure and characterize their spectrum to evaluate
if they are a suitable candidate platform to develop quantum computation and,
eventually, the limitations that will need to be overcome. Specifically, we want to
evaluate if the quantum dots used are able to generate cluster states, a particular
family of entangled states that can be used for quantum computing through the
one-way quantum computer protocol [6]. We will show that our fabrication and
processing methods enable production of quantum emitters with a very well defined
location on a substrate and with reproducible features. These features could lead
to a scalable platform.

The following chapter will give an overview of the principles of quantum com-
puting, its applications and, in a general way, implementations using different
paradigms.

The second part of the chapter will go into the details of the optical properties
of quantum dots, how they can be used in quantum computing and communication
and their limitations for said applications.

1.1 Quantum Computing

In 1982 Feynman pointed out the exponential growth of resources required to
simulate complex systems on classical computer, like dynamics of molecules, cli-
mate on a microscale, or full description of a quantum system [1]. He suggested
then the idea that, to describe the evolution of quantum system, other quantum
systems could be used as a platform for calculation, in that way the required re-
sources would scale proportionally to the complexity of the system that we wish
to simulate.

Three years later Deutsch formalized the theoretical working principles of a
quantum computer [7], but it was (and still is) not fully intelligible how many
and how much computational tasks would benefit, in terms of speed and required
resources, from being run on a quantum computer rather than on a classical one
[8].

In the years that followed Feynman’s idea, the advantage of quantum com-
puters over classical ones has been proved for several tasks [9] [3] [2]. The most
notable one is probably Shor algorithm for factorization of numbers [2], as it has
been shown that this task, on a quantum computer, can be carried out in poly-
nomial time rather than sub-exponential time. As of now there is no algorithm
to factorize numbers in polynomial time with classical computers, but there is
also no mathematical proof that such algorithm does not exist. This decrease in
computation time with Shor algorithm is then of great relevance for cryptographic
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applications, as the widely implemented RSA scheme generates a public encryption
key by multiplying two large prime numbers. So far, the security of the algorithm
does not reside in the impossibility of finding such prime numbers, but in the time
taken to do it with classical computers.

It has also been proved that quantum states can be helpful in transmitting
information safely. A weak point of specific encryption protocols involving an
exchange of keys is that they are not safe against eavesdropping; if someone inter-
cepts a set of keys shared with a classical communication channel the two original
parties involved in the communication have no way of knowing that and now the
third element can decode the encrypted messages.

A quantum state can’t be measured without perturbing the original state, and
thus an arbitrary state can’t be cloned with a single measurement [10]. While it
will not be possible to stop the eavesdropping, using quantum states it will be
possible for two parties to be notified that such action happened, and exchange
then a new set of encryption keys.

Secure exchange can happen with attenuated pulsed lasers, but the fact that
the photon statistics is poissonian implies that some pulse may have 0 photons and
some other more than 1. This increases the risk that the eavesdropper can have
more information on the key without the original sender and receiver noticing.
For this reason real single photon emitters are of great interest of this kind of
applications.

The use of quantum mechanics to exchange safely encryption keys is known as
quantum key distribution, QKD, and several protocols have already been proposed
[4] [11] [12].

1.1.1 Circuit model

In quantum computation, the 0 and 1 bits of a classical computer, are replaced
by so called qubits. Qubits are quantum states of a two-level system, |0⟩ and |1⟩,
and can be represented by a wavefunction |ϕ⟩ = c0 |0⟩+ c1 |1⟩, with normalization
condition c0c

∗
0 + c1c

∗
1 = 1.

The qubit can be then in a superposition of the orthogonal states |0⟩ and |1⟩,
instead of being just in either state 0 or 1.

The coefficients c0 and c1 of the qubit can be converted into angular coordinates
and the state can be then visualized on a Bloch Sphere, a sphere of unitary radius.
An the north and south pole of the sphere there are the states |0⟩ and |1⟩, on the
equator superposition states with even probabilities for |0⟩ and |1⟩, in particular
|±⟩ = 1√

2
(|0⟩ ± |1⟩) are on the x axis and |±i⟩ = 1√

2
(|0⟩ ± i |1⟩) on the y axis,

see Fig.1.1. Due to the normalization requirement all the pure states are mapped
onto the surface of the sphere and correspond to superposition states. Statistical
mixture states are instead mapped to the inside of the sphere.
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Figure 1.1: Bloch Sphere with a |+⟩ state on it

Several quantum systems have been proposed as qubits candidates, Tab.1.1
taken from [8] lists a few of them.

Quantum system Physical property |0⟩ |1⟩
Photon Linear polarization Horizontal Vertical
Photon Circular polarization Left Right
Nucleus Spin Up Down
Electron Spin Up Down

Two-level atom Excitation state Ground state Excited state
Josephson junction Electric charge N Cooper pairs N + 1 Cooper pairs

Superconducting loop Magnetic flux Up Down

Table 1.1: Proposed quantum systems to realize qubits. Taken from [8]

By coupling the qubits among each other we can generate so called quantum
registers of wavefunction ϕ = c000...0 |000...0⟩+c000...1 |000...1⟩+...+c011...1 |011...1⟩+
c111...1 |111...1⟩. It is clear that to represent such state by its amplitude values c in a
classical memory we need to store 2N complex numbers, which grows exponentially
with the increase of the register size.

The register can then be manipulated by using so called quantum gates. These
operations on the qubits can be represented by unitary matrices, MM † = I.
Quantum gates can take one or more qubit as input, some of them have classical
equivalents like the NOT and (N)AND, others are purely quantum mechanical.

Examples of single qubit gates are the Z gate, that leaves |0⟩ states unchanged
and flips the phase of |1⟩ states, or the Hadamard gate, that changes basis states
into their superpositions.

Important two qubit gates are the Controlled-NOT gate, C-NOT, and Controlled-
Z, CZ. One input of these gates is called the control qubit and the other the target,
C-NOT and CZ leave the control qubit unchanged and operate on the target state.
The CNOT send |0⟩ to |1⟩ and |1⟩ to |0⟩, only if the control input is |1⟩. The CZ
swaps the sign of state |1⟩, if the control is |1⟩.
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The matrix representations of the above mentioned gates are:

Z · |ψ⟩ =
(
1 0
0 −1

)(
c0
c1

)
=

(
c0
−c1

)
H · |ψ⟩ =

(
1 1
1 −1

)(
c0
c1

)
=

1√
2

(
c0 + c1
c0 − c1

)

CNOT · |ψ⟩ =


1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0



c00
c01
c10
c11

 =


c00
c01
c11
c10



CZ · |ψ⟩ =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −1



c00
c01
c10
c11

 =


c00
c01
c10
−c11



(1.1)

Graphically qubits are represented by horizontal wires and quantum gates by
icons placed along these wires. Below we have the representation of some quantum
gates, a Hadamard gate is applied to the first three qubits, CZ operation is applied
between the 1st and 2nd and a CNOT between 3rd and 4th:

|0⟩ H

|0⟩ H

|0⟩ H

|0⟩

Figure 1.2: Graphical representation of quantum gate operating on qubits.

In classical computation, all the operations can be decomposed in a series of
NAND gate operation, the same concept applies to quantum computers: a set
of all single qubit rotation gates and CNOT gate constitute an universal set for
quantum computation [13].

The measurement of a quantum circuit output is also a complicated task, the
act measuring a quantum state collapses randomly the wavefunction |ψ⟩ into the
bases states |0⟩ or |1⟩ with probability c20 or c21. Complete reconstruction of a
wavefunction cannot be done with a single measurement in a single base, but must
be done with repeated measurements of several states on different bases. This
process is known as quantum tomography [14].
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A particular class of multiparticle states are the entangled states. They have
attracted the attention of the scientific community since Einstein, Podolsky and
Rosen described their counter-intuitive properties in 1935 [15].

The total wavefunction of an entangled state can’t be factorized in the product
of single particle wavefunctions. A typical example of two particle entangled states
are the so called Bell states or EPR pairs:

|Φ±⟩ = 1√
2
(|0A0B⟩ ± |1A1B⟩)

|Ψ±⟩ = 1√
2
(|0A1B⟩ ± |0A1B⟩)

(1.2)

|0A/B⟩ and |1A/B⟩ are two orthogonal quantum states of systems A and B.
A generic quantum state given by the tensor product of states from system A

and B can be written as:

|ψAB⟩ = |ψA⟩ ⊗ |ψB⟩ =
= c0Ac0B |0A0B⟩+ c0Ac1B |0A1B⟩+ c1Ac0B |1A0B⟩+ c1Ac1B |1A1B⟩

(1.3)

It is easy to see that no combination of values for c0A, c0B, c1A and c1B can
give the states in Eq.1.2. A consequence of this impossibility to factorize the
entangled states is that, if we measure the state of the system A, we collapse the
wavefunction of the multiparticle state and know immediately the state of B. The
Bell state Φ+ can be generated with quantum gates by having two |0⟩ qubits,
applying the Hadamard gate to the control qubit and then a CNOT gate.

Another important class entangled states are GHZ states [16]:

|GHZ⟩ = |0⟩⊗M + |1⟩⊗M√
2

(1.4)

where M is the number of qubits, so for M = 3 the GHZ state is |000⟩+|111⟩√
2

.
Detecting just one qubit in the GHZ will give us information on the state of all
the others.

These properties make entangled states ideal for QKD application [11] [12] and
quantum teleportation [17].

Entangled states can be generated by exploiting non linear properties of a quan-
tum system. Early studies of entanglement were done on photon pairs generated
by atomic cascades from calcium. The atoms were excited from the ground state
4s2 1S0 to 4p2 1S0 by using spontaneous decay from an excited state [18] or with
a two photon process [19]. Initial and final state both have angular momentum
J = 0, the electron can’t relax to the ground directly but has to go through the
emission of two photons, 4p2 1S0 → 4s4p 1P1 and 4s4p 1P1 → 4s2 1S0. The photons
are entangled due to conservation of the angular momentum.
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Nowadays atomic sources have been replaced for entangled photon pair emis-
sion, for example, by a family of crystals with second order non linearity χ2, like
β-barium borate, BBO [20]. The crystal is pumped with powerful laser at fre-
quency w0. A type-II spontaneous parametric down-conversion process converts
this photon into two of frequencies ω1 and ω2 and orthogonal polarization. Conser-
vation of energy and momentum requires that ω0 = ω1+ω2 and k⃗0 = k⃗1+k⃗2, where
k⃗ are the wavevectors of the photons. These conditions are called phase-matching
conditions and if ω1 = ω2 the photons are degenerate. Dispersion and birefringence
from the BBO crystal cause the down-converted photons to be emitted along two
cones of orthogonal polarization with two intersection points. At those points the
photons are entangled, if we detect horizontal (vertical) polarized photon at the
first intersection we know that a vertical (horizontal) polarized photon will be at
the second intersection.

In general, the so-called DiVincenzo Criteria [5] establish the minimum re-
quirements to implement quantum computing and communication on a selected
platform.

Among the requirements to achieve full quantum communication there is the
capability to share quantum states from place to place through so called flying
qubits. Photons are suited for this task due to their low interaction among each
others, to the knowledge already built on classical communication channels, like
fiber optics, and to the possibility of manipulating individual photons with bench-
top optics or integrated photonics circuits.

Particularly promising are also platform based on semiconductor materials.
These materials allow to directly convert quantum states in matter, spins, to fly-
ing qubits, photons, thus having the advantage of both worlds: long stability of
spins and fast generation rates from solid state physics and low interaction from
photons. Some semiconductor based systems offer also the possibility to optically
or electronically trigger the production of single and entangled photons, thus prov-
ing to be a very versatile platform. Semiconductor material are also very flexible
in alloy composition and tuning of the bandgap and can be integrated on complex,
but small footprint, devices with several fabrication techniques.

1.1.2 Cluster State

Cluster states are a particular class of entangled states. These states are generated
in an ensemble of qubits placed at sites a on a d-dimensional lattice that interact
via the Hamiltonian [21]:

Hint = h̄g (t)
∑
a,a′

f (a− a′)
1 + σ

(a)
z

2

1− σ
(a′)
z

2
(1.5)
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|0⟩ H

|0⟩ H

|0⟩ H

|0⟩ H

Figure 1.3: A 1-dimensional 4 qubit cluster state

where σz is the Pauli matrix operator. The indices of the sum, a and a′, run
over all the occupied lattices sites, g (t) and f (a− a′) determine the interaction
strength, which can be also time dependent because of g.

Briegel and Raussendorf focused their studies in 2000 [21] on 1-dimensional
cluster states where the interaction is limited to neighbouring qubits, f (a− a′) =
δa+1,a′ and g (t) = const. If at time t = 0 the qubits are all prepared in the state
1√
2
(|0⟩+ |1⟩) the obtained cluster state can be written as:

|ϕN⟩ =
1

2N/2

N⊗
a=1

(
|0⟩a σ

(a+1)
z + |1⟩a

)
(1.6)

with the convention that σ
(N+1)
z = 1. In the circuit model of quantum compu-

tation, this is equivalent to: 1) set the qubits to state |0⟩, 2) apply a Hadamard
gate to all of them, 3) apply a CZ gate to neighbouring qubits. Since the CZ gates
commute with each other the order in which this gate is applied to the qubit is
not relevant [22].

For N = 2, according to Eq.1.6 we get:

|ϕ2⟩ =
1

2

(
|01⟩ σ(2)

z + |11⟩
)
(|02⟩+ |12⟩) =

=
1

2
[|01⟩ (|02⟩ − |12⟩) + |11⟩ (|02⟩+ |12⟩)]

(1.7)

A local unitary transformation, specifically a change of base, can be applied
to state 1.7, 1√

2
(|02⟩ ± |12⟩) = |±2⟩, and then by renaming the new basis states,

|−2⟩ = |02⟩ and |+2⟩ = |12⟩, one of the Bell pairs is obtained.
Analogously, for N = 3 we can apply local unitary transformations and change

the labeling of some qubit to obtain a GHZ state.
N = 4 generates an entangled state which is not equivalent to a 4 qubit GHZ

state:

|ϕ4⟩ =
1

4
(|0000⟩+ |0011⟩+ |1100⟩ − |1111⟩) (1.8)
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One property of a cluster states with N > 3 is that is harder to destroy the
entanglement of the cluster state compared to a GHZ state with the same number
of qubits. A single qubit measurement, loss or depolarization will collapse the GHZ
state and entanglement will be lost. Under the same circumstances in a cluster
state the leftover state will still be entangled, as it still cannot be expressed as a
product state, thus making the cluster state more robust against noise.

In later publications [6] [23] Raussendorf, Browne and Briegel theorized a new
approach to quantum computation, the so called one-way quantum computer. In
their implementation the main resource of computation is the cluster state itself.
The operation that we want to execute is encoded on the cluster state and then
the result read using single qubit measurements. The scheme is called one-way
quantum computer because once the computation is done the entanglement of the
state is destroyed.

In the same publication they showed that it is possible to make a single qubit
general rotation and Hadamard gate with a 5 qubit 1-dimensional cluster state
and a CNOT gate with a 15 qubit 2-dimensional cluster state.

For the Hadamard gate the procedure to follow is:

1. Prepare all qubit, except the first, in the |+⟩ state.

2. Entangle the neighbouring qubit with the CZ operation.

3. Measure the expectation value of the operators σ1
x and σ

2,3,4
x , where σx is the

Pauli matrix operator.

For the CNOT gate the procedure is

1. Prepare all qubit, except first and ninth, in the |+⟩ state.

2. Entangle the neighbouring qubit with the CZ operation.

3. Measure the expectation value of σ1,9,10,11,13,14
x and σ2,3,4,5,6,8,12

y

Because these operations constitute an universal set of gates, it is then possible
to implement full quantum computation on a 2-dimensional cluster state.

The complexity of quantum computation is then moved from the operation of
multi qubits gates, in the quantum circuit model, to the preparation of this highly
entangled state and the execution of single qubit operations. The latter operations
are usually much easier to implement. Moreover, the cluster state is less affected
by noise and loss of qubits, because the state does not lose fully its entanglement
properties under these conditions.

Browne and Rudolph introduced a scheme to generate 2-dimensional cluster
states with just entangled photons and linear optics elements [24]. They showed
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Figure 1.4: Realization of Hadamard and CNOT gates with cluster states.

that with the use of a Type-I fusion gate, see Fig.1.5 (left), 2 1-dimensional cluster
states of length n and m can be joined together to obtain a string of entangled
photons of length n + m − 1. With Type-II fusion gates, see Fig.1.5 (right), 2
1-dimensional cluster can be join to make a 2-dimensional cluster state, which is
needed to achieve full quantum computation.

The process is non deterministic due to the need of post-selection by using the
detectors at the output of the polarizing beam splitters.

Figure 1.5: (Left) Type-I and Type-II fusion gates (Right) fusion operations be-
tween two 1-dimensional cluster states. Taken from [24]

Later in this chapter, protocols to produce deterministically cluster states using
quantum dots will be reported.

Experimentally generation of 1-dimensional cluster states has been demon-
strated with SPDC [25] [26], up to 12 qubits with 87Rb atoms in an optical cavity
[27] and with quantum dots [28] [29].

1.1.3 Decoherence

Qubits don’t stay in the same state forever, they couple and interact with the
surrounding environment, this interaction shows itself in the form of random noise
in the wavefunction of the dot. This process is known as decoherence.

Typically three values are used to describe this loss of coherence; T1, T2 and
T ∗
2 . The relation between the three time scales is:
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Figure 1.6: Decoherence processes visualized on a Bloch Sphere. Left, a longitudi-
nal relaxation process. Right, a pure dephasing process. Picture adapted from [8]

1

T2
=

1

2T1
+

1

T ∗
2

(1.9)

T1 is the time scale of so called longitudinal relaxation process, this process
involves the exchange of energy between the quantum state and environment and
typically is associated with decay processes. The decay can be radiative, with
emission of a photon, or non radiative, through, for example, the exchange of
phonons with the surrounding environment.

T ∗
2 is called pure dephasing time, and describes processes in which the inter-

action with the environment happens through energy and population conserving
processes. This can happen in scattering processes, like interaction with lattice
through phonons, electric and/or magnetic fields. The interaction changes the
phase of the qubit wavefunction, causing loss of coherence, but not changing the
expectation value of the state population.

1
T2

is called total dephasing rate, describes transverse relaxation process, and
from Eq.1.9 we can see that it is determined by T1 (T ∗

2 ) for T
∗
2 ≫ T1 (T ∗

2 ≪ T1).
The different decoherence processes can be visualized on a Bloch sphere, see

Fig.1.6. A pure dephasing process conserves the expectation value of the popula-
tion, which is given by projecting a state on the surface of the Bloch sphere onto
the vertical axis. A decay process will be visualized by a change in the projection
along the vertical axis, for example passing from any state on the surface to the
south pole, which corresponds to the ground state of the system.

It is worth noting, as pointed out in [8], that a decay process will also cause
loss of coherence in the transverse direction, for this reason the total transverse
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relaxation time depends on both the longitudinal and pure dephasing.
In the circuit model of quantum computation, gate operations have to be much

faster than decoherence time. A typical upper bound for the number of operations
is given by Nop = T2/Top, where Top is the time taken to execute an operation.

There are several ways to limit the loss of coherence of quantum states and thus
increase the decoherence time. It is known, for example that the spin scattering
mechanics that are dominant in bulk III - V semiconductors are suppressed in low
dimensionality structures like QD, thus increasing the spin lifetimes for quantum
computing applications. Another approach is to cool down the sample to cryogenic
temperatures to reduce the interaction of the QD with the phonon bath of the
surrounding environment.

Population decays, both radiative and non radiative, also introduce jitter in the
emission of photons, thus reducing indistinguishability, one of the key requirements
for interferometric applications.

As for classical computer, error-correcting algorithms have also been developed
for quantum computing to mitigate the unwanted effects of decoherence processes
[30]. These algorithms usually involve the use of several extra qubits, known as
ancilla, whose states are compared to the quantum register we wish to preserve.
The constant supply of extra qubits in a known state is another reason why full
control of a qubit and generation of entangled states are key requirements for
quantum computation.

1.2 Quantum Dots

In the previous section we have discussed the requirement of qubits to implement
any type of quantum computing. In general, any quantum system that meets the
DiVincenzo Criteria [5] could be a suitable platform for generating a qubit, and in
Tab.1.1 we have listed a few of them.

We have also discussed how single atoms could be used as qubits and to gen-
erate entangled photons through their radiative cascades. While atomic systems
highlight the essential physics, practical realizations of quantum technologies often
require solid-state platforms that can be engineered and scaled. In this context,
semiconductor quantum dots, sometimes referred to as artificial atoms, emerge
as a particularly promising candidate, offering both qubit functionality and the
ability to generate entangled photons and host spin qubits.

If a semiconductor is sandwiched by another with an higher bandgap a discon-
tinuity is generated at edges of the valence and conduction bands at the interface
of the two materials.

If the lower bandgap semiconductor is thin enough then a quantum structure
is produced and quantum confinement of the charge carriers along the ẑ direction
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is achieved, this is known as quantum well. If the carrier confinement is in two or
three dimension then a quantum wire or quantum dot are produced.

The more a structure is confined the more discrete its energy levels available
to the charge carriers become, due to a lower density of states available to them
[8]. For this reason QDs, which have the strongest confinement, are characterized
by discrete energy transition and are knows as artificial atoms.

Figure 1.7: Confinement and density of states for different semiconductor struc-
tures. Taken from [31]

The most commonly used method to produce QDs for quantum optics appli-
cations is a self-assembled growth process. Epitaxy is the process that takes place
when a material A is deposited (grown) on the surface of a single crystal B, called
substrate.

Material A can be deposited by direct thermal evaporation of the material,
in Molecular Beam Epitaxy (MBE), or it can be carried by (organic) gases and
then decomposed on the surface of the substrate, in Metal Organic Vapour Phase
Epitaxy (MOVPE).

Epitaxial growth of QDs generally happens through Stranski-Krastanov (SK)
or droplet epitaxy methods [32].

The SK growth exploits the deformations introduced by lattice constant mis-
match of two materials. For example, a thin layer of InxGa1−xAs, known as wet-
ting layer, is deposited on a (100) oriented GaAs substrate, the lattice mismatch
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will introduce strain in the wetting layer and, after reaching a critical thickness,
3D islands are formed on top of a the wetting layer to minimize the strain. A thick
capping layer is then deposited on top to confine and protect the QDs.

Droplet epitaxy allows growth of QDs without the need of wetting layer. A
material from group III, such as Al, Ga or In, is deposited on the substrate at a
temperature above its melting point. The material forms nanometer sized droplets
due to surface tension and then is exposed to a flux of material from group V, such
as As, to recrystallize.

QDs formation with the processes described above is random in location and
size of the QD, so post selection on QD with the desired properties has to be
carried out, unless the growth process is induced in preferred sites [33] [34].

The work done during the PhD has been focused on the study of III-V QD of
GaAs with AlxGa1−xAs barriers and InxGa1−xAs with GaAs barriers. These QD
are all grown inside pyramidal recesses pre-patterned on (111)B oriented GaAs
wafer, more details on their fabrication process will be presented in the following
chapter Chap.2.

1.2.1 Excitonic Complexes

Charge carriers in QDs can be generated by supplying energy to the sample, for
example by an external electric current [35] or by pumping the sample optically
with a laser. Depending on the energy of the laser compared to the QD bandgap
we can have different excitation regimes, above-band, quasi-resonant and reso-
nant excitation. In depth description of these excitation methods will be given in
Chap.3.

The strong confinement and strong Coulomb interaction, due to low volume,
generates bound states of electrons and holes in a QD. These states are known as
excitonic states, the recombination of an electron - hole pair causes the emission
of a single photon from the QD. The selection rules regulating this process and
properties of the photon will be discussed later in the chapter.

The QDs are characterized by discrete energy levels and electrons and holes
populate these levels according to the Pauli Exclusion Principle, which means that
at most two carriers of opposing spin can populate a single level. The number of
levels available to holes (electrons) in the valence (conduction) band depends on
the depth of the confinement and material properties. The QDs studied in this
thesis will be schematized as having one electron level available in the conduction
band and two hole levels in the valance band.

If the number of bound electrons and holes of an excitonic state is the same
then we have so-called neutral excitons: exciton and biexciton, for example.

If the number of bound electrons and holes of an excitonic state is not the same
then we have so-called charged excitons: positive and negative trion and charged
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biexciton, for example.
All the possible combinations using the three levels configuration described

above are illustrated in Fig.1.8.

Figure 1.8: Possible charge configuration in a QD described by one electron level
in the conduction band and two hole levels in the valance band.

From the diagram in Fig.1.8 we can see how the same number of charge carriers
can be organized in the energy levels in different configurations, leading to several
excitons and trions. To avoid confusion and unambiguously identify the excitonic
state, the notation from [36] will be used to describe the optical decay of the state.

The states are identified by an X, for excitons and trions, or 2X, for biexcitons
and charged biexcitons. An empty superscript will indicate a neutral complex, a
n+ (n-) superscript indicates the number of excess holes (electrons). Two sub-
scripts will indicate how many holes will populate the first and second levels in
the valance band, there won’t be any confusion with electrons because we assume
that they only have one available level in the conduction band. A bar above the
first or second subscript number will indicate the energy level of the recombining
hole.

For example, a positive trion with one hole in the first energy level and one
hole in the second is X+

11, if the hole in the first (second) level recombines with the
electron it will be indicated by X+

1̄1
(X+

11̄
).

