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Summary

New technologies based on the properties of quantum mechanics promise
to revolutionise the way information is processed by outperforming what is
possible using classical devices. Examples include massively parallel process-
ing using quantum computers, verifiably secure communication using quan-
tum cryptography, and measurement with sensitivity beyond classical limita-
tion with quantum metrology. Realising the full potential of these technolo-
gies necessitates the ability to communicate quantum information over large
distances, a key requirement for future quantum networks. However, devel-
oping practical implementations of long-distance quantum communication
is challenging as it necessitates three major ingredients: light-matter inter-
faces, elementary quantum operations, and quantum memories. This thesis
describes work that has been undertaken to address these requirements using
semiconductor nanotechnology.

We have first demonstrated that single InAs quantum dots embedded in-
side conventional diode structures constitute high-fidelity controllable inter-
faces between optical qubits and solid-state qubits. Indeed, the polarisation
state of a photon was transferred into the spin state of an electron-hole pair
and eventually restored through radiative recombination of the electron and
the hole with a fidelity up to 95%. Moreover, spins were manipulated using
subnanosecond modulation of a vertical electric field applied to the quantum
dots. By controlling this electrical modulation, we demonstrated elementary
phase-shift and spin-flip gate operations with near-unity fidelities.

An electron-hole pair confined in a single quantum dot has a short ra-
diative lifetime limiting therefore its use as an excitonic quantum memory.
The solution we proposed was to use a quantum dot molecule to control the
spatial separation of the electron and the hole and therefore prevent their
recombination. Comprehensive studies of electric field effects upon the pho-
toluminescence of quantum dot molecules lead to a clear understanding and
a good control over their physical properties. Single photons were stored in

individual quantum dot molecules up to 1us and read out on a subnanosec-
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ond time scale. Moreover, the circular polarisation of individual photons was
transferred into the spin state of electron-hole pairs with a fidelity above
90%, which does not degrade for storage times up to the 12.5 ns repetition
period of the experiment.

Our work on single quantum dots could be extended in the near future to
allow for two-qubits quantum operations by confining a second electron-hole
pair to be electrically manipulated. Storage of a superposition of spin states
in a quantum dot molecule should also be possible if the spin states are made
degenerate, which is feasible using the electric field dependence of the energy
splitting between the spin states discussed in this thesis. We believe that
combining both approaches will lead to the development of a controllable
multi-qubit quantum memory for polarised light, a building block for long-

distance quantum communication based on semiconductor nanotechnology.
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Chapter 1
Introduction

Since the seminal theoretical work of Claude Shannnon in 1948 [1], the con-
cept of “information” has acquired a central place in modern society. Indeed,
most of human activities now heavily rely on various practical implementa-
tions of “information devices” such as computers and mobile phones. More-
over, communication based on the fast and reliable transfer and processing of
information, whether it is through electrical, optical or other means, has been
constantly increasing. This is particularly true considering the emergence of
the internet in the last twenty years. In 2010, around 9 trillion emails were
exchanged between 1.9 billion email users in the world.

The key point behind any information device is that the representation
of information must be of physical nature [2]. As a consequence, the way
information can be processed by a specific device is strongly related to its
physical properties. A device based on quantum carriers of information is
therefore expected to exhibit radically different properties compared to a de-
vice governed by classical physics. This observation has naturally lead to the
development of the field of “quantum information science”, which focuses on
taking advantage of the fundamental properties of quantum mechanics in or-
der to process information far beyond what is permitted by classical physics.
Striking theoretical results have been discovered, such as quantum key dis-
tribution for unconditionally secured cryptography, quantum teleportation,

quantum algorithms, and quantum computing [3, [4, [5]. These results have
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led to great interest in practical realisations of those new ways of processing
information. Even though some realisations have already been developed, the
field is still in its infancy and further progress needs to be made. Efficient
implementations of innovative “quantum information devices” are expected
to revolutionise the entire IT industry over the next two decades.

Typical examples of promising quantum information technologies include
nuclear magnetic resonance [6], ion traps [7, 8], cavity QED with neutral
atoms and molecules [9] 10, [IT], Bose-Einstein condensates [12], and super-
conducting qubits [I3, 14]. In this thesis, we focus on another promising
approach based on solid-state devices, more specifically on semiconductor

self-assembled quantum dots.

1.1 Quantum information using semiconduc-

tor quantum dots

Semiconductor quantum dots (QDs) are nanometre scale regions made of
a semiconductor material and surrounded by another semiconductor mate-
rial presenting a higher band-gap in order to create a potential well. As a
consequence, QDs confine electrons and holes in all three spatial dimensions
on discrete energy levels, leading to a demonstrated shell structure. They
are therefore usually described as “artificial atoms” and have the necessary
quantum properties to be used as a resource for quantum information pro-
cessing. They present however some differences from single atoms. They
are indeed orders of magnitudes bigger, they allow for easier spatial control,
and also for tunability (notably in their absorption/emission spectrum) over
a large range of values by varying the QD dimensions, geometry or com-
position. Moreover, semiconductor quantum devices have a high potential
for scalability as opposed to many other quantum technologies. Scalability
opens up the possibility of fabricating large integrated networks required for
quantum computation and communication. QDs are fully integrable in well-
established, low-cost, conventional semiconductor electrical diode structures

and benefit therefore from the progresses made during the past decades in
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the semiconductor industry.

QDs naturally appear as good candidates for pratical implementations of
quantum information processing devices, which has triggered much research
activity in the field the past few years leading to remarkable progress. They
have been demonstrated as efficient optically and electrically driven single
photon sources [15], [16, [I7], a key component to many quantum information
applications including quantum cryptogaphy [18] and quantum computation
[19, 20]. Moreover, they have been used to optically and electrically generate
on-demand entangled photon pairs [21} 22|, 23], a necessary resource for quan-
tum teleportation [24]. Other important results include quantum key distri-
bution at telecom wavelength [25], two-photon interference [206], 27, 28] and
coherent manipulation of electron and electron-hole pair spins [29, [30} 311, [32].

Despite these recent results, much progress is still needed to fully exploit
the potential of semiconductor quantum technologies. In this thesis, we will
more specifically focus on some key missing elements required for the devel-
opment of scalable quantum networks, which will allow spatially-separated

parties to manipulate and communicate quantum information.

1.2 Solid-state photonic interfaces for quan-

tum networks

A quantum network consists of quantum nodes connected by a quantum
channel. Quantum nodes generate, process and store quantum information
while the quantum channel is needed to communicate and distribute quantum
information and entanglement between the nodes. Photonic “flying” qubits
are usually used for quantum communication [33, 34, B5] as they weakly
interact with the environment, particularly when they propagate through
optical fibres used as the quantum channel. On the other hand, solid-state
“stationary” qubits may be better suited to perform quantum computations
[30, 136, 87, B38]. An interface between light and matter is therefore a key
element to a quantum network.

Moreover, scalability requires long-distance quantum communication be-
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tween the nodes. However, this is ultimately limited for photonic qubits by
losses (i.e. scattering and absorption) in optical fibres, which both grow ex-
ponentially with fibre length. This problem is solved in the case of classical
communication through repeated amplification of the light pulses carrying
the information. This is however forbidden in the case of quantum commu-
nication by the no-cloning theorem [39] of quantum physics. A quantum
repeater protocol [40] is therefore needed to achieve remote qubit entangle-
ment. Such a protocol relies on entanglement swapping [41]. Consider two
pairs of entangled states, (A, B) and (C, D). It is possible to entangle A and
D by performing a joint measurement of systems B and C'in a basis of entan-
gled states, followed by classical communication of the results to the location
of system A and/or D [42]. Using this property, entanglement is distributed
between two independent quantum nodes separated by a long distance L
by dividing L in shorter elementary links of length comparable to the fibre
absorption length. Entanglement is then created independently within short
elementary links and then successively swapped between neighbouring links
until distributed over the distance L separating the nodes.

The two key elements to a deterministic quantum repeater protocol are a
quantum memory and elementary quantum gates. Indeed, the created entan-
glement between elementary links must be stored until entanglement is es-
tablished between neighbouring links in order to perform the necessary oper-
ations required to achieve entanglement swapping. These operations consist
in performing local joint measurements projecting onto entangled states be-
tween two memories, which would be possible with elementary quantum gates
between neighbouring memories, as single-qubit operations combined with a

controlled-NOT gate constitute a universal quantum logic gate [43], [44] [45].

1.3 Thesis outline

This thesis describes the progresses achieved towards the realisation of con-
trollable solid-state photonic quantum interfaces using semiconductor quan-
tum dots, which may, in the future, constitute the building blocks of solid-

state quantum repeaters for scalable quantum network architectures.
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We start in chapters[2]and 3] by introducing the most important properties
of semiconductor quantum dots as well as the experimental methods needed
to understand the main results presented in the thesis.

In chapter [4] we use single quantum dots to demonstrate high-fidelity
reversible transfer of quantum information from the polarisation of photons
into the spin state of an electron-hole pair. We then electrically manipulate
spins on a subnanosecond time scale, which allows to coherently control their
time evolution. By varying the area of the electrical pulse, we demonstrate
phase-shift and spin-flip gate operations with near-unity fidelities. Though
these results represent an important step towards a controllable semiconduc-
tor quantum interface, the short radiative lifetime of single dots limit storage
of quantum information to the nanosecond scale, insufficient for a quantum
memory or a quantum repeater. The approach we have followed to overcome
this issue is to use a pair of coupled quantum dots, known as a quantum
dot molecule, to control the electron-hole pair spatial separation leading to
longer lifetimes.

Chapter |5| presents a comprehensive study of electric field effects upon the
photoluminescence of individual quantum dot molecules. This study provides
a deep understanding of the physics behind quantum dot molecules, notably
through the analysis of the spectroscopic patterns arising from the differ-
ent charged states of a quantum dot molecule. A simple model accurately
describing this extremely rich line structure is also presented. Moreover, re-
versing the doping sequence of the diode structure allows both electron and
hole coupling between the dots to be investigated. High potential barriers
cladding the quantum dot molecule allow the application of strong electric
fields, resulting in a larger than expected quantum confined Stark effect. Fi-
nally, the fine structure of an electron-pair pair confined in a quantum dot
molecules is studied as a function of electric field and an unexpected rota-
tion of the eigenstates is demonstrated, which is a key requirement to allow
for electrically controlled quantum operations on the electron-hole pair spin
state.

In chapter [6, we report on a single photon and spin storage device based

on a semiconductor quantum dot molecule. Optically excited single electron-
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hole pairs are trapped within the molecule, and their recombination rate is
electrically controlled over 3 orders of magnitude. Single photons are stored
up to 1 us and read out on a subnanosecond time scale. By using resonant
excitation, the circular polarisation of individual photons is transferred into
the spin state of electron-hole pairs with a fidelity above 80%, which does
not degrade for storage times up to the 12.5 ns repetition period of the
experiment. Eventually, we provide some leads to extend the spin-memory
scheme to a quantum memory for polarised light.

Finally, we draw our conclusions in chapter [7| on the results presented in

this thesis as well as present some potential future lines of research.



Chapter 2
Semiconductor quantum dots

This chapter provides the background knowledge on semiconductor quantum
dots (QDs) required to understand the following chapters of this thesis. A
theoretical approximation explaining the effect of confinement and the origin
of the “atom-like” properties of QDs is presented. The physical and optical
properties of QDs relevant to this thesis are explained and quantum dot
molecules (QDMs) are introduced. More extensive reviews on QDs can be
found in [406, [47].

2.1 Theoretical background

In this section, we discuss the effect of reducing the dimensions of quantum
nanostructures on the energy, wavefunction, and density of states of carri-
ers in semiconductors [48]. We use the effective-mass approximation, which
assumes that the envelope wavefunction does not vary much in the unit cell
with a length scale of subnanometres. This is verified for the simplified pic-
ture of the nanostructures discussed here.

Within the effective-mass approximation, the electron is described as
a “free” electron with an effective mass usually labelled m*. Assuming a
parabolic band dispersion, the band-edge electron states of semiconductors

are described by the effective-mass equation
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{_ 2?;* Vi V(r)} Fi(r) = eFi(r), (2.1)

where h is the reduced Planck’s constant, r = (z,y,z) is the electron
position vector, V(r) is the confinement potential, F}, is the envelope wave
function, and € is the electron energy. The electron wavefunction W is then

given by

U = Fi(r)ug(r), (2.2)

where the envelope function Fj, is obtained by resolving Eq. (2.1)), and
where the Bloch function ug(r) and m* are usually calculated using the k.p

perturbation theory [49].

2.1.1 Bulk material

In a bulk semiconductor, V(r) can be approximated to 0 and solving Eq.
(2.1) leads to the energy

h2k?

= F(k) = 2.3

€= Bk)= o (23)
and the normalised envelope wave function
1 —ik.r

Fi(r) = —=e "7, (2.4)

W
where V' is the volume of the bulk material considered and k is the wave
vector. k must satisfy the periodic boundary conditions leading to k =

2 . .
(”Ei”, "zyw, "zi“), where n,,n,, n, are integers. The density of states g(FE)

per unit volume, i.e. the number of states between an energy of E and an

energy of ¥ + dFE, is given by

g(E) = %Zé[E(k) —E] = —< )iE%. (2.5)
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2.1.2 Effect of confinement

Confinement of a carrier in a particular direction arises when the energy
potential in this direction is such that the motion of the carrier is confined

on a scale comparable to the de Broglie wavelength A, given by

h h
E > \/m*kBT’

where p is the electron momentum, h and kp are Planck’s and Boltz-

A = (2.6)

mann’s constant, m* is the carrier effective mass, and 1" is the temperature.
By properly choosing the semiconductor material as well as by working at
low temperature, quantization can appear on scales that are large compared
to the lattice constant of the crystal. At cryogenic temperature, A, is on
the order of 10 — 100nm for InAs and GaAs, which is the typical size of a
self-assembled semiconductor QD.

Confinement along a particular dimension results in quantized energy lev-
els along that dimension. This is illustrated in Fig. where the parabolic
density of states g(E) for a bulk material obtained in Eq. is compared
to those of the three main types of semiconductor nanostructures: quantum
wells (2D confinement), quantum wires (1D confinement) and quantum dots

(0D confinement).

2.1.3 Quantum dots

To understand the discrete density of states of QDs, we assume here that
QDs consist in rectangular boxes of dimensions L,, L,, and L, and that the
confinement potential V'(r) is infinitely high for all directions and therefore

given by

Vir)=V(x)+V(y)+V(2), (2.7)

where V(i) = oo when [i| > L;/2 and V(i) = 0 when [i| < L;/2, for
i=x,y,z. Solving Eq. (2.1)) with this potential leads to
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3D 2D 1D oD
9(E)

> >

E E E E

> >
> >

Figure 2.1: Schematic representation of the effect of reducing the dimensions
of a semiconductor material on the density of states. Discrete energy levels
appear when the material is reduced in all 3 spatial dimensions, leading to
so-called quantum dots.

) 2 \2 2
¢ = B(k) = B, + By, + B, = 12 KnLn) + (L—> + ("L—”) ] . (2.8)

where n,, n,, n, are integers and k = (”L”:, %, ”fj) This demonstrated
shell structure arising from carrier confinement in all three spatial dimensions
is similar to the discrete energy levels of an atom and QDs are therefore often
referred to as “artificial atoms”. The corresponding wave function is given

by

F(r) = ¢n, () bn, () dn. (2), (2.9)

where ¢, (1) = % sin [nﬂr(Li + %)} Finally, the density of states for
QDs is given by

g(E)=2Np Y  &(E—-E,, — E,, —E,.), (2.10)

where Np is the volume density of QDs (Fig. .
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2.2 Schematic band diagram

Two types of QDs can be distinguished. QDs which simultaneously trap
electrons and holes are called type-1 QDs while type-2 QDs attract only one
type of carriers and repel the other [50]. Our research focuses on type-1
QDs. To achieve confinement in a type-1 QD, the material used to make the
QD is chosen to have a bandgap smaller than that of the bulk material it
is embedded in. In this thesis, we will be concerned with InAs (bandgap of
0.354eV at 300K) QDs grown on GaAs (bandgap of 1.424eV at 300K), the
most common type of QDs. The direct bandgap of InAs allows for efficient
optical transitions within the QD. A schematic band diagram of the type of
QDs used in this thesis is shown in Fig.

2.3 Excitation schemes

Carriers in a QD are usually created either through electrical injection [16]
or photo-excitation. Other ways include thermal excitation and more com-
plex schemes such as band-driven surface-acoustic-wave injection [51]. In
this thesis, we concentrate on photo-exciting electrons from the valence band
into the conduction band, leaving a hole in the valence band. We distinguish
three different excitation schemes (illustrated in Fig. leading to signif-
icantly different carrier dynamics and properties of the emission as will be

demonstrated in the following chapters.

