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Abstract

A quantum emitter (QE) is a physical system that can be used to encode a quan-
tum state via some internal degree of freedom (e.g. exciton, electron spin, valley)
and is coupled to light via a dipolar transition that enables the conversion of that
quantum state into the state of a photon and vice versa. Such QEs can be applied to
sources of single and entangled photons for applications in quantum cryptography
or quantum imaging and a collection of coupled QEs can be used to realize a small
quantum simulator or quantum memory node in a distributed quantum network.
Among solid state QE systems, semiconductor quantum dots (QD) are particularly
attractive due to their high radiative quantum efficiencies, their strong optical cou-
pling, enabling fast and arbitrary qubit rotations, and their tunable emission in the
range of standard telecommunication wavelengths. Adiabatic rapid passage (ARP)
is a state preparation scheme that enables the excitation and de-excitation of a QE
with a high fidelity even in the presence of fluctuations in experimental parameters
such as intensity and frequency of the control laser pulse. This excitation scheme
may be used for quantum state initialization in quantum information platforms and
for triggering quantum light sources.

This thesis work concerns an exploration of the efficacy of ARP for the quantum
control of excitons in semiconductor QDs. The experiments carried out in this work
show that the impact of phonons may be suppressed for ARP, pointing to the pos-
sibility of high-fidelity inversion at elevated temperatures. We also investigate the
dependence of the threshold for decoherence suppression on the size and shape of
the QD. The experiments performed in this thesis work also quantify the detuning
tolerance of ARP. ARP was also used to demonstrate parallel quantum state initial-
ization in two different QDs with different transition energies and dipole moments.
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Chapter 1

Introduction

1.1 Introduction to Quantum Technology

The twentieth century witnessed the world being transformed by the first quantum
revolution, where certain aspects of the quantum mechanical nature of energy and
matter became applicable to useful technologies. For example, the existence of dis-
crete energy levels and the wave nature of matter for electrons have been used to
develop applications ranging from transistors to lasers. The world right now is at
the cusp of a second quantum revolution where previously unexplored aspects of
quantum mechanics, in particular superposition and entanglement, have the poten-
tial to give rise to a new wave of devices with increased capabilities. Quantum infor-
mation processing (QIP) is the branch of technology that uses quantum mechanical
phenomena such as superposition and entanglement to process information.

The most fundamental unit that makes up a QIP system is a qubit. A qubit,
analogous to a classical bit, consists of two quantum mechanical states |0) and |1).
Unlike a classical bit of information, a qubit can be in a coherent superposition of the
two states. Furthermore one qubit can be entangled with other qubits generating
strong correlations between them such that measurement of the state of one qubit
can influence the state of its entangled partners. In general, the state of a single
qubit can be written as |V) = C; |0) + C} |1), where the coefficients Cjy and C) are
complex probability amplitudes. The full parameter space of the wavefunction of
a qubit can be represented geometrically on a Bloch sphere by writing the state as
|U) = cos(0/2)|0) + sin(6/2)e~*® |1), where the polar angle 6 dictates the relative
occupation of states |0) and |1) and the azimuthal angle ¢ represents the relative
phase between the two basis states. The Bloch sphere representation of a qubit is
shown in Fig 1.1(b).

A system of n qubits can exist in a superposition of 2" states. This ability to be in

multiple states at once allows for parallel processing of information. For example,
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certain classes of problems called Bounded Error Quantum Polynomial Time prob-
lems can be solved by quantum computers in a time that grows with the complexity
of the problem in the form of a polynomial. This is referred to as "polynomial time"
where the running time is given by #(n) = O(n*). Here k is a positive integer and n
is a measure of the complexity of the problem. In contrast, an equivalent classical
algorithm would scale with "exponential time", ¢(n) = O(2"") [1]. Shor’s algorithm
developed for factoring integers [2] and Grover’s algorithm developed for searching
through unsorted lists are examples of quantum algorithms [3]. Shor’s algorithm
may be applied to decoding standard RSA encryption schemes, with massive im-
plications for both economic and national security. Grover’s algorithm may aid in
the managing and processing of big data. For physicists, one of the most exciting
potential applications of a quantum computer is the simulation of complex quan-
tum systems as envisioned by Richard Feynman [4]. Such complex systems could
include molecules used for biosensing or solid-state systems used for energy stor-
age, enabling crucial advances in materials science. Experimental demonstrations
of quantum algorithms are still in their infancy, however advances are occurring at
an ever increasing pace. For example, Shor’s algorithm was used to factorize the
number 21 on a photonic qubit platform [5].

There are a variety of approaches to manipulating qubits for carrying out cal-
culations. In circuit model quantum computation [6], an algorithm is decomposed
into a series of single and two-qubit gates. The algorithms are designed in such
a manner that, at the end of the prescribed operations, the measurement of the
state of the multi-qubit system would yield the solution to the problem at hand.
There are also other approaches to QIP such as adiabatic quantum computing [7],
complex instruction set quantum computing [8] and measurement based quantum
computing [9]. In adiabatic quantum computing, qubits are prepared in the ground
state of a known Hamiltonian and this Hamiltonian is adiabatically varied to a final
Hamiltonian whose ground state encodes the solution to the problem. In com-
plex instruction set quantum computing, several single and multi-qubit gates are

replaced by a single composite gate, thereby significantly reducing the number of



0)

Figure 1.1: (a) Energy level diagram of a qubit represented by states |0) and |1).
For this chosen representation, the qubits basis states have energies F, and Ej,
with £, — Ey = hwg;. (b) Bloch sphere representation of a qubit. The state |¥)
is represented as a unit vector on the surface of the Bloch sphere. The pure states
|0) and |1) representing unit occupancy of each of the basis states, are mapped to
the south and north pole respectively, while every other point on the Bloch sphere
represent a distinct superposition of the states |0) and |1).

steps required to implement an algorithm. This approach was used with femtosec-
ond pulse shaping to implement a multiple input AND gate involving 6 qubits en-
coded in the rovibrational eigenstates of a Li, molecule [10]. In measurement based
(or one-way) quantum computation, the system of qubits are prepared in a highly
entangled state. Individual qubits are then measured in a certain order and basis as
specified by an algorithm.

The requirements for a physical implementation of a QIP system depend on the
model of computation. For example, for circuit model quantum computation these

requirements were laid out by DiVincenzo [11] and include the following:

1. Any quantum algorithm must be decomposable into a universal set of quan-

tum gates.

2. The physical system must have well characterized qubits and be scalable to a

large number of qubits.

3. It must be possible to initialize the state of the qubits.
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4. The coherence time of the qubits must be substantially longer than the time

for a single operation (i.e the gate time).

5. The state of each qubit must be measurable.

The requirements for other models of quantum computation are not as clearly es-
tablished, but the ability to initialize and measure qubits, along with the need for
precise control of the physical system of qubits would be essential for any imple-
mentation of QIP.

A number of candidate platforms for QIP are under active development [12],
each with their own strengths and weaknesses. A future quantum computer will
very likely be a hybrid, combining the strengths of multiple candidate platforms.
Competing qubit candidates can be broadly classified into four categories: (i) atomic
and molecular systems, (ii) superconducting systems, (iii) solid-state systems and
(iv) photonic systems. Atomic and molecular systems have the advantage of an
early start and hence are one of the most advanced [13]. In these systems, neutral
atoms or ions are laser-cooled and held in a trap formed using counter propagating
laser beams along with a combination of electric and magnetic fields. Qubits are de-
fined by two stable electronic levels within each atom and are manipulated optically
to implement quantum gates [14]. Qubit-qubit interactions can be implemented
using Rydberg or Coloumb interactions between atoms by bringing them closer to-
gether [12]. Superconducting qubits are loops of superconductors with Josephson
junctions in between. The qubit can be encoded in the charge, flux or phase of
the Cooper pairs across the junction. These qubits are manipulated using magnetic
biases [15]. Coupling between qubits may be achieved in a variety of ways. The
simplest mechanism involving flux qubits is to couple adjacent qubits through mu-
tual inductance. More complex methods also exist, including those involving d.c.
squids, transformers, LC oscillators etc [16]. A variety of solid-state platforms have
been proposed, including Nitrogen-Vacancy (NV) centers in diamonds, dopants in
silicon and semiconductor quantum dots (QD). An NV center is a substitutional
nitrogen atom adjacent to a vacancy defect in a diamond crystal. A qubit can be
encoded in the spin states of the electrons bound to this defect. The qubit state
can be manipulated with microwave fields [17]. In silicon dopant based systems, a

qubit can be encoded in the nuclear spin of the donor atom or the electron spin of
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its outermost bound electron. These spin states can be manipulated using pulsed ac
magnetic fields and read out through a single-electron transistor [18]. Two-qubit
gates between solid-state qubits may be implemented by coupling the qubits using
optical links [12, 19]. For example, one of the proposals for two-qubit operations
in QD systems in which the qubit is defined using the spin state of a single elec-
tron in the conduction band of a QD makes use of an optical cavity mode that both
QDs are coupled to [20]. In this method, fully controllable spin-spin interactions
between distant QD spins can be achieved via Raman coupling using the common
cavity mode. Photonic qubit systems use single photons as qubits. These photons
must be emitted by a deterministic source. Qubits can be encoded in the photon’s
polarization state or time bin. The path degrees of freedom of the photon may also
be used for encoding. Photonic qubits can be manipulated by optical elements like
waveplates [21]. Two-qubit gates may be implemented using non-linear optical el-
ements. An example of a two-qubit operation is a controlled-NOT (C-NOT) gate
in which the state of a target qubit is flipped if and only if the control qubit is in
state 1. One of the proposals for implementing a C-NOT gate in photonic systems
uses a non-linear optical interaction between the photon encoding the control qubit
and the photon encoding the target qubit to induce a = phase shift to the target
qubit. The target qubit is subject to a Hadamard gate operation both before and
after its interaction with the control qubit. If the control qubit is absent, the second
Hadamard gate reverses the operation of the first Hadamard gate leaving the target
unchanged. If the control qubit is present, a = phase shift is applied to the target
qubit and it undergoes a bit-flip at the second Hadamard gate [21].

The above discussion was focused on quantum computing but quantum tech-
nology applications are expected to encompass a variety of other areas, including
quantum imaging [22, 23, 24], sensing [25, 26, 27, 28] and quantum networks
[19, 29, 30]. For instance, Fig 1.2 shows a proposal for quantum network from Ref
[19]. Each node in such a network has a quantum memory with several qubits with
capabilities for fast and efficient single and two-qubit operations. If at least one
qubit in each node is coupled to qubits in other nodes through an optical channel,
multiple nodes can be entangled with high fidelity through heralded optical mea-

surements. Each node then acts as a small quantum simulator that can be used for
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Figure 1.2: A quantum network comprises of several nodes with each node con-
taining a collection of qubits. These nodes may be entangled with each other using
an optical channel. The qubits of a node can act as a small quantum simulator,
while other qubits operate as a quantum repeater distributing entanglement be-
tween nodes. Figure adapted with permission from Ref [19].

applications such as quantum-state teleportation or distributed quantum comput-
ing. Defects in diamond such as NV centers, artificial atoms in 2D materials like
transition metal dichalcogenides, and semiconductor QDs are potential platforms
for this type of network architecture. In quantum imaging, most proposals make
use of correlations between entangled photons for applications such as high reso-
lution imaging, noiseless amplification of images and efficient imaging in extreme
spectral windows [31, 32]. Implementations of quantum sensing include magnetic
field sensors based on the Zeeman effect on atomic vapors with a resolution on
the order of femto Teslas [33]. Single NV centers have also been used as sensitive
magnetometers [34], pressure sensors [35] and nano-scale thermometers [36]. A
recent experiment demonstrated two-photon interference between a single photon
emitted by a QD and sunlight [37]. Such experiments probing the second-order co-
herence of photons from astronomical sources could reveal information about the
photon sources such as changes in the solar magnetic field patterns.

The research done in this thesis aims to advance semiconductor QD based plat-

forms which could act as a host for confined charge or spin qubits, while also being
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a robust single photon source for a photonic QIP system. Experiments that consti-
tute this thesis work helped in developing robust methods for initializing qubits in

QD systems.

1.2 Semiconductor Quantum Dots as Quantum Emitters and Qubits

1.2.1 Electronic Structure

Semiconductor crystals have a regular arrangement of atoms creating a periodic
potential for the electrons. This periodic potential results in bands of allowed ener-
gies. At 0 K, the fully occupied bands are called valance bands and the unoccupied
bands are called conduction bands. The energy difference between the highest oc-
cupied valance band and the lowest conduction band is called the band gap (£,) of
the crystal. The absorption of a photon with an energy higher than £, will excite an
electron to the conduction band, leaving an absence of an electron - called a hole
- in the valence band. The band gap energy E, is determined by the constituent
elements that form the semiconductor and the crystal structure. For example the
QDs used in this work are made of indium arsenide (InAs) and gallium arsenide
(GaAs). InAs has a band gap of 0.35 eV while GaAs has a band gap of 1.42 eV at
300 K.

A semiconductor QD is formed by a local confining potential superimposed onto
the periodic crystal potential of the semiconductor. For a QD, this confining poten-
tial exists in all three crystallographic dimensions. The result is a physical realiza-
tion of the quantum mechanical problem of a "particle in a box". This confining
potential is called a QD provided that it extends over a length scale that is compa-
rable to the de Broglie wavelength of the electron.

There are several ways to realize a spatially varying potential in a semiconductor
to create a QD. For example, one can make use of the change in potential that occurs
at the interface between dissimilar semiconductors. For conduction band electrons
the potential is higher in AlGaAs than in GaAs. This conduction band potential is
also higher in GaAs than in InAs. When a layered structure is created, the presence
of a potential step on either side results in the confinement of electrons in that layer.

Monolayer flat layers of dissimilar semiconductors may be grown using molecular
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beam epitaxy. The case of confinement in two-dimensions in a layered structure is
called a quantum well. If the potential step up in the conduction band, as one passes
the interface is accompanied by a corresponding step down in the valence band,
then holes will also be confined in the quantum well layer (e.g. in the GaAs region
for an AlGaAs-GaAs heterostructure). In such a quantum well, both electrons and
holes are free to move in two dimensions but are confined in the third dimension
by the barrier regions on either side of the quantum well layer.

It is possible to introduce quantum confinement in three dimensions, resulting
in a QD, by applying an electric field using patterned electrical gates on the surface
of a semiconductor heterostructure containing a quantum well. These gates create
an additional lateral potential that traps the electrons. This type of QD is called a
lateral QD. Colloidal QDs are solution processed nanocrystals, where the potential
barriers are created by the interface between the semiconductor and the outside en-
vironment (air or solution). QDs can also be grown directly using epitaxial growth
techniques. There are two types of epitaxially grown QDs: interface-fluctuation
QDs and self-assembled QDs. Interface fluctuation QDs are formed by depositing
a partial monolayer of one type of semiconductor on a monolayer flat surface of
another type of semiconductor. The partial monolayer is then capped with more
substrate material. This type of growth creates monolayer high islands and the
difference in band gaps between the two constituent semiconductors results in a
potential well that confines electrons and holes. Typically interface-fluctuation QDs
are formed using GaAs and AlGaAs.

The QDs used in this work are self-assembled QDs. This type of QD is deposited
using the Stranski-Krastanov (SK) growth mode. The SK process exploits strain in-
duced by the difference in the lattice constants of dissimilar semiconductors. In the
SK growth mode, one semiconductor material is deposited onto a monolayer flat
surface of a different semiconductor. Once a critical layer thickness is reached,
strain causes the spontaneous reorganization of the strained layer into islands.
The QDs used in this work are made by depositing InAs onto a GaAs layer. Self-
assembled QDs are also commonly made from InAs on alloys of InP. Once they are
deposited, the InAs QDs are covered by more of the substrate material. The InAs
QDs typically have a lateral dimension of about 10-30 nm and a height of 1-10 nm.
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The difference in bandgap results in three dimensionally confined electronic states
for electrons and holes inside the InAs QD where GaAs represents a potential bar-
rier. As the capping layer is deposited some indium atoms are incorporated into the
barrier with an amount that decreases as more monolayers are deposited. This is
called the wetting layer. Since the bandgap of this 2D layer of mixed composition
is lower than the barrier layer, it represents a quantum well inside of which the
QDs are embedded. For the case of InAs/GaAs QDs, a schematic representation of
the structure of a QD is shown in cross section in Fig 1.3(a). A scanning tunneling
microscopy image of a real InAs QD is shown in Fig 1.3(b). The electronic en-
ergy structure of a QD is shown in Fig 1.3(c). The difference in band gap between
InAs and GaAs results in a 3D potential well that has a depth of 100-300 meV for
electrons and 30-100 meV for holes [38].

The three dimensional confinement in the QD leads to discrete atom-like energy
levels and for that reason QDs are called artificial atoms. Following the atomic
physics convention, the confined energy levels in a QD are labelled s, p, d and so
on. The ground state optical transition corresponds to the promotion of an electron
from the s-level in the valence band to the s-level in the conduction band. This
ground state transition is often called the s-shell transition. The first excited state
optical transition occurs between the p-valence levels and the p-conduction levels

and is called the p-shell transition.

1.2.2 Optical Properties of Self Assembled QDs

An electron in a QD can be promoted from a valence level to a conduction level by
the absorption of a photon, leaving a hole in the valence level. These carriers are at-
tracted to each other via the Coulomb interaction and the bound electron-hole pair
is called an exciton. The two-level system formed by the presence (|1)) and absence
(]0)) of an exciton can be used to define a qubit. The radiative recombination of the
exciton results in the emission of a photon. Hence when the exciton is excited by a
laser pulse, it can act as a triggered single photon source.

The composite electron and hole making up the exciton each have a spin orien-
tation. The conduction band in III-V semiconductors has s-symmetry with a total

angular momentum of j = 1/2 with two spin projections m; = +1/2. Due to the
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Figure 1.3: (a) Schematic of an InAs QD embedded in a GaAs matrix. Typical di-
mensions in the growth and lateral dimensions are shown. The wetting layer is a
two-dimensional layer with a graded composition of InGaAs. (b) X-STM current im-
age of a cleaved InAs QD showing the wetting layer. Figure adapted with permission
from [39]. (c) Schematic band structure of an InAs QD. The discrete energy levels
arise from the three-dimensional confinement of carriers. The wetting layer is char-
acterized by a continuum of states that are delocalized in the in-plane directions.
The 3D continuum refers to the bulk GaAs matrix surrounding the QD.

combined influences of strain and quantum confinement, the uppermost valence
level is derived from the heavy-hole valence band in the corresponding bulk semi-
conductor. This valence level has p-type symmetry with j = 3/2 and m; = +3/2.

The composite exciton then has j = 2 with possible spin projections of m; = £1, 2.
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Exciton states with m; = +2 are not optically active and are called the dark excitons
because they cannot be excited by photons, which carry only one unit of angular
momentum. Excitons states with m; = 1 may be excited optically and are called
bright excitons.

If the QD is cylindrically symmetric with a round in-plane shape, the optical
transitions associated with the j = 41 bright excitons obey circularly polarized se-
lection rules, meaning that a left (right) circularly polarized photon will excite an
exciton with spin j = +1(—1). The optical selection rules for a cylindrically sym-
metric QD are shown in Fig 1.4(a). These bright excitons are denoted |1}) and [{1})
where 1 (1) indicates the spin projection of the electron (hole) within the exciton.
Using linearly polarized light, which is composed of equal parts left and right cir-
cularly polarized light, it is possible to excite both j = +1 excitons. The Coulomb
interaction between excitons leads to a bound state called a biexciton. Cascaded
circularly-polarized photons with opposite circular polarization can excite a biex-
citon. The optical transition that excites the single exciton state to the biexciton
state is slightly red shifted from the ground state to exciton transition by an amount
equal to the biexciton binding energy (A).

If the QD does not possess cylindrical symmetry, but is instead elongated, then
the optical selection rules in Fig 1.4(a) are modified. The resulting exciton eigen-
states are symmetric and antisymmetric combinations of the spin polarized exciton
states discussed above. These are represented by |01) and |10), respectively. The
orthogonal exciton states now obey linearly polarized selection rules along the long
(x) and short (y) axes of the QD. The optical transitions tied to |01) and |10) are
no longer degenerate in an elongated QD, but are separated by an exchange split-
ting (0) which is typically 30 peV - 100 peV [38]. The full energy level diagram
describing the optical transitions in an elongated QD is shown in Fig 1.4(b).

When using polarized light (either circularly polarized for symmetric QDs or
linearly polarized along x or y for elongated QDs) the cascaded optical transitions
in Fig 1.4(a) and 1.4(b) can be neglected and we are left with a simple two-level
system representing the absence or presence of the exciton in the QD. This two-level
system is shown in Fig 1.4(c). The QDs studied in this thesis work are elongated,

so |0) = |00) and |1) = |10) for optical excitation with light polarized along the II,



12

a) i A (c) 1)
oL o A
) 10) Fuopi
o_ 0'_|_
Y
oo — 0

Figure 1.4: Energy level diagrams and optical selection rules for excitons in (a)
cylindrically symmetric QDs and (b) elongated QDs. For symmetric QDs, exciton
transitions are coupled by circularly polarized light (¢1) and the exciton states [1})
and ||{}) are degenerate. For elongated QDs the exciton states are symmetric and
antisymmetric superpositions of |1J}) and ||1}) and are coupled by linearly polarized
light (I1,,,). (c) Simplified energy level diagram of an exciton qubit system.

direction.

The above description is appropriate for neutral QDs. It is possible to charge a
QD with a single excess electron or hole prior to optical excitation using back gating
or doping. The optical excitation would then correspond to a charged exciton,
called a trion. It is possible to realize a qubit using the spin projection of only the
single electron or hole and these carrier spin quantum states could be controlled
using light via the trion transition. Proposals for QIP with QDs have been made
using optical control including both exciton qubits [40, 41, 42], spin qubits [43, 20,

, 45, 46] and hybrid approaches where exciton qubits are used for computation
and spin qubits are used for information storage [47]. In this thesis work, our focus

will exclusively be on the optical control of the quantum state of excitons.