Identification of a spectral line in the QD spectrum corresponds to the iden-
tification of the electron - hole pair that recombined from these different charge
configurations.
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1.2.1.1 Heavy/Light Holes and Selection Rules

Conduction band is characterized by a s-like symmetry. Electrons in the conduc-
tion band have a total angular momentum J = 1

2
and secondary total angular

momentum quantum number Je,z = ±1
2
, this can be written using the Luttinger –

Kohn notation as:

|1
2
;+

1

2
⟩ = |S ↑⟩

|1
2
;−1

2
⟩ = |S ↓⟩

(1.10)

Valence band has p-like symmetry. Heavy holes are characterized by J = 3
2
and

Jhh,z = ±3
2
with X and Y orbitals. Light holes on the other hand are characterized

by J = 3
2
and Jlh,z = ±1

2
with X, Y and Z orbitals. Using the Luttinger – Kohn

notation we can write for heavy and light holes holes:

|3
2
;+

3

2
⟩ = − 1√

2
|(X + iY ) ⇑⟩

|3
2
;−3

2
⟩ = 1√

2
|(X − iY ) ⇓⟩

|3
2
;+

1

2
⟩ = − 1√

6
[|(X + iY ) ⇓⟩+ 2 |Z ⇑⟩]

|3
2
;−1

2
⟩ = 1√

6
[|(X − iY ) ⇑⟩ − 2 |Z ⇓⟩]

(1.11)

Throughout this thesis we will also identify single spins of electrons with narrow
arrows, |↑⟩ and |↓⟩, and holes with thick arrows, |⇑⟩ and |⇓⟩.

In bulk GaAs heavy and light hole band are degenerate, but, once the material
is strained or quantum confined, the degeneracy is lifted and two bands split [37].
Usually the ground state of a QD exhibits heavy hole characteristics, but if the
QD is strained, has reduced symmetry or interface and alloy disorder, then the
ground level won’t be purely heavy hole and some degree of heavy and light hole
band mixing will be introduced [38]. It has also been shown experimentally that
the light hole band can be promoted to ground state by straining a QD using a
piezoelectric device [39].

Due to conservation of angular momentum, optical recombination between elec-
tron and heavy hole can happen only between anti-parallel spins with emission of
circularly polarized photons, σ±, if electron and heavy hole have parallel spins
then the state is said to be dark.

Light holes can recombine not only with emission of σ± photons, between par-
allel spins [39], but also of π photons, linearly polarized along the ẑ direction,
when the spins are antiparallel. Because the light hole band has a Z orbital com-
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ponent and dipole other than the X and Y it will emit linearly polarized light
perpendicularly to the ẑ axis, referred as growth direction, of the QD.

The selection rules for excitation and emission are illustrated in in Fig.1.9.

Figure 1.9: Selection rules for electron - hole recombination from different bands.

1.2.1.2 Symmetry and Point Groups

The multiplet states of a QD correspond to different spin configuration of the
charges in the available energy levels. The degeneracies (or lack thereof) of these
multiplet states is determined by the symmetry of the QD. The emission pattern,
known as photoluminesce, PL, of the QD can therefore be a tool to probe the
symmetry of its morphology and electronic band structure.

The following section reports the results of several theoretical studies of dif-
ferent symmetries and how they affect the polarization properties of the emission
pattern of a QD [36] [40] [41] [42] [43].

Typical point group associated with QD symmetries are D2d, D3h, C3v, C2v.
The symmetry operations for the above mentioned groups are [44]:

• Group D2d has 2 vertical dihedral-reflection planes, 2-fold vertical rotation
axis and a 2 2-fold rotation axis perpendicular to the vertical rotation axis

• Group D3h has a horizontal reflection plane, 3-fold vertical rotation axis and
3 2-fold rotation axis perpendicular to vertical rotation axis

• Group C2v has a 2-fold vertical rotation axis and 2 vertical mirror plane
containing the vertical rotation axis

• Group C3v has a 3-fold vertical rotation axis and 3 vertical mirror plane
containing the vertical rotation axis
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Point group C2v is of particular interest because it describes the symmetry
properties of QD grown in the SK mode on (001) oriented GaAs substrate, which
constitute a considerable amount of QD studied in literature.

Pyramidal QD grown (111)B oriented GaAs on the other hand have three
symmetry planes, and could belong to groups D3h, C3v. It has been theorized
that, because of the additional plane of symmetry compared to (001) QD, they
should exhibit better optical properties, like vanishing Fine Structure Splitting [41].
Theoretical calculations also show that, for QD belonging to C3v, there should be
no dark states for X1̄0, something which has not been observed for pyramidal QDs.
This would seem to suggest that either they exhibit some characteristics of higher
symmetry groups like D3h, for which dark states are predicted, or the dark states
doublet separation is very small and hard to resolve experimentally.

1.2.1.3 Neutral Excitons

The total angular momentum of an exciton X10 is given by M = Se,z + Jhh,z.
Therefore, there should be four possible spin configurations:

|↓⇓⟩ →M = −2

|↑⇓⟩ →M = −1

|↓⇑⟩ →M = +1

|↑⇑⟩ →M = +2

(1.12)

In the absence of exchange interaction between electron and hole, the four X1̄0

states should be degenerate. States with |M | = 2 (parallel spins) should be dark
because electron hole recombination is not permitted by the selection rules of the
heavy hole band and only |M | = 1 should be visible in the photoluminescence
spectrum of a QD, see Fig.1.9.

The exchange interaction is proportional to the integral:

Eexch ∝
∫ ∫

d3r1d
3r2

1

|r⃗1r⃗2|
Ψ∗
X (r⃗e = r⃗1, r⃗h = r⃗2)ΨX (r⃗e = r⃗2, r⃗h = r⃗1) (1.13)

ΨX is the exciton wavefunction and ⃗re/h the electron and hole coordinates. This
integral can be split into two contributions. The first is a short ranged contribution
caused by the probability of finding the electron and hole in the same Wigner -
Seitz unit cell. The second is long ranged contribution if the two charge carriers
are on different unit cells.

For QD characterized by 2-fold in plane symmetry, D2d group, we can use the
4 exciton states as basis of our system and write the Hamiltonian of the exchange
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interaction, due to the short ranged contribution, as [40]:

H =


+δ0 +δ1 0 0
+δ1 +δ0 0 0
0 0 −δ0 +δ2
0 0 +δ2 −δ0

 (1.14)

with δ0 = 1.5 (az + 2.25bz), δ1 = 0.75 (bx − by) and δ2 = 0.75 (bx + by). az and
bx/y/z are coupling constants and their values depends on the geometry of the QD.
The degeneracy between states with |M | = 1 and |M | = 2 is now lifted by an
amount δ0.

Since the matrix is a block matrix dark and bright X10 do not mix. If bx =
by → δ1 = 0, this means that the two states with |M | = 1 are eigenstates of the
system and are degenerate. Under this condition δ2 ̸= 0 and the two dark X10

states are mixed, and the other eigenstates of the system are 1√
2
(|↑⇑⟩ ± |↓⇓⟩).

If QD symmetry is broken then bx ̸= by → δ1 ̸= 0, the two bright X10 are
not eigenstates of the Hamiltonian and mix between each other. The new set of
eigenstates is 1√

2
(|↑⇓⟩ ± |↓⇑⟩) and 1√

2
(|↑⇑⟩ ± |↓⇓⟩). Polarization of the emitted

photons from recombination of bright states is linear, H and V, and they are split
by δ1.

The long ranged contribution to the exchange interaction contributes to in-
crease the splitting between dark and bright states. In QD with symmetry lower
than D2d it further increases the splitting between the two bright states, without
affecting the splitting of dark one. This can be included in Eq.1.14:

H =


+∆0 +∆1 0 0
+∆1 +∆0 0 0
0 0 −δ0 +δ2
0 0 +δ2 −δ0

 (1.15)

with ∆0/1 = δ0/1 + γ0/1. γ0 is the contribution of the long range exchange
interaction to the splitting of dark and bright states. The coefficient γ1 = γx − γy
becomes relevant to the split of bright states only for asymmetric QD because
coupling constants γx/y have different values. In general it is assumed that γ1 ≫ δ1
[40]

The split between the mixed bright excitons, 1√
2
(|↑⇓⟩ ± |↓⇑⟩) is known as Fine

Structure Splitting, FSS for short.
For a QD with very low symmetry, maybe due to strain or non uniform mor-

phology, Eq.1.15 does not describe any more the exchange interaction of the sys-
tem. There is no distinction between bright and dark states, as they can mix
between each other, so they are allowed to optically recombine by selection rules
of the system.
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Considering that light holes have Jlh,z = ±1
2
, a similar discussion to the one

done so far can be applied to the X01 state. The basis is again formed by the:

|↑⇓⟩ →M = 0

|↓⇑⟩ →M = 0

|↑⇑⟩ →M = +1

|↓⇓⟩ →M = −1

(1.16)

The differences with X1̄0 recombination are that now states of parallel spins
should be able to recombine via emission of σ± photons and states with antiparallel
spins should emit π photons, linearly polarized along the growth direction.

But these 4 states are not the eigenstates of a system a broken symmetry and
electron hole exchange interaction. In that case the eigenstates are 1√

2
(|↑⇑⟩ ± |↓⇓⟩)

and 1√
2
(|↑⇓⟩ ± |↓⇑⟩). The first two eigenstates with parallel spin emit then non

degenerate linear polarized photons, H and V. Of the last two eigenstates, only
the state 1√

2
(|↑⇓⟩+ |↓⇑⟩) emits a photon, linearly polarized along the ẑ direction,

the other is a dark state. Furthermore, the emission from 1√
2
(|↑⇓⟩+ |↓⇑⟩), due to

electron and hole exchange interaction, will also be non degenerate with the two
other bright eigenstates. This recombination pattern is the same for QD belonging
to groups C3v and D3h [36]

Figure 1.10: Decay of X1̄0 and X01̄ with symmetries C3v and D3h. Taken from [36]

The 2X2̄0 state is composed of two electron and two holes. Because all the
charge carriers are in the ground state, there must be two carriers of opposing
spin in each energy level, due to Pauli Exclusion Principle, |↑↓⇑⇓⟩. Electrons and
holes are in a singlet state and thus no exchange interaction arises between the
two types of charge carriers.

Due to Coulomb interaction between the four charge carriers the energy of
photons emitted in the 2X2̄0 → X1̄0 and X1̄0 → 0 recombinations are different by
an amount known as binding energy, ∆B = 2h̄ωX − h̄ωXX , where ωXX/X is the
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frequency of the photon emitted by 2X2̄0/X1̄0. Binding energy can be negative
or positive. In the first case the dot is said to be antibiding and the 2X2̄0 has
higher energy than the X1̄0, in the second the dot is binding and the 2X2̄0 has
lower energy than the X1̄0.

The 2X2̄0 recombines to the X1̄0, for this reason it is a doublet state with linear
polarization with a split equal to the FSS.

If the QD symmetry is further broken to C2v the recombination pattern of 2X20

is complicated further. Calculations from [36] show that even the X1̄0 should show
a linearly polarized component along the ẑ direction, see Fig.1.11.

Figure 1.11: Recombination cascade for 2X2̄0 forD3h and C2v symmetries. Linearly
polarized along the ẑ direction emission from X1̄0 recombination is predicted in
C2v symmetry. Taken from [36]

In the QD level scheme that we are considering, see Fig.1.8, only holes can be
in excited states.

For this reason the only way that a neutral biexciton can have carrier in the
excited states is in the 2X11 configuration. The electrons fill their only available en-
ergy level in a singlet state, therefore electron hole exchange interaction is switched
off. On the other hand, hole hole exchange interaction, between the two holes in
different levels, splits 2X11 in two non degenerate transitions. If recombination
happens from the light (heavy) hole band then 2X11̄ → X10 (2X1̄1 → X01).

The decay pattern of X11 in C3v symmetry is predicted to show up to 16
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transitions. Elevating the symmetry of the QD to D3h simplifies the emission
pattern by halving the number of transitions [36].

Figure 1.12: Decay of 2X1̄1 and 2X11̄ with symmetries C3v and D3h. Taken from
[36]

Breaking the symmetry to C2v will increase the number of possible transitions
and split them in linearly polarized, see Fig.1.13.

Figure 1.13: Decay of 2X1̄1 (left side) and 2X11̄ (right side) with symmetries D3h

and C2h. Taken from [36]

1.2.1.4 Charged Excitons

Positive and negative trions, in their ground states, have two carriers of the same
sign in a singlet state, therefore there will be no exchange interaction between the
charges of opposing sign. The minority charge, hole for negative or electron for
positive trions, can have two spin states and so in the absence of magnetic field
the state is doubly degenerate. For QD belonging to C2v, C3v, D2d and D3h groups
the strict selection rules shown in Fig.1.9 apply.
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The same discussion is valid for a singly charged exciton with the minority car-
rier in the excited state, for example X−

01, and the state can additionally recombine
with the emission of a photon linearly polarized along the growth direction.

As for the 2X11, in the considered QD levels scheme, only positive trions can
have the extra majority charge carrier in the excited state, X+

11, and it decays to
single hole state X+

1̄1
→ lh or X+

11̄
→ hh. Unlike 2X11 here the states are further

split by the electron hole exchange interaction.

The decay scheme for X+
11̄

is the same for C3v and D3v, the spectra is char-
acterized by two circularly polarized transitions and two linearly polarized along
the growth direction. These four lines are doubly degenerate due to the possibility
of the electron spin to be ↑ or ↓. A breaking of the QD symmetry to C2v group
would cause the split between the four states to increase each transition line of the
spectra to split in three x, y, z polarized transitions, see Fig.1.14.

On the other hand the spectra of X+
1̄1

passes from 6 bright lines in C3v group
to 4 in D3h.

Figure 1.14: Recombination cascade of 2X+
2̄1

(left side) and 2X+
11 (right side) with

symmetries C3v, D3h and C2h. Taken from [36]

Therefore the experimental spectra of the 2X11 and X+
11 states can be used to

probe the actual symmetry of the QD.

1.2.2 Decoherence

The coupling of QDs to the surrounding environment can be beneficial, in the
case of the ability to populate the QD with a desired state, or detrimental, loss of
coherence of the desired state.

For example, in the previous section we have seen that excitonic states upon
recombination emit a photon, if our goal is to store information in the QD using
such bound state, the recombination can be seen as a transverse decoherence pro-
cess due to the spontaneous emission. The timescale of the decoherence is then
set by the radiative lifetime. Transverse decoherence of a state can also happen
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non radiatively, for example in the case of an excited states that relaxes to ground
state through the emission of lattice vibrations, known as phonons.

Charge carrier fluctuations in the QD also lead to noise in the local electric
field, which shifts the emission wavelength and linewidth of the transition of the
state due to the DC Stark effect. If the goal is to have indistinguishable photons
for interferometry applications then this kind noise needs to be limited, for this
reason above-band excitation with a CW laser may not be an efficient way to
populated the QD, due to the several different bound states that are continuously
populated from free charges going to the QD from the other layers of the sample.
An excitation pulse with an energy tuned to the desired transition is then a more
correct approach.

Another source of noise is the loss of phase of spin states that interact with
the random magnetic field generated by the nuclear spins of the material via
hyperfine interaction. The nuclear spins are usually randomly aligned, but over
short timescales the effective magnetic field can be of a few mT [37], this field is
known as Overhauser field.

The interaction of electron spins with nuclear spins is described by the Fermi
contact hyperfine interaction:

He
hf = Ω

N∑
j=1

Aje|Ψe

(
R⃗j

)
|2I⃗j · S⃗ (1.17)

Ω is the unit cell volume, Aej the coupling coefficient, Ψe the electron envelope

wavefunction, S⃗ the electron spin, I⃗ the nuclear spin and R⃗ the position vector.
The sum runs over all the nuclei, and for QD typically N ∼ 105.

For electrons pure dephasing times, T ∗
2 , have been estimated to be ∼ 1ns [45].

Heavy holes, on the other hand, have no Fermi contact interaction, but interact
with the nuclear spins through the dipole - dipole interaction:

HHH
hf = Ω

N∑
j=1

Ajh,z|Ψh

(
R⃗j

)
|2IjzSz (1.18)

heavy holes are then influenced only by the ẑ component of the Overhauser
field, the coupling constant is usually smaller than the electron coupling constant
[46].

Any mixing between light and heavy hole bands will complicate the spin -
nuclei interaction and lead to an Hamiltonian with in plane coupling as well

Hh
hf = Ω

N∑
j=1

|Ψh

(
R⃗j

)
|2A⃗jh · I⃗

j · S⃗j (1.19)
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Given the multiple effects taking place in the decoherence dynamics of bound
excitonic states, it is difficult to associate a dephasing process only or mostly to
electrons or holes, and sometimes fluctuations in the charge noise and electric field
have much stronger effect than the hyperfine interaction.

In theory, it is possible to switch off the heavy hole - nuclear spin interaction
by applying a counteracting field along the ẑ direction [46], but this can happen
only for pure heavy hole band with no light hole mixing.

Decoherence times can be increased by using the spin echo technique [47]. The
QD is placed in a strong magnetic field, Bext = 4T in the Voigt geometry, that
removed the degeneracy from the states |↑⟩/|↓⟩ and |↑↓⇑⟩/|↓↑⇓⟩. Dephasing of the
precession between the two spin states |↑⟩ and |↓⟩ is increased to µs by applying
a series of delayed pulses to the excitation scheme. The first pulse, π/2, sets the
state in a superposition state of |↑⟩ and |↓⟩. The state is then left to freely dephase,
at a delay T a second pulse, π, refocuses the state by reversing the depahsing, and
then after another delay T the second π/2 pulse prepares the QD for the readout
of the transition |↓↑⇓⟩ → |↑⟩.

In [48] the authors study the dephasing dynamics of electron, hole, positive
and negative trion and dark exciton from the same QD. Generation of Overhauser
field is a avoided, without applying any external field, by pumping the sample
with linear polarized light. Under these conditions, the QD spin is not initialized
deterministically, like it would happen by exciting with circular polarization, but
probabilistically because the desired circular polarized transition is post-selected
from the first emitted photon.

1.2.3 Entanglement

As stated in the previous section, entangled photons are a necessary resource for
several quantum computing and information tasks. Entangled photons can be
generated by QD in the 2X2̄0 −X1̄0 cascade as suggested in [49].

Due to selection rules 2X2̄0 state can’t optically recombine directly to the
ground state, its recombination to ground state is a two step process with an
intermediate single exciton state. A first electron - hole couple with M = +1
(M = −1) can recombine and will emit a right (left) circularly polarized photon,
L (σ+). The QD is then left populated by a X1̄0 state with M = −1 (M = +1),
and upon recombination the QD will emit a left (right) polarized photon, R (L).

The two photon state is then a maximally entangled Bell pair:

Ψ+ =
1√
2

(
|L2X2̄0

RX1̄0
⟩+ |R2X2̄0

LX1̄0
⟩
)

(1.20)

The entangled state can be rewritten in linear and diagonal bases by using the
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following equivalences:

|H⟩ = 1√
2
(|R⟩+ |L⟩)

|V ⟩ = i√
2
(|L⟩ − |R⟩)

Ψ+ =
1√
2
(|LR⟩+ |RL⟩) = 1√

2
(|HH⟩+ |V V ⟩)

(1.21)

|D⟩ = 1√
2
(|H⟩+ |V ⟩)

|A⟩ = 1√
2
(|H⟩ − |V ⟩)

Ψ+ =
1√
2
(|LR⟩+ |RL⟩) = 1√

2
(|DD⟩+ |AA⟩)

(1.22)

The process described above happens only in perfect symmetrical QD because
the two X1̄0 state are degenerate and without measuring the polarization of the
two photons we can’t distinguish which set of electron - hole couples recombined.
The absence of FSS is very rare for QDs and implies that great effort needs to be
put in post-selection of QDs.

If the degeneracy is lifted because of defects or strain, the two X10 states won’t
have the same energy and they will be separated by the FSS. Thus after the first
electron hole couple in the X20 state recombines it will emit a linearly polarized
state and the QD will be left in entangled state 1√

2
(|H2X20XH⟩+ |V2X20XV ⟩). The

QD is left populated in a superposition of the XH and XV , but because the two
states are at different energy they will precess and develop a phase difference over
time. After a certain time τ the exciton will recombine and emit another photon.
The two photon state is then 1√

2

(
|H2X20HX10⟩+ eiFSSτ/h̄ |V2X20VX10⟩

)
.

This state is still an entangled state, but τ is a variable delay which depends
on the radiative lifetime of the exciton state. Since entanglement is measured not
on the single photon pair but over many recombination cycles, the total emission
of entangled photon pairs is then given by the integral over all the possible delays
between the two photons. The averaged state is then mixed and the entanglement
washed out.

The dependence of the phase term on the FSS implies that QD with small,
ideally 0µeV , FSS would be good candidates for entangled photons emission. En-
tangled photons can also be post selected by gating the detection to a fixed delay
τ , in this way the other Bell states, Eq.1.2, can be generated as well. This method
greatly reduces the intensity of entangled pairs.

Developing QDs with negligible FSS is the preferred approach, and it has been
pursued by changing the QDmaterials, from strained InGaAs to unstrainedGaAs,
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or by compensating the FSS through the use of an in plane magnetic field [50] of
electric field [51], or strain applied via a piezoelectric device [52].

Some limitations are still present due to the nature of the cascade. The lifetime
of the exciton puts a lower bound on the photon indistinguishability emitted from
different recombination cascades and introduces jitter in the generation process of
entangled photon pairs [53].

QDs can also be used to generate cluster states according to a proposal by
Lindner and Rudolph [54].

The QD is placed in a magnetic field of strength B along the y direction, in
plane with the QD.

Let’s suppose that the QD is populated by a hole in the super position state
1√
2
(|⇑⟩+ |⇓⟩) at time t = 0s. We excite the system with a linearly polarized laser

pulse, H = R+L, tuned to the transition energy of the trion state. Since the states
|↑⇑⇓⟩ and |↓⇑⇓⟩ are degenerate the QD will now be populated in a superposition
state of the two trion spin configuration, 1√

2
(|↑⇑⇓⟩+ |↓⇑⇓⟩).

Electron - hole recombination will result in emission of a circularly polarized
photon, the charge carrier - photon state is then a maximally entangled Bell pair,
1√
2
(|⇑ R1⟩+ |⇓ L1⟩).
The magnetic field induces spin precession with frequency ωB = ge/hµB/h̄, for

this reason after a time T = π/ (2ωB) the state will evolve into

1

2
(|⇑ + ⇓, L1⟩+ |− ⇑ + ⇓, R1⟩) (1.23)

By timing the following excitation pulse to the period of spin precession and
waiting for the recombination we obtain the state:

1

2
(|⇑, L1, L2⟩+ |⇓, L1, R2⟩ − |⇑, R1, L2⟩+ |⇓, R1, R2⟩) (1.24)

Under the convention |0⟩ = |L⟩ / |⇑⟩, |1⟩ = |R⟩ / |⇓⟩ we can see that this is
equivalent to a 3 qubit cluster state.

Repetition of the timed excitation and recombination cycle will generate a
string of entangled photons and thus a one-dimensional/linear cluster state. It is
interesting to note that the same procedure, but π rotations, will generate GHZ
entangled states.

Care must be taken in setting the strength B of the magnetic field, the trion
state has a lifetime τ which means that the magnetic field will induce precession of
the uncoupled charge carrier as well, due to its non zero spin projection along the
magnetic field axis. This unwanted precession will introduce errors on the spin.
Stronger fields increase the error probability because the uncoupled charge carrier
can precess more during the lifetime of the trion. It has been shown anyway that
a value B ≪ 1/

(
ge/hµBτ

)
is enough to mitigate the issue [54].
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1-dimensional cluster states with QD have been generated by Cogan and Ger-
shoni [28] and Senellart group [29].

In the first paper, the QD has been initialized by tuning a laser to one of the
positive trion excited states, in which the electron is in the second energy level. A
fast non radiative decay populates the ground trion state, X+

20. The non radiative
decay needs to be as fast as possible to increase the indistinguishability of the
emitted photons, as demonstrated previously by the same group in another paper.
The generation rate of entangled photons in 0.5GHz. Despite the very high rate
of generation the procedure is limited by a low extraction efficiency, due to the
lack of integration of the QD in a photonic structure needed to boost extraction
efficiency.

In the second paper the laser is slightly detuned from the trion transition
and the state is populated through phonon assisted excitation. A three photon
correlation measurement is used to characterize the entangled state. The first
photon emitted by the QD is measured on a circularly polarized base to project
the spin to the ↑ or ↓, this is done because at time t = 0s the spin is in a statistical
mixture of ↑ and ↓ and to generate a cluster state it needs to be initialized to
a known. The following two photons are measured on a linear or circular base
depending on the delay of the third pulse. Initially the delays between the three
pulses are set to be the same, t23 = t12, to generate

1√
2
(−i |↑, V2, R3⟩+ |↓, H2, L3⟩).

This is a 3 qubit linear cluster state, equivalent to a 3 qubit GHZ state.

1.3 Conclusions

In this chapter we presented the concept of quantum computing and its realisation
with the quantum gates or one-way quantum computing approaches. We have
introduced the concept of entanglement and several entangled states, Bell pairs,
GHZ and cluster states.

We have seen how Bell pairs and GHZ states are ideal for QKD applications,
therefore a platform that can generate entangled states on demand by exploiting
some non linear property is a very convenient platform to implement quantum
computing.

We have highlighted the advantages of the one-way quantum computer ap-
proach over the circuit model. The first shifts the complexity from multi-qubit
operation to the creation of a complex entangled state, a cluster state, and is more
resilient to qubit loss. Bidimensional cluster states are required to be be able to
implement general quantum computation. Deterministic linear cluster states are
of huge interest for the quantum computing community, even though by them-
selves they do not allow for general quantum computing, they can be fused with
the use of fusion gates to generate probabilistic bidimensional cluster states, see
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Fig.1.5.

