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Abstract

Current information exchange is based on optical fibers and satellite communication via free-space
links, where security is provided by mathematical complexity. However, it could potentially be
threatened by paradigm shifts in computing technology. Encryption techniques using quantum
key distribution based on entangled photons would allow for theoretical full secure communication.
The very same platform, entangled photons, can also be employed as a core element to establish
multi-node secure communication—a concept known as quantum network. For these reasons, en-

tangled photon sources might be the core of future quantum networks for secure communication.

In this thesis, I study GaAs/AlGaAs quantum dots as entangled photon sources. After giving
a general overview on the fundamentals of photonic quantum networks and GaAs droplet-etched
quantum dots, I mainly focus on two aspects of the development of this technology. First, limits of
the source performance as entangled photon sources and second, applications of entangled photons
from quantum dots for secure communication. The prior includes degrading effects of entanglement
in these quantum dots, especially based on multiphoton emission and optical Stark effect induced
by the particular entangled-photon generation technique, resonant two-photon excitation. The
experimental results demonstrate that multiphoton emission is negligible under practical conditions,
which is supported by a probabilistic model. The finite excitation laser pulse duration in resonant
two-photon excitation, on the other hand, induces an optical Stark effect. The measurements in this
thesis support the theoretical predictions and an entanglement reduction by increasing excitation
laser pulse length is observed experimentally. If some conditions are met, GaAs/AlGaAs quantum
dots emit highly entangled photons, which are utilized in the second part of this thesis by applying
them in entanglement-based quantum key distribution protocols. The demonstrations range from
the first implementation of quantum dots as entangled photon sources for secure communication
in fiber and free-space, to a continuous secret key exchange over three days. The second test case,
in particular, tackles the challenges of real-life applications such as sunlight and mild rain. At the
end, I provide a brief outlook on how to use entangled photons from GaAs/AlGaAs quantum dots
to transfer information from one node of a network, namely a quantum repeater, to another by

proposing an experiment called remote quantum teleportation.

Keywords: semiconductor quantum dots, entangled photons, quantum key distribution, quan-

tum repeater, quantum networks
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Chapter 1

Introduction

Modern information exchange based on optical communication is fundamental in present society,
ranging from financial, or medical data to information related to critical infrastructures. Current
security standards rely on the computational complexity of one-way functions [1], which, for ex-
ample, are based on prime factorization of large numbers, as the Rivest-Shamir-Adleman (RSA)
scheme. This mathematical problem, however, could be solved efficiently by future quantum com-
puters using Shor s algorithm, which drastically reduces the computation time [2]. For this reason,
intrinsically secure encryption techniques that are based on quantum mechanics and exchange a
cryptographic key, as Quantum Key Distribution (QKD), are investigated. QKD is a method of es-
tablishing a random bit string, securely shared between authenticated parties, which is then applied
to encrypt the message. When a One-time-pad (OTP) scheme is applied for data encryption, full
theoretical security is possible [3, 4], because, compared to the classical analogy, which is protected
by computational complexity, QKD is protected by the laws of quantum mechanics. In a nutshell,
instead of establishing a cryptographic key of classical bits, the key is shared via Quantum Bits
(qubits). Any attempt to gain information on the cryptographic key requires measuring the qubits,
which introduces errors into the key [5]. Thus, the communicating parties detect any eavesdropper
already during key generation and can discard the corresponding bit string from the key. This

approach promises stronger security by protecting data against eavesdropping.

Qubits are possible in many physical realizations, such as electrons [6, 7] or microwave photons
[8]. But the most obvious technology platform for communication is based on optical photons. Pho-
tons move fast, they hardly interact with their environment, which leads to unmatched coherence
properties [9], and provide the possibility to encode information in various degrees of freedom, for
example, polarization, time-bin, energy, path, phase, or orbital angular momentum [10]. Addition-
ally, by using optical photons we can exploit the already vastly developed communication systems
based on optical fibers and satellites.
The bottleneck for long-distance communication is the scaling of the error probability with the
length of the channel that connects transmitter and receiver. In optical fibers, for example, the
probability for photon absorption and depolarization grows exponentially with the length of the
fiber [11]. The detrimental effect can be even more severe for properties such as entanglement [12].

Therefore, a number of trials, which grows exponentially with distance, for a successful transmis-
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sion is needed. In classical communication, these problems are solved using signal repeaters along
the channel, which amplify the signal and restore it to its original shape and intensity. This is
more complex for quantum signals (qubits). The no-cloning theorem [5] prohibits to get an in-
dependent and identical copy of an arbitrary unknown quantum state. Consequently, alternative
restoring methods for qubits are needed for long-distance communication. At best this method is
both, compatible with QKD protocols and a potential building block for quantum networks. The
idea of quantum repeaters was born. A quantum repeater is a technology that enables the distri-
bution of quantum signal among distant and uncorrelated nodes without suffering from unbearable
signal losses. It relies on entanglement resources, projective measurements and, arguably [13-15],
quantum memories.

The entanglement resource should provide two photons, which are entangled with each other. En-
tanglement is the existence of a non-classical non-local correlation in a degree of freedom between
two objects. For example, entangled photons in polarization share a non-local correlation in their
polarization state. This means, knowing the polarization of one photon of an entangled photon
pair discloses the polarization of the second photon. These entanglement resources are then placed
on nodes of the network, sending one photon of the entangled photon pair to one receiver and send-
ing the second photon of the entangled photon pair to another receiver. When placing the node
between the two receiving parties, this allows to double the distance between the communicating
parties. Instead of receivers we can again place nodes, which have their own entanglement resource.
This concept would allow to build a network of individual nodes. These nodes can be linked by
transferring the entanglement from the first node to the second node, using an operation known
as entanglement swapping [16]. One photon from each entangled-photon pair is used to implement
a projective measurement via photodetectors. This operation projects the entanglement onto the
remaining two photons, which have never interacted before. Using this technique and assuming
all steps, entangled photon generation and entanglement swapping to be perfect (100 % efficient),
theoretically, entanglement between photons can be passed on to any point in the network without
compromising the advantage of using a quantum signal. But, this strategy does not increase the
transmission probability of the photons through the whole network. The photon losses still scale
exponentially with the passed distance, as would be the case of no nodes and one photon trav-
eling the same distance. Adding quantum memories to the quantum repeater allows to store the
entanglement in one node and time its distribution. For example, in case a swapping operation
failed on one node, the other node stores the entanglement until entanglement swapping is restored
in the adjacent node. The quantum memories would allow for a communication time that grows
polynomial instead of exponential with transmission distance [17].

This simple concept of nodes with entanglement resources, projective measurements and quantum
memories would allow to build up a quantum network. More precisely this framework would allow
to share a qubit over arbitrary distances by keeping its quantum nature. Furthermore, this concept
of sharing entangled qubits is also compatible with entanglement-based QKD protocols. Combining

these two concept would enable to share a cryptographic key over arbitrary distances.

In order to make the technology advantageous high demands are posed on the basic hardware

Julia Neuwirth 2
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blocks. The core of the hardware block is an entanglement resource with the following require-
ments: a high entangled photon pair emission efficiency (preferably on demand), with a very high
degree of entanglement and for the projective measurements a high photon indistinguishability [18].
The state-of-the-art entangled photon pair source for photon-based entanglement experiments are
sources based on parametric down conversion [19]. These sources provide nearly maximally entan-
gled photons, but with a non-zero probability of emitting more than one entangled photon-pair
per excitation pulse [20]. Consequently, when raising the number of entangled photons, increasing
the brightness of the source, also the multipair emission probability increases [21]. This limits the
technological potential of these sources, it reduces the achievable cryptographic key rate in QKD
[22, 23] and introduces errors in the projective measurements [24]. For these reasons, alternative
entanglement resources have been investigated in the last two decades. Solid-state-based quantum
emitters, for example, generate nearly on demand [25] entangled photons in polarization via the
biexciton-exciton cascade [26], with a high degree of entanglement, an extremely low multipho-
ton emission probability [27, 28] and photon indistinguishabilty [29, 30]. Hence, Semiconductor
Quantum Dots (QDs) provide all the desired characteristics for the application. Additionally,
wavelength-tunability makes them easily interfaced with other sources [31], as well as the first pre-
liminary experiments have demonstrated the potential to interface ()Ds with quantum memories
[32]. These features hold great promise for the construction of solid-state-based quantum networks

ensuring cryptographic key exchange by entanglement distribution.

Over the last couple of years, these advantageous features have been exploited to demonstrate
the feasibility of (QDs as the hardware of quantum networks. Experiments on quantum teleporta-
tion, which means transferring a quantum state onto one photon of an entangled photon pair even
at distance, demonstrates the applicability of ()Ds as potential entanglement resources for quan-
tum repeaters [33]. This scheme is even applicable with non-perfect entangled photons [34]. This
was extended by the demonstration of entanglement swapping, the procedure needed for quantum
repeater operation [35]. However, there is still a lot to understand. Entanglement in as-grown @QDs
can reliably achieve values above 90 % [36], up to a current record value of 97 % [37] in terms of
fidelity to a perfectly correlated photon pair. But entanglement degrading effects are still not fully
probed. Hence, entanglement generation, evaluation and improvement techniques still need to be
investigated and new, improved sources need to be developed. Even though a lot of pioneering
work for quantum repeater concepts have been performed using ()Ds, up to now the works never
exceeded proof-of-principles, especially not involving multiple sources. One research path, which
has not been explored closely is using ()Ds as sources for QKD protocols. Relatively few QKD pro-
tocols based on ()Ds have been performed, especially on entangled photons and in outside-the-lab

conditions.

In this thesis, I discuss one potential source of entangled photons, namely GaAs/AlGaAs @QDs,
their strengths and weaknesses for the application as entangled photon sources in quantum commu-
nication. This includes an in-depth study on entanglement degrading effects in ()Ds, focusing on

multipair emission. Additionally, I briefly address other potential entanglement degrading effects
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based on entanglement generation techniques in QDs. I also demonstrate the first implementation
in fiber and free-space entanglement-based QKD in an out-of-the-lab scenario. This is extended to
a free-space optical communication for three days straight, demonstrating the potential for real-
world applications. Finally, the thesis concludes with a summary and an elaborate outlook on
the road ahead. I discuss potential next steps going from two communicating parties towards the

establishment of a quantum network.

This thesis is structured in the following way:
Chapter two discusses the background of quantum networks, based on solid-state quantum emit-
ters. Special attention is given to QKD and quantum repeaters with their basic principles. The
next chapter, chapter three, introduces entangled photon generation using ()Ds. It begins by an-
swering the questions what are QDs and how to model them, and finishes with the discussion on
how entanglement generation is applicable in these nanostructures. Chapter four summarizes the
most common measurement techniques used in this thesis. Chapter five focuses on the entangle-
ment degrading effects that limit GaAs/AlGaAs @Ds to the currently non-perfect entanglement.
The next chapter, chapter six, discusses the results obtained for QKD based on ()Ds. The last
chapter, chapter seven, summarizes the work conducted in this thesis and provides an outlook on
the challenges ahead to go towards quantum repeaters and to improve the figures of merit of the

source to make them suitable in terms of efficiency for applications outside of the laboratory.
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Chapter 2

Fundamentals of photonic quantum

networks

Current classical communication decyphers messages based on public-key cryptography protocols.
Attacks, as man-in-the-middle attacks, where the attacker has secretly inserted themselves be-
tween the two communicating parties, listens and possibly alters the communication, are currently
prevented by authentication certificates issued by trusted certificate authorities.

Other attacks, as brute force attacks, where the attacker tries to crack the password by random
trials, are currently prevented by very long computation times to crack strong passwords or long
encryption keys, which exploit the difficulty of prime number factorization. However, Shor ‘s algo-
rithm states that the advantage of prime number factorization will vanish with the computational
advantage of quantum computers [2]. For this reason, new cryptography schemes are developed,
moving from secure keys generated from single binary bits, 0 or 1, to Quantum Bits (qubits). Qubits
rely on the rules of quantum mechanics and are represented by their wave function [¢) in a complex
Hilbert space. As a result, the qubit could be in both states, logical 0 or logical 1, at the same time.
This extends the limited calculation method of binary operations to the superposition of states
[38]. The superposition of both states, |0) and |1), of the qubit, |1), can be expressed in the Dirac

notation as following:
) = al0) + 8[1) = (O;) (2.1)

with o and 3, the amplitude complex coefficients, constrained by the normalization condition
la]? 4+ |8 = 1. A measurement on the qubit projects |¥) on the measurement basis |0) and |1)
with the probability of |a|? and |S|?. Visualization of the qubit state is given by the Bloch sphere

(see Figure 2.1). For this, we re-write the qubit as a Bloch vector, defined as:

0
COS 5

|¢>:cosg|0>+ei¢smg\1>=< ),(0§9§7r,0§d)§27r) (2.2)

¢ gip 0
e'? sin 5

When the qubit is in state |0) or |1), it corresponds to the North pole (§ = 0) or South pole (§ = )

of the sphere. All other values of 8 correspond to superimposed states.
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Figure 2.1. Bloch sphere representation of a qubit.

When measuring single qubits, as defined in Eq. (2.1), the wavefunction collapses and the state
will be projected on one of the measurement outcome states with the given probability. But, until
the qubit is measured, the exact state of the qubit is uncertain. This uncertainty of the exact
state of the qubit can be exploited to encrypt messages using prepare-and-measure QKD protocols.
Details to the protocol structure are explained in Section 2.1.1. In contrary to the prepare-and-
measure QK D-protocol family are entanglement-based QKD protocols. There, two qubits, which
are entangled with each other, are exploited to establish an encrypted key. Entanglement between
qubits is achieved by extending the concept of single qubit to composite qubit systems, put together
by multiple qubits. The composite system is constructed by the tensor product of the state-spaces
of the individual components. Considering N qubit-systems, each prepared in the state |¢;), then
the total state is [1)1) ® |12) ® ... ® [¢hn), which spans the 2V Hilbert space. If we, for example,
look at the two-qubit Hilbert space, constructed by a the tensor product of the two Hilbert spaces
of qubit A and qubit B, the two-qubit state can be written as:

V) = a0010) 4 @0) g + 0,1 [0) 4 ® 1) g+ 10|1) 4 ®@[0) g +a11[1), ®@[1)5

Q00
a (2.3)
= aqo |00> + ap1 ‘01> + aqg |10> + a1 |11> = ot
10
ail
and re-written in the last line using the shorthand notation |ij) = |i) 4 ® |j)z for the bases

of this 22-dimensional Hilbert space. The superposition of states gives access to new fundamental
concepts, as entanglement. Entangled states, in opposition to separable states, cannot be factorized
in the tensor product of their individual components. The Bell states represent the simplest form

of quantum entanglement, the maximally entangled (non-separable) quantum states of two qubits.
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6 = —5(100) + [11)

67) = —5(100) = [11) o
%) = (0 +[10)) |
47 = —=(jo1) - [10))

5

2

The Bell states are in a superposition of 0 and 1, in a linear combination of the two states. This
has the result that, when measuring one of the two qubits and knowing the random outcome of this
measurement, the state of the second qubit is certain. When this condition holds true regardless
of the measurement basis, the two qubits are denoted as maximally entangled. This correlation
between the two qubits for any analyzed basis is exploited in entanglement-based cryptography.
If, for example, an eavesdropper intercepts the communication the wavefunction of the quantum
state collapses and, depending on the chosen measurement basis of the eavesdropper, the expected
quantum state on the other side is altered. Hence, the communicating parties can detect the pres-

ence of an eavesdropper.

The more general description of a qubit or a composited qubit-system needs the extension from
pure states, Eq. (2.1) and (2.4), to mixed states, which are formalized in terms of density matrices.

This is discussed in Section 4.4.

Qubits have been demonstrated in various platforms, such as electronic states of atoms [39],
nuclear [40] or electronic [41, 42] spins, flux or phase [43] states in superconducting materials, and
photons [10]. Entangled states can either be generated by interaction of quantum states [18] or
through non-linear parametric processes [19]. For quantum communication, photons are the op-
timal choice. Photons do not only take advantage of the current well-established fiber and free
space communication infrastructure, they are also robust against decoherence due to weak inter-
action with the environment. Therefore, photons provide an easy implementation in the current
infrastructure as well as less losses in the transferred information. Additionally, photons provide
various degrees of freedoms to encode information, for example, Fock states (number of particles)
[44], time-bin [45], orbital-angular momentum [46] and polarization [47]. This work focuses on an
efficient source of polarized photons. Hence, the qubit is the polarization degree of freedom of a

single photon.

In the following discussion, we define the |0) qubit as horizontally linearly polarized photon and
|1) qubit as a vertically polarized photon. Additionally, we choose an entangled photon pair, in
the [1)T) state. These single- or entangled-photons can now be exploited for intrinsically secure

encryption schemes using QKD.
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2.1 Quantum key distribution

QKD is an encryption key technology that, in theory, provides unconditionally secure communi-
cation based on the laws of quantum mechanics. Instead of generating a secret key between two
entities (Alice and Bob) using classical bits, the secret key in QKD is encoded in qubits. If now an
eavesdropper is trying to intercept the conversation, Alice and Bob detect its presence. Imagine the
following scenario: Alice prepares a qubit in a randomly selected basis out of two non-commutating
sets of bases. The qubit is then sent to Bob, who measures the qubit randomly also in one of the
two non-commutating bases. If an eavesdropper wants to get information on the encryption key,
it has to perform measurements on the qubits sent to Bob. For this the eavesdropper chooses a
measurement basis, produces a state based on its measurement result and then sends this state
to Bob. Bob, when performing his measurement, chooses randomly out of the non-commutating
bases. The eavesdropper, however, is not able to predict the choice of Bob’s basis and consequently
cannot faithfully reproduce the result that Bob would have read without the intercept. Therefore,
Alice and Bob can detect for eavesdropping by comparing part of their bit strings and checking
if they have larger discrepancies than expected. Consequently, QKD protocols prove to be robust

against attacks, even with unlimited computational power.

Numerous QKD protocols are developed depending on the QKD platform, i.e., decoy protocols
for attenuated lasers, multidimensional protocols, fully and partially device-independent protocols
and so on [48]. However, I am interested in discrete variable protocols, which are categorized
in two types of QKD protocol families, prepare-and-measure-based and entanglement-based QKD
protocols. In the following section we will quickly introduce the two concepts, but later focus on

entanglement-based protocols.

2.1.1 Prepare-and-measure quantum key distribution

The first QKD protocol was proposed in 1984 by Bennett and Brassard [49], which falls under
the category of prepare-and-measure QKD protocols. This protocol family, as the BB84 protocol,
use single qubits to establish the encryption key. The sender (Alice) has a single qubit source,
which generates single qubits with a certain rate. Every qubit is then prepared randomly in a
particular quantum state out of a set of non-commutating bases. For example, Alice randomly
prepares a photon with specific polarization (H) out of the basis sets {H,V} and {D, A}. Since
these two bases sets are non-commutating (not mutually orthogonal), it is impossible to distinguish
among all of these states with certainty with a single-shot measurement. The qubit is then sent
to the receiver (Bob). The receiver measures the photon in the same basis sets, but chooses the
measurement basis randomly. After transmission of multiple qubits Alice and Bob communicate
in a public authenticated, classical channel their bases used for preparation and measurement. If
the preparation and measurement bases do not coincide, Alice and Bob discard the measured bits.
In the other case, Alice and Bob keep the measurement result in a bit string. Alice randomly
discloses a certain fraction of the bit string and communicates it to Bob. Both, Alice and Bob

announce the bits (measurement results) for the selected fraction in the public channel and check

Julia Neuwirth 8
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@ photon @

Sequence $ BOB
- +

Phton Polarizer Basis
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Figure 2.2. Prepare-and-measure based QKD: Alice prepares randomly each qubit in a specific state, i.e.,
a set of polarization basis. Bob measures the qubit in a predefined set of bases. The measurement basis
are shared via a public channel and when Alice and Bob prepared and measured the same basis, the
measurement result is added to the key. A randomly chosen portion of the key is compared between
Alice and Bob, checking whether a certain number of bits coincide. If this is the case, Alice and Bob
share an encryption key, the remaining unshared key.

whether a certain number of these measurements match. If this check passes, Alice and Bob share
an encryption key, the remaining bit string, which has not been disclosed during the check. In
case an eavesdropper, Eve, infiltrated their communication, the best choice she has is measuring
the qubit and generating a state that has the result of its measurement. This state is then sent
to Bob, which again randomly measures the state generated by the eavesdropper. However, since
Eve does not know for certain which measurement basis Bob will choose, she has a 50 % chance to
have guessed wrong. In this case, the result of Bob’s measurement has a 50 % chance of differing
from Alice’s basis selection. Hence, the eavesdropper has the risk disturbing a particular qubit with
a probability of 25 %. This is then detectable by Alice and Bob as a higher uncertainty when
matching results in the compared bits. In case an eavesdropper infiltrated their communication,
Alice and Bob would delete the established key and start generating a new encryption key.

The second protocol family based on entanglement, on the other hand, does not share single qubits

via the quantum channel, but share two qubits, which are entangled with each other.

2.1.2 Entanglement-based quantum key distribution

Entanglement-based QKD protocols, as the name indicates, rely on entangled qubits, instead of
single qubits. Using an entanglement-based protocol instead of a prepare-and-measure scheme, the
achievable raw key rate is in principle the same. However, the achievable distance can be dou-
bled, since one can simply place the entangled photon source between the communicating parties.
Thus, an entangled qubit source, which emits, i.e., polarization-entangled photons, is put in the
middle between the two communicating parties, Alice and Bob. One qubit is sent to and analyzed
in a randomly-selected basis by Alice. The second qubit, which is entangled to the other qubit,
is sent to Bob and also analyzed in a randomly-selected basis. In case an eavesdropper measures
one of the two qubits, the entanglement between them is destroyed. Alice and Bob, as in the
prepare-and-measure protocol, again share the measurement basis over a public channel. If the
same measurement bases were chosen by Alice and Bob, they use the outcome as a new bit in the

encryption key, since it is certain that it will be the same due to entanglement. In case they chose
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different measurement bases, they communicate the measurement outcome and check if the result
is plausible conditioned by the entanglement of the qubits. The exact implementation is dependent

on the specific protocol choice.

Ekert 91 protocol

In 1991, Ekert developed a QKD protocol that exploits the completeness of quantum mechanics
using entangled pairs of photons [50]. The scheme is based on Bohm’s version of the Einstein-
Podolsky-Rosen gedanken experiment [51] and tests for eavesdropping with the generalized Bell
theorem (Clauser-Horne-Shimony-Holt inequalities) [52, 53].

The quantum channel consists of a source that emits pairs of qubits, for example polarization
entangled photons, in the Bell state ¢*. The two qubits fly apart in the z axis, towards the
two users of the channel, Alice and Bob. Both, independently perform measurements on the
polarization components along one of the three directions given by the unit vectors a; and b,
(1,7 = 1,2,3) of the qubits. In terms of polarization basis, this would correspond to {a1,as,as} =
{0°/90°, —22.5° /67.5°, —45° /45°} and {by, be, b3} = {—22.5°/67.5°, —45° /45° —67.5° /22.5°}, where
the angles are with respect to H polarization. The orientation of the analyzers are chosen randomly
and independent for each pair of incoming qubits. The result of each measurement, in £ units for
the polarization basis is either, +1 (L) or -1 (R) (equivalent for the other basis), and can potentially
reveal one bit of information. To test the success of the protocol we have to perform a test of local
realism. Locality means that an object is only influenced by its immediate surrounding. Since Alice
and Bob are placed far apart, locality would predict that the measurement performed by Alice does
not instantly influence the measurement performed by Bob and vice versa. Realism means that the
outcome of the measurement follows deterministically from preexisting properties of the particle.
Local realism, or its negation, can be determined through the Bell parameter. The Bell parameter
S, as defined by Clauser, Horne, Shimony and Holt [53] is defined from the correlation coefficients
between Alice and Bob:

S:E(al,bl)—E(al,bg)+E(a3,b1)+E(a3,bg) (2.5)

with F, the correlation coefficient on spin components along one of the three directions given by the
unit vectors a;, b; (i,j = 1,2, 3), for Alice (a) and Bob (b), respectively. The correlation coefficient

depends on the probability (Pi+(as,b;)), which are £1 for the measurements on a; and b;:
E(ai,bj) = Pyy(ai, bj) + P-—(ai, bj) — Pr—(ai, bj) — Py (as, b)) (2.6)
Quantum mechanics predicts for a maximally entangled state
S =-2v2 (2.7)

After the transmission of the qubits, Alice and Bob announce in the public channel the analyzing

basis that they have chosen for each particular measurement. All the measurements in which either
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Figure 2.3. Entanglement-based QKD: An entangled photon source sends one qubit to Alice, the second
qubit, entangled to the first, to Bob. Alice and Bob measure the received qubit and share the measurement
basis via a classical channel. When both measured the key basis of the entangled photon pair, the
measurement result is added to the raw key. Otherwise the measurement result is communicated via a
classical channel and the security of the key is verified checking the Bell parameter.

or both of them failed to register a particle are discarded. When they measured different bases, the
measurement results are shared via a public channel and the value S can be retrieved. If the qubits
were not directly or indirectly disturbed, the result of Eq. (2.7) should be reproduced. However,
experimental imperfections and non-perfect entanglement lower the value S. To experimentally
demonstrate that the signal violates local realism, it is enough that the Bell parameter surpasses
a given threshold. Hence, we test that the source negates the classical signal limit of the Bell
parameter, which is:

<2 (2.8)

When the measured Bell parameter is above 2, Alice and Bob are assured that they obtained anti-
correlated results, when they chose the same measurement basis, as quantum mechanics predicts.
Now, Alice and Bob can convert the measurement outcome for the same measurement bases into
a secret string of bits - the key [50].

If an eavesdropper is present it would for example, measure part of the qubits and may try to
substitute his own prepared data for Alice and Bob to misguide them. However, the eavesdropper
does not know the orientation of the analyzers, the analyzing basis, for the particular qubit pairs,
because they are chosen randomly. Hence, the eavesdropper introduces elements of physical reality
to the measurements of the spin components and results in being detected [50]. Ekert could
demonstrate that the generalized Bell “s theorem has a practical application in cryptography and

can be used to test the safety of the key distribution.

2.1.3 Post processing

So far, I have considered ideal protocols. In reality, however, errors in the transmission are un-
avoidable, which need to be processed in order to obtain a common secret shared key. This is an

essential part of any QKD protocol to ensure its success.

Qubit exchange: First, as described before, the single- or entangled-qubits are shared between

Alice and Bob. The measurement results in the key basis build the so called raw key.
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Sifting of the key: Different transmission and detection efficiencies introduce unequal losses
for Alice’s and Bob’s measurement channels. Consequently, Alice and Bob might not have mea-
surement results for each sent qubit-pair. For this reason the raw key on both sides needs to be
re-organized. Alice and Bob communicate in a public channel the measured bases and reduce the
raw key by only considering measurements where both have a measurement result on the same
basis. This step is referred to as key sifting. After this step, both, Alice and Bob, in the absence of
errors, share a secret key, the sifted key, which has the same length on both sides and correspond
to the same entangled qubit-pairs. During sifting no important bit information is revealed to a

possible eavesdropper, because only information on the bases is exchanged.

Error estimation and correction: In the next step it is necessary to check if an eavesdropper
was listening to the communication. This step is referred to as error estimation. Alice and Bob can,
for example, estimate the error by disclosing part of the acquired raw key and guess the total error
on the key based on the partial statistic taken. Favesdropping is not solely responsible for errors
in the quantum channels. Errors may also occur due to imperfections in the state preparation, a
polarization reference frame misalignment, an imperfect measurement apparatus (polarizing beam
splitters, detector dark counts, background stray light) [54]. All of these factors might result that
the bits measured by Alice and Bob differ even though they use the same measurement basis. This
error or the key is quantified by the Quantum Bit Error Rate (QBER), the fraction of differing bits.
Depending on the protocol a certain bit error rate is tolerated, for example 11 % for the protocol
used in this thesis [3, 55]. This boundary of 11 % ensures that random errors can be corrected for.
If the error is bellow the protocol limit, the sifted key is processed further and compensated by an
error correction step. The error correction aims to transform an error-afflicted sifted key into an
error-free key. Many error correction schemes can be applied, one of the simplest approaches to
implement is based on public bit block comparison [54]. The algorithm is set up to reduce the error
on the sifted key round-by-round while disclosing the minimum amount of information. However,
when publicly sharing information, for example the parity of a bit block, the eavesdropper gains
some information on the error corrected key. This has to be considered in the next step, the privacy

amplification.

Privacy amplification: The last step is a specific post processing on the error corrected key
that Alice and Bob have agreed on beforehand. Alice and Bob apply a pre-defined mathematical
function, the so-called hash function [56]. The hash function reduces the error corrected key by
considering the amount of information the eavesdropper possesses, which is estimated on the basis
of an experimental parameter, such as the error rate or the Bell parameter depending on the pro-
tocol. As a consequence the eavesdroppers has less knowledge on the error corrected key, in best
case only a negligible amount. This will be discussed in more detail in Section 6.4.3. The length
of the final secret key should also keep into account possible shortcomings between the protocol
assumptions and its implementations, for example due to the photon splitting attack against states
which have no true single-photon statistics. The remaining bits form now the secure key, which is

used for encryption.
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Using this procedure, a secure key is established between the two communicating parties. How-
ever, to ensure full security on the encrypted message, the OTP encryption method has to be
applied on the message [57]. The OTP relies on the strategy that the secure key shared between
Alice and Bob is secret and randomly generated. Additionally, the OTP requires that the secure

key is as long as the massage to be encrypted and is only applied once [58].