2.3.1 Above-band excitation

Carriers are photo-excited in the bulk GaAs material surrounding the QD
with a light source of energy higher that the bandgap of GaAs. The carriers
are then captured in a random manner by the wetting layer, which is essen-
tially a thin quantum well made of a material with a bandgap lower than
the bandgap of GaAs. Carriers eventually relax down to the lowest energy
levels of the QD through non-radiative processes occurring on a time scale

of around 10-100ps and dominated by longitudinal-optical phonon scattering
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Figure 2.2: Schematic band structure of an InAs QD grown on GaAs showing
an “atom-like” shell structure. Carriers excited in the bulk GaAs material
will relax into the QD and decay to the s-shell through non-radiative pro-
cesses. Carriers can also be directly excited quasi-resonantly or resonantly
into the QD. An electron-hole pair in the s-shell can recombine and emit a
single photon. There is a finite time delay before another electron-hole pair
can repopulate the s-shell, leading to single photon emission.

[52, 53]. An electron-hole pair can then recombine and emit a single photon
with a total energy equal to the bandgap energy plus the confinement energy
of the electron and the hole. This energy is significantly different from the
excitation energy and the light source can easily be filtered away, which is

essential in the case of a confocal setup.

2.3.2 Quasi-resonant excitation

Carriers are photo-excited with a light source of energy lower than the GaAs

bandgap energy but higher than the s-shell energy. Carriers are therefore
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created directly into an excited electronic state of the QD before relaxing
down to the s-shell on a picosecond timescale. Most common types of quasi-
resonant excitation schemes include optical pumping of the p-shell transition
or pumping of the s-shell through the creation of a 1-LLO phonon in GaAs.
This scheme requires significantly more power than above-band excitation
considering the smaller absorption cross-section of the QD compared to bulk
GaAs. However, the excitation energy still differs from the emission energy of
the QD and therefore spectral filtering between both signals remains possible
in the case of a confocal setup. Quasi-resonant excitation usually leads to

cleaner spectra with lower background emission.

2.3.3 Resonant excitation

In this scheme, the energy of the pump source exactly matches the energy
of the QD s-shell so that carriers are directly photo-excited in their lowest
energy configuration. This excitation scheme presents the same advantages
as quasi-resonant excitation. Moreover, no relaxation mechanism is needed
in the case of resonant excitation, which reduces the uncertainty in the emis-
sion time of the photon. The major issue with resonant excitation is the
discrimination between the pump signal and the emission of the QD. Indeed,
the scheme requires high pump power that cannot directly be filtered away
spectrally in a confocal setup. A possible solution consists in exciting the
QD in-plane while collecting its emission out of the plane [54]. Another solu-
tion, which will be used in this thesis, is to apply an electric-field modulation
after the excitation process to Stark shift the energy of the s-shell in order

to spectrally filter the excitation light.

2.4 Carriers in a quantum dot

The maximum number of confined carriers in a QD depends mostly on the
size of the QD, the height of the confining potential barrier and the effective
mass of the confined carriers, larger QDs or those with deeper confining

barrier or heavier carriers being capable of confining more carriers. For the
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growth conditions used in this thesis, the QDs usually confine one spin-
degenerate electron level and two spin-degenerate hole levels (i.e. a maximum
of six carriers). Each energy level in the QD can be occupied by maximum
two carriers with opposite spins in agreement with Pauli’s exclusion principle
and the lowest energy levels are typically occupied first (at least in thermal

equilibrium at low temperature).

2.4.1 Quantum dot states

Different states of a QD can be distinguished depending on the number of
carriers in each band and on their spin orientation s (for electrons) and
hybridized angular momentum projection and spin orientation j = [+ s (for
holes).

An important state of a QD is the neutral exciton state X, resulting
from the binding of an electron in the conduction band with a hole in the
valence band leading to a Coulomb-correlated electron-hole pair. Two types
of neutral excitons can be distinguished depending on the total angular mo-
mentum of the system. Indeed, the heavy hole has a total azimuthal angular
momentum of j, = £3/2 [55] (usually referred as the “hole spin”) and an
electron has a spin projection s, = +1/2. Therefore, a neutral exciton can
have a total angular momentum m = s, + 7., which can have any one of four
values +2,-2,+1,-1. Due to the conservation of total angular momentum,
only excitons with m = +1 can decay to the ground state |0) (empty QD)
through emission of a single photon. Such excitons are therefore known as
bright excitons (labelled Xj), while excitons with m = £2 are called dark
excitons (labelled X;). Dark excitons could decay via a pair of photons but
as there is no intermediate energy levels this process is highly suppressed.

Another important state is the biexciton X X, which consists of a pair of
electrons and a pair of holes with anti-aligned spins. This is the only possible
biexciton spin ground state in agreement with Pauli’s exclusion principle.
Finally, other states consist of X or X X states with additional carriers (either
electrons or holes) confined in the QD as well. The states are then referred as

positively or negatively charged states depending on whether the additional
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Figure 2.3: Schematic representation of various lowest energy states of a QD:
the bright exciton X, the dark exciton Xy, the biexciton X X, the negatively
charged exciton X, the positively charged exciton X, and the positively

charged biexciton X X*. Arrows indicate the directions of the electron’s spin
s and the hole’s angular momentum j.

carriers are respectively holes or electrons. An illustration of examples of the

lowest energy states discussed above is given in Fig. 2.3

2.4.2 Quantum dot fine structure

As mentioned above, two types of neutral excitons can be distinguished de-
pending on the total angular momentum of the QD m. With negligible inter-

actions between the electron’s spin s, and the hole’s spin j., the exciton state
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would be four-fold degenerate. However, when the electron’s spin and hole’s
spin interactions are considered, the exciton state split into two pairs of two
fold degenerate states, the states for which m = 4+2 having lower energy due
to the exchange interaction. Finally, asymmetry must be considered as well
to have a more realistic picture of the electronic structure of QDs. Indeed,
circular symmetry of the QD has been assumed so far and no anisotropic
external fields have been considered. In practice, asymmetry originates in a
QD from several mechanisms such as physical elongation of the base of a QD
or strain field inside the QD and piezoelectricity of the bulk material usually
leads to a small inbuilt electric field [47, 56]. In an asymmetric QD, bright
and dark excitons are therefore no longer degenerate and both split into two
non-degenerate states. This splitting can nevertheless be controlled in differ-
ent ways and reduced to zero, leading to emission of polarisation-entangled
photon pairs [57, [58]. As the lowest energy state of the biexciton is spin
neutral it has no spin-splitting arising from the exchange interaction induced
by asymmetry of the confining potential. The biexciton consists therefore in
a single non-degenerate state. A simplified energy diagram illustrating the
different effects discussed is shown in Fig. [2.4]

2.5 Quantum dot molecules

The coupling between single QDs has become a fruitful new area of research
for the past few years [59] 60], motivated both by the fundamental physical
mechanisms of coupling between QDs and by possible applications in opto-
electronics and quantum information technologies. Because of the strain-field
generated by the lattice mismatch between different semiconductor materials,
QDs grown successively on top of each other tend to align vertically [61], 62],
which leads to the formation of coupled QDs also known as quantum dot
molecules (QDMs). The system used in this thesis consists of a pair of InAs
QDs separated in the growth direction by a barrier of controllable thickness
typically of several nanometers and made of the bulk material (GaAs) in
which the QDs are embedded. A schematic band diagram of a QDM is given
in Fig. The top QD is usually larger than the bottom one as its growth
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Figure 2.4: Energy levels of a single QD and effects of the exchange in-
teraction and asymmetry of the QD on the four exciton states m = +1, £2.
Allowed optical transitions are shown along with the polarisation of the emit-
ted photons: ¢ corresponds to circularly polarised photon (+ is right hand,
— is left hand) and 7 to linearly polarised photons ([110] and [110] are the
crystal axes). The fine structure spin splitting between the two bright states
is labelled S.

is triggered by the strain field from the first layer of QDs [63] [64]. This leads
to lower energy levels for the top QD as illustrated in Fig. 2.5

Even within the case of small QDs in which only one or two excitons can
be confined, the number of possible states of a QDM structure are consider-
ably higher than in the case of single QDs. Indeed, QDMs allow for quantum
tunneling of holes and electrons between the QDs when electric fields are ap-
plied such that resonances appear in the energy level structure. Quantum
tunneling must here be understood as the nanoscopic quantum phenomenon
in which a particle may penetrate a potential barrier higher than the kinetic
energy of the particle, which violates the principles of classical mechanics. As
a consequence, two main classes of optical transitions can be distinguished
in a QDM: “direct” or “intradot” transitions where the recombining carriers

(forming a direct exciton) are in the same QD and “indirect” or “interdot”
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Figure 2.5: Simplified band diagram of an InAs QDM embedded in GaAs.
The top QD is strain-induced and therefore larger than the bottom QD,
resulting in lower (higher) energy levels for the electron (hole). One electron
and one hole are represented in the bottom QD and one electron in the top
QD. Direct (indirect) transitions are optical transitions originating from the
radiative recombination of carriers trapped within the same (different) QDs.

transitions where the carriers (forming an indirect exciton) are distributed
across the QDM (see Fig. [2.5]). The different possible optical transitions of
a QDM originating from the neutral exciton and biexciton states as well as

from the charged states will be discussed in detail in chapter [5



Chapter 3
Experimental methods

In this chapter, we discuss the different experimental methods and fabrication
techniques used to prepare our quantum devices based on semiconductor
quantum dots (QDs). We also present the optical measurements performed

to obtain the results shown in the following chapters.

3.1 Sample preparation

3.1.1 Quantum dot growth

QDs can be produced in many ways through the creation of a 3-dimensional
modulation, which is of the correct size to confine the carriers on a length
scale smaller than the de Broglie wavelength. Typical examples of fabrication
methods include electric-field modulation, etching, interface fluctuations [57],
and self-assembly [65]. This research focuses on self-assembled InAs QDs in
GaAs grown by molecular beam epitaxy [66].

The principle behind self-assembly works as the following (see Fig. .
A thin layer of a semiconductor single crystal (such as InAs) is slowly grown
on top of another semiconductor with a different lattice constant (such as
GaAs). After a few monolayers have been deposited (1.6 monolayers in the
case of InAs atop of GaAs), the strain brought by the lattice mismatch
between the two semiconductors involved causes the deposited layer to break

up into small islands and form dome-shaped or pyramidal QDs typically

19
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Figure 3.1: Growth of self-assembled InAs QDs using the Stranski-Krastanov
growth method. Atoms of In and As are deposited on the GaAs substrate pro-
gressively forming the so-called “wetting layer”. Once the wetting layer has
reached the critical thickness, the strain originating from the lattice constant
mismatch between the different materials is released through the formation

of QDs.

around 20-30nm in diameter and 5nm high. This is known as the Stranski-
Krastanov (SK) growth technique [65], 67, 68]. A typical example of InAs
QDs grown on GaAs is shown in Fig. 3.2 The exact shape and size of QDs
formed using the SK growth technique strongly depends on both the material
used and the exact growth conditions, which therefore influence the physical
properties of the QDs such as the number of carriers in a QD or the energy
levels in the band structure. Other techniques to fabricate self-assembled
QDs than the SK growth method presented here can be found in [65].

Quantum dot molecules (QDMs) are formed following the process shown
in Fig. [3.3] A thin spacer of GaAs of thickness d (~1-20nm) is deposited on
top of a first layer of InAs QDs. A second layer of InAs QDs is then grown
on top of the GaAs. Due to the strain field generated from the first layer of
QDs, which “seeds” the growth of the second layer [61], [62], [63] 64], QDs from
the second layer are vertically self-aligned with the first layer and larger than
QDs from the first layer.

InAs based self-assembled QDs are well adapted for potential applications
in quantum information because of their long coherence time [69] and good
control over the growth process, notably leading to coupled structures such
as those studied here or positioning of the QDs, which is a condition for

scalability. Other common examples of material systems used to create QDs
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Figure 3.2: An atomic force microscope image of the surface of a sample
grown with a layer of InAs QDs on top of GaAs. The dot density is ~1-
10pm=2.
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Figure 3.3: Growth of InAs QDMs separated by a GaAs layer of thickness d.
The strain field generated by the lower (bottom) layer of QDs triggers the
growth of the upper (top) layer of QDs. As a consequence, the wetting layer
from the upper (top) layer is thinner and the QDs are larger and vertically
aligned with the bottom QDs.

include GaAs/InP, Ge/Si, CdSe/ZnSe and InN/GaN [65].

3.1.2 Semiconductor microcavities

An important advantage of semiconductor QDs is their fairly easy integration
into optical cavities in order to control the spatial localization of light and

increase the amount of emitted light collected. Indeed, due to the large



3.1. Sample preparation 22

Figure 3.4: Example of a planar microcavity containing 12 DBR periods at
the bottom of the cavity containing the QDs and 4 DBR periods at the top.
This design is representative of the devices used in this thesis.

difference between the large refractive index (n) of III-V semiconductors
(n = 3.54 for GaAs at a wavelength of 1um) and the refractive index of
air, only ~ 1 — 5% of the light from from a QD is emitted out of a bare
wafer [70]. Examples of structures where the emission is increased due to its
coupling to the mode of a cavity include planar microcavities, micropillars,
microdisks, and two-dimensional photonic crystals [71] [72].

In this work, we will restrict ourselves to the use of planar Fabry-Pérot
microcavities consisting of two distributed Bragg reflectors (DBRs) surround-
ing the cavity region made of a GaAs spacer layer containing the QDs. Each
DBR consists of alternating layers of high- and low-refractive index materi-
als (respectively GaAs with n = 3.54 and AlAs n = 2.97 in our case), the
thickness of which is equal to Ag/4n, where g is the design wavelength of
the cavity and Ag/n is the optical wavelength in the material. The length
of the GaAs cavity is usually an integer number of one (or one half) optical
wavelengths. One pair of GaAs and AlAs layers corresponds to one period
in the DBR. A typical planar microcavity is represented in Fig.

Optical waves travelling through the DBR structure experience partial
reflections and transmissions at the interfaces between the high- and low-
refractive indices layers. As a consequence, backward and forward travelling
waves will interfere constructively or destructively depending on the wave-

length. Wavelengths around Ay will constructively interfere resulting in a
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Figure 3.5: (a) Electric field profile of a mode confined in a planar microcavity
designed for A\g = 940nm and made of 12(4) DBR periods at the bottom (the
top). Modulation of the refractive index due the alternative layers of GaAs
and AlGaAs is also shown. (b) Reflectivity profile of the structure showing
a dip at A\g = 940nm. Image taken from [74].

region of high reflectivity centered on A\g known as the stopband. The pres-
ence of the cavity layer causes a narrow transmission window (the cavity
mode) to open in the stopband at A\g. The exact reflectivity profile of the
structure and the sharpness of the cavity mode depend on the number of
mirror periods and the materials. A typical example of the electric field and
reflectivity profiles is shown in Fig. for the structure in Fig. Impor-
tantly, using microcavity structures such as those presented here significantly
increases the collection efficiency by modifying the angular emission profile

with more light being directed to the surface of the device [73].

3.1.3 Device fabrication

The majority of the results in this thesis were obtained by applying vertical
electric fields across the QDs. To do so, QDs inside microcavities were incor-
porated in electrical devices consisting of p-i-n diode heterostructures grown
by molecular beam epitaxy. The typical design of these devices is illustrated
in Fig. 3.6

A single layer of InAs QDs (two layers separated by few nanometres in
the case of QDMs) with dot density <luym~2 was grown at the centre of

the intrinsic region made of a GaAs quantum well clad with a short period
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superlattice equivalent to Alg75GagasAs on each side, which prevents tun-
neling of the carriers out of the dot region when the structure is biased. The
QDs inside the barriers were encased in a weak planar microcavity made
of two DBRs respectively on top and bottom of the dot layer. The three
periods of the DBRs adjacent to the superlattice were doped with concen-
tration ~ 10¥cm 3. Doping was extended into the superlattice and allowed
for application of an electric field along the growth direction. The electric
field F' was calculated using F' = (%), where V' is the bias applied to the
structure, Vj; is the built-in potential and d is the thickness of the intrinsic
region. A shallow ohmic contact on top the device was formed using a 5nm
thick GaAs layer heavily doped with a concentration ~ 10%%cm=3.

Even though QDs grown using the SK method tend to form along sur-
face features, their positions are random on the micron scale. Techniques
allowing isolation and relocation of QDs are needed to be able to reproduce
experimental measurements at any time or to perform new measurements
on a previously studied QD. The technique used here involves an aperture
mask made of an opaque material (such as Aluminium) on top of the sample.
The thickness of the metal mask was typically around 60nm. Excitation and
photon collection occured through this opaque metallic film on the sample
surface patterned with micron-diameter apertures.

We used standard photolithography and wet etching techniques to fab-
ricate diodes of two different sizes. Large diodes had lateral dimensions of
360pumx360pum while small diodes had lateral dimensions of 35umx60um.
The main advantage of small diodes is their lower capacitance leading to
much shorter electrical response time. These were therefore used for exper-
iments requiring high-speed modulation of the electric field. In other cases,
large diodes were usually preferred as they contained more apertures and
therefore more QDs to be studied within the same device. A top view of a

typical large device patterned with an array of 100x 100 apertures is shown

in Fig. 3.7
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Figure 3.6: Ilustration of the structure of the devices used to study the
behaviour of QDs under an electric field. The QD layer is sandwiched be-
tween AlAs/GaAs superlattice tunnel barriers to prevent optically excited
excitons from leaving the system when an electric field is applied between
the n- and p-doped layers. An aluminium mask containing circular apertures
is deposited on top to allow for isolation and relocation of QDs.

