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Abstract

Semiconductor quantum dots (QDs) are a promising source of quantum light, com-

bining sub-Poissonian photon statistics, high entanglement fidelities, and compact

integration. This thesis examines the temporal driving methodology of electrically-

driven semiconductor QDs and its impact on the quantum optical characteristics

of the emitted light. To this end, we introduce the design and fabrication of an

ultra-high-bandwidth QD light-emitting diode (LED). We demonstrate fast control

of charge carrier injection and tunnelling, and report generation of single photons at

a record 3.05 GHz clock rate.

Importantly, we introduce a novel driving scheme for entangled-photon sources that

rely on radiative cascades of atom-like few-level systems. Using a rate-equation

model, we show that an early reinitialisation of the quantum system—before the

radiative cascade has completed—may produce entangled photon pairs at a higher rate

compared to either conventional pulsed operation or continuous driving of the system.

This is subsequently implemented in practice, demonstrating an entangled-pair rate

enhanced by (21± 3) % compared to the same device when driven continuously.

Employing this novel driving scheme, we also demonstrate the electrical generation

of entangled-photons at a record 1.15 GHz clock rate with an overall entanglement

fidelity of (79.5± 1.1) %.

Finally, we present a theoretical model describing the integration of a QD entangled-

light-emitting diode (E-LED) in entanglement-based measurement-device-independent

quantum key distribution (MDI-QKD). We conclude that a proof-of-principle ex-

perimental demonstration is feasible, yielding a peak bit-exchange fidelity of up to

84.3 % for a four-state BB84 protocol.
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ABSTRACT

These results may particularly benefit the performance of future long-distance

quantum networks using atom-like quantum light sources. Furthermore, the ultra-

high-bandwidth device and early reinitialisation scheme may be combined with other

techniques to accelerate the radiative lifetime of the emitter, such as Purcell enhance-

ment, further enhancing the quantum light emission for photonic applications.
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1 Introduction

Optical fibre communications revolutionised global telecommunication networks in

the 20th century [Kul04], transforming the way we communicate with each other.

Encoding signals via optical pulses enabled the exchange of information at longer

distances and higher data rates compared to electrical cables while ensuring resistance

to interference and crosstalk [Sen09]. Perhaps similarly, quantum photonics is set to,

again, revolutionise our communication infrastructure [Kim08, Qiu14]. By leveraging

the fundamentals of quantum mechanics, quantum key distribution (QKD), for

example, enables its users to create a shared, provably secure private key via a

public communication channel—a task that is impossible via exclusively classical

communication [Ben84, Lo99, Gis02].

Single and entangled photons in turn form a fundamental building block for a

wide spectrum of applications in quantum information, promising enhanced secure

key rates in QKD through elimination of multiphoton emission [Gis02, Hwa03]

and global-scale unconditionally secure networks with entanglement-based quantum

repeaters [Dür99]. A popular source of quantum light are semiconductor QDs

[Dre94, War00]. Much like a single atom, such nanoscopic structures lead to the

formation of quantised few-level systems. When the population is transferred between

energy levels of the system, the QD can be brought to emit quantum light. Such

semiconductor QDs have been shown to emit single and entangled photons with near

ideal properties for quantum photonic applications in terms of single photon purity

[Han18], entanglement fidelity [Hub18b], indistinguishability [Din16], on-demand

generation [Mül14], quantum efficiency [Che18, Liu19, Wan19] as well as on-chip

integration [Shi07, Hub18a], electrical operation [Yua02, Sal10], and compatibility

with optical fibre quantum networks [Olb17, Xia19].
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1 INTRODUCTION

In order to operate such a quantum light source, it is crucial to control the population

of the few-level quantum system. Recent implementations of quantum communication

channels based on laser-generated photonic signals operate at GHz clock rates in

order to achieve fast data transmission rates [Yua18]. In order to interface with such

systems, it is thus desirable to generate single and entangled photons at similar clock

rates [Ben05, Har13].

In this thesis we study the quantum optical effects resulting from the temporal

driving methodology of the system. To this end, we introduce the fabrication of

an ultra-high-bandwidth quantum-light emitting diode. This allows us to control

electrical charge carrier injection and tunnelling on time scales significantly shorter

than the radiative lifetime of the emitters. This device is then employed to generate

single and entangled photons at record clock rates. Furthermore, we demonstrate

how a premature reinitialisation of the QD radiative emission cascade may enhance

the entangled-pair emission rate compared to either completing the emission cascade

or driving the system continuously. This thesis is composed of seven chapters:

In chapter 2 we begin with a brief introduction to quantum information and motivate

the use of photons as polarisation qubits. We introduce semiconductor QDs as a

source of single and entangled photon pairs and present associated criteria to assess

single-photon purity, entanglement and other quantum optical characteristics of light.

The chapter ends with a short introduction to QKD as a potential application of

quantum light.

In chapter 3 we describe relevant experimental techniques that are employed through-

out the thesis. We describe the concept, growth, and fabrication of quantum-light-

emitting-diodes based on quantum dots. This is followed by a description of the

cryogenic and optical methods used to generate quantum light in practice.

In chapter 4 we present a super-high-frequency (SHF) single-photon LED. We

describe the design and fabrication of such a device. Subsequently, we demonstrate

the experimental operation at gigahertz clock rates to generate single photons.

In chapter 5 we focus on the generation of entangled photons. First, we establish a

theoretical model to motivate high-clock rate operation of the quantum emitter. We

2



theoretically and experimentally investigate the use of fast-clocked driving schemes to

generate entangled photons at superior entangled pair rates and fidelities compared

to continuous driving schemes.