If these requirements on the secure key and the usage hold, it can simply be applied to the
message using an exclusive OR operation. Consequently, Alice and Bob can send the encrypted
message via a public channel and the receiving party can decipher the massage applying again
an exclusive OR operation on the message. Since the secure key seems random to third parties,
and any repetitions of the key are excluded using the OTP, no useful information is shared to any

adversary.

2.2 Quantum repeater

The QKD protocols establish a secure key between two communicating parties. However, as it
can be imagined, when the two are parted by long distances, new challenges arise. When sending
photons over long distances, they interact with the transmission medium and hence, lose their
coherence or just simply get absorbed. Fibers, which currently are the basis for our long distance
communication, scale the transmittance T' exponentially with the fiber-length L, with a minimum
attenuation of a = 0.16 dBkm ™! (ultra low-loss fibers at 1550 nm wavelength) [59]. This results in
the probability that both photons from an entanglement-based QKD protocol arrive at destination,
of P~ Ty Ty = e li—als — g—allitle) Jeading to a signal attenuation of ca. 50 % after 20 km
travel distance. For this reason, when messages are transferred over long distances in our current
classical communication channels, signal repeaters are placed along the channel to restore the shape
and intensity of the wave traveling through the communication channel. If we now, however, send
a quantum signal (qubit) from one distant location to another, we cannot just amplify the qubit to
restore its coherence. This would violate the no-cloning theorem [5], that relies on the fact that a
quantum state will be projected onto the measurement basis upon measurement. Thus, a quantum
state cannot be simply measured and copied. On the one hand this is a big advantage for QKD,
because the no-cloning theorem renders man-in-the-middle attacks obsolete. On the other hand for
long distance quantum communication new repeater concepts are needed. Fortunately, quantum
mechanics provides a solution to this challenge by the concept of quantum repeaters. At best, the
quantum repeater is a device that restores the signal but also is a compatible building block for
setting up quantum networks. Hence, a quantum repeater should be a technology that enables the
distribution of quantum entanglement among distant nodes. This leads to the idea of a platform
built up from an entanglement resource, projective measurements and quantum memories, as in-
troduced in Chapter 1. Different strategies are currently followed for its implementation:

One can use dissimilar quantum systems for the entanglement resource and the memory [15, 48, 60].

This would allow to combine the best entanglement resource and the best quantum memory, both
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optimized for the needs of the quantum repeater. However, using different systems sets strict re-
quirements on the compatibility of the two blocks in terms of physical specifications. Additionally,
it raises the potential for more losses in the quantum repeater due to imperfect operations. The
second quantum repeater concept omits these drawbacks, because it uses the very same platform
for entanglement resource and quantum memory [61]. Here, the spin qubit is used as a quantum
memory and photonic qubits, that are entangled to the spin qubit, to interface the different nodes
[62—64]. This would omit compatibility losses, but it is rather difficult to find a platform that meets
the stringent requirements for both parts. Hence, intrinsic imperfections need to be balanced. The
last quantum repeater concept completely skips quantum memories and is consequently referred to
as memory free-schemes. These rely on measurement-based operations on complex cluster states
[14, 65—67]. While all the different approaches have their own advantages and disadvantages, the
construction of functional quantum repeaters will most likely require merging the different concepts

being developed [68].

The conceptual operation idea for quantum repeater is the following: A long channel is broken
down into small segments linked by quantum repeaters, which can also act as nodes to build up a
quantum network. Before being able to send a quantum signal through the network, the different
nodes need to be connected. This is carried out by extending the entanglement from one single node
to the two adjacent nodes via entanglement swapping [16]. For entanglement swapping each node
generates an entangled photon pair. One photon of each entangled photon pair remains at the node
and the second photon is sent to a Bell State Measurement (BSM). The BSM performs a projective
measurement on the two photons of the different nodes. The outcome of the measurement instructs
the nodes, which operation has to be performed on the remaining photons so that the two photons
are transferred in an entangled state. After performing the appropriate operation on the remaining
photon on each node, the two nodes share an entangled state. This entanglement swapping protocol
can be continued and applied to the next adjacent nodes following the same procedure. Performing
this sequenced swapping operations enables the sharing of entanglement throughout the network,
but it does not improve the transmission probability through the network. For this we need quantum
memories. The quantum memories in each node store the photons until they are needed in the
network. This is in particular useful in case of imperfect operations, for example a failure of the
swapping operation, or for timing in the network, for example each swapping operation needs the
classical signal transfer to get the unitary operation applied on the remaining photon. Hence, the
quantum state has to be stored for a couple of milliseconds to allow for classical signal transfer or
a new swapping operation.

In order for the whole quantum repeater technology to be advantageous each step in the operation
needs to be accurately performed, which poses high demands on the basic hardware blocks. The
quantum resources need to generate highly entangled photons, preferably on-demand with a low
multiphoton emission probability. Meeting these conditions lowers the complexity and failure of
the operation. Additionally, the photons emitted by the quantum resources should be highly
indistinguishable. This an essential requirement for efficient BSM [18]. These are the must-have

features of the entanglement resource. Some other useful features are brightness and scalability. The
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brightness would allow for faster transmission rates through the network and the scalability would
pave the way from prototyping towards out-of-the-lab operations. For the quantum memories,
the most important figures of merits are the fidelity of state storage, a high efficiency of storage
and retrieval [69], preferably on demand, with long storage times [15]. The efficiency of a quantum
memory is quantified by the probability to re-emit a photon after storage. A high recall efficiency is
favorable because it increases the success rate of entanglement distribution and thus makes scaling
of the quantum networks easier. The fidelity is the overlap of the quantum state of the retrieved
photon after storage with the input state. For practical quantum memories the fidelity needs
to be higher than the no-cloning limit [70]. The storage time indicates the time over which the
quantum state remains faithfully stored. In particular for long-distance quantum communication
memories, the classical communication time between distant nodes imposes a lower boundary on
the quantum memory storage time [15]. Hybrid quantum repeater systems require the memory
also to be compatible with a broad signal bandwidth acceptance [71]. The bandwidth of the
quantum memory determines the wavelength compatibility with the interfacing quantum resource
and affects the achievable repetition rates [72]. Often, highly efficient memories exhibit a narrow
bandwidth in the order of few MHz [73]. The long list of requirements on the quantum resources
and quantum memories makes the search for the right quantum repeater platform quite demanding.

One potential quantum repeater platform is given in the outlook of this thesis.

2.3 Quantum teleportation

Quantum teleportation is the transmission of a quantum state over arbitrary distances by taking
advantage of entanglement. A quantum state (photon) transfers its information on a distant pho-
ton, without the need of direct interaction. This is possible by performing a measurement, more
specifically a BSM, on the initial photon with one photon of an entangled photon pair. The mea-
surement transfers the state of the initial photon onto the second photon of the entangled photon
pair. Exploiting a shared entanglement resource to transfer a qubit without the qubit having to
travel the whole distance has great potential, for example in distributed quantum computation or
enhanced coordination in specific tasks. The dependence of quantum teleportation on entanglement
resources underlines the potential of the entanglement distribution technology introduced before.

Both quantum teleportation and entanglement swapping rely on the same measurement, the BSM.
The experimental implementation of quantum teleportation, however, is slightly simpler. It re-
quires an initial qubit, for example prepared in H polarization, and one entangled photon source.
To perform a working teleportation operation, the indistinguishability between the initial qubit and
the interfering photon from the entangled photon source has to be high. High indistinguishability
is also essential for entanglement swapping, except now between two photons from two entangled
photon sources. Considering the fabrication of solid-state-quantum emitters, meeting the stringent
requirements on the sources is quite challenging. But, first demonstrations on quantum teleporta-
tion [33, 74], even with imperfect emitters [34], and also entanglement swapping [35, 75] have been

realized.
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The concept of quantum teleportation is apparent by going through the mathematical descrip-
tion: As mentioned before, quantum teleportation is the procedure of transferring an input state
), via a BSM onto one qubit |1), (photon) from an entangled photon pair |¢T),5. This procedure
is illustrated in Figure 2.4. A generic state of qubit (photon) 1:

)1 = al0)y + B1), (2.9)

is teleported to a second qubit (photon) 3, via a shared entangled qubit (photon) pair 2-3, which is
in one of the four possible Bell states, i.e. the |¢T) state

1
|67 )03 = %(I% [0} + [1)5 [1)3) (2.10)
The complete three-photon state is the tensor product of the elements, and is written as

1
€)= (a|0); + B11)1) ® —=(0)3 [0)3 + [1)5 [1)3)
V2
1 (2.11)
= E(a 10)110)210)3 + @ [0)y [1)5 [1)5 + B1)1[0)3[0)3 + B11)1 [1)5 [1)3)
We can take advantage of the completeness of the Bell states and rewrite the state from the
computational basis in a straightforward representation to understand the operation principle of

the protocol. The computational basis can be expressed in terms of Bell states the following way:

100) = 7(!¢+> +197))
11) = 7(!¢>+> [97))
(2.12)
01) = 7(!¢+> +197))
10) = E(Wﬂ —¥7)
Using Eqgs. (2.12), the state in Eq. (2.11) can be expressed as
& = }[( 2516012 4167012 00y + a6 )+ 197)12) g
ﬁ\[(WJ )12 = 97 )12) ‘O>3+BE(|¢+>12 —197)12) [1)3] (2.13)
1

H¢ )12 (@ ]0)3 + B1)3) + @7 )15 (@ |0)3 — B[1)3)
+ W+>12 (a|1)3+ B10)3) + [ )15 (@ |1)3 — £0)3)]

Now, by performing a BSM between qubit (photon) 1 and 2, the input state of qubit (photon) 1
will be projected to one of the states in Eq. (2.13). The two qubits (photons) 1 and 2 are coupled
and destroyed in the BSM, while qubit (photon) 3 will collapse in one of the four different states.
Depending on the BSM, a unitary transformation on qubit (photon) 3 has to be applied in order to

obtain the initial state [1)). The unitary transformations dependent on the Bell state measurement
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Figure 2.4. Sketch of quantum teleportation. A qubit, whose information will be teleported, is prepared in a
specific state ;. Additionally, an entangled photon pair ¢93 is generated. One photon of the entangled
photon pair is sent to a BSM with the qubit, which we want to teleport. The BSM transfers the
information from the prepared qubit to the interacting photon of the entangled photon pair. Depending
on the result of the BSM, a unitary transformation U on the second qubit of the entangled photon pair
is applied, in order to restore the actual state of the prepared qubit.

results are:
0T ) 1 — 1 [T )19 = 0

(2.14)
07 )1g =02 YT )g — Oy

where I is the identity and o; (i = z,y, z) the Pauli matrices. If we take as an example, the BSM
on the state [¢)7),,, the polarization state of photon 1 is transferred on qubit (photon) 3, with a

rotation. If we now apply the belonging unitary transformation o, the following relation results:

ay(all)z = B10)3) = (|0)3 + B 1)3) (2.15)

which resembles the initial state that was teleported. Consequently, the initial state of photon
1 was teleported onto photon 3. The necessary tools were the BSM and the potential unitary

transformations, which can easily be performed using half-waveplates.

2.3.1 Bell state measurement

The core process in quantum teleportation is the BSM. An efficient measurement of the Bell state
is crucial for the perfomance of the teleportation process. The BSM setup has a rather simple
composition, a balanced beam splitter and two single-photon detectors (illustrated in Fig. 2.4).
The crucial step is the interaction of the beam splitter with photons.

When a photon impinges on one of the two entrances of a balanced beam splitter, the output will
be a superposition of the two exit ports. The interaction can be mathematically described with the
use of the creation a' and annihilation @ operators, acting on a Fock state |0). Note, the reflected
paths undergo a phase shift of 7, due to conservation of energy. Consequently, the beam splitter

transformation can be expressed as the following:

1)y > J5ad +ial) o) (216
1)y = J5(iak + ah) jo) ‘
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Two-photon interference at a beam splitter

The BSM is based on two-photon interference, in detail, the overlap of two wavefunctions in a
balanced beam splitter.

Lets consider two, in all degrees of freedom, indistinguishable single photons, that are prepared in
a pure polarization state and then sent each into one of the two entrance ports (1,2) of a balanced
beam splitter (see Figure 2.5). This can be written as two creation operators acting on a common

vacuuin state:

(2.17)

= 51225100, + [0)5 209
The two indistinguishable photons enter from different entrance ports, however, exit at the same
output ports. This phenomenon is called the Hong-Ou-Mandel (HOM) effect on a 50:50 beam
splitter [76] and it tells us, in case two photons are identical in every degree of freedom (i.e. spa-
tiotemporal mode, energy, polarization and time of arrival on the beam splitter), we observe the
bosonic coalescence, a solely quantum effect, and the two photons will be found at the same exit
of the beam splitter. If we now collect time correlations on clicks of two Awalance Photo Diodes
(APDs), which are placed at the output ports of the beam splitter, we should detect no clicks at
a time-delay zero between the two detectors. It is worth mentioning, as it will be discussed in
more depth in Section 4.5, that, when performing these time correlations in a laboratory, there
are always some clicks at zero-time delay. These are related to non-perfect indistinguishably of the
two interfering photons due to time jitter in the emission process, spectral wandering or dephasing,

which result in indistinguishable photons.

In the experimental conditions the interfering photons in quantum teleportation are often ex-
pressed in terms of Bell states. This representation is the most convenient, since it makes evident
the action of the two-photon interference process, which discriminate the polarization states based
on their symmetry. For this reason, we determine the expected outputs, when two photons of a
specific Bell state impinge at the same time at the beam splitter. We now consider polarization of
the impinging photons by adding the subscript h and v for the linear polarization basis. Therefore,

we extend Eq. (2.17) for the interference of the two photons, with Bell states as input states:

‘H

6%)12 = J5al4al, +al,ab,) 100 = 25012005 +120)5 + 120)4 + [20))

070 = J5@]pabs —al,ab) 10) = 575020 = 20)s + 20y — [20)4) o)
Wt = J5@luab, +al,ad,)10) = J(aLlo)s + [1alu)y) ‘
[0y = J5alpab, —al,ad,) 100 = J5(1)s Loy — [10)5 [10))

One can see that the |¢)7),, leads to two photons at distinct output ports. The reason for this
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Figure 2.5. Sketch of a Bell state measurement. Two photons are entering at the two entrance ports of a
50:50 beam splitter. When both photons exit at different exit ports, the entering state was 1)~ ),,. The

other Bell states cannot be discriminated with this setup, because in these cases two photons exit the
same port.

lays in the two-photon state. This state is the only one which is anti-symmetric under exchange of
particles. The other Bell states, however, have symmetric spatial wavefunctions. For the |¢T),,,
the two photons exit the same output port, but they differ in polarization. For |¢i>12, both photons
also exit at the same output port and also have the same polarization. From these formulas we can
now see that we can easily detect the |1)7),, state by collecting the correlations with respect to
different arrival times on the two APDs, at each output port of a regular beam splitter. Detecting
the |¢p),, is also possible with linear optics, by adding a polarizing beam splitter after the 50:50
beam splitter. Because even though the two photons for the |)T),, state exit the same output port,
we can split them due to their difference in polarization. Thus, we can measure it by correlating
coincidences between A PDs after the two polarizing beam splitters. The ]qﬁi)lz, however, exit from
the same output port and have the same polarization. If we correlate coincidences between the
two output ports of the beam splitter, we will always have a dip at zero-time delay. Additionally,
since they have the same polarization there is no way to discriminate the two photons using linear
optics. However, exploiting non-linear optics also these states can be differentiated [77], even if this

is very challenging to implement efficiently.
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Chapter 3

Fundamentals of (zaAs droplet-etched

quantum dots

3.1 Introduction to semiconductor quantum dots

As discussed in the previous section, quantum networks and QKD systems are often based on
platforms using entangled photons. The current state-of-the-art entangled photon sources exploit
parametric down conversion. A polarized pump laser is focused on a non-linear crystal and gener-
ates under energy and momentum conservation two entangled photons, which have half the energy
of the pump source. The crystals are categorized in two types, type-I and type-II. Type-I Spon-
taneous Parametric Down Conversion (SPDC) relies on two crystals placed one after each other
with their crystal axis being rotated 90° between them. For example, when a pump beam oscillates
at 45° with respect to the horizontal axis, the first crystal generates a horizontally-polarized pho-
ton and the second generates a vertically-polarized photon. Type-II crystals, on the other hand,
are single crystals, whose nonlinearity creates two cones, one composed by horizontally-polarized
photons, the second by vertically-polarized photons. Selecting the two photons from the two in-
tersection points of the two cones, the photons are correlated and are in a superposition of their
polarization states. SPDC sources provide nearly-maximally entangled photons [20], used for the
longest distance realization of QKD over 1200 km [78]. To improve the key rate in QKD, the
pump power sent on the crystal needs to be increased. However, increasing the pump power to a
level where the probability of generating at least an entangled photon pair approaches unity, also
raises the multipair emission probability, due to the non-zero probability of emitting more than one
entangled photon pair per excitation pulse [79]. Consequently, the multipair emission impairs the
entanglement fidelity [21], which limits the achievable secure key rate in QKD [22, 23].

For these reasons, alternative entangled photon sources are currently investigated. One promis-
ing entangled photon source, with the potential of generating entangled photons on demand and
meeting the stringent requirements of the QKD and quantum repeater schemes are Semiconductor
Quantum Dots (QDs). @QDs can generate polarization-entangled photon pairs via the biexciton-

exciton cascade [26] with extremely low multiphoton emission probability [27, 28], high degree of
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entanglement [80] photon-indistinguishability [29, 30] wavelength-tunability [31] and with nearly

on-demand generation [25].

As their name implies, Ds are structures based on semiconductor materials, showing quan-
tum confinement effects. Semiconductor materials are crystals where the Fermi energy is situated
within the energy gap (E4). Thus, at 0 K all available states in the valence band are filled, whereas
the conduction band is fully empty. By using an electric or light source with an energy hv > Eg,
the gap energy, an electron from the valence band is promoted to the conduction band. This
electron can return to the valence band after the radiative lifetime by the emission of a photon.
Since various states are possible to be excited in the conduction band, the emission of a semi-
conductor bulk material comprises a broad spectrum. But, the optical and electrical properties
of semiconductors can be altered by inserting impurities into the lattice or building heterostruc-
tures. Prominent examples are III-V group heterostructures, built from GaAs/AlGaAs. When
creating heterostructures in the nanometer scale the electron motion gets confined within the lower
bandgap material, which increases the uncertainty in its momentum and consequently the average
kinetic energy, due to the Heisenberg principle. If the confinement is comparable or below the
de Broglie wavelength for thermal motion, quantum confinement arises. This is indeed the case
for heterostructure dimensions in the nanometer - tens of nanometer range. We speak of quantum
wells for a one-dimensional confinement, quantum wires, for two-dimensional confinement and @ Ds,
for three-dimensional confinement. Looking at the density of states for the different confinement
dimensions, we can see that the possible states in the conduction band are connected to higher
confinement in the potential well. For three-dimensional confinement only discrete energies are al-
lowed. Hence, light emitted by three-dimensional confined objects have specific energies. Thus, the
emission spectrum comprises isolated lines similar to an atom. Ds, when fabricated small enough
exhibit these three-dimensional confinement effects and emit light with discrete energies. For this
reason, ()Ds are referred to as artificial atoms, despite being often formed by tens of thousands of

atoms.

3.2 Fabrication of semiconductor quantum dots - Aluminum droplet

etching

To fabricate @)Ds with optical properties suitable for quantum information experiments, several
methods have been developed over the past. The main challenge is to control size, density and

uniformity while keeping it compatible with the growth technique.

The most prominent techniques are based on epitaxial growth of self-assembled nanostructures
using molecular beam epitaxy or metalorganic vapor phase epitaxy. Most of the pioneering experi-
ments in the field relied on QDs fabricated by the Stranski-Krastanow growth mode. This technique
relies on the spontaneous formation of crystalline three-dimensional islands due to strain induced
by the lattice mismatch of the different deposited materials [81]. This strain driven mechanism is

compatible with standard molecular beam epitaxy technology and leads to excellent crystalline and
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Figure 3.1. Sketch of the droplet etching technique to fabricate uniform @QDs. First aluminum (Al) droplets
are deposited on the Al 4GaggAs matrix. When heating, the Al evaporates, leaving behind an etch pit
in the host matrix. The next step, depositing a thin layer of GaAs, fills the drilled holes. To prevent
surface states, influencing the optical quality of the nanostructures, the GaAs material is capped with
another layer of host matrix of Aly 4Gag gAs.

optical quality. However, it is restricted to specific heterostructures with a large lattice mismatch
such as InAs/GaAs [81] or Ge/Si [82]. This is not the case for GaAs/AlGaAs, which have similar
lattice constants. Additionally, strain effects in the QDs lead to entanglement degradation, as dis-
cussed later on in Section 3.5.1. Almost strain-free and highly symmetric GaAs QDs are fabricated
with a more recent fabrication technique called Local Droplet Etching (LDE) [83]. LDE does not
rely on strain and is performed at higher temperatures compared to conventional droplet epitaxy,
a former technique to fabricate strain-free @Ds [84]. Hence, LDE provides an improved crystal
quality, narrower emission linewidths [85] and consequently, having entanglement fidelities above
90 %.

The @D samples used in this thesis are grown in a collaborating group of ours, at the Insti-
tute of Seminconductor and Solid-State Physics Department at the Johannes Kepler University of
Linz (AT). The droplet epitaxy growth is conducted in a molecular beam epitaxy machine, which
can deposit thin-films of single crystals. The sample fabrication starts with an Alg4GaggAs layer
grown on a (001) GaAs commercial wafer. To achieve artificial-atom like structures we need a
second material which is capped within the host material in the nanometer size. To achieve this
first, Al droplets are deposited on the Aly4GaggAs layer, see Figure 3.1. These evaporate in the
next annealing step - heating the molecular beam epitaxy growth chamber to 600°- and leave holes
with 10 - 100 nm diameter and ~10 nm height in the Alg4GaggAs layer. The nanoholes are now
filled with the @D material. This is performed by depositing a 2 nm thick GaAs layer. To achieve
confinement in growth direction, the GaAs layer is capped by a 123 nm thick Alg4GaggAs layer.
With the deposition parameters chosen for our work the @QDs exhibit a height of 7 - 8 nm and a
diameter of 50 - 60 nm. This size results in a weak confinement of the charges and an emission
wavelength of ~790 nm at cryogenic temperature [86]. By changing the depth of the nanoholes,
which means changing the amount of GaAs during filling and the Al content of the barriers, the
average emission wavelength can be tuned [87], i.e., tuning it to around 780 nm [36], favorable for
satellite-based QKD due to the atmospheric transmission window between 775 - 785 nm [88]. In

order to serve different communication spectral windows other choices of materials are required.

The bare structure of a vertical stack of semiconductor materials is very inefficient for collecting
light using confocal microscopy. First, the emission takes place in all directions of the nanostruc-
ture. Second, the high refractive index of the AlGaAs would lead to mostly total internal reflection

[89]. This challenge is directly tackled by sample fabrication, by immediately growing a A-cavity
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Figure 3.2. The heterostructure consisting of a sandwiched GaAs between a AlGaAs host matrix, leads
to a drop of the conduction band (CB) and rise of the valence band (VB) in the potential landscape,
effectively a potential. The local change in potential energy (E), traps the electron and holes in the
vicinity and confines their motion, resulting in discrete energy levels.

on the sample. The optical cavity enhances the coupling between the emitter and a specific elec-
tromagnetic mode to improve the directionality of the spontaneous emission.

To do so, the active layer (Aly 4Gag gAs/GaAs/Aly 4Gap gAs) is grown between 60 nm thick Aly 2Gag gAs
layers. This change in material composition results in a A-cavity effect. Additionally, sets of Dis-
tributed Bragg reflectors (DBRs) are grown. These consist of 9 (on the one side) and 2 (on the
opposite side) layer pairs of AlpgsGagosAs with a thickness of 70 nm and Alp2GapsAs with a
thickness of 60 nm. These two amendments, A-cavity and DBR, results in a 10 % efficiency to
collect the emitted light from the top surfaces of a planar unprocessed sample [90]. Additional

techniques used to increase the extraction efficiency are discussed later on in Section 3.5.3.

3.3 Modeling semiconductor quantum dots

Impurities or fabricated heterostructures lead to a change in the potential landscape of the material.
For GaAs/AlGaAs @Ds this potential change is simply imagined the following way: The nm-range
structures of the GaAs inside the host material AlGaAs build a heterostructure, more specifically
a type-I heterostructure. This type realizes a rise in the valence band and a drop in the conduction
band potential landscape. Thus, a sandwich of these two materials results in a potential well for
both bands and consequently traps the electron and hole at the same position. A schematic picture
of the potential landscape around a GaAs @D in an AlGaAs host matrix is illustrated in Figure
3.2.

3.3.1 The infinite potential well

The simplest model describing the energy levels of this heterostructure is the model of a confined
particle in an infinite potential well (particle in a box) [91]. Despite its simplicity the infinitely
deep well gives a solid approximation of the energy levels of a QD.

The time-independent Schrodinger equation for an infinite potential well in one dimension, where
the free particle with an effective mass m* moves in the spatial interval 0 < x < L, with L the

confinement length, is expressed as:
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v
2m* dax?

The solutions of this Schodinger equation are sinusoidal wave functions which fulfill the bound-

+V(2)¥(z) = EV(z) (3.1)

ary conditions that the wave vanishes at the edge of the barrier region. Thus, we have stationary

waves with nodes in z = 0, L and the wave functions and energies result to:

B, (1) = \Esm(knx) _ %m(?) (3.2)

B, — h272n2
2m*L

(3.3)

The integer n = 1,2, 3, ... is a quantum number that labels the confined states of the well and
m* = myg - me the effective mass, where mg is the electron mass and m, the reduced mass due to

the band structure. The later can be derived from the curvature of the band.

An extension to three-dimensions is straightforward considering that the potential V' (z,y, z)
can be decomposed to a linear sum of potentials V(z,y, z) = Vy(x) + Vy(y) + V.(2), where each
potential depends only on one coordinate. Using this approximation, the Schrédinger equation
is now separable into three one-dimensional problems. Consequently, the solutions for the wave

functions and energies result to:

‘bnz,ny,nz(fﬁayaz) =2 LILQyLZ Sin(knl')Sin(kny)Sin(knz) (3 4)
=9 TLQyLZ sm(’ff)sm(%)sm(’ﬂz) '
R2r? ng 9 Ny |9 N9
_ Nayy | (Myyo Nz 3.5
o= G+ G+ (G (35)

with ng,ny,n, = 1,2,3, ... the three independent quantum numbers that label the confined states
of the well.

This basic model captures two essential features of @Ds, the discretization of energy levels and
the zero-point energy, meaning the lowest state has a positive energy. Both are summarized in the

energy spectrum £, of Eq. (3.5).

Although an infinitely deep well cannot be fabricated, it is simple nowadays to grow structures
that are close to ideal finite wells. For example, if we now consider a heterostructure that consists
of a thin sandwich of GaAs between thick layers of AlGaAs (i.e. an alloy such as Aly3Gag7As), we
end up with a simple quantum well. We can check the conditions at which size the GaAs structure
exhibits quantization effects, meaning discrete energy levels. More importantly we are interested in
the spacing between the energy levels. In order to have the possibility to deterministically promote
a particle from the ground state to the first excited state the spacing between the ground state
energy to the first excited state energy has to be higher than the thermal energy, so that the thermal

energy is barely sufficient to promote the particle from the ground state to the first excited state.
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This condition reads as 1 — Ey > 3kpT, with Fq and Ej, the first excited and ground state, kp the
Boltzmann constant and 7' the temperature. Plugging these values into Eq. (3.5), and rewriting

the function for L, if L, < L, < L, we end up with the following equation:

hm
V2m* kT

Using the reduced mass (m. = 0.067) of GaAs, for example, the minimum size of the quantum

Ly < (3.6)

well must be at room temperature ca. 15 nm. As a result, we could demonstrate with a very simple
and straight forward manner using only the model of a particle in an infinite potential well, that
QDs with sizes smaller than 15 nm exhibit confinement effects. According to the model, these QDs

have discrete energy levels, behaving similar to an artificial atom.

Using this simplistic model we can describe the two main features of the QD spectrum, the
quantization effect and the minimum energy. One might argue that this simplistic model does not
account for any effects given by the host material and all effects introduced by the band structure

of the surroundings were neglected up to now.

3.3.2 Effective mass approximation

The following model considers the heterostructure - quantum well and barrier - in more depth. This
provides more insight to the effective mass approximation and how it is linked to the actual phys-
ical system. The quantum mechanical motion of electrons in the crystal is exposed to the periodic
lattice potential and perturbed by a defect or quantum well. To model the electronic motion we
treat the quantum well as a static perturbation to a perfect crystal. Additionally, we restrict the
perturbation to be small enough to be treated in lowest order perturbation theory, and of a spatial
range much larger than the lattice constant of the underlying material. These restrictions allow for
considerable simplifications leading to an effective mass Schrodinger equation for electrons in the

conduction bands with parabolic dispersion.