Figure 3.7: optical image of an aperture mask consisting of an array of
100x100 circular holes. The gold contact on which a thin black wire is
connected constitutes the p-contact of the device.

3.2 Optical measurements

Once devices are processed from grown wafers and suitable QDs and QDMs

are found, the optical and quantum properties were measured using a battery
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Figure 3.8: Schematic of the experimental setup used to measure photolumi-
nescence spectra from single QDs and QDMs.

of methods described in this section. Most of the equipment were computer-
controlled using customised softwares allowing different parameters of a par-

ticular experiment to be scanned and measured.

3.2.1 Micro-photoluminescence spectroscopy

A schematic of the experimental setup used to measure the wavelength-
resolved photoluminescence of QDMs is shown in Fig. [3.8]

Our samples were optically excited using either a pulsed diode laser or
a Ti:Sapphire laser. The diode laser operated at 870nm with a tunable
repetition rate up to 80MHz and a pulse width <100ps. In some experiments,
this laser was externally triggered using a pulse pattern generator. The
Ti:Sapphire laser had a fixed repetition rate of 80MHz mode-locked and a
tunable wavelength emission from 700nm to 1080nm. The Ti:Sapphire laser
was pumped with a CW laser emitting at 532nm with a power of 5W. This
system produced pulses of width below 10ps.

The laser beam was focused on the sample surface to an approximately
1pm? spot using a long working distance microscope objective with a nu-

merical aperture of 0.42 and a x50 magnification. The microscope objective
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was mounted on a XYZ stage to allow easy traversal of the sample surface
and focusing of the laser. Photoluminescence from the sample was collected
using the same objective in a coaxial arrangement.

A beam splitter (BS1) was used to separate the light coming from the
laser and the outgoing photoluminescence from the sample. A second beam
splitter (BS2) was used to combine white light co-linearly with the laser beam
to enable visual access to the sample surface. The light was focused to the
same location on the sample as the laser light and its reflection was collected
using the same microscope objective.

A third (removable) beam splitter was added in the path of the light
collected by the objective and directed the white-light image of the sample
surface to a video camera for imaging and alignment purposes. The white
light was turned off and the beam splitter removed once the system was
aligned to avoid external perturbations and maximise the photoluminescence
intensity entering the spectrometer.

The samples were mounted into a continuous flow He-cryostat and cooled
down to below 10K. The sample temperature was controlled using the an
accompanying temperature controller. The cryostat provided excellent sam-
ple stability as it was designed to have ultra-low in-plane sample drift and
vibrations of less than 0.1um. The samples were mounted in high vacuum on
top of a cold finger using silver paint to provide a good thermal link. A thin
0.5mm window provided optical access and the sample was placed within a
few mm from this window, which allowed the use of the high magnification
microscope objective lens.

Finally, photoluminescence was collected by a single stage spectrometer
with a cavity length of 64cm inside which two reflective diffraction gratings
were used. A coarse grating (600mm~! with a resolution of ~100um) was
used for low resolution measurements allowing observations on a wide range
of wavelength and a finer grating (1800mm~! with a resolution of ~30um))
was used for high resolution measurements on a small range of wavelength.
A variable width and height entrance slit was used to reduce the entrance
angle into the spectrometer. A charged coupled device (CCD) consisting of
an array of 1024 x256 of 26pm? pixels was used to detect the light dispersed
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Figure 3.9: (a) Typical optical spectrum obtained with the setup presented in
Fig. [3.8 showing emission from GaAs impurities, from the wetting layer, and
from a large number of QDs located below the aperture under investigation.
(b) Optical spectrum showing emission from different states of a single QD
on a finer wavelength scale, obtained by using a high-resolution spectrometer
and a sample with reduced dot density compared to the sample used to obtain

(a).

by the spectrometer and kept at around 140K using liquid nitrogen to reduce
background noise.

Fig. [3.9(a) shows the full spectrum from a sample with a high dot density
obtained with our setup. Three regions can be distinguished. An emission
peak at lower wavelength arises from the recombination of excitons bound to
impurities in GaAs [75]. Another peak is associated with emission from the
wetting layer, which behaves like a quantum well [47]. Finally, the sharper
peaks found at higher wavelengths and forming hairy features correspond to
emission from QDs. Both their ability to confine carriers in three dimensions
and their relatively long lifetime on the nanosecond timescale leads to sharp
lines, which are resolution limited by the coarse grating in the spectrometer.

Fig. [3.9(b) shows a typical high-resolution spectrum obtained with a sam-
ple with low dot density containing emission peaks from different states of a
single QD: the neutral exciton (X) and biexciton (XX), the positively charged
(X+) exciton and the negatively charged exciton (X-). These different tran-
sitions can be identified using mainly two methods. First, as described in

section [2.4.2] the bright neutral exciton eigenstates are split in energy, which
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Figure 3.10: Schematic of the experimental setup used to measure time-
resolved photoluminescence from single QDs and QDMs. SPCM holds for
Single Photon Counting Module and APD for Avalanche Photodiode.

results in a linear polarisation splitting between the exciton and the biexci-
ton. This splitting can be experimentally measured using half-wave plates
[57] and permits to distinguish between neutral and charged states. Secondly,
the dependence of the integrated intensity of a QD emission line with laser
pump power provides information about the excitonic state. Indeed, each
photon absorbed by the semiconductor material will create a single electron-
hole pair that will relax into the QD and recombine to emit a single photon.
The total integrated intensity is therefore expected to vary linearly with
pump power for the exciton state. If the probability of an exciton capture at
a laser power P is denoted pp, capture of a biexciton will occur with a prob-
ability p% and a quadratic dependence with laser power is expected for the
biexciton state [16]. Finally, the different charged states are identified using
their energy shift from neutral states originating from Coulomb interactions,

with X+ (X-) emission lines measured at lower (higher) wavelength.

3.2.2 Time-resolved spectroscopy

The photoluminescence from a single emission energy (within the resolution

limit of the grating used) of a QD can be time-resolved using the setup shown

in Fig. [3.10]
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The photoluminescence light collected into the spectrometer and dis-
persed by the grating is no longer directed into a CCD (as shown in Fig.
, but instead out of the spectrometer lateral exit port and through a
second variable width and height slit. The emission is then focused into
a single photon counting module (SPCM) using a thermoelectrically cooled
and temperature controlled silicon avalanche photodiode (APD), which is
roughly 40% efficient at 900nm. The laser clock is also connected to a SPCM
counter card. The principle of lifetime measurement works in the following
way: the SPCM card measures the time between a reference pulse from the
laser and a photon being detected at the chosen wavelength. A histogram
of the distribution of time intervals measured is built up as the card col-
lates measurement at the clock rate of the pulsed laser exciting the QD (see
Fig. |3.11)). The width of each time bin is dependent on the resolution of
the SPCM card which is typically 50ps. The radiative lifetime 7, of the QD
state under investigation is deduced from the histogram by fitting directly
the exponential decay according to the first-order equation of photon counts

t

N(t) = N(0)e =, (3.1)

where N () is the number of photons detected by the SPCM at time ¢.

3.2.3 Magneto-photoluminescence spectroscopy

Some of the results presented in this thesis involved the application of a
magnetic field to the sample. A magnetic field applied to a QD introduces
Zeeman interactions between the spins of carriers and the magnetic field [76].
The effects are highly dependent on the orientation of the field due to the
asymmetry of the QD. Two particular orientations are usually considered
when studying the response of a QD to an external magnetic field. The first
orientation, called the Voigt geometry, is with the magnetic field in the plane
of the sample, parallel to the exciton dipole. The second orientation, known
as the Faraday geometry, is with the magnetic field in the growth direction.
A magnetic field in the Voigt geometry couples the bright and dark exciton

states and can be used for instance to control the fine structure splitting [77].
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Figure 3.11: Typical time-resolved photoluminescence signal from a single
QD showing an exponential decay of the emission with time.

In some cases, it can reduce the value of the fine structure so that entangled
pairs of photons are produced [21]. In this thesis, we only consider magnetic
fields in the Faraday geometry where the Zeeman interaction creates pure
spin eigenstates with an energy splitting directly proportional to the field.
A magnetic field was applied to the sample using a continuous-flow cryo-
stat surrounded by a superconducting magnet with a range up to 5T. The
sample was mounted on a cold finger and the whole provided a cryogenic en-
vironment with good spatial stability . The geometry of the magnet cryostat
was similar to the geometry of the cryostat used for micro-photoluminescence

spectroscopy resulting in easy integration with optical components.

3.2.4 Photoluminescence excitation spectroscopy

Photoluminescence excitation spectroscopy was used to find the different en-
ergy levels of a QD and excite carriers quasi-resonantly. This was made
possible using the wavelength tunability of the Ti:Sapphire laser. Indeed, a
birefringent filter consisting of crystalline quartz plates cut parallel to their

optical axes is placed within the laser cavity at Brewster’s angle. As a con-
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Figure 3.12: Laser emission energy plotted as a function of actuator position.
The actuator was motorised and its position was computer-controlled with a
micrometre-scale precision.

sequence, only a narrow range of wavelengths linearly polarized reach lasing
threshold. Rotating the filter about an axis normal to the plates changes
these wavelengths and allows the output wavelength to be tuned. This rota-
tion was induced by changing the position of a computer-controlled motorised
actuator (see Fig. [3.12). Small departures from linear dependence between
the actuator position and the laser emission energy seen on Fig. are due
to mode hopping of the laser.

The excitation energy of the laser was typically tuned from below the
s-shell energy up to the energy of the wetting layer. Photoluminescence was
then observed only for specific values of the laser energy corresponding to
various resonances of the QD such as the p-shell or phonon resonances, which

will be used in this thesis.



Chapter 4

All-electrical coherent control
of an exciton qubit in a single

quantum dot

4.1 Introduction

As discussed in chapter [I}, emerging quantum technologies such as quantum
computing and quantum cryptography promise to revolutionise the way in-
formation is processed by controlling quantum bits or “qubits” in two-level
quantum systems [4, [3]. Photonic “flying” qubits are used for quantum com-
munication [33], 34, [35] as they easily travel in space or through standard op-
tical fibres while solid-state “stationary” qubits are usually more convenient
to perform quantum computations [36], [37, 38, B0]. These two embodiments
have thus far been developed independently, but coherent control of both
types of qubits and coherent transfer of quantum information between them
are necessary to extend the potential of quantum technologies [78].

Optical absorption of photons in a semiconductor to create an electron-
hole pair (or exciton) provides a natural mechanism to initialise a stationary
qubit. Selection rules and conservation of angular momentum determine the
mapping of the photon polarisation onto the spin state of the exciton. Once

initialised manipulation of solid-state spins has been achieved with pulsed

33
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magnetic fields at milli-kelvin temperatures [37] or coherent optical beams
[38, 30] and is theoretically achievable using couplings to localised optical
modes [79]. However, these techniques require bulky setups or synchronized
lasers, making them somewhat impractical and incompatible with large-scale
applications. New methods to control these qubits based on scalable, low-
cost, well-established semiconductor light-emitting diode structures will be
advantageous when it comes to controlling large numbers of qubits.

In this chapter, we advocate using the spin-state of an exciton trapped
in a self-assembled semiconductor quantum dot (QD) as an electrically-
controllable qubit in which quantum information from flying qubits can be
efficiently transferred and easily restored. We start by describing the coher-
ent coupling of the exciton eigenstates that is induced by a vertical electric
field and characterising the device and the QD used in our experiments. We
then discuss the initialisation of the exciton spin state, its time evolution, and
the fidelity of the reversible transfer of quantum information from a photonic
qubit into a solid-state qubit. Finally, we demonstrate high-fidelity phase-
shift and spin-flip gate operations using subnanosecond dynamical modula-

tion of the electric field to manipulate the exciton spin.

4.2 FElectrical coherent coupling of the exci-

ton states

An exciton has two optically-active spin eigenstates energetically separated
by a fine-structure splitting (s) resulting from the exchange interaction [80,
81]. When the magnitude of s is large, the two bright exciton eigenstates in
the QD can be seen as oppositely-polarised radiating dipoles aligned along
the [110] and [ﬁO] crystal axes. This orientation is mapped onto the linear
polarisation of photons to which the eigenstates couple. We use the notation
| Xy) and |Xy) to refer to the spin eigenstates, where H and V are the
horizontal and vertical orientations in the lab-frame respectively defined by
the crystal axes [110] and [110] (see Fig. H(a) and inset in Fig. (d))

Controlling the magnitude of s is of great interest as it leads to the emis-
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sion of polarisation-entangled photon pairs when reduced below the linewidth
of the biexciton-to-exciton-to-empty cascade [21) [82]. It has recently been
discovered [58] that the magnitude of s and the orientation of the eigenstates
can be controlled via an applied vertical electric field, which is one of the most
practical methods to tune s among those yet reported [77, 83, R4, [85], 86].

The magnitude of s and the orientation of the eigenstates are determined
by the electron-hole exchange interaction in combination with an in-plane
asymmetry in the confining potential in terms of strain, piezoelectric fields,
shape and composition as well as the crystal inversion asymmetry. Moreover,
QDs are lens or pyramid shaped rather than cylindrical and therefore the
strain and piezoelectric fields vary from the bottom to the top of the dot.
By shifting the electron and hole wave functions along the growth direction
with a vertical electrical field the in-plane asymmetry at the wave function
overlap can be modified, eventually leading to a coupling between the basis
states with dissimilar spin. In fact, such a coupling has also been observed
when s is tuned using external stress [87), 88] and can always be expected if
the symmetry is lower than Cs, [89)].

The evolution of s and the orientation of the eigenstates when an elec-
tric field is applied is well described by the empirical model developed in
[58]. Using the natural basis {|X#),|Xy)} aligned with the crystal axes, the
Hamiltonian describing the evolution of the eigenstates in matrix represen-

tation is

( En s0/2 ) (4.1)
s0/2 By —v(F — Fp)

where Ey is the energy of the exciton state |Xy) , so/2 is a coupling
term between the basis states {|Xy),|Xv)}, F' is the electric field, Fy is the
field at minimal splitting, and + is the rate at which the splitting between the
energy levels varies in the absence of the coupling term sq/2. The eigenstates
| X1) of this Hamiltonian are the symmetric and antisymmetric coherent

superpositions of the basis states
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| X 1) =cosf|Xy) +sinf | Xy), (4.2)
| X_) =sinf|Xy) —cosb|Xy), (4.3)

where 6 is a real angle that describes the orientation of the eigenstates
relative to the crystal lattice (see inset in Fig. 4.1{d)). The eigenvalues Ey

and 6 are given by

F — F 1
Ei :EH— w:tﬁ\/’)ﬂ(ﬁ'—ﬁjg)Q—FS%, (44)
E, —FE )—~(F —F
0 = tan |:( + ) ’7( 0):| 7 (45)
S0
which leads to a splitting
sl = | By — B_| = \J22(F — R + . (4.6)

The coupling term so/2 leads to an anticrossing in the energies F. of
the eigenstates (see Fig. |4.1(b)), the size of which determines the minimal
splitting s (see Fig. [4.1[c)), and induces a continuous a rotation of their
orientation 0 (see Fig. 4.1(d)).

Further discussion on how the coupling term sy/2 varies from QD to QD,
with temperature or laser power can be found in [58], along with a discussion
on how to use the electrical tunability of the fine structure splitting to control

the entanglement between two photons.

4.3 Device and quantum dot characteristics

The p-i-n heterostructure used for our experiment is schematically repre-
sented in Fig. (a). A single layer of InAs QDs with dot density <1m™2
was grown at the center of the intrinsic region made of a 10nm GaAs quantum
well. To apply large electric fields while avoiding tunneling of the carriers out

of the dot region, the intrinsic region is clad with a short period superlattice
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Figure 4.1: (a) Schematic energy diagram of the neutral exciton states in a
single QD. (b) Eigenenergies Ey as a function of electric field showing an
anticrossing of size sy at Fy. (¢) Magnitude of s and (d) # as a function of
electric field. The curves in (b), (c), and (d) were obtained using Eq.
with the parameters sy = 10ueV and v = —0.26pueVEkV "tem.

equivalent to Alg75GagosAs on each side. Doping extends into the super-
lattice and allows application of an electric field along the growth direction.
The electric field F' is calculated using F' = (%), where V' is the bias
applied to the structure, V;,;=2.2V is the built-in potential and d=140nm is
the thickness of the intrinsic region. This p-i-n device is encased in a weak
planar microcavity consisting of 14 (4) periods below (above) the dot layer.