We have explained decoherence of a qubit state, how it affects quantum com-
puting and how it can be mitigated in certain scenarios.

We have introduced photons and devices based on semiconductors as promising
platforms for implementation of quantum computing. Polarization of a photon can
be used as qubit and the weak interaction among photons is beneficial to limit the
unwanted effects of decoherence. Semiconductor devices let us convert quantum
states of spins to quantum states of photons and can be optically or electronically
triggered to generate on demand qubit states. The knowledge of fabrication and
processing techniques built by the scientific and industrial community over the
decades of device development also allows for great flexibility and customizability
of such devices.

Later in the chapter we focused on a particular type of semiconductor devices,
quantum dots. We presented QDs as single and entangled photon emitters, demon-
strated how the optical properties of the QD depend on its geometry and explained
the different selection rules for the optical recombination of exciton complexes that
can populate QDs. We have also shown how the spectrum of a QD and its po-
larization properties can be used as a fingerprint of the QD and its symmetry.
We have discussed how QDs can be used as Bell pair emitters, by exploiting the
non-linear properties of the QD in its 2X2̄0 → X1̄0 cascade. We have discussed
how the FSS is detrimental to the average entanglement, therefore development
of QDs with small FSS is of great interest for the community. We will see in the
following chapters how we were able to engineer QDs with small FSS thanks to
epitaxial growth processes or to compensate the FSS with external devices.

Lastly we discussed, how according to the Lindner and Rudolph protocol [54],
QDs are a suitable platform for the generation of linear cluster states, by exploiting
the precession of a single charge carrier in a weak magnetic field and the photon
- charge entanglement. As previously mentioned, the ability to generate linear
cluster states is of great relevance for quantum computing. Optically or electroni-
cally triggering the QD trion emission will allow the researcher to have a stream of
entangled photons entangled to the hole left in the QD. Simple one-qubit measure-
ment on the photons will let us manipulate the cluster state. Characterization of
cluster states requires high photon throughput from the sample and long coherence
times of the hole.

In summary, for quantum computing applications the most relevant photonic
resources are high-fidelity, on-demand polarization-entangled photon pairs and, ul-
timately, linear cluster states that can be fused into two-dimensional cluster states.
These photons must be indistinguishable, bright, and coherent to allow scaling in
quantum circuits. While QDs naturally provide cascaded emission that can gener-
ate Bell pairs, achieving the required quality demands reducing or compensating
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the fine-structure splitting. Furthermore, QDs uniquely enable deterministic gen-
eration of linear cluster states via the Lindner–Rudolph protocol, provided that
long coherence times and high photon extraction are achieved. Thus, although
as-grown QDs do not yet meet all the requirements, engineering through epitaxial
growth, strain, or external fields can bring them into the regime needed for scalable
quantum photonics.
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Chapter 2
Pyramidal Site-Controlled Quantum Dots
and Experimental Techniques

In Chap.1 an overview of quantum computing was given. QDs were introduced as
a suitable source of entangled photons to generate cluster states and implement a
one-way quantum computer.

In this chapter we will discuss first the fabrication of a particular type of QDs,
Pyramidal Site-Controlled Quantum Dots.

Epitaxial growth refers to the process though which a crystalline material is
grown on top of a single crystal substrate. The crystalline material can be de-
posited on the substrate after thermal evaporation, like in Molecular Beam Epi-
taxy (MBE), or carried by molecules of a gas that decomposes at the surface, like
in Metal Organic Vapour Phase Epitaxy (MOVPE).

These processes are carried out at high temperatures of both substrate and
deposited material. The diffusion properties of the two crystals, complex dynamics
at the surface of the substrate, strain and absorption by defects can be exploited
to grow several kinds of structures, like quantum wells, wires and dots, or even
complex devices like laser and detectors when epitaxial growth is combined with
chemical or mechanical processing.

Several techniques are known in the community to grow semiconductor QDs
[1]. This thesis focuses on III - V material QDs grown inside pyramidal recesses of
a GaAs substrate. These dots are known as Pyramidal Site-Controlled Quantum
Dots.

Using a pre-patterned substrate for the growth process allows the researcher
to find the QDs at known locations, unlike Stranski-Krastanov or Droplet Etch
QDs which are grown at random locations on the substrate. As detailed later, the
MOVPE technique allows for a wide mix, engineering possibilities of materials and
structures grown inside the pyramidal recesses with a high yield of uniform QDs

37
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[2].
After describing the details of the growth process we will focus on the several

processing steps and techniques to make these dots suitable for optical character-
ization.

In the last section of the chapter we will describe several experimental setups
used for spectroscopic characterization of the QDs.

2.1 Substrate Preparation

These are the steps to prepare the substrate in which the QDs will be fabricated.
A pattern of inverted tetrahedrons with a chosen pitch, defined as the tip-to-tip
distance, needs to be imprinted on a (111)B oriented GaAs substrate. For this
thesis we have worked with samples grown on a 7.5µm pitched substrate.

1. A 50nm thick layer of SiO2 is sputtered on the wafers.

2. The wafers are coated with a primer layer of Hexamethyldisilazane, HMDS,
to promote adhesion of the photoresist.

3. S1805 photoresist is spun over the wafers, soft baked at 115◦C on a hotplate
to remove the excess solvent to avoid sticking to the mask and to harden it
to make it more resistant.

4. a chromium mask and Hg-Xe vapour lamp are used to transfer the pattern
of triangles to the photoresist, the pattern has a pitch of 7.5µm, 10µm or
12.5µm and a tilt of 0.05◦ with the [110] direction to allow cleaving the
pyramids at different depths.

5. The photoresist is developed using MF-319.

6. The wafer is cleaned using O2 plasma.

7. A diluted HF etch transfers the pattern from the photoresist to the SiO2

layer.

8. The remaining photoresist is washed away with baths of acetone, IPA and
water.

9. The pattern transferred to the SiO2 layer acts like a mask and a Br -
Methanol solution is used in a wet etching process to expose the (111)A
facets and produce a inverted pyramidal recesses.

10. The SiO2 layer is removed with another diluted HF etch.
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2.2 Metal-Organic Vapour Phase Epitaxy Growth

The growth of QDs is achieved using the Metal-Organic Vapor Phase Epitaxy
(MOVPE) technique. The precursors of the QDs materials are carried to the
MOVPE machine reactor by using gases like N2 or H2.

In order to grow III-V group compound semiconductors, metal-organic com-
pounds are used as precursors for group III semiconductors, which are composed of
a metal, typically In/Al/Ga, and organic ligands, CH3, and inorganic precursors
compounds for group V semiconductors, AsH3/PH3.

The rotation of the sample holder inside the reactor ensures a uniform growth
of the epitaxial structures.

The growth of QDs inside the pyramidal recess is a complex process due to the
non-planar nature of the the substrate [3].

Two competing phenomena, the anisotropic growth rate on exposed side facets
and capillarity effect, produce the so called self limiting profile, which is also known
from the growth of V-grooves quantum wires [4].

The first phenomenon, the anisotropic growth rate, happens because of the
property of the pyramid sidewall surfaces. These are terminated by Ga atoms,
(111)A plane; if the growth conditions are in a certain range, there will be more
decomposition of the precursors along the sidewalls than on the base of the pyra-
mid. This will ensure that the base of the pyramid will be kept sharp during the
growth process.

The second phenomenon, the capillarity effect, causes the diffusion of adatoms
to reduce surface energy by increasing planarity. This will cause the adatoms to
accumulate at the bottom of the pyramid, and thus widen the base of the pyramid
during the growth process.

When both phenomena are in equilibrium the so called self-limiting profile con-
dition is reached and the size of the (111)B base can be tuned. By controlling the
growth conditions QDs of different size can be grown along the (111)B direction.

In this thesis QDs with different epitaxial structures will be studied. Com-
mon features of the epitaxial structures of different types of QDs are: an initial
thick buffer of GaAs to reduce defects introduced by the sidewall surfaces defects
produced during patterning and sample post processing; and a layer of high Al
content AlxGa1−xAs is introduced after to protect the QDs stack from the wet-
etching process that the samples will go through after the growth is completed.
This layer acts like an etch-stop layer and blocks the ammonia from damaging the
sample due to the high selectivity between GaAs and AlxGa1−xAs.

The InGaAs QDs are confined by GaAs barriers. The QD is interconnected
with three lateral quantum wires and three lateral quantum wells that develop
during the growth process, respectively, along the edges and parallel to the sidewall
surfaces of the pyramidal recess, see Fig.2.1 [5].
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The GaAs QDs are confined in AlxGa1−xAs barriers. Since the barrier alloy is a
ternary compound, alloy segregation is produced and a vertical quantum wire and
three vertical quantum wells appear. These additional structures might increase
disorder in the system and thus lower the quality of certain QD properties, for
example the FSS [2].

The biggest contribution to the degradation of the optical properties of the
GaAs in AlxGa1−xAs QD comes from the vertical quantum wire, due to the high
surface shared between the two structures and its being an intrinsically disordered
alloy.

In general, we observe a reduction of FSS with increasing Al content. GaAs
QDs in AlAs barrier are, for example, characterized by the lowest average value
of FSS = 11± 8µeV [2]. Because AlAs is a binary compound, disorder is absent
and the leftover FSS is due to other phenomena.

To reduce the disorder influence while keep the AlxGa1−xAs barriers, a thin
superlattice structure, alternating layers of binary compoundsGaAs andAlAs, can
be introduced to sandwich the dot and detach the two structures. This strategy
lead to a drastic reduction in average FSS, down to 6± 4µeV [2].

The typical stack of layer is reported in Fig.2.2

Figure 2.1: Features formed in a pyramidal recess during the QD growth process.
VQW/LQW are the Vertical/Lateral Quantum Wells and VQWr/LQWr are the
Vertical/Lateral Quantum Wires, these features are formed by Ga segregation in
the ternary compound AlxGa1−xAs. Image taken from [6]
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Figure 2.2: Stacks of material used for the different types of QDs studied in this
thesis. In light grey the etch stop layers, in dark green the barriers, in light green
superlattice (GaAs QDs) and additional barriers (InGaAs QDs), in yellow the
QDs.

2.3 Sample Post-Processing

While it is possible to measure as grown samples, it is not very practical for any
useful application because the sidewalls of the pyramids would scatter most of the
outgoing light. Characterizing the dots in this way would require very high laser
power, which degrades optical properties, and very long acquisition time to gather
emission signal.

To improve light collection several light extraction and collection strategies can
be realized.

2.3.1 Polishing and Solid Immersion Lens

The goal of the polishing process is to reduce the length of the sides of the base
of the pyramid to a few hundred nm. The sample is attached to a glass slide with
the base of the pyramids facing up, and mounted in a rotating jig on a polishing
pad. A slurry with 80nm particulate is poured on the pad, and the removal of
material is monitored with the optical microscope. When the pyramids have the
desired base the process is stopped.

To improve light collection from the objective a solid immersion lens, SIL, can
be placed on the sample. The SIL increases magnification and numerical aperture
of the setup compared to a regular lens by filling the object space with a higher
refractive index material. We used a Weierstrass SIL made of LaSFN-9, which has
a refractive index n = 1.83 and is characterized by a truncated sphere shape of
radius r = 0.5mm and height h = (1 + 1/n)r = 0.77mm.

The SIL should theoretically increase the numerical aperture of the setup by
a factor n2 [7]. In our measurements a ∼ 5x increase in collection efficiency has
been observed compared to measurements without SIL.
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2.3.2 Back-Etching

In the following section the back-etching process is described. This process exposes
the tip of the pyramid by removing the excess material on the wafer through
mechanical grinding and wet etching.

This processing, see Fig. 2.3, compared to polishing, improves light collection
efficiency by 2 orders of magnitude.

1. The sample is cleaved by scribing a small scratch close to the edge with a
diamond-tip scriber and gently pressing across the scratch with a pair of
tweezers; the same procedure is done to a (100) GaAs substrate that will be
used as a carrier.

2. A drop of SU8 is used to bond the carrier and the sample, with the pyramids
tip pointing up, and is cured on a hotplate for 2 to 4 minutes at 150◦C.

3. The carrier is attached to a round glass slide with some wax and the planarity
is checked with a dial indicator.

4. The glass slide is attached through suction to the rotating jig and placed on
the grinding pad.

5. A slurry with 1µm particulate is added and rate of grinding of excess material
is checked every few minutes to avoid removing the quantum dot.

6. When a few tens of µm of excess substrate are left on top of the pyramids,
the mechanical grinding process is finished.

7. A solution of 120mlH2O2 : 3.8mlNH333% is prepared and mixed in a beaker
with a magnetic stirrer at high speed setting.

8. Once the solution is properly mixed, the speed of the stirrer can be lowered
and the sample dipped in the solution.

9. After 10 minutes the surface of the sample is checked with an optical micro-
scope and the etching is continued until the pyramids start to be exposed;
the process is not uniform and the etching starts to remove material from
the sides.

10. Once enough small pyramids start to appear, the etching can be stopped, as
excessive etching will not only remove the GaAs from the facets but damage
the quantum dots as well.
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Figure 2.3: Backetch process, image taken from [8]. Steps: 1) Recesses are pat-
terned on a (111)B GaAs substrate, 2) the QDs are grown inside the recesses in
the MOVPE reactor, 3) as-grown sample is flipped and attached with SU8 to a
(100) GaAs carrier, 4) excess substrate material is mechanically removed, down
to a thickness of ∼ 30µm, 5) the leftover substrate is removed using a chemical
back-etching process until the pyramid’s tips are exposed.

2.3.3 Cleaving

The sample needs to be cleaved to measure the QDs photoluminescence from
excitons composed of holes with a pz component of the angular momentum, where
ẑ is the growth direction of the QDs. The surface with the pyramid bases is
scratched with a carbide scriber, light pressure is applied across the scratch with
some tweezers and this will cause the sample to split in two pieces along the
(110). Due to the tilt in the patterning mask, the pyramids will be cleaved at
different depths, and some areas of the cleaved edge will still have the dot inside
the pyramid, see Fig.2.4.

2.3.4 Sample Mapping

It is often necessary to be able to go back to a specific quantum dot over several
measurement sessions, this requires the ability to map the sample surface. Two
different lithography techniques have been used for this task, a direct laser writing
and a lithographic photomask.
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Figure 2.4: Schematic of a cross section of a pyramidal QD. (Left) angle α between
the pyramid orientation and cleaving plane (110), highlighting the different dis-
tances of the QD from the exposed plane. Image taken from [3] (Right) Emission
from the pz component will be vertically polarized at the spectrometer due to the
configuration in which the sample is mounted. Image taken from [9]

2.3.4.1 Direct Laser Writing

Two linear stages model X-LSM-E from Zaber have been mounted in a perpendic-
ular configuration to move the sample in the XY plane. A piezoelectric actuator
from Newport controls the distance of a 40x objective from the sample surface
along the ẑ direction. A 405nm laser diode from Thorlabs is routed to the objec-
tive, and a red LED with a CMOS camera allows the user of the setup to have
imaging on the sample without affecting the photoresist. The focus can be ad-
justed coarsely by manually turning the actuator screw and then fine tuned with
an ESA-C Ultra-Resolution Actuator Controller.

The minimum feature that can be printed with this system is given by the
laser spot diameter, 3µm, and not by the minimum step of the XY stages, which
is much smaller, ∼ 0.04µm.

A custom software has been written in LabVIEW to control the position of
the stages in the XY plane moving the sample and to control a mechanical shutter
that blocks the 405nm laser diode to write selected shapes on the sample. The
shapes can be drawn in software like GIMP or Inkscape and then converted to
GCode that can be interpreted by LabVIEW into commands for the stages.

A combination of lift off resist, LOR, and S1805 is spun over the sample. The
desired pattern is written on the sample with setup and then developed removing
the exposed areas. The LOR is needed to give an undercut to the S1805 and to
not allow the deposited metal to be continuous.

A metal, usually gold, is evaporated on the sample and the resist washed away
with a solvent leaving only the exposed pattern covered in metal, completing the
lift-off process. The high reflectivity of the metal gives an high contrast for imaging
purposes.

This approach to lithography allows to easily write custom patterns, not only
markers, but also electrical contacts, without the costly investment into a cus-
tomized mask. Another advantage is that the setup can be used without issues for



Chapter.2 | Page 45

a sample with a rough surface, like a backetched sample, because there is no need
for the a mask to contact the surface.

Some test results of the procedure can be seen in Fig.2.5. The first picture is a
wide view of the area, highlighting the wide range over which the features can be
printed, the zoomed in picture highlight the different shapes that can be written
and their minimum size.

Figure 2.5: Test patterns written with the scratch built lithography setup. The
scale bars for reference are (left) 500µm, (right) 50µm.

2.3.4.2 Lithographic Photomask

One of the drawbacks of the direct laser writing is the slowness, as the stages have
to scan the desired shape and the shutter has to open and close along the travel.
The process requires also additional steps: spinning of two resists, writing (which
is a slow process in itself), developing of the resist, metal deposition and removal
of excess material.

A much faster process involves the use of a lithographic photomask. A copper
stencil is used to cover a glass slide and deposit metal in a matrix of square holes.
The glass slide is then used as a mask to expose to UV Light a sample with SU8
spun on top. The SU8 is a negative resist, so the exposed part becomes cross-linked
and can’t be washed away by the solvent.

This process leaves the sample with a matrix of square holes in the photore-
sist where the pyramids are accessible for micro-photoluminescence measurements.
The cross-linked SU8 is also resistant to common solvents like acetone, so this al-
lows the sample to be cleaned after measurements.



Page 46 | Chapter.2

Usually a combination of these square patterns and some defects on the sample
surface, used as reference, are enough to get back to the desired dots.

Figure 2.6: Sample mapping with squares identified by a number, each square
contains a few hundred dots that can be identified by their distance from the
edges.

2.4 Micro-Photoluminescence

After processing, the quantum dots are characterized by the time and polarization
resolved microphotoluminescence techniques at cryogenic temperature using the
setup described below.

2.4.1 Cryostat

The samples are mounted on a the cold finger of an ArsCryo closed cycle He probe
station. Thermal contact between sample and cold finger is ensured by the silver
based thermal paste.

Measurements are typically done at 10K to limit noise in the QDs emission due
to the thermal distribution of charge carriers.

The temperature can be monitored in three points of the probe station using a
Lakeshore module model 336. The module is also capable of controlling the sample
temperature by driving two heaters.

A variety of mounting strategies is used depending on the desired measurement.

For cross section measurements, after the sample has been cleaved, it is at-
tached to a copper piece using silver paint and copper tape. The copper stage is
then placed inside the cryostat and thermal contact is again ensured using silver
paint. The cleaved edge is set to point up, along the ẑ axis of the optical setup
and coupling directly to an objective.
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For measurements involving electric fields, like QDs mounted on a piezoelectric
substrate or diode structures, at least two electric contacts are needed. Samples
are mounted on a copper round base; a Kapton coated copper wire is stripped of
the coating at the end and then is attached to the round base using silver paint,
these will form the ground contact. The second contact changes depending on the
application.

Monolithic piezoelectric substrates have both square surfaces covered in gold,
one is attached to the copper stage and then the sample is placed on top of the
other surface. Another enamel coated copper wire can be stripped and bonded on
the sample and thus is used as a second contact.

In the case of diodes the whole QDs structure is made so that the stack of
layer creates the two contacts, after the wet etching process the second contact is
exposed and be accessed using the probes of the probe station, which have a BNC
connector to carry electric signal and voltages.

The two contacts exit the probe station through a custom made flange or the
BNC connector of the probes.

A Keithley module applies the required voltage and monitors the currents
through the samples.

For measurements involving the use of a weak magnetic field, a custom made
copper stage has been designed and produced by the Tyndall workshop, see Fig.2.7.

Figure 2.7: 3D model of the custom built magnet holder. The cylindrical magnets,
of 3mm radius, are inserted in the two round holes at the center of the left and
right pieces. The magnets holder are 10mm tall, 5mm wide and 20mm long. The
sample, up to 2mm in length, is attached in the central part. The whole unit is
kept together by M3 bolts.
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The stage allows two cylindrical N35 magnets of 6mm length and diameter to
be mounted and, through the use of copper spacer, the intensity can be regulated
by changing the distance of the sample from the dots. The magnetic flux density
as high as |B| = 0.7T can be achieved with a 2mm spacer and N52 magnets. The
magnetic field was measured with a portable Gauss meter probe positioned at the
central axis of the magnets. During the typical measurements, N35 magnets were
used with a larger spacer to position the QD of interest in the field of |B| 0.3−0.4T .
To minimize possible nonuniformity effects at the lateral borders of the magnets,
the QD was placed as close as possible to the central axis. This configuration
allows to investigate some quantum dot properties like hole precession. To mount
the samples on this stage they have to be mechanically diced beforehand.

The sample and its various holder sit on Attocube stages which allow movement
along xyz axis.

Measurements requiring a stronger magnetic field have been conducted in the
laboratories of the La Sapienza University in Rome, using an AttoDry system and
a 45 deg silver coated mirror to direct the beam on the sample.

2.4.2 Quantum Dot Excitation

The quantum dots are excited with a variety of lasers as discussed below in more
details.

2.4.2.1 Imaging

It is often useful to have a live image of the sample surface to look for QDs or
recover their position while measuring. To this end an off the shelf red LED is
powered by a benchtop power supply, its divergent beam is collimated by a small
lens and then sent to the sample surface by placing a 50R : 50T non polarizing
beam splitter along the beam path. The reflection of the LED light from the
sample surface is then sent to a camera using a cold mirror, which reflects visible
light and transmits the QD emission, thus allowing to have live video and be able
to continue spectroscopy measurements in parallel, see Fig.2.11.

2.4.2.2 Above-band Excitation

A PicoQuant model D-C-635M is the main workhorse for regular characterization
of the quantum dots, it is used to excited the samples with above-band excitation.
It has a wavelength of λ = 635nm and can operate in continuous wave and pulsed
mode with a repetition rate from 31.25kHz to 80MHz and a FWHM ≈ 100ps,
the power output can be adjusted with a built in potentiometer of the PDL-800-D
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control unit. CW operation is useful for regular spectra collection, power de-
pendence, fine structure splitting measurements or cascade identification through
cross-correlation measurements. Pulse mode is used for collecting lifetimes of sev-
eral peaks which may not be excited under resonant pumping.

2.4.2.3 Laser Pulse Shaping

For resonant pumping, a Ti:Sapphire 80MHz fs laser output, a Tsunami from
SpectraPhysics or a Chameleon from Coherent, is pulse shaped using a double
transmission grating 4f configuration, see Fig.2.8. The fs laser is set roughly to
the wavelength range in which the user wants to operate the pulse shaper. The
first grating disperses the fs pulse with a FWHM ≈ 100fs, the dispersed pulse is
then focused by a concave mirror and a slit is placed on the focal plane to select
only a small wavelength range.

The adjustable slit allows to tune the pulse temporal length, but too small
of an aperture will cause diffraction of the beam, so typically a pulse width of
FWHM ≈ 10ps is used. Another concave mirror focuses the beam on a second
grating to recombine to the same spatial mode the dispersed beam.

Figure 2.8: 4f Pulse Shaper to convert a fs pulse to ps

The output of the pulse shaper can either be sent to a fiber to excite the sample
directly or sent to different setups.
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For measurements requiring a variable pulse delay, like a Ramsey fringes mea-
surement, the pulse is split by a 50R : 50T beam splitter, the reflection is sent to
a retroreflector mounted on a piezo stage that moves along the beam path, the
transmission is sent to another retroreflector mounted on a linear stage with a
travel range of 60cm. The retroreflectors are aligned so that the two beams, upon
reflection, overlap again and can be sent into a fiber coupler.

For measurements where only one of the two pulses needs to be delayed the
piezoelectric actuator is kept still in the same position and only the coarse delay
arm is moved.

The output of these setup is coupled to a panda fiber to preserve the linear
polarization of the pulses. To improve the beam degree of linear polarization a
polarizer is placed in front of the fiber output.

The power of the pulse can be controlled according to Malus Law, Eq.2.1, using
a half wave plate (HWP) and polarizing beamsplitter.

I = I0cos
2 (θ) (2.1)

2.4.2.4 Beam Path

The beams, either from the CW/pulsed red laser or ps pulse shaper, are steered to
the sample using dielectric or protected silver mirrors. To avoid needless realign-
ment the pulse shaped beam can be introduced along the red beam optical path
by using a short pass filter. The filter will transmit the red laser and reflect the
pulse shaped beam, by steering the fiber coupler and a mirror the two beams can
be overlapped on the sample.

The laser beams and imaging light are reflected from a 10R : 90T and sent
thought an objective onto the sample surface.

The objective is a 50x Mitutoyo optimized with for near infrared range and has
a focal spot with a diameter of ∼ 3µm. It is mounted on a xyz stage to coarsely
align its spot on the sample and regulate the focal distance.

To maximize light collection from the sample and since laser power is not a
limiting factor, a beam splitter with an high transmittance has been chosen.

2.4.2.5 Polarization

An important property of light waves is the polarization, which specifies the ori-
entation of the electric field oscillations. The plane of polarization of light is the
plane located by the direction of propagation of the wave and the electric field
vector.

If light propagates along the ẑ direction and its electric field vector oscillates
only on a single plane, the polarization is said to be linear. In particular, polar-
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ization is said to be horizontal (vertical) if the electric field vector is confined to
the XZ (XY ) plane, and diagonal (antidiagonal) if oscillations happen in a plane
ad 45◦ (135◦) with the x̂ axis.