To provide a quantitative, yet approximate, description of the equation of motion of the elec-
tronic structure of a semiconductor @D, we search for the solution of the Schrédinger equation of
a localized three-dimensional potential well Vj.,, the perturbation of the quantum well, within a

periodic Hamiltonian H,,s of the crystal:

[HcArys + Vper (r)]¥(r) = EV(r) (3.7)
This Schodinger equation is a difficult problem, whose exact solution is not solvable analytically.
However, reasonable assumptions simplify the equation, leading us to approximate solutions for

the energies.

We can safely assume that the Schrédinger equation for the unperturbed crystal ﬁcrysllf(r) =
E¥(r), with the corresponding dispersion relations E, (k) and the Bloch-functions ®,,;,(y) = ty, (k)e'kr,

are known. Also it can be assumed, that the perturbing potential changes slowly on the scale of
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the lattice constant, i.e. Vjer(r) contributes only significantly in the region « 7/a in k-space. And
additionally, we assume that the perturbation is small compared to typical energy separations of
bands in the crystal, and that the values of the coefficient u,,(k) are only significant for small values
of k. The last assumption is on the considered bands. For the lowest lying confined levels, which
we are mainly interested in our applications, we can assume that only the closest bands to the
Fermi level, the s-like conduction band and the heavy hole p-like valence band, contribute.

Using these assumptions we can write the wave function ¥(r) of the system with the perturbation
as an expansion of Bloch-functions of the perfect crystal ®,(r) = u,(k)e’" with the expansion
coefficients X (k). Note, Vpe, contains all differences, electronic motion and potential changes,
introduced by the quantum well. To include all states, we sum over all bands n and integrate over

all possible momenta k in the Brillouin zone [—7, 7], with a the lattice constant.

w/a
v =3 [ x5 38)

—7/a 2w

The summation over all bands n can be dropped, since we assume that only one band of the
unperturbed crystal is important in the interaction with the perturbation. This single-band ap-
proximation can be applied when looking at the lowest confined levels, otherwise this approximation
is rather inaccurate. Additionally, we can apply the effective mass approximation. The effective-
mass approximation disregards the detailed band structure of the semiconductor and only accounts
for the energy dispersion near the conduction band minimum and the valence band maximum.
Thus, only states from a small region of k-space contribute significantly to the integral. This is an
eligible assumption for GaAs and AlGaAs with low Al contents, because the lowest band gap is in
the I'-point (k = 0). Consequently, the crystal wave function can be reduced to a Bloch function of
the perfect crystal ®,,;(r) &~ ®,0(r) at the I-point and the electron wave function can be written
as a product of the perfect crystal wavefunction modulated by an envelope function x,(k), that

slowly varies with respect to the crystal lattice constant.

w/a
W(r) ~ Dpo(r) / ) ZE Z @00 xn(®) (3.9)

—7/a % N
The problem is now reduced to a pseudo Schrédinger equation for the envelop function contain-

ing an effective Hamiltonian. The Bloch function and the periodic potential of the crystal vanished

only leaving the full dispersion curve ecpys (k) for band n.

[€crys,n(=iV) + Vper (£)]xn(r) = Exn(r) (3.10)

The full band structure for ecysn(k) is simplified with the effective mass approximation and

reduces to a parabolic dispersion around I'.

R2k?

Ecrys,n(k) ~ E.+ o (311)

E. is the energy of the bottom of the conduction band and m* = mg - m., where myq is the
electron mass and m,. the effective mass of the electrons. We can now replace k — —iV and

substitute the approximated energies back in Eq. (3.10). It results a pseudo Schrédinger equation
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that resembles that for free electrons with an effective mass and an energy measured from the

bottom of the conduction band.

2

[_h

2m*

V2 + Voer (1) xe(r) = (B — Ec)xe(r) (3.12)

Xc is the envelope function for the electron quasiparticle in the conduction band.

The electron behavior in a heterostructure can now be estimated considering a finite square
potential well. The drop in the potential structure in the conduction band would correspond to the
drop in the conduction band minimum. Additionally, the effective mass inside the quantum well
[—L, L] would change from the effective mass of the bulk m. p to that of the perturbing material
Me Per-

V=0 r>1 m* =mgy-mep r>1L
“ (3.13)
V=-AE. r<L m* =mg-Meper T <L
Using this estimation, one can get a first reasonable approximation of the energy levels of an

electron in a @D.

3.4 Excitonic complexes

In the previous section we discussed the electronic structure of a @D and how we can model it.
The confined motion that was considered was only that of the electron in a single-particle picture.
But let’s now go a step further and populate these discrete states of the )D. When we excite an
electron from the valence band into the conduction band, a hole is left in the valence band. This
hole can be treated as a positive charge and consequently, we should consider an electron-hole pair
rather than only an electron. For this reason, we extend the Hamiltonian from before by taking
into account the Coulomb interaction between the confined electrons and holes. We introduce the

electrostatic coupling term W;;

1 61'6]'

Wij(ri,rj) (314)

B depeg |1y — 1]

which describes the contribution to the total energy of the system from each electron-hole pair
i,j with charge e at a distance |r; — r;| and the dielectric constant of the material €,. A single
electron-hole pair has an attractive interaction, thus, lowering the total energy of the system. This
bound complex is also referred to as Ezciton (X). The force between the electron-hole pair can be
approximated by an attractive Coulomb interaction. The binding energies can then be calculated
with the effective masses of the electron m. and hole m; and the relative dielectric constant €, of

the semiconductor material:

MMy, i Egy

Ex(n) = (3.15)

(me + mp)mo €2 n?
ERy is the Rydberg energy of the hydrogen atom and n, the quantum number. When we plug
the numbers Egr, = 13.6eV, €. = 12.53, m, = 0.067 - mg and mj, = 0.51 - mg for GaAs, we get a

Julia Neuwirth 28



3.4. Excitonic complexes

binding energy of ca. 5.1 meV for the first bound state in bulk GaAs [92].

The first excited state (called s-shell of the @D by loose analogy to the atomic systems) of the
electronic structure can be occupied by more than one electron-hole pair. Electrons are fermions,
and thus, obey the Pauli exclusion principle and occupy the same level with maximum two electron-
hole pairs with opposite spin directions. Consequently, the carrier configuration is limited for the
first excited state to a finite number. The different occupation configurations for this state are
depicted in Figure 3.3.

First, we have the neutral X complexes. These are formed with heavy-holes with a spin contribution
of Jup,. = :l:§ Due to the confinement of the QD the degeneracy between heavy- and light-holes,
3, is lifted and thus

the assumption that the valence band is only composed of heavy-hole states is valid. Consequently,

where the later have a projection of the total angular momentum of Jj, , = =41

four different total angular momenta M = S, , + Jpy, . for the different combinations of heavy-holes
and electrons are possible The latter have a spin contribution of S, , = l The two configurations,
—% — 5 and 3 5+ 2, result in a total angular momentum of |M| = 2. These cannot decay to the
ground state by emitting a single photon. For this reason, they are referred to as "dark" states.
The remaining two possibilities, —% + % and % — %, have a total angular momentum of |[M| = 1.
These states are "bright" states and recombine efficiently to the ground state with the emisson of
a photon. Depending on the component of the total angular momentum, the photon has either
circular-right o™ (M = +1) or circular-left o~ (M = —1) polarization.

Additionally to the single electron-hole pair configurations, an additional charge, electron or hole,
can occupy the conduction or valence band state. These complexes are referred to as Trions. The
additional charge interacts with the X and Changes the X binding energy. Depending on the charge
it is either a positive Trion X with |M| = 1 and negative Trion X~ with [M| = 3. In a simplified
meanfield picture, the X acts as an attractive potential for an additional electron, and repulsive for
a hole, consequently the binding energy for the negative Trion would be lower and for the positive
Trion would be higher with respect to the X binding energy [93, 94].

The last occupation possibility is the Biexciton (XX) state with M = 0, where two electron-hole

pairs are present.

As mentioned before, the excitonic complexes are bound by Coulomb interaction. Since we are
now interested in populating the states with multiple electrons and holes, we need to consider their

interactions. Hence we extend the electrostatic coupling term to:

Wij(ri, ;) //46263 [¥i( rz)’ [i(r;)[? dridr; (3.16)

TEr€Q r; — 1]

Depending on the different interaction terms, the spatial extent of the wave function of the single
particles, and on their relative position inside the @D, the magnitude of the coupling term varies.
As a very rough, and quite inaccurate estimate one can use the following explanation to understand
the different interactions of the electrons and holes in a @D. The interaction term for two electrons
and holes, for example, is positive Wee,Wp, > 0, due to repulsive interaction between the same

particle types, whereas the interaction term of an electron and hole is negative W, < 0 due
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Figure 3.3. The s-shell of the @D can be occupied in various electron and hole configurations. Depending
on the configuration, different nomenclatures are present. The most important for our applications are
the bright X-states, top left, and the XX state, top right. The X state consists of an electron-hole
pair and depending on the projection of the total angular momentum of the state, the emitted light
after recombination of this electron-hole pair, is right (M = +1) or left (M = —1) polarized. The XX
state consists of two electron-hole pairs emitting two entangled photons in polarization after cascaded
recombination.

to attractive interaction between different particles. Using this information we can calculate the
energies of the different complexes by simply accounting for the present electrons and holes and

their interaction. This leads to the following energies of each complex:

B(X) = [e(e) = ()] + Wer
B(X) = [efe) = 26(1)] + 2Wen, + Wee s
B(X7) = [26(e) = e(h)] + 2Wet + Wi |
B(XX) = [26(e) = 26(h)] + AW + Wee + Wi,

with €(i) the energy of a single electron or hole.
From these energies we can also extract the binding energy, which corresponds to the difference
in transition energy between complexes to the transition energy of their individual components.
The biexciton state, for example, is composited by two excitons, but the exchange between them
introduces a binding term. We can write the energy of the biexciton state as E(XX) = 2E(X) —
Avpinding, With Apinding the binding energy. Rewriting this expression and using Eq.(3.17) results

to:

Abinding(XX> - E(X) - (E(XX) - E(X)) = —2Wep — Wee — Wi (3-18)

The binding energy is hence responsible that the emission energy of the complex has a different
energy than the emission energy of their individual components. For GaAs/AlGaAs @Ds grown
with molecular beam epitaxy the biexciton binding energy is approximately 4 meV [95]. Hence, the
emission energy of the biexciton is roughly 4 meV lower than the exciton emission energy. We will

see later that this binding energy will play an important role in the excitation of the QD system.
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Figure 3.4. The XX-state has total angular momentum M = 0. When the first electron-hole pair recom-
bines, it is either circular right or circular left polarized. The second electron-hole pair after recombina-
tion then emits a photon with opposite polarization. When the two paths are indistinguishable the two
photons are perfectly entangled in polarization.

3.5 Entangled-photon emission from quantum dots

Before explaining the concept of entangled photon generation in @Ds we simplify the electronic
structure to the only two energy levels interesting for entangled-photon generation, the highest
valence band, and the lowest conduction band level from the potential well model (see Figure 3.2).
In this system, due to the Pauli exclusion principle, maximally two electrons with opposite spin can
be excited from the valence band to the conduction band, leaving behind two holes. Consequently,
the total angular momentum projection of the XX-state is M = 0. When two electron-hole pairs
are generated in the @D, a radiative cascade from the XX-state through the X-state to the ground-

state starts.

The generation of polarization entangled photon pairs from the XX-X-ground state cascade
originates from the angular momentum states of the excitonic complexes and from the optical
selection rules. The exciton is built up from an electron and a heavy hole. The polarization of the
emitted photon is directly connected to the total angular momentum projection M = Se . + Jup -
of the recombining electron-hole pair by the optical selection rules: transitions with a momentum
variation AMof £2 are forbidden, while those with AM = —1(+1) result in the emission of right-
(left-) circularly polarized photons. The biexciton state presents a symmetric linear superposition
of the M = 41 and —1 angular momentum states due to the fact that the electron and heavy hole
are in singlet states of angular momentum [96, 97] with null total angular momentum projection.
In @)Ds with high structural symmetry, the bright excitons are double degenerate and characterized
by M = #£1. The radiative cascade can take place via two equivalent decay paths, i.e., via the
emission of a right- followed by a left-circularly polarized photon, or vice versa. Since the two
decay paths are identical, as illustrated in Figure 3.4, the resulting two-photon state is entangled

in polarization %(|R) |R) + |L) |L)), precisely in the maximally entangled Bell state

67) = 12(|H> [H) + V) [V)). (3.19)

S
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3.5.1 Fine structure splitting

The real situation is quite different from the ideal scenario discussed before, in particular con-
cerning the @D symmetry. Despite remarkable improvements in fabrication techniques, inevitable
fluctuations in composition, size, shape, arrangement in the host matrix, and intermixing with the
substrate and the cap material, make the fabrication of symmetric ()Ds a mere theoretical idea
[98]. The deviation from an ideal @D with maximal symmetry to a real @D with lower symmetry
induces an anisotropic electron-hole exchange interaction. This interaction leads to a coupling of
the two bright excitonic states, the so-called Fine Structure Splitting (FSS) [99], which we need to

account for in the total wave function of the state:

1 iSt

\/Q(Iff) [H) +en [V)[V)) (3.20)

t is the time between the emission of the biexcition photon and that of the exciton photon and S the

67) =

energetic separation equal to the FSS. The energy difference between the two X states introduced
by the FSS causes a precession during the intermediate step of the cascade. This quantity is
indeterminate before detection, which in general leads to a mixed two-photon state with a reduced
degree of entanglement, as quantified by the time-averaged fidelity to the maximally entangled Bell
state [100]. The coupling noticeably affects the emitted two-photon entangled state, when the FSS
is larger than the radiative linewidth of the exciton transition. GaAs @)Ds produced by droplet
etching have an average F'SS of 4.8 &+ 2.4 eV [101], and radiative linewidths of as low as ca. 5 peV
[36, 102], which is roughly twice the fourier transform-limited linewidth.

One can compensate for this drop of entanglement due to the time averaging from the measurement
by employing time-resolved measurements. Time-resolved measurements use the information on
the arrival time of the two different photons to retrieve a highly entangled state [103] reaching near-
unity fidelities [104]. However, time-resolved measurements come with technical hurdles. First, the
temporal resolution of the hardware (ca. 200 ps for APDs) used for detection needs to be well below
the characteristic time of the precession, which is given by the Planck constant divided by the FSS,
namely 4.135/S [ueV]. For the 4.8 peV from before, for example, a timing resolution of ca. 140
ps would be necessary. Consequently, time-resolved measurements are achievable for small values
of FSS. But obtaining this information becomes impossible in multiphoton experiments involving
two-photon interference measurements or photon storage in quantum memories, which are our main
applications stated in the introduction. In addition to that, in a projective Bell state measurement
- a fundamental ingredient for quantum information protocols - the frequency detuning caused by
the FSS can reduce the photon indistinguishably and therefore undermines the possible accuracy.
Another approach to retrieve highly entangled photons at the presence of FSS, is narrow spectral
filtering of the XX and X photons [105]. Even though spectral filtering would be compatible for
experiments involving two-photon interference measurements or quantum memories, it has to be
emphasized that post-selection schemes inevitably induce severe photon-pair losses, that hamper
on-demand generation of entangled photons and, more in general, the real possibility of using ?Ds
for applications.

In contrast to post-selection schemes, external perturbations [106] such as electric [107] magnetic
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[100] and strain [108] fields, provide the possibility to compensate for the FSS by directly modifying

the @D electronic structure.

3.5.2 Excitation methods for entangled-photon generation

Light emission from a semiconductor can be induced by different methods, i.e. catholuminescence
(high-energy electron beam), electroluminescence (electric current) or photoluminescence (light).
Even though electrical pumping is by far the most desirable excitation method for application in
compact devices, photoluminescence provides an exact control on the excitation energy and polar-
ization of the injected carriers. Consequently, it allows to access precise information on the energy
levels and the recombination dynamics. For this reason, we focus on the various methods of pho-

toexcitation.

If a photon, with an energy higher than the bandgap, impinges on a semiconductor material,
it gets absorbed and transfers its energy to an electron in the crystal potential. This electron is
elevated to the conduction band of the semiconductor material, leaving behind a hole in the valence
band. This electron-hole pair, bound by Coulomb interaction, after thermalization due to interac-
tions with the lattice and other carriers, can undergo radiative recombination. In this process, the
system returns into the electronic ground state by emitting a photon corresponding to the energy

difference.

There are different strategies to populate a @)D by generating an electron-hole pair. The most
intuitive is above-band excitation. Similar as explained before, an energy source with an energy
above the barrier bandgap is utilized to generate many electron-hole pairs in the barrier, which
are in a highly non-equilibrium state. These carriers then decay to the minimum (maximum)
of the conduction (valence) band, by interacting with the electrons and phonons of the lattice.
During this, they can be captured by a QD acting as a potential well. If so, the electron-hole pair
thermalizes to the lowest level, faster than interband transitions of roughly ~ 10-100 ps [109]. The
electron-hole pair spontaneously recombines within the radiative lifetime of the state and emits a
photon corresponding to the energy difference of the confined levels near the conduction and valence
band. Above-band excitation does not deterministically create a single confined electron-hole pair
in the @D, but rather occupies several QD levels following a Poissonian distribution [110]. In this
way, excitonic complexes at various energies are generated starting from the possible combinations
in the s-shell and extending to higher energy shells, if present, see Figure 3.5. To deterministically
populate the @)D with an electron-hole pair, a different excitation method must be utilized, called
resonant excitation. Therefore, a pulsed laser is resonantly tuned to the X transition, generating
an electron-hole pair in the @D. Resonant excitation, however, only allows for the generation of
single photons in the @D. We, on the contrary, are interested in the deterministic generation of
two photons that are entangled in polarization. This can be achieved using resonant two-photon

excitation.
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Figure 3.5. Micro-photoluminescence spectrum of a GaAs @D under non-resonant above-band excitation.
The neutral exciton emission line is labeled as X. The biexciton line XX lays within the bundle of
emission lines at lower energy.

Resonant two-photon excitation

A way to resonantly excite the biexciton state under compliance with the electric-dipole selection
rules consists in using a two-photon absorption process [111, 112]. The laser energy is therefore set
between the X and XX emission energy and, in @Ds with a sufficiently large and positive biexciton
binding energy, it cannot directly populate the X state. Additionally, the probability of populating
other states or charge configurations is also drastically reduced. The resulting spectrum is shown
in Figure 3.6. The excitation laser, laying between the X and XX energies is largely suppressed by
narrow band stop filters.

The resonant excitation process is clearly visible when changing the excitation power. The radiative
cascade undergoes Rabi oscillations, indicating the population and depopulation of the XX state.
The probability of successfully preparing the biexciton state and hence, initiating the radiative
cascade is referred to as preparation fidelity. The maximum preparation fidelity is given at m-pulse
excitation, which corresponds to the laser power needed to maximize the state population. The
preparation fidelity 7,,.p, can be estimated by an indirect method using the Rabi oscillations. In
this method, the preparation fidelity can be estimated as a ratio between the intensity at w-pulse
and the intensity at zero laser power, extrapolated with an exponential fit of the oscillation maxima.
For GaAs @QDs the preparation fidelity has already been experimentally shown to be as high as
94 % [23], thus going towards the direction of almost deterministic entangled-photon emission. To
properly reproduce the actual Rabi oscillations and their damping due to coherence losses a more

refined model may be required.

Phonon-assisted two-photon excitation

To complete this section, it is important to mention that there exists another effective method to
pump the biexciton state: Phonon-assisted two-photon excitation. In this scheme the excitation
laser is detuned to higher energy, with respect to the two-photon resonant excitation energy, to
address the acoustic vibrational modes coupled to the biexciton state. The exact detuning for opti-
mal state preparation is determined by the QD structure and the surrounding material deformation
potential. [113] In contrast to the strict two-photon excitation, this scheme provides a stable pop-

ulation probability for fluctuating excitation laser power. However, if one aims at simultaneously
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Figure 3.6. Micro-photoluminescence spectrum of a GaAs @D under resonant two-photon excitation. The
laser is set to half the XX energy. This does not correspond to the X energy due to the different Coulomb
binding for these states. The resonant excitation of the XX state with TPE occupies mainly this state,
resulting in the emission of an XX photon, followed by an X photon, which is clearly visible in the
spectrum.

optimizing the degree of entanglement, photon indistinguishability, single-photon purity, and on-
demand generation, two-photon resonant excitation has so far proven to be the best solution and

is thus often used for entangled photon generation in QDs.

3.5.3 Extraction efficiency

Using resonant two-photon excitation, ()Ds can in principle generate deterministic photon pairs
close to unity efficiency without negatively influencing the entanglement fidelity [25, 114]. The
main limiting effect for brightness in semiconductor @)Ds is a small extraction efficiency, related to
the fact that @)Ds are embedded in a host matrix, like GaAs or AlGaAs, which typically has a high

refractive index n, e.g. 3.5 in GaAs.

A common definition of the brightness of the source, among the wide range, is the probability
of collecting a single photon with the first lens of the collection optics upon an excitation pulse
[115]. Consequently, we can estimate the brightness of the source in the following way: The first
aspect to be considered that determines the brightness of a pulsed entangled photon source is the
probability that an excitation pulse successfully triggers the emission of a photon pair from the
@D. This quantity depends on a few factors, namely on the probability of creating a biexciton state
— which, for a resonant excitation method, depends on the probability that the system starts in
the designed initial ground state multiplied by the probability that excitation promotes the system
to the biexciton state — and on the weight of the two-photon cascade with respect to other non-
radiative decay cannels, if present. The analysis and modeling of Rabi oscillations in two-photon
resonant excitation suggest that QDs in an optically active ground state can be excited to the
biexciton state with near-unity efficiency [114]. A more direct assessment of the overall photon
pair emission is by comparing coincidence events to single channel count rates [116]. A photon
pair emission can be triggered with high probability under resonant two-photon excitation, up to
an observed value of 94.3 % accounting for the success of the two-photon absorption mechanism
and non-radiative losses [23], but not for the probability that the system starts in the designed
initial ground state. This topic will be discussed in more depth in chapter 5.1.2. Consequently, the
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brightness is limited for planar as-grown samples due to the second aspect to be considered, the
extraction efficiency. The extraction efficiency is the fraction of the emitted signal from the QD
that can be collected with the detection instrument. Total internal reflection allows only a small
fraction ﬁ of the emitted light to have the chance of exiting the sample [89]. Taking into account
the finite numerical aperture of the collection optics and interface reflection, generally, only less
than 1 % of the emitted light can be collected from the top surface of planar unprocessed samples
[89].

Over the years, several methods have been employed to improve the brightness of QD-based sources.
One method is based on solid immersion lenses. With the use of a Weierstrass sphere with n = 1.88
and a collection system NA of about 0.53, a theoretical extraction efficiency of up to 11 % can be
achieved [90], however with the unrealistic assumption of perfect transmission at all interfaces. For
a semi-spherical solid immersion lens with n = 3.5 and a collection system numerical aperture of
about 0.42, an extraction efficiency of 65(4) % was recently demonstrated [117]. A second approach
is based on photonic structures that embed the @Ds in a planar lambda-cavity either defined by
DBR, metal mirrors or a hybrid DBR/metal mirror system. The mirrors define an optical cavity
designed to enhance the coupling between the emitter and a specific electromagnetic mode that
couples into the far field beyond the top surface of the sample with the goal of improving the di-
rectionality of the spontaneous emission [90]. Figure 3.7 illustrates an example of the combination
of a glass-made solid immersion lens with a DBR structure to enhance the extraction efficiency.
However, the single-photon extraction efficiency, with measured values of approximately 12 %, is
still relatively modest [33]. Higher extraction efficiencies are achieved using more elaborate pho-
tonic cavities, for example, micropillars. By fabricating an additional lateral optical confinement
via etching from the planar cavity, the single-photon extraction efficiencies can reach up to 79
% [118]. Even though these microcavities achieve high extraction efficiencies for single photons,
they are less suitable for entangled photon pair generation as the energy difference between the
biexciton and exciton typically exceeds the resonance width of these cavities. Consequently, en-
hancing the extraction efficiency of entangled photon sources is mainly feasible with cavities that
have a broadband extraction efficiency and moderate Purcell factor. The purcell factor quantifies
the enhanced radiative rate of an emitter within a microcavity relative to its rate without. In this
context, second-order Bragg gratings, also called bullseye cavities [119], are particularly promising.
There, a microstructure is accurately patterned around selected single QDs. As a result, photons
emitted by the QD in the center of the second-order Bragg grating will be directed perpendicular
to the concentric trenches. When combining these bullseye cavities with highly efficient broadband
reflectors, a single-photon extraction efficiency of 85(3) % has been achieved. The same structure
with GaAs (@Ds exhibits an entangled photon pair collection probability per excitation pulse of
65(4) % [29].

3.5.4 Indistinguishability

Numerous applications in photonic quantum technologies rely on quantum interference of deter-
ministically generated single or entangled photons. Such schemes include Bell state measurements

[120], quantum teleportation [121], post-selective production of polarization-entangled photons
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Figure 3.7. The GaAs QDs are embedded in distributed Bragg resonantors (blue and light blue alternating
layers) to guide the emission to the top of the sample structure. Additionally, a solid immersion lens is
placed on the top surface, to increase the light collection angle.

[122], linear-optics quantum computation [123], and boson-sampling [124]. As we saw previously
in Section 2.3.1, the correct outcome of a BSM depends on the degree of indistinguishability of
the incoming photons and the spatial and temporal overlap of the wave packets. Two photons are
indistinguishable if they are identical in their spectral, spatial, and polarization modes [125]. The
photon indistinguishability can be verified by measuring the two-photon interference visibility in
a HOM experiment [76]. The experimental implementation of a HOM experiment for co-polarized
and cross-polarized measurements is explained in Section 4.5. Using this approximation, a raw
HOM visibility to about 0.65 is extracted. A more accurate way of estimating the HOM visibility
is by performing co- and cross-polarization measurements. Visibilities up to V4, = 0.95(5) for a
GaAs @D, as used in this thesis, operated as on-demand single-photon source were achieved, with-
out the need for any enhancement technique such as microcavities [126]. However, the excitation
technique used to achieve such a result, namely cross-polarized pulsed resonance fluorescence, is
incompatible with entangled photon pair generation, as resonant two-photon excitation is needed

to coherently populate the biexciton state.

Under resonant two-photon excitation the coincidence counts at zero-time delay indicate a non-
perfect indistinguishability between the two interfering photons. This is caused by many factors
[127], namely time jittering [128], phonon-induced dephasing [129], fluctuating magnetic, electric
fields [130, 131], and time-energy entanglement introduced by the three-level system [132]. Deco-
herence introduced by time jittering is caused by non-resonant or quasi-resonant excitation schemes
[128, 133] because the stochastic relaxation process from a higher excited state to the lowest-energy
level via non-radiative processes leads to an uncertainty in the emission time, which degrades the
indistinguishability. Therefore, time jittering can be largely neglected in our case, because it can be
overcome by using resonant excitation [134]. Phonon-induced dephasing, on the other hand, results
from the inevitable coupling of the @Ds to the vibrational modes of their host lattice. Inelastic
exciton-phonon scattering produces detuned, distinguishable photons in sidebands by exchanging
energy with the @D [135]. Also, elastic phonon-exciton scattering through virtual excitations intro-

duces a broadening of the zero-phonon line, which decreases the photon indistinguishability [136].
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The latter can be mitigated by operating the source at lower temperatures than the characteristic
phonon energies. Additionally, phonon-induced effects can be significantly reduced by embedding
the @D in a photonic cavity that selectively enhances zero-phonon emission processes through the
Purcell effect [137]. Charge and spin noise, the last predominant indistinguishability degradation
mechanism in @Ds, mainly arises from random occupations of the available electronic states in the
surroundings of the confined excitons and interaction with the spin of the nuclei, which leads to
fluctuations in the local electric field. This can induce shifts in the optical transition energy of a
nearby @D through the quantum confined Stark effect and can induce spin dephasing through the
spin-orbit interaction [130]. The quantitative impact depends on many factors such as the materials
system and the exact growth conditions during fabrication. The effect of charge noise on the emis-
sion linewidth of the QD depends on the optical transition, i.e., the exciton and biexciton transition
in @Ds have a different sensitivity to charge noise [138]. Charge noise can significantly increase
the linewidth of self-assembled QDs above the natural linewidth limit and, thus deteriorating the
achievable indistinguishability. One strategy to mitigate or even suppress the undesired linewidth
broadening caused by charge noise is to embed the D in a p-i-n diode structure, which allows to
control the charge occupation inside the @D [139]. It should be mentioned that slow fluctuations in
the local magnetic field or fluctuations in nearby crystal impurities do not necessarily affect the in-
distinguishability of photons emitted subsequently from the same source [138, 140]. However, they
do affect indistinguishability between photons from different ()Ds. The last effect that we need to
discuss is peculiar to the cascaded photon emission from a three-level ladder, such as the biexciton-
exciton decay. The photons—even when having perfect coherence—exhibit an upper bound for the
indistinguishability. The maximum achievable HOM visibility in the three-level system is defined
by the lifetime ratio between the biexciton and exciton states, a factor 1/2 for GaAs @Ds, and
is limited to about 66 % [132]. In order to reach the dephasing-limited indistinguishability values
with photons stemming from a three-level system, as demonstrated in a resonantly driven two-level
system, the lifetime-ratio between the two excited states has to be modified. Therefore, asym-
metric Purcell enhancement of the two states could overcome this limitation. Improved photon
indistinguishability was indeed recently demonstrated using second-order Bragg gratings [29, 30].
In particular, Liu et al. [29] reported values of indistinguishability of 0.901(3) and 0.903(3), for

exciton and biexciton photons, respectively.
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Chapter 4

Measurement techniques and sample

structure

4.1 Visible and infrared photoluminescence spectroscopy

Photoluminescence is a valuable tool to characterize semiconductor ()Ds in terms of their structure,
which is responsible for their single- and entangled-photon quality. Spectroscopy, in particular, en-
ables studies on the excited electronic states of the system. In detail, the recombination dynamics
of the carriers is visualized when combining spectroscopy with different sample temperatures or

excitation powers.