The electric field dependence of the exciton and biexciton states of our QD
is shown in Fig. |4.2(b). The energy of the different exciton states depends
mainly on the Coulomb interaction between the involved charges. Which line
belongs to which exciton complex can be understood from their respective
power dependence and fine structure. We find that in our samples X and XX

are separated by a few meV with XX on the low energy side. The charged
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Figure 4.2: (a) Heterostructure design with Aly 75Gago5As tunneling barriers
preventing carriers from tunneling out of the QD region when a large electric
field is applied. (b) Energy of the exciton and biexciton states of our QD as
a function of vertical electric field showing a quadratic dependence arising
from the quantum-confined Stark effect. Points correspond to experimental
data and plain lines are quadratic fits.

X XX X- X+
Eo (meV) 1319.86 | 1320.52 | 1316.16 | 1322.59
p (ueVkV~—Tem) | 573 | 1.81 | 711 | -451
B (ueVkV—2cm?) | -0.101 | -0.083 | -0.088 | -0.084

Table 4.1: Energy, permanent dipole moment, and polarisability of the four
exciton states for our quantum dot (obtained from Fig. [1.2)(b)).

states are separated from the X and XX states by 5-10 meV with the X*
state appearing on the high energy side and the X~ state appearing on the
low energy side. All the exciton states shift slightly with electric field due to
the quantum confined Stark effect. The field dependence of the shift is given

by [90, 91, 92]

E = Ey + pF + BF?, (4.7)

where p is the permanent dipole moment in the growth direction, [ is the
polarisability and F' is the applied field. Table [.1] shows the theoretical fits
using Eq. (@ to experimental data. The values found are consistent with

previous studies on similar structures [93].
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Figure 4.3: (a) Evolution of |s| and (b) orientation of the eigenstates relative
to the lab-frame as a function of vertical electric field. Black points corre-
spond to experimental data obtained with our QD and red lines correspond

to theoretical fits using Eqgs. (4.5)) and (4.6)).

Measurements of the splitting and orientation of the eigenstates for our
QD is shown in Fig. |4.3(a) and (b), along with theoretical fits (plotted in red)
to the experimental values using Egs. and (4.6). |s| is found to vary
linearly with gradient v = 40.26ueVkV~tcm. The anticrossing is measured
at a field Fy=-155.4kVem ™! where the splitting is reduced to its minimum
value of sp=0.4peV.

4.4 Single dots as solid-state photonic inter-

faces

In this section, we characterise the use of an exciton spin in a single QD as an
interface between optical and solid-state qubits. Three steps can be distin-
guished: the transfer of quantum information from a photon polarisation into
the exciton spin state, the spin state time evolution, and the reconversion of

a solid-state qubit into a photonic qubit through radiative recombination.
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4.4.1 Operating principle of the interface

Fig. illustrates the operating principle of a solid-state photonic inter-
face based on a single QD. An input qubit |¥;,) is first encoded into the
polarisation of a photon defined by the parameters § and ¢ that are used
as coordinates to represent the optical qubit on the Poincaré sphere. Quasi-
resonant excitation of the QD then maps the polarisation of |¥;,) into the
spin state of the exciton qubit |Ux(t)), therefore defining a point with the
same coordinates (f,p) on the Bloch sphere of the solid-state qubit. The
phase accumulation between the eigenstates rotates the qubit in a plane
parallel to the equatorial plane of the Bloch sphere. Eventually, the electron-
hole pair in the QD recombines and emits a photon of polarisation |W,,;)

depending on the time spent in the solid-state |¥ x(¢)).

4.4.2 Spin initialisation through quasi-resonant exci-

tation

Quasi-resonant optical excitation allows for initialisation of any superposition
of spin states by mapping the polarisation of an “input” excitation photon
into the spin state of the exciton [94] 85]. This can be achieved through the
creation of a phonon, as illustrated in the energy diagram of Fig. (a). The
photoluminescence excitation spectrum obtained for our QD is shown in Fig.
4.5(b). A clear peak is found at an energy of ~34.6meV, indicating optical
excitation of the exciton state along with the creation of a 1-LLO phonon in
GaAs [95]. Resonances at the same energy and of similar width were also
found for many other QDs studied.

Considering an input excitation photon of polarisation

|W;,) = cos O |H) + e sinf |V, (4.8)

the idealised coherent time evolution of the exciton spin state (away from

the anticrossing) is given by

[Wx(t)) = cosf | Xpg) + €7 e®sinf | Xy) . (4.9)
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Figure 4.4: Operating principle of our solid-state photonic interface. An
optical qubit |¥;,) is first encoded in the polarisation of a photon. Quan-
tum information is then coherently transferred from |W;,) into the spin state
|Wx(t)) of the exciton which rotates around the equatorial plane of the Bloch
sphere at an angular velocity |s| /h. Finally, the electron-hole pair recom-
bines and emits a photon of polarisation |V,,;) depending on the time spent
in the solid-state.

The splitting s therefore introduces a phase difference between the eigen-
states accumulated over time at a rate of st/h and leading to coherent oscilla-
tions of the spin state [06]. Those oscillations can be observed by initialising
an exciton in a superposition of eigenstates and measuring its radiative emis-
sion along any superposition of eigenstates (Fig. [4.6(a)), leading to a signal

of intensity
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Figure 4.5: (a) Schematic energy diagram of the QD used in our experiment
where the polarisation of the laser is transferred into the exciton spin state
through quasi-resonant excitation. Asindicated, the schematic is not to scale:
1-LO phonons in GaAs have an energy around 34.6meV while s is in the 0-
100peV energy range and the neutral exciton energy is around 1320meV for
our QDs. (b) PLE spectrum for our QD showing the resonance corresponding
to excitation through the creation of a 1-LO in GaAs.

I(t) o cos (st/h) et/ (4.10)

where 7, is the radiative lifetime measured to be 1.28+0.08ns for our QD.
Fitting those oscillations allows for temporal measurements of |s| that agree

well with spectral measurements (Fig. [1.6(b))

4.4.3 Time evolution of the spin state

We measure the evolution of the exciton spin state by time-resolving the
polarisation state of the photons that are emitted. The polarisation state of
a photon can be measured using the density matrix formalism. The general

form of the density matrix for a qubit is

pzwwm:(p“p”>, (4.11)

Pla P22
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Figure 4.6: (a) High-visibility coherent oscillations of the spin state for three
different values of |s|. The exciton was initialised in a maximum superposi-
tion of eigenstates and emission was time-resolved along the same orientation.
(b) Comparison between spectral and temporal measurements of |s|.

where p1; + p22 = 1 and * denotes the complex conjugate. Using the

{|H),|V)} basis where

|H>—(;>;{v>—<f>, (412

and considering a qubit |U) = cosd |H) + ¢'7 e sin 0 |V), we find

(4.13)

cos 0 sin Oe'w e*¥ sin? 6

) st
( cos? 6 cosfsinfe*re ¥ >

The density matrix of a photon can be reconstructed by measuring its

polarisation in the linear, diagonal, and circular bases according to

pu = (H |p| H) = cos®0, (4.14)
1 t
Re (p12) = (D |p| D) — 5= cos @ sin 6 cos(p + %), (4.15)
1 t
Im (pr2) = (L|p| L) = 5 = cosfsinBsin(p + %). (4.16)

In theory, only one measurement in each basis (i.e. a set of three mea-
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surements) is therefore required to reconstruct the density matrix considering
the normalisation conditions. However, those normalisation conditions must
be experimentally obtained by measuring both polarisations for each basis.
As a consequence, a total of six measurements are needed in order to study
the time evolution of the exciton spin state.

In Fig. [4.7] the exciton was initialised in a diagonal superposition of eigen-
states (corresponding to | Xp) on the Bloch sphere) and the emission was mea-
sured in the linear {|H),|V)}, diagonal {|D),|A)} and circular {|R),|L)}
bases. Measurements were performed at an electric field of -175kVem™!
where |s| ~bueV and where the eigenstates are oriented along H and V.
Each signal was normalised by the sum of the two measurements in the cor-

responding basis. The time evolution for each measurement is given by

(H o] H) = 3. (4.17)

V1ol V) =3, (1.15)
1 1 st

(D |p| D) = SR COS(E), (4.19)

(Alpl 4) = 5 — 5 cos(3), (4.20)

(RIp| B) = 5 — 5sin() (4.21)

(L] L) = % + %sin(s—ht), (4.22)

where p = |D) (D] is the density matrix of a diagonally-polarised photon.
No oscillations are observed when measuring |¥,,) along the eigenstates
while oscillations of angular frequency s/h are observed when measuring in
diagonal and circular basis states, with a dephasing corresponding to the
respective positions of those states on the equator of the Bloch sphere.

After normalisation, one measurement from each basis can be used to re-
construct the exciton spin state density matrix using Egs. (4.14)-(4.16)) (Fig.
4.8(a)). Moreover, the qubit position on the Bloch sphere can also be calcu-

lated using the Bloch vector. with coordinates (sin 26 cos ¢, sin 26 sin ¢, cos 26).
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Figure 4.7: Complete characterisation of the time evolution of |V (¢)) pre-
pared in the | Xp) spin state by time-resolved measurements in linear, diag-
onal, and circular bases. The symbols refer to measurements along different
polarisations. The vertical scale for each signal goes from 0 to 1.

The free evolution of the exciton spin Bloch vector around the Bloch sphere
in the equatorial plane is shown in Fig. [4.§(b) along with the projected tra-
jectories. The norm of the Bloch vector is smaller than 1 due to imperfect
initialisation of the spin state and it decreases with time due to decoherence

effects, as discussed in the next section.

4.4.4 Fidelity of the interface

The fidelity of the interface is defined as

[CO
[CO + [()7"0587

where I, (I.0ss) i the output photoluminescence intensity co(cross)-

fin = |<\Ijout|qjin>|2 = (423)

polarised with the excitation polarisation. We measured the fidelity at -
175kVem ™! for six different input qubits prepared in the linear, diagonal,
and circular states (Fig. . Exciting an eigenstate leads to f;,=0.954+0.03
decaying with a time scale of 78+17ns, which is limited by spin scattering.

Exciting a maximum superposition leads to an initial fidelity f;,=0.81£0.03
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Figure 4.8: (a) Intensity of the normalised density matrix elements as a
function of time. The scale for p;; goes from 0 to 1, while the scale for Re(pi2)
and Im(p2) goes from -0.5 to 0.5. (b) Trajectory of the Bloch vector (in
black) around the Bloch sphere, which illustrates the qubit rotation in the
equatorial plane due to the finite splitting between the eigenstates. Green,
blue and red solid lines show the projected trajectories (axes scale from 0 to

1).

which oscillates due to the finite value of s. The envelope of the time-
resolved fidelity decays with a time scale of 3.040.4ns limited by cross-
dephasing, which randomises the phase relationship between the two super-
imposed eigenstates [97, [06]. Cross-dephasing is significantly longer than the
radiative lifetime and the time needed to perform electrical manipulation of
the qubit.

The amplitude of the oscillation in the fidelity for maximum superpo-
sitions is reduced compared to the fidelity when exciting in an eigenstate.
We mostly attribute this to the finite response time of the APD (timing
resolution of ~50ps), the temporal resolution of the SPCM card (x10ps),
the width of the laser pulse (/2-100ps), and the uncertainty in the time at
which the superposition is created and detected originating from the finite
linewidth of the transition. Moreover, slight misalignement of the wave plates
and their miscalibration at the excitation energy also may also cause some
fidelity reduction in the case of a maximum superposition.

The combined effect of the APD, the SPCM card and the laser pulse width
is measured in Fig. 4.10{(a) by directly time-resolving the laser emission. We
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Figure 4.9: Fidelity fin=|(Uou|¥;:,) | of the interface. The symbols refer to
different input qubits.

approximate the response function with a normalised Gaussian function and
we define the temporal jitter of the system as the full-width at half-maximum
(FWHM) measured to be 100+1ps. The effect of the jitter width on the
fidelity of the interface for a maximum superposition is illustrated in Fig.
4.10|(b) for different values of the fine structure splitting, assuming an initial
fidelity of 0.95. The data were obtained by measuring the amplitude of the
signal resulting from the convolution of a sine function of amplitude 0.95 with
a normalised Gaussian function of variable FWHM. As an important part
of the total jitter width is due to technological limitations and considering
that the performance of available detectors is continuously improving, we
anticipate that a higher initialisation fidelity for maximum superpositions

should be achievable in the near term.

4.5 Electrical coherent spin manipulation

In this section, the change in splitting s and the coherent coupling between
the exciton states when a vertical electric field is applied are used to imple-

ment logic gates and manipulate the exciton spin on a subnanosecond time
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Figure 4.10: (a) Response function of the APD when illuminated with a
mode-locked pulsed laser along with a Gaussian fit of which the FWHM
gives the jitter. (b) Effect of the jitter width on the measured initial fidelity
of a maximum superposition for different values of the splitting.

scale.

4.5.1 Gate fidelity

The fidelity fg of a gate operation is given by [08]

fo = [(Wa|U Wi / fin, (4.24)

where W is the state of the photon emitted by the exciton after the gate
operation and Uj is the ideal gate transformation matrix. Normalisation to
fin 1s used to evaluate the fidelity of the gate independently of the initialisa-
tion of the spin state discussed previously. To take dephasing into account,
the definition can be extended to [99)

fa =TrpcUipxUf] /Tr [pX] . (4.25)

where pg = |Vq) (Vg is the density matrix of the photon emitted by the
exciton after the gate operation, px = |V x) (Vx| is the density matrix of the

exciton state with no gate applied, and T'r represents the trace.
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4.5.2 Phase-shift gate

A phase-shift gate is a single-qubit gate that leaves the basis state | Xp)
unchanged and maps |Xy) to €% | Xy), where £ is the phase-shift. This oper-
ation is equivalent to rotating the qubit in the equatorial plane of the Bloch
Sphere by £ radians. The gate operation is represented by the “rotation”

matrix

R, = ,
¢ 0 e

! 0] | (4.26)

Electrical coherent control of the phase accumulated by the qubit when
initialised in a superposition of eigenstates can be demonstrated by dynamic
modulation of |s|. We operate at values |s| >5ueV so that the orientation
of the eigenstates does not change significantly with electric field. The time
evolution is then given by

|Wx(t)) = cosf|Xp) +eif65($ei‘p sinf | Xy) , (4.27)

where s(7) is modulated by an electrical pulse inducing faster phase ac-

cumulation during the gate operation (Fig. [4.11j(a)). By applying a pulse of

constant width but different amplitudes, we show that the phase-shift is pro-

portional to the gate amplitude (Fig. 4.11|b)). Some deviation from linear

behaviour arises from ringing in the electrical signal due to limited speed of
our device and limited bandwidth of the pulse generator.

Phase-shifts were fitted from time-resolved measurements shown in Fig.
where the exciton was initialised in a diagonal superposition | Xp) and
emission was measured both along the diagonal and anti-diagonal polarisa-
tions. A 500ps Gaussian electrical pulse was applied 250ps after the laser
initialises the qubit.

Further measurements to assess the quality of the gate operation were
performed for a phase-shift £ = 7 (corresponding to what is known as the
Pauli-Z gate). Fig. 4.13(a) and (b) show measurements in the diagonal basis
after initialisation in | X p), respectively without gate and with a 7 phase-shift

gate applied, the latter corresponding to a modulation of |s| from a minimum
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Figure 4.11: (a) The electrical gate modulates |s| and induces a faster phase
accumulation between the spin eigenstates. The gated time-evolution (bot-
tom) is consequently dephased compared to the ungated operation (top). (b)
Phase-shift as a function of gate amplitude.
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Figure 4.12: Normalised (color scale from 0 to 1) time-resolved data for an
exciton initialised in a diagonal superposition | Xp) and measurements in the
diagonal basis.

of ~5peV to a maximum of ~10ueV, estimated from the Stark shift resulting
from the electrical pulse. The intensity falls during the gate operation as
emission is Stark-shifted out of the detection window. Fidelity as a function
of time for the phase-shift gate is shown in Fig. c). Irregularities in the
evolution of the fidelity just after the gate are due to ringing in the electrical

signal. Away from the gate, the fidelity fluctuates between 0.9 and 1.
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Figure 4.13: (a) and (b) Radiative emission from the QD initialised in |Xp)
respectively without gate and with a 7 phase-shift gate. (c¢) Fidelity of the
m-shift gate operation as a function of time.

4.5.3 Spin-flip gate

More complex operations are achieved by operating at small values of |s|
where the orientation of the eigenstates are strongly sensitive to the electric
field (Fig. 1(c)). This ability to change not only the energetic splitting of
the two levels but also to dynamically vary the eigenstates allows complete
control of the qubit: any input state can be mapped onto any output state.