If the plane of polarization is not fixed, we typically have elliptically polar-
ized light, which can be described as the superposition of two linearly polarized
component with a phase shift. Particular cases of elliptically polarized light are
right-handed and left-handed light, σ∓, in which the two linear components are
perpendicular, have the same magnitude and a ±90◦ phase shift.

During the measurement it is often necessary to send circularly polarized light
to the QDs, but this type of polarization is very often distorted by the optical
elements due to birifringence or imbalance in the s and p reflection coefficients,
where s and p are the components of the polarization perpendicular and parallel
to the plane of incidence [10]. Extensive studies have been done to characterize
and try to compensate the distortions introduced by the setup.

Polarized, unpolarized and partially polarized light can be described by a set
of four values known as Stokes parameters. Depending on the notation they may
be written as S0, S1, S2, S3 or I,Q, U, V or in vector form:

S⃗ =


S0

S1

S2

S3

 =


I
Q
U
V

 (2.2)

S0 = I = ⟨E2
H⟩+ ⟨E2

V ⟩ = ⟨E2
D⟩+ ⟨E2

A⟩ = ⟨E2
R⟩+ ⟨E2

L⟩ represents the intensity
of the state, or the sum of the expectation values on H/V, D/A or R/L bases.

S1 = Q = ⟨E2
H⟩ − ⟨E2

V ⟩ the amount of linearly polarized light in the H and V
base, 1 (-1) represents a purely horizontally (vertically) polarized state.

S2 = U = ⟨E2
D⟩ − ⟨E2

A⟩ the amount of diagonally polarized light in the D and
A base, 1 (-1) represents a purely linearly polarized at 45◦ (−45◦) state.

S3 = V = ⟨E2
R⟩ − ⟨E2

L⟩ the amount of circularly polarized light in the R and
L base, 1 (-1) represents a purely right handed (left handed) circularly polarized
state.
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S⃗H =


1
1
0
0

 S⃗V =


1
−1
0
0



S⃗D =


1
0
1
0

 S⃗A =


1
0
−1
0



S⃗R =


1
0
0
1

 S⃗L =


1
0
0
−1



(2.3)

In general I2 ≥ Q2 + U2 + V 2 and

√
Q2+U2+V 2

I
is the Degree of Polarization,

DOP, that describes the percentages of an electromagnetic wave which is polarized.
We can also defined the degree of linear and circular polarizations as:

DOPlinear = DOLP =
⟨E2

H⟩ − ⟨E2
V ⟩

⟨E2
H⟩+ ⟨E2

V ⟩

DOPcircular = DOCP =
⟨E2

R⟩ − ⟨E2
L⟩

⟨E2
R⟩+ ⟨E2

L⟩

(2.4)

the degree of linear polarization can be easily measured with a polarizer and HWP,
by rotating the HWP and plotting the measured intensity as function of the wave-
plate angle we obtain a signal, from whose amplitude and offset we can measure
the DOLP.

The classical approach to measure the Stokes vector of light is to use a combi-
nation of QWP, HWP and polarizer. A set of 4 measurements is usually required:

S0 = I(H) + I(V )

S1 = I(H)− I(V )

S2 = 2I(D)− S0

S3 = S0 − 2I(R)

(2.5)

where I(x) is the intensity of light on H, V, D or R basis.
We have implemented an automated measurement of the Stokes vector by using

two ELL14 rotators from Thorlabs. Predefined angles, see Tab.2.1, based on the
measurement procedure exposed in [11], are set for the HWP and QWP and the
intensity is measured with a power meter, applying the equations above gives us
the Stokes vector value.
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Measurement Base QWP angle HWP angle
H 0◦ 0◦

V 0◦ 45◦

D 315◦ 337.5◦

R 0◦ 22.5◦

Table 2.1: Combination of angles used to measure the Stokes vector.

Another approach to measure the Stokes vector is to use only a polarizer and
rotating QWP [12]. The intensity of the beam as function of the QWP angle θ is
given by:

I (θ) +
1

2

[
S0 + S1cos

2 (2θ) + S2cos (2θ) sin (2θ) + S3sin (2θ)
]

(2.6)

using the trigonometric half-angle formula this can be rewritten as:

I (θ) +
1

2
[A+Bsin (2θ) + Ccos (4θ) +Dsin (4θ)] (2.7)

where

A = S0 +
S1

2
B = S3

C =
S1

2

D =
S2

2

(2.8)

It can be shown that Eq.2.7 is a truncated Fourier series and that at least 8
points are required to determine the coefficients A, B, C and D as:

A =
2

N

N∑
n=1

In

B =
4

N

N∑
n=1

Insin (2θn)

C =
4

N

N∑
n=1

Incos (4θn)

D =
4

N

N∑
n=1

Insin (4θn)

(2.9)
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therefore:
S0 = A− C

S1 = 2C

S2 = 2D

S3 = B

(2.10)

While this second measurement approach requires more data points to be col-
lected, compared to the projection method which requires only 4 measurements,
it involves less optical elements and moving parts, thus performing better in terms
of complexity, footprint and cost.

We benchmarked the rotating QWP method by measuring the Stokes vector
of the basis states, see Eq.2.3, generated using a 785nm laser, polarizer and HWP
or QWP. In Fig.2.9 we can see the collected data from θ = 0◦ to θ = 180◦, and
in Tab.2.2 the measured (normalized) Stokes parameters, which are in agreement
with the theoretical values.

State S0 S1 S2 S3

H 1 1.020 0.007 -0.005
V 1 -0.999 -0.005 0.002
D 1 0.014 0.993 -0.012
A 1 0.040 -1.004 0.036
R 1 -0.007 -0.023 1.001
L 1 0.019 -0.017 -1.001

Table 2.2: Normalized Stokes vector of the polarization basis states, measured
with the rotating QWP method.

Using this variety of measurements techniques, it has been found that in general
horizontal and vertical polarized light are barely affected by the optics, because
the light polarization is aligned with the s or p axis of the optical element. On
the other hand diagonal and circular polarized light usually become elliptically
polarized when reflected. This effect is more pronounced in optics such as beam
splitters with low transmission values.

In our laboratory we had available 50R : 50T , 30R : 70T and 10R : 90T non-
polarizing beamsplitters, testing their polarization properties, we have found that
the best performing beamsplitter was the 10R : 90T . From Fig Fig.2.10, we can
observe the DOLP of a 852nm, circularly polarized with a QWP (blue reference
lines), with a rotating HWP and fixed linear polarizer. The very low DOLP, typical
of circularly polarized light, is lost for almost all transmitted and reflected outputs
of the beamsplitters, indicating that the laser is now elliptically or only partially
polarized.
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Figure 2.9: Measured intensity as function of the QWP angle for the polarization
basis states.

In our experiments we decided to use the BS044 10R : 90T non-polarizing
beamsplitter from Thorlabs, to maximize the collected photoluminescence from
our sample and minimize the distortions of its polarization properties.

To further reduce distortions of circularly polarized light emitted by the QDs,
that may have been induced by mirrors and other optics, when the QD is excited
with linearly polarized light, we place a quarter wave plate (QWP) at 45◦ after
the transmission output. This QWP converts circularly polarized light to linear,
which is less problematic to deal with.

In some measurements, such as spin injection, a very high degree of circularly
polarized light is needed to excite the QD, but the reflection output of the 10R :
90T non-polarizing beamsplitter, still shows some distortion of circularly polarized
light, see Fig.2.10 (lower right plot, green line). For this reason a QWP will
be placed at 45◦ between the 10R : 90T beamsplitter and 50x objective. Light
emitted from the QDs will also pass through this QWP and will be converted
from circular to linear as if going through a −45◦ QWP (R(L) → V (H)). Once
converted to linear, there is no distortion of the polarization induced by the other
optical elements and no need for the QWP on the transmission output of the
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Figure 2.10: Characterization of four beam splitters available in the laboratory, 2
50R : 50T , 30R : 70T and 10R : 90T using circular polarized light as input and a
rotating HWP and fixed polarizer as analyser.

non-polarizing beamsplitter
If the QDs need to be excited with linear polarized light, but emit in a circular

base (for example trions) then the QWP at 45◦ can be placed on top of the beam-
splitter and thus the laser light going to the sample will be unaffected but the QDs
emission will be converted to linear base and further distortions its polarization
will be minimized.

2.4.3 Polarization and Time-Resolved measurements

To spectrally analyze the light emitted by the QDs we use a monochromator model
FHR1000. The monochromator has 1m focal length and a rotating turret system
loaded with a 950gr/mm and a 1800gr/mm gratings.

To remove unwanted scattered laser light and avoid saturating the detectors
a 700nm long pass filter (to suppress the 635nm laser light) or 3 volume Bragg
grating notch filters (to suppress the pulse shaped laser) are placed in front of
the lens before the monochromator. The notch filters are placed on 3 mechanical
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Figure 2.11: Beam path of lasers and imagining system. If the QWP for excitation
is inserted, the QWP for detection is removed.

rotator to set remotely their angle with respect to the beam path and to match
the laser wavelength.

The light dispersed by the gratings can be analyzed using a Symphony CCD or
sent through a folding mirror to a side exit and then to an APD for time resolved
measurement.

If there is the need to analyze the polarization of the QDs light then a HWP
on mechanical rotator and polarizer can be placed before the lens at the entrance
slit of the monochromator.

2.4.3.1 Correlation, g(2) (τ)

Second-order correlation function of light is defined as:

g(2) (τ) =
⟨E† (t)E† (t+ τ)E (t)E (t+ τ)⟩
⟨E† (t)E (t)⟩⟨⟨E† (t+ τ)E (t+ τ)⟩

=
⟨I (t) I (t+ τ)⟩
⟨I (t)⟩⟨I (t+ τ)⟩

(2.11)

where E (t) is the electric field, I (t) the intensity of the light beam and ⟨...⟩
indicates the time averaging operation.

g(2) (τ) can be measured with a Hanbury Brown - Twiss (HBT) setup [13]. Light
is sent to a 50R : 50T beamsplitter, the light from the two outputs goes to two
photodetectors, typically a Photomultiplier Tube (PMT) or Avalanche Photodiode
(APD), and is converted into electronic signals. A timing unit measures the time
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difference between the two signals, τ , and a histogram can be built with the number
of Start - Stop events from the photodetectors. g(2) (τ) can then be rewritten as a
function of the photon counting events at the two detectors, n1/2 (t):

g(2) (τ) =
⟨n1 (t)n2 (t+ τ)⟩
⟨n1 (t)⟩⟨n2 (t+ τ)⟩

(2.12)

Expressed this way g(2) (τ) is the conditional probability of detecting a photon
at the first detector at time t = 0 and detecting another photon at the second
detector at time t+ τ .

It can be shown [13] that for sources of classical and coherent light g(2) (0) ≥ 1
and g(2) (0) ≥ g(2) (τ). In particular a perfectly coherent light source will have
g(2) (τ) = 1.

Non-classical light is generally characterized by sub-poissonian photon statis-
tics, by a g(2) (0) < 1 and is said to show antibunching.

For a Fock state, an eigenstate of the particle number operator, |n⟩ with n ≥ 1
it can be shown that [14]:

g(2) (0) = 1− 1

n
(2.13)

In theory any single photon emitters, for which n = 1, should be characterized
by a g(2) (0) = 0 and for any state with n > 1 we will have g(2) (0) ≥ 1/2.
Therefore, in the quantum optics community, any state which is characterized by
g(2) (0) ≤ 1/2 is considered a single photon emitter [14].

Individual atoms, molecules and quantum dots are all single-photon emitters.
After excitation, for example with a pulsed laser or an electric impulse, these
quantum emitters emit a photon. The excitation - single photon emission cycle
can be repeated approximately after the radiative lifetime thus leaving time gaps
in the photon emission over time.

In our laboratory, PL emission from the QDs is split using a non polarizing
50R : 50T beamsplitter and sent to two FHR1000 spectrometers. The gratings of
each spectrometer are centered at the interested transitions and the outputs sent
through the folding mirror to the side exit. The slit at the exit ensures that only
light coming from the transition at the center of the grating is sent to the APD.

The APDs are connected to the input of a Swabian TimeTagger Ultra TCSPC
module, which collects the absolute time of arrivals of the photons at the two
channels and then post-processes the data building the histogram of coincidences,
see Fig.2.12. The histogram of these time differences represents a non normalized
g2 (τ) curve. This measurement can be carried out in a CW and pulsed mode.

If both spectrometers are centered around the same transition then an auto-
correlation measurement is taken. If they are centered around different transition
lines then a cross-correlation is taken.
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Figure 2.12: Correlation measurement in the Swabian TimeTagger Ultra TCSPC
module. Image taken from [15]

Using two spectrometers allows maximum flexibility in terms of the spectral
line isolation, as the only lower bound on line filtering is the resolution of the spec-
trometer at the slit exit and the entrance slit width. For this reason when a higher
resolution might be needed (isolating doublet lines), one of the two spectrometers
can be set to use a higher density grating (1800gr/mm).

When studying recombination cascades using cross-correlations, a HWP and
polarizer can be placed in front of each spectrometer, allowing us to verify the
selection rules of said cascades.

Collection time to achieve a given signal-to-noise ratio scales quadratically
with the counts at each detector, for this reason splitting all the PL signal into
two beams and then isolating separate lines on the spectrometer can be a waste
of PL intensity (because only half of the intensity of each transition will go to
each APD and the other will be blocked by the slit of the other spectrometer in
the case of the correlation of non-degenerate spectral components). Furthermore,
the FHR1000 spectrometer uses gratings in a reflection configuration, which have
only ∼ 30% efficiency. This greatly increases collection time in the case of weak
transitions or, for example, a cluster state characterization using a three-photon
correlation.
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Figure 2.13: Laser multiplexing setup to generate time-tuned pulses.

2.4.4 Cluster State Generation and Characterization Setup

Cluster state generation and characterization has been attempted, most of the
procedure is based on the process illustrated in reference [16].

A three arms delay line has been built to attempt a cluster state initialization
and measurement, see Fig.2.13. The fs laser had a fixed repetition rate of 80MHz,
which equates pulses with a period of 12.5ps. The excitation pulses have to be
timed to when the QD is in a superposition of spins up and down, due to the
controlled precession in a weak magnetic field. The output beam from the pulse
shaper was split by a 30R : 70T beam splitter, the reflection was sent to a fixed
retroreflector, the transmission was split by another 50R : 50T beam splitter and
sent to two other retroreflectors. Their position, and thus the relative beam delays,
can be set coarsely by using motorized linear stages and a rail system and fine
adjustment using manual linear stages. In this way the three pulses can be set to
match the hole oscillations at π/2 and 3π/2 points in a weak magnetic field.

To overcome the poor efficiency of the FHR1000 spectrometer, a transmission
grating on a rotator stage can be used, which typically have much better trans-
mission values, around 90− 94%. A slit filters the transition line that will be used
for cluster state generation, in our case the X+

2̄0
transition, and sends the light to

a three-photon correlator, sketched in Fig.2.14. The first detector collapses the
X+

2̄0
to a selected spin configurations and the two other detectors are set to collect

curves in the set polarization bases.
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Figure 2.14: Transmission grating spectrometer and three photon correlation setup

2.5 Conclusions

In this chapter we have discussed the steps for fabricating and processing the
particular type of QDs that were characterized during the PhD. The pre-patterned
substrate allows site controlled growth of the QDs and MOVPE growth process let
us engineer the optical properties of the QDs by changing alloys or stack of layers.

We have also discussed sample mapping techniques, involving custom made
and commercial setups.

In the last section of the chapter we have described several characterization
techniques and relative setup, such as time and polarization resolved spectroscopy.
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Chapter 3
Quantum Dot Excitation Schemes

In Chap. 1 we gave an overview of quantum computing, its implementation using
semiconductor QDs and their electronic and optical properties.

In Chap. 2 we reviewed fabrication and characterization properties of pyrami-
dal site-controlled QDs.

In this chapter, we discuss various excitation schemes for quantum dots, sup-
ported by theoretical simulations. The primary purpose of these simulations is to
evaluate and define the range of experimental conditions compatible with our lab
resources and quantum dots. Where possible, experimental examples are provided
to validate the simulations.

The ability to initialize qubits to a known state is one of the requirements
for the physical implementation of quantum computation [1]. For this reason
the following chapter will describe several quantum dot (QD) excitation schemes.
Resonant and quasi-resonant excitation schemes for Two, Three Level systems
(2LS, 3LS) will be studied in depth, because they allow selective and high-fidelity
state preparation. Simulations and experimental data from InGaAs and GaAs
QDs will be compared.

QDs are also coupled with the surrounding environment through the exchange
of phonons. These crystal vibrational modes induce decoherence and thus degrade
the state fidelity when the system is excited under particular resonant conditions.
Despite this, phonons can also be used to prepare a state at high pulse areas
and have been shown [2] to be more stable than on-resonance pulses for small
wavelength and power variations. They tend to perform better the stronger the
coupling is. Phonon-assisted excitation also allows spectral filtering of the laser
without suppression of the QD emission if the spectral separation is large enough,
unlike fully resonant excitation of a 2LS which requires cross-polarization to sup-
press the laser, wasting half of the QD emission.

The simulations presented hereafter will involve a single cycle of the excitation

65
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process, either with a monochromatic or dichromatic Gaussian pulse. While Gaus-
sian pulses may not be the optimal solution in certain regimes, [3] and it may be
of interest for quantum computation applications to study the effect of different
pulse shapes, chirping, additional decoherence mechanisms and of several cycles
of the excitation process, this would require additional computational power and
the study of several more parameters going beyond the scope of this chapter and
thesis overall.

The evolution of the state after the electromagnetic field is switched off will
not be simulated as the main focus of this research is state initialization.

A state can be prepared with high fidelity also with Continuos Wave (CW)
excitation, but this will not be studied because it does not allow on-demand pop-
ulation inversion.

The systems are simulated with the Quantum Toolbox in Python (QuTiP),
an open-source python library for simulating the dynamics of open quantum sys-
tems [4], and the Bloch-Redfield formalism, implemented through the brmesolve
function.

For the experiments, InGaAs and GaAs QDs are excited using a femtosecond
Ti:Sapphire laser with a repetition rate of 80MHz pulse shaped to have a width
of ∼ 10ps. Without knowing the full brightness of the QD states under pure reso-
nant pumping, though, it is impossible to give an absolute scale of their population
under different types of excitation. For this reason the y axis of the power depen-
dence of different measurement will here report the integrated counts in arbitrary
units and we will be able to make only relative comparisons, not absolute ones
(compared to a full state population inversion).

3.1 Above-band Excitation

A QD can be excited with a laser at higher energy than the bandgap of the
barrier layer. Under this type of excitation the charge carriers are created in the
bulk, barrier or wires of the sample and then relax to lower energy states through
scattering [5]. In a typical sample of InGaAs dots, with a stack of layers described
in Fig.2.2 (left), the lowest energy levels are the discrete levels of the InGaAs dots.
But for a sample of GaAs dots, see Fig.2.2 (center and right), the lowest energy
levels can be the bands of the bulk GaAs. Thus depending on the excitation power,
emission from wires and other sample features can be observed together with QD
emission.

Fig.3.1 shows (on the left) a typical spectrum of QD of GaAs in AlxGa1−xAs
barrier excited with a 635nm laser and (on the right) the emission of the GaAs
bulk. Due to the incoherent excitation, several charge complexes are created inside
the quantum dot and different transitions will be optically active. For this reason
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above-band excitation is useful to quickly investigate optical properties of the
quantum dot, like fine structure splitting, polarization anisotropy, state lifetime or
identifying recombination cascades, but it is not the best tool to selectively address
a single QD transitions.

Figure 3.1: (Left) Typical spectrum of a GaAs QD in AlGaAs barrier (Right)
Typical spectrum of GaAs bulk left from the backetching process

As a representative example of issues linked to non resonant pumping, Fig.3.2
shows a polarization resolved autocorrelation of the X+

2̄0
state, excited with a

635nm circularly polarized laser. According to selection rules circular polarization
should generate e - h couples with opposite spins, but the flatness of the autocor-
relation curve indicates that when the QD is populated both spin configurations
of the X+

2̄0
state are equally probable due to spin scattering the charge carries

go through while relaxing to the QD states from the more energetic layers. The
incoherent nature of the excitation process does not make it a suitable scheme
for targeted and on demand initialization of a specific state of the QD and also
degrades the single photon emission, due to several recombinations channels and
cascades possibly leading to the same state.

Spin injection in QD through trion state excitation will be discussed more in
depth in the last chapter of this thesis.

3.2 Resonant and Quasi-Resonant Excitation

The next sections will deal with the theory of resonant and quasi-resonant excita-
tion and the simulations using the QuTiP library.
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Figure 3.2: Autocorrelation curves of the X+
2̄0

peak under above-band circular
excitation

3.2.1 Two-Level System

Let’s consider a two level system (2LS), which consists of a ground and excited
state, interacting with a circularly polarized electromagnetic field (laser). A typical
excited state of a 2LS in QDs can be, for example, exciton, X10, or trion, X+

20,
states. For ease of notation we will call g and X the eigenstates of the unperturbed
Hamiltonian H0.

|g⟩ =
(
1
0

)
; |X⟩ =

(
1
0

)
H0 = h̄ωg |g⟩ ⟨g|+ h̄ωX |X⟩ ⟨X| =

(
0 0
0 h̄ωX

) (3.1)

where wg/X are the frequencies of the ground and excited state transitions, for
convenience we will set the energy/frequency of g states to be 0meV = 0THz.

Fig.3.3 schematically illustrates the relation between the g - X energy separa-
tion and laser energy. If the energy of laser is the same as the energy separation of
the two levels then the laser is said to be resonant with the transition, if it is more
(less) than the energy separation then it is said to be Blue(Red)-detuned from the
transition.

In the dipole approximation [6] the interaction part of the Hamiltonian HI can
be written as:

HI = − h̄
2
f(t)e−iωt |X⟩ ⟨g| − h̄

2
f †(t)eiωt |g⟩ ⟨X| =

=

(
0 − h̄

2
f †(t)eiωt

− h̄
2
f(t)e−iωt 0

) (3.2)
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Figure 3.3: Two-Levels System and Laser. (a) Resonant, (b) Blue-Detuned, (c)
Red-Detuned

where f(t) is the field (in this case pulse) envelope and ω the laser frequency. For
Gaussian pulses:

f(t) = f †(t) =
α

σ
√
2π
e−

(t−τ)2

2σ2 (3.3)

because the Gaussian is normalized, α is called the pulse area and is equal to the
square root of the measured power of a laser:

α =
√
Plaser (3.4)

The total Hamiltonian HT is the sum of the two components:

HT = H0 +HI =

= h̄ωX |X⟩ ⟨X| − h̄

2
f(t)e−iωt |X⟩ ⟨g| − h̄

2
f †(t)eiωt |g⟩ ⟨X| =

=

(
0 − h̄

2
f †(t)eiωt

− h̄
2
f(t)e−iωt h̄ωX

) (3.5)

HT , Eq.3.5, depends on the laser frequency, e±ωt, this is an oscillating term
and can be computationally challenging since it requires to sample the pulse with
high resolution. To remove the dependence of the Hamiltonian from the oscillating
term and to speed up the calculation we can introduce, as it is custom to do, the
Rotating Frame Approximation (RWA) and redefine HT as the product of a matrix
HTU , which does not depend on the laser frequency, with U and U †, two unitary
matrices that solely depend on the laser frequency.

HT = UHTUU
† =

=

(
1 0
0 e−iωt

)(
0 − h̄

2
f(t)

− h̄
2
f(t) h̄ωX

)(
1 0
0 eiωt

)
(3.6)
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We can also redefine the quantum states of the system as:

Φ = U †Ψ =

(
1 0
0 eiωt

)
Ψ −→ Ψ = UΦ =

(
1 0
0 e−iωt

)
Φ (3.7)

We can plug Eq.3.6 and Eq.3.7 in the Schrödinger Equation:

ih̄
∂Ψ

∂t
= HTΨ

ih̄
∂UΦ

∂t
= UHTUU

†UΦ

ih̄

(
dU

dt

)
Φ + ih̄U

∂Φ

∂t
= UHTUΦ

ih̄U †
(
dU

dt

)
Φ + ih̄U †U

∂Φ

∂t
= U †UHTUΦ

ih̄U †
(
dU

dt

)
Φ + ih̄

∂Φ

∂t
= HTUΦ

(3.8)

with:

U †dU

dt
=

(
1 0
0 eiωt

)
d

dt

(
1 0
0 e−iωt

)
=

=

(
1 0
0 eiωt

)(
0 0
0 −iωe−iωt

)
=

(
0 0
0 −iω

) (3.9)

replacing in Eq.3.8 we obtain a new Hamiltonian in the RWA that does not have
an oscillating term:

HRWA =

(
0 − h̄

2
f(t)

− h̄
2
f(t) −∆

)
(3.10)

with ∆ = h̄ω − h̄ωX , the detuning of the laser from the exciton transition.
The evolution of a quantum state in 2LS can visualized with the Bloch Sphere,

its coordinates are given by the expectation values of the Pauli matrices, σx/y/z.
Pure states are mapped onto the surface of a Bloch sphere. A resonant excitation,
h̄ω = h̄ωX → ∆ = 0meV , causes the state to move along a meridian, while
detuned excitation, h̄ω ̸= h̄ωX → ∆ ̸= 0meV , also produces movement along
parallels of the sphere. For the rest of the thesis the convention used is:

• |g⟩ (|X⟩) state on the north (south) pole,

• |±i⟩ = 1√
2
(|g⟩ ± i |X⟩) state in ±y

• |±1⟩ = 1√
2
(|g⟩ ± |X⟩) state in ±x



Chapter.3 | Page 71

A figure of merit to quantify the amount of decoherence introduced by phonon
is the Bloch vector length, defined as:

L =

√
(⟨ψ|σX |ψ⟩)2 + (⟨ψ| σY |ψ⟩)2 + (⟨ψ| σZ |ψ⟩)2 (3.11)

Any pure state, because it is mapped to the surface of the sphere, will have a
Bloch vector length of 1 while for mixed states it will be < 1. It will be shown
later in the chapter that phonon-assisted excitation despite being an incoherent
process can lead to an almost fully coherent state.