The photoluminescence setup is schematically illustrated in Figure 4.1. To excite the semicon-
ductor structures various laser sources can be selected. For above-band excitation either a green
Nd:YVOy4 continuous wave laser at 532 nm with an output power up to 4 mW or a HeNe continuous
wave laser at 633 nm with an output power up to 12 mW is employed. The power is regulated by
a neutral density filter wheel in the excitation beam path to adjust the optimal density of excited
carriers. The above-band laser can be interchanged with a white light lamp, often used for stabi-
lizing the electronic surrounding of the @D. For two-photon excitation a Ti:Sapphire femtosecond
laser (Coherent) with a repetition rate of 80 MHz and a pulse width of around 200 fs, with tunable
wavelength (690 - 1040 nm), is implemented. The spectral width of the excitation pulses is reduced
by a custom 4f pulse-shaper, broadening the 200 fs to about 10 ps pulse length. The different
excitation lasers are coupled to one excitation path with a dichroic mirror. The lasers are then
coupled into the common excitation/detection path by a 90:10 beam splitter, where 10 % of the
laser signal is reflected and then focused on the sample through a 0.81 numerical aperture objective
(LT-APO/IR, Attocube), which are both placed inside a closed-cycle He cryostat. The laser spot
size, with a diameter of approximately 0.5 pm, generating electron-hole pairs in the @QD. The pho-
toluminescence, after the recombination of the generated electron-hole pairs, is again collected via
the same objective and 90 % of the signal is transmitted into the detection beam path by the 90:10
beam splitter. The photoluminescence signal then directly enters a 750 mm focal length spectrom-

eter (Prinsceton Instruments) to be dispersed by one of the exchangeable diffraction gratings of
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Figure 4.1. The optical spectroscopy setup is split in two main parts, the excitation path and the detection
path. The excitation path consists of three different light sources, a Ti:Sapphire (Ti:Sa) laser for TPE,
a green laser for above-band excitation, and a white light source. The green and white light illumination
can be interchanged by placing a magnetic mirror. Then both are coupled into the same excitation
path as the Ti:Sa laser via a dichroic mirror (DM). All excitation lasers are coupled into the common
excitation/detection path via the reflection of a 90:10 beam splitter (BS). Afterwards the excitation is
focused on the sample, which is placed inside a 4 K closed-cycle cryostat, using an objective. The emitted
light is collected by the same objective and 90 % is sent to the detection path by the transmition of the
90:10 BS. The backscattered laser light is cut out in the detection path by using multiple NFs. The
signal from the QD can either be spectrally selected via the reflection of additional NFs and sent to one
of the analysing setups, or sent directly to the spectrometer.

(300/1200/1800 g/mm), and analyzed by a CCD camera (PyLon). With this system the spectral
resolution for the analyzed wavelengths of 700 - 800 nm is roughly 40 peV. Confocal imaging of
the @D photoluminescence is assured by coupling the photoluminescence signal, prior to entering
the spectrometer, into a single mode fiber with a 5 um core acting as a pinhole. This assures the
collection of photoluminesence of only one, or at worst a few (QDs. As a third option, single spectral
lines can be selected using Notch Filters (NF's) with 0.4 nm bandwidth in reflection. This option

is mainly chosen to separately analyze specific emission lines of the QD.

Additionally to the spectral division of the emitted light, polarization-dependent spectra can
be acquired by adding a polarizer and a motorized half-wave plate within the detection path. For
example, the FSS introduces an energy shift in the X and XX line when probing for different
polarizations. A LabVIEW program synchronizes the motorized rotation of the waveplate with a
spectral acquisition. Several spectra for different linear polarization settings are acquired. The X
and XX emission lines are then fitted with a Gaussian line shape to estimate the line center. One
example of extracted line centers of a X emission line for different polarization settings is shown in
Figure 4.2. The energy shift, induced due to the FSS and detected by the polarization-selected anal-

ysis, is then fitted with a sinusodial function. FSSswith an accuracy down to 1 peV can be detected.

Further to the spectral resolution and polarization-dependent measurement, the same system
can be used to estimate the population of the excited states, giving an approximation for the
population probability, called the preparation fidelity of the @D, as defined in Section 3.5.2. The
@D can be simplified to a three-level system, as illustrated in Figure 3.4. A three-level system,
similar to a two-level system undergoes Rabi oscillations, when changing the excitation power. In

a nutshell, the excitation laser can modify (populate/depopulate) the excited states coherently. To
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Figure 4.2. The spectral position of the X peak oscillates for different linear polarization-angles. This
polarization dependent energy fluctuation is called FSS. The amplitude of the oscillation refers to the
amount of the splitting, which is 1.8 ueV for this QD.

visualize the Rabi oscillations, a LabVIEW program synchronizes a power-ramp with the acquisition
of a spectrum for every power step. The presence of the Rabi oscillations can then be deduced from

the photoluminescence intensity, which gives information on the population of the excited state.

4.2 Lifetime measurements

The same spectroscopy setup is used to perform lifetime measurements of the different excitonic
transitions in the @D. The emitted signal is again sent into the spectrometer. This time, though,
the signal is not directly sent to the CCD camera. The selected grating, in our case the 1200
g/mm, disperses the signal in different wavelengths which allows to select specific emission lines
of the @D. By turning the grating a specific wavelength is centered onto the side output port of
the spectrometer. Opening and closing the side output port slit lets us select more or less of the
chosen spectral distribution of the QD signal. For the lifetime measurements we fully open the slit
and turn the grating to select the X or XX line. The signal exiting the side output port is sent to
a fast APD using multiple mirrors. This fast detection, with time jittering of roughly 70 ps, allows
to collect time traces of the emitted light, with respect to time of generation of the excitation laser
pulse. A TimeTagger Ultra (Swabian Instruments) and their software package allow to convert
the TTL signal, generated by the detector to mark detection events, into digital time stamps and
extract the time traces. A sketch of the analyzing setup is shown in Figure 4.3. The lifetime is then
extracted from the data by fitting it with the convolution of the instrument response function and
a single exponential decay. This analysis assumes that only one radiative recombination channel is

present.

4.3 Auto-/Cross-correlation measurements

The second-order correlation function g(®(7) is an important measure for the characterization of
single photon emitters. A Hanbury-Brown and Twiss (HBT) setup enables the evaluation of this

quantity based on coincidences at different time delays.

The HBT setup consist of a 50:50 beam splitter with an APD at each of the two output ports

of the beam splitter (see Figure 4.4). The two detectors are then connected to a fast electronics
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Figure 4.3. Lifetimes of the X and XX states are measured via a fast APD. First, the X or XX signal is
spectrally selected by tuning the grating of the spectrometer to reflect the correct wavelength onto the
side output port of the spectrometer. Afterwards it is sent onto the fast APD chip, which is connected to
a time-to-digital converter. By manually opening or closing the exit slit different spectral distributions
of the @D can be analyzed.

Spectrometer

correlation system, TimeTagger Ultra (Swabian Instruments), that registers time traces between
individual detection events. For auto-correlation measurements, the photons emitted from the QDs
are spectrally filtered. Then the X or XX signal is sent to a 50:50 beam splitter and is detected
by two APDs one placed at each output port of the beam splitter. During a measurement set, the
correlations between the two APDs are registered. Since the @D emits per excitation cycle one X
(XX) photon and we excite the QD every 80 MHz in Two-Photon Excitation (TPE), we expect a
train of photons arriving on the beam splitter with a time spacing of 12.5 ns. The beam splitter
randomly sends the photon either to the APD on the transmitted or reflected path, where they are
detected and converted by the coincidence counter. If we are looking at a single-photon source, by
definition, only one photon per excitation pulse is emitted. This should result in a detection event
on only one of the two APDs for any single excitation temporal window. But at a time delay of a
multiple of 12.5 ns the system is re-excited by the pulse train of the excitation laser and a detection
of a photon on the second detector is plausible. Consequently, the correlations between the detec-
tors at zero-time delay are expected to be 0, whereas at time delays of multiple of the repetition
rate of the excitation laser correlations are expected. Another mechanism that auto-correlation
measurements study is the blinking characteristics of ()Ds. Blinking is the intermittent emission
behavior of a @)D, which is quantified by its on-time fraction or duty cycle. The measurement then
determines how likely it is that the @D is in its neutral ground state and can be excited to a higher

state using one of the several excitation techniques.

Cross-correlation measurements, on the contrary to auto-correlation measurements, are coinci-
dence measurements between different emission lines, for example the X and XX line, in the QD.
Here the X and XX are spectrally selected and sent to an APD each, which is then correlated by the
TimeTagger Ultra (Swabian Instruments). In practice, the same setup as for the auto-correlation
measurements can be used. But, in this case, the two detectors on the two outputs of the HBT
beam splitter need to be considered as a single channel. The rest of the measurement is the same.
These cross-correlation measurements allow to extract the preparation fidelity. This is explained in
detail in Section 5.1.2. Despite the preparation fidelity, cross-correlations also enable characteriza-
tions if specific @D transitions are present simultaneously (within the same radiative cascade), or
if a certain transition is only present in the case another is not. The latter case is interesting, when

studying emission lines close to the XX or X transition. For example, closely adjacent in energy to
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Figure 4.4. Auto- and Cross-correlations of X and XX. First the different emission lines are spectrally
selected via the different reflection angles on the NF. For the auto-correlation measurement each selected
line is sent through a beam splitter (BS) and the correlations between the APDs located at the two output
ports of the BS are collected. For the cross-correlation measurement the signal of the different lines are
directly sent onto the APDs and correlated with each other.

the XX there is an emission line, which is not emitting at the same time as the XX.

4.4 Quantum state tomography

In some applications it is interesting to exactly know the full quantum state of the investigated sys-
tem. However, a measurement on a single quantum particle perturbs its state, making its further
investigation uninformative. Quantum state tomography tackles this challenge by performing a
series of measurements in different bases on a statistics of particles generated in the same quantum

state.

A single-qubit in a pure state can be represented by Eq. (2.2). This representation is enough

to describe the action of any operator, i.e., unitary rotations, on a pure state, or to carry out
tomography on that state. However, when considering an open system the qubit can get entangled
with the environment. To fully describe its state this requires a representation in form of a density
matrix. A density matrix representation is also essential when measuring ensembles of states, which
can all be in a different quantum state or altered due to measurement or setup imperfections. In
this case, the overall state is mixed. How mixed a state is can be determined by the trace of the
density matrix p, where Tr(p?) = 1 denotes a pure states and Tr(p?) < 1 the mixture.
Mixed states are described by a probabilistically weighted incoherent sum of pure states. For
example, mixed states behave as if any particle in the ensemble has a specific probability of being
in a given pure state, which is distinguishable in some way. In case the individual particles are
not distinguishable, they would add coherently with a definite relative phase, yielding a single pure
state.

A mixed state is described mathematically with a matrix, the density matrix p:

A C’ei¢) (41)

p= sz |¢3) (dil = (Ce—w B

P; are the probabilities for the system to be in one of the spanning states |¢;), constrained
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by >, P, =1. A, B and C are all real and non-negative coefficients, and ¢ a phase between the
two states. Note, A and B are not independent due to normalization and hence, leaving three
independent parameters to describe the system.

Any ensemble of single-qubit states can be represented by an ensemble of only two orthogonal pure
states |¢i), |¢;) with (¢;|¢;) = 0 (orthogonal). Hence, the state is a probabilistic combination of

two orthogonal states, which leads to the matrix being diagonal such that

By 0 1y 4L
(0 E2>—E1¢><¢|+E2I¢><¢I (4.2)

where {E1, By} are eigenvalues of p and {|¢), |¢)} the eigenvectors. Consequently, the repre-

sentation of any quantum state, is identical to that of an ensemble of two orthogonal pure states.

Example using qubits

In the course of this thesis we use qubits encoded in the polarization of photons. For single photons
this system has two bases, horizontal (|H) = |0)) and vertical (|V) = |1)), with all possible pure
polarization states constructed from coherent superpositions of these two states. For example,

diagonal (|D)), antidiagonal (|A)), right-circular (|R)) and left-circular (|L)) are represented by

1
D) = 2= (1) +1V))
1
A) = —(1H) — V)
Al »
IR)= () +i[V)
L) = ——(|H) —i|V))

S

2

Any single-qubit density matrix p can be uniquely represented by three parameters {S, Sa, S3},

the Stokes parameters:

p= 5 Z Si0i (4'4)
with &; being the Pauli-matrices
10 0 1 0 —i 10
60 = , 01 = , Og = , 03 = 4.5
and the S; values given by

Si = Tr{6:p} (4.6)

Each of these parameters directly corresponds to the outcome of a specific pair of projective
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measurements:

So = Py + Py,
S1=Pp) = P
S2 = Pig) = Pr)
s = Hm) — Pv)

(4.7)

with Py the probability to measure the state [¢/). Note, that the set of the three orthogo-
nal basis states describing the Stokes parameters are chosen to be |¢1) = |D), |12) = |R) and

¥3) = |H).

This theory can be extended in a more general manner. We can define parameters similar to
these and serving the same function with respect to any three arbitrary states, 1;, as long as the
matrices [¢;) (¢;| along with the identity are linearly independent.

We can define operators analogous to the o operators relative to these linearly independent states:

75 = |1} (W] — [07) (W] (4.8)

And additionally, we can define an S-like parameter, T

T, = Tr{rip} (4.9)

Note that the S; parameters are simply a special case of the T; parameters, for the case when

T; = 0;. Using these parameters, we can see that

Tizr23 = Py = Py (4.10)
TOZPw—PwJ_:l

In order to reconstruct the density matrix from T parameters they first have to be transformed
into the S parameters. However, in our case this is not necessary, since we will always choose the

basis of our states to be in the o; case.

The probability of projecting a given state p in the state |1)), which is the probability of mea-
suring |¢) is given by [141]:

Blyy = @l pl¥)

(4.11)
= Tr{|y) (¥| p}

Using Eq. (4.11) and Eq. (4.10) we exactly obtain the Stokes parameters from Eq. (4.7), except

written in a more generalized formula, which will be of use in the multiple-qubit case.
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Example using multiple-qubits

Transforming now to the representation of multiple qubits means constructing the multiple-qubit
states out of individual qubits. The Hilbert space of a many qubit system is spanned by state vectors
which are the tensor product of single-qubit state vectors, with the example of a two-qubit pure
state of Eq. (2.3).

We have previously seen that moving to multiple states discloses the concept of entanglement.
Bell states as in Eq. (2.4) are an example of entangled pure states. Noise, related to the measure-
ments or sample imperfections, can be accounted for in the density matrix formalism by extending
the model to Werner states [142]:

pw = P) (o] + (1= P) (412)

with |v) being a maximally entangled state and %H the totally mixed state. The latter is a ma-
trix that has solely elements on the diagonal with equal contribution. In contrast to a pure state
(Tr(p?) = 1), the mixed state follows the criterion Tr(p?) < 1.

As before, the general mixed state is an incoherent sum of pure states, however, now represented

a 2"-by-2" density matrix:

2n
p=>_ Plpi) (¢il (4.13)

i=1
where ¢; are orthogonal ({¢;|¢;) = d;;) and the amount of linear independent vectors is limited to

2™ vectors.

A general two-qubit polarization state can be written in the |HH), |HV), |VH), |VV), as

A Bie¥1  Boe™2  PBge'¥s
Ble_w}l As B4€i¢4 B56iw5
Boe W2 Bye~i4 Asg Bge'vs
Bze™™3  Bse~™s  Bgelts Ay

p= (4.14)

with A;, B; the coefficients and ; being the phases between the different bases with {i =

1,2,...,6} for the different bases. p is positive and Hermitian with unit trace.

As for the single-qubit density matrix representation, also the n-qubit state p can be represented
in terms of n-qubit Stokes Parameters:
1 3
P=5n Z Si17i27---7in0'i1 Q04 @ ... 00y, (4.15)
91,82,...,0n=0
Normalization requires Spp,.0 = 1, leaving 4" — 1 real parameters to identify any point in the

Hilbert space. This is analogous to the three parameters that determine the exact position of a
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one-qubit state on the Poincare sphere. For a two-qubit Hilbert space, already 15 independent real
parameters are needed to describe the exact state.
For two qubits the link between the two-qubit Stokes parameters and measurement probabilities

still holds. Also the formalism of 7 operators holds for larger qubit systems [143], so that

T =Tr{rp}

Extracting 7 is more difficult in the case of a multiple-qubit system. We need to resort to local
measurements on a single qubit in the multi-qubit system. This means we first project qubit one
along 7;,, and then qubit two along 7;,. Consequently, we can write 7 = 7, ® 7, ® ... ® 7;,, and

hence,

Ty igyennin = TT{(Til ® Tip @ ... @ Tin)p}

1 3 (4.16)
=0 Yo Tr{mnon 3 Tr{m,05} - Tr{7i,05,} S ja . in
j17j27"'7jn:0
For a n-qubit system
,Til,im-..,in = (‘P|’¢1i1> + ‘F)|’L[Jlji>) ® (‘P|’¢Ji2) + ‘P|1/11l2)) ®... & (]D\Ibzn) + P|1pfn>) (417)

where the + is used for a zero index and the — for a non-zero index.

T;, i, simplifies for a two-qubit system to

Tiria = (Plyyyy = Byty) ® (Pyiy) = Pyp))

(4.18)
= By li) ~ Papivt) ~ Dot T Pwbwd)
in the case i1 # 0 and i3 # 0, and for 71 = 0 or i; = 0 follows:
Tiy iy = (‘P|wi1> + P|wil1>) ® (P|1/%2> + P|wii2>) (4.19)
= Plyiptwi) T Buipiws)y + Pluty) T Ppt)ws)
with
I([Yi,) [94y))
Py, Vo) = (4.20)
Windlia) = T (i) i) + L(1bir) WD) + T(OE) [iy)) + L(0E) [9E))

where I(|i,) [1i,)) are measured coincidences between the bases [1;,) , [1,), assuming the same
measurement time for each coincidence measurement. The same follows for the other measurement

bases.

If we now again assume the same orthogonal basis describing the Stokes parameters, as before
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Y1) = |D), |12) = |R) and |¢3) = |H), we end up with the following single two-qubit Stokes-like

parameters T: Note, we assume again 7 = o, hence in our special case T' = S.

S11 = Ppp — Ppa — Pap + Paa

S12 = Ppr — Ppr, — Par + Par,

S13 = Ppu — Ppv — Pag + Pav

S21 = Prp — Pra — Prp + Ppa

S22 = Ppr — Prr — PLr + PrL (4.21)
S2.3 = Pruy — Prv — Pru + Py

S31=Puyp — Pya—Pvp+ Pya

S32 = Pyr — Py, — Pyr+ Pyy,

S33 = Pyy — Puv — Pyu + Pyy

These nine two-qubit Stokes Parameters can be measured using nine complete four-element basis
measurement, giving us a total of 36 measurement results. To measure, for example, 511, qubit 1
and qubit 2, are split and each analyzed in the D, A polarization basis using a half wave plate and
a polarizing beam splitter. Then the correlations between the different qubit outputs are collected
simultaneously. Using Eq. 4.20 we normalize the collected coincidences and hence can calculate
the different probabilities for S 1.

The six remaining required Stokes parameters to fully describe the state, depend upon the same
measurements already conducted in the previous nine measurements and can be extracted from

them with the following conditions:

So1 = Ppp — Ppa+ Pap — Paa
So,2 = Prr — PLr + Prr, — PrL
So3 = Pyn — Pav + Pyu — Pyv
S10=Ppp + Ppa — Pap — Paa
S2,0 = Prr + PrLr — Pri, — PrL
S30 = Puyy + Puv — Py — Pyy

(4.22)

These, in total, 15 Stokes parameters exactly describe the point in the 22 Hilbert space, fulfill-
ing the condition of 4™ — 1 parameters. Hence, this point is exactly determined by the set of nine
4-bases measurement set of Eq. (4.21). We collect these 36 measurements by averaging over the
detection events of multiple qubits for the same basis, as given by the nine sets in Eq. (4.21). We
can now use Eq. (4.15) to reconstruct the density matrix of the state.

Note, this formalism is not only valid for two-qubit systems, but can be extended to n-qubits systems.
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Measuring a ¢ entangled state

Let’s assume we would like to measure the density matrix of the |¢™) = % (|[HH)+|VV)) Bell state.
In order to extract the density matrix, we need to measure the 36 coincidence probabilities given
in Eq. (4.21), with Eq. (4.11), for the different polarization bases |D), |R), |H). After collecting
the coincidences for the different bases, and normalizing them to the total amount of coincidences
for a certain basis set, we can reconstruct the density matrix using Eq. (4.15). This, in a perfect

scenario, leads to the following matrix:

100 1
110 0 0 0

_1 423

Po* =210 0 0 0 (423)
100 1

The finite acquisition time and the statistical distribution of the finite acquisition can render the
matrix non-physical, meaning the matrix might have non-physical states (no positive real eigen-
values). Additionally, non-perfect entangled states or measurement artifacts, such as accidental
coincidences, beam splitter crosstalk, intensity drifts, introduce errors into the matrix, introducing
a mixture or imaginary components. For this reason, a Maximum Likelihood algorithm with a
least square minimization of the measured matrix with a physical matrix is applied and returns a

physical matrix which is the most likely to have been produced by the measurement [143].

4.4.1 Measures of entanglement and mixture

The previous section explained how the quantum state can be measured using quantum state
tomography. Since the quality of the entangled photon source is an important factor because it is
pivotal for the success of many applications in this thesis. Hence, the reconstructed quantum state
is then characterized by the crucial measures for our implementations, which include fidelity and

concurrence.

Fidelity Fidelity is the measure of the state overlap of the reconstructed quantum state p; with

a reference state p2, which we would like to compare it to.

Flp1,p2) = (Tr{y/\/orozy/o1})? (4.24)

The formula simplifies to Tr{p1, p2}, considering one state is pure, and simplifies further to |
(1 |12) |2, for two pure states.

In our case, the QD emits a ¢ state when analyzing the X and XX at m-pulse area. Consequently,
we analyse the overlap of the measured state p; with the perfectly entangled Bell state [¢pT) =
1/V2(|JHH) + |VV)). If the fidelity to a Bell state is higher than 50 % a presence of entanglement

can be considered [143].

Concurrence and tangle The fidelity, though, is not always a reliable measurement of entan-

glement because it changes with unitary transformations. A quantitative measure of entanglement
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is the amount of separability of the state, which is the information loss when tracing out part of
the system [144]. One measure for separability is the concurrence.
For two qubits, concurrence is defined as follows: consider a non-Hermitian matrix R = pXp’'%®

where T denotes the transpose and 3 the spin flip matrix defined by

0 00 -1
0 01 O
Y= (4.25)
0 1.0 O
-1 0 0 0

We calculate the eigenvalues of R and sort them in decreasing order by r; > ro > rg > r4. Then

the concurrence is calculated:

C = Maz{0, /i1 — /12 — /73 — i1} (4.26)

The tangle is directly extracted from the concurrence by

T=c? (4:27)

The concurrence (and the tangle) range from 0 for product states (any incoherent mixture of
product states) to a maximum value of 1 for Bell-states. The higher the concurrence (tangle) the

higher the non-classical correlation of the two qubit systems.

4.4.2 Entanglement measurement setup

To measure the 36 coincidence probabilities given in Eq. (4.21), the X and XX photons are spectrally
selected and each sent to a state-tomography setup, see Figure 4.5. The state-tomography setup
consists of a set of quarter waveplate, half waveplate (both mounted on motorized rotational states
(Newport, Thorlabs)) for state rotation and a polarizing beam splitter for state selection. Using this
technique, the X and XX photons can be projected on the different bases. A MATLAB program
is coded to move the rotational waveplates to the different bases that have to be analyzed and
instructs the time-to-digital converter to collect the four possible coincidence measurements for each
waveplate setting for a specified acquisition time. After the acquisition of the first basis is finished,
the program moves the rotors to the next basis setting from Eq. (4.21) and again the coincidences are
collected using the functionalities of the TimeTagger Ultra (Swabian Instruments). An image of the
GUI of the custom MATLAB program is shown in Figure 4.6. The program allows to select different
rotors as well as choosing between the full quantum state tomography (36 coincidence measurement
setting), or a reduced quantum state tomography (16 coincidence measurement setting, which is
not used in this thesis). When the automatic acquisition is complete, the collected coincidence
measurements for each channel combination are normalized by the total amount of coincidence for
that particular measurement setting. This is the input for the state-tomography analysis software,
which first directly constructs the density matrix, as described before, and additionally runs a

maximum likelihood estimation.
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Figure 4.5. Quantum state tomography setup. The spectrally selected X and XX signal is rotated on a

set polarization state using the half-waveplate (HWP) and quarter-waveplate (QWP) and projected by
the polarizing beam splitter (PBS).
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Figure 4.6. Custom-written quantum state tomography measurement software. The custom-written MAT-
LAB program allows the user to input a file with the different measurement bases. After inserting the
different rotors, measurement protocol, acquisition times, and other measurement settings, the measure-
ment for the different entered bases is performed automatically. In case needed, the software immediately
analyzes the resulting experimental estimate of the quantum state.
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Figure 4.7. Two-photon interference setup. The analyzing setup consists of a beam splitter (BS) to couple
half the photons in the delay line. This mirrors the delay in excitation, which created a train of photon
pairs separated by a 1.8 ns delay. The photons for each output of the first BS are first polarization selected
with a linear polarizer (LP) and then coupled into a fiber-BS. Fiber-induced polarization changes and
letting interfere photons with different polarization is performed by adjusting the polarization with bat-

ear polarization controllers for fibers, installed on both the input fibers. The two APDs at the output

ports of the interfering BS detect the signal, which is converted to a coincidence histogram in a time-to-
digital converter.

4.5 Hong-Ou-Mandel interferometry

The HOM effect is an important measure for the indistinguishability of photons. It can be esti-
mated from the HOM visibility, despite the fact that even for perfectly indistinguishable photons
the HOM visibility can be lowered due to measurement artifacts, as imperfect beam splitters or
dark counts [145].

The interference of two photons is conducted by exciting a QD with a pulsed Ti:Sapphire laser,
at a repetition rate of 80 MHz. The excitation path is modified to obtain a train of pairs of pulses
separated by a 1.8 ns delay. The same delay is mirrored after spectrally splitting the train of emit-
ted photons and selecting a single emission line in the detection path, to overlap two consecutively
excited photons from the QD on a 50:50 fiber-beam splitter, see Figure 4.7. Before coupling into
the fiber input ports of the beam splitter, linear polarizers are placed for polarization selection.
To compensate for fiber-induced polarization changes and to let interfere photons with different
polarization, bat-ear polarization controllers for fibers are installed on both the input fibers. This
allows us to have full control over the polarization of the interfering photons and makes it possible

to interfere only photons with a specific polarization state.

When two subsequent laser pulses excite the @D, two photons are emitted, which can interfere
at the last beam splitter, depending on the path taken. Figure 4.8 shows five peaks, which cor-
respond to the different delay times from the possible combinations of photon paths, see Figure
4.7. The central peak at zero-time delay results from the paths, when the first emitted photon
takes the long arm of the Mach-Zehnder interferometer, while the second photon takes the short
path. Here, the two photons arrive at the beam splitter at the same time. If the photons are
distinguishable no interference takes place and the central peak has the same intensity of the side
peaks at immediately later time delays. This can be enforced experimentally by measuring the
HOM visibility in cross-polarization configuration. This means, selecting the polarization of one

input arm in the interfering beam splitter to H polarization and the second input arm to V' polar-

Julia Neuwirth 52



4.5. Hong-Ou-Mandel interferometry

1000

500t

Intensity [kcps]

-3.5 0 3.5
Time Delay [ns]
Figure 4.8. Two-photon interference coincidence histogram from co-polarized photons emitted by the same
GaAs QD with a time delay of 1.8 ns, under resonant TPE. The central peak is expected to have the

same area of the immediate side ones for total distinguishable photons and to be null for perfectly
indistinguishable photons. The extracted interference visibility is 64(3) %.

ization using the bat-ear polarization controllers. Instead, if we set both input paths to the same
polarization (co-polarization setting) and the two photons are indistinguishable in all their degrees
of freedom, interference occurs and a dip in the coincidence count is observed. This dip happens
because the two photons leave the beam splitter at the same exit port, see Eq. (2.18). However, in
real experiments, the dip is not zero, which is due to the various physical mechanisms described in
Section 3.5.4.