In chapter 6 we theoretically explore the integration of E-LEDs in a QKD scheme.

After introducing the envisioned protocol and theoretical model, we present and

analyse the numerically computed four-photon correlations and fidelities resulting

from such an implementation.

Finally, in chapter 7 we briefly summarise the results presented in this thesis and

discuss possible directions for future research based on this work.

3
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2 Background and

state of the art

This chapter provides an overview of the theoretical framework required to describe

and characterise single and entangled photons. We begin in section 2.1 with a brief

introduction to quantum information and quantum communication. For the work

presented in this thesis, we employ semiconductor QDs to generate quantum light.

Consequently, in section 2.2 we describe the theoretical basis of the generation of

entangled photon pairs from semiconductor QDs via the radiative cascade. This is

followed in section 2.3 by the quantum optical framework to characterise entangled

light. Here, we also provide the reader with the basic foundation to characterise the

photon statistics and indistinguishability of light. In section 2.4 we continue the

chapter with an overview of the current state of the art of quantum light generation

from QDs in terms of excitation techniques, wavelength tuning, and extraction

efficiency. Finally, a promising near-term application of quantum photonics is the use

in QKD, allowing for encrypted communication protected by the laws of quantum

mechanics. We thus conclude the chapter with a brief introduction to QKD in

section 2.5.

2.1 Quantum information

The non-classical nature of quantum information theory offers fundamental advant-

ages over classical information technology. Access to the quantum state of the

underlying physical system grants, for example, the possibility of unconditionally se-

cure encryption [Ben84, Eke91, Lo99] or the ability to solve a certain set of problems

exponentially faster than any classical device [Fey86, Aru19].
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2 BACKGROUND AND STATE OF THE ART

The basic building block of quantum information is the qubit, describing the quantum

state of a two-level system. A wide spectrum of quantum systems have been shown to

enable implementations of a qubit, such as trapped atoms [Cir95], superconducting

circuits [Cla08, Aru19], solid state impurity centres [Kan98, Doh13], self-assembled

semiconductor quantum dots [Dre94, War00, Fin01], and many more.

For quantum communication, photons are uniquely suitable as qubits due to their

fast transmission at the speed of light and weak interaction with the environment

[Cla69, Kni01, Gis07]. The quantum information is encoded via the degrees of

freedom of photons, for example via the photon number, time bin, orbital angular

momentum, or polarisation [Fla19]. Polarisation in particular is a popular encoding

of qubit states, partly due to its natural prevalence e.g. in the emission from trapped

atoms [Cla69, Asp81] or quantum dots [Ben00]. In addition, optical components to

manipulate polarisation, such as wave-plates and polarisers, are well-established and

widely available.

2.1.1 Polarisation qubits

We begin by choosing the rectilinear polarisation basis, consisting of the horizontal

and vertical polarisation state, as the qubit eigenbasis. Using Jones calculus [Jon41,

Fow89, Ste17], the horizontally |V 〉 and vertically |H〉 polarised single qubit state

vectors can be written as

|H〉 =

1

0

 |V 〉 =

0

1

 (2.1)

respectively. The diagonal |D〉, anti-diagnoal |A〉, right-circular |R〉, and left-circular

|L〉 polarisation states are then given by

|D〉 = 1√
2

(|H〉+ |V 〉)

|R〉 = 1√
2

(|H〉 − i |V 〉)

|A〉 = 1√
2

(|H〉 − |V 〉)

|L〉 = 1√
2

(|H〉+ i |V 〉) .
(2.2)

More generally, an arbitrary polarisation state

|ψ〉 = cos θ |H〉+ eiϕ sin θ |V 〉 (2.3)
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2.1 Quantum information

Figure 2.1: Poincaré sphere with an arbitrary

polarisation state, defined via the angle

θ and circularity ϕ.

defines a point on the Poincaré sphere, as shown in Fig. 2.1. This representation

is equivalent to the Bloch sphere for general qubits. In practical terms, θ is the

polarisation angle with respect to the horizontal plane and ϕ describes the degree of

circularity of the light.

Finally, for later reference we also define a set of elliptical polarisation states

|ELD〉 = 1√
2
|H〉+ 1 + i

2 |V 〉

|ELA〉 = 1√
2
|H〉+ −1 + i

2 |V 〉

|ERA〉 = 1√
2
|H〉+ −1− i

2 |V 〉

|ERD〉 = 1√
2
|H〉+ 1− i

2 |V 〉 ,
(2.4)

where |ELD〉 is exactly the bisector of |L〉 and |D〉; and the other three elliptical

states are placed analogously following the same naming convention.

2.1.2 Entanglement

A pair of two photons is then written as the product of the two quantum states

|ψ〉 = |ψ1〉 ⊗ |ψ2〉 . (2.5)

However, conversely it is possible to construct a two-photon state that is not separable,

such as

|φ+〉 = 1√
2

(|HH〉+ |V V 〉) . (2.6)

Such a state that cannot be described as a product of two independent photons is

called entangled. Consequently, as famously pointed out in the Einstein-Podolosky-

Rosen paradox [Ein35], a measurement of one of the two photons impacts the

7



2 BACKGROUND AND STATE OF THE ART

quantum state of the other photon - no matter the distance between the two photons.

This extreme, non-classical correlation forms the basis of many quantum applications,

such as quantum computing [Eke98] or quantum teleportation [Ben93].