3.2.1.1 Phonons

Unlike atoms, QDs are coupled to phonons. For the purpose of this work we will
consider only acoustic phonons, because their energy distribution is closer to the
dot transition lines and they are the main source of decoherence in QDs [7].

The QD - phonon bath interaction can be described by adding the following
contribution to the QD plus electromagnetic field system Hamiltonian:

HQD−PH =
∑
q

h̄ωqb
†
qbq +

∑
q,ν

h̄nν
(
gqbq + gqb

†
q

)
|ν⟩ ⟨ν| (3.12)

The first part of Eq.3.12 is the free phonon Hamiltonian, b†q (bq) is the operator
that creates (annihilates) a phonon of wave-vector q and frequency ωq. The second
part is the interaction with the dot, nν the number of excitons in the state |ν⟩ and
gq the exciton - phonon coupling constant (which is the difference between the
electron - phonon and hole - phonon coupling constants gq = geq − ghq [8]), in the
case of a 2LS with a single exciton this becomes:

h̄ |X⟩ ⟨X|
∑
q

(
gqbq + gqb

†
q

)
(3.13)

An important quantity is the phonon spectral density, which is related to gq
and the dispersion relation of ωq; it can be derived [8] that it takes the form:

J (ω) =
ω3

4π2ρh̄v5c

(
Dee

−ω2a2e
4v2c −Dhe

−ω2a2h
4v2c

)2

(3.14)

assuming that the lattice properties of the QD are not too different from the bulk
material, ρ = 5370kg/m3 and vc = 5110m/s are the density and speed of sound
of the material, GaAs in the case of this thesis. De = 7eV and Dh = −3.5eV
are the deformation potentials and ae/h the geometrical confinement length of
electron and holes. The ratio between the two has been set to ah/ae = 1.15 for
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the following simulations. In Fig.3.4 the phonon distribution has been plotted for
different dot diameters, for increasing dot size the coupling strength decreases and
the maximum shifts towards lower frequencies. For most simulation a value of
ae = 1.5nm will be used.

Figure 3.4: Phonon coupling for dots of different size (ae = [1, 2, 5]nm)

The phonon distribution, Eq.3.14, has a maximum for positive frequencies,
which means that at 0K only Blue-detuned pulses couple efficiently to the phonon
bath.

This can be intuitively explained, at 0K it is more probable that the system
releases a phonon after excitation with a more energetic pulse than the bandgap,
and it is less probable for the unexcited system to absorb a phonon from the
environment during the excitation process with a pulse less energetic than the
bandgap. A more in depth study of the temperature dependence of the phonon
coupling to the system can be found in [9] and [10], and it can also be seen that at
high temperature the phonon coupling becomes symmetrical with respect of the
detuning, at the price of not being able to achieve population inversion in the 2LS.

Figure 3.5: Two-Levels System with Phonon Bath and Laser. (a) Blue-Detuned,
(b) Red-Detuned
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In practical terms, to simulate we will use the function brmesolve, from QuTiP
library, with the argument aops, a nested list of a coupling operator and the phonon
spectral density.

3.2.1.2 Simulations and Experiment

For simulating the excitation process the time domain was chosen to be 10 · σ
of the pulse (with the pulse centred at 5 · σ). Even though the rotating wave
approximation removes high frequency terms and allows a lower sampling of the
time domain, to describe accurately the pulse and system dynamics an increase
of the sampling may be required. This is also true in the case of pulses with high
pulse area (due to the many oscillation between ground and excited state). For
these reasons the sampling of the time domain is variable and has been optimized,
depending on the simulation parameters, to strike a balance between computation
time required and artifacts in the system dynamics.

Tab.3.1 and Fig.3.6 show the time evolution and final state of a 2LS under
resonant excitation without phonons in the |g⟩ state at t = 0ps interacting with a
resonant Gaussian pulse of different pulse areas. It can be seen from Fig.3.6 that
even though the final expectation value for |X⟩ ⟨X| is 0.5 for both Θ = π/2 and
Θ = 3π/2, the final state differs for a phase. A resonant pulse moves the state only
across the meridian line passing through |g⟩ ± i |X⟩. This means that, employing
only resonant pulses and a single excitation step, we cannot generate an arbitrary
quantum state.

Figure 3.6: 2LS without phonons excited by a resonant Gaussian pulse of different
pulse areas: time dynamics and evolution on Bloch Sphere

Detuning the pulse is then necessary to access states outside the meridian line,
as it is shown in Fig.3.7 where the pulse has been blue-detuned by 0.1meV , even
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Initial State Pulse Area Final State

|g⟩

π
2

1√
2
(|g⟩+ i |X⟩) = |+i⟩

π |X⟩
3π
2

1√
2
(|g⟩ − i |X⟩) = |−i⟩

2π |g⟩

Table 3.1: Final State of a 2LS excited at different pulse areas

if it will then prevent the system to evolve to the state |X⟩.

Figure 3.7: 2LS without phonons excited by a detuned Gaussian pulse of different
pulse areas: time dynamics and evolution on Bloch Sphere

Another approach is to excite the system with a resonant pulse, with a pulse
area less than π, and then let the state evolve, which equals to a precession along
a parallel of the Bloch Sphere. This approach will not be simulated, due to the
increased complexity and load of simulations after implementing a time evolution
operator, but will be experimentally demonstrated with a Ramsey fringes experi-
ment later in the chapter.

Just a note: if the initial state is an equal superposition of the states 1√
2
(|g⟩ ± |X⟩)

then there is no evolution in the system because these are the two original eigen-
states of the Hamiltonian, see Fig.3.8.

After the pulse finishes the state population distribution does not evolve any
further in this model, so a good parameter to monitor is the expectation value for
|X⟩ ⟨X| at tf = 10 ∗ σ.

By changing pulse area the expected pattern of Rabi oscillations emerges, the
population of the state |X⟩ at tf oscillates between 1 at pulse areas around Θ =
(2n+ 1)π and 0 at Θ = 2nπ. By detuning the laser from the resonance condition,
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Figure 3.8: 2LS without phonons excited by a Gaussian pulse of different pulse
areas (Ψ0 =

1√
2
(|g⟩+ |X⟩)): time dynamics and evolution on Bloch Sphere

the oscillating pattern is preserved but the maximum of the population drops for
increasing absolute values of the detuning until it drops off to 0 for higher detuning,
see Fig.3.9. The red contour highlights the conditions at which the population of
the state |X⟩ is more than 0.90.

Figure 3.9: Exciton Population after a Gaussian pulse as function of pulse area
and detuning for a 2LS without Phonon interaction

Simulating the system for different pulse duration (σ) it can be seen that in
the absence of phonons the Rabi oscillations are damped faster for longer pulses,
because these pulses are energetically narrower and have less overlap with the
ground - exciton transition, see Fig.3.10. Shorter pulses though can be harder
to suppress when signal is collected (one does not want the pumping pulse to
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interfere with the dot signal), especially with a setup that uses notch filters, due
to the broader energy width of the pulse.

Figure 3.10: Excited State population after a Gaussian Pulse for a 2LS without
Phonons, at different pulse length and detuning

Adding phonons to the 2LS and scanning again in the simulation pulse area and
detuning, see Fig.3.11, the population of the state |X⟩ under resonant condition
h̄ω = h̄ωX drops below 0.9 for α > 7π, but a plateau with |X⟩ ⟨X| > 0.9 emerges
at detuned and high area pulses (highlighted again by the red contour). For blue
detuned pulses phonons have the effect of increasing the expected population of
the excited state, up to an almost total inversion of the population for detuning of
0.5meV and pulse area of 15π. For red detuned pulses, instead, a damping of the
oscillations takes place due to loss of coherence of the system. This asymmetric
behaviour with respect of the detuning is due to the fact that at low temperature
phonon absorption is less likely than phonon emission [11].

Figure 3.11: Exciton Population after a Gaussian pulse as function of pulse area
and detuning for a 2LS with Phonon interaction

When phonons are introduced in the simulation and if the pulse is too short,
for a given detuning, the excited state population does not reach a plateau and
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is still oscillating. This phenomenon has been studied in terms of dressing and
undressing of the states in [3] for rectangular pulses. When a Gaussian pulse is
too short (and thus lacks a proper adiabatic switch-off of the electromagnetic field)
it prevents the phonons from preparing the excited state with high fidelity and a
slower switch off time can increase the gain of exciton occupation after the field
intensity goes to zero. This is not fully represented in the plot Fig.3.12 because the
longer Gaussian pulses have lower peak intensity, pushing the plateau to higher
pulses areas (in [3] rectangular pulses have the same peak intensity and differ only
for the speed of the switch-off process). From this analysis, we can take σ to be
between 5ps and 10ps for phonon assisted excitation, because it strikes a good
balance between low enough power to reach high fidelity population of the |X⟩
state and stability of peak intensity fluctuations. Smaller σ not only introduce
ripples in the |X⟩ population but are also harder to filter with notch filters in a
experimental setup, due to the larger frequency range spanned by the pulse.

Figure 3.12: Excited State population after a Gaussian Pulse for a 2LS with
Phonons, at different pulse length and detuning

The decoherence introduce by phonons can be visualized by exciting a 2LS with
a resonant high area pulse. Without phonons the |X⟩ state population would os-
cillate between 0 and 1 to then stabilize at the end of the pulse, which is equivalent
to a rotation on a Bloch Sphere along a meridian passing for the states |+1⟩ and
|−1⟩. By adding phonons we can now see that the oscillations are exponentially
damped and the state moves not only along the meridian but also precesses along
the x axis of the Bloch Sphere slightly going inside as well, see Fig.3.13 solid blue
line. In the same figure we can observe that a detuning of 0.5meV produces an
almost perfect inversion of the population from |g⟩ state to |X⟩ state, the decoher-
ence introduced during the excitation process can reduce the Bloch vector length
to almost 0.1, but is then recovered during the adiabatic switch-off of the pulse.

Due to the many sharp transitions of a QDs concentrated in narrow energy
range, it may be difficult to approximate a particular state in the QD as a pure
2LS.

Nevertheless, phonon assisted excitation has been achieved with GaAs QDs
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Figure 3.13: 2LS with phonons excited by a Gaussian pulse with α = 20π and
different detuning. Time evolution of the |X⟩ state population (left), Bloch vector
Length (right), state on the Bloch Sphere (under).

by tuning the pulse shaped ps laser a few meV away from the X+
20 transition, see

Fig.3.14. By studying the power dependence of the integrated CCD counts under
the transition line, the expected monotonically raising behaviour, with a plateau
at high power, emerges.

Despite the laser being resonant with the X10 transition, the X+
20 state is still

populated, due to some hole trapping mechanics that happens in the pyramidal
QDs which prevents exciton population. The same trapping mechanics probably
makes the GaAs QDs mostly positively charged, as indicated by the fact the trion
is usually brighter than the exciton in above-band excitation for most of the QDs
studied.

Despite this trapping mechanism charging the QDs, phonon assisted excitation
is still an inefficient process for this type of QDs, as it can be seen by the low value
of integrated counts on the CCD. This is valid in general, and not just in this
case where the laser has been set resonantly on the X10, since changing the laser
wavelength doesn’t affect too much the brightness of the trion, unless we tune it
to some of its resonances as will be discussed later in the chapter.
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Figure 3.14: Spectrum and power dependence of trion population under phonon
assisted excitation.

3.2.2 Three-Level System

The theoretical model of a 2LS can be extended to account for three levels, like in
the case of 2X2̄0 → X1̄0 cascade or a non-radiative relaxation of a X+

11 → X+
2̄0
.

3.2.2.1 XX - X Cascade

To describe a Biexciton - Exciton (XX - X) cascade we need at least three levels
in our quantum system model, if we assume that the exciton state is degenerate
in energy:

|g⟩ =

1
0
0

 ; |X⟩ =

0
1
0

 ; |XX⟩ =

0
0
1

 (3.15)

The energy of the XX can be expressed as h̄ωXX = 2h̄ωX −∆B, ∆B is known
as binding energy, if it is positive (negative) the 2X20 is said to be binding (an-
tibinding).

H0 = h̄ωg |g⟩ ⟨g|+ h̄ωX |X⟩ ⟨X|+ (2h̄ωX −∆B) |XX⟩ ⟨XX| =

=

0 0 0
0 h̄ωX 0
0 0 2h̄ωX −∆B

 (3.16)

Typically GaAs QDs in AlxGa1−xAs barriers have binding 2X20 with binding
energies of ∼ 4meV (2nm), while InGaAs QDs in GaAs barriers have antibinding
2X20 with binding energies of ∼ −2meV .

The X10 state, in absence of FSS, can accommodate two spin configurations
of the electron - hole couple (|↑⇓⟩ or |↓⇑⟩) and can still be excited by a circular
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polarized photon by addressing only one of the two spin configurations due to
selection rules. The 2X20 state can be excited by a 2 photon process known as two
photon excitation (TPE), that is resonant when 2h̄ω = 2h̄ωX −∆B, see Fig.3.15,
but the polarization of the photon has to be linear because two photons with
the same circular polarization would generate the same spin configuration of the
electron and hole and thus be forbidden by the Pauli Exclusion Principle in a 2X20

state (|↑↓⇓⇑⟩).

Figure 3.15: Three-Levels System and Laser for (a) Binding and (b) Antibinding
QDs

In the binding (antibinding) case the TPE condition implies that the pho-
tons are red (blue) shifted from the X transition, the implications of this will be
discussed later.

The interaction Hamiltonian for a linearly polarized pulse is:

HI = − h̄
2
f(t)e−iωt (|X⟩ ⟨g|+ |XX⟩ ⟨X|)

− h̄

2
f(t)eiωt (|g⟩ ⟨X|+ |X⟩ ⟨XX|) =

=

 0 − h̄
2
f(t)eiωt 0

− h̄
2
f(t)e−iωt 0 − h̄

2
f(t)eiωt

0 − h̄
2
f(t)e−iωt 0


(3.17)

the coupling of the 2X20 to the ground state can be ignored due to the very high
energy separation between the two states.
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The total Hamiltonian of the system can be redefined as:

HT = UHTUU
† =

=

1 0 0
0 e−iωt 0
0 e−i2ωt

 0 − h̄
2
f(t) 0

− h̄
2
f(t) h̄ωX − h̄

2
f(t)

0 − h̄
2
f(t) 2h̄ωX −∆B


1 0 0
0 eiωt 0
0 ei2ωt


(3.18)

Following the same passages of Eq.3.8 we obtain the Hamiltonian in RWA for
a XX - X cascade:

HRWA =

 0 − h̄
2
f(t) 0

− h̄
2
f(t) −∆ − h̄

2
f(t)

0 − h̄
2
f(t) −2∆−∆B

 (3.19)

After excitation the 2X20 state is populated and it decays with a lifetime τX2̄0

to the X10 state.
The phonon coupling operator for a 3LS with a biexciton state is:

h̄ (|X⟩ ⟨X|+ 2 |XX⟩ ⟨XX|)
∑
q

(
gqbq + gqb

†
q

)
(3.20)

Simulating the system for varying detuning and pulse area in the absence of
phonon interaction, see Fig.3.16, the expected resonances of the X10 and 2X20

states appear at ∆ = 0meV and ∆ = ∆B/2. Since no decay has been set for the
2X20 state in the model, the second resonance shows up only on the plot in the
right panel, but in an experiment this would be a resonance of the X state as well
because ideally all recombinations of the 2X20 will generate X states.

Adding phonons to the system the plateau for detuned high area pulses shows
up as expected for both states, see Fig.3.17.

In the case of the antibinding 2X20 the TPE condition at 2h̄ω = 2h̄ωX −
∆B → h̄ω = 1meV is not only a resonance for the 2X20 but is also overlapping to
the energy range in which the X is populated through phonon-assisted excitation.
Therefore not all photons from the X states will come from the cascade and be
entangled with the 2X20 photons.

This also fundamentally lowers the efficiency with which the 2X20 can be max-
imally populated under TPE, see Fig.3.18. This makes a binding QD intrinsically
better for quantum computation when employing a XX - X cascade for genera-
tion of polarization entangled photons. It is worth noticing that XX state can
be populated with high fidelity for detuned high area pulses in both binding and
antibinding configurations.
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Figure 3.16: |XX⟩ and |X⟩ Population after a Gaussian pulse as function of
pulse area and detuning for a cascade, binding (upper half) and antibing (lower
half), without Phonon interaction. Due to the lack of a decay operator for the
2X2̄0 → X1̄0 cascade the X10 is populated only when the pulse is on resonance with
the transition, ∆ = 0meV . If a decay operator was introduced in the simulation the
X10 population would should a second resonance that maps the 2X2̄0 population
when the pulse detuning is at TPE condition, ∆ = ±1meV .

TPE has been achieved for both InGaAs and GaAs QDs. For GaAs QDs it
can be seen how the spectrum under TPE, see Fig.3.19, is characterized by much
fewer transition lines than under above-band excitation, see Fig.3.1 (left) Most of
the missing transitions being positive trions states which are not populated under
TPE, .

Other than the X1̄0 and 2X2̄0 states, an additional state is present which we
speculate is an excited state of the biexciton, 2X 1̄1, as discussed in the next
chapter. The aforementioned state can be populated because the laser tuned to
the TPE conditions also excites the bulk GaAs, including defect levels which create
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Figure 3.17: |X2̄0⟩ and |X⟩ Population after a Gaussian pulse as function of pulse
area and detuning for a cascade, binding (upper row) and antibing (lower row),
with Phonon interaction

Figure 3.18: |XX⟩ and |X⟩ Populations after a Gaussian pulse as function of pulse
area for a cascade at the TPE condition, binding (left) and antibinding (right)
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free charges that can then populate the QD states once this is initialized in the
2X2̄0 state.

Rabi oscillation of the X1̄0 and 2X2̄0 populations are observed up to 7π, see
Fig.3.19. Despite the 2X2̄0 having an higher amplitude than the X1̄0 state in the
spectrum, the integrated intensity of the 2X2̄0 is less than the one of X1̄0 due to
a smaller linewidth, σX2̄0

= 54.2 ± 1.0µeV , σX1̄0
= 71.9 ± 1.0µeV . The lower

population of the 2X2̄0 state is not due to phonon assisted excitation of the X1̄0

state, but to carrier escape to a higher energy level, marked as excited 2X1̄1 in
Fig.3.19. The X1̄0 state is then populated both by the ground and excited 2X1̄1

cascades.

Figure 3.19: (Left) Typical GaAs QD spectrum under Two Photon Excitation
(Right) Power dependence of 2X1̄1 and X1̄0 states under Two Photon Excitation,
showing Rabi oscillations up to 7π.

An autocorrelation curve of the X1̄0 transition gives a g2(0) = 0.028 ± 0.002
indicating single photon emission, see Fig.3.20.

InGaAs QDs in GaAs are typically anti-binding, for this reason the laser has to
be tuned with an energy higher than theX10 transition for TPE, E = EX1̄0

−EB/2.
Fig.3.21 shows the spectrum under TPE of a dot with EB = −2.5meV .

A clear asymmetry of the 2X20 and X10 intensities can be observed. This is
due to the fact that, as discussed, not all photons of the X10 state come from the
recombination cascade. By analysing the power dependence of the intensity of the
two states, it can be seen how the 2X20 shows the expected damped oscillations,
while X10 has a steadily increasing component which we attribute to the phonon-
assisted excitation, see Fig.3.21.

An autocorrelation curve of the 2X20 and X10 transitions has been taken, yield-
ing a g22X20

(0) = 0.006±0.001 and g2X10
(0) = 0.052±0.002 indicating single photon
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Figure 3.20: Autocorrelation measurement of theX1̄0 transition under Two Photon
Excitation highlighting single photon emission.

Figure 3.21: (Left) Typical InGaAs QD spectrum under Two Photon Excitation
(Right) Power dependence of 2X20 and X10 states under Two Photon Excitation,
showing the phonon assisted component in the emission of the X.

emission for this type of dots as well, Fig.3.22.
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Figure 3.22: Autocorrelation measurement of the 2X20 and X10 transitions under
Two Photon Excitation highlighting single photon emission.

3.2.2.2 X+
11 to X+

20 relaxation

With a Three-Level System we can also describe the non-radiative decay of an
excited trion state to the trion:

|g⟩ =

1
0
0

 ; |X+
20⟩ =

0
1
0

 ; |X+
11⟩ =

0
0
1

 (3.21)

If the excited trion level is energetically well separated from the ground trion
and the laser is tuned to the frequency of the excited state, see Fig.3.23, the
interaction Hamiltonian of the system can be written as:

HI = − h̄
2
f(t)e−iωt

(
|X+

20⟩ ⟨g|+ |X+
11⟩ ⟨g|

)
− h̄

2
f(t)eiωt

(
|g⟩ ⟨X+

20|+ |g⟩ ⟨X+
11|
)
=

=

 0 − h̄
2
f(t)eiωt − h̄

2
f(t)eiωt

− h̄
2
f(t)e−iωt 0 0

− h̄
2
f(t)e−iωt 0 0


(3.22)

for this case the field couples the ground level directly to the top level instead of
being a two-photon process, and the laser polarization can be linear or circular.

Further details on how this polarization affects the polarization of the X+
20 will

be discussed in a later chapter.
The total Hamiltonian in the RWA is:

HRWA =

 0 − h̄
2
f(t) − h̄

2
f(t)

− h̄
2
f(t) −∆−∆E 0

− h̄
2
f(t) 0 −∆

 (3.23)
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Figure 3.23: Three-Levels System and Laser in a non radiative cascade to X+
20

because ∆E in GaAs QDs is typically ∼ 5meV the coupling of the electromagnetic
field to the intermediate state is weak.

The excited trion will relax into the ground trion state with a lifetime τX+
11
,

thus the ground trion photoluminescence will reflect the population of the excited
state.

As discussed in [12] using cascades introduces jitter in the emission of the last
state and thus degrades the indistinguishability.

To simulate the intermediate state population we added a decay operator that
couples the topmost level to the intermediate through a coupling constant γ =
1√
τ
and feed it to the brmesolve function through the cops argument. The time

domain is set to be 10 · σ + 10 · τ to account for a full decay of the excited state
to the intermediate. Fig.3.24 shows that a very high fidelity population of the
intermediate can be achieved through a π pulse of the topmost excited state and
damping of the population happens due to phonon induced decoherence.

Oscillation up to a 4π have been observed inGaAsQDs by pumping a resonance
of the X+

20 state, a few meV higher than the ground state, see Fig.3.25. The
oscillations are clearly damped, so as stated for phonon assisted excitation the
absolute value of the y axis in terms of Trion state population can’t be inferred
and thus it will be measured in integrated counts.

A Ramsey fringes experiment has been set up to measure the dephasing time
of excited trion state.

If we excited the state with a π power pulse we bring the dot from the ground
to the excited state along a meridian line of the Bloch sphere, but if we split
a π power pulse in 2 π/2 power pulses and set a delay between them, then the
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Figure 3.24: Time evolution of the |X+
11⟩ and |X+

20⟩ Populations during a Gaussian
pulse and decay, finale states population as function of pulse area for a cascade

Figure 3.25: Spectrum and power dependence of trion population under resonant
excitation of one of its excited states.

dot will be excited from the ground to the superposition state along the equator,
see Tab.3.1, and it will start to precess along the equator due to dephasing. By
adjusting the delay of the second π/2 pulse, we can time it so that it matches when
the precession causes the state to be again at the |+1⟩ state, reached after the first
π/2 excitation; this delayed and timed π/2 pulse will then bring the system to the
excited state. Plotting the excited state population as function of this delay gives
the well known Ramsey fringes.

Of course this is an ideal case in which the dephasing causes precession only
along the equator or parallel lines, which means that it keeps constant the ratio of
ground and excited state populations, but changes only the relative phase. This is
not a realistic scenario in the case of QDs because the dephasing will cause also loss
of population, for example through charge escape of non radiative recombination,
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so plotting the visibility of the Ramsey fringes, defined by Eq.3.24, as function of
the delay will allow us to measure the decoherence time T ∗

2 .

I =
Imax − Imin
Imax + Imin

(3.24)

An interferometer has been built by splitting the output of the ps pulse shaper
using a 50R : 50T beam splitter. On one arm of the interferometer there is a
retroreflector mounted a closed loop piezoelectric actuator for fine adjustment of
the pulse delay, the other arm has the retroreflector mounted an a linear stage for
coarse adjustment. For each step in the coarse delay arm, the fine delay arm scans
a range which is roughly double the excitation wavelength with enough resolution
to see the interference pattern, after this scan the piezo is sent back to the initial
position for the next coarse step. The coarse range is chosen to span a wide range
across the coherence time of the reflected and transmitted components of the pulse.

The intensity of the laser is monitored at each step of the coarse and fine delay
arms by a power meter, which measures the reflection from a beam splitter placed
in the excitation path. The intensity of the X+

2̄0
line is instead monitored by an

APD after the grating of the spectrometer has been centred at the X+
2̄0

line.

By plotting the laser and X+
2̄0

line intensity as a function of the fine delay we
can observe an oscillating pattern. If the delay of the coarse arm is set to be small
enough then the reflected and transmitted component of the laser will interfere
and the measurement will not yield useful information on the excitation process
dynamics. But if the coarse delay is set to be longer than the coherence time of the
two laser components then the oscillating pattern seen from the X+

2̄0
line intensity

will give a reliable Ramsey fringes measurement.