The HOM visibility in co-polarization measurements, as shown in Figure 4.8, can be estimated

using the following formulas:
V=1-—= (4.28)

Using this approximation, for the example of co-polarized exciton photons coming from subsequent
biexciton-exciton radiative cascades from the same GaAs @D under resonant excitation a raw HOM

visibility of about 0.65 was measured.

A more accurate way of estimating the HOM visibility is by performing co- and cross-polarization
measurements. There the HOM visibility can be directly extracted from the amount of coincidences

at zero-time delay for the two different measurement settings of co- and cross-polarization:

]Eo

]ETOSS

V=1- (4.29)

1., corresponds to the coincidences at zero-time delay for the co-polarized measurement setting,
hence indistinguishable case. I..,ss on the other hand, corresponds to the intensity at zero-time

delay for the cross-polarization measurement setting, consequently, fully distinguishable photons.
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Chapter 5

Limitations on entanglement of
GaAs/AlGaAs quantum dots

Highly entangled photon sources are the core elements for the success of quantum key distribu-
tion [23] and the build of photonic quantum networks [146]. GaAs @Ds are currently one of the
most promising sources to generate entangled photons with a low multiphoton emission probability
[27, 28], high degree of entanglement [80], photon-indistinguishability [29, 30], wavelength-tunability
[31], as well as with nearly on-demand generation [25]. These points are underlined with the ex-
perimental demonstration of single-photon emission with a ¢(*)(0) as low as 7.5 4 1.6 - 107> [28]
and, more importantly, entanglement figures of merit of 0.97(1) and 0.978(5) for concurrence and
entanglement fidelity, respectively [37]. This degree of entanglement, however, is exceptional and
only achieved in precisely pre-selected ()Ds. Standard samples, fabricated by LDE, typically ex-
hibit entanglement values above 90 % [23, 95, 147], which is significantly lower than the almost
perfect entanglement of the state-of-the-art sources based on SPDC [20]. This considerably lower
entanglement reduces the advantage of ()Ds as deterministic entangled photon sources compared to
the probabilistic SPDC sources. In QKD, for example, a lower entanglement leads to a higher error
rate limiting the transmission distance [148]. Also, for the realization of quantum networks, having
a sub-optimal entanglement is strongly detrimental. As briefly mentioned in the introduction, the
core element of a quantum network is a quantum repeater, to exceed certain communication lengths
as well as to synchronize the communication between multiple parties. These quantum repeaters
rely on entanglement swapping to link the nodes, and quantum teleportation to transfer the state.
For both experiments, high entanglement is crucial to reach high efficiencies in the swapping/tele-
portation process [149].

Spatial [34] or temporal filtering [150] allows to experimentally only select good entanglement
values, increasing the entanglement figures of merit of ()Ds making them comparable to SPDC.
But filtering comes at the cost of brightness and weaker signal limiting the transmission rate. In
addition, filtering the emitted photons suspends the potential of on-demand entangled photon gen-
eration, which is an important factor for longer transmission lengths in QKD. For these reasons,
it is important to investigate where the degradation of entanglement comes from in (Ds and to

eliminate the problem at its core.
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Chapter 5. Limitations on entanglement of GaAs/AlGaAs quantum dots

The potential factors reducing entanglement in photon pairs generated from @Ds are manifold.
The main degradation cause in QD systems is the FSS. As addressed in Section 3.5.1, a broken
symmetry of the excitonic wavefunction lifts the energy degeneracy of the two possible decay
paths in the radiative @)D cascade, inducing a temporal phase to the entangled state. This phase is
indeterminate before measurement and gets fixed upon measurement according to the emission time
of the photons. When measuring the time-averaged fidelity to a maximally entangled Bell state, one
averages over multiple entangled states with different phases [100, 103]. Consequently, the measured
time-averaged two-photon state is mixed, leading to a reduced degree of entanglement. The same
effect of time-averaging would apply for the BSM, reducing the photon indistinguishability. One
can quantify this effect on the entanglement by including the FSS into the density matrix of the
entangled photon state emitted by a GaAs/AlGaAs. This leads to the following quantum state

representation [151]:

1 00 ezp(%&)
1 0 0 0 0
== 5.1
P=3 0 00 (5.1)
e:vp(%) 00

with S the energetic separtion equal to the FSS and t, the time spent in the superposition state
of the two exciton states. With a demonstrated average FSS value of droplet-etched @QDs of
2.5 4+ 1.3 ueV [36], the concurrence (fidelity) is lowered to 0.7245 (0.8624) from the initial 100 %.
However, external perturbations, such as electric [107], magnetic [100] and strain fields [108] pro-
vide the possibility to compensate for the FSS directly, by modifying the QD electronic structure.
Using the latter technique, entanglement could be restored and pushed to the record-high values
for GaAs/AlGaAs QDs [37].

The second, often investigated entanglement degradation effect is the interaction of the QD
exciton with its nuclear environment via the hyperfine interaction. The large nuclear spin ensemble
present in the solid-state structure acts on the electron spin and induces an effective fluctuating
magnetic field, the Overhauser field [152]. This effect is stronger for @D materials with species with
high nuclear spin number, as In in InAs, which has a nuclear spin of 9/2. For GaAs, where the Ga
nuclei have a nuclear spin of 3/2, the Overhauser field amounts to a maximum field of B4, = 4T
with a standard deviation of ¢ = Byne:/V'N = 4 mT, with N being the number of nuclei [152].
At 4 K, the operation temperature for the experiments, the nuclei are not polarized and hence
only the fluctuation around the null mean value o enters. We can use this information and the

measured magnetic response (7, = 16.81 [“:ﬁ;/], g = 1.112 and g2, = —0.001[T2]) to determine

the energy splitting of the X energy looking at the induced Zeeman splitting of this static field
[153]. The energy splitting amounts to roughly 0.3 peV, which is one order of magnitude lower
than the average FSS and the Fourier-transform limited linewidth, which is roughly 2.3 eV for
the X of as-grown GaAs @QDs [36]. To quantify the effect of the nuclei induced energy splitting of

0.3 eV on the entanglement, we use the same model from before. If we assumed that these would
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be the only effect reducing the entanglement of the biexciton-exciton photon pair, the resulting
fidelity and concurrence would be 0.9975 and 0.9949, respectively. These numbers visualize that
the effect of the nuclei on entanglement is rather small for GaAs @QDs, especially when comparing
it to other entanglement degrading effects, as the FiSS. Consequently, I do not investigate it further

in the course of this thesis.

The third limiting factor for unity entanglement in GaAs/AlGaAs @QDs are decoherence effects.
In depth studies demonstrate that there are many different mechanisms that fall under the category
of decoherence effects, which all in general influence the entangled state. We can include them in
the density matrix from before by extending it with the different factors, which results in a mixed
output state [100]. The different factors are background light, spin-scattering and cross-dephasing
of the exciton state. Background light is light that originates from any area of the sample or the
@D, except the X and XX emission from the QD. Its polarization is random and hence contribute
to uncorrelated light in polarization, which lowers entanglement. This effect can be minimized by
carefully filtering out any light except the X and XX photons of the @D. Spin-scattering, the second
factor, flips the spin of the exciton after the emission of the biexciton photon. One hypothetical
scenario, where two photons are emitted via the radiative cascade but their polarization is random
due to a spin flip could be the following: The @D emits one photon, the XX photon, the remaining
bright exciton experiences a spin flip to the dark exciton state and a flip back to the bright exciton
one, which afterwards recombines and emits the X photon. In this scenario still both photons would
be emitted from the cascade, however, the photons would not be entangled in polarization. The
lack of polarization correlation between the biexciton photon and the exciton photon lowers the
entanglement. The last factor is the dephasing of the bright exciton states. One has to distinguish
between two different types of dephasing, pure dephasing of a state and cross-dephasing between
two states. Prior randomizes the phase of the single eigenstate with itself, meaning it resets the
phase of the eigenstate after some time. Even if this phase is randomized, it may not affect
entanglement, if the same phase jump is observed between the two exciton transitions. Hence, the
phase relationship between the two states is kept, which is exactly important for entanglement.
The second, cross-dephasing, on the other hand, randomizes the phase between the two bright
exciton states. This phase change between the two bright exciton states results that the exciton
and biexciton are still correlated, but the phase of the superposition changes, which lowers the
entanglement. Using this information on the different decoherence mechanisms we can write the

full density operator [100]:

1+ kg 0 0 2kglyy 2"
1 0 1— kgt 0 0
pP=7 ’ (1) (5.2)
4 0 0 1+ kg 0
2kg§7)vz 0 0 1+ k:gllgl‘)/
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with

gy =1/(1+ 11 /7ss)
(1)

9gyv = 1/(1 +7'1/7'SS JF7'1/7'HV)

1
142 95{3\/57'1
z = , T =
1+ a2 h

k is the fraction of photons that both come from the same radiative XX-X cascade with respect
to the total number of detected pairs, 7 the radiative recombination time of the exciton state,
Tss and Ty are the average times of the spin-flip and cross-dephasing, and S is the fine structure
splitting.

From this representation we can see that the effect of fluctuating electric fields are less detrimental
for entanglement, because only fast processes (within 250 ps) matter for entanglement rendering
the slower electron fluctuations in the ns range negligible [140]. Also phonon induced effects are
marginal because they would not affect cross-dephasing. Furthermore, from this representation we
immediately see the important parameters for the effect on entanglement, which are the exciton
lifetime and the various dephasing times. If we shorten the lifetime of the exciton state 7 we can
extract that the mixed state p is less exposed to the different dephasing mechanisms, because the
dephasing factors g}&lg/ and g%}v go towards 1. This leads to the idea of using photonic cavities to
shorten the lifetime of the transition. In GaAs @Ds a lifetime shorter by a factor 3 (Purcell factor
of 3) for the high entanglement value of 0.978(5) [37] is expected to mitigate the dephasing result-
ing in a fidelity of 0.99 [154]. One photonic cavity suitable for the broadband emission of GaAs
@Ds and shows modest Purcell effect are second-order Bragg gratings [119]. Despite their poten-
tial to reach Purcell factors of 3, the highest up to now measured fidelity in this cavity is 0.90(1) [30].

The fourth entanglement degrading effect is due to recapture processes during excitation, where
the excited state is repopulated immediately after emission of a photon. Recapture processes dis-
rupt an ordered stream of polarization entangled photon pairs throughout undesired excitation
cycles and trigger the detection of uncorrelated photon-pairs. For coherently driven two-level
systems re-excitation processes in ()Ds can lead to non-negligible values of the second-order auto-
correlation function (typical a few percentage points). The effect is in particular apparent when
values of excitation power beyond the optimal brightness condition are employed [155]. It has
been demonstrated that multiphoton pair emission is much less pronounced for photons from the
XX-X cascade, provided that the laser pulse length is sufficiently small [27, 28]. Nonetheless,
these experimental studies do not investigate the degree of entanglement of the emitted photon
pairs. Therefore, we want to answer the question if ()Ds can be considered multipair-free sources of
polarization-entangled photons. Hence, we investigate the multipair emission rate from the inten-
sity auto-correlation function in a typical excitation condition of TPE, which is preferably applied
for entangled photon generation. Additionally, we estimate the effect of multipair emission on the
density matrix, which we then proof experimentally. This study is discussed in the first part of this

chapter.
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The last entanglement degrading effect in QDs, which has been recently highlighted by compre-
hensive theoretical simulations, is related to the particular excitation method used for entangled
photon generation, TPE. As previously discussed, TPE has the potential to almost deterministically
generate entangled photons with high entanglement fidelity, with values above 0.90 in GaAs @Ds
[95]. However, theoretical predictions unveiled that the excitation laser-induced local electric field,
which shifts the energies due to the AC Stark effect, is also present for normal driving conditions in
TPE [156]. This effect has been experimentally shown for resonant fields [157, 158] and points out
that this energy level shift is only induced during the presence of the excitation laser. Hence, the
important factor for this degrading effect is the fraction between the biexciton and excitation laser
lifetime. This excitation laser-induced effect is in particular important when considering the claims
that cavities would enhance the entanglement fidelity up to 0.99 [154]. These state that the cavities
shorten the lifetimes and consequently shorten the interaction times with the environment, which
may increase the entanglement through less dephasing, as previously discussed. However, short-
ening the lifetime would increase the fraction of emitted photons, which experience the presence
of the excitation laser, which according to the theoretical predictions would lower entanglement as
well [156]. Currently it is not clear if this laser-induced AC Stark effect is also identifiable experi-
mentally. In a brief section in this chapter, I demonstrate the first preliminary data supporting this
theoretical work. The obtained results raise the question, if the already demonstrated entanglement
fidelity of 0.978(5) [37] might have already been performed on a @D with no relevant dephasing

mechanism apart from the one induced by the excitation mechanism.

5.1 Entanglement degradation due to multipair emission

Multiphoton emission, as discussed in the introduction, reduces the achievable secure key rate in
quantum key distribution [22, 23] and hampers the scalability of multiple photon experiments [20].
Deterministic entangled-photon sources eliminate this restraining factor. One promising potentially
deterministic platform, introduced earlier, are solid-state-based quantum emitters, notably epitaxial
QDs. @Ds have the potential to overcome this hurdle because they promise near-deterministic
generation of strongly entangled photons [114, 149]. In principle, @Ds exhibit no compromise
between multiphoton emission and brightness [145, 159]. However, recent studies on coherently
driven ()Ds have highlighted that re-excitation processes can lead to non-negligible values of the
second-order auto-correlation function g(®(0) (as measured via a Hanbury Brown and Twiss (HBT)
interferometer) [148, 160], which is so far always put on the same level with the multiphoton emission
probability for QDs. Thus, these finite (non-negligible) values of ¢(*)(0) would negatively impact
the level of entanglement of the emitted photons, which has been demonstrated experimentally
[161]. But these experiments do not employ resonant excitation schemes, and additionally, it
is often experimentally challenging to ascertain whether the entanglement degradation and the
finite 9(2)(0) values are due to true multiphoton emission or background light originating from the
excitation laser and/or states not involved in the entangled photon generation process. Also the

literature does not clarify this ambiguity. It exhibits inconsistencies on how to relate the information
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on multiphoton emission given from the ¢(? (0) to the polarization density matrix [37, 151, 162].
For this reason, it remains unclear whether ?Ds can be regarded as a multipair-free source of
entangled photons. I address this question by carefully studying the interplay between the second-
order coherence function, the multiphoton emission probability, and the degree of entanglement in

resonantly driven @QDs.

5.1.1 Experimental implementation

The investigated entangled photon emitter is a GaAs/AlGaAs @D grown by droplet-etching epi-
taxy [83]. These nanostructures provide state-of-the-art fidelity to a maximally entangled state
without resorting to spectral filtering or temporal post-selection [37]. The full composition of the
device is explained in Section 3.2 with a solid immersion lens to enhance the extraction efficiency,

as discussed in Section 3.5.3. A sketch of the sample structure is shown in Figure 3.7.

The sample is operated at 4 K in a low-vibrational closed-cycle He cryostat from attocube. It is
resonantly driven by a Ti:Sprapphire femtosecond laser from Coherent with a repetition rate of 80
MHz and a pulse duration—adapted with a custom-made pulse-slicer—of approximately 10 ps (ca.
200 peV at 785 nm). The laser is tuned to half the energy difference between the (XX) and the
ground state (0) to achieve resonant two-photon excitation [111, 112], as illustrated in the energy
scheme in Figure 3.4. The mismatch between the laser energy and the emission energies of the X
and the XX state, due to a XX binding energy of ~ 4 meV (~ 2 nm), allows for spectral filtering
of the laser back-reflection. This is performed by a set of tunable volume Bragg gratings with a
bandwidth of 0.41 nm used in reflection. Emission spectra for two different pump powers and pair
generation rates are shown in Figure 5.1. The two peaks with higher intensity correspond to the two
transitions of the XX-X cascade, whereas the secondary peak (X*) is unrelated to the cascade and
has a linear dependence on the laser power [28]. X* is most probably a negatively charged exciton
weakly excited through its high-energy acoustic phonon sideband. To maximize the emission rate
of the @D we maximize the "on'-time of the QD [163] with an additional off-resonant light field
in a process known as photo-neutralization. The intensity of the off-resonant light is optimized to
accelerate charge fluctuations in the @D and increase the average probability of having it sitting
in the neutral ground state. The coherence of the excitation of a three-level system can be checked
by measuring the Rabi oscillations of the QD cascaded photon emission, so the X and XX lines
[100]. As shown in Figure 5.2, the integrated intensity of the X and XX lines exhibits the typical
dependence of (population, depopulation) on the excitation power. The first maximum (7-pulse
area) corresponds to the excitation power to optimally populate the biexciton state. This optimal
preparation of the state results in a high photon emission rate. For 2m-pulse area, on the other
hand, the coherently-driven system is forced back in its ground state lowering the probability of
starting the radiative cascade. Consequently, the emitted intensity is weaker, which corresponds
to the first minimum in Figure 5.2.

The selected @D for the experiment has a F\SS lower than the spectral resolution of 0.5 peV', which is
the limit of our measurement system. This low F\SS minimizes the induced relative phase precession

in the polarization-entangled state [100]. The X lines is spectrally separated using a Volume Bragg
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Figure 5.1. Photoluminescence spectrum of the @D at m- and 27-pulse. A line (X*) unrelated to the
cascade is observed. Adapted from Ref. [95]
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Figure 5.2. Rabi oscillations of X /XX emission intensity vs. laser power. Adapted from Ref. [95]

Grating (VBG) with a filter bandwidth of 0.41. The XX line is sent into the spectrometer, dispersed
by the 1200 g/mm grating and spectrally selected by adjusting the grating angle to center the
intended wavelength onto the output port of the spectrometer. The filter bandwidth is set to 0.07
nm by closing the output slit accordingly. This approach was chosen to achieve a higher spectral
resolution and an option for bandwidth fine-tuning. As discussed in the following section, the XX
filter bandwidth is chosen narrower to remove undesired emission wavelengths, as the undesired X*
peak. Yet, both bandwidths are large enough not to filter out any significant fraction of the X and
XX photoluminescence signal. The X and XX photons are then analyzed by a polarization-resolved
cross-correlation measurement setup, similar to the one presented in Section 4.4 for quantum state
tomography, see Figure 5.3. This consists of two sets of a half-waveplate and a quarter-waveplate
(for state rotation), a polarizing beam splitter, for state projection), and two APDs. The second-
order auto-correlation g(?) (1) measurements were performed with the same setup, by replacing each

polarizing beam splitter with a 50:50 beam splitter, as in a standard HBT interferometer.

5.1.2 GaAs/AlGaAs quantum dot - A true single photon source

Firstly, we are interested in the single-photon nature of the investigated GaAs @D, especially
when varying the pump power. To do so, we study the second-order auto-correlation function
of the @D under quasi-deterministic resonant TPE, the most common excitation technique for

entanglement-based applications. Additionally, we renounce the use of polarization suppression, a
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Figure 5.3. Quantum state tomography setup. The laser is filtered by volume Bragg gratings. The X and
XX are spectrally filtered with bandwidths of 0.41 and 0.07 nm, respectively. The state is rotated via
a half-waveplate (HWP) and quanter-waveplate (QWP), and selected with a polarizing beam splitter
(PBS). For the second-order auto-correlation measurements, the PBSs are exchanged with 50:50 beam
splitters. Adapted from Ref. [95]

frequently used technique to measure the second-order auto-correlation function, but incompatible
with polarization-resolved coincidence measurements, which are needed in the next step to deter-
mine the entanglement in polarization of the D photons. In this measurement condition, the next
section discusses how to eliminate errors introduced by the measurement equipment and excitation

conditions, as well as how mild spectral filtering affects the measurements.

Filtering background events from entanglement-based measurements

Since we are interested in the multipair emission of the GaAs/AlGaAs @D under the same mea-
surement conditions as for entanglement, we measure the second-order auto-correlation function of
the emitted light using a HBT setup (see Figure 4.4) without resorting to polarization suppression.
The auto-correlated signal of the XX for different correlation times is shown in Figure 5.4. Note,
this auto-correlation measurement is only an example to visualize the result of the experiment, but
this measurement represents the optimized case. At zero-time delay, a low number of coincidences is
recorded compared to coincidences from photons of subsequent or later excitations of the radiative
cascade due to different laser pulses. The ¢(®)(0) can be calculated by ¢(*)(0) = m,
with I(t_1) and I(t;) coincidences corresponding to the time delays of £12.5 ns. The g(*(0)
results to 1.7 + 0.1 x 1072 for the XX, in a standard experimental configuration, eliminating the
laser light with VBGs. Since record-low values of 7.5 £ 1.6 x 107> have been demonstrated with
this source, but using polarization suppression of the excitation laser and superconducting single-
photon detectors with ultra-low dark-count rates [28], it raises the question: What is limiting our
g (0) measurements and how can we improve it with the given setup? In fact, it is valuable to
discern which part of the measured multiphoton component is due to the source and which is due

to other factors.

One important precaution is removing backscattered laser light from the excitation laser. Since
the excitation laser wavelength for TPF lies exactly between the X and XX wavelength, it can easily
be filtered out by VBGs, as explained in the previous section. Additionally, we add two VBGs at

the wavelength of the X and XX emission in the excitation path. These are placed to remove laser
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Figure 5.4. Second-order auto-correlation measurement of the XX photons. At zero-time delay, a low
number of coincidences is recorded compared to coincidences from photons due to different excitation
laser pulses.

contributions at the same wavelength of the @D signal, which are due to artifacts introduced by
the custom-made pulse shaper. The excitation spectrum exhibits interference maxima at exactly
the X and XX wavelengths, which contribute as uncorrelated background to any collected signal.
These features are attributed to the first ring of the Airy disks formed on the focal plane of the
4f pulse-shaper, where the slit for wavelength selection is placed. After adequately filtering the
laser in the collection and excitation paths, we verified that no signal is present by using the same
collection setup and moving the stage under the objective away from the QD position in the sample.
Finally, we remove another detrimental effect, which is present due to after-pulsing artifacts from
the APDs [164]. In this work we use single photon counting modules from Excelitas, which fea-
ture a dead time of 22 ns. Since the after-pulsing effect is mainly observed after the quenching
and recharge phase of the APD, with a delay from a detection event which is close to double the
repetition rate of the pump, this effect causes accidental coincidence events. Here, we apply in
post-processing a virtual dead time of 56 ns to the detection events recorded by the time-to-digital
converter, to compensate for the effect. However, we have experimentally determined that also a
deadtime of 34 ns leads to the same result. These simple amendments to the optical setup and
acquisition settings improve the ¢()(0) to 2.440.1x 1073 for the XX. This ¢(®)(0) value corresponds

to the measurement shown in Figure 5.4.

To confirm that we only measure the intrinsic ¢(®)(0) of the XX-X radiative cascade and do not
have any other additional emission from the sample leading to an overestimation of multiphoton
contribution, we further investigate the spectral selection of the emission lines. In particular, we
focus on the XX line and its second-order auto-correlation function and spectrally separate it using
a spectrometer, instead of relying on the 0.4 nm fixed bandwidth of the VBG. In this way, we
vary the bandwidth acceptance from 0.12 nm to 0.01 nm. FEven if the natural linewidth of the
XX-X transition is lower than 0.01 nm, this bandwidth value is lower than the emission linewidth
measured on the spectrometer, leading to a transmitted 67 % and 87 % fraction of the XX signal
for the 0.01 and 0.02 nm settings, respectively. Even though different spectral filters are applied to
the XX emission line, the ¢ (0) does not change for this range of spectral selection bandwidths

at m-pulse area, see Figure 5.5. In this excitation condition, the @D is driven resonantly to the XX

Julia Neuwirth 63



5.1. Entanglement degradation due to multipair emission

0.04F -1m f
C-2m :
0.03F -
S | f ]
g 0.02F 3
o - _ b
S :
0.01F -

O~ —"002 004 006 008 010 012

Filter Bandwidth [nm]

Figure 5.5. ¢(?)(0) vs. selected spectral bandwidths around the XX emission line for m and 27 excitation
pulse area. Note, the error bars for m-pulse area are within the marker size.

state, enabling the highest probability of populating it. We continue this investigation by driving
the QD further to 2m-pulse area. Now the laser pulse initially drives the system to the XX state
and then depopulates it again to the ground state. Even though the system is driven back to the
ground state coherently within the same excitation laser pulse there is still the possibility to have
a spontaneous emission event, a probability of inducing the XX-X radiative cascade. Under this
excitation condition the emission of the QD signal is much lower than under 7-pulse area, but any
background emission is higher, arguably increasing linearly with the laser power instead. Also any
emission from other states could differ in wavelength from the XX line, which can differently affect

the impact of changing the spectral acceptance window.

When now changing the selected spectral bandwidth from 0.12 nm to 0.01 nm at 27-pulse area,
it can be observed that the g(?) (0) of the XX line decreases while narrowing the filtered bandwidth,
see Figure 5.5. We interpret this selection as effective in removing the background emission that
causes spurious coincidences detected in the HBT setup. It is worth noticing that the ¢(2(0)
significantly reduces only until the emission linewidth of the @D is reached. Narrowing the filtering
from 0.02 nm down to 0.01 nm does not bring any improvement in the zero-time delay intensity
auto-correlation function, which implies that we do not observe relevant trade-off between lowering
the multiphoton emission and efficiently collecting photons from the radiative cascade. This is very
important since having a signal loss through filtering would act as a limitation for applications that
need high repetition rates [23] or multiple photon coincidence events [33, 35]. We also point out that
the spectral selection is substantially broader compared to the natural linewidth of the emission,
so that no effects are expected on the photon emission statistics in this regime [165]. Moreover,
filtering the emission spectrum below the natural linewidth also results in the distortion of the
wave packet in time. This potentially creates new challenges when dealing with the interference
of two photons [127]. Keeping into account all the previously discussed factors, the main residual
contribution is light coming from the radiative cascade, which allows to access the intrinsic g(?(0)
of the photon pair generation process. These results support the validity of a quantum tomography
measurement setup for assessing the impact of multiphoton emission on the entanglement figures

of merit.
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Multipair emission contribution in the g(?(0)

Knowing now that we are measuring the real ¢ (0) in a measurement setting compatible with
measuring a density matrix we can now investigate the intended research question, how the mul-
tipair contribution acts on entanglement and changes with respect to the driving condition. We

start with measuring the ¢ (1) for different excitation powers using a HBT setup.

g(?)(0) measurement: Using the HBT setup, we measured ¢(?)(7) for different excitation powers.
Figure 5.6 shows, in logarithmic scale, the coincidence histograms for the X line at 7- and 2mw-pulse
area. The second-order auto-correlation function ¢(?)(0) is defined as the number of coincidences
between photons generated by the same laser pulse (zero-time delay), normalized by that of an
equally bright Poisson distributed source. This corresponds to dividing the coincidences at zero-
time delay by the coincidences of photons excited by the laser long time delays (till completely
uncorrelated, e.g., on the ms timescale) apart. Besides this definition, the second-order auto-
correlation function is often interchanged with a different quantity, that we refer to as §(? (0). It
is a relevant quantity for the interference of two photons generated by consecutive pulses and is
a common choice in the experimental characterization of quantum emitters for convenience over
long-delay normalization. The §*)(0) is, in contrast to the ¢(*)(0), calculated by the coincidences
of emitted photons at zero-time delay, divided by the coincidences of emitted photons generated
by consecutive excitation laser pulses (12.5 ns time delay for 80 MHz repetition rate). This change
in normalization leads to a difference in the values of §((0) and ¢(®(0), which is accounted for by
the blinking of the source. Blinking is an intermittent emission behavior of the @D arguably due to
the transitory presence of undesired charges in the @)D and is given as an “on”-time fraction np;nk-
For the measurements reported here, ny;,1 is estimated to be approximately 0.3. Visible from the

formula that links the two normalizations,

32(0) = ¢@(0)min (5.3)

G?(0) is usually lower than ¢(®(0). The measured §(0) is (3.4 £ 0.4) - 10~ at peak bright-
ness m-pulse for the X emission line. When normalizing the coincidences at zero-time delay to
the coincidences at consecutive excitation laser pulses (12.5 ns time delay), as done in Figure 5.6,
72(0) = kg2 (0) = (1.040.1) - 1073, This is indeed lower by a factor My, = 0.29, attributed
to the blinking of the source (discussed in the following paragraph). The g2 (0) value we obtain
is very similar to those reported for the GaAs/AlGaAs system [151], only surpassed by the record
value obtained using single-photon detectors with ultra-low dark count rates [28]. However, we
emphasize that the figures reported here are achieved without polarization suppression of the laser

back-reflection or post-selection schemes.