In Ch. 6 we interfere photons to create Bell states. In addition to the |φ+〉 state

above, the three other Bell states are given by

|φ−〉 = 1√
2

(|HH 〉 − |VV 〉)
|ψ+〉 = 1√

2
(|HV 〉+ |VH 〉)

|ψ−〉 = 1√
2

(|HV 〉 − |VH 〉)
(2.7)

and together form a basis of the associated Hilbert space. However, note that it has

been shown to be impossible to project a two-photon pair into a Bell state with a

100 % success probability using only linear optics [Lüt99].

2.2 Semiconductor quantum dots as

artificial atoms

A well-established method of generating highly entangled photon pairs is via spon-

taneous parametric down-conversion (SPDC) [Kwi95]. By sending a laser into a

non-linear crystal, it is possible to randomly generate entangled photon pairs. Due to

this non-deterministic process, however, there is an inherent probability of emitting

multiple photon pairs at the same time. This constraint on single-photon purity thus

inhibits their use in quantum applications [Wan16].

An alternative source for quantum light are single semiconductor QDs. Due to

the three-dimensional energetic confinement of charge carriers in these nanometre-

sized structures, QDs give rise to quantised energy states, similar to those of single

atoms. Consequently, QDs are often referred to as ‘artificial atoms’. Crucially, the

ability to deterministically generate single and entangled photon emission paired

with monolithical on-chip integration make QDs an attractive candidate for quantum

information applications [Shi07]. Substantial progress has been made in recent

years, optimizing the QD emission to unseen degrees. For an extensive survey

of the quantum optical properties and applications of single QDs, we refer the

8



2.2 Semiconductor quantum dots as artificial atoms

reader to Refs. [Mic09] and [Tar12]. In addition, in Refs. [Buc12, Sen17, Hub18a]

the engineering of QDs as near perfect sources of single and entangled photons is

reviewed extensively.

2.2.1 Entangled photon pairs and the radiative cascade

The QD geometry of a lower, direct bandgap semiconductor embedded in a higher

bandgap semiconductor creates a potential trap for electrons and holes. As a result

of this three-dimensional confinement, quantised energy levels form. Depending on

the exact shape of the QD, a variety of charge carrier configurations are allowed

[Sei05].

The neutral exciton X consists of a single electron in the conduction band and a

corresponding heavy hole in the valence band, both captured in the QD and coupled

by their mutual Coulomb interaction. The electron has a spin of mz = ±1
2 , while

the heavy hole has a spin of mz = ±3
2 . If the total spin of the two charge carriers

adds to M = ±1, the X is optically active, and may relax to the crystal ground

state G while emitting a single photon [Bay02]. The emitted photon in turn inherits

the change in spin ∆M = ±1 in the form of left-handed |L〉 or right-handed circular

polarisation |R〉 respectively. However, in the case of self-assembled, elongated

QDs, the anisotropic exchange interaction lifts the degeneracy of the ±1 exciton

states. These split states are linear combinations of the ±1 spin states, with a

non-zero fine-structure splitting S of typically tens of μeV. The resulting emission

polarisation is then linear instead of circular, aligned in parallel |H〉 and orthogonal

|V 〉, respectively, to the elongation axis [Bay99, Ste02].

The biexciton state XX consists of two electrons and two holes in a double singlet

configuration. Selection rules prohibit the biexciton from relaxing to the ground state

directly. Instead, the biexciton decays to the neutral exciton first, before relaxing

into the ground state, emitting a photon in both steps [Mor01]. This process is

known as a radiative cascade, and illustrated in Fig. 2.2a.

As a result of spin conservation in the intermediate X state, two distinct decay

paths are formed. Moreover, in the typical case of unpolarised emission, both

9
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Figure 2.2: (a) Schematic diagram of the biexciton-exciton radiative cascade of a

quantum dot. The exciton state is split by the fine structure splitting S. Two

separate decay paths are possible, emitting either two |H〉 or two |V 〉 polarised

photons. (b) Evolution of the exciton polarisation on the Poincaré sphere

for increasing time delay τ after projection of the entangled biexciton onto a

measurement polarisation.

decay paths have equal transition probabilities. Crucially, due to the superposition

of the two decay paths, the two emitted photons form a polarisation entangled

state [Ben00, Ste08]

ψ ∝ 1√
2
(
|HXXHX〉+ eiSτ/h̄ |VXXVX〉

)
. (2.8)

This superposition state has a phase factor eiSτ depending on the fine structure

splitting S and the emission time delay τ between the two photons. When the

XX photon is projected into the |H〉 or |V 〉 state, the X polarisation remains

static. However, when the XX photon is projected into an arbitrary polarisation

(cos θ |HXX〉+ eiϕ sin θ |VXX〉) /
√

2, then the X photon picks up a phase evolving

with the time delay

ψevolving ∝
1√
2

(
cos θ |HX〉+ ei(

Sτ
h̄
−ϕ) sin θ |VX〉

)
, (2.9)
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2.3 Characteristics of quantum light

as illustrated in Fig. 2.2b. Importantly, this phase evolution by itself does not imply a

decrease in entanglement, as the time-evolving two-photon state of Eq. (2.9) remains

inseparable, and thus maximally-entangled [War14].

2.3 Characteristics of quantum light

In order to assess generated light emission, in the following we review a short selection

of important metrics characterising quantum light as well as the respective optical

methods to evaluate them.

2.3.1 Entanglement fidelity

To characterise the polarisation entanglement of a photon pair source, the polarisation-

resolved second-order correlation g(2) between the two photon streams needs to be

measured first, as illustrated in Fig. 2.3 [Kwi95]. The two-photon second-order

correlation is given by

g(2)(τ) = 〈n1(t)n2(t+ τ)〉
〈n1(t)〉 〈n2(t+ τ)〉 , (2.10)

where ni(t) are the measured photon counts at time t on detector Di [Fox06,

Buc12].