Plotting the visibility, Eq.3.24, as function of the coarse delay we obtain that
the excitation process has a dephasing time T ∗

2 = 100ps, see Fig.3.26

3.3 Dichromatic Excitation

To overcome the issues of time jitter in a state decay and suppression of the laser
other excitation, schemes which use two-wavelength pulses have been investigated.

3.3.1 Red-and-Blue Detuned

As described in [13] the dichromatic pulse is composed of two sidebands detuned
a certain ∆ω from the transition. The pulse has no spectral overlap with the
transition that we are interested in exciting and thus allows for easy filter or
suppression of the laser.
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Figure 3.26: Ramsey fringes visibility for laser and X+
2̄0

state as function of the
coarse delay

To simplify the study we set the pulse envelope to be the same and the phase
to be 0, the only parameters that will change is the pulse separation compared
to the transition that we want to excite, keeping the two sidebands symmetric,
∆ωred = −∆ωblue, as well and the pulse area of each sideband, this mean that if
αred = 0π (αblue = 0π) the excitation will be with a purely Blue (Red) detuned
pulse. As pointed out in [13] the phase could still be engineered to modulate the
pulse area over time if we want to sweep different paths along the Bloch sphere.

Due to the two wavelength components the pulse can be written as:

1

σ
√
2π
e−

(t−τ)2

2σ2
(
αrede

−iωredt + αbluee
−iωbluet

)
=

=
1

σ
√
2π
e−

(t−τ)2

2σ2
(
αrede

−i(ω+∆ω)t + αbluee
−i(ω−∆ω)t

)
=

=
1

σ
√
2π
e−

(t−τ)2

2σ2 eiωt
(
αrede

−i∆ωt + αbluee
i∆ωt

)
=

(3.25)

In a RWA of frequency ω the pulse envelope becomes a Gaussian modulated by
an oscillating term of frequency equal to the detuning of the two color components.

1

σ
√
2π
e−

(t−τ)2

2σ2
(
αrede

−i∆ωt + αbluee
i∆ωt

)
(3.26)

According to [14] the final population of the excited state depends on the pulses
amplitudes and parameter η = σ∆ω.
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Figure 3.27: (left) Two-Levels System under Red-and-Blue-Detuned Excitation
(right) Gaussian envelope of the pulse and its modulation introduced by the two
wavelengths

For η = 1, see Fig.3.28, we can observe that the pattern is symmetric with
respect of the pulse area of the two pulses and almost pure Rabi-like oscillations
appear along the diagonal.

Figure 3.28: Red-and-Blue excitation for η = 1

For η = 3, see Fig.3.29, a more complicated pattern can be observed.
By adding phonons to the system we can also observe that the first simulation

is affected more or less symmetrically, with a fidelity generally lower than 0.9, while
η = 3 the phonon affect the two sideband in different manners, and as expected
a purely red detuned pulse (for αblue = 0π) does not populate efficiently the state
with the help of phonons, while a purely blue detuned pulse (αred = 0π) has a
plateau of the population at high pulse area.
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Figure 3.29: Red-and-Blue excitation for η = 3

We experimentally generate a dichromatic pulse by placing a beam stop, a thin
strip of metal or an allen key, in the middle of a slit of a pulse shaper like the one
described in the previous chapter. It can be challenging to observe such patterns
with a setup like the one described, due to the fact that the power of the two
pulses can’t be individually controlled, because the two pulses are suppressed by
the same amount with the HWP + polarizer at the output of the polarization
maintaining fiber.

Also it should be noted that, at the time of experiment, we had no access to the
results from [14] and of our later simulations. For this reason we did not take into
account the effect of the pulse duration, due to the dependence from the η = σ∆ω
parameter.

Nonetheless, we were able to excite the sample even though the power de-
pendence of the X+

20 is closer to the behaviour expected from phonon assisted
excitation, with the roll off at higher pulse areas, see Fig.3.30.

3.3.2 SUPER

In a two levels system, a single highly detuned laser pulses does not induce sig-
nificant population of the excited state, especially if the detuning is beyond the
phonon spectral density maximum. It has been shown in [15] that population
inversion can be achieved by switching between two off-resonant (red-detuned)
frequencies. This scheme relies on the periodic change of the Rabi frequency that
leads to a swing-up behaviour of the excited state population. By themselves the
individual pulses would lead to a negligible population, but the frequency modu-
lation of the excitation pulse allows the population inversion of the system. The
scheme is known as Swing-UP of the quantum EmitteR population, SUPER.
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Figure 3.30: (left) Spectrum of GaAs QD under Red-and-Blue-Detuned Excitation
(right) Power Dependence of X+

20

Figure 3.31: (left) Two-Levels System under SUPER Excitation (right) Gaussian
envelope of the pulse and its modulation introduced by the two wavelengths

The above-mentioned publication goes over several pulses envelopes, like rect-
angular wave and gaussian. The first case has not be studied in the following
simulations, because, usually, experimental implementation of excitation processes
relies on Gaussian pulses.

For this excitation process, the interaction Hamiltonian can be expressed as:

HI = − h̄
2

[
f1(t)e

−iω1t + f2(t− τ)e−iω2t
]
|X⟩ ⟨g|

− h̄
2

[
f1(t)e

iω1t + f2(t− τ)eiω2t
]
|g⟩ ⟨X|

(3.27)

where f1(t) and f2(t− τ) are the Gaussian envelopes, ω1 and ω2 the wavelengths
of the two pulses and τ the relative delay between first and second pulse.
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In this case, it is convenient to use the frequency ωX of the |X⟩ state for the
RWA. Following the steps from Eq.3.6 to Eq.3.10, we find:

HRWA =

(
0 − h̄

2

[
f1(t)e

iδ1t + f2(t− τ)eiδ2t
]

− h̄
2

[
f1(t)e

−iδ1t + f2(t− τ)e−iδ2t
]

0

)
(3.28)

where δ1/2 = ω1/2 − ωX . With this RWA the pulses envelopes become a Gaussian
modulated by an oscillating term with the frequency of the excited state transition.

Just like the red-and-blue detuned pulses it involves the use of dichromatic
excitation but in this case both wavelengths are red detuned from the transition
that we want to address, this should in theory decouple the excitation process
from the phonons for two reasons: first we are working with red detuned pulses at
cryogenic temperatures, second the two wavelengths can be chosen to have a very
large detuning from the transition that we want to drive, moving them away from
the phonon spectral distribution, see Fig.3.4.

Not all combinations of parameters are suitable to achieve high fidelity occu-
pation of a desired state and the following relations of the detunings holds [15]:

∆ω2 = ∆ω1 −
√
f 2
1 (t = 0) + ∆ω2

1 (3.29)

the second pulse will then be detuned further away from the first and the detuning
can be pushed to even tens of meV allowing for a much easier suppression of the
laser with the use of long-pass filters.

As the scheme before, the pulses can be produced in the lab by placing a beam
stop in the middle of a slit of a pulse shaper, if the separation of the two wavelength
components is small enough to fit in a fs pulse spectrum. Otherwise a set of two
pulse shapers or sources will be needed.

One challenge of this scheme is the high pulse area required. A 10π pulse area
requires 100 times the laser power of a pulse with π pulse area, so this scheme
can be realistically used only on samples which require low power to be excited to
begin with.

In [15] a table is given with a set of suitable pulse parameters to achieve pop-
ulation inversion of a 2LS, see Tab.3.2. Simulations have been run using all the
provided parameters and we were able to reproduce close to unity occupation of
the excited state level. For one example of the simulation results, see Fig.3.32 blue
curve in the bottom row of plots.

From Fig.3.32, blue curves from first two rows of plots, we can observe that
the two individual pulses by themselves can’t drive the 2LS from a ground to an
excited state, but if we use both wavelengths then an oscillating behaviour of the
excited state population drives the system to a full stable inversion once the pulse
is switched off, see Fig.3.32 bottom row.
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h̄∆1 (meV) h̄∆1 (meV) σ1 (ps) σ2 (ps) α1 (π) α2 (π) τ (ps)
-5.0 -11.7826 4.50 7.10 25.00 25.00 0.00
-5.0 -13.5624 1.55 1.55 13.06 10.45 0.00
-5.0 -12.5522 2.23 5.00 15.30 28.31 2.40
-8.0 -19.1630 2.40 3.04 22.65 19.29 -0.73
-11.0 -25.7450 2.50 3.60 28.57 27.35 1.50

Table 3.2: Set of example parameters for the SUPER scheme which lead to close
to unity occupation of the excited state level, taken from [15]

Apparently phonon do have an effect on the 2LS even under this type of excita-
tion, see orange curves in Fig.3.32. For all set of parameters provided in Tab.3.2,
we have found that, if the pulses are simulated individually (first two rows of
plots), the occupation of the excited state is higher after introducing phonon in
the simulation. On the other hand, combining the two pulses with the SUPER
scheme, we have observed a reduction of the excited state population after the
phonon are introduced in the simulation.

Results for both cases are unexpected as phonons should have no noticeable
effect for red-detuned pulses. This could be an artifact of the simulation due to
the choice of frequency for the RWA, as now the hamiltonian is anti-diagonal, see
Eq.3.28. The exciton frequency in the bottom right term of the Hamiltonian is
removed by the approximation, only the oscillating terms depend on the detuning,
which are complex conjugate, probably the way the phonon bath is fed to the
simulator is not compatible with the assumptions.

Also the detuning is so far away from the transition that maybe even the RWA
is not valid any more. This approximation was supposed to remove high frequency
terms from the calculations, but an high frequency parameter itself has been set,
therefore it is reasonable to expect that the approximation could diverge and that
an expansion which accounts for higher orders is needed.

Further study is required to understand why the simulation results are not in
accordance with the theory under these conditions.

3.4 Conclusions

In this chapter we have shown how several excitation models can be simulated
using the open source library QuTiP and how these results can be reproduced
in the lab. Insight on the phonon distribution of a given dot could be gained in
theory by changing the parameters that influence the strength of coupling (like
dot size) to match experimental data.

Of all the excitation methods reported above none is perfect and each has some
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Figure 3.32: Two-Levels System under SUPER Excitation. First two rows of plots
are the system excited with single pulses, with and without phonons. Last row
is the system excited with the pulses combined according to the SUPER scheme.
The images shows the simulation for the second set of parameters from Tab.3.2
[15], similar results have been obtained by the simulations for the other sets as
well.

drawback that make it more or less suitable in a laboratory.

A fully resonant excitation is too restrictive, since the pulse and target state
have to overlap energetically, the suppression of the laser light can’t be achieved by
spectral filtering but only by crosspolarizing detection and excitation, for example
by pumping a degenerate state, like an X+

20, with a linearly polarized laser, this
will also suppress half of the population from the state.

Phonon assisted excitation allows for easy spectral, using notch filters, and spa-
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tial filtering, using gratings. This type of excitation is also more resilient against
laser power and frequency fluctuations due to the plateau of high fidelity initial-
ization. Later in the thesis it will also be shown that a specific spin configuration
can be initialized with high fidelity for a X+ state. The maximum of the phonon
distribution can also be tuned by changing the QD geometrical and material prop-
erties. The main drawback can be the high power required to reach high brightness,
due to the high pulse area which can be sometimes challenging to suppress and
can introduce background photons in the detection process. Also, in the case of
GaAs QDs, the excitation of bulk states introduce spurious charges and other
recombination channels.

Resonant excitation of an excited state that relaxes to a intermediate X+ state
shows higher brightness than phonon-assisted excitation in the case of GaAs QDs.
The large separation between the two transitions allows for easier suppression of
the laser at detection level. The main drawback is the jitter introduced in the
emission of the X+ photon, due to the relaxation of the excited state and the
excitation of few other states, like hot trions and bulk.

Two-Photon Excitation has been a standard excitation scheme in the QD com-
munity. Other than allowing easy filtering of the laser, it can generate on-demand
entangled photon pairs. Just like the aforementioned excitation of the trion, jitter
is introduced in the X photon emission due to the cascade, thus reducing indistin-
guishability. For antibinding QDs this can also be a non-ideal excitation method
due to the phonon-assisted component of the X state.

The Red-and-Blue detuned excitation scheme has the advantage of being a
coherent excitation method and because the side bands can be detuned it can
be easily suppressed through spectral or spatial filtering, for example picking up
the transition signal with the reflection of a notch filter. One main drawback is
that the blue detuned pulse will couple to the phonon bath, thus reducing the
population of the excited state due to dephasing.

The SUPER scheme allows for even easier filtering of the laser due to the
much bigger energy separation. With this scheme it could be possible to filter the
laser background with a long pass filter, which is a much cheaper approach than
using notch filters. Because the process is coherent it has all the advantages of
resonant excitation, and also the pulses can be theoretically decoupled from the
phonon bath. One major drawback is the typically higher power required to excite
the targeted state, a 20π pulse requires 400 times the power of a pulse of area
π, making this approach suitable only for samples which already require very low
power to be efficiently excited, like QDs in cavities. Also the pulse shaping process
can be more complicated due to the need to tune very well the two wavelength
separation.
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Chapter 4
Energetic Structure of GaAs Quantum
Dots

In the previous chapters we have discussed how QDs could be used to implement
quantum computing through different protocols, circuit model or one-way quantum
computing.

We have also discussed the possibility of using QDs for single and entangled
photon emission, through the 2X2̄0 → X1̄0 cascade or the linear cluster state
protocol using a trion state.

In the following chapter we will focus on the study of the energetic structure of
GaAs QDs in AlxGa1−xAs. Based on previous studies from the group, [1], these
QD have been sandwiched by superlattice structures made of alternating layers
of AlAs and GaAs to detach the QD from the vertical wires that form due to
material segregation and improve its symmetry-related optical properties.

Investigation of GaAs QD energetic structure is a fundamental step to under-
stand the dynamics involved in the cluster state generation and manipulation and
in general to engineer QDs with the desiderated optical properties. Employing a
variety of spectroscopic techniques, such as polarization and time resolved micro-
photoluminescence, and devices, like diode structures and piezoelectric devices, we
were able to match most of transition lines with the corresponding excitonic states
and characterize their polarization properties to probe the QD symmetry.

We will also show that an approach purely based on calculations of point group
selection rules [2] is not enough to explain the typical spectra of our QDs.

101
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Figure 4.1: A typical spectrum of a GaAs QD with AlxGa1−xAs barrier and
superlattice structure with excitonic states matched to the corresponding peak.

4.1 Neutral Excitons

As stated in Chap.1 excitons, X10, are bound electron - hole states, with both
charge carriers in their lowest energy level. In a high symmetry QD, with point
group symmetry D2d, the bright eigenstates of QD would be the degenerate states
|↑⇓⟩ and |↓⇑⟩ and the photons emitted upon recombination of the electron - hole
couple would be circularly polarized.

Inhomogeneities, defects, segregation effects, non-uniform potential, piezoelec-
tric effects etc. lower the symmetry of most QDs from D2d. Under these con-
ditions the eigenstates of the system are not the ones of the D2d symmetry, but
1√
2
(|↑⇓⟩ ± |↓⇑⟩). Recombination of bound electron and hole of an exciton is char-

acterized by emission of linearly polarized photons [3] and the degeneracy of the
two levels is also lifted by the exchange interaction. The energy separation of the
two new eigenstates is known as Fine Structure Splitting, FSS, and it is usually a
splitting on the µeV scale.

A biexciton, 2X20, is composed of two electrons and two holes in their lowest
energy level. Due to Pauli exclusion principle, electrons and holes have to be
in singlet state (opposing spins) to occupy a single energy level, therefore the
biexciton has no FSS and zero angular momentum, M = 0. A biexciton state
can’t optically recombine directly to an empty QD (also characterized by M = 0)
because photons couple only to M = ±1 transitions. The recombination to an
empty QD happens with an intermediate step where the QD is populated by a
single exciton state, 2X2̄0 → X1̄0 → 0. Even though the initial and final states
are singlet non-degenerate states without exchange interaction, emission from the
biexciton state is characterized by FSS as a consequence of this intermediate step.

FSS can be hard to measure without polarization-resolved photoluminescence,
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PL, measurements because it is usually much smaller then the linewidth of the
X1̄0 transition lines. A rotating HWP and fixed polarizer can be placed in front of
the spectrometer and by synchronizing the movement of the HWP and acquisition
of spectra from the CCD we can obtain a map of the PL. Due to Malus’ Law,
the H and V photons contribute differently to the total intensity of the transition
line depending on the HWP angle. Fitting the peak with a Guassian curve and
plotting the center wavelength/energy of the transition as a function of the HWP
angle will return a sinusoidal curve. The peak to peak amplitude of this sinusoidal
curve is a measure of the FSS.

The X1̄0 peak can be identified by finding a transition line that has central
wavelength changing in a sinusoidal pattern as function of the HWP angle θ with
respect to the polarizer transmission axis. The 2X2̄0 peak can be identified by
finding a transition line with a sinusoidal pattern which is in antiphase with that
of theX1̄0. Subtraction of the energies of the two transitions, EX1̄0

−E2X2̄0
, corrects

for slow changes in the environment that may happen during the measurement,
like a slow global drift of the transitions.

Figure 4.2: Energy of X1̄0 (top left) and 2X2̄0 (bottom left) states as function of
HWP angle and Fine Structure Splitting of a GaAs QD (right)

In one of our experiments, a set of 60 QDs from the same sample has been
analyzed and an average FSS of 12 ± 10µeV has been found. Fig.4.3 shows how
most of the QDs analyzed are characterized by a small FSS with few outliers in our
sample broadening the mean value spread, thus highlighting the high symmetry of
the site controlled growth of QDs.

This is a drastic reduction compared to previous generations of pyramidal QDs
in different barriers, Fig.4.4 [1], thus confirming the positive effect of the superlat-
tice on the optical properties of the QDs.

We observed a linear trend for the energy of the 2X2̄0 as function of the X1̄0

energy, see Fig.4.5 (left).
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Figure 4.3: Fine Structure Splitting distribution of the the QDs analyzed.

Figure 4.4: Average Fine Structure Splitting for different generations of QDs grown
by the EPN group in Tyndall. In black (green) GaAs QDs with Al0.75Ga0.25As
(Al0.45Ga0.55As) barriers, in orange GaAs QDs in AlAs barriers, and in red GaAs
QDs in Al0.45Ga0.55As barriers with superlattice. The sample analysed in this
thesis is among the ones of the most blueshifted data point of the superlattice
series. Image taken from [1].

Due to Coulomb interaction between the extra charge carriers, in most QD
systems [4] [5], the energy of 2X2̄0 state is not exactly that of X1̄0. This energy
difference is known as binding energy, ∆B = EX1̄0

− E2X2̄0
. In the case of GaAs

QD in AlxGa1−xAs barriers this is positive and the 2X2̄0 is said to be binding.
Analysing the binding energy of the biexciton as function of the exciton energy,

we observe that its values is not constant across the sample, but it has a slight
dependence on the exciton energy, see Fig.4.5 (right). The binding energy across
the sample is distributed over a narrow energy range, making it very easy to
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identify the biexciton transition under above-band excitation. This also allows
quick tuning of the laser energy for Two Photon Excitation. The strong linear
dependence of the binding energy from the exciton energy highlights that this
distribution is not random and due to dot-to-dot variations, and is, actually, a
strong signature of the structural uniformity of the QDs on the sample.

Figure 4.5: Energy of the biexciton (left) and the binding energy (right) of GaAs
QDs as function of the X1̄0 energy.

On its own, the exciton energy is already a fingerprint of the QD radius, r,
due to the inverse dependence typical of a particle in a box problem, EX1̄0

∼ 1
r2

[6]. Combining this information with the linear dependence of binding energy,
complex computational models could be developed to further probe the geometrical
properties of the QDs.

Further confirmation of the 2X2̄0 peak can be obtained by observing strong
bunching in cross-correlation measurements, typical of recombination cascades as
described in Chap.1, see Fig.4.6. As described in Chap.2, cross-correlation, g(2) (τ),
is a measurement of the conditional probability of measuring a start photon at time
t = 0 and a stop photon at time t = τ . Therefore, observation of bunching is a
marker of recombination cascade between two states.

A dip, antibunching, before (or after, depending on the start stop configuration)
the bunching can sometimes be observed in recombination cascades due to the
finite lifetime of the final state. If the antibunching is very pronounced this is
usually an indication that the final state is populated mostly by the decay of the
initial state, with little contribution from other population channels, which would
cause the g(2) (τ) to flatten to unity due to the photons being uncorrelated.

Another neutral excitonic state is the excited exciton, where the hole occupies
the first excited level, X01̄. The excited exciton, once electron - hole exchange
interaction is taken into account, is characterized by a FSS and isotropic emission
in the XY plane (top-view) of linearly polarized photons, just like the ground
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Figure 4.6: g(2)(τ): recombination cascade 2X2̄0 → X1̄0.

exciton [2]. This is indeed consistent with our measurements, as shown in the
second plot in Fig.4.7. Interestingly, the FSS of the excited exciton is found to
be almost, but not perfectly, antiphasing with an offset of a few degrees with that
of the ground exciton, see top and middle panel of Fig.4.7 where a clear offset is
present between the two oscillations. A clear theoretical model for this pattern is
not available to us at the moment.

Figure 4.7: Energy of the X1̄0 (top), the X01̄ (middle) and the X01̄z (bottom)
states as function of HWP angle.

In Chap.1 we introduced the Luttinger - Kohn notation, with this notation
we can mathematically describe electrons, Eq.4.1, heavy, Eq.4.2 and light, Eq.4.3,
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holes with the following expressions:
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The optical selection rules, dipole transition, for electron - heavy-hole recom-
bination are:
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and for electron - light-hole recombination:
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Therefore, if an exciton state has a pz orbital component, then an additional
non-degenerate transition line linearly polarized along the growth direction, ẑ,
should be visible in cross-section measurements [7].
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In this section and in the following chapter, we will demonstrate the light-hole-
like nature of the excited states of this family of GaAs QDs employing a variety
of spectroscopy methods.

Emission from a non-degenerate and linearly polarized along ẑ transition was
confirmed by cleaving the sample, see procedure described in Chap.2. In Fig.4.8
we can see the polarization resolved PL from the side-view, instead of the more
common top-view configuration.

Figure 4.8: PL from the side view, vertical polarization is along the growth direc-
tion (top). Highlight of ground and excited exciton showing the non-degenerate
X01̄z transition due to the light-hole-like nature of the excited state (bottom).

The ground exciton, see inset plot on the top left corner from Fig.4.8, is clearly
heavily polarized along the horizontal direction, XY plane, and shows no non-
degenerate components, thus confirming its heavy-hole-like nature. The emission
along the vertical direction could be caused by valance band mixing of heavy
and light hole bands, which leads to a lower degree of linear polarization of the
transition lines, as we will see later in the chapter.

The excited exciton emission X01̄, see inset plot on the bottom right from
Fig.4.8, instead shows a non-degenerate and nearly fully polarized pz orbital com-
ponent, X01̄z, thus hinting at the light-hole-like character of the excited states
of the QDs. The leftover emission from the pz component along the XY plane
projection could be due to band mixing.

On a small subset of QDs, the X01̄z was visible from the top-view configuration.
Ideally, this component should not be observed in top-view measurements, but
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its presence could be explained by sample morphology, such as scattering/light-
guiding effect of internal features, the high numerical aperture of the objective,
which collects emission from the QDs also at high angles, or fundamental reasons
like band mixing which degrades the DOP of the transition. Furthermore, even
though X01̄z should not have any FSS it can be observed in some QDs that, from
the top-view, its energy is varying with the HWP angle, see for example the bottom
panel in Fig.4.7.

As for the biexciton, we found that the energy of the X01̄ transition is lin-
early dependent from the ground exciton energy, see Fig.4.9 (left). The energy
difference EX1̄0

− EX01̄
, see Fig.4.9 (right), shows a stronger linear dependence

from the ground exciton energy than that shown previously for biexciton state.
Furthermore, the linear law has a negative slope indicating that the excited ex-
citon separation increases for excitons with higher energy, which correspond to
smaller/more confined QDs. This is again consistent with a simple particle in a

box problem where En − En+1 ∼ n2

r2
− (n+1)2

r2
∼ −2n+1

r2
. It also shows that the

spectra of the QDs and its energy separation among the several transition lines
could be used as fingerprint of its geometrical properties.

Figure 4.9: Energy of the excited exciton (left) and energy difference with ground
exciton (right) of GaAs QDs as function of the X1̄0 energy.

Similar conclusion can be drawn for the pz component and the X01̄ energy, see
Fig.4.10.

In plane asymmetry and anisotropic strain can induce valance band mixing
between heavy-hole and light-hole states in QDs [7]. Taking these effects into
account the eigenstates of the system are now superpositions of the elliptically
polarized excitons:

|±1̃⟩ =
√

1− β2 |∓1

2
;±3

2
⟩+ βe±2iψ |∓1

2
;∓1

2
⟩ (4.6)

where β and ψ represent amplitude and phase mixing [8].
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Figure 4.10: Energy of the non-degenerate excited exciton (left) and energy dif-
ference with excited exciton (right) of GaAs QDs as function of the X01̄ energy.

If β ̸= 0 then the QD emission is elliptically polarized with an angle ψ with
the axis ŷ. The degree of linear polarization:

DOLP =
IH − IV
IH + IV

(4.7)

can be measured by projecting the QD PL on a linear basis and measuring its
intensity. The dependence of the degree of linear polarization from the amplitude
band mixing factor β can be expressed as [8]:

DOLP =
2β
√
3(1− β2)

3− 2β2
(4.8)

Thus given the DOLP of a transition line its light-hole percentage can be
estimated by intersection with Eq.4.8, see Fig.4.11.