1.3 Optical Quantum State Preparation Schemes

1.3.1 A Two-Level System Driven by Light

Optical state preparation schemes in QDs utilize the interaction with a light field to
transfer the QD from one quantum state to another, where each state corresponds
in the most general case to a superposition of the levels in Fig 1.4(b). The focus
of this thesis work is the interaction of a pulsed laser field with the optical tran-

sition between the ground state |00) and one of the exciton states (|01) or |10)).
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As discussed above, assuming the laser pulse is linearly polarized along one of the
symmetry axes of the QD, we can simplify the notation and refer to these states as
|0) and |1).

Following the approach taken in [48], the Hamiltonian of a two-level atom
driven by a classical electromagnetic field with ground state |0) and excited state
|1) can be written as

H=H;+H;+ Hepy + Hepy—c (1.1)

where
Hg = huw |1) (1] (1.2)

is the Hamiltonian describing the two confined levels of the QD representing the
absence and presence of the exciton and 7w is the transition energy of the exciton.
Here the ground state is taken to have zero energy. In matrix form, Eqn (1.2) can

be written as

0 0
Hy,=h . (1.3)
0 Wo
H; is the atom-field interaction Hamiltonian for an electric dipole transition and is
given by
H;=—ji-E(t) (1.4)
where i = —ef is the dipole moment operator and E(t) is the time-dependent

electric field of the control laser pulse. E(¢) can be written as

—

1 )
E(t) = 5{éEO(15)6—“%”(1’(“) +c.c} (1.5)

where E(t) is the electric field envelope, w; is the center frequency of the laser
pulse, ¢ is the polarization vector and ¢(¢) is the phase. Here the spatial variation of
the electric field strength across the QD is neglected by adopting the electric dipole

approximation. Invoking the rotating wave approximation, Eqn (1.4) in matrix

0
H =h [3 2] (1.6)

where Q(t) = @ is the Rabi frequency, in which E(t) = éEy(t)e ¢®), Finally the

form is given by
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terms H.,, and H.,, . in Eqn (1.1) account for the environment and its interaction
with the system, respectively.
As discussed in section 1.1, the wavefunction for an arbitrary superposition of

states |0) and |1) in a two-level system is given by
(1)) = Co |0) + C1 [1) (1.7)

where Cj and C, are normalization coefficients such that |Cy|? + |C;|? = 1. Ignoring
the environmental effects for now, the total Hamiltonian contains only the system
Hamiltonian and the atom-field interaction Hamiltonian. The latter may be written

in the form
Q
0 3

L A

2

H, =h [ (1.8)

where A(t) is the detuning between the laser pulse and the transition frequency of

the exciton. The energy eigenvalues of the total Hamiltonian are given by

KA hQ
Ey=-———4 " 1.
+ 5 5 (1.9

where Q = Q2 + A2. The corresponding eigenvectors are

|V, ) =sin(©/2)]0) + cos(0©/2) |1)

(1.10)
|W_) = cos(©/2) ]|0) —sin(©/2)|1)
where Als
cos(0©) = % o
sin(@) = %

The states |W,) and |¥_) in Eqn (1.10) are called the dressed states of the system
representing the QD in the presence of the light field. These states correspond to a
dynamic admixture of the bare exciton states |0) and |1) of the QD. At a given time
t, the energy splitting between the dressed states and the admixture of composite
bare exciton states constituting each of the dressed states are determined by the

instantaneous values of the detuning A(¢) and the Rabi frequency €)(¢) associated
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with the transition. The Rabi frequency is determined by the electric field of the
pulse and the dipole moment of the optical transition, which is the matrix element
of the electric dipole operator between the initial and final states in the transition.
The instantaneous dressed states are thus controlled by the properties of the laser
pulse.

As an alternative to the dressed states picture presented above, as discussed in
Sec 1.1 the evolution of a two-level system under the influence of a laser pulse can
also be visualized using a Bloch sphere representation. On a Bloch sphere, the state
of a two-level system is represented by a unit vector called the Bloch vector, which
lies on the surface of a sphere as shown in Fig 1.1(b). The longitudinal lines on
the Bloch sphere represent lines of constant phase between the bare exciton states,
while the latitudinal lines represent the lines of constant relative amplitudes for the
coefficients Cy and C; (see Eqn (1.7)) of the bare exciton states. The north pole
represents state |1) (for which Cy = 0) and the south pole |0) (where C; = 0). The

components of the Bloch vector are given by

U, = —2Im{CoC;) (1.12)
U. =|Ci|* = |Cy|?

The dynamics of the Bloch vector in the presence of the laser field is described
by the vector equation
U=UxA (1.13)

where A is an effective torque vector whose magnitude and direction at any instant
are determined by the characteristics of the laser field. According to Eqn (1.13), this
optical torque vector causes the precession of the Bloch vector U around the torque
vector A. If ¢(t) in Eqn (1.5) is zero, the torque vector is given by A= (—Q,0,A)
such that the z-component is determined by the instantaneous value of the Rabi

frequency and the z-component is determined by the instantaneous value of the
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detuning. Eqn (1.13) can then be expanded to express the components of U as

U, = —AU,
U, = —AU, + QU, (1.14)
U, = —QU,.

These coupled differential equations that describe the dynamics of a two-level sys-

tem driven by a laser pulse are called the optical Bloch equations (OBE).

1.3.2 Pulse Shaping

The light-matter interaction Hamiltonian in Eqn (1.4) can be tailored by optical
pulse shaping techniques, enabling the quantum state dynamics caused by the
laser pulse to be tailored as well. In particular, both Ey(¢) and ¢(¢) in Eqn (1.5)
may be separately controlled. This generalizes the torque vector in Eqn (1.13) to
A = (—Re[Q], —Im[Q], A). With the ability to control both Ey(¢) and ¢(t), one can
control both magnitude and direction of the torque vector A(t) at each instant. This
provides the most flexible approach to manipulating the Bloch vector U and thus
the quantum state of the system.

Femtosecond laser pulses are one of the fastest controllable events in a labo-
ratory. As a result there are no electronic or mechanical components fast enough
to manipulate the electric field of a laser pulse in the time domain. However the
short time duration of an optical pulse corresponds to a wide frequency bandwidth.
Hence we can make use of the wide spectral bandwidth of the pulse to shape the
pulse in the time domain. This can be achieved using a 4f pulse shaper, shown
schematically in Fig 1.5. In a typical 4 pulse shaper, the input laser pulse is sepa-
rated into its constituent frequency components using a dispersive element such as
a diffraction grating. The dispersed frequency components are then focused onto
a spatial light modulator (SLM). An SLM is an optical element that contains two
linear arrays of pixels. In each pixel, a voltage is applied that changes the index of
refraction of that pixel. The SLM modulates the amplitude and/or phase of each

individual frequency component of the laser pulse to impose the desired temporal
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Figure 1.5: (a) Schematic of a 4f pulse shaper. Incoming light is spectrally dispersed
using a diffraction grating. The dispersed spectral frequencies are then focused onto
a dual mask SLM by a curved mirror. After passing through the SLM the modified
frequency components are collimated and recombined to form the output pulse by
using a curved mirror and a grating. In practice the second set of curved mirror and
grating are replaced by plane mirror with a slight vertical tilt.

shape on the laser pulse. The separated frequency components are then recom-
bined after the SLM to generate the output pulse. The action of the SLM on the
electric field can be described by a mask function M (w). In the frequency domain,
the relationship between the input (Em(w)) and the output (Eout(w)) pulses can be
written as

Eout(w) = Egp(w)M(w) (1.15)

where
M(w) = Apy(w) exp(i®ys(w)). (1.16)

Here A);(w) is the amplitude mask and ®,,(w) is the phase mask. Hence if the shape
of the input pulse is known, an output pulse of arbitrary shape can be generated
using an appropriate mask function. A more detailed description of the SLM used
in this work is given in chapter 3.

In addition to arbitrarily shaping the laser pulse, a 4f pulse shaper can be used

to compensate for unintended phase distortions suffered by the laser pulse as it
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traverses through various optical elements in a setup. Consider a laser pulse with a

Gaussian amplitude envelope given by
E(t) = Ege " e—it=bt%) (1.17)

where a and b are the real and imaginary parts of the Gaussian pulse parameter I'

(I' = a — ib). Here a determines the pulse duration

2in2
a

(1.18)

where 7 is the full-width at half maximum (FWHM) of the pulse and b determines
the instantaneous phase of the pulse through the relation ¢(t) = —w;t +bt2 If b # 0,
the laser pulse is said to be chirped. The Fourier transform of Eqn (1.17) yields the

pulse spectral amplitude

Ew) = e/ (G5 ) o) (1.19)

The frequency bandwidth of the pulse is given by Aw = +/a8ln2(1 + (b/a))?. As
a consequence of the Fourier transform relationship between Eqn (1.17) and Eqgn
(1.19), the pulse duration 7 and the frequency bandwidth A f, are connected through
the relation

Afr = (Aw/2m)T > 0.44 (1.20)

and the product A f7 is known as the time-bandwidth product. The time-bandwidth
product is determined by both a (i.e. the duration) and b, the chirp. For the laser
pulse in Eqn (1.17), the time-bandwidth product is (2In2/7)y/1 + (b/a)?. Hence
for a given frequency bandwidth, the pulse duration is the shortest when the value
of Afr is a minimum. This happens when the value of b in Eqn (1.17) is zero. Such
a laser pulse is said to be transform limited (TL).

The dispersion suffered by the pulse as it traverses through various optical ele-
ments of the experimental setup leads to a non-zero value for the chirp parameter
b. In order to compensate for dispersion, the pulse shaper applies a chirp of equal

magnitude but opposite in sign to the input laser pulse.
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1.3.3 Rabi Oscillations

Consider a two-level quantum system interacting with a resonant TL laser pulse, i.e.
a pulse with ¢(t) equal to a constant, such that b = 0. By resonant, we refer to a
pulse with the detuning A = 0 at all times. According to Eqn (1.11) for this type of
control pulse, cos(©) = 0 and sin(©) = 1 which implies that ©/2 = 7/4. In this case

Eqn (1.10) becomes:
1

V2

The dressed states are even and odd superpositions of the bare exciton states. We

W) = —=(10) £ |1)). (1.21)

can also write: .
0) = —2(|\I’+> +[P_))
1 (1.22)

V2

As time progress, the components |0) and |1) in the dressed states develop a relative

1) (W) = W)

phase that oscillates at a rate determined by the Rabi frequency (2. This manifests as
oscillations of population between the bare exciton states called Rabi oscillations.
It may be shown that the final population of the excited state |1) at the end of the

laser pulse is given by

2
P (0) = % sin?(6/2). (1.23)
In general
QO =VQ2 + A2 (1.24)
where in this case A = 0 and
0= / Q(t)dt. (1.25)

0 is called the pulse area because it is proportional to the area under the laser
pulse E(t). The population of an initially unexcited system can be transferred to
the excited state using a laser pulse of pulse area 7, while a 7 /2 pulse results in an
equal superposition of states |0) and |1).

Now for a detuned TL control pulse, |[A| > 0. A non-zero (but constant) value
of A = A, implies that the dressed states are no longer equal superpositions of the

bare exciton states. The resulting population oscillation between states |0) and |1)
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does not result in a complete transfer of population. These oscillations versus pulse
area now occur at a larger frequency (), instead of ). Fig 1.6 shows the energy E.
of the dressed states for the case of Rabi oscillations driven by a resonant control
pulse and a control pulse detuned by an amount A.

In the Bloch sphere representation, for a resonant, transform-limited pulse (with
¢(t) = 0 and A = 0), the optical torque vector A points along the # direction.
According to Eqn (1.13), the Bloch vector U precesses around A in the § — 2 plane.
The angle swept by the Bloch vector is the pulse area, as illustrated in Fig 1.6(d).
If A = A, i.e. if the pulse is TL but detuned, then the torque vector has a non-zero
z component. In this case, if the system is initially in |0), precession occurs about a
torque vector that is tilted downward from the z — y plane. In the presence of this
torque vector U, never reaches the top of the Bloch sphere.

Using Rabi oscillations for state preparation requires precise knowledge of the
transition dipole moment and the pulse needs to be exactly resonant with the tran-
sition. Otherwise, the state |1) is not accessible. For this reason optical control using
transform-limited pulses is sensitive to fluctuations of the control laser pulse (both
frequency and amplitude) as well as to uncertainties in the characteristics of the

QD (dipole moment and transition energy).

1.3.4 Adiabtic Rapid Passage

Adiabatic rapid passage represents a robust method for exciting the quantum system
from |0) to |1) or vice versa, corresponding to inversion of the two-level system
[49]. In this control process, the frequency of the light field is swept through the
resonance associated with the two-level system. This is achieved using a linearly

chirped laser pulse whose electric field is given by
1 . 2
E(t) = §{€Eo(t)€_’(°’t+“t )+ cc} (1.26)

where « is called the temporal chirp. For such a pulse, the instantaneous frequency
Winst = w + 2at is time-dependent and the detuning A is a function of time, given
by:

A(t) = —2at (1.27)



21

=
>

E. Q) 1

2 4 6 8
Pulse Area (n)

A U..

0)

Figure 1.6: Energies F. of dressed states |W.) for a two-level system interacting
with a) a resonant TL pulse and b) a TL pulse detuned by an amount —4,. Dressed
states |V,) are equal superpositions of the bare exciton states |0) and |1) when
A = 0. This results in an oscillation of population between states |0) and |1) (red
solid curve in (d)). When A # 0 states |V, ) are no longer equal superpositions of
|0) and |1) and hence the resulting population oscillations do not lead to complete
population transfer. (d) Dynamics of U and A on a Bloch sphere for resonant Rabi
rotations: The Bloch vector rotates around the A vector in the 7 — Z plane sweeping
an angle determined by the pulse area 6, of the control pulse.

Experimentally it is possible to realize both positively (o > 0) and negatively (a <
0) chirped pulses. The key feature of ARP is that the parameters governing the
optical field change slowly enough that the system remains in one or the other of the
two dressed states (Eqn (1.10)) throughout the control process, and the quantum
state of the system evolves because the dynamic admixture of the two basis states
|0) and |1) evolves due to the time-dependence of the laser pulse used to drive the

system.
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We can derive an expression for the adiabaticity condition by temporarily recast-
ing the basis states as the dressed states instead of the bare exciton states. In the

dressed state basis, the state vector |¥(¢)) of the system can be written as
(W) = A () [V (1) + A-(8) [V (1)) (1.28)

where the state vector |U(¢)) is a solution to the time-dependent Schrodinger equa-
tion,
0 :
ha |U(t)) = —iH;(t) |[¥(t)) . (1.29)

The action of ¢H;(t) on |W¥(¢)) can be written as,
PH(1) [U(2)) = i (£) A ()| W4 (1)) + B () A_ () [0_(1)) (1.30)

where F. are the eigenvalues associated with |W.). The time derivatives of the

dressed states |V, (¢)) is given by

d , 1dO 1dO
20 (0) = ~[sin(©/2) 0) + cos(0/2) D)5 = 22| 0L() (131
and . ©
1

Using Eqn (1.31) and Eqn (1.32), we can obtain the time derivative of |¥(¢)) as

h% W (1)) = h[A, (t) — %A_(t)@] [V (1)) +

AA-(1) + 54 (18] |2 (1)

(1.33)

Using Eqns (1.29), (1.30), (1.33), and the orthogonality of |V, ), we get the follow-

ing coupled differential equations for the coefficients A,

RAL(1) = B (1A (1)~ 2A_ (16

" (1.34)
RA_(t) = §A+(t)® +iE_(t)A_(t).

We can obtain uncoupled differential equations for the coefficients A, if the
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term © < |E, — E_|, which amounts to the adiabatic approximation. The time

derivative of © is given by

d_d. () AQ-0QA

The adiabaticity condition then requires
AQ — QA < [ 4+ A2 (1.36)

This condition will hold for intense laser fields (large 2) and for large values of A
(A =a).

We can gain insight into the system evolution by considering the state of the
system for very early and very late times, corresponding to the initial and final
states. Focusing first on the case where o > 0 for t=—o00, from Eqn (1.27) the
detuning A is positive for large early times and |A| > |Q2|. In this case, from Eqn
(1.11) the value of cosf equals 1 and sinf equals 0 such that # = 0. From Eqn

(1.10) the dressed states for large negative times are:

(1.37)

Because the control process is adiabatic, the system that starts off in |¥_) will re-
main in this state throughout the control process. But |¥_) represents a dynamic
admixture of the bare QD states and this admixture evolves as time progresses ac-
cording to Eqn (1.10) and Eqn (1.11). At t=o00, long after the pulse is over, A < 0
and |A| > |Q]. In this case cosf = —1 and # = 7. Eqn (1.10) then gives :

[V (0)) = —[1)
W4 (00)) = [0)

(1.38)

An initially unexcited system (i.e a system in state |0)) therefore starts in the lower
energy dressed state |V_) entirely and ends up in |1) after the laser pulse is over,
thereby exciting the system. The full dynamic evolution of the dressed states for

ARP are shown in Fig 1.7(a) which shows the energies E. of the dressed states
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versus time for the case of a chirped control pulse driving a two-level system.
For a negatively chirped pulse, the initial and the final compositions of states W_.

are reversed from that of Eqn (1.37) and Eqn (1.38). At t=—c0

W_(~o0)) = 1) 39
|4 (—00)) = [0)

and at t=+o00
[¥_(c0)) =0 (1.40)
W4 (c0)) = 1)

The cases of positive and negative pulse chirp may be represented on the same
dressed states diagram by reading the time axis either from left to right or from
right to left. Hence the system evolves along the | ) state throughout the control
process. For the case of a positively chirped pulse in Fig 1.7(a), the direction of
time is from the left to the right while for the case of a negatively chirped pulse,
time progress from right to left.

If in addition to the chirp, the control pulse has a constant detuning A, then
as per Eqn (1.9) and Eqn (1.10), the energy splitting between the dressed states
|V, ) increases by Ay and the extrema near ¢t = 0 in the dressed state energies are
no longer when the pulse intensity is maximum, but is displaced on either side of
t = 0 for these two states. The evolution of the dressed state energies as a function
of time when driven by a control pulse with a constant detuning A, is shown in
Fig 1.7(b). In this case, the value of ) required to satisfy the adiabaticity criteria
given in Eqn (1.36) is larger. Consequently, the threshold pulse area required for
complete population transfer is higher. However in contrast to Rabi rotations, com-
plete population transfer to state |1) is still possible once the threshold pulse area is
crossed.

Within the Bloch sphere picture, for ARP the detuning A that determines the
z-component of the optical torque vector, is a function of time and the value of A
goes from a negative value to a positive value during the pulse. Thus the optical
torque vector A moves from the south pole to the north pole. The torque equation
in Eqn (1.13) predicts that the Bloch vector U precesses around A, however both

A and U initially point to the south pole, so this precession begins once A deviates



25

Y

2 4 6 8
Pulse Area ()

0)

Figure 1.7: a) Energies E. of dressed states |V ) for a two-level system interacting
with a chirped control pulse a) without and b) with a constant detuning. During
ARP, the system stays in one of dressed states |V, ) throughout, while the admixture
of the constituent bare exciton states evolves as the pulse progresses to leave the
system in the excited state. The sign of the chirp determines which dressed state the
system remain in. For a positively chirped control pulse, the system would remain
in |¥_) and for negatively chirped control pulse |V, ). ¢) The final population of the
excited state |1) as a function of pulse area () for a chirped control pulse without
(red solid curve) and with a constant detuning (blue dashed line). (d) Dynamlcs of
U and A on a Bloch sphere for ARP: As the pulse frequency sweeps, the A vector
goes from the south pole to the north pole dragging the Bloch vector along with it.

slightly from the south pole. If the adiabaticity criteria (Eqn (1.36)) is maintained,
the Bloch vector U will precess tightly around the torque vector X as it moves to the
north pole such that at the end of the laser pulse, the final state of the system is |1),
achieving a population inversion. The state evolution during ARP in a Bloch sphere

picture is depicted in Fig 1.7(d).



26

1.4 The Role of Phonons

Dephasing processes limit the number of operations that can be performed on a
qubit because the time for loss of coherence represents the temporal window inside
of which individual gates must be carried out. The exciton dephasing time in QDs at
low temperatures is primarily limited by the radiative lifetime of the exciton, with
reported values between 400 - 1000 ps depending on the size of the QD [50, 51].
The quality of optical control can be improved by performing qubit operations using
ultrafast pulses with pulse durations much shorter than the dephasing time.

While the process of radiative recombination represents a fundamental limita-
tion to the quality of optical control, since the gate time using a short laser pulse
can be very fast relative to the recombination time (e.g with a subpicosecond gate
time, the ratio of gate time to dephasing time can be as large as 103 to 10%) the
performance of QDs in quantum technology is not impeded substantially by this
process. However, there is another source of dephasing related to the driving pulse
itself. This is called excitation induced dephasing and is caused by the interaction of
the exciton with phonons in the host lattice. Phonons are quantized modes of vibra-
tion occurring in a crystal lattice. A lattice vibrational mode of angular frequency
wi and momentum hk, where £ is the wavevector of the vibrational mode, has an
energy of hwy. Vibrational modes where neighboring atoms in the unit cell of a
lattice move out of their equilibrium positions in phase are called acoustic phonons
whereas vibrational modes resulting in out-of-phase movement of atoms are called
optical phonons. These vibrational modes are then further divided into longitudinal
and transverse modes depending on the direction of movement of the atoms with
respect to the wave vector of the phonon. In III-V semiconductors like GaAs and
InAs, there are two atoms per basis leading to 6 possible phonon modes: one longi-
tudinal acoustic (LLA) mode, two transverse acoustic (TA) modes, one longitudinal
optical (LO) mode and two transverse optical (TO) modes.