To illustrate this we now describe a “spin flip” between the two eigenstates
obtained by applying a spin-flip gate (also known as the Pauli-X gate), which
is the quantum equivalent of a NOT gate. This gate is represented by the

Pauli-X matrix
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01
X = [1 0] . (4.28)

The operating principle behind implementing the spin-flip gate with a
QD is shown in Fig. [4.14] The exciton is initialised in the eigenstate | Xp)
at minimum splitting |s|=0.4ueV and is represented by a point at the north
pole of the Bloch sphere with the axis labeled D. An electrical pulse similar
to that used to obtain the m phase-shift is applied to the structure and rotates
the eigenstates by 45° (the new eigenstates being therefore | Xp) and | X))
without changing the orientation of the spin state. As a consequence, the
exciton is now in a superposition |Xp) represented at the equator of the
Bloch sphere and still oriented diagonally in the lab-frame. A 7 phase is
then accumulated during the gate operation leading to the superposition
| X 4). After the pulse, the eigenstates rotate back to their initial pre-pulse
orientation with the exciton being now in its eigenstate | X 4), corresponding
to a spin flip from |Xp).

Fig. 4.15a) and (b) show emission from both eigenstates (oriented along
D and A), after exciting |Xp). The polarisation of the emission after the
gate is reversed, corresponding to a spin-flip in the solid-state. Fig. 4.15(c)
shows the fidelity as a function of time obtained for the spin-flip operation
shown in Fig. 4.15(b). The fidelity is 0.97 after the gate and then fluctuates

due to ringing in the electrical signal.

4.6 Conclusion

In conclusion, we demonstrated that an exciton in a QD is a high-fidelity
solid-state photonic interface, on which arbitrary phase-shifts and spin-flips
can be performed electrically. Quantum information encoded in the polari-
sation of a photon was transferred into and restored from the spin state of
the exciton. Coherent manipulation of the spin qubits was achieved through
dynamical modulation of a vertical electric field and high-fidelity phase-shift
and spin-flip gate operations were demonstrated.

Using small gate areas and on-chip electronics will reduce ringing in the
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Figure 4.14: Operating principle of the spin-flip gate. The exciton is ini-
tialised at minimum splitting in its eigenstate | Xp). Modulating the electric
field changes the value of |s| and rotates the eigenstates by 45° resulting in
a superposition | Xp). A 7 phase-shift is accumulated during the gate oper-
ation leading to a superposition | X 4). Returning to the initial value of the
electric field induces another 45° rotation of the eigenstates resulting in a
spin flip.

electrical signals and improve the gate fidelities. It will also allow operation
times below 10ps [100], so that more than 300 operations can be performed
within the coherence time. Extending our scheme to two qubits could be
achieved in the near term through the creation of biexcitons [99]. Further
increase in the number of qubits would be achievable using site-positioned
dots with low fine-structure splitting in devices with local gates, which is
technologically feasible [T01].

The main limitation of a solid-state photonic interface based on sin-
gle QDs is the short radiative lifetime of excitons, limiting storage to few
nanoseconds. Reducing the local optical density of states with cavity QED

[T1] or using quantum dot molecules to separate the electron-hole pair and
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Figure 4.15: (a) and (b) Radiative emission from the QD respectively without
gate and with the spin-flip gate. The trace with empty (plain) circles is
obtained when exciting and measuring along the same (opposite) eigenstates.
(c) Fidelity of the spin-flip gate as a function of time.

prevent recombination [102] could however increase the exciton lifetime by
orders of magnitude and allow for triggered emission. We decided to explore
the latter solution and our results on quantum dot molecules are presented

in the next two chapters.



Chapter 5

Quantum dot molecules in

electrically-tunable structures

5.1 Introduction

The functionality of single QDs can be enhanced by combining them into
quantum dot molecules (QDMs) where the coupling of the QDs is con-
trolled with an external electric field. Vertically-stacked QDs forming QQDMs
[59, 103] have recently attracted much attention, which has lead to a better
understanding of their physical properties such as coherent delocalisaltion of
excitonic states under electric fields [104} [L05] and tunable exchange interac-
tions [I06]. New applications based on those properties include electrostatic
spin manipulation [107, 08|, single-shot measurement of an electron spin
[109], ultrafast optical control of entanglement between two quantum-dot
spins [110], and exciton-spin storage devices [102].

However, most of the research on electric-field dependent spectroscopy
of QDMs has so far focused on only one type of charged states (positive or
negative) per device [106, 111]. Moreover, the limited range of accessible
electric fields in the structures used prevented the observation of intradot
transitions properties such as the quantum confined Stark effect (QCSE).
Finally, controllable tunneling of carriers between the QDs forming a QDM
was studied only for InAs QDs capped with GaAs and annealed at higher

95
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temperature [I12]. Further study of QDMs under electric fields therefore
promises to extend their potential as a resource for quantum information
processing.

In this chapter, we present a comprehensive study of InAs QDMs in p-i-n
and n-i-p diode structures. Selective coupling of electron and hole energy
levels of the QDM was achieved by modifying the doping profile of the diode
structure. Neutral exciton coupling energies for both carriers were measured
as a function of barrier thickness between the QDs. Moreover, we performed
an electric-field dependent spectroscopic analysis of the four main transitions:
the neutral exciton and biexciton (X and XX), the positively charged exci-
ton (X1), and the negatively charged exciton (X ™). The 20 optically-allowed
transitions (compared to 4 optically-allowed transitions for single QDs) were
accessible using a single device and the QCSE from intradot transitions was
measured. Experimental results were compared to theoretical models. Fi-
nally, the effects of an electric field on the electron-hole exchange interaction
that defines the fine structure splitting and polarisation anisotropy of the

bright neutral exciton states are investigated in QDMs.

5.2 Background

5.2.1 Device structure

The devices used in our study consist of p-i-n and n-i-p heterostructures
grown by molecular beam epitaxy (Fig. [5.I(a)). Two layers of InAs QDs

2 and separated by a GaAs barrier of controllable

with dot density <lpym™
layer thickness d were grown at the center of the intrinsic region made of
a GaAs quantum well clad with a short period superlattice equivalent to
Alg 75Gag 25 As on each side, which prevents tunneling of the carriers out of the
QD region when a large vertical electric field is applied. Vertical alignment
of the QDs to form QDMs naturally arises from the strain field generated by
the growth of the first layer [61, 62]. Doping extends into the superlattice
and allows for application of an electric field along the growth direction. The
V—Vii

electric field F' is calculated using F' = (T), where V' is the bias applied
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Figure 5.1: (a) Schematic illustration of the device structure. (b) Selective
tunneling of carriers in a QDM using different doping configuration. Electron
(hole) wavefunctions are represented in blue (red).

to the structure, Vj; is the built-in potential and D is the thickness of the
intrinsic region. The devices were encased in weak planar microcavities to
enhance collection efficiency. An aluminium mask on top of the sample with
pm-sized apertures was used to isolate a small number of QDMs for optical

measurements.

5.2.2 Structural and energetic properties

QDs from the top layer are strain-induced and therefore larger than QDs
from the bottom layer [63] [64]. As a consequence, the energy levels for the
electron (resp. hole) are lower (resp. higher) in the top QD and carriers relax
into the top QD at flat-band conditions (low-energy configuration). Applying
a vertical electric field in reverse bias (to avoid electrical injection of carriers)
will increase (resp. decrease) the energy of the levels on the p-side (resp. n-
side) of the diode structure. Consequently, tuning the electron (resp. hole)
energy levels from the top QD into resonance with the levels of the bottom
QD requires the top QD to be positioned on the p-side (resp. n-side) of the
structure. Selective coupling of electron or hole energy levels of the QDM is
therefore possible by modifying the doping profile, with p-i-n (resp. n-i-p)
doping sequence (from bottom to top) leading to hole (resp. electron) energy

levels coupling (see Fig. [5.1((b)).
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Tuning the energy levels of both QDs into resonance results in coher-
ent tunneling of the carriers between the QDs, leading to the formation of
molecular orbitals delocalised over both QDs and the intervening barriers.
Such tunneling events give rise to anticrossings (see Fig. [5.2{(a) for a neutral
exciton anticrossing arising from the tunneling of a hole from the top to the
bottom QD) and the formation of complex patterns, which depend on the
nature of the state and the properties of the QDs in the QDM. The patterns
from the four main transitions (X,XX,X* X~) will be studied in section
On the anticrossing shown in Fig. |5.2{(a), two electric field dependences are
distinguished. In the so-called “direct” states (i.e. both carriers involved in
the optical transitions are confined into the same QD, see orange dashed line
in Fig. [5.2(a)), a rather weak dependence is found due to the small dipole
moment in the direction of the field and as a first approximation the field
dependence of the direct states is neglected. For the “indirect” states (i.e.
carriers involved in the optical transition are located in different QDs, see
green dashed line in Fig. [5.2(a)), the dipole moment in the direction of the
field is substantially larger due to the large separation of the electron and
hole when confined in separate QDs. The magnitude of the dipole moment
of the indirect exciton is ed (where e is the electron charge and d is the sepa-
ration between the electron and the hole, i.e. essentially the thickness of the
barrier between the QDs) and its orientation is from the electron to the hole
(see Fig. 5.2((b)). In the case of hole (electron) tunneling, the electric field F’
is along (opposite) the growth direction so that the electric field dependence
of the energy of indirect states is —edF' (edF).

5.3 Selective tunneling of carriers

As described in section [5.2.2] modifying the doping profile allows for con-
trolling the tunneling carrier. Both types of tunneling can generally not be
studied on the same device. We define a positive electric field as an electric
field along the growth direction so that electron (resp. hole) energy levels
coupling usually occurs at negative (resp. positive) fields (see Fig. . In

some few cases, hole tunneling events were also observed at negative electric
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Figure 5.2: (a) Electric field dependence of the direct and indirect exciton
states and coherent coupling of the hole energy levels of both QDs resulting
in the formation of an anticrossing. Schematic band diagrams of the exciton
at different electric fields are shown. (b) Schematic illustration of the QDM
exciton at positive electric field when the hole has tunnelled from the top
QD to the bottom QD. The dipole moment of the indirect exciton, ed, is
indicated.

fields (such as for the QDM presented in section , which we attribute
to fluctuations in the size of QDs [63], [64] that causes some departure from
the simplified picture in Fig [5.3l However, no difference in any properties
measured and discussed in this chapter were observed between QDMs with
hole tunneling events at positive and negative electric fields.

A typical example of tunneling event giving rise to an anticrossing is
shown in Fig. respectively for (a) electron and (b) hole tunneling. Fig.
H was generated using standard micro-PL spectroscopy (see section .
Individual spectra were accumulated at different values of the electric field
applied to the structure to generate a three-dimensional plot usually referred
to as a “spectral map” [105] [106]. Spectral maps for electron and hole tun-
neling shown in Fig. corresponds to the same quantum state (the neutral
exciton) of a QDM and the same distance between the QDs, which clearly
illustrates the dependence of the anticrossing size on the nature of the tun-
neling carrier.

Using selective doping, we measured neutral exciton anticrossing energies
for electron and hole tunneling as a function of GaAs barrier layer thickness
on more than 50 QDMs. Results obtained are plotted in Fig. [5.5(a), where
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Figure 5.3: Electron and hole tunneling occurring respectively at negative
and positive electric fields. The electric field at which an anticrossing appears
depends on the physical properties of each QDM and is expected to be dif-
ferent for hole and electron tunneling as shown in this schematic illustration.
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Figure 5.4: Anticrossings of different sizes arising from the tunneling of (a)
an electron hole and (b) a hole in QDMs with similar barrier thickness.
Holes are expected to have lower tunnel coupling energy than electrons due
to their higher effective mass. In both plots, the intensity scale is linear and
the background was not subtracted.

each experimental point corresponds to a single QDM. Anticrossing energies
were obtained by measuring the minimum energy separation between the two
exciton branches of each spectrum and barrier thicknesses were obtained by
measuring the slope ed of the indirect state.

The anticrossing energy was found to decrease exponentially with increas-

ing QD separation, as expected for the quantum mechanical tunneling of a
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Figure 5.5: (a) Anticrossing energies as a function of barrier thickness for
electron and hole tunneling extracted from neutral exciton spectra similar
to Fig. 1(b). Each point corresponds to a single QDM. Dashed lines are
linear fits (on a semilog scale) to all the poins. (b) Comparison between de-
sign (black line) and experimental values (red dots) for the barrier thickness.

Good agreement demonstrates accurate control over the coupling energy be-
tween QDs forming a QDM.

particle through a barrier of potential. Moreover, the anticrossing energies
for electrons are found to be an order of magnitude larger than for holes
in the range of thicknesses studied and the ratio of the slopes of the data
points for holes and electrons is 1.8 & 0.1. This is mostly due to the higher
effective mass of holes compared to electrons and were observed previously
[112]. However, the slopes extrapolated from our results are about twice the
values previously reported. This is attributed to the different types of QDs
used for both studies. Indeed, previous experiments were performed on InAs
QDs partially capped with GaAs and then annealed at high temperature to
achieve height control. This other method used for selective tunneling of
the carriers leads to different QDs properties. Our results therefore quantify
the impact of the QDMs fabrication process on the dependence of tunnel
coupling energies with barrier thickness.

Control over the barrier thickness was estimated by comparing growth
nominal values with experimentally measured values. Results are shown in
Fig. [5.5|(b), where statistics were built from the experimental data obtained

for each growth design value. Good agreement is found between the fitted
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barrier thickness and the nominal growth design. Small deviations are at-
tributed to the fact that the data were collected from a large number of wafers
grown over several years under different temperature conditions. Moreover,
the values were measured from devices processed from different wafer regions,

which might results in growth rate variation.

5.4 Optical spectroscopy

5.4.1 Introduction

In this section, we discuss the electric field dependence of the four main
quantum states of a QDM, i.e. the exciton (X), the biexciton (XX), the
negatively charged exciton (X7) and the positively charged exciton (X*), in
a step by step manner. Based on previous work [105, [106) 111], we start
with a description of the direct and indirect exciton states accounting for
spin-conserving tunneling, exchange and Coulomb interactions, and Pauli
exclusion. We then expand the model to include the QCSE on the direct
exciton states and show that this extended model is in excellent agreement
with the experimental data. We here only consider hole tunneling (electron

tunneling can be described analogously).

5.4.2 Notations

To describe the quantum states of a QDM, we use the matrix notations
(Zi Zi ) developed in [I06], where the first (second) column refers to the car-
riers in the top (bottom) QD and the first (second) row indicates the number
of electrons (holes) in each QD. Moreover, underlines are used to indicate the

carriers involved in the optical transition, e.g. 1?) for the optical transition
of X* where the electron in the top QD radiativefy recombines with the hole
in the bottom QD. Optical transitions involving carriers localised in the same
(different) QD(s) are referred to as “direct” (“indirect”) transitions. Specific
spin states are labelled using arrows using the fact that carriers have only

two spin projections in the ground state of a QD. {1,1} = £1/2 are used
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for the electron spin and {{},{} = £3/2 for the hole spin, e.g. (Tjg for a
XX state with one hole that has tunneled from the top to the bottom QD.

Finally, spin-singlet and -triplet configurations are specified using the sub-
script S and T, e.g. G 2) and G 2) for the hole spin-singlet and -triplet
states of an indirect Xt siate. The s;in—singlet state is ([f10) — [44)) /v2
and the triplet states are (|)) + [I1)) /v2, [11), and [{}) respectively with
spin-projections T'=0, T'= 3, and T' = —3.

In our description, we will use state configurations with the carriers wave-
functions localized in one or the other QD as basis states. These config-
urations are realized away from the energy level resonances. Around the
resonances, molecular states corresponding to coherent superpositions of the
basis states will form. Spin degenerate states in which all spins are flipped

are not considered.

5.4.3 Neutral exciton

Using the basis {(ﬁ g) , (g 3) , <TTT 8) , <g ?r)} containing all possible spin con-

figurations, i.e. the direct and indirect bright exciton spin states (electron
and hole spins with opposite projections) and the direct and indirect dark
exciton spins states (electron and hole spins with parallel projections), the

Hamiltonian for the neutral exciton is [105]

J t 0 0
- t E"—edF 0 0
Hy = E~I+ , 5.1
x = Bx R (5.1)
0 0 t E"—edF

where Ex is the energy of a neutral exciton confined in a single QD (the
top QD in this case), I is the idendity matrix, F' is the electric field applied
to the structure. The energy difference between the dark and bright direct
exciton states is given by 2J, where J is the electron-hole exchange energy,
while the bright and dark indirect exciton states have the same energy as the
electron-hole exchange interaction is expected to diminish when the charge

carriers are separated in different QDs. We only consider here the short-
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range exchange interaction and only the bright-dark splitting which is the
largest effect in the fine structure [76]. We will discuss the bright states
splitting arising from the long-range exchange interaction in section (5.5 The
off-diagonal matrix element ¢ gives the tunnel coupling energy (of a single
hole in this case) between the direct and indirect states. There is no coupling
between the bright and dark states as tunneling preserves spin. E" is the
energy required to move the hole from the top to the bottom QD at zero field
(and therefore defines the electric field at which energy levels from both QDs
are tuned into resonance), and edF is the linear Stark shift induced by the
dipole moment of the indirect states where e is the charge of the electron,
and d is the distance between the two QDs forming the QDM.