A fundamental test of entanglement is given by the Bell measurement [Bel64]. The

famous Bell inequality can be evaluated according to [Cla69, You09]

SBell,HV-DA =
√

2 (CHV + CDA) ≤ 2 . (2.11)

Here, the Cµ are the degrees of correlation given by (in the case of an overall

unpolarised source)

Cµ =
g

(2)
XX,X − g

(2)
XX,X̄

g
(2)
XX,X + g

(2)
XX,X̄

, (2.12)

using the co-polarised g
(2)
XX,X and cross-polarised g

(2)
XX,X̄

biexciton-exciton second-

order correlations, measured after projection of the photons into the respective
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Correlation

QWP
HWP LP

photon pair
source

Figure 2.3: Characterising polarisation entanglement. Schematic setup to measure

polarisation-resolved two-photon second-order correlation g(2). The polarisation

basis of the photons is selected via a series of rotatable quarter-wave plate

(QWP), rotatable half-wave plate (HWP), and linear polariser (LP) in front of

the detectors (D1, D2).

polarisation basis µ (Figs. 2.4 and 2.5a). Classically correlated particles will always

satisfy this inequality, i.e. SBell ≤ 2. Entangled particles, however, can violate the

Bell inequality, ideally reaching a maximum Bell parameter of SBell = 2
√

2.

As described in Eq. (2.8), in the case of non-zero FSS, the phase of the entangled

state evolves with increasing emission time delay τ . Consequently, the Bell parameter

can be measured with respect to this evolving set of polarisation states [War14]:

SBell,evolving(τ) = 1√
2

[
2CHV + CDA + CLR + (CDA − CLR) cos

(
Sτ

h̄

)

+ (CELDERA − CELAERD) sin
(
Sτ

h̄

)]
.

(2.13)

The result of such a Bell measurement is shown in Fig. 2.5b, along with four static

Bell parameters (as defined in Eq. (2.11)). ELD-ERA and ELA-ERD are elliptical

polarisation bases (offset by a +π/4 phase from the D-A and L-R bases respectively)

as indicated in Fig. 2.2b.

A full quantum mechanical representation of the entangled two-photon state is given

by its density matrix ρ̂. This description can be reconstructed by measuring the

two-photon correlation in all polarisation basis combinations, as studied in detail in

Ref. [Jam01]. Since the aim is to generate an entangled state, it is often sufficient to
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Figure 2.4: Experimental second-order biexciton-exciton cross-correlation g(2)(τ) for

different polarisation bases, as a function of time delay τ between the two

photon emissions. Due to the QD FSS of 10 μeV the two-photon state oscillates

with period S/h = 0.4 ns. The various co- and cross-polarised basis sets allow

us to track this evolution of the two-photon state for increasing time delays.

Experimentally measured on the QD device described in Chs. 3.1 and 4.1.

instead calculate the entanglement fidelity to the maximally entangled, static Bell

state φ+ of Eq. (2.7). This can be estimated as a single value f+ = 〈φ+|ρ̂|φ+〉 via

[Hud07]

f+ = 1 + CHV + CDA − CLR

4 , (2.14)

For a classical, non-entangled state, the fidelity is limited to f+ ≤ 0.5, while fully

uncorrelated emission yields f+ = 0.25.

Likewise, the calculation for the entanglement fidelity can be extended to follow the

evolving Bell state f(τ), as introduced in Ref. [War14]:

f(τ) = 1
4

[
1 + CHV + (CDA − CLR) cos

(
Sτ

h̄

)

+ (CELDERA − CELAERD) sin
(
Sτ

h̄

)]
.

(2.15)
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Figure 2.5: Characterising entangled light. (a) Degree of correlation for five different

basis sets, via Eq. (2.12) and the experimental second-order correlations shown

in Fig. 2.2b. (b) Bell parameter tests for different orthogonal basis combinations

via Eq. (2.13). The Bell equality is violated for SBell > 2. (c) Fidelity to different

maximally entangled Bell states, using Eq. (2.15). The two-photon state is

entangled for fidelities f > 0.5. The coloured lines in this panel are the

respective fidelities to the static Bell states [|HH〉+ exp(iπn) |V V 〉] /
√

2 for

n = 0, 1, 2, 3 [War14].
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In Fig. 2.5c we can clearly see the oscillation in fidelity to the different static Bell

states, as the phase of the two-photon state evolves. At the same time, the fidelity

to an evolving Bell state demonstrates entanglement over multiple oscillations. The

entanglement does degrade eventually—in this case chiefly due to subsequent uncor-

related emission from the continuously driven source [Ste12a]. We will investigate

this phenomenon more closely in Ch. 5.

In addition, the quality of the emission is also limited by the interaction between

QD and the solid state environment. Thus, to produce highly entangled photons, it

is imperative to reduce detrimental processes such as valence band mixing, charge

noise, and reexcitation [Lin11, Hou12, Tro14].

The Bell parameter and entanglement fidelity are only two of many ways to evaluate

entanglement. Other methods are given for example by the concurrence [Woo98] or by

reconstruction of the full density matrix via quantum state tomography [Jam01].

2.3.2 Photon statistics

The quantum nature of the emitted light may also manifest in its photon statistics.

This can be investigated by performing the Hanbury Brown and Twiss experiment,

as illustrated in Fig. 2.6a. The light is sent into a 50:50 beam splitter, with detectors

D1 and D2 at the two output ports respectively.