The equilibrium lattice positions of atoms in a crystal are determined in part by
the electrostatic potential due to all charge carriers. Hence the electronic state of
the QD is affected by the presence of lattice vibrations. For self-assembled QDs, due

to the relatively small lattice mismatch and similar elastic properties of the QD and
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surrounding material, it is a good approximation to treat only the coupling of con-
fined carriers in the QD to bulk phonon modes in the barrier material [52, 53, 54].
The homogeneous compression or expansion caused by acoustic phonons induces
a local change in the lattice constant, resulting in shifts in the energy of the charge
carriers. This type of electron-phonon interaction is called the deformation poten-
tial interaction. In III-V semiconductors, which are polar due to the inequivalent
sharing of electrons between the group III and the group V constituents, there are
two other mechanisms of coupling tied to the interaction of the electron with the
electric field generated by the phonon. These include piezoelectric coupling to all
acoustic modes and the Frohlich interaction with LO phonon modes. It has been
shown that the deformation potential coupling to LA phonons has the largest im-
pact on optical control schemes involving excitons [54]. We will therefore limit the
discussion below to this mechanism [52, 53, 54].

The Hamiltonian describing the bulk LA phonon modes is given by

Hy, =Y hwgblb, (1.41)
q

where Bq (3:;) are annihilation (creation) operators for LA phonons with wavevector
q. The deformation potential coupling to an exciton in the QD is described by the

Hamiltonian

ph int — Zh gq |1> < | (142)

where g, is the exciton-phonon coupling coefficient for a phonon of wavevector
g. The influence of the phonons on the exciton dynamics is characterized by the

phonon spectral density function J(w), defined as
= 1gal*0(w — wy). (1.43)
q

In Eqn (1.43), g, determines the electron-phonon coupling strength. The coupling
strength differs for electrons and holes due to their differing wavefunctions and can

be written as
|| Den

\ /2V,0hwq

gc™(q) = F*M(q) (1.44)
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where V' and p are the volume of the unit cell and the density of the crystal respec-
tively, D, is the deformation potential constant for electrons (holes) and F¢")(q)

is the electron (hole) form factor. The electron (hole) form factor is defined as

FM(q) = / ey (1) 7€ dPr. (1.45)
1%

Here 1., is the wavefunction of the confined electron (hole), so that the form
factor is the spatial Fourier transform of the probability distribution for the confined
carriers.

Analytical expressions for J(w) can be obtained by assuming that the QD is
spherical in shape and that the confinement potential is harmonic in nature. Un-
der this assumption, taking equal confinement lengths for electrons and holes, the

wavefunction for the carriers will have the form

1 1 3/4 (—r2/2d2)

¢e(h) (7") = m E (& (146)
where d characterizes the confined volume of the charge carrier dictated by the size
of the QD. In this case, the form factor for the ground state exciton can be written

as
Fre(h) (q) = o(—a?d?/4) (1.47)

J(w) for this case can then be calculated by inserting Eqn (1.44) and Eqn (1.47)
in Eqn (1.43). Converting the summation in Eqn (1.43) into an integral using
>, — V/(2m)® [ d*q and using the dispersion relation of LA phonons w, = ¢/ql,

where ¢, is the speed of sound in the material, we get,
J(w) = e @/we)? (1.48)
where
a = (D, — Dy)?/ (47 pc?) (1.49)

and w, = v/2c¢/d is a cut-off frequency that depends on the size of the QD. Fig
1.8(a) shows the form of J(w) from Eqn (1.48) as a function of phonon energy for

QDs of two different sizes. The width of J(w) is determined by the spatial extent
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Figure 1.8: a) Phonon spectral density J(w) as a function of phonon energy for a
cut-off frequency iw. = 0.5 meV (blue dashed curve) corresponding to a QD size
of 19 nm and fw, = 0.75 meV (solid red curve) corresponding to a QD size of 12.7
nm (b) Phonon assisted transitions between dressed states in ARP. Arrows indi-
cate phonon emissions from state |V, ) to |W_) which results in a loss of coherence
during population transfer through ARP.

of the wavefunction of the exciton through the electron (hole) form factor (see
Eqn (1.45)). For larger QDs, a large value of d leads to a form factor of narrower
width in k-space and consequently a narrower J(w). Physically, the exciton-phonon
coupling is stronger when the wavelength of phonons matches the spatial extent
of the exciton wavefunction (i.e. the size of the QD). When the wavelength of
the phonon is much larger than the size of the QD, corresponding to low phonon
energies, this amounts to a translation of the whole QD in space. The effect of such
a translation is negligible on the state of the exciton. When the wavelength of the
phonon is much smaller than the QD, corresponding to high phonon energies, the
instantaneous change in the QD dimensions caused by the phonon is very small
because the fast oscillations in the atomic displacement average over the volume of
the QD. As a result, the influence of LA phonons on the state of the exciton is again
negligible in this limit. Hence J(w) exhibits a maximum at a finite frequency and
the cut-off frequency is larger for smaller QDs. At low frequencies J(w)~w? and in
the high frequency limit J(w) acts as a Gaussian function.

The OBEs in Eqn (1.14) are modified in the presence of electron-LA phonon
coupling. This modified set of equations can be derived by adding the phonon bath

and its interaction to Eqn (1.1). Here the phonon bath is treated as a large system
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whose state is unaffected by the exciton-phonon interaction and the modified OBEs

can be written as,

U, = =AU, - (%)Rem@)wz - ”%m - (%)QRe[K(Q)]UI
U, = —AU, + 9(1 + @) U, - (%)236[[(@)]% (1.50)
U. =-QU,

The additional terms include dephasing caused by phonons and are described by

the phonon bath correlation function, given by

K(t) = /O h de(w)coth( 22:}) cos(wt)
K(Q) = /O b dtK (t)e'*

(1.51)

These extra terms cause the exciton to suffer from an intensity dependent dephas-
ing arising from the real part of K (w) and a renormalization of the Rabi frequency
from the imaginary part of K (w) [55]. In the dressed states picture, these dephasing
processes are caused by transitions between the dressed states |¥.). These transi-
tions can occur via phonon absorption or phonon emission events. Phonon emission
induced transitions are depicted in Fig 1.8(b) by the dashed arrows. The phonon in-
teraction is the strongest such that the rate of phonon induced transitions between the
dressed states is largest when the energy splitting between the dressed states matches
the peak of the phonon spectral density function. This reflects the fact that J(w) limits
the bandwidth of phonons that are coupled to the QD. The characteristics of the
optical pulse also determine the rate of these phonon-induced transitions because
the size of the splitting between the dressed states is determined by €.

These resonant, phonon-induced transitions between the dressed states have
a strong impact on the optical control process because they partially destroy the
coherent exciton state as it is being driven by the light field. This loss of coher-
ence limits the fidelity of quantum state manipulation. It also affects the quality of

photons emitted by the QD. For the two optical control processes relevant for this
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thesis work (Rabi rotations and ARP), these dephasing processes have a strong im-
pact. For Rabi rotations, the phonon transitions cause a damping of the oscillations
in the occupation of |1) versus the pulse area [38, 54]. An example of this effect
is shown in Fig 1.9 from Ref [38]. In the experiments in Ref [38], photocurrent
was used to read-out the occupation of the exciton at the end of the laser pulse.
This occupation oscillates as a function of pulse area © from Eqn (1.23) and Eqn
(1.25). The square root of the average power in the pulsed laser beam, which is
proportional to pulse area, is shown on the z-axis in Fig 1.9.

For ARP, the impact of the phonon-induced transitions depends on temperature,
pulse area, and the sign of the pulse chirp. The sign of « dictates whether the sys-
tem undergoes evolution along the higher or lower energy dressed state. At low
temperatures, phonon absorption processes are highly unlikely. Hence the evolu-
tion along the lower energy-dressed state (|¥_)), which corresponds to a positively
chirped driving pulse, is unaffected by phonons and suffers no dephasing. For a neg-
atively chirped pulse, where the system traverses the higher energy dressed state
(¥, )), phonon emission leads to a transition to the lower energy dressed state
and hence causes dephasing [38, 54, 56]. This asymmetry disappears at higher
temperatures as both phonon absorption and emission processes become equally
likely [57]. For negatively chirped pulses, where dephasing can occur, the strength
of electron-phonon coupling depends also on pulse area because the dressed state
splitting must still match the peak of J(w) for strong coupling to occur. Fig 1.10(a)
shows the calculated exciton occupation for a negatively chirped pulse, a TL pulse
and a positively chirped control pulse from Ref [58] and Fig 1.10(b) shows an ex-
perimental measurement of the chirp sign dependence of ARP from Ref [56].

Since the damping process is strongest when the peak frequency of J(w) matches
the energy separation between the dressed states, the non-monotonic dependence
of J(w) leads to a non-monotonic dependence of the damping rate on the Rabi
frequency of the laser pulse. It has therefore been predicted that for large pulse
areas when the Rabi energy gets higher than the cut-off frequency for J(w), i.e.
for the electron-phonon interaction, Rabi rotations should reappear [59]. This is
often referred to as the reappearance regime. This regime has not been observed

experimentally yet for Rabi rotations because experimental demonstration using
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Figure 1.9: (a) Experimental demonstration of Rabi rotations. The exciton occupa-
tion at the end of the laser pulse is detected by the photocurrent created by ionizing
the exciton. Photocurrent is shown as a function of square-root of excitation power,
which is proportional to the pulse area. Red solid curves are a fit to a model in-
cluding excitation induced dephasing due to interaction with LA phonons. Figure
adapted with permission from [38]

Gaussian laser pulses requires extremely high pulse areas. This is because, for a
continuously varying pulse shape such as a Gaussian pulse, the resulting energy
splitting between the dressed states would always coincide with the peak of J(w)
at some point during the pulse [54]. This problem can be mitigated by using pulses
shapes characterized by abrupt starts and ends, for example rectangular pulses, but
it can never be eliminated completely [60].

For ARP, in contrast, it is possible to access the reappearance regime because the
separation between the dressed states is non-zero throughout the entire control pro-
cess. As a result, a full decoupling of the exciton from LA phonons is experimentally
accessible with a large enough Rabi energy [61, 54].

In addition to excitation induced dephasing, at higher temperatures the exciton-
LA phonon interaction can lead to a pure dephasing of the exciton coherence. At
high temperatures, when there is a larger occupation of thermal modes, phonons
can interact with the exciton and cause virtual transitions to higher excited states
[62]. Such scattering processes do not result in a population transfer but dephase
the exciton, leading to a broadening of the zero phonon line decreasing the indis-
tinguishability of the emitted photons [63]. This phonon induced pure dephasing

can be suppressed by working at a temperature lower than 10 K [64]. It can also be
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Figure 1.10: (a) Calculated final occupation of the exciton state for negatively
chirped (red solid curve), TL (green dashed curve) and positively chirped (blue
dotted curve) control pulses. Figure adapted with permission from [58]. (b) Ex-
perimental measurement of the chirp sign dependence of ARP. The plot shows PL
intensity as a function of pulse area for negatively (red dots) and positively (blue
squares) chirped control pulses. Figure adapted with permission from [56].

made negligible by working with QDs possessing strong quantum confinement such
that the energy spacing between the QD levels is much larger than the occupied

phonon energies, a condition that is satisfied by the QDs used in this work.

1.5 Past Research Progress in the Optical Control of Excitons in Quantum

Dots

1.5.1 Quantum Dots as Non-classical Light Sources

High quality sources of single and entangled photons are essential for the devel-
opment of applications such as quantum cryptography and quantum computation
[21, 65, 66]. Single photons are one of the leading qubit candidates due to their
largely decoherence free nature, many encoding degrees of freedom such as polar-
ization, time bin or path and the ease of applying one-qubit logic gates [21]. The
vulnerability of current encryption methods such as RSA to the potential realization
of quantum computation systems has motivated the development of new encryp-
tion protocols [67]. Their implementation requires high quality sources of single or
entangled photons [68, 69].

The properties that determine the quality of a single photon source are single
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photon purity, indistinguishability and brightness. The single photon purity is the
probability that each wavepacket has only one photon. An ideal single photon
source will emit only one photon when triggered. The single photon purity of a
source is normally characterized by the second-order intensity correlation function
g® (1) measured using a Hanbury Brown and Twiss interferometer. In Hanbury
Brown and Twiss interferometry, a beam of light is sent to a beamsplitter and one
detector is kept at both outputs of the beamsplitter and the distance of each detector
from the beamsplitter can be varied, introducing a time delay 7. The detector out-
puts are then connected to correlation electronics measuring coincident detection
events between the two detectors. An ideal single photon source has a ¢®(0) = 0
indicating no coincidence counts between the detectors, whereas a laser field gives
a ¢'»(0) value of 1. The indistinguishability of a source refers to the similarity be-
tween the emitted photons in a single photon train. For two photons to be indistin-
guishable they should have identical spectral bandwidth, pulse width, polarization,
carrier frequency and mode profile. The indistinguishability of emitted photons is
affected by the nature of excitation and various dephasing processes present in the
source. The brightness of the single photon source determines the probability that
the emitted photon, once triggered, is detected by the detection apparatus. For per-
fect brightness every single photon emitted by the source should be detected by the
detector. Less than perfect brightness will result in missing photons in a single pho-
ton stream, increasing the necessary complexity of cryptographic and computation
schemes. Brightness is a composite quantity including intrinsic quantum efficiency,
collection efficiency (for example into an optical fiber) and all inefficiencies in the
detection apparatus.

In QDs, the recombination of a confined electron-hole pair or exciton will result
in the emission of a single photon. Thus, when excited by a laser pulse shorter
than the lifetime of an exciton, a QD can act as a triggered single photon source.
Since the ground state optical transition in the QD may only be occupied by a single
exciton at a time, unlike attenuated lasers or spontaneous down-conversion based
sources, the brightness of single emitter sources like QDs is intrinsically decoupled
from their single photon purity. QDs also offer the advantage that their optical
transitions may be controlled by varying the QD size. This implies that QDs can be
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tailored to work in convenient bandwidths such as one of the telecommunication
bands or that of efficient silicon detectors [70, 71, 72].

Photons emitted from a single QD were isolated for the first time in 1994 [7/3,

]. Later in 2000 Michler et al. demonstrated the first QD single photon source

through ¢(?(0) measurements [75]. In this work by Michler, the photon emission
was triggered using a laser tuned to the bulk GaAs barriers surrounding the QD.
Yuan et al. demonstrated a QD based electrically triggered single photon source
in 2002 [76]. The non-resonant excitation of QDs, corresponding to excitation in
either the bulk barriers surrounding the QD or the quantum well levels tied to the
wetting layer, normally results in low single photon purity since the probability for
multiple carriers successively relaxing into the energy levels of the QD is high. The
single photon purity can therefore be improved by directly exciting carriers into the
confined energy levels within the QD. High single photon purity (¢?(0) < 0.05%)
has been reported in the literature for both p-shell excitation and strictly resonant
excitation in QDs [77, 78].

The indistinguishability of photons is determined by the ratio of pure dephas-
ing to the spontaneous emission rate. It is limited by various dephasing processes
arising from the interactions of the exciton with the solid-state environment such as
charges in the QD vicinity through the quantum confined Stark effect [64], phonon
assisted virtual transitions to higher excited states [62, 64, 79], the emission of
photons into the acoustic phonon sideband [80, 81] and timing jitter induced by
the excitation process [382]. Pure dephasing arising due to the interaction of the
exciton with the charges around the QD and virtual phonon transitions can both be
minimized by increasing the spontaneous emission rate by embedding the QD in
a resonant cavity [83, 84]. Embedding QDs in a resonant cavity also helps in the
suppression of photon emission into the acoustic phonon sideband by favouring the
emission along the cavity resonance [85, 84]. Virtual phonon transitions can also be
suppressed by working at cryogenic temperatures [64, 79] or through engineering
the QD dimensions to increase the spacing between the energy levels [86]. Timing
jitter associated with the excitation process can be minimized by exciting carriers
directly into the QD energy levels [65]. Experiments that used ARP as the excitation
process have yielded photons with an indistinguishability of 99.5+0.7% [87]. The
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highest reported value of indistinguishablity from a QD source was 99.56% from
resonantly excited QDs embedded in a micropillar cavity [88].

The high refractive index of the GaAs matrix (n ~ 3.5) surrounding the QD
would cause most of the light emitted by the QD in a planar semiconductor wafer
to undergo total internal reflection. Without strategies to mitigate this effect, the
probability that a photon emitted by the QD escapes the wafer and is available for
collection is about 1%. This value can be improved through the use of engineered
structures to improve light extraction such as microcavities [89, 90], waveguides
[91, 92] and microlenses [93]. For instance, QDs embedded in micropillar cavities
have demonstrated extraction efficiencies as high as 80% [89, 90].

At present, QDs are one of the highest performing single photon emitter plat-
forms due to the deterministic nature of their emission and the ease of coupling to
guided optical modes. A comparison of various single photon emitter platforms is
given in Table 1.1. Among all competing technologies, QD based sources have re-
ported the highest single photon emission purity and indistinguishability [94]. The
high standards of performance required by photonic QIP systems, call for highly ef-
ficient state preparation protocols to improve the source brightness [95]. The cryo-
genic temperatures required for the operation of QD based single photon sources
make their large scale deployment challenging. Experiments that constitute this
thesis work address some of these challenges by advancing the applicability of ARP
as an efficient state preparation protocol and by developing the ARP control process

to potentially allow high temperature operation of QD based single photon sources.

The radiative relaxation of the biexciton in QDs is known as the biexciton cas-
cade and can serve as a source of polarization-entangled photons. The biexciton
state with a total angular momentum J = 0 is composed of two electrons and two
holes with S = +1/2 and J = 43/2 and can be written as |T/f}). Fig 1.4(a)
shows the energy level diagram and selection rules for an exciton-biexciton four-
level system in a symmetric QD. The radiative decay of the biexciton proceeds by
the emission of a photon, leaving a single exciton, which then also undergoes ra-

diative decay and emits a photon. The polarization state of the emitted photon pair
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Emitter SPDC Atoms and Ions | QDs NV centers FWM
Wavelength (nm) 600-1700 discrete values 900-1550 600-800 600-1550

P/D P D D D P
Indistinguishability 99% [96] 93% [97] 99.56% [88] 66% [98] 97% [96]

9@ (0) 0.004 [99] 0.0003 [100] 7.5x1075 [78] | 0.07 [101] 0.007 [99]
Efficiency 0.84 [102] 0.88 [103] 0.97 [104] 0.35 [105] 0.26 [106]
Max Brightness 2.01 Mhz [107] | 55 kHz [108] 28.3 Mhz [109] | 850 kHz [105] | 855 kHz [110]
Entanglement Fidelity | 0.9959 [111] 0.93[112] 0.978 [113] - 0.997 [114]

Table 1.1: Comparison of single photon emitter technologies. P (D) refers to prob-
abilistic (deterministic) sources. Table adapted with permission from Ref [94].

can be written as
1

V2

which corresponds to a maximally entangled Bell state where L., indicates a left cir-

(UF) = —=(|Lax) |Re) + | Rez) | La)) (1.52)

cularly polarized biexciton photon, R, indicate a right circularly polarized exciton
photon and so on. Entangled photons are an essential component of many quantum
information proposals such as quantum repeaters [115], quantum key distribution
[69], measurement based quantum computing [116], sensitive interferometry [27]
and microscopy [ ]. Ever since Benson et al [ ] published the concept of en-
tangled photon generation from quantum dots, there have been numerous research
groups working on QD-based entangled photon sources [119, , s , s
, ]. Recent research has enabled high fidelity preparation of the biexciton
state through various excitation schemes including two-photon Rabi rotations, ARP
and phonon assisted excitation [125, , ]. Polarization entangled photons
created via the biexciton cascade have shown high entanglement fidelity and have
made QDs one of the most robust sources of entangled photons [66, , 1.
Even though the study of state preparation schemes (Rabi rotations and ARP)
and dephasing mechanisms in this thesis work is mostly carried out within the con-
text of excitons in QDs, these considerations are also applicable for the preparation
of biexciton states in QDs as ARP has been used for exciting biexcitons in QDs [126].
Electron-LA phonon interactions have also been shown to affect the state prepara-

tion efficiency of biexcitons [53, , 54]. The insights provided by the experiments
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and numerical calculations that constitute this thesis work will also therefore aid in

improving the performance of QD based entangled photon sources.

1.5.2 Single Qubit Gates

Within the Bloch vector representation of an exciton qubit introduced in Sec 1.3.1,
Rabi rotations carried out using a resonant TL laser pulse are characterized by a
rotation of the Bloch vector about the Z-axis sweeping an angle 6, which is equal
to the pulse area. This rotation modifies the coefficients |Cy| and |C;| as well as
their relative phase. Rabi rotations therefore represent a simple example of a single
qubit gate. The possible quantum states on the Bloch sphere that are accessible
is however limited since the motion of the Bloch vector during Rabi rotations is
restricted to the y-Z plane.

Complete control over a qubit requires the ability to induce rotations of the
Bloch vector about multiple axes. This is normally achieved using a pair of pulses
with a time delay 7 between them [38]. The first pulse creates a superposition
of ground and excited states, thereby rotating the Bloch vector about the Z-axis.
If the second pulse has a phase difference of ¢ = w;7 with respect to the first
pulse it will induce a rotation about the cos(¢)Z + sin(¢)y direction. Experimentally
these phase locked pulse pairs are created using a path-stabilized Michelson or
Mach-Zehnder interferometer that maintains a fixed path difference between the
pulses [129, ]. These experiments, which makes use of quantum interference
between qubit wavefunctions, are commonly referred to as Ramsey interference
experiments [38].

Ramsey interference has been experimentally demonstrated in QDs by several
groups [131, , , , ]. Fig 1.11 shows Ramsey interference measure-
ments for a negative trion transition measured using the resonance fluorescence
technique by Lee et al [135]. The occupation of the trion oscillates as a function of
the delay between the pulses. The difference between the maximum and minimum
occupation at a given delay is defined as the interference visibility. The reduction
in interference visibility as the delay increases is a consequence of the dephasing of
the qubit. The authors in Ref [135] determined a dephasing time of 510 + 10 ps by

fitting the data to an exponential decay.
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Figure 1.11: Ramsey Interference. a) Interference visibility of input laser pulses
(red squares). Interference visibility of Ramsey interference of the negative trion
transition (black squares). A pair of laser pulses with a programmable time delay
between them is used to excite a negative trion transition in an InAs QD. For every
pulse separation, the time delay between the pulse pairs is finely varied causing
constructive and destructive quantum interference of the trion wavefunctions. The
interference visibility is the difference of the resonance fluorescence signal between
points of constructive and destructive quantum interference. (b) Resonance fluo-
rescence intensity at short pulse separation (50 ps) as a function of fine time delay.
(c) Resonance fluorescence intensity at long pulse separation (1000 ps) as a func-
tion of fine time delay. The decrease in the amplitude of the oscillations between
long and short pulse separations is a consequence of the dephasing of the exciton.
Figure adapted with permission from [135].