Blinking of the GaAs quantum dot: As stated before, the blinking dynamics is a factor which
can affect the dependence of photoluminescence versus excitation power. In fact, blinking is an
intermittent emission behavior of the @)D usually attributed to the transitory presence of undesired
charges in the @QD. If the QD initially sits in a charged state, resonant TPFE of the XX cannot
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Figure 5.6. Second-order auto-correlation function gf)(f), normalized to the side peaks (12.5 ns), at m-

and 27-pulse area. Adapted from Ref. [95]

be performed successfully, and this reduces the pair generation probability. This behavior can be
actively suppressed by applying electric fields in a diode structure [139, 147]. When present, it can
be affected by the excitation laser, which could in principle ionize traps or photogenerate carriers
off-resonantly in the matrix. If these processes depend on power, they must be accounted for when
modeling the power dependence of the photoluminescence to deduce the occupation probability of
the excited state in the Rabi oscillations. For this reason, we have to investigate how the blink-
ing dynamics changes in the range of excitation power investigated in the main experiment. The
study is conducted by measuring the intensity cross-correlation between X and XX photons in an
interval of time delays which ranges from 12.5 ns to 0.5 ms. The blinking causes a bunching on
the microsecond scale which can be modeled with an exponential decay in time [151, 166]. From
Figure 5.7(a) it is clear that the blinking dynamics for our investigated @D show a significant power
dependence of its characteristic time [166], ranging from 16.1 us to 1.6 us. Nonetheless, by adding
photoneutralization with a weak off-resonant visible light field, we are able to keep the impact on
the overall "on"-time fraction 7y, under control. 7,k is approximately 0.3 in almost the entire

interval of pump powers, as shown in Figure 5.7 (b).

g (0) for different driving strengths: As stated before, we are interested in investigating
how the multipair emission of the QD affects entanglement. The g(2)(0) has always been referred
to as a measure of multiphoton contribution and, since the multipair emission potentially changes
with the driving strength (the amount of excitation laser), we investigate the multipair emission
versus different excitation powers. Figure 5.8 illustrates the measured second-order auto-correlation
functions for different excitation powers up to above 5m-pulse areas using the two different normal-
izations §(2(0) and ¢(®(0). The values obtained for the X and XX lines are compatible within the
margin of error (assuming a Poisson distribution of the coincidence counts). Clear maxima up to
(55.9 & 5.1) - 1073 are observed at even 7-pulse areas. Similar oscillations have been experimen-
tally observed in @QDs [155], though only in resonantly driven two-level systems (2LS), in which
the maxima stem from increased multiphoton emission. Specifically, the 2LS can spontaneously
decay to the ground state instead of undergoing an even number of 7 rotations. In this case, if

the excitation laser pulse is still present, a second excitation is possible [155]. This breaks the even
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Figure 5.7. (a) The blinking time is extracted by an exponential decay fit of the cross-correlation his-
tograms. (b) Blinking ratio 7y, extracted from intensity cross-correlation measurements with a corre-
lation range of 1 ms for different excitation powers. From Supplementary of Ref. [95]

m-pulse area excitation into two uneven w-pulse area excitations with a radiative recombination
in-between. Instead, for cascaded quantum ladder systems re-excitation is expected to be strongly
suppressed [27]—as it can take place only when both the X and XX photons are emitted. Figure
5.8 may indicate that the multiphoton emission probability is non-negligible and oscillates with the
driving strength. To show that this is not the case, we use an approach that does not rely on any
assumption on the physical origin of the multiphoton emission. We infer its contribution from the
experimental ¢(? (0) of the photons emitted by the XX-X cascade and investigate its effect on the

measured degree of entanglement.

Extracting multipair emission from the g(Z)(O) measurement data

We are now interested in extracting the real multipair contribution in the g(®(0) measurement

data. For this we derive the relevant figures of merit from a series of basic probabilities.

e Muink is the probability that the QD is in its optically active ground state and can be excited

via two-photon excitation.

* Nprep is the probability that a coherent excitation of the ()D in the ground state promotes it

to the biexciton state.
e 70ss 18 the probability that an emitted photon is detected.

e p,, is the probability that a successful cascaded photon emission is followed by re-excitation

and a second cascaded photon emission.
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Figure 5.8. Measured ¢(®(0), 5 (0) and multiphoton probability p,, from the X and XX lines for different
excitation powers. The ¢(?(0) and §®(0) increase at even 7-pulse areas in contrast to p,,. Adapted
from Supplementary of Ref. [95]

For simplicity, we exclude multiple emission events beyond double, which should be a negligible
fraction in all realistic cases considered. If we consider the photo-generation distribution, we can
define p; (p2) as the probability per excitation pulse of generating a single photon (two photons)
per transition. It follows that p,, = p2/(p1 + p2)-

Since we are interested in the specific effect of multiphoton emission, we disregard other sources of
error, specifically we assume that background and dark counts are negligible as well as the detector

dead time. These assumptions are good approximations for our experimental conditions.

We can combine this series of quantities to estimate the detection probabilities. We name C'
the event of a click on a detector. Under our assumptions, this event can be caused by either a
photon from the first radiative cascade induced by the laser pulse or by a second radiative cascade

if multiphoton emission takes place.

p(C1st) is the probability per single excitation pulse that the detector reveals a photon from the

first radiative cascade.

p(CISt ) = MblinkTprepMioss

p(Cyna) is the probability per single excitation pulse that the detector reveals a photon from a

second radiative cascade, which also includes the probability of having multiphoton emission.

p<C2nd) = TNvlinkprepPmMioss

These events are not mutually exclusive, but can happen together with a probability given by
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the following formula:

p(Clst N C2nd) = Ublinknpreppmn?oss

This probability depends linearly on the chance of creating two photons per transition with a

single laser pulse and quadratically on losses, which are uncorrelated.

The overall probability of having a detection event is:

p(C) = p(Cyst U Cona)
- p(Clst) + p(CQnd) - p(Clst ﬁ and)
= nblinknprepmoss(l + pm(l - nloss))

We can also define the probabilities that the detector reveals a photon from the first radiative
cascade but never together with a photon from a second radiative cascade (event C.,) and viceversa
(event C7,.q).

p(Ciat) = p(Clst) — p(Clst N C2nd)
= nblinknprepnloss(l - pmnloss) (54)
p( énd) == p(CQnd) _p(01$t ﬂ CQnd)

= nblink’ineppmnloss(l - nloss)

These will later be useful for the estimation of the impact of multiphoton emission on the degree

of entanglement.

Given these premises we can model the effect of multiphoton emission on the second-order
auto-correlation function at zero-time delay. Later on, we go back to these premises to also model
the polarization density matrix of the photon pair emitted during the XX-X cascade. This allows
us to quantify the impact of the multiphoton emission on the density matrix and consequently on

the figures of merit of entanglement.

The second-order auto-correlation function: The second-order auto-correlation function is
experimentally obtained by measuring coincidence events in a HBT setup. We consider that the
QD source is operated in pulsed mode. First, we estimate the probability per single excitation pulse
that a coincidence is recorded within the temporal window of a single laser pulse, which we define
as the zero-time delay condition. The probability that two photons emitted by the same optical
transition (be it the biexciton-to-exciton state or the exciton-to-ground state) and excited from
the same laser pulse arrive at the beam splitter of the HBT setup is given by nblmknpreppmnlzoss,
where 75,55 does not include photon losses due to the beam splitter. This event will give rise to a

coincidence in 50 % of the cases, leading to the following probability of coincidence:
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2
loss

p(ANB,AT =0) = nblinknpreppmnT
with A and B the events associated to a click on each of the two detectors of the HBT setup.
This probability needs to be normalized to be related to the auto-correlation function. As
discussed previously in this Section, we can adopt two main approaches for the normalization. Here,
instead of considering coincidences between uncorrelated events taking place in the limit of very
long delays, we first derive the equations normalizing to the coincidences between events triggered
by consecutive laser pulses. This is a common choice in the literature reporting experimental
characterization of single emitters. One can easily switch between the two approaches by including
the multiplicative factor npink, as in Eq. (5.3).
To estimate the probability of having coincidences between events triggered by consecutive laser

pulses, we break it in two terms:
p(ANB,Ar = +T) = p(A)p(B|A, AT = £T)
with T the period of repetition of the pump laser pulses. The probability that detector A clicks

is given from the previous subsection (p(C')), including an additional factor 1/2 for the losses from

the beam splitter.

Tloss
o)

m
p(A) = nblinknprep%(l ‘|‘pm(1 -

The conditional probability that detector B clicks knowing that detector A clicked at the pre-
vious laser excitation comes from the previous formula by simply removing the ny;n term, since

we assume that the QD is very likely in an "on'"-state if it just emitted a photon.

P(BIA£T) = tprey 5 (Lt pn(1 = 75))

The probability per excitation pulse of a side-peak coincidence in the second-order auto-correlation

histogram directly follows:

2
Mioss
4

Moss ))2

p(ANB,£T) = nblinkngrep

Finally, we have a formula for the second-order auto-correlation function at zero-time delay

normalized by the immediate side peaks.

2

~(2) _ Pm

32(0) = 5.5
( ) nprep(l +pm(1 _ 771535))2 ( )
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This formula lets us use the value of §(0) to estimate the multiphoton component of the
emission given that the probability of photon emission is known, an information which can be
retrieved from XX-X cross-correlation measurements [167]. This estimate gives values very close
to general upper bounds derived in the literature, namely Eq. (16) from Ref. [168] and Eq. (20-21)
from Ref. [169]. In our experiment, 1,5 is about 0.005, therefore we can approximate the term to

(1 — mioss/2) to 1 and obtain the following formula:

2
~(2) 0 — ¢
70 = )

If we further assume that p,, << 1 (as valid for the data collected in our study), the formula

further simplifies to:

_ 2pm,
i?0) =L (5.6)
Tlprep

An immediate consequence of Eq. (5.5) is that without changing the multiphoton emission
component at the source, the 9(2) (0) is inversely proportional to the preparation fidelity 7pyep. This
contribution is to be considered when analyzing the multiphoton component in relation to Rabi

oscillations as a function of the excitation power.

Preparation fidelity: In order to extract the multiphoton contribution from our measurements,
we first need to determine the preparation fidelity for different excitation pulse areas. The prepa-
ration fidelity 7,.¢p is the parameter that describes the efficiency of the excitation scheme, which
strongly varies in a resonant excitation scheme. This makes it vital to study the multipair emission
effect for the whole power dependence, even m-pulse areas included. 7,.¢p is often inferred from
the power dependence of the photoluminescence as in Figure 5.2, using a model to extract the
occupation number of the XX state. Here we opt for a different approach, which requires fewer
assumptions and prevents us from neglecting power-dependent blinking dynamics. We estimate
Nprep from intensity cross-correlation measurements between X and XX photons [151, 167], using
the setup of Figure 5.3 without polarization selection. The XX-X cross-correlations histograms,
normalized to the side peaks (12.5 ns), for m- and 27-pulse areas are shown in Figure 5.9. When
the preparation fidelity is smaller than 1, the probability of finding a X photon is higher when
an XX photon was detected from the same radiative cascade. We can now compare the cross-
correlation histogram peak between the X photons at zero-time delay with the XX photons from
the same radiative cascade (Ix xx(to)), and the cross-correlation peak between the X photons at
zero-time delay with the XX photon from a subsequent laser pulse (Ix xx(t+1)), see Figure 5.9(a).

The ratio between the photons belonging to subsequent laser pulses and the zero-time delay peaks
Ux,xx(t-1)+Ix xx(t+1))/2
Ix xx(to)

reported in Figure 5.9(b), displaying the expected population oscillations, with the highest (lowest)

= Nprep is the preparation fidelity. 7,,¢p as a function of the pump power is

value of 0.93 (0.14) at - (27-)pulse area. The highest preparation fidelity is comparable to those
published for similar GaAs/AlGaAs ()Ds [23].

This method does not require any assumption on how to model the damping of the Rabi oscil-
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Figure 5.9. (a) Coincidence histograms between X and XX photons, normalized to the side peaks (12.5
ns), for m- and 2w-pulse area excitation. (b) Measured preparation fidelity (dots) for different pumping
regimes, with a spline interpolation to visualize the oscillations as a guide to the eye. The error bars are
within the marker size. From Ref. [95]

lations. Moreover, power-dependent changes of nyni also affect the photoluminescence intensity.
They should not be neglected when inferring information about the coherent coupling between
ground level and XX state. In our investigated @D, the blinking dynamics show a significant power
dependence, so that the characteristic time of the process decreases by almost an order of mag-
nitude in the studied power range. Nonetheless, by photoneutralization with a weak off-resonant
visible light field, we are able to keep the impact on the overall "on'-time fraction np;,,r under

control.

Given these findings, it is apparent from Eq. (5.6) that the oscillations in the ¢(?(0) are not
necessarily related to variations in the multipair emission probability but rather to oscillations in
the preparation fidelity. Using the measured values of g(?)(0), nprep, and nyink, Eq. (5.6) can be
exploited to directly calculate p,,, without any specific assumption on the physical origin of the
multipair component. The resulting continuous line in Figure 5.8 highlights that the fraction of
emission events related to multipair emission does not noticeably vary with the pump power, only
slightly increases with the pulse area. This is potentially related to an increasing background due

to the approximately linear increasing excitation laser power.

In a next step we are interested in evaluating the effect of multipair emission on the density
matrix. To do so, we extend the model and again use the series of basic probabilities to derive the

contribution to the density matrix.
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5.1.3 Modeling the multipair effects on entanglement

We now describe the effect of multiphoton emission on the polarization state of the photons emitted
in the XX-X radiative cascade. Multiphoton emission introduces undesired coincidence events
which are totally uncorrelated in polarization. The density matrix of the photon-pair polarization
state can be modeled as a mixture of the entangled state emitted from the XX-X cascade—ideally
|61) (o7, po keeping into account other coexisting decoherence mechanisms [100]—plus a noise

term,

p= (1= k) +Ho)s"] (57)

where [ is the identity matrix and k is the fraction of photons that both come from the same

radiative XX-X cascade with respect to the total number of detected pairs.

In the following discussion, we derive k from the series of basic probabilities introduced when
deriving the multiphoton probability from the auto-correlation measurements.

In the case of the density matrix we have two separate detecting apparatuses—may those be
composed of waveplates and either a polarizing beam splitter plus two detectors or a single detector
with a linear polarizer in front—, one for the biexciton-to-exciton transition (XX events) and the
other for the exciton-to-ground state transition (X events). We assume that photons from the
two transitions of the cascade are always emitted together and that they experience equal losses
in the setup. This is usually a reasonable assumption for the @Ds considered in our study, since
non-radiative mechanisms are negligible and the wavelength of the two transitions is similar, so that
we observe similar count rates on the detectors. Given these assumptions, the various detection

probabilities introduced at the previous Section can be directly applied here. For example,

p(X) = p(XX) =p(C)
= nblinknprepnloss(l + pm(l - nloss))

From the definition of k£, we can estimate it as the probability ratio between the coincidences
induced by photons emitted by the same radiative cascade, with no extra photon triggered by the

same laser pulse arriving at the detectors, and the complete set of possible coincidence events.

DXt O XX]0) + p(Xpos O X X])

k=
p(X N XX)

(5.8)

In this way, we assume that all the excluded coincidence events contribute with uncorrelated
noise to the matrix. This is true for coincidences between one photon from the first emitted cascade
(e.g., X{«) and a photon from a second re-excited cascade (e.g., XX/, ). Instead, this assumption
does partially underestimate the residual polarization correlation observed for coincidence events

when three or four photons arrive on the detectors. However, this contribution is negligible if the
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term 7,45 is significantly smaller than 1, as in the case of our experimental conditions.

We start from the probability of coincidence only from the first emitted cascade, which is the

major contribution.

P(X1se N X X(at) = p(X1a0)p(X X et | Xt

To evaluate the second term of the expression, we start from the unconditional formula in
Eq. (5.4) and consider the conditional probability for each of its parts. Knowing that X7, has
taken place, a photon pair has been emitted, therefore the blinking and preparation terms are
removed. The probability of photon loss is unchanged since this independently affects photons
from different optical transitions. The probability of multiphoton emission (we label the event as
m) is influenced in a way that can be estimated using Bayes’ theorem. In fact, we can calculate
what is the probability that only a photon from the first cascade is detected on the exciton channel
knowing a radiative cascade was successfully induced (event X {St |prep) and that it also resulted in

a double excitation (event X7..|m).

p(mlprep) = pp,
p(Xist \prep) = 77[035(1 - pmnloss)
p<X15t|m) = 771053(1 - nloss)
p(X1stlm)p(m|prep)
p(X{stlprep)
_ Pm(1 = 7ioss)
1- PmMNioss

p(m|X1a) =

Using for each term of XX {St the probability conditioned on event X {St, the following result is

obtained:

p<XXist‘Xist) = Nioss(1 — p(m’Xist)moss)
p(Xist N XXist) = nblinknprepn?oss(l - p’mf”lloss(2 - nloss))

The other terms of Eq. (5.8) can be estimated following a similar procedure.

p(Xénd N XXénd) = nblinknpreppmnl%)ss(l - 77loss)2
p(X N XX) = nblinknp?“epnfoss(l + pm(?’ - nloss)(l - nloss))

Finally, we obtain an expression for k.
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_ 1+ pm(l — AMioss + 27712053)
1+ pm(3 - 477[058 —+ 7712055)

It is worth noticing that in the limit of 7,5 << 1, the formula reduces to

k— (1+pm) (5.9)

(14 3pm)

This matches the intuitive expectation of having at the numerator the coincidences from the
same cascade and at the denominator all the possible combinations, given that all the coincidences
involving one or more photons from a re-excitation event must include in their probability an
additional term p,,.

Knowing how multiphoton emission affects the auto-correlation and entanglement measure-
ments, it is possible to relate these two physical quantities. More specifically, the second-order
auto-correlation function can be used to obtain information about multiphoton emission and al-
lows to predict its effect on the polarization density matrix of the XX-X radiative cascade.

Combining Eq. (5.7) and (5.9) in the limit of p,, << 1 and n,ss << 1—a good approximation

for the experimental conditions of our work—returns the very simple relationship:

k~1-— nprepg(z)(o) =1- nprepnblinkg@) (0) (5'10)

The second equality has been obtained using Eq. (5.3).

In this limit the expression is equivalent to the one obtained for unpolarized and uncorrelated
background radiation [151].

The estimate for k is plugged into Eq. (5.7) to simulate the excitation power dependence of
the density matrix. The entanglement related figures of merit, such as the fidelity to the expected

maximally entangled Bell state and the concurrence, are directly derived from the density matrix.

5.1.4 Multipair effects on entanglement

Knowing now the expected contribution on entanglement, we are interested in measuring it. To
do so, we perform polarization-resolved XX-X cross-correlation measurements to reconstruct the
two-photon density matrix using the setup from Figure 5.3. Rotations in the polarization state
induced by optical components are compensated using a set of linear waveplates to maximize the
fidelity to the expected Bell state |¢™) [34]. The density matrix is reconstructed from 36 correlation
measurements using quantum state tomography and maximum likelihood estimations [143]. Figure
5.10 shows the resulting real part of the density matrix at m-pulse area. The imaginary part does
not contain significant terms (no matrix element is above 0.045 in absolute value). Furthermore,
the fidelity to |¢T) is 0.93 4 0.01, while the concurrence is 0.89 + 0.02, values that are comparable
with the literature [80] and bested only by those obtained with strain-tunable @Ds [37]. We note
that the influence of non-measurable F'SS (below 0.5 peV) should affect the fidelity by less than
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Figure 5.10. Real part of the density matrix of the XX-X photon polarization state measured at m-pulse
area. Adapted from Ref. [95]
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Figure 5.11. Concurrence for different excitation powers. Experimental data (red) are compared with the
predictions of Eq. (5.12) (dashed green line) and Eq. (5.10) (our model, continuous green line). The
error bars in the modeled values, estimated from the measured multiphoton probability using a Monte
Carlo simulation, are within the line thickness. Adapted from Ref. [95]

1 % [34]. Additionally, we characterized the waveplates retardance and detector dark counts and
simulated their impact on the density matrix estimation to conclude that their impact amounts to
less than 0.7 % on the Bell-state fidelity. The error bars are estimated with a Monte Carlo method
assuming a Poisson distribution of the coincidence counts.

The measurements show no significant variation of the concurrence at 27-pulse area and across the
whole range of powers investigated in this work, as shown in Figure 5.8. This result is in stark
contrast with the behavior of SPDC entangled photon sources [20]. Furthermore, it clashes with
the common idea that multiphoton emission, whose presence was associated with the non-zero
g (0) values reported in Figure 5.8, affects the degree of entanglement. Specifically, the measured
entanglement would be degraded by erroneous detection events of an X and XX photon belonging
to different photon pairs from subsequent (thus uncorrelated) cascades. In previous works to ours,
multiphoton components have been included in the density matrix p directly using knowledge of
the ¢ (0) in the following way [37, 162]:
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p:i(l—k‘)*ﬂ—}—kpo (5.11)
- k= (62 0) + ¢ (0) (512)

with pp being the density matrix neglecting accidentals due to multiphoton components, k being
the fraction of photon pairs that come from a radiative XX-X cascade with respect to the total
number of detected pairs. According to this model, a link between concurrence and pulse area
should be visible, as indicated by the dashed line in Figure 5.11, obtained using Eq. (5.12) and the
g@ (0) measurements reported in Figure 5.8. The discrepancy is especially evident at even w-pulses,
which motivates the effort to investigate a wide range of excitation powers. A clear inconsistency
between the measurements and this commonly used theory is observed.
This raises the question: Can the 9(2) (0), as measured via HBT, actually help to estimate the effect
of multiphoton emission on the density matrix? We address the matter using a probability-based

model to estimate how multiphoton emission affects the measurements of g(®(0) and p.

Our simple probabilistic model Eq. (5.10), readily explains why the degree of entanglement does
not oscillate with pump power as visible in the ¢(®)(0). The density matrix is proportional to p,, and
thus the entered ¢ (0) values have to be normalized to 7pcp. Plugging in the numbers measured
from the previous experiment, Figure 5.8. Moreover, the quantitative multiphoton contribution
appears negligible, as the level of multiphoton emission estimated at maximum source brightness
(m-pulse area) is p,, = (5.6 +0.6) - 1074, corresponding to an absolute value ps = (1.5+0.3) - 10~%.
These values applied to an ideal Bell state would result in a concurrence of 99.8 %. The lower
concurrence measured in our experiment has to be attributed to another physical reason, arguably
cross-dephasing mechanisms in the bright exciton state for this particular @D [151]. Ultimately,
using Eq. (5.10) in combination with Eq. (5.12), where pg is the density matrix measured at mini-
mum excitation power, we obtain an excellent agreement between our model and the experimental

data for the concurrence reported in Figure 5.11.

5.1.5 Discussion

We demonstrate that excitation conditions and measurement settings are important aspects and
can induce deceiving multiphoton contributions in the assessment of bipartite entanglement. Con-
sequently, great care has to be taken when performing g(Z)(O) measurements without polarization
compensation. Several steps can be applied to remove instrument related errors, such as after-
pulsing of the detectors. Additionally, the excitation laser needs to be thoroughly removed, in our
case in excitation as well as in collection. Depending on the application, moderate spectral filter-
ing gives another option to access the intrinsic g(2) (0) from the photon pair generation process.
The ratio between the signal coming from the radiative cascade and background emission is an
important factor, which can be especially relevant when the photon pair generation is less efficient,

and the excitation power is higher. This matches the case for resonant excitation at 27-pulse area,
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which benefits from a spectral selection of the XX line closer to its value of emission bandwidth.
Overall, we have shown that strong antibunching with a ¢(? (0) value of 2.4 0.1 x 1073 can be
observed without the need of polarization suppression, thus in a scenario compatible with quantum

polarization-state tomography of the photon pairs emitted from the QD source.

These results enabled the demonstration that the effect of multiphoton emission on the degree
of entanglement of photons emitted by resonantly-driven @Ds is negligible and, contrarily with
the behavior reported for single-photon generation in 2LS [170], does not vary significantly with
pump power. This occurs despite we observe oscillations in the g(2) (0) by more than one order of
magnitude. We illustrate that these variations are not necessarily related to the variation of the
multiphoton emission probability, but rather to variations of the preparation fidelity of the excited
state. With the support of a probability-based model, we identify the actual contribution of the
relative multiphoton emission p,,, as estimated from the ¢(2) (0), which enters the simulation of the
quantum tomography results and successfully reproduces the experimental data.

This work thus tackles a fundamental obstacle for state-of-the-art entangled photon sources based
on SPDC: the relationship between pump power, brightness, and entanglement quality. FEven
though the absence of a trade-off between brightness and entanglement due to the multiphoton
emission has long been a motivation for developing )D-based sources, we finally provide a thorough
experimental study demonstrating that multiphoton emission is negligible and does not negatively
affect the generated entangled states across a wide range of excitation powers in TPE. The result
strengthens the case for @)Ds providing highly entangled photons for complex quantum informa-
tion protocols. The entanglement fidelity reported in this work was yet below unity, an evidence
attributed to residual decoherence mechanisms between the bright exciton states [37]. This effect
can be significantly lower in selected @Ds [37], and could potentially be reduced with the help of
photonic cavities to shorten the lifetime of the optical transition [29, 30]. However, shortening the
lifetime, especially the closer they get to the excitation laser pulse length, the higher is the laser-
induced Stark effect. This effect of the excitation laser pulse length on entanglement is discussed

in the following section.

5.2 Entanglement degradation due to optical Stark effect

One factor that was always ignored so far is an excitation laser-induced Stark effect. Recently,
Seidelmann et al. [156] demonstrated theoretically that the pulsed excitation laser in TPE during
its presence induces an energy splitting due to the Stark effect. The magnitude of the energy

splitting Fg of the pulsed excitation laser can be approximated with the formula:

hm

EFg=—
S ATy,

(5.13)

where A7y, the is the pulse length of the laser. Using a commonly set excitation pulse length for
TPE of 10 ps, the energy splitting accounts to 200 peV. This is two orders of magnitude higher than
potential intrinsic FISS. But, contrary to FSS, this Stark shift and the resulting splitting of energy
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levels is only present during the presence of the excitation laser. Hence, it only affects photons
that are emitted during the presence of the excitation process, and the other photons are not
afflicted. Consequently, this excitation laser-induced splitting depends both on the biexciton state
lifetime and the laser pulse length, more specifically on the ratio between those two. The shorter
the biexciton lifetime, the more photons emitted by the QD experience this laser-induced Stark
shift. When using photonic cavities exhibiting Purcell enhancement to lower dephasing effects, the
lifetime of the biexciton and exciton states are shortened, which exposes more emitted photons to
the laser-induced Stark effect.

We can estimate the laser-induced Stark effect on the concurrence considering typical lifetimes of
GaAs/AlGaAs @Ds (roughly 200 ps and 100 ps for the X and XX), and a typical set laser pulse
length (10 ps). Assuming that there are no other @D intrinsic entanglement detrimental effects

and we only look at the laser-induced Stark effect, we can use the following formula [156]:

g FWHM
8

v FWHM

C=1-2
4

exp| ] (5.14)

vp is the biexciton decay rate.
Using the values from before we estimate a concurrence of 0.976, which is close to the maximally
measured value of 0.97(1) for GaAs/AlGaAs @QDs [37]. This result raises the question if the @D
potentially had perfect entanglement and only a laser-induced Stark shift was limiting this claim.
To answer this question, a thorough investigation is needed. But first, the effect of an excitation

laser-induced Stark shift splitting would need to be demonstrated experimentally.

In order to visualize the effect we can extract from Eq. (5.14) two setscrews, the excitation
pulse length and the lifetime of the XX transition. By changing one of these two and fixing the
other we should see an effect on the entanglement. Despite the simple concept that the concurrence
changes with the pulse length of the excitation laser, it is not so easily performed experimentally.
Let’s start with discussing the first idea, changing the laser pulse length.

In our experimental setup the excitation laser, a fs pulsed laser from Coherent, is sent to a custom
made 4f-pulse shaper to increase the pulse length to roughly 10 ps for optimal excitation condi-
tions. To achieve this, the laser is sent to a grating, dispersing the light in its different wavelength
components. The dispersed light is then focused on a slit, which can be moved laterally to select
a certain wavelength and the slit size can be adjust to create a certain pulse length. Note, the slit
size is inverse proportional to the resulting pulse length. With the current experimental setup we
can change the pulse length of the laser from 2 ps to 24 ps by closing the slit from 700 um to 0
pm. Taking now the two extreme slit size settings and typical lifetimes of GaAs/AlGaAs @QDs from
before, we can estimate the effect of entanglement we would expect from our measurements using
Eq. (5.14). The expected concurrence drops from 0.9950 to 0.9457 for a 2 ps pulse length to 24 ps
pulse length. This drop is only minimal and considering entanglement values of as-grown QDs of
roughly 0.94 [95], this investigation may not give conclusive results.

For this reason we need the help of the second approach, lowering the lifetime of the source. A
shorter lifetime would let our largest experimentally achievable pulse length have a more significant

effect. For example, let’s consider a Purcell factor of 10, which means shortening the lifetime of the
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Figure 5.12. Concurrence vs. excitation laser pulse length. Increasing the pulse length from 2 ps to 24
ps decreases the concurrence of the emitted entangled photon pair. The experimental drop follows the
theoretical predictions of a laser-induced Stark effect in Ref. [156].

transitions by a factor 10. When we estimate the concurrence again using the same pulse length
extrema, but the shortened lifetimes, we get a concurrence drop from 0.9524 to 0.6764 by increasing
the pulse length from 2 ps to 24 ps. Using these shortened lifetimes results in a significant drop of
the concurrence, which can potentially be visible in an experimental condition. The only challenge
now is that we need a GaAs/AlGaAs QD having a Purcell factor of 10, or comparable. Second-
order Bragg gratings are compatible with the broadband emission of the GaAs/AlGaAs @D and
have been demonstrated with Purcell factors up to 11.3 on InGaAs @Ds. On the same sample also
the highest entanglement fidelity of 0.90(1) has been measured. In collaboration with teams at the
University of Linz (Austria) and Wiirzburg (Germany), my colleague fabricated a source that has
a Purcell factor of 4.7, with resulting (measured) lifetimes of 53 ps and 35 ps for the X and XX
states, respectively. We used this source and perform quantum state tomography on the entangled
photons under resonant TPFE for different excitation laser pulse lengths within the range stated

before.