The first two eigenvalues of H « provide the bright exciton eigenenergies
of the QDM given by

J+ E"—edF N V(J — EM + edF)? + 4¢2
2 2 ’

and are plotted in Fig. |5.6{a) where the different transitions to the vac-

E,=FEx+ (5.2)

uum state are indicated. Optically-allowed transitions are represented by
plain lines and forbidden transitions by dashed lines. The physical effect of
the different terms in Eq. on the energy levels is also schematically
illustrated in Fig. |5.6{a). The corresponding optical spectrum is shown in
Fig. |5.6(b), where spectral lines originate only from bright transitions.

The eigenstates of H can also be computed from Eq. and the
neutral bright (dark states can be found analogously) exciton quantum states
of the QDM are found to be the symmetric and antisymmetric coherent

superpositions of the direct and indirect excitons (see Fig. [5.6(b))

|U,) = COSQG g) + sin@(é i), (5.3)

W_) = sin¢9<jl 8) — cosQ(E ﬁ), (5.4)

where



5.4. Optical spectroscopy 65

—
[
~—

—— Bright X ®) M
A—E=-ed - ---Dark X
—— Vacuum :H:F'L
w m
; = Antisymmetric
s Iz 3 "excited state"
= e}
8 © :
- - Symmetric
g 3 | "ground" state”
[0
g 5 e
I il
Electric field (arb. units) Electric field (arb. units)

Figure 5.6: (a) All possible eigenenergies and transitions for the neutral
exciton states. The physical effect of the different parameters of the QDM
are indicated. (b) Calculated optical spectrum of the neutral exciton showing
the symmetric and antisymmetric branches.

[(Ey —E_)—J+ E" — edF

0 = tan™
an 57

(5.5)

The centre of the anticrossing is characterised by § = 7/4 and away from
the resonance the state of the QDM is close to purely direct or indirect. The
symmetric state has a lower energy and is often referred to as the molecular
ground state in analogy to real molecules, while the antisymmetric state is
usually referred to as the excited state [I13].

An example of a neutral exciton spectrum obtained experimentally is
plotted in Fig. and is qualitatively comparable to the calculated spectrum
in Fig. |5.6{(b).

5.4.4 Biexciton

The biexciton spectrum, arising from the transitions between the XX states
and the X states, is slightly more complicated than the exciton spectrum.
The different possible spin configurations for the XX state are the direct
state, which is a singlet state due to the Pauli exclusion principle, and the
indirect singlet and degenerate triplet states (T=0 and T==3). This leads

to the basis {(N 0) : <N 0) : (N 0> }, for which the Hamiltonian is [111]
no) \un) o \ny),
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Figure 5.7: Experimental spectrum of a neutral exciton in a QDM. The
intensity scale is logarithmic and the background was subtracted.

0 V2t 0
Hyx=ExxI+ | V2t E"—edF 0 , (5.6)
0 0 E" — edF

where Exx is the confinement energy for a biexciton confined in a single
QD and E" is the Coulomb energy required to move one of the biexciton
holes to the bottom QD. There is no electron-hole exchange interaction term
in H yy as the total spin of the electrons, which must be in the singlet state,
is 0. We now have a factor v/2 in front of the tunnel coupling energy as two
indistinguishable holes can potentially tunnel from the direct state to the
singlet hole spin configuration of the indirect state. There are no coupling
terms between the triplet and singlet states since tunneling conserves spin
and the triplet state will therefore pass straight through the anticrossing.

The three different XX states will decay to the four different X states
discussed previously leading to a total of 12 possible transitions. Among
these transitions, only 8 are optically allowed: 4 from the XX singlet states
and 4 from the XX triplet states. Fig. [5.8(a) shows the 4 optical transitions
from the XX singlet states and Fig. (b) plots the resulting “X-shaped”



5.4. Optical spectroscopy 67

@ LN aS
o | —— XX singlet w
S| — §X triplet \\ c

;L 20 20 20\ >
£1 (6] G/ RN (12 S

5] ¢ @

C c
w 2t w

j\
Electric field (arb. units) Electric field (arb. units)

Figure 5.8: (a) Optical transitions from the XX singlet states and (b) result-
ing optical spectrum.

optical spectrum that is usually referred to as an “x-pattern”.

The upper and lower energy bound of the x-pattern are the direct tran-
sitions ig , which is similar to the XX transition of a single QD, and G (1)),
which is similar to an X~ transition in a single QD with a spectator hole
in the second QD. Within the x-pattern, two indirect transitions anticross
with the direct transitions forming in total four anticrossings. One pair of
anticrossings of size 2t occurs at the same electric field as the exciton anti-
crossing since the X state is the final state in the transition. The second pair
of anticrossings of size 2v/2t arises from the anticrossing in the XX state and
occurs at slightly different electric field due to a small difference in Coulomb
energies between the states involved.

The transition (; 8) represented by a dotted line in Fig. (a) is possible
due to the partial tunneling of one of the hole from the top to the bottom QD.
However, this transition will be extremely weak away from the hole energy
levels resonances (see dotted line in Fig[5.8(b)) and visible only around these
resonances.

Fig. |5.9|(a) shows the 4 optical transitions from the XX degenerate triplet
states. The triplet state T'= 0 only decays to the bright exciton states while
the triplet states T'= +3 only decay to the dark exciton states. Fig. [5.9(b)
plots the resulting spectral lines (in red), which are added to the previously

obtained x-pattern. The triplet states transitions pass straight through the
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Figure 5.9: (a) Optical transitions from the XX triplet states and (b) result-
ing spectral line plotted in red.
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Figure 5.10: Comparison between the (a) calculated and (b) experimental
optical spectrum of the XX state in a QDM (spectral lines from other tran-
sitions are also observable). The intensity scale in (b) is logarithmic and the
background was subtracted.

anticrossings arising from the XX anticrossing, as no coupling is possible
between the singlet and triplet indirect states.

Finally, the calculated x-pattern obtained previously (see Fig. [5.10)(a)) is
compared to a typical example of an experimental x-pattern corresponding
to the XX state (see Fig. [5.10[(b) where spectral lines from other states of
the QDM are also present).
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5.4.5 Positively charged exciton

Similarly to the XX case, the singlet and triplet spin configurations will form
the basis for X*. Moreover, the electron-hole exchange energy .JJ must now be
considered in the indirect states, where one hole and one electron are present
in the top QD. Therefore, the triplet states {T" = 0,43} are not degener-

ate anymore and the basis is { ( U 0) , <T 0) 7 <T 0) 7 (T 0) 7 <T 0) }7
™o b) g \ M)y \ W o\,

leading to the Hamiltonian [106]

0 V2t 0 0 0
V2t Eh —edF J 0 0
Ay =Ex.I+| 0 J  E'—edF 0 0 . (5.7)
0 0 0 EM—edF +J 0
0 0 0 0 E" —edF — J

where Ey+ is the XT confinement energy in the top QD, Ej is the
Coulomb energy required to move one of the X* holes to the bottom QD.
Similarly to the XX case, a factor v/2 is needed in front of the tunnel cou-
pling energy and no coupling terms between the triplet and singlet states are
needed.

The different X* eigenstates will decay to the single hole state, for which

the basis is {(g g) : <8 ?r) }, leading to the Hamiltonian

~ h 0 t
H -E I+ , 58
" (t Eh—edF> (58)

where Ej, is the confinement energy of a single hole and E” is the energy
to move the hole from the top to the bottom QD at zero field. As only
the difference of the confinement energies Ex+ — Ej is measurable through
optical spectroscopy, we will consider in the following that the single hole
confinement energy is 0 so that Ex+ is directly measurable on the spectrum.

The transitions from the singlet X* states to the single hole states are
shown in Fig. |5.11{(a). The resulting optical spectrum (see Fig. [5.11|(b)) is

qualitatively equivalent to the spectrum resulting from the radiative transi-
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Figure 5.11: (a) Radiative transitions from the X singlet states to the single
hole states and (b) resulting optical spectrum.
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Figure 5.12: (a) Radiative transitions from the X triplet states to the single
hole states and (b) resulting optical spectrum.

tions from the XX singlet states.

The transitions from the non-degenerate triplet X' states to the single
hole states are shown in Fig. [5.12(a). The resulting optical spectrum is
shown in Fig. [5.12(b). The final spectrum qualitatively differ from the XX
case by the presence of an electron-hole exchange interaction in the indirect
X* states.

Finally, the calculated x-pattern obtained previously (see Fig. [5.13(a)) is
compared to a typical example of an experimental x-pattern corresponding
to the X* state (see Fig. [5.13|(b), where spectral lines from other states of
the QDM or other QDMs are also osbervable).
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Figure 5.13: Comparison between the (a) calculated and (b) experimental
optical spectrum of the X* state in a QDM. The intensity scale in (b) is
logarithmic and the background was subtracted.

5.4.6 Negatively charged exciton

The two basis states for X~ are {(Tﬂig , T0¢ ?y) } Indeed, as the electrons are
both located in the same QD, their only possible spin configuration is the
singlet state according to the exclusion principle. Moreover, their total spin
is 0 leading to no electron-hole exchange interaction. The Hamiltonian in

this basis is

R 0 ¢
Hy —Ev. I+ . 5.9
X X <t Eh—edF> (5.9)

The bright and dark optical transitions are energetically degenerated as
shown in Fig. |5.14(a). The calculated optical spectrum of the X~ state
is plotted in Fig. |5.14(b) and an experimental spectrum is shown in Fig.
5.15 where spectral lines corresponding to other states of the QDM or other
QDMs are also observable.

5.4.7 Quantum confined Stark effect

In order to fully describe the QDM electric field dependent spectrum, the
parabolic QCSE acting on charge carriers in the same QD and due the small
dipole moment of direct states must also be considered. The QCSE was

neglected in previous studies of QDMs due to its limited influence at low
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Figure 5.14: (a) All possible eigenenergies and transitions for the neutral
exciton states. The bright and dark states are degenerate in the X~ case due
to the presence of two electrons in the top QD suppressing the e-h exchange
interaction. (b) Calculated optical spectrum of X~.
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Figure 5.15: Experimental spectrum of X~. The intensity scale is logarithmic
and the background was subtracted.

electric fields compared to the linear Stark effect originating from the dipole
moment of the indirect state. In our structures however, large electric fields
can be applied without quenching the emission allowing therefore for clear
observation of the QCSE in the top QD, providing physical insight into strain-
induced QDs. The QCSE is modelled by diagonal matrices containing energy
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terms of the form pF + SF?2, where p and /3 are respectively the permanent
dipole moment and the polarisability of the exciton in the top QD. For the
X state, the QCSE term is

pxF + BxF? 0 0 0

) 0 0 0 0
2 g : (5.10)

0 0 pxF + /BxF2 0

0 0 0 0

where by definition the indirect states leading only to indirect transitions
exhibit no QCSE. For the XX state, we find

pxxF + BxxF? 0 0
~ QCSE )
Hy, = 0 pxx, F + Bxx, F 0 , (5.11)
0 0 pxx, F + Bxx, F?

where the indirect XX states (labelled XX;) can lead to direct transitions
similar to an X~ transition from the top QD with a spectator hole in the
bottom QD. Similarly, we find for the X' state

px+F+ B+ F? 0 0 0 0
0 px+F 4 Byr F? 0 0 0
7 = 0 0 px+F 4 By s F? 0 0 . (5.12)
0 0 0 prF-i-BX:rFQ 0
0 0 0 0 px+F 4 Byr F?

where the indirect X states (labelled X;") can lead to direct transitions
comparable to an X transition from the top QD with a spectator hole in the
bottom QD. For the X~ state, we find

(5.13)

e (T ),

where the indirect X~ state only leads to indirect transitions without
QCSE. Finally, the single hole direct and indirect states are assumed to
exhibit no QCSE.
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Figure 5.16: High-resolution spectroscopy of a QDM in a diode structure
where all the optically-allowed transitions from the four main states were
observed for hole tunneling. The intensity scale is logarithmic and the back-
ground was subtracted.

5.4.8 Full picture

An important advantage of our structures is to be able to access all the
optically-allowed transitions from the main QDM states with a single device.
Moreover, the Al 75GagosAs superlattice on each side of the intrinsic region
allows for a much wider range of electric fields to be addressed and therefore
allows for accurate measurements of the QCSE in the direct state. Electric-
field dependent optical spectroscopy of a typical QDM and for hole tunneling
is shown in Fig. |5.16

Energies extracted from this figure are plotted in Fig. |5.17|(a) and are
fitted to the model previously developed (see Fig. [5.17(b)). For clarity,
transitions originating from the same QDM state are plotted using the same

colour. The fit is in excellent agreement with experimental data although
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Figure 5.17: (a) Extracted energies of the different transitions from Fig. [5.16
(b) Theoretical calculations obtained using previously developed theoretical
models and adding the QCSE.

some transitions are not visible in all field ranges due their reduced optical
intensity.

The fitting parameters used are listed in Table The permanent dipole
moments p and the polarisabilities 5 found for the different direct transitions
are higher than those measured for similar single QDs (see Table and
[93]). Higher values were also found for all the other QDMs studied. We
attribute this to the fact that p and § are related to exciton states confined
in the top QD which is strain nucleated and can differ in geometry from the
self-assembled QDs from which the reference values are taken. Additionally,
weak delocalization of the electron between both QDs could also lead to the
higher values observed.

Values obtained for d are close to the nominal thickness d=740.5nm as
already discussed in Fig. |5.5(b). Values for ¢ agree well with Fig. [5.5(a) and
with values found in [I12] for QDMs with same d. The measured electron-
hole exchange interaction J is similar to values found for single QD [76] and
QDMs [106] in the range 0.1-0.5meV. Finally, the fact that ¢ and d are similar
for all exciton complexes indicates that they originate from the same QDM.
Moreover, the direct transition from the indirect X (resp. XX) state is
close in energy to the direct X (resp. XX™) transition. This is expected for a

single QDM as the only difference between the two transitions is a spectator
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X XX XX; X+ Xj h X~

E (ch) 1312.39 | 2628.34 - 1312.39 - 0 1304.45

) (uerV_lcm) -14.85 -23.57 |-39.14 | -21.16 |-34.22 0 -18.76

15} (,uerV*QCmQ) -0.175 -0.299 | -0.241 | -0.222 |-0.232 0 -0.180

d (nm) 6.65 6.65 - 6.48 - 6.48 6.97

t (meV) 0.586 0.586 - 0.569 - 0.569 | 0.531

E" (meV) 93.93 | 81.44 - 62.29 - 7230 112.99

J (meV) 0434 | 0.434 - 0.318 - - -

Table 5.1: Experimental values of the different parameters of the model for

the four transitions X, XX, X* and X~ used to obtain Fig. [5.17|(b).

X XX X+ X~
p (ueVkV~—tem) 5.0+5.1 0.6+4.8 -14.1+£12.5 3.6+2.7
B (peVkV—2cm?) | -0.097+0.009 | -0.084=40.010 | -0.11140.021 | -0.09140.010

Table 5.2: Reference values for permanent dipole moments and polarisabili-
ties obtained for single QDs showing an increase in the case of QDMs. Values
are extracted from [93].

hole in the adjacent QD in the X* (resp. XX) case, which has little effect
on the transition energy. Finally, we measured the fine structure splitting to

confirm the assignment of the different neutral and charged lines.

5.5 Electrical control of the exciton fine struc-

ture of a quantum dot molecule

We now discuss the field dependence of the fine structure between the bright
neutral exciton states in a QDM. Indeed, though the electron-hole exchange
coupling that defines the fine structure splitting and polarisation anisotropy
of the bright states of a neutral exciton in a single QD is well understood
[76, 58], the case of excitons confined in a QDM has never been investi-
gated experimentally. A recent theoretical study [I14] predicted that the
fine structure splitting of an exciton in a QDM can be controlled by confin-
ing the electron and hole in neighbouring QDs and tuning the electron-hole
wavefunction overlap electrically. In this section, we show that not only the

magnitude of the fine structure splitting can be manipulated but also the
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eigenstate orientation, indicating a coupling between dissimilar spin states
which is not accounted for in [IT4]. As demonstrated in chapter 4| and in
[115], such coupling makes it possible to perform quantum operations on
spin qubits. Combined with the extended lifetime of an indirect exciton con-
fined in a QDM (see chapter [6] and [102]), the coupling presented in this
section is likely to enhance the number of operations that can be performed
on a stored exciton qubit.