Rotation along the equatorial plane of the Bloch sphere needed for arbitrary
single qubit rotations can also be achieved through the optical Stark effect [ 1.
Here a resonant pulse is used to excite the exciton and then a second non-resonant
laser pulse is used to manipulate its quantum state. Because this second pulse is
non-resonant, A > () so that the optical torque vector is primarily aligned with the
z-axis. The detuning of the second pulse should be large to avoid significant changes
in occupation. By using both resonant and non-resonant pulses in succession, one
can induce rotations about # and Z and thereby access points on the entire Bloch

sphere.



40

1.5.3 Two-Qubit Gates

Any scalable circuit model quantum computing platform would require the ability
to perform two-qubit gates in addition to single qubit operations. One such oper-
ation involving two qubits is a controlled-rotation (C-ROT) gate. The C-ROT gate
operation on a two-qubit system is as follows: an rotation gate is applied to a qubit
if and only if the second qubit, called the control qubit, is in state |1). A C-ROT gate
was demonstrated in QD systems using the 4-level scheme involving both excitons
and the biexciton (See Fig 1.4(b)). In this scheme, the two qubits were encoded
in excitons excited by z and ¢ polarized light. The non-zero biexciton binding en-
ergy implies that the transition energy of the single exciton to biexciton transition is
lower than the energy of the ground state to single exciton transition. One can ex-
ploit the polarization-dependent selection rules together with the spectral selectivity
of the two transitions to realize a C-ROT gate. A C-ROT gate was demonstrated in
interface-fluctuation QDs by Li et al [137] and later in self-assembled QDs by Boyle
etal [ ]. The logic operation of the C-ROT gate and experimental results from

Ref [ ] are shown in Fig 1.12.

1.5.4 Optimal Quantum Control

Optimal quantum control through pulse shaping provides a versatile method for
complete control of the Bloch vector. This approach is less cumbersome than the
approach described above because only a single pulse is required. Here, a pulse
shaper is used to shape the electric field of the laser pulse, thereby tailoring the
light-matter interaction. This approach can be used to drive the Bloch vector to
any arbitrary point on the Bloch sphere. Optimal quantum control could be used to
implement a complex instruction set quantum computer where multiple gate oper-
ations are applied using a single shaped laser pulse. In addition to exploiting the
relative ease of pulse shaping, this method can potentially reduce the time required

to carry out operations [8].
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Figure 1.12: Principle of operation of a two qubit C-ROT gate in the four-level
exciton-biexciton system. The occupation of each type of exciton (induced with
x polarized or y polarized light) are the two bits on which the CROT gate is act-
ing. The CROT pulse shown, which is x polarized, flips the state of the y-polarized
exciton if and only if the x polarized exciton is present. This gate uses both the
polarization selection rules and the difference in energy between the ground-state-
to-exciton and the exciton-to-biexciton transitions. (a)-(d) show the relevant tran-
sitions corresponding to the truth table in part (e). (f) Experimental demonstration
of C-ROT gate. Photocurrent signal from the QDs as a function of laser detuning for
no pre-pulse (blue dots), cross-polarized pre-pulse (red crosses) and co-polarized
pre-pulse (black squares). A photocurrent can be measured when the laser is tuned
to the X° — 2X?° transition only if the X? state is populated by the pre-pulse. X° is
populated only if the pre-pulse is co-polarized with the C-ROT pulse. (QD B and QD
C are adjacent QDs not used in the experiment). Figure adapted with permission
from [138].

The application of optimal quantum control to semiconductor QDs has only re-
cently been pursued experimentally [139, , , ]. Recent theoretical stud-
ies by Mathew et al explored the feasibility of this approach to simultaneously con-
trolling three individual quantum dots using a single laser pulse [142]. Mathew’s
work showed that the Bloch vectors of multiple QDs may be simultaneously, inde-
pendently controlled, enabling access to an arbitrary point on the Bloch sphere for
each QD. This highlights the feasibility of developing a small quantum simulator
where 10-30 QDs could be manipulated, limited only by the resolution of the pulse
shaping system. Experimental investigations in this direction have demonstrated
simultaneous deterministic control over two distinct QD excitons by employing a
27 rotation in one QD and a 7 rotation in the other QD using a single shaped laser

pulse [ 1.



42

1.5.5 Qubit-Qubit Interactions

Any quantum computer platform requires the ability to control multiple qubits and
the means of introducing coupling between them. Existing experimental demon-
strations of optical control of coupled QDs have all involved QD molecular struc-
tures [143, , s ]. In such structures, two layers of self-assembled QDs
are grown in succession with a very thin GaAs barrier in between. In this case, the
presence of a QD in the first layer creates a strain field that induces the formation of
the second QD above it. Since the tunnel barrier is very thin, the QDs exhibit direct
tunnel-coupling. Thus tunnel coupling has been used to realize two qubit opera-
tions in QD systems [143, ]. There are several proposals aimed towards achiev-
ing multi-qubit operations involving spatially uncoupled qubits in QDs. Conditional
operations between spatially separated QDs can be achieved via dipole-dipole inter-
actions in the presence of a static electric field [ 1, through Coulomb interactions
[148] or via coupling through an optical microcavity [20, ]. The entanglement
of spins in distant quantum dots is also possible using optical interconnects, which

enable teleportation based gates. [150, ]

1.5.6 Optical Quantum State Preparation

As discussed in Sec 1.3.3, Rabi rotations are a versatile method of state preparation
that allows for the creation of excitons or biexcitons and represents the earliest
demonstrations of coherent optical control in QDs [152, s , , , s

]. An example of an experimental demonstration of Rabi rotations is shown in
Fig 1.9. The red curve shows a fit to theory that incorporates dephasing tied to LA
phonons. Rabi rotations are routinely used for state preparation applications such
as single photon generation [159, ]. Rabi rotations may also be carried out using
two-photon transitions leading to initialization of the biexciton [125] for generating
polarization-entangled photon pairs [120, ]. Fig 1.13(a) and Fig 1.13(b) shows
a comparison of Rabi oscillations of the single exciton state and two-photon Rabi
oscillations of the biexciton state from Ref [125].

Quantum state preparation using ARP was first demonstrated in atomic systems



43

10}@

photocurrent (pA)

0 2 4 6 8 10
pulse area 6 ()

Figure 1.13: (a) Photocurrent measurement of Rabi oscillations of the single ex-
citon state. (b) Photocurrent measurement of two-photon Rabi oscillations of the
biexciton state (solid line). The dashed curve is a fit to a theoretical model. Figure
adapted with permission from [125].

[48, ]. The first demonstration of ARP in QDs was done in 2011 by two dif-
ferent groups using control pulses with a duration of 5 ps [162] and 40 ps [163].
These are long gate times for ARP. This was followed by in 2014 by our group,
which demonstrated the first ARP gate in QDs using subpicosecond control pulses,
representing a 20 fold reduction in gate time [56]. These experiments were also
the first to isolate the electron-LA phonon coupling in QDs via chirp sign dependent
measurements, representing a crucial advance as discussed in the next section.
State preparation using ARP has also been used to trigger single photon sources
[87] and to create biexcitons in QD systems [ ]. Outside of quantum informa-
tion, chirped pulses have also been used to turn fluorescent emitters on and off in

a STED based fluorescence microscopy scheme for high resolution imaging [164].

1.5.7 Progress in the Understanding of Electron-Phonon Coupling in QDs

A considerable research effort over the past decade has focused on understanding

electron-phonon interactions in QDs as well as understanding the impact of these
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Figure 1.14: Experimental demonstration of the reappearence regime for ARP, cor-
responding to suppression of electron-phonon dephasing. (a) Schematic diagram
of the experimental apparatus used. A 4-f pulse shaper is used to control the chirp
applied to the excitation laser pulse. The chirped pulse is then focused onto a QD
sample using a microscope. A transmission electron microscope image of the QD
is also shown. (b) The top panel shows resonance fluorescence measurement of
exciton occupation as a function of the square root of the excitation power for dif-
ferent values of chirp and the bottom panel shows the calculated occupation of the
exciton. Figure adapted with permission from [61].

processes on the performance of QDs in technologies such as qubits and single and
entangled photon sources [54]. A number of theoretical methods have been used
to study exciton-phonon interaction in QDs including correlation expansion [165,

1, perturbative methods [ 1, path-integral methods [ , 60] and master

equation approaches [169, ] and experiments have focused on characterizing
the phonon sideband [80, ] as well as the exciton-induced dephasing tied to
coupling with LA phonons [158, , 56, 87, 61].

As discussed in Sec 1.4, an intensity dependent damping of Rabi rotations has
been observed in numerous experiments (e.g. see Fig 1.9) [158, 1. The impact
of phonons on the exciton inversion efficiency in the ARP scheme was first predicted
theoretically (Fig 1.10(a)) [58] and was first observed experimentally by Mathew et
al. (Fig 1.10(b)) [56]. Shortly after the report of Mathew et al., positively chirped
pulses were used in a single photon source application demonstrating a ¢*(0) =
0.003(2) and an indistinguishability of 99.54+0.7% [87]. In addition to being a
robust state preparation mechanism, the chirp sign dependence of ARP makes it a

unique tool to study exciton-phonon interactions in QD systems [172]. Although
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models of Rabi rotations including LA phonon coupling provided strong evidence
that LA phonon coupling is the dominant dephasing process, ambiguity remained
because a competing mechanism based on the coupling of the exciton with carriers
in the wetting layer was also being considered [173]. The chirp-sign dependence of
ARP enabled the first unambiguous proof of the dominance of LA phonon coupling
[56].

The so-called "reappearance regime" discussed in Sec 1.4, for which the splitting
between the dressed states is made to be higher than the available phonon energies
through strong driving, was first theoretically predicted for Rabi oscillations [59].
Since this regime requires extremely large driving intensities, there have been no
experimental demonstrations of this effect for Rabi rotations. This reappearance
regime has been very recently observed in an ARP [61] experiment exploiting the
non-zero splitting that exists between the dressed states throughout the control pro-
cess. In the experiments in Ref [61] the suppression of phonon induced dephasing
was manifest by the difference between positively and negatively chirped driving
pulses vanishing at high pulse areas [61]. This work is shown in Fig 1.14. Because
large pulse areas exceeding 87 were required to reach the reappearance regime,
further work is needed to make this a practical approach to improving control fi-
delity. Nevertheless, the ability to completely suppress electron-phonon coupling
would have dramatic implications for applications of QDs in QIP systems because
high performance optical control protocols at elevated temperatures may become
possible.

Exciton-LA phonon interactions have also been exploited for the preparation of
exciton and biexciton states [127, , , 1. In this approach, proposed by
Glassl et al, a blue detuned excitation pulse is used to drive the QD, resulting in the
preparation of an exciton state along with the emission of a phonon [177]. State
preparation is most efficient at high pulse areas, long pulse durations and when
the detuning of the control pulses matches the peak of the phonon spectral density
function. Fig 1.15(a) shows photocurrent measurements of phonon assisted excita-
tion of the exciton state and the biexciton state from Ref [ ]. The blue solid line
is a numerical calculation of the exciton occupation. Fig 1.15(b) shows the detun-

ing dependence for phonon assisted excitation of the exciton. The ARP approach
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Figure 1.15: (a) Experimental demonstration of phonon assisted excitation of the
exciton and the biexciton transition in a QD. Photocurrent measurement of occu-
pation for both excitons (green triangles and red squares) and the biexciton state
(black circles) using a blue detuned pulse (RA = 0.83 meV). (b) Detuning depen-
dence of phonon assisted excitation (black solid line). The blue solid line in both
panels are calculated exciton occupation. Inset: Calculated phonon spectral density
function J(w). For maximum efficiency the detuning of the excitation pulse should
match the peak of J(w). Figure adapted with permission from [175].

used in this thesis work offers better tolerance to variations in QD properties, lower

laser resources and faster operation times than the phonon assisted approach.

1.6 Thesis in the Context of Existing Work

A robust preparation of excitons is an essential step in any QIP system using exciton
qubits and for quantum state initialization in single photon sources. Similar optical
state preparation schemes are also used for inverting biexcitons for entangled pho-
ton sources, and for manipulating the spin states of individual carriers using trion
transitions. By advancing state preparation schemes using ARP, this thesis work is
contributing to advancing QIP applications of QDs. High fidelity optical state prepa-
ration in QD based systems requires the state preparation protocol to be tolerant to
the fluctuations in experimental conditions and dephasing processes inherent to the
solid state system. Recent experimental and theoretical studies have underscored
the utility of ARP as a robust state preparation protocol [172, 56, 87, 61]. This the-
sis work probes the limitations to the applicability of this protocol by studying the
dependence of inversion efficiency on the detuning of the laser pulse from the opti-

cal transition. This work also investigates the feasibility of ARP as a method of state
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preparation for an ensemble of QDs and uses it as a tool to study the dominant de-
phasing mechanism - phonon mediated dephasing - in QDs [38, 54]. Understanding
and mitigating this dephasing channel is essential for the progress of a QD based
photonic qubit system. ARP, with its chirp sign dependent coupling to the phonon

bath is a unique tool to study this process [172, 56, 56, 87, 61].

1.6.1 Telecom-Compatible Quantum Control

Most early demonstrations of coherent control in QDs used interface-fluctuation
QDs [178, , , , ] due to their large optical dipole moments (~100
Debye) and near infrared transition energies that are compatible with efficient sil-
icon optical detectors and Ti-sapphire lasers. However, the random nature of their
growth process results in large variability in the spatial and size distribution of the
QDs, hindering the development of a scalable QIP infrastructure based on interface-
fluctuation QDs. Self-assembled QDs, even though they possess lower optical dipole
moments (~25 Debye), offer a greater degree of control over the ground state tran-
sition energies and much lower growth inhomogeneities [ ]. Furthermore laser
annealing can be used to fine tune their optical properties [182, ] and advances
in site-controlled growth techniques allow for site-selected growth of QDs [ 1.
Hence the community has largely shifted towards self-assembled QDs as the choice
for coherent control experiments [154, , s s s , 56, 87, , 61,

1.

The vast majority of such experiments have focused on QDs that were grown un-
der conditions that favor the formation of small QDs with ground state optical tran-
sition energies in the range of 920 - 950 nm [ X : , , , 87, , 61].
The pursuit of quantum control on telecom compatible QDs is needed to facilitate the
integration of the QIP hardware based on the these QDs with classical computational
systems. However working with QDs emitting in the telecom band is challenging
due to low efficiencies and high dark currents associated with InGaAs detectors.
As a result, very few quantum control experiments have been carried out in this
spectral window. Our research group made essential inroads in this area as the
first to report quantum control experiments on both single [56] and pairs of un-

coupled QDs [ ] with emission compatible with telecom O band (1260 - 1360
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nm) which corresponds to the low dispersion window in optical fibers. The work by
Mathew et al demonstrating ARP for the first time in telecom compatible QDs laid
the foundation for quantum light sources using semiconductor QDs [56]. Since then
there have been other efforts to generate telecom compatible emitters. The major-
ity of these experimental efforts relied on incoherent excitation of QD excitons for
single photon generation [186, ]. The single photon purity achieved in these
experiments were limited by the probability of multiphoton emissions inherent to
incoherent excitation. Coherent excitation using TL pulses reduced multiphoton
emission probability and reported high single photon purity in telecom compatible
sources in experiments conducted by Miyazawa et al [77]. As discussed earlier, state
preparation using TL pulses is highly susceptible to fluctuations in the experimen-
tal conditions and the optical properties of the QD. By further developing the ARP
control protocol to enable the parallel initialization of multiple distinct single photon
sources, the work described in this thesis work will further the development of telecom

compatible quantum light sources.

1.6.2 The Need for Optical Control Schemes Tolerant to QD Variations and

Laser Pulse Fluctuations

There are a variety of applications for quantum light sources in quantum technology
that would benefit from parallel triggering of a number of photon sources in parallel
using the same laser pulse. For applications such as linear optical quantum com-
puting, indistinguishability of photons is important but for other applications such
as quantum cryptography, synchronous operation of sources of high single photon
purity is sufficient without the need for indistinguishability. The stochastic nature of
the self-assembly process results in a distribution of QD size, composition and con-
comitant optoelectronic properties. The development of scalable quantum networks
requires synchronous operation of multiple quantum emitters that can be triggered
in parallel using a single pulsed laser source [19]. For instance, the interference be-
tween photons emitted by distant sources is a key experiment in the development
of photonic qubit systems and all-optical quantum repeater protocols [188]. In re-
cent experimental demonstrations of two-photon interference involving remote QD

sources, the QDs have either been excited in the wetting layer surrounding the QDs
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[189, 1, or individual QDs with near-identical size and shape have been hand-
picked out of the larger ensemble enabling the simultaneous resonant pumping of
an excited state transition within both QDs [ ) , 70]. The former approach
compromised the performance of the system due to multiple carrier capture events,
while the latter is an impractical approach for a scalable network due to the low
yield of useful emitters. It is therefore essential to develop optical control strategies
that are immune to variations in QD properties. ARP is a robust state preparation
protocol that promises tolerances to moderate variations in experimental conditions
and the optical properties of the QD [192, 87]. Even though there have been several
demonstrations of ARP in individual QDs [162, , 56, 87, 61], they have all been
performed using resonant control pulses. The robustness of this protocol, especially
the tolerance to detuning, has never been quantified. The experiments performed in
this thesis work quantifies the detuning tolerance of ARP, supporting the application

of this approach to triggering multiple inequivalent quantum light sources in parallel.

1.6.3 Simultaneous Inversion Gates for Parallel Qquantum State Initialization

The majority of quantum control experiments in QDs were done using TL control
pulses [178, s , s s , ]. The first experimental demonstration
of quantum control using pulse shaping was the demonstration of adiabatic rapid
passage using chirped pulses in 2011 [162, ]. These experiments were done
using linearly chirped pulses with a duration larger than 15 picoseconds. ARP was
then demonstrated in the femtosecond domain in experiments conducted by our
group [56]. We have also extensively explored the simultaneous arbitrary control
of multiple quantum dots using pulse shape engineering [141, 56]. These studies
included the experimental demonstration of parallel control of two uncoupled QDs
[141]. In Ref [141], a single shaped laser pulse was used to implement = and 27
rotations simultaneously on two uncoupled QDs. This demonstration was followed
by theoretical investigations of using pulse shaping to drive multiple QDs to an ar-
bitrary point on the Bloch sphere [142]. These advances have laid the groundwork
for parallel quantum state initialization in quantum technology applications such
as optical memories and nodes in a distributed quantum network. These advances

have also enabled the first exploration of the feasibility of complex instruction set
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quantum computing with solid-state qubits, building upon earlier demonstrations
in molecular systems [10]. Since ARP is a robust inversion gate, it would also
find application for parallel quantum state initialization in these schemes as well
as in circuit model implementations using QDs as qubits. However there have been
no experimental demonstrations of simultaneous ARP in multiple QDs. This thesis
work builds upon this recent experimental and theoretical research to extend opti-
cal control towards an ensemble of QDs. Experiments performed in this thesis work
demonstrated the use of ARP for parallel quantum state inversion in two different QDs
with different transition energies and dipole moments for the first time. The parallel
initialization of the quantum states of multiple QDs using ARP should serve to ad-
vance the scalability of a QD based QIP system by greatly simplifying the excitation

process.

1.6.4 The Suppression of Phonon-mediated Dephasing

While considerable progress has been made in understanding the impact of phonons
on the optical control of excitons in QDs, only one experiment has reported the
complete suppression of exciton-phonon coupling. This was observed at a pulse
area over 8t [01] (see Fig 1.14). Efforts to reduce the pulse area required for
quantum control would aid the development of practical QIP systems. Theoretical
calculations have suggested that modifying the shape and size of the QD may enable
the electron-phonon coupling strength to be engineered [60, 1. However no
experiments exploring this potential have been reported.

The integration of a photonic QIP system with the current telecommunications
infrastructure would be simplified by the development of efficient single photon
sources in the telecom band. This thesis work studies phonon mediated dephasing in
self-assembled QDs emitting in the telecom band using ARP. Our experiments demon-
strated complete suppression of phonon mediated dephasing during state preparation
using ARP. We achieved a four-fold reduction in the threshold pulse area required to
reach the decoherence suppression regime compared to previous experiments [61]
owing to the relatively large size of the QDs studied in this work. Our calculations
provide insight into the dependence of exciton-phonon coupling on the physical di-

mensions of the QD. Our calculations also, for the first time, probe the dependence
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of electron-phonon coupling on the optical transitions (s-shell and p-shell) used for
quantum control. Our work indicates that an even lower threshold for decoherence

suppression should be possible by employing resonant excitation of the QD.

1.7 Structure of the Thesis

The structure of this thesis is as follows: Chapter 2 contains a detailed description
of the spectral density function describing the electron-LA phonon coupling in QDs,
including the methods used to calculate this function. Chapter 3 describes the ex-
perimental apparatus and techniques used in this thesis work. Chapter 4 contains
the results of experimental demonstrations of suppression of phonon-mediated de-
phasing for the first time at low pulse areas and in telecom-compatible QDs. Chap-
ter 5 presents the experimental measurements of the detuning tolerance of ARP in
QDs, showing high exciton state preparation efficiency over a 20 meV laser tuning
bandwidth using ARP. Chapter 6 presents the experimental demonstration of si-
multaneous ARP in multiple QDs. Conclusions are presented in Chapter 7 along

with a discussion of useful directions for future work.



Chapter 2
Phonon Spectral Density Function

This thesis work contains a study of the dependence of the impact of electron-
phonon coupling on the optical transitions used to drive the exciton (i.e. the s-shell
or p-shell transition) as well as on the size and shape of the QD. In this chapter,
a detailed description of the phonon spectral density function J(w) is given and

expressions for J(w) for these two transitions are derived.