The second-order correlation function again follows Eq. (2.10) [Fox06, Buc12], with

the only difference in the experimental setup: Now photon emission is distributed

between the two detectors randomly via a (non-polarising) beam splitter. Thus, the

g(2)(τ) function measures the photon coincidences, depending on the emission time

delay τ . For an ideal single photon source, no two photons will ever be emitted at

the same time τ = 0. In that case g(2)(0) will take the value 0. In contrast, a photon

pair source will take the value g(2)(0) = 0.5, while all classical light is limited to

g(2)(0) ≥ 1.

The result of a typical g(2)-measurement is shown in Fig. 2.7 for the X emission

of a QD. The measured g(2)(0) = 0.12 ≤ 0.5 confirms that the measured QD is

indeed dominantly a single photon emitter. The non-zero g(2)(0) value points to
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Figure 2.6: Characterising quantum light. (a) Hanbury Brown and Twiss setup to

measure the second-order correlation function. (b) Hong-Ou-Mandel interfero-

meter to measure indistinguishability.

multi-photon background emission, for example from the wetting layer (WL) or a

nearby second QD, as well as a limited temporal detector resolution. For a single

QD, the second-order correlation as a function of time can be simplified to (in the

case of non-resonant excitation) the function [Bec01]

g
(2)
HBT(τ) = 1− Ae−|τ |/τm , (2.16)

also shown in Fig. 2.7. Here, A is a parameter accounting for background contributions

and 1/τm is the sum of the radiative decay rate and the pump rate of the system

[Aha10]. In the figure the function is convolved by the Gaussian temporal instrument

response function with an estimated FWHM of 100 ps before fitting. Notably, this

reveals that the measured g(2)(0) value is larger than the underlying photon statistics

imply, as the slow instrument response time can obscure the narrow minimum at

τ = 0 [Yua02].

2.3.3 Indistinguishability

For many quantum photonic applications such as quantum relays and quantum

repeaters, it is necessary to generate indistinguishable photons. This can be tested

in a Hong-Ou-Mandel experiment [Hon87], depicted in Fig. 2.6b. Two photons are

sent simultaneously into a 50:50 beam splitter via the two input ports, again with
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Figure 2.7: Typical HBT second-order correlation g(2)(τ) of a neutral exciton EL

emission line. The value of g(2)(0) = 0.12 ± 0.01 indicates dominant single

photon emission. The fit function is shown with and without convolution

with the 100 ps FWHM Gaussian detector response function. A g(2)(0) value

below 0.5 indicates the presence of a single-photon source [Buc12]. The small

remaining offset between fit and experimental data is attributed to additional

setup drifts. Experimentally measurement on the QD device presented in

Chs. 3.1 and 4.1.
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Figure 2.8: (a) Modelled Hong-Ou-Mandel second-order correlation for parallel (g2
‖)

and orthogonally (g(2)
⊥ ) polarised photons, calculated using the HBT fitting

parameters of Fig. 2.7 and for a typical coherence time of τcoh = 150 ps. A

value below 0.5 indicates two-photon interference. (b) Resulting two-photon

interference visibility. A value above 0 indicates two-photon interference. Mod-

elled lines are shown for an ideal instantaneous detector, and after convolution

with a 100 ps Gaussian detector response.

detectors D1 and D2 at the two output ports. If the two photons are indistinguishable,

the probability amplitudes of the two wave functions fully interfere such that both

photons are only allowed to exit from the same output port. Hence, in the case of a

complete overlap of the two wave functions, the photons will register only on either

of the two output ports, but not on both at the same time.

For two identical photons with exponentially decaying envelope functions (such as

emitted from QDs) and parallel polarisations impinging on the beam splitter, the

probability of detecting a photon at both output ports, as a function of detection

time delay τ , is given by [Leg03, Nil13]:

P‖(τ) = 1
2(1− e−2|τ |/τcoh) , (2.17)

where τc is the coherence time of the photons.
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For two separate sources of the same wavelength and normalised relative intensities

η1 and η2, the second order correlation function is then given by [Pat10]

g
(2)
‖ (τ) = η2

1

(η1 + η2)2 g
(2)
1,HBT(τ) + η2

2

(η1 + η2)2 g
(2)
2,HBT(τ) + 2η1η2

(η1 + η2)2P‖(τ) , (2.18)

where g(2)
1,HBT(τ), g(2)

2,HBT(τ) are the second-order autocorrelations of the two sources

as defined in Eq. (2.10), and η1 and η2 are their respective relative intensities. The

first two terms describe the case where one or the other source emits two photons at

the given time delay. The third term describes the case where both source emit a

photon, leading to the desired two-photon interference.

If the photons of the two sources are made to be distinguishable, often by rotating

the polarisation of one of the two sources to an orthogonal polarisation, then the

probability of two photons exiting opposite output ports becomes

P⊥(τ) = 1
2 . (2.19)

In turn the resulting second order correlation function becomes

g
(2)
⊥ (τ) = η2

1

(η1 + η2)2 g
(2)
1,HBT(τ) + η2

2

(η1 + η2)2 g
(2)
2,HBT(τ) + η1η2

(η1 + η2)2 . (2.20)

Figure 2.8a shows the modelled two-photon second order correlation for parallel

and orthogonally polarised photon sources, demonstrating the effect of two-photon

interference in the parallel case.