As visible in Figure 5.12 we can verify experimentally that the concurrence is degrading with
longer pulse duration. The lower experimental starting point of the concurrence is accounted to
dephasing effects, potential non-measurable (below 0.5 peV) FSS, and the finite excitation pulse
length. This lower starting point due to FSS and dephasing effects, can be accounted for in the
model (Eq. (5.14)) by a multiplicative factor. Using this extension and modeling the expected
concurrence, we can even demonstrate that the degradation of the measured concurrence due to

increasing pulse length follows the theoretical prediction of Ref. [156].

By reverse engineering this idea of degrading the entanglement with longer pulse lengths, it
should be possible to increase the concurrence by using shorter excitation pulses. Using this trick,
and slightly shorten the pulse length to 2.3 ps (compared to our typical setting of 10 ps) by in-

creasing the slit size to 450 pm, we could measure the highest entanglement value of a @D in a
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second-order Bragg grating. This was performed on a different QD with lifetimes of 41 ps and
22 ps for X and XX state, where the fidelity (concurrence) reached 0.9504(5) (0.908(1)), which
are corrected for an increased multiphoton contribution. It has to be mentioned that lowering
the excitation laser pulse length, means increasing its spectral width. This makes it difficult to
properly remove the laser for these particular wavelengths, which might cause potential clicks at
the detectors, which are uncorrelated to the signal. Additionally, increasing the spectral width
towards the 2 nm boundary set by the binding energy enhances the potential to directly excite
the unwanted X state. Hence, in experimental conditions with pulse lengths shorter than 2-3 ps
becomes the TPE scheme inadequate [156].

In conclusion with these preliminary measurements we could demonstrate an effect of the excita-
tion laser pulse length on entanglement. More precisely, the effect follows the theoretical prediction
of an induced Stark effect, underlining the theoretical expectations. To prove the full impact of
this excitation laser-induced Stark shift calls for further, more in-depth investigations, as excita-
tion polarization and power dependencies. However, these preliminary measurements demonstrate
the validity of this theory and point out that this entanglement degradation should be taken into
account when measuring the entanglement of GaAs/AlGaAs @Ds under resonant TPE. More im-

portantly, it can be mitigated by adjusting to the optimal pulse length.
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Chapter 6

Quantum key distribution using
GaAs/AlGaAs quantum dots

Quantum key distribution has some fundamental advantage over our current classical encryption
techniques, the possibility of theoretical full security, which has been discussed in detail in Section
2.1. QKD protocols based on entanglement, in particular, exhibit the advantage, that even though
the transmission rate is theoretically the same as for single qubit protocols, the communication
distance is twice compared to the single photon case, because the entangled photon source can be
placed in between the communicating parties. Additionally, entangled photons bring the advantage
that there are concepts to build up quantum networks with entangled photons as the core element.
These quantum networks use an entangled photon source as a node and transform the information
to the next node using an operation called entanglement swapping. This brings us already to the
last advantageous part of entanglement-based KD, the possibility of device independence. Device
independence is the process when the security is guaranteed even in presence of an untrustworthy
entanglement source or detection equipment. This is a parameter very important not having to
make the nodes trusted and consequently protected, granting even stricter security standards. Cur-
rent standard-bearers of QKD would not place full device independence in real world applications,

underlying the potential of entanglement-based QKD.

In this chapter, I presents the successful implementation of an in-fiber and free-space link
QKD experiment, based on entangled photons from a GaAs @QD. The results even demonstrate
continuous key exchange over the course of three days, exposing the key distribution to real-life
environment including sunlight and mild rain. This emphasizes that ()Ds have the potential to
be core elements of quantum communication. First, I will introduce the implemented protocol
with their figures of merit and the characteristics of the used entangled photon source. Then the
experimental setup is explained step-by-step. Especially the free-space optical link tags along new
challenges, as stabilization or higher background light, which are disassembled and each briefly
discussed. Afterwards an overview on the data acquisition and the consecutive post processing
steps on the data to extract the final secret key is explained. As in the optical system, approaching

real-life settings like free-space links request new solutions as synchronizing the two acquisition
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components. All these chapters should provide the foundation to understand the experimental
results presented in the next two sections. The results contain, the first demonstration of free-space
entanglement-based communication with GaAs @Ds, and the follow-up experiment, a continuous
3-day key exchange dealing with more severe environmental effects as sunlight and mild rain. At the
end I briefly give an outlook on suggested improvements to the setup and acquisition, to enhance

the figures of merit.

6.1 Protocol

We use a protocol derived from the Ekert91 protocol, the asymmetric Ekert91 protocol proposed by
A. Acin and coworkers. This scheme has the advantage that it reduces the number of measurement
bases and can be extended to device-independent operations [55].

The scheme works the following way: Alice and Bob both receive one photon from an entangled
photon pair and perform a measurement on a basis randomly chosen from a given measurement
bases set. For polarization entangled photons in the [¢T) = %(|H H) + |VV)) the sets of bases
are { Ay, Ao, A1} = {H/V,—22.5°/67.5°, —67.5°/22.5°} and {By, B1} = {H/V,—45°/45°}. H/V
are horizontal and vertical linear polarization in the laboratory frame of reference. The other basis
are given as angles with respect to H. When Alice and Bob measure the same basis ({Ax, Bo})
the result gets added to the key. By collecting the correlations between the channels we can check
the important parameters for the success of the protocol, for example the Bell parameter and the
Quantum Bit Error Rate.

Bell parameter: The Bell parameter gives the information for eavesdropping attempts, based
on the check of the violation of the Bell inequality | S |< 2. We can extract the parameter S from
the Clauser-Horne-Shimony-Holt (CHSH) definition [53]:

S:E(Ao,Bo)+E(A0,Bl)—E(Al,Bo)—l—E(Al,Bl) (6.1)

where E(A;, B;) is the correlation coefficient for the measured basis A;, B;. The expectation
value is extracted from the coincidences n; ; recorded for all possible combinations of {i,i,7,7}
Nij + M55 — NG5 — N3

;] 1,] (6'2)
N5+ n;; + g + n;;

E(A;, Bj) =

with 7 (j) being the perpendicular basis to i (j).

Quantum Bit Error Rate: The expected differences of the raw key rates can be estimated
by the Quantum Bit Error Rate (QBER). Here, we look at the discrepancy of the key channel
(E(Ag, Bp)) from ideal operation, which corresponds to 1.

1 — E(Ag, Bo)

BER =
QBER 5

(6.3)

Julia Neuwirth 84



6.2. Source

FSS gg?) (0) gg?}( (0) Fidelity =~ Preparation on-time
fidelity fraction

QD First field QKD - Free-space link
0.35  0.0040(4) 0.0045(4) 0.958 0.943(3) 0.22

QD First field QKD - Fiber-based link
0.85 0.0034(2) 0.0041(3) 0.941(10) 0.90(1) 0.26

Daylight QKD - Free-space link
1.0(5)  0.022(2)  0.013(1)  0.942(1.3) 0.86 0.26

Table 6.1. QD parameters from the different QKD experiments. Note, the ¢(*)(0) values are dominated
by incomplete suppression of the laser light and after-pulsing of the detectors [164]. One reason for the
lower entanglement fidelity is the reported F'SS of the @Ds.

6.2 Source

The polarization-entangled photon source used for the QKD experiments in this thesis is a single
GaAs/AlGaAs @D, which is placed at the middle of a planar DBR cavity. The geometry of the
cavity is designed to enhance the emission in the collection direction, so the top of the sample. A
detailed explanation on the sample structure is provided in Section 3.2. Additionally, a zirconia
Weierstrass solid immersion lens is placed on top to reach an over all extraction efficiency of 10
%. The final sample assembly is depicted in Figure 3.7. The selected @D in the sample emits
entangled photons via the XX-X cascade. Since a different ()D was used for each experiment, the
relevant QD values for QKD are reported in Table 6.1.

6.3 Experimental setup

The experimental setup imitates potential future communication solutions. On the one hand, in
an urban environment a fiber-based communication solution is favorable, since they are scalable
and only exhibit moderate losses for short distance. On the other hand, over long distances, losses
would prohibit the advantage of using fibers, and a free-space link represents the best choice for
communication, because of its low-signal attenuation [154]. Additionally, free-space links provide
the possibility of sending complex states, such as the orbital angular momentum of light.

These two communication infrastructure concepts are comprised in two urban communication sce-
narios within the campus of Sapienza University of Rome, namely, a single-mode fiber of 250 m
between two laboratories and a free-space link covering a distance of approximately 270 m between

two buildings. The latter is illustrated in Figure 6.1.

The @D is placed in a 4 K low-vibration closed-cycle He cryostat in one of the two buildings. A
Ti:Sapphire femtosecond laser with 320 MHz and 200 pueV spectral linewidth — adapted with delay
lines and a custom-built pulse shaper — drives the source via resonant two-photon absorption. The
excitation/detection path is the same as explained in Section 4.1, with the difference of using an

aspheric lens with a numerical aperture of 0.5 to focus the laser and collect the emitted QD signal.

Julia Neuwirth 85



6.3. Experimental setup
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Figure 6.1. Image of Sapienza’s free-space QKD link. The two physics buildings are connected via a direct
270 m free-space link, illustrated by the red line.

The X and XX signal of the @D is sent to the analyzing setup with two NF' in reflection. The
X photons are sent to Bob’s (Alice’s) analyzer, which is placed in the same laboratory. The XX
photons are sent to Alice’s (Bob’s) analyzer in the other laboratory via a fiber-based system or the
free-space link to a different building. Please note, for the first QKD experiment, Bob was on the
sender’s side and Alice on the receiver’s side. Alice and Bob were exchanged in the demonstration

of daylight QKD, written in parentheses.

Alice Alice s analyzer is composed of a bulk 50:50 beam splitter for the random basis choice, zero-
order half-wave plates and polarizing beam splitters for the polarization selection, see Figure 6.2.
Additionally, a set of three wave plates (quarter-, half-, quarter-waveplate) is placed to compensate
for setup-induced polarization changes [154]. The correct angles of the waveplates are set by

optimizing the Bell parameter in a laboratory measurement set.

Bob Bob’s analzyer is composited of an in-fiber 50:50 beam splitter, where every output port is
connected to an in-fiber polarizing beam splitter. The connecting fibers are passed through bat-ear
polarization controllers for fibers. The bat-ear polarization controllers are set to keep the same

polarization reference frame for Alice and Bob.

A sketch of the analyzing bases is shown in Figure 6.2.

6.3.1 Fiber-based communication channel

The main drawback for fiber-based QKD systems are the losses introduced due to absorption in the
fiber. This limits the transmission length, by scaling exponentially for the raw key rate. Wavelength
dispersion, on the contrary, exhibits less impact on the transmission length. But, when working

with polarization encoded qubits, the fiber-induced polarization effects have to be accounted for
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Figure 6.2. Sketch of Alice and Bob’s analyzing setup. In the implemented protocol Alice analyzes the
bases { Ay, Ao, A1} = {H/V,—22.5°/67.5°, —67.5°/22.5°}, whereas Bob analyzes the bases {By, B1} =
{H/V,—45°/45°}. Both systems are placed on the same frame of reference by a set of two quarter-wave
plates (QWP) and a half-wave plate (HWP). The signals collected by the APDs are directly recorded
by independent time-to-digital converters, which are synchronized by GPS-disciplined oscillators.

[4]. The fiber-induced unitary evolution of the polarization and also polarization changes due to
non-perfect optics is compensated with a set of wave-plates or bat-ear polarization controllers for
fibers, to keep the same frame of reference for all analyzer parts. This is an important preparation
step to ensure measuring the correct polarization bases and consequently, generating a correct key

as well as estimating the error correctly.

6.3.2 Free-space communication channel

Free-space systems have the advantage of low losses over distance [88], compared to fiber-based
systems. However, the free-space environment brings along new challenges such as atmospheric
absorption, turbulence, bright background, beam wander and weather conditions [171]. Sunlight,
for example, increases the background noise, especially in the infrared, and temperature changes
affect the stability of the system, evident for the coupling into the single-mode fiber. These effects
contribute significantly to optical instabilities and noise. For our implementation the air-distance
is roughly 270 m, and we can ensure non-stop operation of the communication by adding spatial

and wavelength filters, and active feedback systems, in a wide range of weather conditions.

Absorption and scattering losses in the atmosphere are unavoidable. Signal stability due to
beam wander, on the contrary, can be improved in multiple ways. The first thing is to pick the
optimal choice of the beam waist. The goal is to minimize fluctuations and maximize collimation,
with the challenge to achieve the best trade-off. A small beam waist decreases random oscillations
within the beam waist, but it reduces the Rayleigh collimation range.

We decided to expand the beam to a diameter of 22 mm (1/e? intensity level). This size maintains
collimation of the ~785 nm signal-wavelength for almost 2 km, which is more than enough for
our air travel distance of 270 m. The beam wander for this beam diameter is still small with an

estimated maximum shift inside of 0.5 cm for a strong turbulence regime.

At the receiver side the signal is sent through a clear aperture, with a similar dimension of the
first collecting optical elements of 4 inches. This reduces the noise from the diffused light. Then
the signal beam is reduced and passes through a spectral filter with a bandwidth of 3 nm to filter

out wavelengths clearly different from the quantum signal. Note, narrower filters are compatible
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Figure 6.3. Sketch of the slow-drift stabilization system. Two tip-tilt mirrors (PM) compensate for slow
temperature drifts of the free-space optics link. The angles of the mirror are determined by the offset of
the reference laser to the center position of the camera.
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Figure 6.4. Temperature changes during day and night operation lead to a slow drift in the free-space
optics. The tip-tilt mirrors compensate every 10 s for the drift enabling non-stop key distribution.
Adapted from Ref. [172]

with a signal from a @QD.

Slow-drift stabilization system: In the course of the first experiment we noticed slow drifts
over the acquisition channel. For this reason we added for the second experiment, for the continuous
3-day operation, an active feedback pointing system consisting of a piezoelectric mirror connected
to a 4-quadrant detector, which is placed at the receiver side, see Figure 6.3. A laser beacon,
which is coupled into the common transmission path via a dichroic mirror on the sender side, is
centered onto the 4-quadrant detector, by splitting the laser from the @D signal via a dichroic
mirror. The proportional-integral-derivative controller is setup to keep the pointing laser always
in the center of the camera. One feedback loop is chosen to be 10 s long, to average over fast
beam wandering due to atmospheric turbulence. We now look at the angular motion of the mirror
in tip-tilt direction and compare it with the outdoor temperature during a two-day test period.
Figure 6.4 shows that the angular mirror motion and the outdoor temperature are correlated. So
the pointing direction depends on the outside temperature, which suggests attributions due to
thermal effects on the optical elements of the free-space system. During the test, the beam always
falls within the 4-quadrant detection, as shown by the reading histogram of the camera, see Figure
6.5. The offset from the zero position of the detector readings is most likely due to wind-up, which
is compensated for by the receiver stabilization system, which is implemented for the stabilization

of fast fluctuations.

Fast-fluctuation stabilization system: Additionally to slow thermal drifts in real-world ap-
plications, the free-space QKD system also needs to compensate for mechanical vibrations and

atmospheric turbulence. This is done by a fast-steering stabilization system. This stabilization
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Figure 6.5. Histogram of the spot position on the stabilization camera. The values of displacement are
relative to the size of the sensor. The tip-tilt mirrors keep the beam spot inside of the camera chip.
Adapted from Ref. [172]
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Figure 6.6. Sketch of the fast stabilization system. Two fast-steering mirrors at the receiver with a closed-
loop frequency of 200 Hz compensate for atmospheric turbulence. The closed-loop feedback system keeps
the 850 nm reference laser at the center position of two position-sensitive detectors.
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system was implemented in both experiments. The implementation requires a laser to create an
active feedback loop. We utilize the same laser as the one for the slow-drift compensation. Both
the @D signal and the control laser at 850 nm are coupled in the same fiber at the sender side, to
ensure that both are traveling the exact same path and ensure the same fluctuations while traveling
through the overall channel. The 850 nm wavelength is chosen to be close to the signal wavelength
of 785 nm to ensure a similar propagation through air as well as similar wavelength-dependent
aberrations. On the contrary, we would like to separate the control laser from the signal, which is
easy using a dichroic mirror. During operation we try to minimize the power of the control laser
to lower the background introduced in the signal channel. Figure 6.6 shows the sender/receiver

platform with the fast stabilization system.

The beam, that is directed to the receiver, is sent onto a 200 Hz closed-loop tip-tilt stabiliza-
tion system on the receiver side. This active beam stabilization system (MRC Systems GmbH)
consisting of fast-steering mirrors and position-sensitive detectors that compensate for most of the
instabilities introduced by air turbulence. The stabilization process is tested using a 785 nm laser.
Since the test laser signal at 785 nm and the stabilization laser at 850 nm are exiting the same fiber
coupler at the sender side, it experiences the same perturbation as the signal. On the receiver side
the 850 nm laser is used for the closed-loop control, whereas the test laser is coupled into a single-
mode fiber. The coupling power is measured for the two scenarios, with the stabilization system on
and off. The differences of the coupled power with and without the stabilization system is shown in
Figure 6.7. The stabilization laser power is chosen to be roughly 100 4W, which guarantees good

performances of the MRC system. This approach leads to an average single-mode fiber coupling
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Figure 6.7. Test of the fast stabilization system. The coupled laser power of the test laser at 785 nm vs.
the test period. The red dots correspond to the scenario where the MRC-laser beam stabilization system
is off, whereas the blue dots are measured when the system is on. The dashed lines are the corresponding
coupled mean values for the two configurations. Without stabilization the coupled laser power is 70 %
less. Each measurement point corresponds to an acquisition of 10 s. From Supplementary of Ref. [23]

efficiency of 40 - 50 %. This result proves that the fast stabilization system lets us compensate
for air turbulence to continuously couple the signal in a single-mode fiber. However, the coupling
efficiency fluctuates in time and could be further increased. We expect the efficiency to improve
when additionally adding an adaptive optics element, such as a deformable mirror. The deformable
mirror could compensate for aberration modes beyond tip-tilt, which is introduced from the optics

and in particular air turbulence.

The overall efficiency of the free-space link is 10 %. This includes optical losses on the sender
and receiver platforms, attenuation in the free-space channel (around 10 % at this wavelength for

a 270 m distance), and single-mode fiber coupling efficiency.

6.4 Data acquisition and post processing

During the experiment we register the timestamps of the photon arrivals at all the single-photon
detectors with two time-to-digital converters with a timing resolution of 81 ps. In a next step
two-fold coincidences for different channels, for example the simultaneous arrival of a photon at
the key channel of Alice and Bob, are extracted. In order to generate these two-fold coincidences
multiple processing steps are necessary because both parties, sender and receiver, have their own
independent time-to-digital converter device and therefore a common time reference between the
two devices needs to be established. To solve this problem a synchronization procedure between

the two individual time-to-digital converters is implemented.

6.4.1 Synchronization

The two time-to-digital converters are synchronized via an external clock signal. This external clock

signal is produced by a GPS-driven oscillator, which is connected to one of each time-to-digital con-
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verter on Alice and Bob’s side. To coarsely synchronize the two different GPS-oscillators, they are
fed every second a GPS signal. This is needed to partially correct for device-dependent drifts inside
the oscillator. Then the oscillator outputs a 10 kHz TTL signal, which is used for generating a
common clock to perform a coarse timestamp correction between the sender and receiver time-to-
digital converter. Using this external clock, a synchronization of the individual channels in the
range of 10-20 ns is achieved.

To fine-tune the synchronization we look directly at coincidences between different channels. We
can take advantage of the fact that the protocol publicly discloses bases to estimate the Bell pa-
rameter. Hence, we can choose a pair of those disclosed bases, which are cross-polarized. Knowing
that our source does not create coincidences in these bases we expect a clear minimum in the coin-
cidences when we look at simultaneously emitted photons in these two bases. We choose channel
Al and BY and compute the histogram for relative time delays within 40 ns, which is around the
channel delay from the coarse synchronization. The time delay between the channels given from
the histograms is extracted and additionally applied to the time delay of the coarse synchronization

step.

6.4.2 Data acquisition

Given the exact time delays we can record coincidences with a time window of +0.8 ns. The time
window is chosen so to exclude as many dark counts as possible without significantly cutting the
@D signal.

We collect the timestamps for the different channels for an exposure time of 1.2 s. The times-
tamps with the information on the corresponding measurement basis is compressed and shared
between sender and receiver. Note, during this step no information on the measurement outcome
for the key channels is exchanged. After data exchange, a new acquisition setting is started, and
we again collect timestamps for the coincidence channels for 1.2 s. We point out that this method
of sequentially collecting and exchanging data exhibits room for improvements. By parallelizing
the data acquisition and data exchange, the redundant stop during data exchange is removed. This

would enhance the overall efficiency of the key exchange.

6.4.3 Figures of merit and secure key extraction

Raw key rate and key sifting: From the exchanged timestamps, the raw key can be extracted
by looking at the coincidences of the key channels. However, due to different losses in the channels
discrepancies between the two arrays of key strings (detected timestamps on the key channel of
Alice and Bob) exist. These have to be made the same size in order to estimate the correct figures
of merits in the later step.

To do so, the bit string size between the sender and receiver is adjusted, by checking if the times-
tamps for the different key elements match. For example, if there is a missing key value in one of
the two channels, the other key value related to this timestamp is deleted. After this process we
refer to the bit string of the key channel as sifted keys. Since we matched the timestamps, both
sifted keys should have the same length. However, the sifted key might still be erroneous due to
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imperfections of the source, or measurement equipment, and a potential eavesdropper might have

tampered with the communication to gain some information on the raw key.

Secret key extraction: In order to make the key fully secret, two steps, called error correc-
tion and privacy amplification, are carried out. This is necessary to determine if the key is below
the error threshold of the protocol, remove the errors in the key and eliminate any information a

potential eavesdropper might have.

The first step is to correct for errors in the raw key, which an eavesdropper or measurement im-
perfections introduced in the raw key, and are not explicitly corrected for in the key sifting process.
But before conducting this step, the protocol checks if the collected parameters are correct. For
this we check the Bell parameter for each measurement set of 5x1.2 s acquisitions using Eq. (6.1).
If the Bell parameter for each measurement set is below the classical Bell limit this measurement
set is discarded, since security cannot be guaranteed. In case it is above, the measurement set is
kept and processed further. From the kept measurement sets we disclose 30 % of the key on the
public channel. With these shared key results we test for the error in the sifted key, determining the
QBER using Eq. (6.3). The error is needed to successfully perform the error correction with the
CASCADE algorithm [173]. The algorithm first splits the sifted key into blocks of bit strings. The
block size is given by the QBER and set so that each block has on average one erroneous bit. After
bundling the sifted key into these blocks we can start the error correction by comparing the blocks
of the sifted key with XOR operations. If the parity of the sub-block of Alice and sub-block of
Bob matches, there is no evidence of an erroneous bit in the sub-blocks, and the sub-blocks are not
modified. In case the parity does not match, the block is split again and the parity within the new
(smaller) sub-blocks is again compared. This is continued until the faulty bit is determined. When
detected, the faulty bit is either flipped or discarded. This procedure is applied multiple times
to successively reduce the errors, as double errors, might have gotten undetected during the first
round. Note that minimizing the error goes hand in hand with minimizing the secure bit length.
During the error correction procedure, Alice and Bob share information about the key, the parity
of the block, on a public channel, accessible to an eavesdropper. Even though no information about
the concrete value of a single bit is shared publicly, the eavesdropper gains information about the
key during this process. The information leakage of this procedure can be estimated by the binary
Shannon entropy

h(e) = —e-loga(e) — (1 —€) - loga(1 — €) (6.4)

where € is the QBER. This information leakages needs to be accounted for in the next step,

privacy amplification.

The second step is a specific post processing on the error corrected key to make sure that any
information that might have been leaked to a potential eavesdropper is eliminated. The information
leakage is composed by the bits openly disclosed during error correction plus the information that

an eavesdropper could have obtained assuming that all errors are results of her tampering. For this
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a so-called hash function is applied [174]. This hash function is a non-reversible classical algorithm
that maps an array of a given size in another array of smaller size. The latter is compressed by an
amount given by the information leak an can be estimated using again the Shannon entropy from
Eq. (6.4) with e = Q + % The applied hash function in our case is a Trevisan extractor [175].

When the hash-function is applied on the error corrected key it is reduced to a secure key length.

The key resulting from the privacy amplification step is called the secure key. The secure key
Tsec can be estimated from the sifted key rate 747 by subtracting the discarded key due to error
correction and privacy amplification. The extend of the key reduction for both steps is given by

h(Q) and h(Q + %) from before. Hence, we can write for the secure key rate:

S

Tsee = Tsift(1 — fECh(Q) — h(Q + ﬁ)) (6.5)
where frc is the efficiency of the error correction and is for the CASCADE algorithm theoretically
around 1.2 [176]. This extracted secure key can now be applied to the message that we want to
send secretly. We take the message, convert it to the binary system and perform a simple XOR
operation to encrypt the message. After this encryption step, the message can be sent via a public
channel, with the advantage that for any eavesdropper this message resembles to be random. In
order to ensure that no information can be extracted the OTP procedure is applied. This considers
that the secure key is as long as the message to be encrypted and the secure key is only applied

once.

6.5 First field quantum key distribution using entangled photons

from a quantum dot

As previously discussed, optical communication links rely on fiber transmission in the C-Band
(1530-1565 nm) or on free-space transmission in one of the atmospheric windows, such as 775-785
nm. GaAs QDs provide a sub-Poissonian light source suitable for both wavelength regimes. With a
wavelength range of 770-790 nm depending on the growth parameter, GaAs @QDs can either directly
or indirectly—proovia frequency conversion—provide qubits for both applications. GaAs @Ds un-
der resonant-two photon excitation are close to on-demand entangled photon emitters, which offers
a solution to number splitting [177] or beam splitting attacks [178], which take advantage of a
non-perfect single-photon distribution of the emitter. At the same time the antibunched nature of
the light emitted by the @D improves the communication security in the presence of losses [168],

allowing longer communication channels.

Up to our experiment [23] one pioneering demonstration of entanglement-based protocol has
been realized using an entangled light-emitting diode [179]. With a BBM92 protocol a sifted bit
rate of 0.17 bps and a QBER of 9.8 % was achieved. It demonstrated the proof of concept to use
entangled photons from @QDs for QKD, but the sifted bit rate is rather low and the QBER is close

to the 11 % threshold of the most common error correction algorithms [3]. Hence, going towards a
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free-space implementation would be rather challenging.

In our first QKD experiment we demonstrate the proof of principle that entanglement based
QKD is also applicable for as-grown @Ds. We performed QKD with the adapted Ekert91 protocol
proposed by Acin et al. across the fiber and free-space channels previously described in Section
6.1 and Section 6.3. I want to point out that Schimpf et al. [149] simultaneously performed a
similar experiment using the same entangled photon source, GaAs/AlGaAs @Ds, using a different

protocol, the BBM92, and demonstrating a key exchange in a 350 m fiber system.

For this measurement set we placed Bob on the side of the entangled photon source and Alice
after the free-space channel. Also for this measurement set only the fast-steering stabilization sys-
tem was implemented. The security of the transmitted key is checked by testing the Bell parameter
during data acquisition. With the data acquisition process as explained in Section 6.4 we exchange
a key for 4 hours. Using this approach we achieved a sifted key rate of 60 bps resulting in a total
key string of 34.589 kB shared via the free-space communication link. The sifted key rate is plotted
in Figure 6.8. It is noticeable that the key rate is fluctuating over time, which we account to
multiple factors. First, changing atmospheric turbulence influences the coupling to the single-mode
fiber on the receiver side. Different turbulences introduce different aberrations, rendering the beam
non-Gaussian and hence influencing the coupling efficiency to the single-mode fiber on the receiver
side. Using an aberration correction module could potentially restore the wavefront and keep the
coupling efficiency constant. Additionally, we noticed a slow drift lowering the key rate over the
whole experiment. This indicates a potential misalignment of the optics system indicating that the
fast-steering stabilization system is not able to compensate for all free-space link challenges.

We simultaneously record the Bell parameter for the whole key exchange. As visible in Figure
6.9, the Bell parameter is always above the classical limit of 2. The average Bell parameter dur-
ing the whole 4 hours of acquisition is Sg =2.37(10). The error bars for the Bell parameter are
calculated from a Gaussian error propagation assuming a Poisson distribution for the coincidence
counts. It is noticeable that the Bell parameter is not as high as the quantum limit of 21/2. One
reason for this is the imperfection in the entangled photon source (fidelity of 0.958). One other
challenge, leading to a lower Bell parameter, is the accuracy of polarization compensation between
the two analyzing setups. Optical elements alter the polarization state of a photon due to their
imperfections. In order to correlate the correct bases in the measurement, we need to bring the
two analyzing setups (Alice and Bob) to the same frame of reference. Hence, we need to align the
two polarization analyzing setups to measure the same polarization. Currently, this is achieved by
sending the signal in two specific sets of commonly agreed polarizations, namely H/V and D/A in
an initial link start-up procedure before taking the measurement set. Performing a full tomography
of the free-space link might give more insights into the polarization effects on the free-space link.
Also, finding a way to continuously account for polarization changes would potentially improve the
Bell parameter, bringing it closer to the quantum limit.