2.1 Dependence on Exciton Wavefunction

As discussed in chapter 1, J(w) describes exciton phonon coupling to LA phonons
and determines the influence of the phonon degrees of freedom on the dynamics of

the exciton where

J(w) = Z ‘gq‘zé(w — W) (2.1)
q
and

‘q,De(h)
\/2V phw, '

The influence of the exciton wavefunction character on J(w) comes through the

;" (q) = F*™(q) (2.2)

form factor,

Fe(h)(q>:/ |¢€(h)(r>|26iqrd3r' (2.3)
1%

where 1) (;) is the wavefunction of the confined electron (hole). Since F*")(q) is the
spatial Fourier transform of the probability density, the symmetry of the confined
carrier wavefunctions in real space will dictate the symmetry of the form factor in
k-space. This symmetry will then determine the frequency dependence of J(w) via
the d(w — w,) function in Eqn (2.1) that connects the wavevector to the frequency
via the dispersion relation of the LA phonons w, = ¢,|q|, where ¢, is the speed of

sound in the material. As discussed in chapter 1, this frequency dependence of

52
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Figure 2.1: (a) Wavefunction of an electron (or a hole) for an s-shell exciton. (b)
Wavefunction of an electron (or a hole) for a p-shell exciton. (c) Electron (hole)
form factor for an s-shell exciton. (d) Electron (hole) form factor for a p-shell
exciton.

J(w) will depend on the size of the QD because the form factor limits the range
of frequencies in J(w). As we will show below, this frequency dependence is also
determined by the shape of the QD. In this chapter, the case of spherical QDs will be
considered first contrasting s and p-shell optical transitions. This will be followed
by a discussion of more realistic QD shapes for self-assembled QDs, being smaller

in height than in lateral extent.
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Figure 2.2: Phonon spectral density J(w) as a function of phonon energy for an
s-shell exciton (thick red curve) and p-shell exciton (thin blue curve) for a spherical
QD of diameter 6.3 nm.

2.1.1 s-shell vs p-shell Excitons in Spherical QDs

As discussed in chapter 1, for the s-shell optical transition in the QD, the carrier

wavefunction is given by

_ 1 1\ —r2/2d? 2

Vs = —algE) € - (2.4)
in which the confinement length is taken to be the same for electron and hole
wavefunctions, so we will drop the subscript e(h) from here on. The resulting form

factor given by
F\(q) = "7/, (2.5)

The probability density for an electron in the s-shell shown in Fig 2.1(a) and the

corresponding form factor in Fig 2.1(c). The resulting spectral density function is
J(w) = awe”@/we)? (2.6)

where « is given by Eqn (1.49).
For the purposes of this thesis, the wavefunction of the p-shell exciton can be
approximated to be that of the the first excited state of a harmonic oscillator. For

a spherical QD with equal confinement lengths for electrons and holes, the exciton
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wavefunction for the p-shell can be written as
V2 ( 1

5/4
Uy, = oy ﬁ) exp(—r?/2d?) - z 2.7)

in Cartesian co-ordinates, where r = \/z? 4+ 42 + 22 and d is the FWHM spatial
width of the exciton wavefunction. Here the growth direction is taken to be along

the z-axis. The probability density is then given by

2 2 1 i 27/ 32 2
|| A WE exp(—r*/d”) - z (2.8)

This p-shell probability density is shown in Fig 2.1(b). The form factor F,(¢q) can
then be calculated using Eqn (2.3) to be

F,(q) = %(2 — d*q?) exp(—d*q*/4) (2.9)

where F},(q) is a function in ¢ space with ¢ = |/¢2 + ¢} + ¢?. Switching to spherical

polar co-ordinates, Eqn (2.9) can be written as
1
F,(q) = 5(2 — d?¢* cos® ) exp(—d*q*/4) (2.10)

This p-shell form factor is shown in Fig 2.1(d). Inserting Eqn (2.10) for each of
the electron and hole wavefunctions into Eqn (2.2), the exciton-phonon coupling is

given by

4 ) (De—Dn\’
g: = (QV,qu 5 (2 — d*q* cos? 0)? exp(—d*q*/2). (2.11)

Using Eqn (2.11) and converting the sum in Eqn (2.1) to an integral using > —
V/(2r)? [ d*q, we get

V |q2\ D, — Dy ? 2 2 202 (—d?q?
9 q°/2) _
J(w) = o )3/\/(2‘/;) ) 5 (2 —d°q”cos” 0)“e d(w — wy)dV
(2.12)

An analytical expression for J(w) can be obtained by solving this integral. Using the
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dispersion relation for LA phonons w, = ¢;|¢g|, J(w) for this case is given by

a2 ()] e

where a = (D, — Dy,)?/(47%pc?) and w. = v/2¢/d.

Fig 2.2 shows J(w) as a function of frequency (or phonon energy) for an s-shell
exciton and a p-shell exciton in a spherical QD of diameter 6.3 nm. For the s-shell
exciton, at low frequencies J(w)~w? and in the high frequency limit J(w) acts as a
Gaussian function. J(w) for the p-shell exhibits a double peak structure and a larger
cut-off frequency. These differences can be traced back to the symmetries of corre-
sponding form factors in Fig 2.1(c) and Fig 2.1(d). The larger cut-off frequency is
a result of the relatively larger extent of the p-shell form factor in k-space while the

double lobe feature is a result of the zeros in the ¢, direction for F*()(q).

2.1.2 Implications of the Different s-shell and p-shell Wavefunction

Symmetries for Optical State Preparation

As discussed in chapter 1, LA phonons interact with an exciton in the QD through
the deformation potential and the impact of this interaction depends on the size
of the QD. The deformation potential represents a local change in bandgap of the
semiconductor due to applied stress. For example, for a Rabi rotation experiment,
the control pulse drives the charge configuration of the QD at the Rabi frequency
Q2. This variation in the charge configuration modulates the crystal lattice via the
deformation potential at a frequency 2. Hence the charge carriers interact with
phonons that have an energy given by Af) [38]. If the wavelength of the phonon
is much larger than the size of the QD, this vibrational mode essentially results in
a translation of the whole QD. The effect of such a translation is negligible on the
exciton dynamics. If the wavelength of the phonon is much smaller than the QD, the
instantaneous change in the dimensions of the QD due to such a vibrational mode
is very small because the fast oscillations in the atomic displacement average over
the volume of the QD. Consequently the influence of the phonon on the state of
the exciton is again negligible. Hence the interaction strength of a given vibrational

mode is closely tied to the dimensions of the QD.
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As discussed earlier in Sec 1.4, the interaction of the exciton with LA phonons
leads to transitions between the dressed states |V ). The energy splitting between
the dressed states is determined by the properties of the control laser pulse. Ac-
cording to Eqn (1.9), at any instant this separation is given by sv/Q2 + AZ2. Exciton-
phonon interactions are the strongest when the system is driven at Rabi energies
that matches the peak of J(w). Hence the exciton-phonon interaction strength can
be minimized by driving the system at Rabi energies much higher or lower than the
peak of J(w). When a Rabi rotation experiment is performed using control pulses
with a continuously varying pulse shape such as a Gaussian, the instantaneous Rabi
energy due to such a pulse will always span across a region where .J(w) is non zero.
As a result, the reduction of dephasing caused by exciton-phonon interactions dur-
ing a Rabi rotation experiment using Gaussian pulses require extremely high pulse
areas and a complete suppression is impossible.

In the case of state preparation using ARP, the energy splitting between the
dressed states is always non-zero. For a positively chirped control pulse the sys-
tem evolves along the lower energy dressed state. In this case a phonon absorption
needs to happen for a transition to the higher energy dressed state. In contrast,
for negatively chirped control pulses, as the system evolution is along the higher
energy dressed state, a transition to the lower energy dressed state requires phonon
emission. At cryogenic temperatures, since there are no phonons to absorb, phonon
absorption is unlikely but phonon emissions are still possible. When the system is
driven by a control pulse of large enough pulse area that the energy separation be-
tween the dressed states is much higher than the peak of J(w), the exciton-phonon
interaction may be suppressed completely and consequently there are no phonon
transitions between the dressed states. In this case the difference between excita-
tion using a negatively chirped pulse and a positively chirped pulse disappears.

For a large QD, the peak of J(w) happens at low phonon energies. Hence the
pulse area required to reach the suppression regime will get lower as the size of
the QD gets larger. The dependence of J(w) on the symmetry of the exciton wave-
function implies that the cut-off pulse area for the suppression of exciton-phonon
coupling also depends on the exciton wavefunction. The larger extent of the form

factor in k-space for the p-shell exciton relative to the s-shell exciton results in a
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larger cut-off frequency for the p-shell exciton. This implies that for a given QD
dimension, the threshold pulse area required for the suppression of the exciton

phonon interaction is larger for the p-shell exciton compared to the s-shell exciton.

2.1.3 Excitons in Lens Shaped QDs

The case of a spherically symmetric QD is analytically solvable and so is a useful
starting point, however real self-assembled QDs are typically lens-shaped, with a
smaller height in comparison to their lateral extent. Atomic force microscopy mea-
surements on a QD sample grown under similar conditions as the sample used in
this work indicate that the QDs studied have an average lateral size of 17 nm and
height of 5 nm. This asymmetry in the dimensions of the QD would affect the
exciton-phonon interaction since the cut-off frequency is larger for smaller QDs.
Hence the shortest length scale -in this case height- will determine the cut-off fre-
quency and by extension the threshold pulse area above which the exciton-phonon
interaction is suppressed.

The confining potential for such QDs can be approximated by a three dimen-
sional harmonic potential with the same confinement length in the = and y direc-
tions and a lower confinement length in the 2 direction. The exciton wavefunction

for the s-shell exciton for this case can be written as

1 1 —a2 2 _ 52 2
ws<x,y,z>=m( dz1/2>6( [2E) el =225 (2.14)

where a = /22 + 42, d is the width of the wavefunction in the lateral direction and
[, is the width of the wavefunction in the z direction. The corresponding form factor

F(q) can be written as

2

Fy(q) = e(—d*(a2+47)/4) (—1242/4) (2.15)

For p-shell excitons, the exciton wavefunction is given by

V2 (1 _ _
Up(,y, 2) = m(dﬁﬂ)ze( ) ) (2.16)
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and the corresponding form factor is given by
1 2( 2 2 2,2
F,(q) = 5(2 — l?qg)e(’d (gz+ay)/4) (1242 /4) (2.17)

Inserting Eqn (2.15) and Eqn (2.17) into Eqn (2.2) and following the same
procedure as the previous section, J(w) for an s-shell exciton in a lens shaped QD

can be written as

2
J(w) = A/ ﬂe(—dQ(qurqi)/?)e(—lZ(q?)/2)5(w —wy)dV (2.18)
1%

Wq

and for the p-shell exciton

2
J(w) = ? %(2 g2 e ERD 5y — i VdV (2.19)
v W
where the term A = %. In the calculations of the exciton inversion using ARP

including exciton-phonon interactions in chapter 4, the integrals in Eqn (2.18) and
Eqn (2.19) were solved numerically. Fig 2.3 shows J(w) as a function of phonon
energy for s-shell and p-shell excitons in a lens shaped QD of of height 6.3 nm and
lateral size 12.9 nm. For comparison J(w) for a spherical QD (originally plotted in
Fig 2.2) is also shown in Fig 2.3. For this spherical QD the diameter is equal to the
height of the lens shaped QD. The higher degree of confinement for the spherical
QD results in a slightly larger cut-off frequency compared to the corresponding
lens shaped QD. Because of the overall w? factor in Eqn (2.6), in addition to the
larger cut-off frequency, the magnitude of J(w) is also larger. It can be seen that
the smallest dimension of the QD plays the dominant role in determining the cut-
off frequency. These results indicate that the exciton-phonon interaction can be

tailored by engineering the shape of the QD.
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Figure 2.3: Phonon spectral density J(w) as a function of phonon energy for s-
shell (red curves) excitons and p-shell excitons (blue curves) in a spherical QD of
diameter 6.3 nm and a lens shaped QD of height 6.3 nm and lateral size 12.9 nm.



Chapter 3

Experimental Methods

This chapter describes the experimental techniques used in this thesis work to carry
out the quantum control of excitons in self-assembled semiconductor QDs. Sec-
tion 3.1 describes the structure of the QD sample used in this work followed by
a discussion of the photoluminescence spectrum of the sample and the techniques
used to isolate single QD emission lines from the ensemble. Section 3.3 describes
continuous wave photoluminescence (CWPL) spectroscopy and photoluminescence
excitation (PLE) spectroscopy used to characterize the QD electronic structure. Sec-
tion 3.4 describes the experimental setup used for quantum control experiments.
Section 3.5 contains a description of the pulse shaping apparatus used for both dis-
persion compensation to create chirped pulses to do ARP on single QDs. Finally
section 3.6 delves into techniques used to spatially and temporally characterize the

control laser pulse.

3.1 InAs/GaAs Quantum Dot Sample

The QD sample used in this work (UFC-628, piece #7) was grown using molecular
beam epitaxy by Dennis Deppe’s group at the University of Central Florida. The
typical emission wavelengths of InAs/GaAs QDs at room temperature are 1.3 ym or
shorter. One of the objectives of this thesis work is to advance QDs with telecom
compatible emission wavelengths for applications in quantum technology. Since
photoluminescence is used for quantum state read-out in this work, the optical
control experiments must be carried out at cryogenic temperatures. This required
modifying the traditional growth conditions used to achieve a ground state transi-
tion wavelength at 1.3 ym at cryogenic temperatures. Thus unusually large InAs
QDs on GaAs were needed. In addition, a relatively low areal density of QDs was
desired to enable the spatial and spectral isolation of the s-shell emission lines from

individual QDs. A schematic diagram of the sample structure is shown in Fig 3.1(a).
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Figure 3.1: (a) Schematic diagram of the layer structure of QD sample UFC-628.
(b) Atomic force microscopy image of a QD sample grown under similar conditions
as the sample used in this work.

The InAs QDs are embedded in a GaAs matrix. The sample is grown on an n-doped
GaAs substrate with AlGaAs layers on either side of the QD layer to prevent the dif-
fusion of optically excited electron-hole pairs, when pumped into the GaAs barriers
surrounding the QDs, away from the QD layer. Fig 3.1(b) shows an AFM image of
QDs on a sample grown under similar conditions as the sample used in this thesis
work. The QDs have an average height of 5 nm and the lateral dimensions lie be-
tween 15 nm and 20 nm. To achieve large, low density InAs QDs, the growth was
conducted at a lower substrate temperature than usual to decrease the intermixing
of gallium and indium to create an indium rich core. The confinement energy of the
QDs is then further shifted to lower values by covering the dots with Ing,GagsAs
prior to depositing GaAs.

Fig 3.2(a) shows the ensemble PL spectrum from the QD sample at 10 K. Four
peaks were observed. Using PLE spectroscopy to be discussed below, we determined
that these four peaks represent emission from the s-shell and p-shell transitions in
two distinct QD sub-ensembles with different average sizes. These emission peaks
are indicated by dashed lines in Fig 3.2(a). The high energy subset marked with
red dashed lines have a p-shell emission peak at 1152 nm and an s-shell emission
peak at 1220 nm with an s-p separation of about 60 meV. The low energy subset
marked with blue dashed lines have a p-shell emission peak at 1190 nm and an

s-shell emission peak at 1294 nm with an s-p separation of 80 meV.
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Figure 3.2: (a) Spectrally resolved ensemble PL from sample UFC-628. Red and
blue dotted lines indicate PL emissions from two different subsets of QDs with dif-
ferent average sizes. (b) Spatially resolved micro-PL collected from the aperture
M21S18.

3.2 Non-degenerate Photoluminescence Technique for Quantum State

Read-out

In the experiments performed in this work, laser pulses are used to create a p-
shell exciton population. The p-shell exciton then non-radiatively relaxes into the
s-shell [38] which then undergoes radiative relaxation resulting in the emission of
a photon that can be detected experimentally. The PL intensity from the relaxation
of the s-shell exciton gives a measure of the final quantum state of the p-shell at
the end of the control pulse. Fig 3.3 depicts this quantum state read-out scheme.
The simplicity of this method makes it one of the earliest and the most widely
used techniques for exciton state readout in QD systems [131, X , ]. The
primary advantage of this technique is that the large energy difference between the
p-shell and the s-shell optical transitions facilitates the rejection of scattered pump
light when detecting the weak PL emission from the single QD. The energy splitting
between the s-shell and the p-shell in the samples used in this work is about 85
meV, which allows for filtering out the excitation laser with dichroic mirrors as well
as a monochromator.

Other commonly used methods for quantum state read-out include photocur-

rent detection [195, , ] and resonant fluorescence [196, 61, , 88, 79].
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Figure 3.3: Quantum state control and readout scheme. Laser pulses couples the
crystal ground state (|00)) to p-shell exciton (|10),) transition. The P-shell exciton
then undergoes non-radiative relaxation into an s-shell exciton (|10),). PL from
radiative relaxation of the s-shell exciton gives a measure of the laser excited popu-
lation.

Laser

Photocurrent measurements require QDs to be embedded in a photodiode structure
and a bias voltage is then applied across the QD layer. This bias voltage induces
ionization of the exciton and tunneling of carriers trapped in the QD towards op-
posite electrodes, giving rise to a current. One disadvantage of the photocurrent
technique is that the ionization of the exciton represents a source of dephasing.
In addition, it is not possible to distinguish between the excitation of unintended
quantum states besides the s-shell excitation, since any excited electron-hole pair
results in a current. The advantage of this technique is the convenience of elec-
trical measurement. In resonance fluorescence measurements, optical pulses are
used to excite an s-shell exciton and the intensity of the fluorescence from the ra-
diative decay of the exciton is measured. The experimental challenge is to separate
the signal photon from the much stronger scattered light from the excitation laser
beam. Early experiments used orthogonal polarizations for excitation and detection
along with spatial filtering where the excitation laser beam makes a large incident
angle at the sample [198]. Resonance fluorescence measurements usually use sam-
ples where QDs are embedded in microcavities, planar waveguides or microlenses
which enhance the coupling of emitted photons to the detection channel, which is
then orthogonally polarized to the excitation beam.

The experiments involved in this work were done on QDs with p-shell transi-

tions between 1160 nm and 1175 nm. The lower energy subset of QDs was chosen
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because of their low areal density (~10 ym~2). Even then a laser beam with a
diffraction limited spot size (~2 pm) would illuminate about 30 QDs. With high-
resolution spectral detection, this number of QDs is already low enough to enable
the isolation of individual QD emission peaks. However for PL experiments for
which carriers are injected into the GaAs barriers, carriers can diffuse laterally out-
side the excitation spot prior to being trapped by QDs and undergoing recombi-
nation. Hence additional spatial filtering is necessary to limit the spatial area of
the sample for which the PL emission is detected so that isolation of individual QD
emission peaks will be possible. This is done by depositing a gold mask, with sub-
micron apertures, onto the surface of the sample. The mask was deposited onto the
sample by CMC Microsystems using electron-beam lithography. Fig 3.4(a) shows a
schematic diagram of the gold mask and a single sub mask is shown in Fig 3.4(b).
Each of the sub-masks, labeled 1-25, have apertures with different diameters. The
apertures are labeled by the sub-mask number and an alphanumeric index that
specifies its position on a given sub-mask. Fig 3.2(b) shows the spectrally resolved
PL from a 0.6 um aperture (S18) on sub-mask 21. Discrete emission lines from

individual QDs are clearly visible.

3.3 Continuous-Wave Photoluminescence Spectroscopy and

Photoluminescence Excitation Spectroscopy

Continuous-wave PL and PLE spectroscopy are techniques used to characterize the
electronic structure of the QDs. In continuous-wave PL, a continuous wave laser
beam is used to excite carriers above the GaAs bandgap. These carriers then relax
via phonon emission and carrier-carrier scattering. Some of these carriers will end
up in the discrete energy levels of the QD and undergo radiative recombination. The
electronic structure of the quantum dot can then be inferred by spectrally resolving
the emitted light or PL.

In PLE spectroscopy, a tunable pulsed laser beam is used to directly excite car-
riers into the QD excited states. The carriers then non-radiatively relax to the QD
ground state and undergo radiative recombination. The energy of the excited state
can then be identified by scanning the wavelength of the excitation laser while mea-

suring the PL intensity from the s-shell ground state optical transition. In this work,
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Figure 3.4: (a) Schematic diagram of the gold mask that was deposited onto the sur-
face of the QD sample to enhance the spatial resolution of individual QD emission
peaks. The gold mask is made up of 25 sub-masks each with an array of apertures
of a fixed diameter indicated near the sub-mask indices. (b) Detailed schematic
diagram of the sub-mask structure that makes up the gold mask on the QD sample.
The apertures in the sub-mask are indexed with an alphanumeric scheme indicating
the row and column they are positioned in.

the transition energy of the p-shell exciton was measured using PLE spectroscopy,
by measuring PL from the s-shell exciton. PLE was used to distinguish between the
two subsets of QD sizes shown by the dashed lines in Fig 3.2(a).

Since a tunable laser is required for PLE, and the only tunable laser available
was a pulsed optical parametric oscillator (OPO), further effort is required to ensure
sufficient spectral resolution of the PLE signal. The pulsed output from the OPO was

dispersed into component frequencies using a diffraction grating in a setup similar



67

to the pulse shaper in Fig 3.5. A slit of width 0.1 mm was used to replace the
SLM. The slit would isolate all but a single frequency component of width 1 4+ 0.25
nm which is then used to excite the QD. The excitation wavelength was tuned by

changing the position of the slit to let a different frequency component through.