It was found that in general GaAs QD are characterized by a low degree of
polarization, which is indicative of low band mixing. Fig.4.12 plots the DOLP of
the excited exciton against that of the ground state, showing that the two values
seem to be uncorrelated. It can be seen that the lh - hh ratio is not unambiguously
determined because the function Eq.4.8 is not injective, thus a very low degree of
polarization implies that a state can be either mostly light-hole like or mostly
heavy-hole like. In the case of our QDs due to the lack of z component of the
ground exciton we speculate that its very low degree of polarization implies a
purely heavy-hole like first energetic level in the valence band. On the other hand
the visible non degenerate pz orbital component of the excited exciton and its very
low degree of polarization, seems to imply that the second energetic level in the
valence band is mostly light-hole-like.
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Figure 4.11: Intensity of X1̄0 (top left) and X01̄ (bottom left) as function of 2 x
HWP angle and corresponding valence band mixing (right).

Figure 4.12: Degree of Linear Polarization of X01̄ as function of DOLP of X1̄0, the
distribution of values is indicative of low band mixing and the two data set seem
uncorrelated.

We observed bunching in the g(2)(τ) of the X01̄ peak and another transition
separated −0.55meV from the 2X2̄0 transition, see Fig.4.13. As stated before, the
bunching is an indication of recombination cascade, therefore we identify this line
as belonging to the transition 2X1̄1.

As showed in Fig.1.12 and Fig.1.13, the decay pattern of the 2X11 state can be
very complex depending on the symmetry of the QD. In the simplest scenario, cor-
responding to the D3h symmetry, the 2X11̄ has only 3 isotropic transitions visible
in the top-view configuration and 1 linearly polarized along the growth direction
visible in the cross section, see Fig.4.14. Only one of the isotropic transitions
is expected to bunch with the X01̄ state, as we found using the cross-correlation
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Figure 4.13: (left) Ground and Excited Biexcitons in the GaAs QD spectrum,
(right) g(2)(τ): recombination cascade 2X1̄1 → X01̄.

in see Fig.4.13. Observation of this transition is made challenging in most QDs
by its close proximity, and maybe sometimes overlap, to a set of heavily linearly
polarized doublets, of which we will discuss later in the chapter.

At the time of writing, we were not able to identify the other transition lines
of the 2X1̄1 and 2X11̄ states.

It has been shown in literature that FSS can be made arbitrary small by placing
a QD on a piezoelectric device. The deformation on the QD induced by the device
counterbalances the effect of the QD asymmetry and deforms the barriers until
the FSS is compensated [9] [10] [11].

To perfectly counterbalance the QD imperfections it is necessary to have full
control of the induced strain in different directions, this can be achieved with
a six legged piezoelectric actuator that allows full control of the inplane strain
[10]. Nevertheless we have attempted the same procedure, but with a much less
sophisticated device.

A sample with similar structure to the one studied in this chapter, Fig.4.15, has
been polished according to the procedure described in Chap.2 to reduce the depth
of the pyramidal recess. It has then been bonded to a monolithic piezoelectric
crystal, with the pyramid bases facing one of the surfaces of the piezoelectric,
Fig.4.15.

The yield of QD responsive to the stimulation of the piezoelectric device was
found to be very poor. This is probably associated with the loss of strain transfer
to the QD once the tip of the pyramid is exposed by the back-etch process. Ideally,
pyramids which are almost fully-covered by the substrate should respond better
to the strain induced by the piezoelectric device, but that is a very small subset
of QDs on the sample due to the inhomogeneous back-etching process.

We were able to prove FSS tuning for a QD in the range of voltages scanned,
see Fig.4.16. Even though the FSS never reached 0µeV we were able to reduce it
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Figure 4.14: Recombination cascade for 2X1̄1 for D3h symmetries, showing the 3
isotropic transitions visible in the top-view configuration and 1 linearly polarized
along the growth direction visible in the cross section. Taken from [2]

Figure 4.15: Schematic of the GaAs QDs sample mounted on a monolithic piezo-
electric device. Image taken from [12].

of a factor 3 with such a crude device and poor yield. The sudden jump in FSS
showed at voltages lower than −300V is caused by a breakdown of the device. It
can therefore be expected that site controlled pyramidal QD would show better
response if more control over the alignment of sample and a specifically engineered
substrate is achieved.

Straining the QD induces also changes into the the valence band mixing, this
can be observed by plotting the DOLP of the ground and excited exciton states, see
Fig.4.16. Initially the DOLP is higher because the substrate has been pre-strained
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by the poling operation. We fitted the DOLP data over the working range of the
device, from −300V to 100V , and found that the ground exciton state seems to
be barely affected by this induced strain, but the excited shows a response that is
almost 5 times stronger. The linear trend of the DOLP as function of the applied
voltage is proof that we can engineer nearly pure light- or heavy-like states by
applying external strain to the QDs.

Figure 4.16: Tuning of Fine Structure Splitting (left) and of band mixing (right)
as function of the voltage applied to the piezoelectric substrate.

4.2 Positive Trions

Figure 4.17: (left) Typical spectrum of GaAs QD in superlattice, (right) recombi-
nation patterns of (top) X+

11̄
(middle) X+

1̄1
(bottom) 2X+

2̄1
.
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A positive trion with two holes populating the first level of the valence band
in a singlet state, X+

2̄0
is characterized by isotropic emission in the XY plane and

no FSS. This is valid for D2d, D3h, C3v and lower symmetries [2].
We have found GaAs QDs in superlattice to be usually positively charged

and the ground trion to be the dominant peak, making its identification in the
spectra quite straightforward, see Fig.4.1. As for biexciton and excited exciton,
the energy of the trion is highly linearly correlated to that of the exciton, see
Fig.4.18 (left). The relative energy of the ground trion can be estimated by the
equation: −0.003(2)EX1̄0

+ 8(2)meV . As for the excited exciton, the slope of the
relative energy is negative, see Fig.4.9.

Figure 4.18: Energy (left) and relative energy (right) of the ground trion state as
function of the X1̄0 energy.

If one of the two holes populates the second level of the valence band, the QD is
populated by a so called hot trion state, X+

11. The hole - hole exchange interaction
then lifts the degeneracy and splits energetically the levels, further splitting is
introduced by electron - hole exchange interaction. The optical activity of hot
trions is determined by the symmetry point group of the QD [2] and thus these
state could be used to probe the geometry of the QD.

We have found our dots to have 3 optically active hot trion states when the
heavy-hole - electron recombine, X+

1̄1
, see Fig.4.17 (right middle). The energy of

these 3 states is always more than the 2X2̄0 and less than the X+
2̄0
. Just like the

X+
2̄0
, their energy relative to the X1̄0 is also characterized by a sharp distribution,

see Fig.4.19.
As usual, the energy of the states exhibits a strong linear dependence from the

X1̄0 energy, see Fig.4.19 (top). Interestingly, plotting the relative energies of the
peaks to the X1̄0 as a function of the X1̄0 itself, we notice that the least energetic
of the X+

1̄1
states seems to have a positive slope coefficient, unlike the other trion

states, see Fig.4.19 (bottom). A clear theoretical model to explain such behaviour
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is not available to us, at the moment of writing, but it could be a pattern of the
trion states splitting due to exchange interaction.

Figure 4.19: Energy (top) and relative energy (bottom) of trions in which the
heavy-hole recombines with the electron.

The presence of 4 hot trion states has been also observed in the range of energies
between X1̄0 and X01̄, typically between −1meV and −4meV , see Fig.4.17 (right
top). These are the trion states where the hole in the excited level recombines with
the electron. In general, 3 of these states are observable in top-view measurements.
The presence of a fourth peak is confirmed: in a small number of QDs in top-view
measurements, by cross section measurements and by resonantly exciting these
states with a tunable laser and observing the presence or lack of resonances for
the ground trion states, X+

2̄0
and X+

1̄1
. This topic will be dealt in depth in the

following chapter, Chap.5.
A linear dependence from the energy of these states as a function of the X1̄0

is again confirmed, see Fig.4.20 (top), although their relative energy as a function
of the X1̄0 energy shows a much noisier pattern than other peaks, see Fig.4.20
(bottom).

Plotting the relative energy of the X+
11̄

to the excited exciton energy, as a
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Figure 4.20: Energy (top) and relative energy (bottom) of trions in which the
light-hole recombines with the electron.

function of its energy, seems to show a less noisier pattern, see Fig.4.21 (top and
bottom). This indicates that the higher spread of the data previously observed
is, probably, due to the higher spread of the energy of the first excited level. The
splitting introduced by hole - hole exchange interaction on the other hand are less
sensitive to dot-to-dot variation, and therefore could be used as a parameter to
model the geometric properties of the QD.

The identification of the charged biexciton, 2X+
1̄1
, has been possible with the

use of polarization resolved g(2) (τ) measurements. A QWP at 45◦ was placed at
the transmitted output of the 10R : 90T beam-splitter to convert trion emission
from circular to linear base, therefore |R⟩ → |H⟩ and |L⟩ → |V ⟩. This has been
done, as described in Chap.2, to minimize distortion of circularly polarized light
by mirrors and optical elements of the setup. A combination of a polarizer and
a rotating HWP allows us then to filter orthogonal states and measure g(2) (τ) in
copolarized or crosspolarized configuration. In the first configuration the events
of the g(2) (τ) are given by photons with the same polarization, in the other by
orthogonal ones.

Our study of the two photon radiative cascade 2X+
1̄1

→ X+
1̄1

was partly based
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Figure 4.21: Energy (top) and relative energy (bottom) of trions in which the light-
hole recombines with the electron. The energy has been calculated in relation to
excited exciton to reduce the noise in their energy distribution due to the dot-to-
dot variations of the excited state energy.

on the decay diagram shown in Fig.1(a) in [13]. The radiative decay and energy
order of the peaks studied in [13] does not fully match our QDs, because their
singlet state of the hot trion, |S∗⟩ = |↑ (⇓⇑ − ⇑⇓)⟩, is expected to be a transition
at higher energy than the singlet state X+

2̄0
and X1̄0. In our QDs instead it seems

that the hole - hole Coulomb interaction is stronger than the hole - hole exchange
interaction.

The recombination of the first electron - hole couple from the 2X+
2̄1

sets the
polarization of the first photon according to the selection rules of heavy holes. An-
tiparallel spins recombine with emission of circularly polarized photons. Because
the electrons in the charged biexciton are in a singlet state, the one left in the QD
has opposite spin to the one that just recombined. Therefore, emission from X+

1̄1

will be orthogonal to the first photon, see Fig.4.22.
This is consistent with our g(2) (τ) measurements, see Fig.4.23, in which the

least energetic peaks are shown to bunch (antibunch) with the peaks identified as
hot trions in crosspolarized (copolarized) detection.
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Figure 4.22: Decay of charged biexciton to trion and hot trions. Red/Blue indicate
cross-polarized photons in the recombination cascade, red/red photons are co-
polarized, green arrows indicate isotropic emission in the XY plane with no clear
relation to the 2X+

2̄1
polarization, solid blue arrow indicates a photon linearly

polarized along the ẑ direction and dashed light blue arrow are associated to non-
radiative decays to the trion state.

Figure 4.23: g(2)(τ): recombination cascade 2X+
2̄1

→ X+
1̄1
.

On the other hand, the recombination from X+
11̄

can happen both with parallel
and antiparallel spins. Antiparallel spins lead to linearly polarized light along
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the ẑ direction, which are not easily observed in top-view measurement geometry.
Parallel spins recombine with light-hole selection rules, and lead to a 2X+

1̄1
→ X+

11̄

cascade characterized by copolarized photons, see Fig.4.22 (middle recombination).
This is also consistent with our g(2) (τ) measurements, Fig.4.24.

Figure 4.24: g(2)(τ): recombination cascade 2X+
2̄1

→ X+
11̄
.

Some very small bunching is observed for the 2X+
2̄1

→ X+
2̄0

cascades, see
Fig.4.25, this implies that the hole in the second energy level relaxes via non
radiative processes, such as spin flips and phase changes, to the ground level.

Figure 4.25: g(2)(τ): recombination cascade 2X+
2̄1

→ X+
2̄0
.

By analysing the energy separation of the transitions that belong to 2X+
2̄1
,

X+
1̄1

and X+
11̄

states we can quantify the hole - hole and electron hole exchange
interaction. We cleaved a sample and observed a very consistent separation of the
optically active transition, see Fig.4.26, according to the decay scheme proposed
in Fig.4.22

We have tried to gather the same information, but with measurements from
the top-view, see Fig.4.27. While some preliminary analysis shows some promis-
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Figure 4.26: Exchange interaction of charged biexciton and trion in cross-section.

ing results, some challenges arise in gathering this data. First of all, the peak
X+

11̄
#3 is rarely observed in top-view, reducing our available data set for statistic.

Second, the observation of peak 2X+
2̄1
#2 seems to be dependent on the excita-

tion power and it is sometimes hard to identify it from other unknown transitions
between 2X+

2̄1
#1 and 2X+

2̄1
#3. Third, further theoretical models and simulations

will be necessary to understand the higher spread in the data associated with the
X+

11̄
states. Nevertheless, the data gathered and analyses so far seems to show a

promising trend between the energy separation of the above mentioned state. We
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would like to stress that the red dashed line present in the plot below is not a fit
of the data, but a line of unitary slope to aid the eye and show the trend of the
exchange interaction effects.

Figure 4.27: Statistics of exchange interaction of charged biexciton and trion in
cross-section.

In general we have found trions and charged biexcitons to be isotropic in the
XY plane with a low degree of linear polarization.

We have also observed a set of strongly polarized doublets close to the biexciton
transition, see Fig.4.28. Further measurements will be necessary to evaluate if they
belong to X2+

2̄1
states.
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Figure 4.28: Heavily polarized transitions, maybe belonging to the X2+
2̄1

state.

4.3 Negative Trions

To understand in-depth the energetic structure of GaAs QD, an electric field ca-
pability can be instrumental. Also, driving the device with an external voltage
allows charge carriers tuning and injection into the active region of the QD, and
thus potentially on demand generation of single and entangled photons, in the case
of a modulated voltage [14].

Reduction of the FSS can also be achieved by quantum confined Stark Effect by
applying an external electric field perpendicular or parallel to the growth direction
[15] [16]. A typical approach is to embed the QD in a p-i-n structure which when
driven in reverse deforms the electron and hole wavefunction and can potentially
reduce the FSS to 0µeV . Furthermore the transition energy of excitonic complexes
can be changed via Stark shift in ranges of up to tens of meV [17].

Electroluminescence and entangled photon emission from a p-i-n structure has
been proved before by the EPN group for In0.25Ga0.75As in GaAs barriers [18].

To obtain a diode structure for GaAs QD AlAs has been chosen as a barrier
and the epitaxial contacts are two 120nm and 110n thick Al0.65Ga0.35As p and n
doped layers. The full sample structure is shown in Fig.4.29 (left).

The non planar structure of the sample does not allow contacting the p and n
doped layers in a conventional geometry, for example by etching two opening at
different depth, nor is possible to just cover the top surface by metal deposition,
as this would cause a short circuit since both p and n doped layers have the top
surface in common, Fig.4.29 (right).

To isolate the top surface of the contacts and sidewalls of the pyramidal recess a
layer of Si3N4 was deposited using Plasma-Enhanced Chemical Vapor Deposition,
PECVD.

Gold is then evaporated in three different steps to mask the dielectric material
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Figure 4.29: p-i-n diode structure for GaAs QDs: epitaxial structure (left) sketch
showing the non planar geometry of the sample which would cause the short circuit
condition if a gold contact was directly evaporated on top without the trenches
(right)

everywhere except in the bottom of the pyramidal recess. The sample is placed
inside the evaporator on a 50◦ inclined stage, due to this inclination the sidewall
shadows the bottom of the recess and gold cannot deposit in the bottom of the
recess. The step is repeated 3 times rotating the sample by 120◦ and thus leaving
the bottom of the pyramid unprotected at the end of the process, Fig.4.30.

A low power CF4 dry etching step removed the Si3N4 from the bottom of the
recess and allows evaporation of the gold contact to the n doped layer.

The sample is then flipped, bonded to a GaAs 100 carrier and processed ac-
cording to the back-etching process described in Chap.2 in order to access and
contact the p doped layer. Aluminium Oxide is produced when the AlAs etch
stop layer is exposed to the etching solution. A 2min in a HF solution removes
the oxide layer, but also etches trenches in the AlAs layer, to avoid an open circuit
Si3N4 is again deposited to fill these trenches.

A final evaporation of gold on the top surface of the sample produces the
contact to the p doped layer.

Analysis of photoluminescence spectra under forward bias of the sample shows
very weak Stark shift response in the voltage range scanned, Fig.4.31 (right).

On the other hand the device is very useful to identify excitonic complexes
with an unpaired electron or hole. It can be observed that the charging of the
QD drastically changes as a function of voltage, moving from dominant positively
charged complexes at reverse bias to mostly negatively charged under forward bias.
Suppression of neutral excitons and positive trions and their respective excited
states is clearly evident in the range 3V to 5V . At 5V the emergence of the
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Figure 4.30: p-i-n diode structure for GaAs QDs: gold evaporation steps (top) full
processing steps (bottom). Images taken from [18]

negative trion and what we speculate to be its excited state can be observed,
Fig.4.31 (right).

4.4 Conclusions

In this chapter we have described our findings relative to the energetic structure
of GaAs QDs in AlGaAs barriers with superlattice.

We have shown how the superlattice structure greatly improves one of the
most important optical properties of the QDs for emission of entangled photons,
the FSS, compared to previous generation of GaAs QDs with different barriers,
see Fig.4.3.

We have reported the presence in our QDs of an excited state of the exciton
state, X01̄, which shows light-hole-like properties, Fig.4.8. This kind of state is not
often reported in literature and we have analysed in depth its properties with cross-
section, polarization and time resolved spectroscopy. We have shown the possibility
of tuning the light-hole component of excited and ground state through band-
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Figure 4.31: p-i-n diode structure for GaAs QDs: measured IV curve showing
the expected diode behaviour (left) PL spectra as function of the applied voltage
showing very weak Stark shift and charge tuning under forward bias, the spectra
has been divided in two ranges, ground and excited states, and each range nor-
malized to highlight the relative intensity of the states (right).

mixing induced by strain, applied using a piezoelectric substrate, see Fig.4.16.
Since the main focus of this thesis is to test if our QDs are a suitable candidate

for cluster state generation using the Linder and Rudolph protocol [19], we have
investigated also the charged complexes present in our QDs, see Fig.4.17. The
positively charged biexciton, positive trions and their excited states have been
identified by analysis of the charged biexciton cascade, taking into account the
light-hole-like nature of the excited state, that changes the selection rules, see
Fig.4.22.

The negatively charged trions were identified with the use of custom made a
diode device, see Fig.4.31.

The combination of site-controlled and MOVPE growth of the QDs gives us
a sample with a very reproducible QD spectrum, therefore after mapping the
spectrum to the corresponding excitonic state in a QD we were able to quickly
identify the same transitions in other QDs from the sample.

By analysing several QDs in our sample, we found that relative energies of the
trions, see Fig.4.18-4.21, and their exchange interaction, see Fig.4.28, are charac-
terized by linear relations, these are a fingerprint of the QD size and shape due
the dot-to-dot variation. These informations and data can be used to develop
theoretical models or simulations of our QD properties as a function of their size
and symmetry.
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Chapter 5
Hole Spin Initialization and Control

In Chap.1 we have discussed the Lindner and Rudolph protocol [1] for generating
cluster states and steps for implementing quantum computing.

In Chap.2 we have described the experimental setups used to characterize the
Site - Controlled Pyramidal Quantum Dots and to generate a linear cluster state.

In Chap.3 we have discussed several QDs excitation scheme, highlighting ad-
vantages and disadvantages of each scheme. Of particular interest for our ap-
plication are phonon assisted excitation and excitation of an excited state, that
relaxes through a non - radiative process to an intermediate state before emitting
a photon.

In Chap.4 we have described our findings on the energy structure of GaAs QDs,
discovering 4 excited states of a trion.

In the following chapter we will focus on the analysis of phonon assisted exci-
tation of the trion state and resonant excitation of its 4 excited states.

Since the generation and manipulation of linear cluster states, according to
the Lindner and Rudolph protocol [1], requires careful initialization and control
of hole or electron spins in a weak magnetic field, we will discuss not only on
the excitation process, but also on the dynamics of the spin during the relaxation
process to trion state.

In the first section of the following chapter initialization of a specific hole state
at B⃗ = 0T will be demonstrated with phonon-assisted and resonant excitation.
In the second section controlled precession in a weak magnetic field, 0.4T ≤ B⃗ ≤
0.6T , will be demonstrated to enable laser synchronization with the hole spin
precession.
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Figure 5.1: Spectrum of GaAs QD under Phonon Assisted Excitation

5.1 Hole Initialization at B⃗ = 0T

5.1.1 Phonon Assisted Excitation

The X+
2̄0

state can be excited using phonon assisted excitation by detuning the
pulse shaper output a few meV away from the optical transition. Fig.5.1 shows a
GaAs QD spectrum when the tunable pulse-shaped Ti:Sapphire laser is set to the
energy of the X1̄0 state. Emission from X+

2̄0
and some weak emission from 2X2̄0 can

be observed in the spectrum. The laser has to be tuned close enough to the X+
2̄0
,

so that the notch filters don’t suppress part of the emission and background from
the laser tails is rejected by the spectrometer output slit when taking time resolved
measurements. In general we have found the excitation process is inefficient for
GaAs QDs, resulting in a rate of just a few thousand counts on our APDs,

Polarization resolved photoluminescence shows that, when the QD is excited
with right-handed circularly polarized light, the emission of the X+

2̄0
has a 0.77±

0.01 degree of circular polarization, see Fig.5.2 (left) and is in phase with the
tunable laser. This implies that the polarization state of the laser is directly
mapped to the polarization state of the emitted photon from the trion state.

The dynamics of the excitation process can be probed by exciting the QD
with linearly polarized light and taking a polarization resolved autocorrelation
measurement of the X+

2̄0
in circular polarization basis.

The g(2) (τ) shows a pronounced bunching when the detection is co-polarized,
see Fig.5.2 (right, blue curve), which means that the correlated photons have the
same polarization. The dip at τ = 0ns is the typical signature of single photon
emission from QDs.

In cross-polarized detection, the correlated photons have orthogonal polariza-
tion, and strong antibunching is observed, see Fig.5.2 (right, orange curve).

The DOCP and g(2) (τ) can be explained by the following spin dynamics. Before
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Figure 5.2: Degree of Circular Polarization of laser and X+
2̄0

when the QD is under
phonon-assisted excitation with circularly polarized light (left). g(2) (τ) of X+

2̄0
in

co-polarized and cross-polarized detection when the QD is under phonon-assisted
excitation with linearly polarized light (right).

excitation, the QD is populated randomly by either a spin in the up or down
configuration, with a 0.50 probability for each spin state. This is a statistical
mixture state of |⇑⟩ and |⇓⟩.

If we excite the QD with linearly polarized light, |H⟩ = 1√
2
(|R⟩+ |L⟩), only the

polarization component that satisfies the selection rule couples to the spin present
in the QD at the time. A non radiative relaxation process brings the charges to
the ground energy levels of the QD, and the QD is now populated by a X+

20 state.
After recombination of an electron - hole couple, we can project the emitted

photon to a circular basis to measure its handedness. If we detect a right (left)
handed photon, we herald the presence of a |⇑⟩ (|⇓⟩) spin in the QD, because of
the selection rules |↑⇓⇑⟩ → |R⟩ and |↓⇑⇓⟩ → |L⟩.

In the next excitation cycle, the QD will not be populated anymore by a random
spin, but by a specific state. Again only the polarization basis satisfying the
selection rules will couple to the QD.

Because of the selection rules written above, the single hole |⇑⟩ (|⇓⟩) will only
couple to |R⟩ (|L⟩) and the QD will emit again a |R⟩ (|L⟩) photon. At short τ , we
are more likely to observe photons with the same polarization than orthogonal ones,
and therefore the bunching in co-polarized and antibunching in cross-polarized
detection.

Dephasing, spin flips, charge tunnelling and other phenomena can contribute
to destroy the coherence of this excitation process and thus both co-polarized and
cross-polarized autocorrelation flatten out to g(2) (τ) = 1 at longer τ . Fitting
with an exponential function, Ae−t/T1 , where T1 is the spin lifetime introduced in
Chap.1, we measured T1 = (4.15±0.07)ns for co-polarized and T1 = (2.61±0.15)ns
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for cross-polarized detection.

5.1.2 Excited State Resonant Excitation

A preferred excitation process for cluster state generation would be resonant ex-
citation of a positive trion with the electron in the second energy level of the
conduction band, which then relaxes non radiatively to the ground state. These
excited states are typically separated a few tens of meV from the ground states.
This is the same state that has been used to initialize the QD in [2].

Due to the holes being in a singlet state and the electron being the only charge
carrier in the conduction band, there is no exchange interaction and therefore the
dynamics of the relaxation process or optical recombination are greatly simplified
compared to a positive trion with one hole in the excited energy levels of the
valence band.

We have scanned, with the tunable Ti:Sapphire laser, a ∼ 10meV range
+5meV away from the trion transition. Unfortunately we did not detect any
strong resonance of the X+

2̄0
state.

Above-band excitation also shows only emission from the superlattice in the
+20meV range, and thus any charge that is generated at that energy range would
most likely populate the QD after a non-coherent process and its spin state would
be randomized. It is also probable the AlxGa1−xAs and superlattice barriers are
too shallow to have two energy levels in the conduction band.