We here describe the QDM spectrum for the case of hole tunneling (elec-
tron tunneling can be treated analogously). The two bright exciton eigen-
states of a single QD are polarised along the [110] and [1TO] crystal axes,
annotated horizontal (H) and vertical (V), as a consequence of the electron-
hole exchange interaction. For this reason we choose to express the eigen-

states of a neutral exciton in the basis of two H/V polarised direct states
and two H/V polarised indirect states {(1 0) , (1 0) , <1 O) , (1 0) } Using
H \4 H \4

10 10 01 01

this basis, the eigenstates have the general form |V pgg) =4 (1 g) +B (M%) 4

1OV
10 10
c( ) +D< )
OlH 01V

The Hamiltonian describing the excitonic states consists of one spin in-
dependent and one spin dependent part, H = H, + H,. In the absence
of anisotropic exchange interaction the two spin states are degenerate and
H,, accounting for kinetic energies, Coulomb interaction and spin conserv-
ing tunneling, is sufficient to describe the electric field dependence of the

spectrum. We find

pF + BF? 0 t 0
. 0 pF + BF? 0 t
H, = ExI + . (5.14
PR / 0 E" — edF 0 (5.14)
0 t 0 Eh — edF

where the different terms have the same signification as previously de-
scribed. This Hamiltonian was used to fit the experimental spectral lines of
the neutral exciton states of the QDM under study, which has a hole tunnel-

ing resonance at positive electric field (see Fig. [5.18(a)). The values obtained
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E (meV) 1337.01
p (ueVkV~lc ) -91.08
B (peVkV—2cm?) | -0.40
d (nm) 5.39
t (meV) 0.31
E" (meV) 67.36

Table 5.3: Experimental values of the different parameters of Eq. ({5.14]) used
to obtain the fits in Fig. [5.18(a).

for the different parameters of Eq. are shown in Table

The fine structure of the exciton spectrum was studied in terms of |S]|,
the energy splitting between the two orthogonally polarised states, and 6,
the angle that describes the orientation of the eigenstates relative to the
crystal lattice. The experimental values of |S| for our QDM are plotted
in Fig. |5.18(b) as circles. In the direct state, the fine structure is similar
to that of an exciton confined in a single QD. The electron-hole exchange
interaction is strong since both charge carriers are confined in the same QD
and |S| is on the order of 10 to 100ueV. At the anticrossing |S| reduces as
a consequence of the weakened exchange interaction when the electron and
hole are separated in different QDs. However, not only the energy separation
of the eigenstates is affected at the transition from the direct to indirect
exciton configuration but also the eigenstate orientation #, as shown in Fig.
5.18((c) where experimental values for our QDM are plotted as circles. We
model the electric field dependence of the anisotropic electron-hole exchange
interaction on the spectrum of an exciton confined in a QDM by introducing
the H o Hamiltonian

0 5DD 0 (5DI

A J S F 4 0

i, — DD ©Op+ 7Y DI ' (5.15)
0 dpr 0 O

dpr 0 0 St

The 2 x 2 sub-block in the top left corner of Hy describes the field de-

pendence of the direct exciton H and V basis states and is equivalent to the
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fine structure Hamiltonian of the exciton states in a single QD subjected to
a vertical electric field [12]. At zero electric field the fine structure splitting
of the direct exciton is Sp, and it increases linearly with increasing field due
to a small difference in the permanent dipole moment along the z-direction
for the direct basis states, v. The direct exciton H and V basis states are
coupled via the term dpp which causes them to mix when the fine structure
splitting approaches zero and thus rotates the eigenstates away from the H/V
basis. The 2 x 2 sub-block in the lower right corner of the Hamiltonian de-
scribes the field dependence of the indirect exciton H and V basis states. The
fine structure splitting of the indirect states is expected to be substantially
smaller than that of the direct states due to the small exchange interaction
between the electron and hole when they are separated in different QDs. For
this reason the indirect exciton splitting is described by a single term, S;
(< Sp), and any field dependence of the splitting or coupling between the
indirect basis states is disregarded. Finally we consider the coupling terms
between the direct and indirect states where dp; represents the coupling be-
tween dissimilar spin states (direct H to indirect V or direct V to indirect

|S| and € for both the high and low energy branch of the exciton spec-
trum obtained from Eq. are plotted in Fig. |5.18(b) and (c) as plain
lines. The orientation of the eigenstates to the crystal lattice is calculated
as 0 = sign (B/A) x arctan (B?/A?) for the lowest energy eigenstate of each
branch. We have here assumed that it is only the direct components of the
eigenstate that are visible in a photoluminescence measurement since the in-
direct components have substantially weaker oscillator strength. Excellent
agreement is found between the experimental data and the values obtained
with our model. The corresponding parameters used in Eq. are shown
in Table |5.4] where Sp and v agree with the values observed for single QDs
[58]. A further discussion on the effect of the other parameters as well as on
the exciton fine structure for QDMs subjected to negative electric fields for

both hole and electron tunneling resonances can be found in [116].
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Figure 5.18: (a) Exciton spectrum of the QDM under study. Experimental
energies are plotted in gray and calculated energies for the high- and low-
energy branch of the spectrum are plotted in red and blue respectively. (b)
Fine structure splitting and (c) € as a function of electric field. Red and
blue plain lines correspond respectively to the calculated fine structure of

the high- and low-energy exciton branch. Experimental data obtained from
the QDM in (a) are plotted as circles.

Sp (peV) 40.7
v (peVkV~=tem) | 0.27
St (neV) -3.7
dpp (peV) -6.5
5DI (MGV) 8.3

Table 5.4: Experimental values of the different parameters of Eq. (5.15)) used
to obtain te plain lines in Fig. |5.18{(b) and (c).

5.6 Conclusion

In conclusion, we have presented a comprehensive study of QDMs in diode
structures. A new method of selectively controlling the tunneling carrier in
QDMs using different doping profiles was presented. Precise control over
the coupling energy between the QDs was achieved through modification of
the barrier thickness. More importantly, the 20 optically-allowed from the
four main states X, XX, X, and X™, of a QDM were observed in the same
device and fitted to extended theoretical models. The values obtained for

the different parameters of the model were given and compared to referenced
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values where applicable. Finally, we reported on the fine structure of neutral
excitons confined in QDMs. Our measurements showed a rotation of the
eigenstates at the molecular resonance, indicating coupling between dissimi-
lar spin states. A model was developed to account for the observations and
excellent agreement with the experiment was achieved. We expect that the
H, parameters, which depends on the shape, composition and strain situ-
ation for the two QDs, can be engineered to give an electrically controlled
dial for the anisotropic exchange interaction in QDMs. This will allow quan-
tum operations to be performed on exciton qubits. In summary, our results
demonstrate extensive electrical control of the quantum state of a QDM and
provide further insight into the physics of QDMs, which we anticipate will
lead to new applications in semiconductor-based quantum information nan-
otechnologies. In the next chapter, we will concentrate on using QDMs to
store single photons as well as their circular polarisation in the spin state
of an electron-hole pair, an important step towards a quantum memory for

polarised light.



Chapter 6

Exciton-spin memory with a
semiconductor quantum dot

molecule

6.1 Introduction

Further development of the emerging fields of quantum computing and quan-
tum communication require quantum interfaces between optical “flying” and
solid-state “stationary” qubits that enable reversible transfer, storage and
manipulation of quantum information [I17]. Semiconductors quantum dots
(QDs) constitute promising candidates as quantum interfaces between light
and matter. Indeed, optical absorption of photons to create an electron-hole
pair (or exciton) provides a natural mechanism to transfer quantum informa-
tion from optical fields into the solid-state. Moreover, optical [118], electrical
[115], and optoelectrical [31, [32] coherent control of an exciton qubit in a
QD have been successfully demonstrated. However, those approaches do not
permit storage of quantum information, which limits their usefulness to the
short lifetime of the exciton.

QD-based devices offering spin storage have been developed [119, [120]
121] but rely on the storage of single carriers. Therefore, only pure spin

states corresponding to the spin eigenstates can be stored. Indeed, for any

82
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other exciton spin state, the electron and the hole spins are entangled and
loss of one of the carriers makes it impossible to recreate the original photon
state, which prevents any extension of those schemes to a quantum memory.

Exciton storage has been demonstrated in ensembles of quantum dot
molecules (QDMs) [122], quantum posts [123], nanocrystals [124], natural
QDs [125] and coupled quantum wells [126] 127, [128]. The main idea behind
those works is to spatially separate the carriers for the storage operation.
However, those works do not address the issue of transcribing and storing
the polarisation of a photon into the spin state of the spatially-separated
electron-hole pair, a necessary step towards a quantum memory for polarised
light.

In this chapter, we present a novel approach which allows for initialisation
and storage of the exciton spin state in a semiconductor QDM. We start
with a brief description of the device used in our experiments. We then
explain the operating principle behind exciton storage, which is achieved by
controlling the recombination rate of the electron-hole pair through electric-
field dependent spatial separation in the QDM. We demonstrate microsecond
light storage at the single photon level and extend our scheme to exciton-
spin storage. Using a vertical magnetic field to lift the degeneracy of the
exciton spin states, we show high-fidelity transfer and storage of the circular
polarisation of photons into the exciton spin state under resonant optical
excitation, with no observable degradation of the fidelity of the operation
with time. Finally, we discuss the feasibility of storing superposition states

and the limitations on the coherence of the stored states.

6.2 Device structure

The device used consists of a p-i-n heterostructure grown by molecular beam
epitaxy. Two layers of InAs QDs separated by a thin GaAs layer were grown
at the center of the intrinsic region made of a GaAs quantum well clad with
a short period superlattice equivalent to Al 75GagosAs on each side, which
prevents tunneling of the carriers out of the QDM region when a large ver-
tical electric field is applied. Vertical alignment of the QDs to form QDMs
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naturally arises from the strain field generated by the growth of the first
layer. Doping extends into the superlattice and allows application of an
electric field along the growth direction. This p-i-n device is encased in
a weak planar microcavity to enhance collection efficiency. We used stan-
dard photolithography and wet etching techniques to fabricate a diode with
an area of 35x60 pm?. An opaque metallic film with pm-sized apertures
allowed single QDMs to be addressed optically. All our experiments were
performed on samples cooled to <10K in a liquid helium cryostat. A diode
laser triggered by a pulse pattern generator of tunable period was used for
above-band excitation. Resonant and quasi-resonant excitation was achieved
using a wavelength-tunable Ti:Sapphire pulsed laser of linewidth < 30ueV
and of pulse length in the range 2-100ps operating at a fixed period of 12.5ns.

6.3 Operating principle of the exciton mem-
ory

A schematic band diagram of the device is shown in Fig. [6.1(a). QDs from
the top layer are strain-induced and therefore larger than QDs from the bot-
tom layer [63, 64]. The electron (hole) energy states are consequently lower
(higher) in the top QD than in the bottom QD. The exciton naturally relaxes
into the top QD at zero electric field as it is the lowest energy configuration
(“direct state”). The top QD is positioned on the p-doped side of the diode
structure so that applying an electric field in reverse bias separates the hole
energy levels of the top and bottom QDs further. On the other hand, the
electron energy levels from both QDs are tuned into resonance at a field Fy,
which depends on the physical properties of each QDM, and the electron
wavefunction hybridises over both QDs. Further increase of the electric field
leads to further polarisation of the electron into the bottom QD, the exciton
being eventually delocalised over both QDs forming the molecule (“indirect
state”).

As discussed in chapter [3], the energy of the exciton state as a function

of electric field is accurately modelled using the direct and indirect states
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Figure 6.1: (a) Schematic of the band-structure of the QDM at various elec-
tric fields. The electron and hole wavefunctions for the low-energy eigenstate
are illustrated respectively in blue and red. (b) Calculated (using Eq. (6.1)))
photoluminescence spectra of the emission from the QDM eigenstates as a
function of electric field. The dotted lines correspond to the energies of the
direct and indirect states as a function of electric field.

as basis states (we consider only the bright states here), which leads to the
Hamiltonian [105]

0 t
H = FEI + ( b ed(F - Fy) ) , (6.1)

where Ej is the energy of the exciton confined in the top QD at zero
electric field, F' is the electric field applied to the structure, ¢ is the tun-
neling rate of the electron from the top to the bottom QD, e is the charge
of the electron, d is the distance between the QDs, and Fj is the field at
which electron energy levels are tuned into resonance. The eigenstates of
this Hamiltonian are the symmetric (low-energy) and antisymmetric (high-
energy) combinations of the basis states [I13]. Coherent tunneling of the
electron results in an anticrossing between the eigenstates at Fy. Calculated
(using Eq. (6.1))) photoluminescence (PL) spectra of the emission from both
eigenstates as a function of electric field is shown in Fig. [6.1(b), where the
dotted lines correspond to the energy of the direct and indirect states. The
dipole moment ed of the exciton in its indirect state results in a linear Stark

shift of the emission energy.
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Figure 6.2: Operating principle behind photon and exciton-spin storage.

Photon and exciton-spin storage exploits the long exciton lifetime in the
indirect state, originating from the spatial separation of the electron and the
hole. A schematic of the memory operation is shown in Fig. [6.2(c). At t=0,
a laser pulse creates an electron-hole pair which relaxes into the QDM. The
electric field is such that the exciton is in an indirect state characterised by
a long lifetime. This long lifetime will prevent recombination of the electron
and the hole during a storage time At. At ¢t = At, a sub-nanosecond mod-
ulation of the electric field is applied to bring the exciton from the indirect
to the direct state so that readout of the emission occurs naturally through

recombination.

6.4 Photon storage

6.4.1 Electric-field dependent photoluminescence spec-

troscopy

PL emission from the symmetric exciton state of the QDM used for photon
storage is shown in Fig. [6.3(a) as a function of electric field. Fitting using
Eq. gives values of d=8.240.05nm (nominal design value is 8.5nm) and
t=7.940.05meV (Fig. [6.3(b)). The high-energy antisymmetric states of the
QDMs that we studied were either not visible (as in Fig. 2(a)) or of weak

intensity and therefore not suitable for storage experiments. We attribute
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Figure 6.3: (a) Electric-field dependence of the PL emission from the sym-
metric exciton state used for photon storage. (b) Fitting of the energy using
Eq. (6.1)), where the black experimental points were extracted from (a).

this to effective thermalization of the exciton to the low-energy symmetric
state. Missing spectral lines from QDMs due to thermalization effects have

also been reported in other studies [I11].

6.4.2 Exciton lifetime

The exciton lifetime in the QDM was measured as a function of electric field
using standard time-resolved spectroscopy. Results are shown in Fig. (a)
and (b). A rapid increase in lifetime is observed as the electron wavefunction
progressively polarises from the top to the bottom QD.

This increase is mostly attributed to a reduction in the electron-hole
wavefunction overlap. Indeed, according to Fermi’s golden rule, the lifetime
7 of a neutral exciton state | x) that decays through radiative recombination
to the ground state |Wy) is such that

T o (Ux| H' W) 6 (Ex — Ey — hw) (6.2)

where H’ is the Hamiltonian of the electromagnetic interaction, Fy (FEp) is
the exciton (ground) state energy and fw is the energy of the photon emitted
after recombination. A recombination therefore occurs when the exciton
and ground states are in resonance with the oscillating electromagnetic field.

Using the envelope-function approximation |¥;) = wu;(r)¢;(r), where u; is
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Figure 6.4: (a) Standard time-resolved measurements of the exciton emission
at different electric fields. (b) Exciton lifetime as a function of electric field

extracted from (a).

the atomic Bloch function of state j and ¢; is the envelope function, and

considering only interband transitions, we find

(x| H' [ W) o (x| €76 ug) / &% (F)o ()7, (6.3)

where €and k represents respectively the polarisation and the wave vector
of the emitted photon, and p'is the dipole moment of the exciton. The atomic
matrix element leads to the selection rules and depends on the coupling of the
exciton dipole with the electromagnetic field. The envelope matrix element
accounts for the spatial overlap of the electron and hole wavefunctions, which
mostly accounts for the increase in lifetime with electric field as the electron

and the hole are progressively localised in different QDs.

6.4.3 Storage operation

Using the method described in Fig. [6.2] we successfully stored the exciton
for storage times up to 1lus, corresponding to more than 1000 times the
usual lifetime of an exciton in a single QD. The results are shown in Fig.
for storage times of respectively 0.2, 0.4, 0.6, 0.8, and 1us and for a
storage electric field of -77kV /cm, where the exciton lifetime is expected to

be >250ns considering Fig. [6.4(b).
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Figure 6.5: Successful storage of an exciton and readout signal after storage
in an indirect state, at an electric field of -77kV /cm, for storage times up to
1us.

A clear decay of the readout emission is observed in Fig. [6.5] caused by
recombination of the indirect state, which has a finite lifetime. Considering
a storage state with a lifetime 7, the decay in intensity with storage time At

is given by

I(At) = Iye =, (6.4)

where [ is the intensity measured at t=0. Using Eq. , the lifetime
75 of a specific storage state is measured indirectly by fitting the decay of the
stored emission to an exponential (see Fig. [6.6((a) and [6.6|(b)).

This was done for different storage states (i.e. different storage electric
fields) and the corresponding measurements (“indirect measurement”) are
shown in Fig. and compared to the measurements obtained by stan-
dard time-resolved spectroscopy (“direct measurement”). Agreement be-
tween both methods confirms the storage of the exciton in its indirect state.
The lifetime at -77kV /cm was estimated at 677+91ns by fitting the decay in
Fig. but could not be measured directly and therefore does not appear
in Fig. [6.7]

The maximum storage time achieved was limited only by the pulse pattern
generator used to trigger the laser pulse, which had a maximum operating

period of 1.1us. Storage times of several seconds are expected using our
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Figure 6.6: (a) Decay of the readout signal after storage in an indirect state
at an electric field of -43.5kV/cm. (b) Exponential decay of the integrated
intensity of the stored emission extracted from (a). The exponential fit pro-
vides an indirect measurement of the lifetime 7, of the storage state.
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Figure 6.7: Exciton lifetime as a function of electric field measured directly
using standard time-resolved measurements and indirectly by fitting an expo-
nential decay to the decrease in intensity of the stored emission. Agreement
between both methods confirms storage of an exciton into a single QDM.

scheme and engineering QDMs so that longer lifetimes can be achieved [122].