3.4 Quantum Control Experimental Apparatus

The experimental apparatus used to do quantum control experiments in single QDs
is illustrated in Fig 3.5. The laser pulses used in the experiments are generated
using an infrared OPO (MIRA OPO from Coherent Inc.). The OPO produces pulses
with a transform-limited duration of 120 fs at a repetition rate of 76 MHz. The
OPO has a tunable wavelength between 1100 nm and 1600 nm. The laser pulses
are tuned to match the p-shell transition in the QD of interest. The pulses from
the OPO then pass through a 4f pulse shaper, which uses a 128 pixel LCD SLM
in the Fourier plane (MIIPS Box 128 from Biophotonic Solutions) (See Sec 3.5 for
more details about the pulse shaper). The pulse shaper is used for both disper-
sion compensation and to apply a chirp to the pulses. The shaped pulses are then
focused onto a diffraction limited spot on the sample, which is held at 10 K in a
continuous flow cryostat (ST-500 from Janis Research Company). A recirculating
cryocooler (from Janis Research Company) maintains the flow of liquid helium to
the ST-500 to maintain the sample temperature at 10 K throughout the experiments.
A high numerical aperture microscope objective (100x Plan Apo, long working dis-
tance, NIR, infinity-corrected objective with 0.7 numerical aperture from Mitutoyo)
is used to focus the laser beam onto the sample. The sample is mounted on a 3D
nano-positioner (ANP101 stages with ANC300 controller from Attocube Systems
AG). The nano-positioner allows the aperture of interest for a given experiment to
be brought into the laser focus. The p-shell exciton excited by the laser pulse under-
goes non-radiative relaxation to the s-shell exciton and the PL emitted by the s-shell
exciton is then collected using the same microscope objective used for excitation. A
dichroic mirror is used to separate the PL from the excitation laser light. The PL is
frequency resolved using a 0.75 m focal length spectrometer (SP 2750 from Prince-
ton Instruments) and detected using a 1024 pixel liquid nitrogen cooled InGaAs

charge-coupled device (CCD) array detector (Symphony II IGA from Horiba Jobin
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Figure 3.5: Experimental setup for quantum control experiments. Laser pulses from
the OPO go through a 4 f pulse shaper with a dual mask SLM. The shaped pulses are
then reflected by a dichroic mirror and focused on to the QD sample, held at 10K,
using a microscope objective. PL from the sample is filtered to remove scattered
pump laser light by the dichroic mirror and then spectrally resolved and detected
using a monochromator and an InGaAs charge-coupled device detector.

Yvon).

The experiments described in chapters 4, 5 and 6 report measurements of the
PL intensity as a function of the average pulse power to perform Rabi rotations and
ARP. A variable neutral density filter is used to control the amount of laser power

incident on the sample.

3.5 Femtosecond Pulse Shaping

In the optical control schemes used in this work, the QD exciton is driven to an arbi-
trary quantum state by manipulating the light-matter interaction Hamiltonian. The
interaction Hamiltonian may be tailored in the general case by controlling the am-
plitude F,(t) and/or the phase ¢(¢) of the control pulse. The amplitude and phase

of the optical pulse are controlled using a 4f pulse shaper operating in a reflection
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mirror

Figure 3.6: Schematic diagram of the dual mask SLM. Each mask is made up of
a 128-pixel liquid-crystal array with a pixel pitch of 100 ym and a gap of 2 um
between the pixels. The optical axes of the liquid crystal arrays are oriented +45°
from the horizontal and they are sandwiched between a set of crossed polarizers.
Red arrows indicate the optical axis orientation of each element.

configuration, as shown in Fig 3.5. The constituent frequency components of the
incoming laser pulse are dispersed using a grating and then focused onto the SLM
using a curved mirror. The separated frequency components are then recombined
after passing through the SLM a second time. This second pass is achieved using
a planar mirror to reflect the beam backwards through the same optics but with a
slight vertical tilt. This tilt allows the shaped beam to be selected from the incoming
(unshaped) beam at mirror M in Fig 3.5.

A schematic diagram of the SLM is depicted in Fig 3.6. The SLM consists of two
128-pixel liquid crystal retarders sandwiched between two horizontal polarizers.
The optic axes of the liquid crystal retarders are aligned at 45° and -45° with respect
to the polarizers. Applying a voltage across the liquid crystal elements gives rise to
a birefringence. This voltage induced birefringence at a single pixel is given by

_ wAn(w, V)l

P(w,V) = (3.1)

C
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where An is the change in refractive index for a frequency w on applying a voltage
V, [ is the thickness of the crystal and c is the speed of light. The action of the SLM

on the input laser pulse can be described by a mask function
M(w) = Ap(w) exp(i®Pys(w)) (3.2)
where Aj/(w) is the amplitude mask and ®,,(w) is the phase mask given by

Ap(w) = cos {M}

Das(w) = exp {@1 (3.3)

The transmitted power depends on the difference between the birefringence in-
duced by two retarders, while the phase is a function of the average of the two
birefringences. By choosing the values of ¢; and ¢,, both the amplitude and phase
of the electric field can be independently controlled. The shaped output pulse in

the frequency domain is then given by

Eou(w) = Ejp(w)M (w) 3.4

where E;,(w) is the Fourier transform of the input pulse. After the SLM, the fre-
quency components are spatially recombined and the resulting control pulse F,;(¢)
is the Fourier transform of F,,; (w).

The adiabatic rapid passage experiments involved in this thesis work use the
pulse shaper to apply a linear chirp to the control pulses using the following phase-
only mask

(9" (w — wo)?

M(w) = exp [2#1 (3.5)

where ¢” is the spectral chirp applied and wy is the center frequency of the pulse.
The resulting linearly-chirped Gaussian pulse with center frequency w, can be writ-
ten as
—¢2
E(t) = Eyexp [—2 — dwot — z'atg} (3.6)
T
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where the frequency sweep rate « is given by

B 2¢//
‘T (0 L2/21n2)? + (2¢")? (3.7)

where 77, is the TL pulse width.

While a 4-f pulse shaper can impart arbitrary pulse shapes onto a laser pulse, the
upper and lower bounds of the temporal features that can be implemented are de-
termined by the resolution of the optical elements and the finite transform-limited
duration of the input pulse. The latter is characterized by the time-bandwidth prod-

uct of the input laser pulse, which for a Gaussian pulse is given by
MAf > 0.44 (3.8)

where 6t is the pulse duration and Af is the frequency bandwidth of the pulse. A
finite lower limit for the time-bandwidth product is a consequence of the Fourier
transform relationship between time and frequency. The upper bound determining
the longest possible temporal feature of the pulse is set by the finite spot-size of
the laser beam and the resolution of the diffraction grating. This spatiotemporal
coupling can be understood by writing the spectral amplitude of the electric field

immediately after the SLM.
Eou(x,w) = Em(w)e_(m_““)g/ng(x). (3.9

Here M (z) is the physical masking function, a = z/w is the spatial dispersion and

wy is the spot-size of a single frequency component given by

a= A
~ 2med cos(6,)

) ()

where w;, is the input beam spot-size, c is the speed of light, d is the grating period,

(3.10)

A is the wavelength, f is the focal length of the curved mirror and 6;, (,) is the
input (diffracted) angle. E,,;(z,w) in eq 3.9 is in general a non-separable function

of space and frequency. The wavelength dependence of a results in varying amounts
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of diffraction for the different frequency components of the incoming pulse and this
results in non-zero amplitudes for higher order Hermite-Gaussian modes. When the
higher order Hermite-Gaussian modes are filtered out, the spectral mask function

can be written as

2
M(w) = (%) / dw M (z)e2F=aw)* /w5, (3.11)

Twg

Equation 3.11 shows the spectral mask M (w) as a convolution of the physical mask-
ing function and the Gaussian intensity profile of the spectral components. This

determines the spectral resolution dw of the pulse shaper, given by
dw = (In2)Y?wy/a (3.12)

which in turn determines the maximum temporal window 7' specified by

~4in2 2(In2)wehg

T
ow cd cos(6;)

(3.13)

The pulse shaper as depicted in Fig 3.5 makes use of a plane ruled reflectance
grating of blaze wavelength 1.2 ym, blaze angle 22° and a groove period of 1/600
mm in Littrow configuration with 6, = 6; = 22°. For an input beam diameter of
3.5 mm, centered at 1160 nm with a bandwidth of 18 nm, the maximum temporal

window 7' is 12.5 ps and the minimum temporal window ¢ is about 100 fs.

3.6 Pulse Characterization

Optical quantum control schemes rely on the precise characterization of the laser
pulse parameters such as spectral intensity, phase, duration and the focused spot
size at the sample. This section describes the techniques employed in this work to

characterize the control laser pulse.



73

3.6.1 Dispersion Compensation

As it traverses through various optical elements in the setup, the laser pulse suffers
dispersion, meaning that ¢ becomes dependent on time in an unintended man-
ner. It is critical that these phase distortions are corrected prior to applying the
intended phase mask for a given quantum control experiment. In our setup, disper-
sion compensation is achieved using a phase retrieval technique called multiphoton
intrapulse interference phase scan (MIIPS). MIIPS is a single beam technique that
uses the phase dependence of the spectrum of second-harmonic generation (SHG)
to calculate the spectral phase ¢(w) accrued due to dispersion. Once ¢(w) is known,
a mask function may be applied to compensate for it. In practice, this mask function
is added to the intended phase mask used for quantum control.

Fig 3.7 shows the MIIPS setup. The MIIPS algorithm is applied to the laser pulse
at an equivalent focus to the sample created by inserting a flat mirror prior to the
cryostat. The laser beam after passing through a 4-f pulse shaper is focused onto
a (3 barium borate (BBO) crystal. The SHG light generated by the BBO is focused
into an optical fiber which is connected to a spectrometer (USB4000 from Ocean
Optics). The 4-f pulse shaper applies a reference phase f(w) to the pulse, which
is varied until the spectral phase ¢ is compensated. The SHG spectrum is used as
feedback for this iterative compensation process, where the maximum SHG light at
each w indicates optimal dispersion compensation.

The spectral dependence of the SHG intensity is given by

2

I(2w) x ‘ / |E(w+ Q)||E(w — Q)lexp{i[p(w + Q) + ¢(w — Q)] }dQ (3.14)

The SHG intensity will be maximum when the phase factor ¢(w + Q) + ¢(w — Q)
in Eqn 3.14 is zero, which is the case for a transform-limited pulse. The phase
distortions can be compensated if the reference spectral phase applied by the pulse

shaper f(w) = —¢. The reference phase applied by the pulse shaper is of the form:
f(w) = asin(yw — 9) (3.15)

In order to find the compensation phase for the spectral phase ¢, the phase factor
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Figure 3.7: Experimental setup for dispersion compensation using MIIPS. Laser
pulses from the OPO after passing through a 4f pulse shaper are focused into a
BBO crystal. The SHG light generated by the BBO is then coupled to a spectrom-
eter through an optical fiber. The MIIPS algorithm uses the light measured by the
spectrometer as feedback where the maximum SHG light at each w determines the
optimal phase mask for dispersion compensation.

) in Eqn 3.15 is varied between 0 and 4. Typical values for « and ~ are 1.57 and
100 fs, respectively. Once the optimum compensation phase mask is found, the
MIIPS routine outputs a value of the ratio 7/7r;, where 7 is the actual pulse dura-
tion and 77, is the transform-limited pulse duration determined from the measured
pulse spectrum. After the iterative compensation process, the pulse duration is typ-
ically within 2% of the shortest possible pulse duration for a given bandwidth, i.e.,
7/7rp < 1.02.

3.6.2 Laser Spot Size Measurement

The effective intensity of the control laser pulse seen by the QD depends on the spot
size of the laser on the sample. For example, the average laser power P,,, required

for a Rabi rotation of © radians is given by [199],

2
Py = (1—76> (@> (mw?) (ceon) Vyep (3.16)

TL e
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where 7r;, is the transform-limited pulse duration for a sech? pulse, p is the tran-
sition dipole moment, w is the spot size of the laser, n is the refractive index and
Vrep 18 the repetition rate of the laser. In this work, the spot size of the laser on the
sample was measured using a knife-edge technique. An edge of the gold mask on
the GaAs surface of the sample was used as the knife in this case, enabled by the
large difference in reflectivity of the bare GaAs surface and the surface of the gold.
The reflected light was measured using an InGaAs photodiode. The sample was
scanned from the mask region to the bare GaAs region using the nano-positioner,
with a lateral resolution of 150 nm. Modeling the drop in reflectivity as a step func-
tion and assuming the laser beam has a Gaussian spatial mode, the intensity of the

reflected light seen by the photodiode can be written as

I(z) = I + %erfc{\/@) <“"°; x)] (3.17)

where z is the distance moved, x is the position of the metal-semiconductor edge,
Al is the difference in reflected light intensity between gold and the GaAs surface,
and w is the spot size. Fitting the photodiode output to Eqn 3.17 gives a spot size
of 1.7 + 0.1 pum, where the uncertainty was obtained from the standard deviation

of the fitting parameters.
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4.1 Abstract

We demonstrate full suppression of dephasing tied to deformation potential cou-
pling of confined electrons to longitudinal acoustic (LA) phonons in optical control
experiments on large semiconductor quantum dots (QDs) with emission compatible
with the low-dispersion telecommunications band at 1.3 ym. By exploiting the sen-
sitivity of the electron-phonon spectral density to the size and shape of the QD, we
demonstrate a four-fold reduction in the threshold pulse area required to enter the

decoupled regime for exciton inversion using adiabatic rapid passage (ARP). Our
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calculations of the quantum state dynamics provide good agreement with our ex-
perimental results and indicate that the symmetry of the QD wave function provides
an additional means to engineer the electron-phonon interaction. Our findings will
support the development of solid-state quantum emitters in future distributed quan-

tum networks using semiconductor QDs.

4.2 Manuscript

A quantum emitter is a physical system that can be used to encode a quantum state
via some internal degree of freedom (e.g. exciton, electron spin, valley) and is
coupled to light via a dipolar transition that enables the conversion of that quan-
tum state into the state of a photon and vice versa. Such quantum emitters can be
applied to quantum light sources for applications in quantum cryptography or quan-
tum imaging [65, 66] and a collection of coupled quantum emitters can be used to
realize a small quantum simulator or quantum memory node in a distributed quan-
tum network [19]. Among solid-state quantum emitter systems, semiconductor
QDs are particularly attractive due to their high radiative quantum efficiencies [19],
their strong optical coupling [200, , 1, the ability to achieve inter-QD inter-
actions via confined optical modes [20, 46] or direct tunneling [ , s ], and
their tunable emission in the range of standard telecommunication wavelengths es-
sential for long-distance quantum information transfer [65, , 1. The perfor-
mance of QD-based single and entangled photon sources has continued to improve
over the past decade[75, , , 90, , 88, , s , s , , 1,
with the latter recently surpassing the commercial standard based on parametric
down conversion [65]. Progress towards the development of functional quantum

networks using QDs has also occurred at a remarkable pace, including demon-

strations of fast [56] and arbitrary [209, s s s s ] single qubit
rotations, two-qubit gates [144, , s s ], spin-photon entanglement
[211, , 1, spin-spin entanglement [214, ], and quantum state transfer
[215, 214].

The performance of the above technologies using QDs is limited by dephas-

ing caused by coupling of the quantum-confined electrons with phonons in the
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solid-state environment. For optically-mediated quantum state control, the dom-
inant decoherence channel is deformation potential coupling to longitudinal acous-
tic (LA) phonons, which reduces the fidelity of state manipulation through resonant
phonon-induced transitions between the dressed states of the QD in the presence of
the laser field [38, 54, ]. These transitions lead to a strong damping of Rabi os-
cillations [158, ] and limit the effectiveness of exciton inversion schemes using
adiabatic rapid passage (ARP) at elevated temperatures [56, 87].

The finite size of the QD provides an opportunity to mitigate the impact of the
electron-phonon interaction on the quality of optical control by limiting the range
of phonon frequencies that can contribute to dephasing [38, 54]. This limited range
of coupled phonon modes, which becomes smaller the larger the QD, may be com-
bined with the use of short laser pulses to suppress resonant phonon transitions by
increasing the energy separation between the dressed states beyond the coupled
phonon frequency band [56, , 59, , 60, 61, ] . Here we exploit this fea-
ture to demonstrate full suppression of phonon-mediated decoherence in large QDs
emitting at 1.3 um. The use of large, telecom-compatible QDs in our experiments is
not only attractive for future long-distance quantum communication in distributed
quantum networks [19, 65], but also dramatically reduces the strength of the laser
field needed to reach the decoupling regime for the electron-LA phonon interac-
tion. Through calculations of the quantum state dynamics incorporating LA-phonon
coupling, we analyze the dependence of the threshold pulse area for decoherence
suppression (O7) on the size and shape of the QD and contrast O for resonant and
quasi-resonant control schemes. While the latter schemes offer considerably larger
brightness in single-photon source applications [65], we show that larger pulse ar-
eas are required to reach the decoupling regime due to the differing wave function
symmetry between the QD ground and first excited state. The demonstration of
low-threshold, high-fidelity inversion in our experiments points to the potential for
practical QD-based quantum light sources that could be initialized in parallel and
operated at elevated temperatures.

We demonstrate decoherence suppression using ARP, for which frequency-swept
optical control pulses are used to invert the exciton transition in the QD [ , 49].

The control pulse is given by E(t) = 3 E,(t) exp [—i(wt + at?)], where E,(t) is the
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pulse envelope, w; is the center frequency, and « is the temporal chirp. The en-
ergies of the dressed states of the QD in the presence of this control pulse (|V,))
are depicted in Fig. 4.1(a). The splitting between the dressed states is given by

Q(t)? + A(t)?, where Q(t) = %’;(” and A(t) = —2at are the instantaneous values
of the Rabi frequency and the detuning of the laser field from the exciton transition,
respectively. For a sufficiently strong pulse intensity and chirp, the control process
is adiabatic and the system remains in one of the two dressed states while the ad-
mixture of the bare QD states (|0) and |1)) evolves, resulting in inversion of the
two-level system. The sign of o determines which of the two dressed states |¥.)
the system traverses as it evolves from |0) to |1).

LA-phonons can cause resonant transitions between the dressed states during
the optical pulse (depicted by dashed arrows in Fig. 4.1(a)), representing the domi-
nant contribution to dephasing. These transitions can occur provided that phonons
with energies equal to the dressed state splitting are coupled to the exciton [38, 54].
The exciton-LA phonon coupling strength is dictated by the phonon spectral den-
sity J(w) = Y- 19q/°0(w — wq) where wq = c,q is the LA phonon frequency for bulk
GaAs phonon modes, which provides an accurate treatment for electron-phonon
coupling within the strained InGaAs QD due to the similar elastic properties of

the QD and the barrier layers [217]. The coupling strength is given by gq =

\/2‘5[)_rM(De — Dy,)P[¢(r)], where D, is the deformation potential constant for
the electron (hole), V is the volume of the unit cell, p is the mass density, ¢, is
the speed of sound, and P[¢(r)] = [ d®r|y(r)|’e"a™ is the form factor for the QD.
For the simplest case of a spherical QD, J(w) = Aw?e~ @/« [Fig. 4.1(b)], where
we = 2v/2¢,/d is a cutoff frequency that depends on d, the diameter of the QD. The
smaller the QD, the larger J(w) and w, (i.e. the stronger the coupling at a given
phonon frequency and the wider the bandwidth of coupled phonon modes).

At any instant during the control pulse for which the dressed state splitting is
much larger than w,, the electron and LA-phonons are decoupled and dephasing is
suppressed. This decoupling regime has been studied theoretically for both Rabi ro-
tations [59, 60] and ARP [193]. For ARP, the use of a frequency-swept optical pulse
leads to a nonzero dressed state splitting at all times during the control process.

This has the consequence that complete suppression of decoherence is possible for
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Figure 4.1: (a) The temporal evolution of dressed states energies |V, ) during ARP
induced by a frequency-swept optical pulse. The system evolves from |0) to |1) in
the higher- (lower-) energy dressed state for negative (positive) pulse chirp. The
dashed arrows indicate transitions between the dressed states caused by LA phonon
emission. At elevated temperatures, upward transitions caused by phonon absorp-
tion would also occur. (b) Calculated occupation of the exciton (|1)) as function of
pulse area for positive (solid) and negative (dashed) pulse chirp. © is the thresh-
old pulse area to reach the decoupled regime for the electron-phonon interaction,
defined in the theoretical calculations as the pulse area for which the difference
between the curves is 1%. (c) PL spectrum of the QD sample under continuous-
wave excitation at 830 nm. (d) Micro-PL showing the GS emission from individual
QDs. Inset: Rabi rotation measurement on the QD marked with the arrow. The
position of the first peak with respect to laser power is used to determine the rela-
tionship between average power and pulse area for each QD (e) Schematic diagram
of the quantum control apparatus. Pulses from the OPO laser source are dispersion-
compensated and chirped using a 4-f pulse shaper. Chirped control pulses resonant
with the ES transition are focused onto the sample using a microscope objective and
the final quantum state of the exciton is read-out through detected photolumines-
cence on the GS transition.
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large enough values of €)(¢) and A(¢). Importantly, this suppression occurs at all
temperatures, with substantial implications for the development of practical quan-
tum emitters systems for distributed quantum networks. For such applications,
a low threshold pulse intensity for decoherence suppression is desirable to lower
the power requirements of the quantum network and to facilitate parallel quan-
tum state initialization of individual quantum emitters using a single laser source
[191, R , , 7/0]. Due to the dependence of the phonon spectral density
on the form factor, one can engineer the rate of decoherence tied to exciton-LA
phonons by varying the size and shape of the QD.

Adiabatic rapid passage was carried out on an In(Ga)As/GaAs QD structure
grown using molecular beam epitaxy under conditions to generate large QDs with
a ground state emission near 1.3 pym at cryogenic temperatures. The ensemble
photoluminescence (PL) is shown in Fig. 4.1(c). To isolate a collection of QDs for
quantum control experiments, a metallic mask containing an array of apertures
was deposited onto the sample surface using e-beam lithography. The results of
microPL experiments on a 0.6 ym aperture is shown in Fig.4.1(d). Quantum con-
trol was carried out under near-resonant pumping, corresponding to excitation of
the first excited state (ES) optical transition in the QD, with detection of the PL
emitted from the ground-state (GS) optical transition. The laser source used is an
optical parametric oscillator. A 4f pulse shaper was used for both dispersion com-
pensation and to impose spectral chirp (¢"). ¢" is related to the temporal chirp
a by a = 2¢"/[73/(2In (2))? + (2¢")?], where 7y = 120 fs is the transform-limited
pulse width. For all experiments, the sample was held at 10 K in a liquid-helium
flow-through microscopy cryostat. A high numerical aperture objective was used
for pumping the QDs and collecting the emitted GS PL. The PL was detected using
a 0.75 m monochromator and a liquid-nitrogen cooled InGaAs array detector.