The QBER is the last parameter extracted from the measurement set. Figure 6.10 shows that the

QBER is well below the error correction protocol limit of 11 % during the whole measurement pe-
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Figure 6.8. Sifted key rate shared through the free-space optical link and fiber link over four hours. The
average sifted key rate throughout the exchange is 60 bps for the free-space link (486 bps for the fiber
link). Every data point corresponds to five acquisitions of 1.2 s. Adapted from Ref. [23]
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Figure 6.9. The Bell parameter achieved in the free-space optical link and fiber link over four hours. During
key exchange the Bell parameter is always above the classical limit with an average over the acquisition
period of 2.37(10) for the free-space link (2.647(2) for the fiber link). Every data point corresponds to
five acquisitions of 1.2 s. The error bars are calculated by a Gaussian error propagation assuming a
Poissonian distribution for the coincidence counts. Adapted from Ref. [23]

riod. The rise at the end of the experiment is due to increased background light from the approach
of dawn. The average QBER is Qg =4.0(2) %, which we attribute to the non-perfect entanglement

fidelity of the source, background light, and inaccuracies in the synchronization.

We also perform a key exchange using the same protocol in a fiber-based link. This offers
a comparison to the free-space link, by having reduced technical challenges. The main technical
hurdle in the fiber-based link are polarization effects introduced due to the optics and fibers. Both
effects, though, are static and well studied.
With a QD with similar figures of merits compared to the free-space demonstration, using the
same protocol and the same measurement procedure, we achieve an average Bell parameter of
Sp = 2.647(2), a QBER of Qp = 3.37(2) % and a sifted key rate of 486 bps (see Figures 6.8,
6.9, 6.10). The total shared key is 217.76 kB. It is noticeable that for the measurement set of the
fiber-based link better results are achieved for all figures of merits. This raises questions on how
to optimize the free-space link. The slow drift in the free-space link, which is not present in the
fiber link, would suggest the implementation of an additional stabilization systems for slow drifts.
We implemented this slow-drift stabilization system for the second measurement set presented in

the next section. Another point that potentially improves the figures of merits of the free-space
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Figure 6.10. The QBER over four hour key exchange in the free-space optical link and fiber link. The
average ) BER amounts to 4.0(2) for the free-space link (3.37(2) for the fiber link) and stays well below the
protocol threshold of 11 % during the whole measurement period. The rise at the end of the experiment
in the free-space link is due to increased background light from the approach of dawn. Adapted from
Ref. [23]

link is continuously compensating for aberrations using an active feedback system consisting of a
wavefront sensor and a deformable mirror/lens. The last point, that would improve both, the fiber-
based link and the free-space link, is a parallelization of the data acquisition and data exchange.

This would increase the total transmitted key in both measurement conditions.

6.6 Daylight quantum key distribution using entangled photons

from a quantum dot

Most free-space quantum communication experiments have been demonstrated under favorable
conditions. The absence of sunlight, which is a massive source of background in infrared radiation,
and good weather conditions as well as post-selected short periods of total key-exchange times avoid
drops in performance related to high background noise and misalignment of the optical system.
But, to ensure real-life quantum communication based on free-space channels, these challenges need
to be addressed.

Many experiments have been conducted tackling these challenges with active stabilization systems
[180], and adapting the optics system with spatial, temporal and wavelength filters [181-183]. How-
ever, this was proven mainly using prepare and measure protocols [181, 182]. Up to now only one
experiment accepted the challenge for entanglement-based QKD using a SPDC source with band-
width filtering [183].

We, for the first time, take on the task and demonstrate 3 days continuous key distribution
using a D as entangled-photon source. During the performance of the experiment the key ex-
change was exposed to different weather conditions as sun and even mild rain. We demonstrate
that this system is alignment-free and stable to show minimal variability in performances during

the different atmospheric conditions.

To perform this experiment, we place Alice on the side of the entangled photon source and

Bob after the free-space channel. Compared to the first QKD experiment discussed in the previous
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Figure 6.11. The sifted key rate over three and a half days of continuous operation. Each data point is an
average over 100 acquisitions of 1.2 s. The weather data for the same measurement period is provided
by a nearby meteorological station (CNR Sede Centrale). Adapted from Ref. [172]

chapter we improved our free-space optical link. First, we added the slow-drift stabilization system
to compensate for misalignment due to temperature. This is detrimental to keep the alignment in
the free-space link for the temperature changes during night and day. We also shielded the entrance
to the receiver system with an aperture, close to the optics size (4 inch) and added a mild spectral
filter to eliminate direct sun light.

With these adaptions to the setup, we are able to exchange 106 bps sifted key rate averaged
over all the different weather scenarios. When comparing the sifted key rate with the irradiation of
the sun, see Figure 6.11, we can see that there is no visible correlation between these two. In fact,
the sifted key rate is fluctuating due to oscillations in the coupling efficiency at the receiver. We
attribute the oscillating coupling efficiency to air turbulence, which an additional adaptive optics
kit could stabilize and potentially improve the free-space link [184]. The averaged Bell parameter
over the whole measurement period results to 2.409(2). Figure 6.12 shows that the Bell parameter
is always significantly above the classical limit during the whole measurement set. The error bars
are calculated by a Gaussian error propagation assuming a Poissonian distribution for the coinci-
dence counts. Comparing the Bell parameter with the weather data (irradiation of the sun and
rain rate) collected by a weather station close to the link location, we can see that the rain rate
has no visible effects on the QKD parameters. The QBER averaged over the whole measurement
period is 7.16(2) % and is rather stable during the whole experiment. The fact that the figures
of merit remain rather stable and well within the thresholds of the QKD protocol, reassures us
on the stability of the free-space link. But, having a close look at Figure 6.12 we see that the
Bell parameter and the QBER slightly decrease/increase with higher level of sunlight. Further
investigations showed that the change in the parameters is consistent with the level of background
detection events due to incomplete filtering of the external light. We could minimize this problem
by using narrower spectral filters, which would be compatible with our source. Rain, on the other
hand, does not show a significant impact on the Bell parameter and QBFER. At least this is the

case for the levels of rainfall with peaks of 20 mm/hr during the experiment.

Overall the experimental results demonstrate that the aperture, the spectral filtering and the
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Figure 6.12. The Bell parameter and the QBER over three and a half days of continuous operation. Each
data point is an average over 100 acquisitions of 1.2 s. The weather data for the same measurement
period is provided by a nearby metrological station (CNR Sede Centrale). The error bars in the Bell
parameter are calculated by a Gaussian error propagation assuming a Poissonian distribution for the
coincidence counts. Both, the Bell parameter and the QBER slightly vary with the sun level. Adapted
from Ref. [172]

slow- and fast-stabilization system allowed us to exchange a secret key over the whole duration of

3 days with an average shared secure key rate of 12 bps.

6.7 Conclusion

We could demonstrate for the first time QKD over a 270 m free-space channel with a QD as source
of entangled photons. This first proof of principle using ()Ds is an important milestone for future
applications of @Ds and for entanglement-based QK D-systems [23]. The first demonstration made
us confident to go one step further towards real-life applications, the continuous key exchange over
multiple days. By adjusting the free-space link we achieved a continuous key exchange for a total
of 82 hours, withstanding daytime and even moderate rain. Both applications are crucial require-

ments for the use of such technology in real-life applications.

The achieved efficiencies and key rates of both experiments are undoubtedly moderate and
leave room for improvements. First, the setup efficiency (ca. 0.2) and free-space link transmission
(ca. 0.1) should be increased before follow-up experiments. But also the characteristics of the
@ D-sources should be improved. The brightness of the QDs, for example, is mainly limited due
to the extraction efficiency of the sample structure (ca. 0.1) and the blinking (ca. 0.3). This
leads to an estimate of extracted photon pairs per excitation cycle to 0.1% - 0.3 = 0.003. This can

be increased, when switching to a different sample structure based on advanced cavities, as the
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second-order Bragg grating. They achieve pair-extraction efficiencies of 0.65(4) and entanglement
values of 0.88(2) [29]. This source could provide 200x more extracted photon pairs with respect
to the used sample. Additionally, these cavities have the advantage that they show a mild Purcell
enhancement. The Purcell effect would shorten the lifetimes of the transition and consequently,
might allow for a faster pumping rate. Hence, implanting GaAs/AlGaAs QDs inside second-order
Bragg gratings, hold great promise for high secure key rates. These might even have the potential
to supersede current probabilistic sources [185]. These predictions seem positive that QDs poten-
tially be implemented for future out-of-the-lab secure communication systems.

One might still argue, though, that for real-life applications the operation temperature of @Ds is
quite challenging, especially considering applications where the sources are mounted on a satellite
node. Building cooling equipment for an operation temperature below 10 K, as is the case in our
experiments, is indeed a tremendous expense. But cryo-coolers for temperatures up to 30 K be-
come less bulky [186]. For this reason, operating GaAs/AlGaAs @QDs at higher temperatures is an
interesting goal for real-life applications. In theory, GaAs/AlGaAs @Ds can be operated at higher
temperatures, however, the higher the temperature, the more noise is added to the environment,
for example above 10 K phonon side-bands start to be populated. Consequently, the higher the
temperature, the lower the entanglement of the emitted photons. Recent results create hope for
the usage of @Ds at higher temperatures in QKD applications. Schimpf et al. [147] demonstrated
QKD using the BBM92 (entanglement-based) protocol with a GaAs @D at 20 K. Additionally, they
managed to stabilize charges with a p-i-n diode, to fully eliminate blinking at 20 K. The extraction
efficiency, on the contrary, was not improved on that device. Hence, the achieved raw key rate
exchange amounts to 54.8 bps with a resulting average secure key rate of 14.2 bps over their 350
m fiber system. They also pointed out that the same p-i-n diode can be used to tune the emission
wavelength within 0.2 nm. All the achievements, no blinking, low noise at 20 K and wavelength
tuning, bundled in one source, is a major step towards the goal of real-life applications of QKD,
but also quantum networks. The latter especially benefit from precise wavelength matching of
multiple emitters and high transmission rates given by no blinking. Further studies on geometries
and different material choice for the QD could help to raise this temperature threshold to 30 K. But
also ultra-efficient superconducting nanowire detectors or quantum memories are currently relying

on cryo-cooling,.

Overall, these experiments demonstrate that QDs are applicable for QKD, but there is still
room for improvements. The source should be upgraded to make the most of the fast transitions
and possible repetition rates to generate entangled photon pairs. Also technological challenges, as
operation at higher temperatures and scalability, need to be further addressed. One of the next big
steps would be demonstrating ()D advantage. This means, demonstrating that the achievable key
rates using QD as entangled-photon source are superior to other entanglement-based systems, as
SPDC. Combining the new cavity design, which increases the extraction efficiency and simultane-
ously having low Purcell enhancement, with a charge tunable device to reduce blinking as well as
allow the emission lines to be fine-tuned, might suffice to show the advantage of non-classical light

emitters, as ()Ds, over the probabilistic entangled-photon technology, SPDC. Theoretical forecasts
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predict that the goal is achievable [185]. However, fabricating a device that fulfills all the require-
ments simultaneously is a tremendous challenge. But I am optimistic that one of the many research
groups that are currently working on improving the source will succeed and higher secure key rates

using ()Ds as entangled photon sources are to come.
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Chapter 7

Discussion and outlook

7.1 Discussion

In the course of this thesis I could work on multiple projects all related to increase the understand-

ing of GaAs/AlGaAs @Ds as entangled photon sources for potential quantum networks.

The first part of this thesis discussed entanglement degrading effects in GaAs @Ds, which
have not been fully addressed in the literature before. Multiphoton emission, for example, is a
tremendous limitation for entangled photon sources, limiting their applicability in QKD [22, 23]
and scalability for multiple photon experiments [20]. During the work on this thesis I could demon-
strate that the entanglement of GaAs @Ds under resonant TPE, the excitation scheme typically
applied to generate almost on-demand entangled photons [25], does not suffer from multiphoton
contributions. This was shown experimentally and underlined by a simple theoretical model [95].
The result that entanglement is unchanged regardless of the driving strength of these QDs empha-
sizes the single photon pair capability of the source. Additionally, the results are a positive remark
for real-life applications since drifts and misalignment of the optical excitation might vary the driv-
ing strength. However, the measurements show that this does not impair the entanglement and
consequently, security is preserved regardless of possible fluctuations in brightness of the source.
The second entanglement degradation effect studied in this thesis has been discussed theoretically
only very recently. Seidelmann et al. point out that the short pulses of the excitation laser for
resonant TPFE excitation induce an optical Stark shift which splits the energy levels of the QD and
thus lowers entanglement. In this thesis the degradation due to the excitation laser pulse has been
verified for the first time in an experiment. It validates the degradation of entanglement by the
excitation laser and also confirms that this effect follows the theoretical prediction of a splitting
induced by the optical Stark effect. However, the measurements taken in the course of this thesis
are only preliminary. To understand the full extend of this effect a more detailed investigation
is necessary. For example, theoretical predictions would suggest a dependence of the splitting on
the polarization of the excitation laser. During the measurements also power dependencies were
observed. Both need to be examined to fully understand the extend of the laser-induced Stark
effect. Regardless, the results demonstrate that this effect has to be taken into account when

measuring entanglement under TPF, more precisely, when extracting the entanglement value for
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photon pairs emitted by a GaAs @QD. The results potentially initiate research for changes in the

current excitation method or even for alternative approaches.

The second part of my thesis involved two applications of the highly entangled photons emitted
by GaAs (Ds. The high entanglement values achieved with these (QDs allowed the demonstration
of entanglement-based QK D, which allows in theory full secure communication. In the course of
this thesis a quantum key is shared via two communication scenarios, fiber and free-space, using
an asymmetric Ekert91 protocol [23]. The first experiment validates the proof of concept for both
communication infrastructures. A follow up study, the second experiment, presents the continuous
sharing of a quantum key over 3 days [172]. This experiment included new challenges, as the expo-
sure to sunlight and mild rain. The achieved figures of merit are undoubtedly moderate. But these
numbers are expected to be improved by using better suited @Ds (higher entanglement, brighter)
and combining them with new cavity designs, as the second-order Bragg grating cavity. The next
milestone is demonstrating that the achievable key rates using D as the entangled-photon source
are superior to other entanglement-based systems, as SPDC. Combining the new cavity design,
which increases the extraction efficiency, with a charge tunable device, to reduce blinking as well as
fine-tune the emission lines, might suffice to show a QD advantage. Theoretical calculations predict
that the goal is achievable. However, fabricating a device that fulfills all the requirements simul-
taneously is a real challenge. But I am optimistic that one of the many research groups currently
working on improving the source will succeed and higher secure key rates using ()Ds as entangled
photon sources are to come. This proof might start a transition to QDs as the favored platform for

secure communication.

With these two main topics, studying and applying GaAs @QDs as entangled photon sources, 1
contributed to an improved understanding of the entanglement generation process and proved that
as-grown GaAs @QDs are already at a level for first applications in secure communication. I truly
hope that the experiments conducted in this thesis are going to be a foundation for further research

questions on related topics.

7.2 Towards quantum networks - Remote quantum teleportation

At last in this thesis I would like to propose an additional experiment that would allow GaAs/Al-
GaAs @Ds to go beyond two-party communication and to be entangled photon sources for real-life
quantum networks.

Quantum networks enable to share quantum information between different parties linked by
quantum nodes. The nodes, due to the no-cloning theorem, cannot simply share information
between them by copy-and-repeat [5]. Hence, linking quantum network nodes and transferring in-
formation between them at large distances requires the implementation of entanglement swapping

[16] and quantum teleportation protocols [187].
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The idea of quantum teleportation is already introduced in Section 2.3. In a nutshell, the tele-
portation dynamics is a Bell state measurement, which is performed on the photon we want to
teleport (photon 1) and one photon of an entangled photon source (photon 2), and the detection
of the state of the second photon from the entangled photon source (photon 3). When an arbi-
trary input state in the (H, V') basis is chosen, we demonstrated mathematically that the combined
wavefunction of the three-photon experiment is Eq.(2.13). The four outputs of the four Bell states
have equal probability. Most experimental approaches resort to detecting the [1)7) state to verify
the teleportation operation. This state can easily be distinguished from the other emerging Bell
states upon its explicit quantum interference behavior. As can be extracted from Eq. (2.18), the
|1h~) state exclusively yields a single photon at each of the output ports of the interfering beam
splitter and hence causes a click event on both photodetectors. These simultaneous clicks at the
photodetectors are used to confirm that the Bell state measurement is successful. When this prob-
ing for the |¢)7) state is successful and the sent input state of photon 1 is («|1); + £10),), Eq.
(2.13) provides us that the state of the second photon from the entangled photon pair (photon 3)
is in state (a|1); — #]0)3). The transferred state on photon 3 can then be brought to the initial
state (a|1)3 + £0)5) by applying the o, Pauli matrix, see Eq. (2.15).

To verify the success of the teleportation protocol, the fidelity of the transferred state to the
initial state, averaged over all the possible inputs, has to violate the classical limit of % [188]. In
order to demonstrate this, it is sufficient to calculate the average protocol fidelity over a set of
so-called mutually unbiased states, i.e., {(H,V),(D,A),(R,L)}. Because when performing quantum
teleportation with classically correlated photons, it is not possible to overcome the classical limit
for the complete set. Hence, it uncovers the failure of the quantum teleportation operation [33].
We can estimate the teleportation fidelity from normalized detection probabilities (rectlinear (H,V),
diagonal (D,A), and circular (R,L)) of the co- and cross-polarized threefold correlations. In detail,
it implies correlating the photons from the BSM with the analysis of the transferred state, the state
of photon 3. This can be explained looking at the conceptual idea of the experiment. For simplicity
lets consider that we only analyze photons that correspond to a [¢)~) measurement, which occurs
in 25 % of the cases, and the polarization of photon 1 is D. If the detectors at the two output
ports of the beam splitter for the BSM detect a photon at the same time, we account this event
to have measured the |1)7) state. In that case we know from Eq. (2.13) that the polarization
of photon 3 is D. Now we analyze the polarization of photon 3 by rotating the half-waveplate
by 22.5°so that the polarization is rotated by 445° and selecting D and A polarization with a
polarizing beam splitter. To demonstrate that the teleportation was successful, only the detector
at the D output of the polarizing beam splitter should register a detection once both the detectors
from the BSM registered detections (detected the |¢)~) state). The detector at the A output of
the polarizing beam splitter, on the other hand, should not detect a photon. Hence, recording
a three-fold coincidence between the two BSM detectors and the D detector together with the
absence of a three-fold coincidence between the two BSM detectors and the A detector proofs that

the polarization of photon 1 has been transferred onto photon 3. The fidelity of teleportation can
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then be extracted by the three-fold coincidences for the corresponding analysis basis:

(3)
diagonal __ g|A> (O)

diagonal _
9150 (0) + g, (0)

The overall teleportation fidelity is then the average of the teleportation fidelities for the different

(7.1)

polarization bases, which has to surpass the classical limit.

Following this strategy, quantum teleportation was demonstrated successfully on different plat-
forms [33, 121, 189]. Quantum teleportation with a GaAs @D by letting interfere two photons from
the same @D (just from different excitation cycles with a spacing of 2 ns) resulted in an average
teleportation fidelity of 0.75(2) [33]. Similar teleportation fidelities were verified on multiple @Ds.
The two most important parameters for a successful teleportation is the HOM visibility of the
two interfering photons and the initial entanglement fidelity to the expected |¢™) state from the
entangled photon source. However, it has to be emphasized that the prior has a stronger impact
on the success of the teleportation success. Note, the same entangled photon source, a GaAs QD
exploiting the same approach of repetitively exciting the @D and performing a BSM on two con-
secutive photons led to the first demonstrations of entanglement swapping [35, 75], the underlying

procedure to link the nodes in quantum networks.

These experiments visualize that ()Ds have the potential to be the core of a quantum repeater
node. However, all the discussed experiments so far were performed on the same @D, which simpli-
fies the experimental demonstration in several ways. First, the setup complexity is heavily reduced.
In the before mentioned experiments only one cryostat is needed to cool the source. Also the exci-
tation laser is the same and only its repetition time is extended via matched delay lines. The only
experimental difficulty is to match the delay line of the excitation laser with the delay for the two-
photon interference in the BSM. Second, the achieved HOM visibility is most likely higher because
the emitter is the same. The same emitter experiences the same environmental effects, which is
even stronger when performing interference between two subsequently emitted photons, minimizing
dephasing mechanisms. Consequently, these experiments completely neglect sample variations and
different environmental effects, which are present in real-life applications. In a real-life quantum
network, for example, we would like to have two separate quantum repeaters at different locations.
Each quantum repeater has its own entangled photon source, which should perform quantum tele-
portation or entanglement swapping. Hence, the actual experiment we are interested in is remote
quantum teleportation or remote entanglement swapping. This would exactly mirror the potential
application of linking or transferring information between the nodes (at different locations) in a

network.

Based on the existing literature, I propose the following experiment for remote quantum telepor-
tation using GaAs @Ds, sketched in Figure 7.1: One QD (QD2) is placed in a cryostat, preferably
closed-loop, and excited with a Ti:Sapphire laser in phonon-assisted two-photon excitation. The

X photon is spectrally filtered out and the XX photon is sent towards the interference setup. A
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second @D (QD1) is placed in a different cryostat, preferably also closed-loop, and is operated as an
entangled photon source. The entangled photon pair is generated via phonon-assisted two-photon
excitation, using the same Ti:Sapphire laser. To do so, the Ti:Sapphire laser is coupled into a
single-mode fiber and split using a fiber beam splitter, with two output modes. One output fiber is
installed to excite QD2 and the second QD1. The broad wavelength acceptance window of phonon-
assisted two-photon excitation and the power insensitivity of the excitation to prepare the biexciton
state allows for simultaneous excitation of two remote @Ds. Small differences in excitation powers
for the two @Ds can be regulated by gradual neutral density filters. The photons from QD2, in
case the emission is polarized, are selected in a polarization state and then coupled into a common
detection path with the entangled photon source (QD1). An adjustable delay line (At) allows to
overlap the photon from QD1 with a photon from QD2 at the fiber beam splitter. The common
path is aligned so that the photons of QD2 and QD1 travel the same optics path, but in parallel.
This is important for a common linewidth filtering of the two XX photons via an etalon filter to
increase the HOM visibility. Now the X and XX photons are spectrally selected using VBGSs in
reflection. The X photon from the entangled photon pair (QD1) is sent to an analyzing setup con-
sisting of half- and quarter-waveplate (HWP, QWP) and a polarizing beam splitter (PBS). Both
XX photons are sent through an etalon filter and then to the interference setup, where they are
separated again. The XX photon from QD2—using a combination of linear polarizer, HWP and
QWP—is now prepared in the polarization state as teleportation input. Then the two XX photons,
one prepared in the polarization state as teleportation input (QD2) and the other from the entan-
gled photon source (QD1), are sent into an in-fiber beam splitter for two-photon interference. Each
output port has a polarizing beam splitter to allow for a 50 % efficiency BSM. We collect three-fold
coincidences between the detectors where the analyzing detections (in the X path) are triggered
by the detection of the correct basis in the BSM (in the XX path). These three-fold coincidences
are collected for all the different analyzing bases on the X photon {(H,V), (D, A), (R, L)} for the
input states {H, D, R}. This assumes that the polarization bases are consistently aligned to each
other in the different parts of the setup. The success of the teleportation operation is then deter-
mined calculating the averaged teleportation fidelity from the analyzing basis set. If it is above the

classical limit of %, the demonstration of quantum teleportation was successful.

Why has the experiment not been performed so far? Conceptually the experiment seems very

easy to conduct. One sends two photons, one from a single photon source, one from an entangled
photon source onto a beam splitter, lets them interfere and measure three-fold coincidences between
the APDs.
In order to get a successful teleportation two parameters need to be considered, the HOM visi-
bility and the entanglement of the @D. First, we need a high HOM visibility. The visibility is,
as discussed before, already intrinsically lowered due to the broadened linewidth of the @QD. But
this is even more challenging for remote emitters, because now we need two photon sources, two
@ Ds, in different samples with matching wavelengths and with close to Fourier-limited linewidths.
Additionally, one of the two ()Ds has to emit highly entangled photons.

Since the @D fabrication is random and each results in a slightly different emission wavelength, the
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Figure 7.1. Proposed teleportation setup. The repetition rate of the excitation laser (Ti:Sapphire) is
increased to 320 MHz by multiple delay lines. Afterwards the laser is split and sent to two individual
cryostats, which contain a GaAs @D sample each. QD1 is used as an entangled photon source, QD2 as
a single photon source. The emitted photons from QD2, in case polarized, are selected in a particular
polarization using a half-waveplate (HWP) and a linear polarizer (LP) and coupled into a common
detection path with QD1. An adjustable delay line (At) allows to overlap the photon from QD1 with
a photon from QD2 at the fiber-beam splitter. The X and XX signal are spectrally selected using
VBGs in reflection. The XX of QD1 and QD2 are sent into a BSM. The XX of QD2 is now prepared
in the polarization state as input to be teleported, using a combination of linear polarizer, HWP and
QWP. Note, the other waveplates on this path are only for polarization compensation due to polarization
mismatches between the different optical paths. Then both XX are sent into the fiber-beam splitter for
interference. The polarizing beam splitters (PBSs) at the output port of the beam splitter allow for a 50
% efficiency BSM. When one of the two Bell states is measured, also the X signal from QD1 belonging
to the same cascade as the XX photon from the successful BSM is analyzed. The QWP and HWP in
this detection path allow for the measurement in different bases, which is necessary to prove the success
of the teleportation by surpassing the classical limit for the average teleportation fidelity.

TiSa laser
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two interfering photons would be distinguishable already in terms of wavelength. For this reason a
strategy to tune the energy is needed. We can resort to piezo-electric tuning, electric or magnetic
fields, which have the ability to fine-tune the emission energy. Regardless of the method, this
increases the complexity of either the sample or the setup.

The wavelength, however, is not the only differing parameter between two @Ds. Each QD is
surrounded by a different environment (defects, interfering electrons) causing dephasing, which is
individual for each @)D and, consequently, lowers the interference visibility. To achieve an average
teleportation fidelity of 75 %, which would allow us to overcome the boundary for error resistant
QKD protocols with some error margin [190], we would need a visibility of around 25 % [34]. But,
in order to use regular QKD protocols [3] we would need a higher visibility because, the higher the
visibility the better the achieved average teleportation fidelity. Achieving a good remote interfer-
ence visibility is one of the main challenges. First tests on remote HOM visibilities assured us that
for the current state-of-the-art as-grown @Ds spectral filtering will be crucial. Hence, we propose
to use an etalon filter, which transmits only a certain bandwidth, reducing the linewidth before
interference. Reducing the linewidth has been demonstrated to increase the average teleportation
fidelity [34]. But the filter bandwidth has to be selected with great care. On the one hand, the
narrower the bandwidth the higher the expected visibility. On the other hand, the narrower the
bandwidth, the higher the losses. Previous teleportation implementations had rather low count
rates (1.2 MHz for 320 MHz excitation rate [34]), which would be even lowered when adding a
spectral filter. But, a decent signal is crucial for the experiment because three-fold coincidences
are collected. For this reason, a good trade-off between linewidth filtering and signal loss has to be
selected.

To sum up, we are currently investigating samples that have nearly Fourier-limited linewidths, high
count rates and good entanglement. Switching from the current sample structure as explained in
Section 3.5.3 (GaAs @Ds in DBR + solid immersion lens) to GaAs @QDs in second-order Bragg
grating cavities might conclude the search. These cavities would shorten the lifetimes and enhance
the extraction efficiency [30, 191], two key parameters for high HOM visibility and acceptable count

rates, which are currently limiting the experimental validation.

State-of-the-art GaAs @Ds seem to be on the verge of demonstrating their viability as core
elements of quantum repeaters. The proposed quantum teleportation is currently limited by the
variance in the fabrication process. However, suggestions for improvements, as switching to sam-
ples using second-order Bragg grating cavities, have already been proposed and currently no fun-
damental limits seem to restrict their development. Also, preliminary estimations predict that
state-of-the-art Q)Ds even without spectral filtering and considering a realistic engineering of Pur-
cell enhancement could achieve an entanglement swapping fidelity of above 93 % [154]. Combining
this fidelity with a quantum memory that is compatible with the bandwidth of semiconductor @ Ds,
i.e., an atomic-frequency-comb memory with a fidelity of 95 % and a bandwidth of 1.5 GHz [192],
a total swapping fidelity above 84 % is expected [73]. This total fidelity would allow a significant
violation of Bell’s inequality and would even be high enough for implementing common quantum

key distribution protocols [3]. These estimations are quite promising that, when combining the
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best technologies, the proof of principle of GaAs @)Ds as cores of quantum repeater nodes is within

reach.
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