The indistinguishability is then commonly evaluated via the interference visibility,

defined by

MHOM(τ) = 1−
g

(2)
‖ (τ)
g

(2)
⊥ (τ)

(2.21)

and shown in Fig. 2.8b. A fully indistinguishable source (leading to complete

two-photon interference) yields the value MHOM(0) = 1. In particular, the figure

highlights the pronounced effect of finite detector response functions on the measured

interference visibility.
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2.4 Tailoring the quantum dot emission

A fundamental advantage of QDs over other emitter systems is their entirely arti-

ficial fabrication. As a result, the major characteristics can be engineered towards

desired requirements by adjusting the involved parameters such as material system,

morphology, and experimental conditions.

2.4.1 Initialisation of the quantum dot state

In order to initialise the QD into the desired state, the corresponding charge carriers

need to be captured in the dot. The standard method of generating charge carriers

at the QD is via optical excitation using a pulsed or continuous wave laser. In-

depth comparisons between different optical excitation schemes are presented in

Refs. [Fog17] and [Hub18a].

In above-band excitation, the emission energy of the excitation laser is chosen to be

larger than the GaAs bandgap. Thus, electron-hole pairs are generated by optical

absorption in the wetting layer or bulk GaAs near the QD. The charge carriers are

subsequently captured by the QD, relaxing non-radiatively to an available exciton or

biexciton state. While this scheme is simple to employ, the resulting QD state suffers

from dephasing due to charge noise, limiting the entanglement fidelity [Mül14, Kuh15].

Excess charge carriers also lead to undesirable reexcitation from the exciton state

back to the biexciton state [Tro14].

In quasi-resonant excitation, the laser is tuned to a higher shell of the exciton

state, such that it relaxes non-radiatively into the lowest exciton shell. This tech-

nique reduces dephasing from charge noise and reexcitation [Mic09]. However, due

to the finite relaxation time, it still suffers from timing jitter, and thus reduced

indistinguishability [Kir17, Hub18a].

In resonant excitation, the excitation laser is tuned to match the transition energy

of the desired QD state. However, selection rules prohibit the biexciton from being

excited directly from the ground state. To address this, the biexciton needs to

be initialized via a resonant two-photon excitation (TPE) process. That means
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tuning the laser to the centre between biexciton and exciton energy. Only then,

the exciton can be excited resonantly, absorbing two laser photons simultaneously.

Tuning the pulsed laser intensity to match a π-pulse [Fox06], the biexciton population

can be reliably initialized to near 100 % [Mül14]. While more complex to set up,

the benefits of this excitation scheme are on-demand generation of photons, as

well as reduced timing jitter and charge noise. Recently, Reindl et al. [Rei18]

have employed this approach to perform quantum teleportation in a quantum relay

setup. With an entanglement fidelity to the static Bell state of 0.925± 0.003, the

authors demonstrated successful quantum teleportation with an average fidelity of

0.75± 0.02. Finally, recent advances in resonant TPE are surveyed more extensively

in Ref. [Hub18a].

An alternative to optical excitation is electrical excitation [Ben00, Yua02, Sal10].

Charge carriers are supplied by applying an electrical current through the QD, by

embedding the emitters in a diode-like electrical structure. Similarly to above-band

excitation, an electron and a hole are then captured in the QD, forming an exciton.

Electrical excitation has a unique set of benefits over optical excitation. Most

importantly, the complexity of the excitation setup is vastly reduced, eliminating

obstacles such fluctuations in laser intensity or resonance conditions entirely. Recently,

electrically generated entangled photons have been used successfully for the operation

of a long-distance quantum relay, achieving a post-processed teleportation fidelity

of 0.900 ± 0.027 over a total of 1 km of fibre [Var16]. At the same time, the non-

resonant electrical excitation process inhibits the emission quality due to dephasing

and reexcitation mechanisms [Ste12b]. Nevertheless, resonant electrical excitation

schemes [Ben00] and close control of the electrical timing have been proposed to

reduce these detrimental processes [Kan17]. Finally, the compact integration without

the need for a complex excitation laser system presents a clear path to realizing

industry compatible devices.
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2.4.2 Tuning the emission energy

Due to the random nature of self-assembled QD formation, the emission wavelengths

in any ensemble of QDs exhibits an inhomogeneous broadening over tens of meV. In

future applications such as quantum relays and quantum repeaters, however, it may

become necessary to interfere photons from different sources, requiring an almost

perfect overlap in wavelength.

In order to gain the ability of tuning the QD emission wavelength, different approaches

have been implemented. The most well-established approach is the fabrication of

electrical contacts above and below the QD [War00]. The back gate is realized during

growth, by depositing a heavily doped layer before depositing the QDs. Using the

electrical gates to generate an electric field in growth direction, the emission energy

is shifted via the quantum-confined Stark effect [Fry00b]. Bennett et al. [Ben10a]

have shown that an additional tunneling barrier between the QD and the electrical

gates can extend the accessible Stark shift range to more than 10 meV before the

charge carriers tunnel out of the QD.

In electrical excitation, supplying a current inherently involves changing the voltage

potential across the QD, inducing a Stark shift. A recent implementation in

Ref. [Lee17] has decoupled this relationship by performing the electrical injection in

an independent pumping mesa next to the QD device. The generated light is emitted

laterally, and excites the QD in the neighboring tuning mesa. This implementation

demonstrates the possibility to electrically tune emission intensity and emission

wavelength independently.