The decoupling regime for exciton-LA phonon coupling may be detected exper-
imentally by comparing the exciton inversion for positive and negative values of
pulse chirp [56]. As shown in Fig. 4.1(a), for negative (positive) chirp, the system
evolves from |0) to |1) on the higher- (lower-) energy dressed state. At low tem-
peratures, phonon emission contributes to dephasing by inducing downward tran-

sitions between the dressed states but phonon absorption is suppressed. Phonon
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coupling therefore impacts the quantum control process only for state evolution
on the higher-energy dressed state (i.e. for negative pulse chirp). The chirp-sign
dependence of the exciton occupation calculated using a density matrix approach
[139] incorporating deformation coupling to LA phonons following the model pre-
sented in Ref.[55] is shown Fig. 4.1(b). For positive pulse chirp within the adiabatic
regime, the exciton occupation is insensitive to changes in pulse area reflecting the
robustness of the ARP control scheme for exciton inversion. The difference between
the exciton occupations for positive and negative pulse chirp varies with pulse area
following the shape of J(w): the difference is a maximum when the dressed state
splitting matches the peak value of J(w), and drops for both larger and smaller
pulse areas. For pulse areas well above w,, the optically-driven system is decoupled
from LA-phonons. To quantify the onset of the decoupled regime in the theoretical
calculations, we define the threshold pulse area © as that for which the exciton
occupation for negative chirp reaches 1% of that for positive chirp.

The results of ARP experiments on three different QDs are shown in Fig. 4.2(a)-
(c). The convergence of the PL intensities for negative and positive pulse chirp for
all QDs indicates complete suppression of decoherence tied to electron-LA phonon
coupling. The threshold pulse area required to reach the decoupling regime varies
between QDs due to their slight differences in size and/or shape. These differences
are also reflected in the variation in the GS emission wavelength (1.259 ym to 1.273
pum for the QDs in Fig. 4.2). The calculated chirp sign dependent state dynamics for
a lens-shaped QD (dj = 7.3 nm, d;, = 6 nm) are shown in Fig. 4.2(d), capturing
the general trends seen in the experimental curves. The measured values of O are
in the range 2.27 to 3.57.

Decoherence suppression is observed in our experiments at much lower pulse ar-
eas than in previous quantum control experiments on QDs [56, , , 61, 1.
In experimental demonstrations of Rabi rotations, which have reached pulse ar-
eas as large as 147 [ s ], the maximum Rabi frequencies used were large
enough to detect the nonmonotonic dependence of damping on pulse area near
the peak of J(w) but were still well below the decoupling regime [158, ]. In

recent experiments involving ARP on excitons [61, 1, the decoupling regime
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Figure 4.2: (a)-(c) PL intensity versus pulse area for positively- and negatively-
chirped control pulses for three different QDs (QD A, QD B and QD C) with GS
emission wavelengths at 1259 nm, 1273 nm and 1265 nm respectively. (d) Calcu-
lated exciton occupation for chirped-pulse excitation on the ES transition for a QD
with d, = 6.0 nm, d| = 7.3 nm. For these calculations, the 1/e point of the GS wave
function of a simple-harmonic oscillator was taken as the QD dimension, and the
ES is the corresponding p-orbital with in-plane cylindrical symmetry. The range of
pulse areas with suppressed exciton-LA phonon coupling is indicated by the shaded
box.

was reached at the end of the range of experimentally-accessible pulse areas, corre-
sponding to a value of ©1 exceeding 8x. The 4-fold smaller values of ©r in Fig. 4.2
reflect the much larger QDs used in our experiments, with GS emission wavelengths
close to 1.3 pm in contrast to the 930-950 nm emitting QDs used in previous work
[158, 157, 61, 126].

Our quantum control experiments were carried out under quasi-resonant pump-
ing (i.e. the laser was tuned to the ES transition in the QD). Both resonant and
quasi-resonant excitation schemes have been used in high-performance single pho-

ton sources [75, , , 90, , 88, , , , , , 1'. As both

'For ES pumping, the indistinguishability is typically lower than for GS pumping due to timing
jitter [65], which is expected to be less prominent in the QDs studied here due to rapid ES to GS
carrier relaxation times of a few picoseconds or less [ s : 1.
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pumping schemes suffer from decoherence tied to LA-phonon coupling and pre-
vious theoretical models have only considered the case of GS pumping [38, 54],
it is instructive to compare the two pumping schemes with regard to the coupling
strength and threshold pulse area required for decoherence suppression. Fig. 4.3(a)
shows the calculated spectral density for GS and ES wave functions in both spherical
and lens-shaped QDs. The size dependence of J(w) for the GS exciton is consistent
with earlier studies showing stronger coupling in the spherical QD due to the larger
degree of quantum confinement [193, 60]. There are two notable differences be-
tween the spectral density for optical driving of the GS and the ES: J(w) for the ES
exhibits a double peak structure and is characterized by a larger cutoff frequency.
These differences may be traced back to the form factors for the GS and ES wave
functions [Fig. 4.3(a), inset]. The lobed structure of the ES form factor is the origin
of the dip in J(w), and the larger frequency bandwidth is caused by the spread of
the form factor to larger wave vectors for a given QD size.

The larger bandwidth of J(w) for the ES pumping configuration leads to a larger
threshold pulse area for decoherence suppression. Fig. 4.3(b) and Fig. 4.3(c) show
the results of calculations of ©1 for QDs with various QD shapes and sizes. For a
given choice of QD dimensions, O is larger for ES pumping than for GS pumping.
These results imply that resonant excitation schemes would offer an advantage over
near resonant pumping geometries of lower power requirements for quantum net-
work applications. Our findings also indicate that the values of © we observe are
expected to be even lower if GS pumping is used.

An ideal quantum emitter will be designed to minimize ©; while maintaining
a GS transition that is compatible with standard telecommunications wavelengths
for long-distance applications. The results in Fig. 3(c) indicate that both the height
and in-plane dimensions of the QD may be used to engineer ©,. The dimensions
corresponding to the QDs used in this work, characterized by ©; between 2 and
37 [white box in Fig. 4.3(c)], represent a near-optimum case for the InGaAs/GaAs
family of QDs emitting near 1.3 um. Lower values of © would be expected for QDs
in the InAsP/InP family [202] with weaker quantum confinement and compatibility

with the low-loss communication band at 1.55um.



85

—_ ES, d||=dj_=63 nm
-- GS, dj=12.7 nm, d,=6.3 nm
--ES, dj=12.7 nm, d,=6.3 nm

i = m i
0L —d- s 0

6 10 14 18 8 12 16
d(nm) d"(nm)

Figure 4.3: (a) Comparison of the calculated phonon spectral density .J(w) for op-
tical driving of excitons on the GS and ES optical transitions. Thick (thin) curves
show J(w) for the GS (ES), with solid (dashed) curves corresponding to results
for a spherical (lens-shaped) QD. Inset: Electron-hole form factors for GS and ES
excitons in a spherical QD. (b),(c) Calculated threshold pulse area for GS and ES
excitons in QDs of varying size and shape. For the dashed curves in (b), the height
of the QD is taken to be 6.3 nm. In (c), d; (d.) correspond to the QD in-plane
diameter (height). The dimensions and threshold pulse areas corresponding to the
QDs used in our experiments are indicated by the white dashed square.

In summary, we demonstrate complete suppression of decoherence for optically-
mediated exciton inversion using ARP on large QDs with telecom-compatible emis-
sion wavelengths. By exploiting the ability to engineer the strength of electron-
phonon coupling by varying the size and shape of the QD, we achieve a four-fold
reduction in the threshold pulse area required to reach the decoupling regime.
Our observation of low-threshold decoherence suppression would facilitate parallel
quantum state inversion in single and entangled photon sources with the potential
for operation at elevated temperatures[ 191, 121, 150, 151, 70], while the telecom-

compatible emission wavelengths of our QDs would support the development of
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distributed quantum networks incorporating long-distance quantum state transfer
[19]. Our calculations provide insight into the nature of phonon coupling for opti-
cal driving of the first excited state optical transition and indicate a new direction
for engineering the strength and bandwidth of coupling via the symmetry of the
QD wave function. These findings may aid efforts to exploit coherent phonon wave
packet emission for coupling the quantum states of neighbouring QDs [221, 1.
Our calculations also indicate that even lower threshold pulse areas for decoher-
ence suppression than those reported here may be expected for resonant pumping
schemes. Our results will support the application of semiconductor QDs in future

distributed quantum networks.
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5.1 Abstract

Adiabatic rapid passage (ARP) is demonstrated in a single In(Ga)As quantum dot
(QD) over a wide range of laser tunings relative to the exciton transition energy
to assess the level of robustness for parallel inversion of practical QD systems. We
observe high-fidelity excitation over a 20 meV bandwidth at a pulse area of 1.57,
spanning the typical inhomogeneous broadenings of self-assembled QD ensembles.
Our findings indicate that ARP is an ideal control protocol for synchronous trigger-

ing of quantum light sources for applications in photonic quantum technology.
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5.2 Manuscript

Efficient, on-demand sources of single and entangled photons are needed for ap-
plications such as linear optical quantum computing [222] and distributed quan-
tum networks [19], which utilize the quantum state of a photon (a so-called flying
qubit) for transferring and/or manipulating information. Semiconductor QDs have
emerged as a near-ideal solid-state quantum emitter system for these applications
[75, s , 90, , 88, , , , , , , ] owing to their
strong optical transitions [200, , 1, high optical coherence [19], large in-
ternal quantum efficiency enabling a high photon generation rate [19], and the
ease with which they may be integrated into photonic structures for efficient pho-
ton extraction [ , 65, 66]. The development of scalable networks requires the
integration of multiple, synchronous quantum light sources that can be triggered
in parallel using a single pulsed laser source [19]. To realize this goal, one must
address the intrinsic inhomogeneity in the QD optical transition energies due to the
variations in QD size. In recent experimental demonstrations of two-photon inter-
ference involving remote QD sources [189, ) , 70], the QDs have either been
excited in the wetting layer surrounding the QDs compromising the performance
due to multiple carrier capture events [189, 1, or individual QDs with near-
identical size and shape have been hand-picked out of the larger ensemble enabling
the simultaneous resonant pumping of an excited state transition within both QDs
[190, , 70]. The latter approach is impractical for a scalable network due to the
low yield of useful emitters.

The conventional method for triggering a QD photon source is to carry out a
Rabi rotation on the exciton in the QD [178, s , ] (or the biexciton for
application to entangled photon sources [125, 1), however unless the laser is
strictly resonant with the QD transition energy, the inversion of the quantum state
is poor. ARP provides an alternative to a Rabi rotation that is robust to both varia-
tions in the optical properties of the emitter (transition energy, dipole moment) and
the average power of the driving laser source [216, 49], making this an attractive
scheme for parallel quantum state initialization of inequivalent emitters. In ARP,
the optically-driven QD system is adiabatically transferred through an anti-crossing

between the system dressed states, each of which represents a dynamic admixture
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of the bare QD states (]0) and |1), where |0) (|1)) represents the absence (presence)
of a single exciton in the QD). Robust inversion occurs because, provided the sys-
tem is initially in the ground state, the dressed state is uniquely identified with the
exciton at the end of the laser pulse. ARP has been demonstrated in single QDs for
inverting excitons [ , , 56, ] and biexcitons [ 1, and was recently ap-
plied to triggering a single photon source [87]. In the latter work, the suppression
of LA-phonon mediated damping through the use of positively-chirped laser pulses
[56] led to both high single photon purity and 99.5% photon indistinguishability
[87]. Determination of the level of robustness of ARP in practical QD systems would
facilitate the extension of this technique to triggering multiple QD emitters.

In experiments on a single In(Ga)As/GaAs QDs, we show here that high-fidelity
quantum state inversion is possible over a large laser tuning range of 20 meV. This
high bandwidth of accessible detunings, which we find is ~5-fold larger than for
Rabi rotations using transform-limited laser pulses under otherwise identical con-
ditions, exploits the intrinsic properties of ARP together with the use of short laser
pulses for quantum state control. The high-fidelity inversion we demonstrate here
covers the full inhomogeneous linewidth of typical self-assembled QD ensembles
[224, , 1. In contrast, recently-developed approaches to off-resonance driv-
ing of QDs based on phonon-assisted excitation [121, , ] allow only 1-2 meV
of detuning, limited by the width of the phonon spectral density [38, 54]. For ap-
plications of single-photon sources requiring photon indistinguishability [65], our
experiments remove the simultaneous constraints of equivalent ground-state (GS)
emission energies and equal energy separations between the GS and excited state
(ES) optical transitions [ , s ] since ARP enables the ES in inequivalent
emitters to be driven far from resonance. Our simulations of the quantum state dy-
namics incorporating coupling to LA-phonons indicate that suppression of phonon-
induced transitions between the dressed states of the QD, which unlike the other
control schemes is possible for ARP for positive pulse chirp, is essential to maintain
the level of robustness we report here.

The dressed states of an optically-driven two level system (|V.)) are shown
in Fig. 5.1. Fig. 5.1(a) [Fig. 5.1(b)] shows the case of a Rabi rotation (ARP) for
resonant driving of the two-level system, while Fig. 5.1(c) and Fig. 5.1(d) show
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the corresponding state dynamics for a detuned laser pulse. In the general case,
the energy splitting between the dressed states is given by \/m, where
Qt) = %P(t) is the Rabi frequency, 1 is the dipole moment of the optical transition,
E,(t) is the pulse envelope, and A(t) is the instantaneous value of the detuning of
the laser from the exciton transition. For a Rabi rotation, the control pulse has a
constant phase with A = 0, while ARP utilizes a frequency-swept laser pulse, given
by E(t) = $E,(t) exp [—i(wt + at?)], where w, is the center frequency, A(t) = —2at,
and « is the temporal chirp.
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Figure 5.1: (a)-(d): Dressed state energies as a function of time during excitation:
(a) Resonant Rabi rotation (¢ = 0). (b) Resonant ARP. (c) Detuned Rabi rotation
with a detuning A. (d) Detuned ARP. (e)/(f) Final occupation of the exciton state
for a Rabi rotation [(e)] and ARP [(f)] as a function of pulse area for a resonant
(red solid curve) and off-resonant (blue dashed curve) laser pulse.

For resonant driving of the system using a Rabi rotation, the system is in an equal
superposition of the two dressed states during the control pulse and the relative
amplitude of the bare QD states oscillates versus time. The final state of the system
is determined by the pulse area, given by 0 = ffooo %”(t)dt. Only when the pulse area
is an odd-multiple of 7 is the final state of the system |1), a condition determined
by the average power of the laser and the dipole moment of the QD. If the laser is
detuned from the transition, the superposition of the dressed states is characterized
by unequal amplitudes and the exciton occupation never reaches unity (Fig. 5.1(e)).
For ARP, the dressed states each correspond to a dynamic admixture of the two bare
QD states and the system evolves through an anti-crossing during the control pulse,
as shown in Fig. 5.1(b) and Fig. 5.1(d). A positive (negative) value of « leads to

state evolution via the higher- (lower-) energy dressed state. If the system starts
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in |0), the final state of the system is uniquely identified with |1). This adiabatic

evolution occurs provided that |Q(¢)| > %\%1, a condition that is satisfied for
sufficiently large values of 2(¢) and a [216, 49]. The final exciton occupation is thus

insensitive to the exact values of €2(¢) beyond the threshold for ARP, corresponding
to robust state inversion. Since it is still possible to satisfy the adiabaticity condition
for a detuned pulse, unlike Rabi rotations ARP can still invert the two-level system
with high fidelity [Fig. 5.1(f)].

Quantum control experiments are carried out on a single InGaAs/GaAs QD with
a GS optical transition at 1259 nm [arrow in Fig. 5.2(a)]. A schematic diagram
of the experimental apparatus is shown in Fig. 5.2(b). The sample is housed in a
liquid-helium flow-through microscopy cryostat equipped with a nanopositioning
stage. For all experiments reported here, the sample temperature was 10 K. The
laser source is an optical parametric oscillator with a repetition rate of 76 MHz and
a pulse bandwidth of 20 meV. For Rabi rotation measurements, a 4f-pulse shaper is
used to impose dispersion compensation using multiphoton interference phase scan
[226, ], resulting in a pulse duration at the sample position of 7, = 100 fs. For
ARP, the same 4f pulse shaper was used to impose spectral chirp (¢, related to the
temporal chirp a by a = 2¢"/[7}'/(21In (2))? + (2¢”)?]). Optical excitation is carried
out on the first ES optical transition in the QD at 1162 nm determined using PL
excitation measurements. The emission from the GS transition was detected using
a 0.75 m monochromator and a liquid nitrogen cooled InGaAs array detector with
an overall energy resolution of 30 p€eV.

The results of Rabi rotation experiments for laser detunings of A = 0 meV, -
9 meV, and -15 meV are shown in Fig. 5.2(c). For resonant excitation, a damped
Rabi oscillation is observed. The damping is induced by electron-LA phonon cou-
pling, which leads to resonant transitions between the dressed states with a rate
governed by the phonon spectral density and the instantaneous value of the split-
ting [165, , ]. As the laser is detuned from resonance, the amplitude of the
Rabi rotation drops rapidly, resulting in poor state inversion. The demonstration of
ARP for the same values of A are shown in Fig. 5.2(d). Exciton inversion still occurs
for a detuned pulse provided €)(¢) is large enough to reach the adiabatic regime. No-

tably, the final exciton inversion still reaches a high value for a large detuning from
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Figure 5.2: (a) Micro-PL showing the GS emission from individual QDs. The QD
studied here is marked with an arrow. (b) Schematic diagram of the experimental
setup. Pulses from the OPO laser source are dispersion-compensated and chirped
using a 4-f pulse shaper. Optical control is carried out on the ES transition within
the QD. Pulses are focused onto the sample using a microscope objective and the
final quantum state of the exciton is read-out through detected photoluminescence
on the GS transition. (c)/(d) PL intensity as a function of square-root of excitation
power for Rabi rotation [(c)] and ARP (¢ = 0.3 ps?) [(d)] for different detunings.

resonance of 9 meV. Experimental results corresponding to a full range of detunings
are shown for a Rabi rotation (ARP) in Fig. 5.3(a) [Fig. 5.3(b)]. For the Rabi ro-
tation, the maximum exciton inversion occurs for detuning values +3 meV and for
pulse areas over a range of ~0.25x. In contrast, for ARP the inversion is insensitive
to changes in pulse area beyond the threshold for adiabatic control. This threshold
occurs at larger pulse areas for larger detunings. As a result, the bandwidth of de-
tunings for which maximum inversion occurs increases with pulse area. For a pulse

area of 2.5, maximum exciton inversion for ARP occurs over a range of 2043 meV.

The results of calculations of the quantum state dynamics [ , 55] are shown
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Figure 5.3: (a)/(b) PL intensity as a function of pulse area and detuning for exci-
tation with a TL pulse [(a)] and a chirped pulse with ¢" = 0.3 ps [(b)]. (c)/(d)
Calculated exciton occupation for the same conditions used in (a)/(b). The white
curves in (a), (b) [(c), (d)] indicate the experimental [calculated] laser spectrum.
(e) Calculated bandwidth for state preparation with an exciton occupation > 0.95
as function of chirp for different transform-limited pulse durations (7y). The mea-
sured bandwidth for excitation with a chirped pulse (¢ = 0.3 ps?) is indicated by
the red triangle.

in Fig. 5.3(c) and Fig. 5.3(d). The bandwidth for which high-fidelity inversion
of the exciton occurs increases with increasing pulse area, in agreement with the
experimental results in Fig. 5.3(a)/(b). Assuming a threshold exciton occupation
corresponding to acceptable inversion of 0.95, the calculated bandwidth for a pulse
area of 2.57 is shown in Fig. 5.3(e) for two different values of ry. The bandwidth

for ARP exhibits a saturation behavior versus ¢, with a value at saturation that
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depends on 7y. The calculated bandwidth is 23 meV for inversion with 7, = 120 fs
compared to 4.4 meV for Rabi rotations. A large range of detunings may therefore
be used for pumping QD single photon sources provided that femtosecond control
pulses are used.

The ARP experiments in Fig. 5.2 and Fig. 5.3 utilized a positively-chirped laser
pulse. Under these conditions, decoherence tied to phonon-induced transitions be-
tween the dressed states is suppressed at low temperatures because the system un-
dergoes evolution through the anti-crossing along the lower-energy dressed state
[56]. As the temperature of the sample is increased, phonon absorption processes
will start to contribute and reduce the fidelity of quantum state control. In order
to investigate the impact of phonons on the bandwidth of the ARP control process,
we performed numerical simulations as a function of laser detuning for both posi-
tive and negative laser pulse chirps. The results of these calculations are shown in
Fig. 5.4(a)-(c). The bandwidth of ARP for both signs of ¢" is shown in Fig. 5.4(f),
indicating that exciton inversion using a negatively-chirped pulse is not as robust
due to the impact of phonons, with a width ~2 x lower than that for positive chirp.
Our results therefore indicate that positive chirp is essential to maintain the level
of robustness we demonstrate experimentally. In recent experiments, a complete
suppression of phonon-induced decoherence for ARP was observed in the regime
of short pulses and large chirps [61, ]. Under these conditions, the chirp-sign
dependence of the bandwidth would be eliminated and robust exciton inversion
would persist at elevated temperatures.