6.5 Exciton-spin memory

To store exciton-spins in a single QDM using the previously described oper-

ating scheme, both resonant optical excitation and a vertical magnetic field



6.5. Exciton-spin memory 91

@® Eperiment
—— Theory
S
Q
E
g d=8.15+0.05nm
= t=6+0.05meV
Q
[
L
20 40 -60 -80 -100 20 40 60 80 -100
Electric field (kV/cm) Electric field (kV/cm)

Figure 6.8: (a) Electric-field dependence of the PL emission from the sym-
metric exciton state used for exciton-spin storage. (b) Fitting of the energy
using Eq. (6.1)), where the black experimental points were extracted from

(a).

are required. Resonant excitation will allow for high-fidelity transfer of the
polarisation of a photon into the exciton spin state [I15] while a vertical
magnetic field will lift the degeneracy of the exciton spin states and define
two Zeeman eigenstates with circular polarisations and long spin lifetimes
[119, 120].

6.5.1 Exciton properties

In Fig. (a), PL emission from the QDM used for exciton-spin storage is
shown as a function of electric field. Fittings using Eq. provides values
of d=8.154+0.05nm (nominal design value is 8.5nm) and t=6+0.5meV (Fig.
Bb)).

The lifetime as a function of electric field was measured using standard
time-resolved spectroscopy and results are shown in Fig. The lifetime
appears to level out around 1us for this particular QDM, which is thought to
be related to the minimum overlap of the electron-hole wavefunctions reached
in the indirect state (see Eq. (6.3)).
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Figure 6.9: Exciton lifetime as a function of electric field. The lifetime is
found to saturate around 1us in the indirect state for this particular QDM.
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Figure 6.10: (a) Energies of the QDM resonances observed as a function of
electric field. (b) Typical PLE spectrum measured at -50kV /cm from which
the points in the dotted black box in (a) were extracted.

6.5.2 Resonant excitation

We performed PL excitation spectroscopy at various electric fields and two
clear resonances were found. Their energies are plotted as a function of elec-
tric field in Fig. |6.10[(a). A typical PLE spectrum measured at -50kV/cm is
plotted in Fig. [6.10(b), where the resonance peaks of interest here are indi-
cated by dotted boxes. The energies extracted from this particular spectrum
correspond to the points in the dotted black box from Fig. [6.10(a).

The first resonance appears at 36.740.6meV from the exciton energy. A

similar resonance at the same energy was found as well for other QDMs,
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indicating resonant excitation through the creation of a 1-LO phonon in
GaAs, the expected energy of which is ~36.4meV [95]. The separation of
the peak and the exciton emission remains constant as a function of electric
field as expected for a phonon resonance. The second resonance appears at
55.2+2.1meV and is attributed to the p-shell of the exciton state. Consistent
with this assignment, we found the position of this resonance varied from
QDM to QDM. Moreover, electron tunneling appears to occur at a slightly
different electric field for the p-shell and the s-hell, which we attribute to
different separation between the energy levels for both QDs. Other weaker
resonances can be observed in Fig. [6.10(b). No clear trends in the energy
or intensity dependence with electric field were found for these resonances,
which are therefore attributed either to other QDMs present on the same

device or to some other excited state of the QDM under study.

6.5.3 Magneto-photoluminescence spectroscopy

The behaviour of our QDM under a vertical magnetic field was also studied.
The energy of the exciton spin states as a function of magnetic field B is
given by [129]

where |y1| = gup/2 provides a direct measurement of the exciton g-
factor g (up is the Bohr magneton and the sign of v; is given by the angular
momentum +1 of the spin states), 7, is the diamagnetic coefficient, and
where higher order terms can be neglected for the fields at which we are
working (B < 57T).

The energy of the exciton states for our QDM as a function of magnetic
field are shown in Fig. along with a theoretical fit using Eq. .
The small discrepancy observed at fields B < 1.57 arises from the pres-
ence of the fine structure splitting s between the exciton linear eigenstates
(s=76.5£0.1ueV for our QDM at zero electric and magnetic fields), which
is not taken into account in Eq. where the eigenstates are assumed to

be circular. Indeed, exciton spin eigenstates become purely circular only for
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Figure 6.11: Magneto-PL of the exciton Zeeman states used for exciton-spin

storage along with a theoretical fit using Eq. (6.5). The small discrepancy

between theory and experiment at B = 07" is due to the fine structure split-
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Figure 6.12: (a) Zeeman splitting and (b) diamagnetic shift of the exciton
states as a function of magnetic field respectively with linear and quadratic
fits. Results were obtained at an electric field of -17.7kV /cm.

vertical magnetic fields such that gugB >> s.

Measurements of the exciton Zeeman splitting and diamagnetic shift ob-
tained at -17.7kV /cm are shown in Fig. [6.12](a) and [6.12(b) as a function of
magnetic field. Points corresponding to B < 1.5T" were disregarded except for
B = 0T where the Zeeman splitting and the diamagnetic shift are expected
to be 0. Linear and quadratic fits to the experimental points respectively
provides a measurement of the g-factor and the diamagnetic coefficient.

The exciton g-factor and the diamagnetic coefficient 5 as a function of
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Figure 6.13: (a) g-factor and (b) diamagnetic shift a function of electric field.
The g-factor is found to remain constant while the diamagnetic shift strongly
depends on the electric field, providing a direct estimation of the lateral size
of the exciton as the electron tunnels from one QD to another.

electric field are shown in Fig. [6.13(a) and [6.13|b). Each data point was
obtained from measurements of the energy dependence of the Zeeman states
with magnetic field as presented in Fig. from which the linear and
quadratic parts can be extracted as in Fig. [6.12] No electric field dependence
of the g-factor is found for electron tunneling, as electron g-factors are similar
in bulk GaAs (-0.44) and InAs QD (-0.6) [I30]. However, a strong dependence
of the diamagnetic coeffcient as a function of electric field is found. An order
of magnitude difference is measured between the direct and indirect states.
The diamagnetic shift is a measure of the in-plane electron-hole separation,
which in turns depends on the lateral confinement and Coulomb interaction
[129]. When the electron tunnels from the top to the bottom QD, the lateral
confinement does not change significantly since both QDs have similar sizes.
The increase in vy, in the indirect state therefore provides a measure of the
reduced Coulomb interaction. 7, saturates at high electric field in the indirect

state, where the electron-hole pair is fully spatially separated.

6.5.4 Exciton-spin storage

Exciting resonantly into the QDM while applying a vertical magnetic field
allows for high-fidelity transfer of the photon circular polarisation into the
exciton spin state. The fidelity of this transfer is usually defined [119] 120]
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as the degree of circular polarisation of the exciton emission

T 6
where 1., (I.0ss) i the intensity from the Zeeman exciton state co(cross)-
polarised with the excitation circular polarisation. It is worth mentioning
that the degree of polarisation usually used for a spin memory is a more
severe figure of merit that the definition of the fidelity f;, = |<\Ilout|\llm)|2

(see Eq. used in chapter |4, Indeed, it can be shown that
fin = #. (6.7)

This should be kept in mind when comparing the results presented here
with the results in Fig. Fig. illustrates the degree of polarisation
of the stored emission obtained under phonon excitation after a storage time
of bns and with a magnetic field of B = 4T. P is measured to be 80% + 5%
(which corresponds to f;, = 90% +2.5%). Comparable results were obtained
when measuring the degree of polarisation of the “write” state (without stor-
age operation). As a consequence, the storage operation is found to have no
observable effect on the degree of polarisation and the limitation arises from
the “write” operation, which may be improved by using wave plates cali-
brated at the QDM energy.

In Fig. [6.15], the degree of polarisation as a function of storage time is
shown for both left- and right-hand circular pump polarisations and for three
different excitation schemes: p-shell, phonon and s-shell. Discrimination
between the laser signal and the exciton emission when exciting into the s-
shell was achieved by taking advantage of the large Stark-shift between the
energy of the indirect “write” state and the direct “read-out” state. The
storage time was limited only by the 12.5ns period of the Ti:Sapphire laser
used for the experiment. Moreover, ringing in the electrical signal prevented
measurements at some storage times, as a change in electric field shifts the
exciton energy out of the excitation or detection window through the Stark
effect. This effect was particularly important in the case of s-shell excitation,

where the resonance is the narrowest.
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Figure 6.14: Typical spectra obtained after a storage time of 5ns when ex-
citing in the phonon resonance and at a magnetic field B = 4T'.
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Figure 6.15: Degree of polarisation of the exciton-spin memory operation as
a function of storage time when exciting in the p-shell, phonon, and s-shell
resonances for both left- and righ-hand circularly polarised excitation. The
data was taken at B=4T (similar results were obtained for 27" < B < 4T".)

The degree of polarisation does not degrade over the 12.5ns repetition
period of the experiment, suggesting that the spin relaxation time is sub-
stantially longer than the storage time. Average degrees of polarisation over
time and over both pump polarisations are 57+5% for p-shell excitation,
75+7% for phonon excitation, and 8146% for s-shell excitation. No spin

memory effect was observed when exciting in the continuum states, which
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we attribute to spin relaxation as the charge carriers thermalize down to ex-
citon ground state. The degree of polarisation is usually found to be slightly
higher when exciting with left-hand circularly polarised light (particularly
when using p-shell excitation), which is attributed to thermal relaxation from
the right-polarised (high-energy, see Fig. Zeeman eigenstate down to

the left-polarised (low-energy) Zeeman eigenstate.

6.6 Towards an exciton quantum memory

It is possible to extend the presented exciton spin memory to an exciton
quantum memory and store an arbitrary superposition of spin eigenstates if
these can be made near degenerate. The energy separation of the eigenstates
is ultimately limited by the exciton fine structure splitting and studies of
single QDs have shown that it can be reduced to a level where the precession
of a superposition state can be recorded with standard time-resolved spec-
troscopy [94, [97]. This would offer new possibilities to study and improve
the coherence of an exciton spin state, which is expected to be limited by
hyperfine interaction between the electron spin and the spins of the atomic
nuclei [131].

The hyperfine interaction leads to an electron coherence time in the 10ns
range for all ITI-V semiconductors as the naturally occurring isotopes of the
constituent materials all have non-zero nuclear spin [132]. However, the
nuclear field fluctuates on a much slower time scale, on the order of 100
pus. This means that a spin echo technique could be employed to extend
the coherence time to this range [I31]. Another alternative is to polarise
the nuclear spins by optical pumping to keep the nuclear field fixed in time.
Thereby any uncertainty in the phase evolution of the electron spin would be
removed [133], 134]. It should also be mentioned that other material systems
exist where most of the nuclei are zero spin isotopes. An example of such a
material system is CdSe QDs embedded in ZnSe [135].

A further discussion on the properties of a solid-state quantum memory
for polarised light based on quantum dot nanotechnology can found in [136],

where the issues of efficiency, storage time, bandwidth, multiple-photon and
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multiple-mode storage capacity, wavelength, and complexity are addressed.

6.7 Conclusion

In conclusion, we have successfully demonstrated photon storage in a single
QDM up to 1lus. Moreover, exciton-spin storage has been demonstrated
using resonant excitation and a vertical magnetic field with a fidelity above
90% (corresponding to a degree of polarisation above 80%). No decay in
the fidelity was apparent within the period of the excitation laser of 12.5ns.
Increasing the barrier thickness of the QDM, which would lead to longer
lifetimes in the indirect state, and using a laser with a tunable period, we
anticipate that spin storage in a single QDM is achievable for times in excess
of 1ms [119,[122]. Moreover, a realistic extension of the presented exciton spin
memory to a quantum memory was presented and should be achievable in the
near future. Eventually, several QDM quantum memories could be combined
on a single chip. Recent advances in the field of solid-state cavity quantum

electrodynamics makes it likely that such a system would be scalable [137].



Chapter 7
Conclusion

This thesis described the work undertaken towards the development of semi-
conductor nanotechnologies for long-distance quantum communication. The
three key requirements for long-distance quantum communication are light-
matter interfaces, elementary quantum operations, and quantum memories.
Electrical devices based on semiconductor quantum dots (QDs) have been
shown to constitute a promising practical implementation potentially fulfill-
ing all these requirements, as described in the summary of the main results
below. This would therefore constitute another practical application for QDs
in diode structures, which have been shown in the past to be fruitful resources

for future quantum information technologies.

7.1 Summary of the main results

7.1.1 Single quantum dots

Single QDs were demonstrated to constitute high-fidelity interfaces between
light and matter. Using quasi-resonant excitation where the laser energy is
tuned about 36meV above the QD s-shell (corresponding to the energy of a
1-LO phonon in GaAs), we demonstrated transfer of the polarisation of single
photons into the spin state of single electron-hole pairs in individual QDs.
The fidelity was determined by measuring the square of the overlap between

the excitation photon and the photon emitted by the electron-hole pair after

100
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recombination. Photons with polarisations aligned with the natural linear
polarisation of the QD eigenstates were transferred into, and restored from,
the solid-state with fidelities above 95%. Diagonal and circular maximum
superpositions of linear polarisations resulted in fidelities above 80%. The
coherence of the exciton spin state time evolution was studied and spin-
scattering times above 100ns were measured, while cross-dephasing appeared
to occur on a timescale of ~3ns.

Additionally, we used a recently discovered effect whereby the fine struc-
ture splitting between the exciton eigenstates as well as their orientation are
tuned by applying a vertical electrical field. Subnanosecond modulation of
the electric field were used to manipulate spins in the solid-state and elemen-
tary quantum operations were performed. Operating at electric fields such
that only the splitting was modulated, phase-shift gates were successfully im-
plemented and fidelities above 90% were measured. Combining modulation
of both the splitting and the eigenstate orientation, arbitrary operations are
expected to be possible and spin-flip gates were demonstrated with fidelities
above 80%. The fidelities of the gate operations were limited by the finite
response time of our electrical device, which could be reduced by orders of
magnitude using state-of-the-art on-chip electronics.

Though promising results were obtained with single QDs as useful re-
sources for long-distance quantum communication, the major limitation is
their short radiative lifetime, which prevent their use as quantum memo-
ries. To overcome this problem, we studied quantum dot molecules (QDMs)
in which electron-hole pairs could be spatially separated, suppressing their

radiative recombination.

7.1.2 Quantum dot molecules

A comprehensive study of individual QDMs in diode structures was pre-
sented. Good control over the fabrication methods allowed for controlling the
coupling energies of both electron and hole energy level resonances. More-
over, the doping profile of the diode structure was used to selectively control

the tunneling carrier. Electric-field dependent optical spectroscopy of indi-
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vidual QDMs was performed and revealed a rich line structure for the four
main transitions. Theoretical models in great agreement with experimental
observations were presented, providing a deeper understanding of the physics
of QDMs. Finally, the fine structure of the exciton states in a QDM was
studied and electrical tuning of the electron-hole exchange interaction was
demonstrated. Moreover, a rotation of the eigenstates was observed, which
could potentially lead to quantum operations on spins confined in QDMs.
Leaning upon the understanding that we acquired on QDMs, we stored
photons up to lus in the solid-state, which was limited only by the pulse
pattern generator used in our experiment. This storage was made possible
through electrical control over the spatial separation between the electron
and the hole in the QDM, leading to lifetimes measured up to 1000 times
the radiative lifetime in single quantum dots. Using a vertical magnetic
field to create pure spin eigenstates and resonant excitation, the circular
polarisation of single photons was stored into the solid-state with fidelities
above 90% (corresponding to a degree of polarisation above 80%), which did
not appear to degrade for storage times up to the 12.5ns repetition period of

the experiment.

7.2 Future work

Future work on single quantum dots consists in extending the schemes that
we demonstrated to two-qubit quantum operations. This could be made
possible by confining a second electron-hole pair in the quantum dot, forming
therefore a neutral biexciton state. Quasi-resonant excitation of this second
electron-hole pair would require a second laser synchronized with the first
one and tuned to slightly different energy to account for the difference in
Coulomb interaction due to the presence of the first electron-hole pair in the
quantum dot. Electrical modulation of the splitting and orientation of the
eigenstates could then be used to manipulate the spins of both electron-hole
pairs.

Spin storage in QDMs up to the microsecond timescale could be achieved

in the near future using an excitation laser of tunable period. The next
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step would then consist in the storage of superpositions of spin states, which
is possible if the spin states are made near degenerate. This requires their
splitting to be reduced close to zero, which is feasible using the electric field
dependence of the energy splitting between the spin states discussed in this
thesis.

Eventually, combining storage of two electron-hole pairs in QDMs and
quantum operations on spins using electric field subnanosecond modulation
could lead to the development of controllable multi-qubit quantum memories
for polarised light, a building block for future long-distance communication

based on semiconductor nanotechnologies.
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