Another area of interest is the control of the fine-structure splitting (FSS) in the

QDs. As mentioned in section 3.1.1, the anisotropic exchange interaction leads

to a FSS in the X state. Although the presence of FSS does not inherently limit

the entanglement fidelity of the emission, non-zero FSS requires a high temporal

detector resolution and either post-processing of the measurement data, or additional

measurement steps involving elliptical polarisation bases, as shown in Eq. (2.15)

[Hud07, War14]. A variety of methods to control the FSS have been demonstrated,
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2.4 Tailoring the quantum dot emission

applying an external perturbation to the QD, such as electric fields [Ger07, Ben10b],

magnetic fields [Hud07] or strain [Sei06]. As demonstrated by Trotta et al. [Tro12],

simultaneous control over two independent external perturbations is sufficient to

eliminate the FSS of an arbitrary quantum dot. By adding control over a third degree

of freedom, for example via three independent piezo actuators, the QD emission

energy can be tuned in addition to maintaining the exciton degeneracy [Tro16].

Recently, Huber et al. [Hub18b] have employed such a strain-tunable device together

with resonant TPE to generate near maximally entangled photons with a fidelity of

0.978± 5 without temporal post-selection.

2.4.3 Extraction efficiency

A key requirement for quantum photonic applications is a high emission intensity of

the source. Naturally, the QD emits isotropically in all directions [Sen12]. Combined

with the strong internal reflection at the semiconductor surface, this means that a

standard microscopy setup would collect less than 1 % of the emitted light. The

theoretical foundations for understanding and enhancing the collection efficiency

are discussed extensively in Ref. [Bar02]. In the following, we discuss two main

approaches: solid immersion lenses and optical cavities.

The first approach is the use of high refractive index solid immersion lenses (SILs)

placed directly onto the sample. This geometry allows a larger cross-section of

light to exit the semiconductor. Recently, Chen et al. [Che18] have investigated the

influence of an intermediate, lower refractive index layer between semiconductor and

SIL on the QD emission profile. By using a PMMA layer of 100 nm, the authors

were able to achieve a current record collection efficiency of (65± 4) % at the first

collection lens. Furthermore, an entanglement fidelity of 0.90± 0.03 was reported,

using resonant TPE.

Microlenses extend the concept of SILs. Instead of attaching the SIL onto the sample

after fabrication, a micrometre-sized lens is patterned using an in-situ (with the

sample in the cryostat) cathodoluminescence lithography technique [Gsc13, Gsc15].

This approach combines deterministic fabrication and precise spacial selectivity.
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Bounouar et al. [Bou18] have recently used microlenses to demonstrate entangled

light generation with an extraction efficiency of (8.4± 1.0) % per photon. A resulting

entanglement fidelity of 0.73± 0.03, via resonant TPE, was reported.

The second approach is the use of cavities to direct the quantum dot emission into

predefined optical modes. By embedding the quantum dot in between two distributed

Bragg reflectors (DBRs), a simple planar cavity is created. The distance between

the two DBRs is required to be an integer multiple of half the QD wavelength

[Bab92].

The concept of micropillars takes this approach further by restricting the optical

modes in lateral direction as well [Pel03], in addition to the vertical confinement via

the DBRs. Due to the Purcell effect, the spontaneous emission rate together with

the emission efficiency is increased significantly [Bar02]. A sophisticated fabrication

process is necessary to etch vertical micropillars of the desired size and containing a

single quantum dot. Nevertheless, this design has been shown to routinely enable

emission efficiencies above 70 %, together with both, near perfect single photon

purity and indistinguishability [Din16, Som16, Uns16]. Additionally, this approach

has been shown to be compatible with electrical tuning [Now14] and electrical

excitation [Böc08, Sch16]. However, a major restriction is the narrow spectral

coupling range of a micropillar. As a consequence, the optical mode in the micropillar

cannot couple to the biexciton and exciton emission line simultaneously. A solution

has been presented by Dousse et al. [Dou10]: By employing a double micropillar

design with the quantum dot in one of the two pillars, the biexciton and exciton

emission couple into two separate optical modes. As a result, the authors reported

an unprecedented collection efficiency of 34 % per photon, with an entanglement

fidelity of 0.67. However, no further advances using this double micropillar design

have been reported since, likely owed to the difficulty of matching the QD emission

wavelength to cavity resonance.

Finally, large progress has been made recently using so-called bull’s-eye cavities.

As indicated by the name, the cavity is formed by etching a number of rings into

the semiconductor, concentric around the position of the QD. These rings act as
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2.4 Tailoring the quantum dot emission

a circular DBR mirror, laterally confining the emitted light. By suspending this

structure as a thin membrane on top of a low-index material (such as SiO2) followed

by a gold mirror, a large fraction of the overall emission is then refracted vertically

towards the collection lens. Using this strategy, Liu et al. [Liu19] and Wang et

al. [Wan19] achieved record photon pair extraction efficiencies of (65± 4) % and

(59± 1) % respectively, coupled with significant Purcell enhancement.

2.4.4 Emission wavelengths

The wide choice of material system and quantum dot morphology enables emission

in different spectral wavelength ranges. Most well-established are In(Ga)As QDs on

GaAs, which naturally emit in the NIR wavelength range from 850 nm to 970 nm

[Sen17]. This is reflected in excellent optical properties, such as long coherence times,

background free emission, and strong entanglement [Kuh15, Din16, Han18, Wan19].

Consequently, this was the material of choice for the QDs employed in this work.

Rapid advances have been made recently in extending quantum dot emission

wavelengths to the telecommunication O- and C-bands around 1310 nm and 1550 nm

respectively [Huw17, Pau17, Mül18]. These wavelengths are of special interest for

applications in quantum communication due to their lower transmission losses in

optical fibre. In order to produce quantum dots emitting at telecom wavelengths,

different growth methods have been developed. Successful generation of telecom

O-band, entangled photons has been shown for InAs QDs grown on an InGaAs strain

relaxation layer [War14, Huw17]. In the telecom C-band, Olbrich et al. [Olb17] have

used InAs dots on a metamorphic InGaAs buffer layer for the generation of entangled

photons, while Müller et al. [Mül18] have employed InAs droplets grown on an InP

substrate to demonstrate the same.