The ability to achieve high-fidelity exciton inversion over a wide range of laser
detunings would greatly facilitate the simultaneous pumping of multiple single
photon sources using the same pulsed laser. The use of a near-resonant pumping
scheme in which the ES transition in the QD is excited has been shown to lead to ex-
cellent single photon emission properties (single photon purity, brightness, indistin-
guishability) [ , , 70, 65]. The ES transition energies vary over a range of 10-
30 meV in typical self-assembled QDs due to variations in QD size and shape, even
for QDs possessing the same GS emission wavelength [224, , , , 1.
Our experiments show that ARP provides a robust method for realizing parallel

quantum state inversion in distinct QD-based quantum emitters due to the broad
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Figure 5.4: (a)-(c) Calculated exciton occupation as a function of pulse area for
positively- (blue solid curves) and negatively- (green dashed curves) chirped control
pulses for different detunings (|gb"| = 0.3 ps?). (d) -(e) PL intensity as a function
of square-root of excitation power for the same conditions as in (a) and (b). (f)
Calculated exciton occupation at a laser pulse area of 2.57 as a function of detuning
for |¢'| = 0.3 ps® and |¢"| = 0 ps®. The laser spectrum is also shown for reference.
The bandwidths corresponding to 95% inversion are 27 meV (positive chirp), 12
meV (negative chirp), and 4.4 meV (zero chirp).

bandwidth over which high fidelity excitation is possible. Experiments employing
phonon-emission-assisted excitation to invert two QD single photon sources using
the same laser source have recently been reported [ ]. This scheme also exhibits
robustness to detuning but over a much smaller spectral range to that reported here
(a few meV) due to the limited bandwidth of the phonon spectral density [38, 54].

In summary, we have demonstrated ARP on a single In(Ga)As/InAs QD using a
wide range of laser detunings, enabling us to quantify the level of robustness of this
control scheme in the context of practical QD systems possessing variations in QD

size and shape. Our findings indicate that, in contrast to Rabi rotations for which
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the exciton occupation follows the spectrum of the laser pulse and is highly sen-
sitive to pulse area, the use of frequency-swept pulses in ARP enables a dramatic
increase in the tolerance to differences between the QDs, with a high exciton inver-
sion efficiency demonstrated over a 20 meV laser tuning bandwidth using control
pulses with a transform-limited duration of 100 fs. As this bandwidth is compara-
ble to typical variations in both the GS optical transition energies and the energy
separation between the GS and ES transitions in self-assembled QD ensembles, this
indicates that ARP is an ideal control scheme for realizing parallel quantum state
initialization of multiple QD quantum emitters. Our findings will support the de-
velopment of quantum networks and linear optical computing platforms utilizing

semiconductor QDs.
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6.1 Abstract

We demonstrate simultaneous adiabatic rapid passage (ARP) on multiple semicon-
ductor quantum dots (QD) using a chirped laser pulse. State preparation using
ARP is shown to be robust against variations in the dipole moments and transition
energies of the QDs reflective of realistic self-assembled QD ensembles. Numeri-
cal calculations of the exciton occupation in the QD ensemble indicate high fidelity

state preparation is possible for experimentally accessible values of chirp and laser
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pulse area.

6.2 Manuscript

Adiabatic rapid passage provides an effective scheme for quantum state initializa-
tion and inversion in optically-driven two-levels systems. ARP was first demon-
strated in atomic systems [48, ] and later in solid-state quantum emitters in
semiconductor QDs [163, 1, including the recent achievement of subpicosecond
control times for the inversion of excitons immune to phonon-mediated dephasing
[56, ]. ARP is carried out using a frequency-swept control laser pulse given by
E(t) = $E,(t) exp [—i(wt + ot?)], where w, is the center frequency of the laser pulse
and « is the rate of the frequency sweep. Such a linearly-chirped pulse may be
obtained using standard 4 f pulse shapers by introducing a spectral chirp ¢”, where
a=2¢"/[7/(2In(2))? + (2¢”)?], and 7 is the duration of the associated unshaped
pulse. In quantum information science applications employing QD-based quantum
emitters, ARP would be applicable to quantum state initialization in quantum sim-
ulators and memory nodes [19], or for optically triggering quantum light sources
exploiting the optical driving of excitonic or biexcitonic resonances [37, 1.
Provided that the characteristics of such a frequency-swept control pulse satisfy

the adiabaticity condition Q > (4) |5|, where Q(t) = @ is the Rabi frequency

and A(t) is the detuning between the laser pulse and the transition frequency, ARP
will be tolerant to variations in the optical properties of the driven two-level sys-
tem (dipole moment, transition energy). This tolerance is especially important for
semiconductor QD-based emitters because there are intrinsic variations in QD size
inherent to the growth process [181, ]. The robustness of ARP was recently
verified experimentally for semiconductor QDs [229], with high fidelity inversion
being observed for a detuning of the laser pulse from the QD transition as large as
15 meV, spanning the transition energies in typical self-assembled QD ensembles
[224]. This level of robustness points to the potential for triggering multiple quan-
tum emitters in parallel using a single pulsed laser source, essential for the develop-
ment of scalable quantum systems applicable to distributed quantum networks [19]
and linear optical quantum computing [65, 66]. While some progress in the parallel

driving of distinct QDs has been made in recent years, including the application of
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general pulse shape engineering to arbitrary qubit rotations [139, , , 1,
the implementation of ARP on distinct emitters would enable fault-tolerant parallel
quantum state initialization and inversion of QD-based qubits and quantum light
sources, adding to the toolkit for coherent optical quantum control in semiconduc-
tor QDs.

Here we report the demonstration of adiabatic rapid passage on two QDs with
distinct optical characteristics using a single laser pulse. High-fidelity inversion is
obtained despite a 25% difference in the dipole moment and exciton transition en-
ergies differing by 7 meV, verifying the robustness of the ARP approach for solid
state emitters based on semiconductor QDs. We also extend these findings to the
application of ARP to more than 20 QDs, revealing robust inversion across the en-
semble. These experiments are supported by our theortical simulations showing
that high-fidelity exciton control should be possible on QD ensembles with realis-
tic size variations for experimentally accessible values of laser pulse fluence and
applied chirp. Our findings will support the development of scalable quantum in-
formation systems based on QD emitters and pave the way for controlling QD en-
sembles [230, 8].

The InAs/GaAs QDs studied in this work were grown using molecular beam
epitaxy. A metallic mask with an array of apertures was deposited on the sample
surface and used to isolate the individual QD emission lines from the ensemble.
The experiments reported here were carried out through excitation of QDs within
a 0.6 um aperture. Laser pulses for optical control were generated using an opti-
cal parametric oscillator with a repetition rate of 76 MHz, tunable from 1100 nm
to 1600 nm with a dispersion compensated pulse duration of 120 fs. A 4f pulse
shaper with a 128 pixel spatial light modulator (SLM) in the Fourier plane is used
to compensate for dispersion and to apply a chirp to the laser pulse. The temporal
duration of the dispersion compensated control pulse was measured to be within
0.5% of that of a transform-limited pulse of the same bandwidth. A high numeri-
cal aperture microscope objective (NA 0.7, 100x) was used to focus the excitation
beam on the sample. The photoluminescence emission from the QDs was spectrally
resolved and detected using a 0.75 m monochromator with a resolution of 30 peV

and an InGaAs array detector. For all experiments, the sample was held at 10 K in
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a continuous flow helium cryostat.

Quantum control was carried out on the first excited state optical transition in
the QDs, with quantum state readout through detection of the emitted photolu-
minescence from the ground-state optical transition. For the QDs under study, PL
and PL excitation measurements indicated a ground state PL emission peak for the
quantum dot ensemble centered at 1294 nm with the first excited state transition
centered at 1190 nm. The laser pulses were circularly polarized to suppress biex-
citon dynamics. The large energy separation between the ground state and first
excited state transitions (90 meV) and between the first excited state transition and
the wetting layer (310 meV) aided in avoiding unintended excitations.

Fig 6.1(c) and Fig 6.1(d) show the results of quantum control experiments using
unshaped optical pulses on two quantum dots from the ensemble with ground state
optical transition wavelengths of 1259 nm and 1273 nm, referred to as QD A and
QD B. The first excited state transitions for these QDs occur at 1162 nm and 1171
nm, respectively. The detected PL from the ground state optical transition is shown
as a function of the square root of the excitation power for control pulses of differ-
ent detunings. Both QDs exhibit Rabi rotations with a period determined by their
dipole moments. As the detuning of the laser pulse increases in either direction,
the amplitude of the oscillation decreases, giving way to a linearly increasing back-
ground tied to incoherent filling of the QD states. The difference in Rabi periods for
resonant excitation indicates that the dipole moment of QD B is 1.25 times larger
than that of QD A.

Fig. 6.2(a) and Fig. 6.2(b) show a comparison of the quantum state dynamics in
the two QDs for resonant control of the exciton transition using an unshaped pulse
(blue circles) and a linearly-chirped pulse with ¢” = 0.3 ps* (green pentagons).
For these experiments, the spectrum of the control pulse was tuned in between the
excited state optical transitions in the two QDs, as shown in Fig 6.1(b). For zero
chirp, both QDs exhibit a Rabi rotation; while for the chirped pulse, the PL intensity
reaches a plateau after a threshold excitation power. Saturation of the PL intensity
from the exciton for pulse areas higher than a threshold is a signature of ARP and
robust state inversion. The peak PL emission for the Rabi rotation is lower than

that for control with a chirped laser pulse. This lower occupation reflects the fact
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Figure 6.1: (a) Spectrally-resolved PL from the ground state optical transition. The
two QDs of interest are indicated with arrows. (b) Photoluminescence excitation
spectrum for QD A and QD B, together with the laser spectrum. (c)-(d) PL intensity
as a function of the square root of the excitation power for quantum control using
an unshaped laser pulse for (a) QD A and (b) QD B. The PL response is shown for
different laser detunings from the excited state transition in each QD.

that since the control laser pulse was off-resonant with both QDs, the Rabi rotations
do not result in a complete transfer of occupation to the exciton. In contrast, ARP
leads to good exciton inversion in both QDs.

Fig. 6.3 shows the results of quantum control on a range of detected QDs within
the aperture of interest for the same laser excitation spectrum as in Fig. 6.1(b).
Fig. 6.3(a) shows the results for a chirped control pulse and Fig. 6.3(b) for an un-
shaped pulse. The different maximum PL intensities for different QD emission lines

reflect variations in the location of the QDs within the aperture, which determines
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Figure 6.2: PL intensity as a function of square-root of excitation power for (blue
dashed, ¢” = 0ps? ; green solid, ¢” = +0.3ps?) (a) QD A (b) for QD B.

the efficiency of coupling of the optical emission into the objective lens and thus
the efficiency of PL detection. The excited state optical transitions of the QDs seen
in Fig 6.3(a) and Fig 6.3(b) range from 1162 nm to 1175 nm. Several of the QDs
exhibit Rabi rotations, however the quality of rotation varies considerably from QD
to QD due to the differing detunings of the control pulse with respect to the excited
state transition in each QD, reflecting the high sensitivity of the amplitude of Rabi
rotations to the laser detuning (Fig. 6.1(c),(d)). Despite the poor quality of the
Rabi rotation for many of the QDs within the aperture, under optical control with a
chirped laser pulse, the majority of QDs exhibit the characteristic plateau associated
with ARP indicating high-quality inversion. These results show that, unlike Rabi ro-
tations, ARP is insensitive to variations in the dipole moments and optical transition

energies in the QDs. These experiments indicate that inversion of a full ensemble of
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QDs or a series of QD quantum light sources grown under typical conditions should
be possible.

To gain further insight into the level of robustness of the ARP control scheme,
we carried out numerical simulations of the quantum state dynamics for a large
ensemble of 468 QDs. The results of these calculations are shown in Fig. 6.3(c) and
Fig. 6.3(d). For these calculations, the ensemble was chosen to have a Gaussian dis-
tribution of transition energies with a full width half maximum (FWHM) that was
either 10 meV or 30 meV, corresponding to a width that is larger or smaller than the
spectrum of the control pulse (16 meV). For comparison, the transition energies in
typical self-assembled QD samples span approximately 25 meV [224]. The distribu-
tion of dipole moments in the simulations was taken to have a FWHM of 4 Debyes
[192]. For zero pulse chirp, corresponding to the calculated values of the exciton
inversion along the x-axis in Fig. 6.3(c)/(d), a damped Rabi oscillation is observed.
The maximum inversion for zero chirp is 0.72 in Fig. 6.3(c) and 0.47 in Fig. 6.3(d).
The low value of the maximum exciton occupation and the low contrast of the Rabi
rotations in Fig. 6.3)c) and Fig. 6.3(d) reflect the high sensitivity of the quality of
control via unshaped laser pulses to variations in the QD optical properties, an ef-
fect that becomes worse the larger the degree of QD inhomogeneity. As the laser
chirp is increased from zero, the exciton occupation increases. The dashed curves in
Fig. 6.3(c) and Fig. 6.3(d) indicate a calculated exciton occupation of 0.95, showing
that a high exciton inversion is accessible for sufficiently large values of the pulse
chirp and pulse area. An occupation of 0.99 occurs above a threshold pulse area of
2.457 (3.74) and chirp of 0.018 ps? (0.026 ps?) in (c¢) [(d)]. While similar results
were obtained in earlier numerical simulations of optically-controlled QD ensem-
bles [192], a much narrower distribution of transition energies was used (2 meV),
in contrast to the realistic QD size distribution considered here.

In summary, we applied frequency-swept optical control pulses to demonstrate
ARP on two QDs with distinct optical properties using the same shaped laser pulse,
experiments that we then extended to the parallel inversion of more than 20 QDs.
Our numerical simulations indicate that QD ensembles with inhomogeneities char-
acteristic of realistic self-assembled QD systems may be inverted with high fidelity

with pulse areas below 4, values that are readily accessible experimentally. These
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Figure 6.3: PL intensity as a function of pulse area for all QDs within the aperture
(a) chirped pulse with ¢” = +0.3ps? and (b) unshaped pulse. (c)/(d): Calculated
total exciton occupation for an ensemble of QDs as a function of chirp and pulse
area. The QD distributions have transition energies that are (¢) 10 meV (d) 30 meV
wide. The dotted line indicates a threshold of 95% occupation. The pulse area
values on the x-axis correspond to the QDs that lie at the mean of the transition
energy and dipole moment distributions.

experiments, which build upon recent demonstrations of simultaneous arbitrary
qubit rotations in QDs [141, 142], illustrate the tolerance of the ARP control scheme
to variations in the QD transition energies and dipole moments, and lay the foun-
dation for parallel quantum state initialization and inversion in applications such as

quantum light sources and quantum networks.



Chapter 7

Conclusion

7.1 Summary of the Thesis Work

Semiconductor quantum dots are poised to play an important role in future QIP
systems. Their solid-state nature should allow for scalability to a large number of
qubits, where the exploitation of a semiconductor-based platform implies that tra-
ditional device processing techniques developed for current technologies (CMOS,
laser diodes etc.) could be leveraged for QIP technologies as well. For the same
reasons, a semiconductor QD QIP system would be easily integrated with classical
computing platforms. The size dependent optical properties of QDs enable flexibil-
ity in the tuning of their transition energies so that operation in telecommunication
bandwidths is possible, furthering their potential integration with classical tech-
nologies and benefiting potential applications such as quantum networks. Their
ability to host qubits in the form of excitons or carrier spins while also being an ex-
cellent emitter of single and entangled photons makes them a promising interface
between photonic and material qubits systems. Despite of all these advantages, the
progress of QD based QIP systems is hindered by a few remaining roadblocks. These
include the inhomogeneity in their optical properties arising from their growth pro-
cess and dephasing processes tied to their solid state nature. This thesis work has
advanced the state of QIP using self-assembled InAs QDs through theoretical cal-
culations and experimental demonstrations of quantum state preparation proto-
cols that are tolerant to inhomogeneities in QD optical properties and immune to
phonon mediated dephasing. The additions made by this thesis work to the exist-
ing body of knowledge therefore advance the progress of a QD based QIP system
by developing experimental strategies that address some of the difficulties associ-
ated with them. This work has also provided a better understanding of the state
preparation process tied to ARP in a solid state quantum emitter and has laid the

foundation for the development of a decoherence free single photon emitter that is
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compatible with the current telecommunication infrastructure.

The first component of this thesis work demonstrated a four-fold lower thresh-
old for the suppression of phonon assisted decoherence in QDs designed to work
in the telecommunication band. InAs QDs designed to emit in the IR band, owing
to their large size and the femtosecond pulses use to excite them, display a much
lower threshold for the dynamic suppression of electron-phonon interactions. This
result was demonstrated through the convergence of the exciton occupation levels
in ARP experiments that use negatively and positively chirped pulses. Our results
pave the way for a QD based quantum emitter working at higher temperatures in
the critically important telecommunications band. A robust single photon source
that works in the telecommunications band is an essential component of long dis-
tance quantum encrypted communication networks. Our calculations also explored
the dependence of exciton-phonon coupling on the physical dimensions of the QD
and the symmetry of the exciton wavefunction. Our results indicate that resonant
excitation of the QD could display an even lower threshold for decoherence sup-
pression than those reported in this work.

The second component of this thesis work experimentally quantified the detun-
ing tolerance of ARP. Our findings indicate that, in contrast to Rabi rotations for
which the exciton occupation follows the spectrum of the laser pulse and is highly
sensitive to the pulse area of the control pulse, the use of chirped control pulses
leads to a dramatic increase in the tolerance to variations in the transition fre-
quencies of the QDs. A high exciton inversion efficiency was demonstrated over a
20 meV laser tuning bandwidth using chirped control pulses that correspond to a
transform-limited duration of 100 fs. A state preparation process that is tolerant
to fluctuations in experimental parameters requires less laser resources because the
same laser source could be used to invert a number of single photon sources in
parallel. This would be particularly beneficial for applications such as linear optical
quantum computing networks that require synchronous quantum light sources. Our
findings should support the development of a QD based scalable QIP infrastructure.

A natural extension to quantifying the detuning tolerance of ARP is to use ARP
for state preparation in an ensemble of QDs. The final project in this thesis involved

the experimental demonstration of ARP in two distinct and dissimilar QDs using
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a single laser pulse for the first time. This demonstration, which involved QDs
whose transition energies differed by 7 meV and dipole moments that differed by
25%, indicated that ARP can be used for state preparation in an ensemble of QDs.
The results of numerical calculations suggest that state preparation through ARP
is possible at high chirps and higher pulse areas on an ensemble of QDs with an

inhomogeneous broadening comparable to typical QD samples.

7.2 Future Work

An immediate follow up to the decoherence suppression project would be to exper-
imentally verify our prediction of the lower threshold for decoherence suppression
for resonant excitation. A single photon source that can operate at higher temper-
atures (> 80 K) would simplify the deployment and eventual integration of a pho-
tonic quantum network with the existing infrastructure. Developing a QD based
single photon source capable of working at higher temperatures requires experi-
mental verification of the temperature dependence of the threshold pulse area for
decoherence suppression. QDs are often embedded in nanostructures such as as
microcavities and nanowires to improve their photon extraction efficiency. Another
valuable extension to this work would be studying the influence of such nanostruc-
tures on exciton-phonon interactions.

As a next step to the work on parallel ARP in QDs, the state preparation ef-
ficiency of ARP on an ensemble of QDs need to be studied experimentally. Such
an experiment requires building a transient absorption spectroscopy apparatus for
quantum state read-out from an ensemble of QDs. An ensemble of coupled qubits

is an essential requirement for applications like quantum memories.

7.3 Outlook

A future general purpose QIP system would include quantum computers capable
of running quantum algorithms and a quantum network infrastructure to transfer
quantum information between nodes. QDs, with their ability to host qubits and to
act as an interface between solid-state and photonic qubits, are poised at play an

important role in this development. Incredible efforts over the past few years have
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resulted in many exciting experimental demonstrations, such as single and multi-
qubit gates [152, X , 56, 1, spin-photon [211, . ] and spin-spin
entanglement [ X 1, quantum teleportation [ ] and quantum relays [ 1.
However significant challenges remain in building a general purpose QIP platform
based on QDs. Decoherence times in these systems are significantly lower (~10 us
for electron spins [19]) when compared to other competing platforms (for exam-
ple ~1 s in NV centers [19]). However this challenge can be overcome by using
faster control pulses for gate operations. Interactions between qubits encoded in
QDs are challenging and over the years several proposals have been made towards
achieving this goal [147, , 20, ]. With the exception of optical control of QD
molecules, which is difficult to scale beyond a few QDs, so far there have been only
a few experimental demonstrations of optically mediated conditional dynamics in
coupled QD systems [150, ]. However, all potential QIP platforms have their
own strength and weaknesses. Hence any future implementation of QIP will very
likely be a hybrid system that combines the strengths of multiple candidate plat-
forms. QDs due to their excellent optical properties, could act as interface nodes
between photonic qubits and material qubits. QD based sources with their highest
reported indistinguishability [88], high single photon purity [233] and high photon
extraction efficiencies [65] are currently the best performing single photon sources
[19, 65]. In addition, applications such as sensing and auxiliary quantum tech-
nologies like quantum repeaters could work with systems that have a moderate
number of qubits [12] and can provide commercial viability as these systems are

being scaled up for QIP.
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Re: Permission to reuse the table from "Single-Photon Sources,’ Optics &
Photonics News 30(9), 32-39 (2019)

Urbasi Sinha <usinha@rri.res.in>
Mon 20-04-2020 14:24

To: Ajan Ramachandran <ajanpr@Dal.Ca>

CAUTION: The Sender of this email is not from within Dalhousie.
Dear Ajan,
Yes that should be fine provided proper citation is given to our work.

All the best.

Prof. Urbasi Sinha

Raman Research Institute

C. V. Raman Avenue

Sadashivanagar

Bangalore - 560 080

INDIA. Editorial Board Member, New Journal of Physics.

[Personal website: http://www.rri.res.in/~usinha/Lab website: http:/www.rri.res.in/quic/]

----- Original Message —

From: Ajan Ramachandran <ajanpr@Dal.Ca>

To: usinha@rri.res.in

Sent: Mon, 20 Apr 2020 21:27:13 +0530 (IST)

Subject: Permission to reuse the table from "Single-Photon Sources," Optics & Photonics
News 30(9), 32-39 (2019)

Hello Prof. Sinha,

| am Ajan Ramachandran, a PhD student in Dalhousie University Halifax, N.S., Canada.

I would like to get permission to reuse the table at the end of the article "Single-Photon
Sources," Optics & Photonics News 30(9), 32-39 (2019) " by Sinha et al in my doctoral thesis
titled "Quantum State Preparation Using Chirped Laser Pulses in Semiconductor Quantum

Dots".

The table will be used in a section comparing different single photon emitter technologies.

2020-05-18, 1:05 p.m.
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Thank you very much for your time.

Regards
Ajan Ramachandran
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