For these reasons, resonant excitation has been attempted by scanning only in
the range of the excited states of the valence band, where emission from X+

11̄
is

observed.
A total of 4 resonances for X+

2̄0
and X+

1̄1
were found, see Fig.5.3, with the first

resonance giving the brightest PL for the X+
2̄0

state.
The resonances overlap with the PL pattern of the X+

11̄
states studied in the

previous chapter, see Fig.5.4. One of these states is usually not visible in the top
view, but is optically active in cross-section.

As discussed in Chap.3, Rabi oscillations for the PL of X+
2̄0

were observed when
the QD is excited at the first resonance, and with a Ramsey Fringes we measured
the coherence time of the excited state, T ∗

2 = 100ps.
Resonantly exciting the QD with circularly polarized light and analysing the

polarization of the emission shows that theX+
2̄0
is highly polarized with aDOCP =

0.94±0.01. Unlike phonon assisted excitation the polarization of theX+
2̄0
is counter-

phasing that of the laser, see Fig.5.5. The high degree of polarization is indicative
of the high fidelity of the excitation process in populating the QD with a deter-
mined spin.

The g(2) (τ) of theX2
2̄0 is characterized by strong bunching in co-polarized detec-

tion and antibunching in cross-polarized, see Fig.5.6 (left). Under CW excitation,
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Figure 5.3: Spectrum of a GaAs QD under resonant excitation of the 4 resonances
of trion states.

Figure 5.4: Spectrum of the tunable Ti:Sapphire laser at the four resonances of
the trion states.

hole spin lifetime has been measured to be T1 = 10.04 ± 0.19ns in co-polarized
and T1 = 6.48 ± 0.14ns in cross-polarized detection. Switching to pulsed excita-
tion at 80MHz, see Fig.5.6 (right), the exponential envelope of the bunching and
antibunching looks drastically improved, indicating that the hole spin may keep
its coherence for longer if the QD is not continuously excited.

The antiphasing polarization of excitation and emission can be qualitatively
explained using a theoretical framework valid for pure light and heavy hole-related
optical selection rules in QDs with the conventional D2d symmetry [3] [4]. As
observed in our experiments, in this case, also applicable to the C3V symmetry
QDs.
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Figure 5.5: Degree of Polarization of laser and X+
2̄0

state under resonant excitation
with circularly polarized light at the 1st resonance.

Figure 5.6: g(2) (τ) of X+
2̄0

state under resonant excitation with linearly polarized
light, in CW excitation (left) and pulsed at 80MHz (right).

We remind the reader that the light-hole state can be expressed in the Luttinger
- Kohn notation as:

|3
2
;+

1

2
⟩ = − 1√

6
[|(X + iY ) ⇓⟩+ 2 |Z ⇑⟩]

|3
2
;−1

2
⟩ = 1√

6
[|(X − iY ) ⇑⟩ − 2 |Z ⇓⟩]

(5.1)

For light-hole-like states, absorption of a circularly polarized photon happens
according the following selection rules:

|R⟩ = σ+ = − Π√
6
(Exx̂+ iEyŷ) = ⟨1

2
;+

1

2
| E⃗ · p⃗ |3

2
;+

1

2
⟩

|L⟩ = σ− = +
Π√
6
(Exx̂− iEyŷ) = ⟨1

2
;−1

2
| E⃗ · p⃗ |3

2
;−1

2
⟩

(5.2)
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these selection rules still apply even though the excitation process happens in the
top-view configuration, XY plane, and the circularly polarized photon does not
carry momentum along the ẑ axis, σ± ∼ Exx̂± iEyŷ.

Emission of circularly polarized photons from heavy-hole-like states follows the
selection rules::

|L⟩ = σ− = +
Π√
2
(Exx̂− iEyŷ) = ⟨1

2
;+

1

2
| E⃗ · p⃗ |3

2
;−3

2
⟩

|R⟩ = σ+ = − Π√
2
(Exx̂+ iEyŷ) = ⟨1

2
;−1

2
| E⃗ · p⃗ |3

2
;+

3

2
⟩

(5.3)

Relaxation of the hole from the excited to the ground state causes emission
to be orthogonal to the excitation due to the different selection rules for heavy
and light hole bands. If the excited state is also in a singlet state, this relaxation
process would also preserve the singlet nature of the state, but at the moment,
without a stronger theoretical framework backing these measurements we don’t
know the value of the phase in the excited state. Because the hole left in QD does
not change its spin orientation between excitation cycles, see Fig.5.7, the g(2) (τ)
shows bunching in co-polarized detection.

Figure 5.7: Dynamics of the excitation of the X+
11 state and recombination of the

X+
2̄0

state (at the 1st resonance). The relaxation of the hole from the 2nd to the
1st energy level causes polarization of excitation and recombination to be orthog-
onal, the spin direction is preserved between excitation cycles, causing bunching
in g(2) (τ) under co-polarized detection. Image adapted from [5].

If the first and second energy levels of the valence band were both purely
heavy-hole, then exciting the QD with right(left)-handed circularly polarized would
generate right(left)-handed emission, because the polarization of the absorbed and
emitted photon will be set by the electron spin, |↑⇓⟩ → |L⟩ (|↓⇑⟩ → |R⟩). Even
under the scenario of the relaxation of the hole happening through a spin-flip
process, the emission would not be orthogonal to the excitation, if the electron
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spin does not flip as well. This is another demonstration of the light-hole-like
nature of the second energy level of the valence band.

The other 3 resonances show a less bright X+
2̄0

compared to the first reso-
nance and they also are characterized by emission from the hot trion states. Clear
Rabi oscillations have also been observed for the second and fourth resonance, see
Fig.5.8.

In the cases of excitation of the X+
11 states and recombination from the X+

1̄1

states, Rabi oscillations reflect the coherent nature of the whole process, be-
cause the hole does not relax through incoherent phenomena, such as spin-flip
and phonon exchange, to the ground level.

Relaxation of a X+
11 to the X+

2̄0
state happens instead always through phonon

exchange and spin-flip events, thus the Rabi oscillations of theX+
2̄0
intensity reflects

only the coherent population of the excited state.
Furthermore under circularly polarized excitation the emission is always in

antiphase, see Fig.5.9.

Figure 5.8: Power Dependence the trion states under resonant excitation at the
2nd, 3rd and 4th resonance.

Figure 5.9: Degree of Polarization of laser and trion states under resonant excita-
tion with circularly polarized light at the 2nd, 3rd and 4th resonance.

For the 2nd resonance we observe increased emission from one of the hot tri-
ons, taking an autocorrelation measurement show bunching (antibunching) in co-
polarized (cross-polarized) detection, see Fig.5.10 (right).
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Figure 5.10: g(2) (τ) of X+
2̄0

(left) and X+
1̄1

(right) states under resonant excitation
with linearly polarized light at the 2nd resonance.

This can be explained by the fact that the hole relaxes after emission of the
photon by preserving its spin direction in a manner similar to the first resonance,
see Fig.5.11.

Figure 5.11: Dynamics of the excitation and recombination processes of the X+
1̄1

state (at the 2nd resonance of the X+
2̄0

state). Excitation and emission are still
orthogonal due to recombination from different band, and emission is co-polarized
between excitation cycles because the hole relaxation process preserves the spin
direction. Image adapted from [5].

Taking autocorrelation of the ground trion at the same resonance shows the
opposite behaviour of previous measurements, bunching (antibunching) in cross-
polarized (co-polarized) detection, see Fig.5.10 (left). We speculate that this is
due to relaxation happening through a spin-flip process, that leaves the QD with a
hole spin opposite to the one present before the excitation, Fig.5.12. If the QD is
excited with linearly polarized light, then the QD is populated by opposing electron
spins every other cycle and will emit left(right)-handed photons in an alternating
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cycle, therefore the g(2) (τ) will show bunching in cross-polarized detection, where
the correlated photons are orthogonal.

Figure 5.12: Dynamics of the excitation of the X+
11 state and recombination of the

X+
2̄0
state (at the 2nd resonance). The holes relaxes to the 1st energy level through a

spin-flip process, excitation and emission are still orthogonal but so is the emitted
photons between two consecutive cycles, due to the hole flipping direction. Image
adapted from [5]

The ones presented above are of course simplified pictures of the relaxation
processes. A stronger theoretical framework which takes into accounts the ex-
change interaction of the two holes in different levels is needed to fully explain the
dynamics of the relaxation processes. But the results shown above prove that a
combination of analysis of degree of polarization and polarization resolved g(2) (τ)
are essential tools to probe the spin state dynamics.

5.2 Hole Precession in Weak Magnetic Field

Due to the lack of a tunable electro-magnet at Tyndall National Institute labora-
tories at the time of writing, the measurements at high magnetic fields were taken
at the laboratories of La Sapienza University in Rome.

There are two conventional configurations for measurements of QD in a mag-
netic field, Faraday and Voigt.

In the Faraday configuration the magnetic field is parallel to the growth direc-
tion, and thus perpendicular to the growth plane B⃗ = Bẑ. Polarization resolved
PL shows that the X+

2̄0
splits into two sets of doublets in Faraday configuration,

Fig.5.13. This spin-splitting scenario has been reported in literature for QDs grown
by droplet epitaxy on (111) surface [6] [7] and for InGaAs QDs in GaAs barriers



Chapter.5 | Page 139

grown in pyramidal recess on (111) plane [8]. The splitting into four lines was
explained by the mixing of hole states |±3

2
⟩.

Figure 5.13: Splitting in GaAs QD of Trion and Exciton lines into two doublets
in a magnetic field (Faraday Configuration).

In the Voigt configuration the magnetic field is perpendicular to the growth
direction, and thus in-plane with the growth plane B⃗ = Bx̂. At high magnetic
field values, Zeeman effect splits the trion line into four non degenerate transitions
[9]. Diagonal recombination through the emission of linearly polarized photons is
allowed, see Fig.5.14 (right).

For quantum computing applications, one could theoretically populate the QD
through the transition |⇑⟩ → |↑⇑⇓⟩ or |⇓⟩ → |↓⇑⇓⟩ and observe the recombination
|↑⇑⇓⟩ → |⇓⟩ or |↓⇑⇓⟩ → |⇑⟩ that heralds the spin state of the QD [9].

But this is not a suitable configuration for cluster state initialization and gen-
eration, because we need the ground and excited trion states to still be degenerate,
within the transition linewidth, to be able to populate the QD with their super-
position. Furthermore only the hole spin needs to precess and selection rules need
to be preserved.

Selection rules in Voigt geometry for SK QDs and the QDs studied in this thesis
should be the same. From measurements taken in the laboratories of La Sapienza
University in Rome, we could not observe any splitting of the X+

2̄0
beyond the

direct resolution of the spectrometers (∼ 10µeV ). Only a diamagnetic shift is
observed.

By plotting the DOCP of the trion’s lifetime decay trace, DOCP = IH(t)−IV (t)
IH(t)+IV (t)

,
precession of the trion state is observed, see Fig.5.15. This is an indication that
a field > 0.5T is too strong, because, ideally, in a cluster state only the hole spin
should precess while the trion spin state evolves as little as possible to preserve
the selection rules and superposition state.
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Figure 5.14: Selection rules in weak (left) and strong (right) magnetic field in
Voigt geometry. The trion oscillation term becomes relevant when the lifetime of
the state is longer than the precession period.

To compensate the lack of tunable electro-magnet in the Tyndall National
Institute laboratory, we have decided to use permanent magnets to generate the
weak magnetic field needed for hole precession. The samples has been diced into a
1.8mm wide strip. Two cylindrical N35 magnets are placed 2mm apart in a custom
designed magnet holder across the sample, the field generated is 0.4T < B < 0.6T
in a Voigt configuration.

Scanning the 1st resonance with a tunable CW laser, we have verified that
the splitting induced by the magnetic field is lower than the linewidth of the
transition of the ground and excited trions. No appreciable difference in the energy
of the transition is observed when exciting the QD with different polarization, see
Fig.5.16, this implies that selection rules, Fig.5.14 (left), still apply.

Furthermore, by pumping the QD in a weak magnetic field with a pulsed and
circularly polarized laser, no excessive degradation of the X+

2̄0
degree of circular

polarization has ever been observed. This implies that the trion is not precessing
between |↑⇓⇑⟩ and |↓⇑⇓⟩ states and only the hole is precessing.

In a weak magnetic field the hole will precess with a Larmor period Th =
2π/ωh = 2πh̄/ghµBB, where gh is the gyromagnetic factor of the hole and µB the
Bohr magneton constant.

To observe the hole precession, g(2) (τ) of the X+
2̄0

in co and cross-polarized de-
tection is taken under phonon assisted, see Fig.5.17 (left), and resonant excitation
of the first excited state, see Fig.5.17 (right), with the polarization of the laser
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Figure 5.15: Precession of Trion in a strong magnetic field.

set to linear. Because the hole is now oscillating between the |⇑⟩ and |⇓⟩, linearly
polarized light can couple to both spin states.

Co-polarized and cross-polarized detection show in both cases damped oscilla-
tions of the g(2) (τ). The intersecting points of the two g(2) (τ) happen when the
hole is in the 1

2
(|⇑⟩ ± |⇓⟩) state.
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Figure 5.16: Scan of the trion resonance with a tunable CW laser, highlighting no
split of the state within the linewidth of the transition.

Figure 5.17: Hole precession in phonon-assisted (left) and resonant (right) excita-
tion.

The hole oscillations are better visualized by plotting the degree of circular
polarization of the g(2) (τ), defined as:

DOCPg(2) =
g(2) (τ)Cross − g(2) (τ)Co
g(2) (τ)Cross + g(2) (τ)Co

(5.4)

The zero crossing points of the curve, see Fig.5.18, are the superposition states
necessary for cluster state generation [10].

By fitting the DOCP with a damped sinusoid, y0 + Ae−|t|/T ∗
2 cos (t/T ), from

the phonon assisted excitation data we extracted a pure dephasing time T ∗
2 =

2.46 ± 0.13ns precession period of T = 2.69 ± 0.02ns for the hole. A satisfying
fit could not be achieved for the resonant excitation data, although we can clearly
assess by eye that the data is much noiser than the phonon assisted excitation.

The spin oscillations are, in both cases, strongly damped, already at τ = 5ns
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Figure 5.18: Hole precession in phonon-assisted (left) and resonant (right) excita-
tion.

the hole precession is washed away by decoherence. Compared to the spin lifetime
at B⃗ = 0T , see Fig.5.6, the decoherence in a magnetic field happens much faster.

It seems that phonon assisted excitation is characterized by less damping and
the oscillations are preserved for a bit longer. Unfortunately what is gained in
coherence time is lost in reduced brightness of sample, thus making it unsuitable
for three photon correlations, which is needed to characterize the cluster state.

It is interesting to note that the zero-photon dip of the g(2) (τ) is wider in
resonant excitation than in phonon assisted, the difference in timing is around
350ps and corresponds to the rise time of the trion lifetimes in resonant excitation.
This timing difference is due to the different relaxation processes happening in the
QD.

Under CW excitation the QD is available for excitation immediately after the
recombination of electron - hole couple has happened, the process is thus not on-
demand and the excitation can’t be timed according to the proposal by Lindner
and Rudolph [1]. For this reason the measurement of hole oscillations has been
repeated in pulsed mode with the pulse shaped Ti:Sapphire laser. Due to the
decreased brightness in phonon assisted excitation, only resonant excitation has
been studied.

The original fs pulse has a repetition rate of f = 80MHz and a period of
T = 12.5ns, which is too big compared to hole precession period and coherence
time. To increase the rate of excitation and have an adjustable delay between two
pulses, the output of the pulse shaper has been split by a beam splitter and one
of the two pulses sent to a variable delay line. By setting the delay to be less
∆T < T = 12.5ns the spin state can now be probed.

The correlated events of the g(2) (τ) can now come from either the delayed pulse
or the fixed one, Fig.5.19.

The correlation peaks that would be observed without delay at integer multiples
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Figure 5.19: Possible combinations in the g(2) (τ) when the laser pulsed is delayed.

of laser period T = 12.5ns, now split into three pronged peaks which spread away
with increasing delay, Fig.5.20. The two peaks around the antibunching at τ = 0ns
are the only ones with useful events because they are generated by the fixed and
first delayed pulse. After a certain delay ∆Tmax the side peaks from the ones
around the multiples τ = ±12.5ns start to merge with the ones coming from the
first delayed pulse and the measurement does not become reliable anymore. The
maximum delay that we were able to measure is less than ∆T = 4ns.

Integrating the counts of the two correlation peaks around t = 0ns in co-
polarized and cross-polarized detection we can again measure the degree of po-
larization of g(2) (τ). The results in pulsed mode overlap with the ones in CW,
Fig.5.21, thus confirming the precession period already obtained.

5.3 Cluster State Generation

Due to the the very short spin coherence, T ∗
2 = 2.46 ± 0.13ns, we can’t generate

an arbitrary long linear cluster state by synching the hole precession with the laser
repetition rate by decreasing the magnetic field and thus increasing the precession
period. A workaround is to split a single laser pulse into a 3-arms delays line,
described in Chap.2, to generate a 3-qubit cluster state. The processes is then
repeated every 12.5ns.

To generate a three-qubit cluster state, photon - photon - charge carrier entan-
glement, three excitation pulses are necessary.

The 1st pulse at t = 0 populates the QD with a statistical mixture of |↑⇓⇑⟩
and |↓⇑⇓⟩, detection of |R1⟩ photon will herald the hole spin |⇑⟩.

The 2nd pulse has to be timed to when the DoP = 0 for the first time, because
after precession of the hole will be in the state 1√

2
(|⇑⟩+ |⇓⟩). Excitation will bring
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Figure 5.20: Hole precession in phonon-assisted (left) and resonant (right) excita-
tion for variable delays.

Figure 5.21: Hole precession in resonant excitation with CW and pulsed laser at
variable delay.

the QD to 1√
2
(|↑⇓⇑⟩+ |↓⇑⇓⟩) state, after recombination the photon - hole system

will be in an entangled state 1√
2
(|R2 ⇑⟩+ |L2 ⇓⟩)
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The 3rd pulse is timed to when theDoP = 0 the second time. The hole will keep
precessing until the system is in the state 1

2
(|R2 ⇑⟩+ |R2 ⇓⟩+ |L2 ⇓⟩ − |L2 ⇑⟩).

Excitation and emission will generate the 3-qubit cluster state

1

2
(|R2R3 ⇑⟩+ |R2L3 ⇓⟩+ |L2L3 ⇓⟩ − |L2R3 ⇑⟩) (5.5)

By detecting the second photon on a linear base and using the definitions
|H⟩ = 1√

2
(|R⟩+ |L⟩) and |V ⟩ = i√

2
(|R⟩ − |L⟩), the cluster state mathematical

form can be simplified to:

1√
2
(|⇓ H2R3⟩ − i |⇑ V2L3⟩) (5.6)

disentangling the charge carrier would leave us with a two-photon entangled state
equivalent to a Bell pair.

We have tuned the delay line with the required delays, Fig.5.22.

Figure 5.22: Timing of the laser to generate a 3-qubit cluster state.

A Three-photon correlation, which executes initialization, entanglement and
spin readout, with setup described in Chap.2, will give us conditional probabilities
of detecting the second photon in |H⟩ or |V ⟩ state and spin in |⇓⟩ or |⇑⟩ state.

With our sample, extraction efficiency is too low and switching from a reflection
to transmission grating based setup did not compensate enough for the losses, so
it was not possible to verify the presence of entanglement due to the very low rate
of events.

5.4 Conclusions

In the first section of this chapter we have proved our capability of initializing the
QDs in a desired hole spin state, we have achieved this both with phonon-assisted
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excitation and resonant excitation of one of the trion excited states, see Fig.5.2
and Fig.5.5. Analysing the polarization and time resolved photoluminescence of
the QD under resonant excitation we are able to describe the spin dynamics of the
process, Fig.5.7.

Spin initialization in a QD is the first step of the cluster state generation
according to the protocol proposed by Lindner and Rudolph [1]. We also further
proved the light-hole-like character of the first excited state of the hole.

We have also studied the behaviour of the QD photoluminescence under reso-
nant excitation of the other three trion resonances. Even though these resonances
show Rabi oscillations, see Fig.5.8, they are not suitable for cluster state applica-
tions due to the reduced brightness of the trion state and reduced fidelity of the
spin initialization process (reflected in a reduced DOCP of the trion transition).
Nevertheless, we have investigated them with time and polarization resolved spec-
troscopy to gain insight on the hole spin dynamics. While this is not fundamental
for cluster state generation, we have proven that spin dynamics can be studied
without magnetic field and with regular spectroscopy techniques.

In the second section of the chapter, we have proved the second step required
for cluster state generation: controlled spin precession in a weak magnetic field.
By analysis of the time resolved DOCP, we were able to extract a hole precession
period of T = 2.69 ± 0.02ns and hole dephasing time T ∗

2 = 2.46 ± 0.13ns for a

0.4T ≤ B⃗ ≤ 0.6T in Voigt configuration. The result was consistent both in pulsed
and CW excitation, see Fig.5.21.

We have achieved this by using a custom made copper holder for two cylindrical
static magnets, see Fig.2.7. While fixed magnets, unlike a dedicated electromagnet,
may lack in field uniformity and ease of tuning of the precession period to match
the repetition rate of a laser, we can compensate such limitations by building a
custom delay line as described in Chap.2, see Fig.2.13. This proves that such
complicated measurement could be achieved on a single QD with very simple and
cheap tools, thus lowering the cost of entry for cluster state generation.

In the last section of the chapter we have attempted a 3-qubit, two photon
and a charge, cluster state generation, in a manner similar to the measurements
done in [10]. We correctly timed the laser pulses thanks to the custom made delay
line, but we were unable to prove entaglement of the state due the low extraction
efficiency from the QD and fast dephasing time of the hole.
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Chapter 6
Summary and Perspectives

6.1 Summary

In Chap.1 we gave an overview of the basic principles of quantum computing and
information processing, giving special attention to entanglement, a particular class
of entangled states, the cluster state, and loss of coherence of quantum systems.
Semiconductor QDs have been chosen as a platform to study and reviewed their
properties regarding charge complexes and photon emission.

In Chap.2 we described a particular class of QDs, site controlled pyramidal
QDs, sample growth and post-process techniques and the setups used to optically
characterize the QDs.

In Chap.3 we reviewed the theory of several excitation schemes, simulated
them using the open source QuTiP library for Python, and for some of them
compared the results of the simulations with experimental data from pyramidal
site-controlled QDs.

In Chap.4 the energetic structure of GaAs QDs in AlxGa1−xAs barriers has
been studied in depth, matching transition lines to their respective charge com-
plexes.

In Chap.5 hole spin initialization and controlled precession have been proven,
a key step for cluster state generation and manipulation.

6.2 Perspectives

Semiconductor QDs are a promising platform for implementation of quantum in-
formation. Although at the moment in the field, there is not a platform that
offers a practical implementation of quantum computing, the community is always
developing new solutions and devices to overcome the issues arising.
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QDs extraction efficiency has been boosted by embedding the emitters in pho-
tonic structures, such as circular Bragg resonators [1], allowing for high photon
throughput. In the same publication, the authors show the capability of compen-
sating the QD defect by application of strain with an external piezoelectric device,
and thus improving the quality of the entangled photons emitted from the sample.

Hahn Echo techniques have recently increased spin coherence times to the ms
regime [2] and QD have been proven as reliable emitters for QKD applications [3].

Of particular interest for the purpose of this thesis has been the generation of
linear cluster states, already proven with different types of QDs [4] [5].

Pyramidal Site-Controlled Quantum Dots are promising and advantageous due
to their flexibility in material composition and high uniformity of optical proper-
ties. Nonetheless there is need to further improve their quality when it comes
to spin coherence and extraction efficiency. In the last chapter of this thesis we
have shown how these two factors are severely limiting their use in cluster state
generation and quantum computing application.

The sources of this quick loss of spin coherence have to be investigated more.
From literature [6], it is known that there can be many sources of spin noise and
decoherence in QDs, such as nuclear spin and charge noise. To overcome the nu-
clei noise, spin-echo techniques can be used to refocus the spin. Surface/interface
defects can be a source of charge noise in QDs, broadening the linewidth of the
transition, for this reason encapsulation and surface passivation could reduce the
defects introduced by sample post-processing and further improve the spin coher-
ence. Another source of noise are charge fluctuations in the environment, and since
the GaAs QDs are embedded in a bulk GaAs carrier with a lower bandgap, emis-
sion from the bulk is always present whenever exciting resonantly the QD. This
constant background of charge recombination from the bulk could be removed by
finding further processing to etch away the carrier or by engineering the QDs to
have a longer wavelength than the bulk material, even though the last approach
would require a change of QD material, a procedure that would probably come
with a set of issue on its own. Spin echo technique can also increase the coherence
of the spin.

The second limiting factor, extraction efficiency, could be addressed by inte-
grating these QDs in photonic structures, as already proven by the community.
The complex geometry of the pyramidal recesses and the [111] growth direction
make this a complex task, since the vertical growth of DBRs layers or etching
of bullseye cavity can be an option only after significant epitaxial growth and
fabrication modifications allowing for thin membrane release from the substrate.
Pillar-like resonators are also an option.

Even with these limitations still to be addressed, pyramidal site-controlled QDs
can still be a platform for further studies. For example the ability to vertically
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stack QDs with extreme precision has been already proven by the EPN group
[7]. The vertical alignment of several QDs will play a crucial role in proposals of
generation of bidimensional cluster states which involved coupled QDs and shared
energy levels and at the moment other epitaxial growth processes can’t ensure high
yield of perfect alignment of the QDs.
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