Finally promising results have recently been demonstrated using droplet-etched

GaAs/AlGaAs QDs an a GaAs substrate [Huo13, Hub17]. This system offers the

possibility of low FSS due to reduced strain and enhanced symmetry of the QD

shape, as well as faster radiative recombination rates compared to other types of
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QDs. Notably, these factors have been leveraged for the first demonstrations of

entanglement swapping using solid-state quantum emitters [Bas19, Zop19].

2.5 Quantum key distribution

Quantum key distribution allows two users to create a shared, provably secure

private key via a public channel, a task that is impossible via exclusively classical

communication [Ben84, Lo99, Gis02]. Instead, classical public key encryption schemes

rely on unproven assumptions about the complexity of mathematical algorithms and

estimates of an attackers computational prowess for computational security [Nie10].

In the following we briefly introduce some of the experimental concepts in QKD that

are relevant to the results presented in this work.

2.5.1 BB84 protocol

The first, but still widely used QKD protocol is BB84 [Ben84]. As introduced

in Ch. 2.1.1, information can be encoded in the polarisation of a photon. In the

four-state BB84 protocol, we assign the polarisation states |H〉 and |D〉 the binary

value 1, and the states |V 〉 and |A〉 are assigned the value 0. In a first step the

sender, typically called Alice, sends a sequence of single photons with polarisation

chosen at random among the four states. The receiver, Bob, in turn measures the

photon polarisation in either the rectilinear or the diagonal basis, once again chosen

at random. If the photon state matches the measurement basis, Bob will measure

the correct polarisation and thus binary value with probability 1.

If Bob chooses the wrong measurement basis, he will only have a random 50 % chance

to yield the correct binary value. Thus, in a step called basis reconciliation, Alice

and Bob then share their chosen measurement bases via a classical, public channel.

Subsequently, they discard bits where different polarisation bases were chosen, such

that the remaining bits are generated and measured in the same basis.

Importantly, they would be able to detect an adversary attempting to eavesdrop on

the key exchange. By comparing a substring of the generated key, they can estimate
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the quantum bit error rate (QBER). As the no-cloning theorem prohibits the faithful

copying of qubits, an attacker listening in on the key exchange would be unable to

fully hide their tracks. Additional post-processing of the key by Alice and Bob ensures

that any potential attacker is detected [Gis02, Cha02, Fun10, Xu20]. Although the

original proposal required true single photon sources to ensure unconditional security,

the decoy state technique [Hwa03] allows for the use of weak coherent pulses (WCPs)

that occasionally contain multiple photons, such as produced by a weak laser. Using

this technique, secure quantum bit rates beyond 10 Mb/s have been achieved [Yua18].

Nevertheless, the use of WCPs substantially inhibits the attainable key rates, offering

the potential for multi-fold key rate improvements when instead using true single

photon sources such as quantum dots [Wan08, Cha20, Kup20].

2.5.2 Entanglement-based QKD

Another quantum mechanical resource for QKD is entanglement [Eke91]. In the

BBM92 protocol [Ben92], a third party Charlie sends one photon each of a polarisation-

entangled photon pair (e.g. |ψ+〉, see Eq. (2.7)) to the communicating parties Alice

and Bob respectively. Subsequently, Alice and Bob randomly and independently

measure their photons in either the diagonal or rectilinear basis, again with an |H〉

and |D〉 result representing 1 and vice versa. During basis reconciliation, bits where

Alice and Bob chose different bases are discarded. If the resulting QBER is low

enough, they can be sure to share an unconditionally secret key.

Notably, this protocol is source-independent [Ben92]. Even if an adversary hijacked

the photon pair source of Charlie and sent out arbitrarily manipulated photon pairs,

Alice and Bob would always be able to detect this tampering in the resulting QBER

and recognise the attack. This protocol lends itself naturally to entangled photon

pairs generated from quantum dots, as demonstrated in Refs. [Dzu15, Bas21, Sch21].

To this end, in Ch. 5 we briefly evaluate the results on efficient generation of entangled

photon pairs w.r.t. the resulting QBER in entanglement-based QKD.
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2.5.3 Measurement-device-independent QKD

In contrast to source-independent QKD schemes such as the BBM92 protocol, other

protocols instead focus on measurement-device-independence [Lo12, Xu15, Xu20].

This is particularly attractive because it is often the measurement device that

is the most complex and costly part of the setup, offering the highest potential

for side channel attacks. In the measurement-device-independent (MDI) QKD

protocol proposed by Lo et al. [Lo12], Alice and Bob each prepare a photon pulse

with polarisation chosen randomly among |H〉, |D〉, |V 〉, |A〉. As illustrated in

Fig. 2.9, the two photons are then sent to Charlie. If Alice and Bob chose the same

polarisation basis, then the two photons interfere on Charlie’s beam splitter, thus

becoming entangled.

With the illustrated setup it is then possible to measure either the |ψ+〉 or |ψ−〉 Bell

state. The measurement result is publicly announced by Charlie, revealing the parity

of the two bits sent by Alice and Bob. As is easily verified, following Table 2.1 Bob

may then flip his bit depending on the chosen polarisation bases and the measured

Bell state in order to form a shared secret key with Alice.

|ψ+〉 Bell state |ψ−〉 Bell state

Rectilinear basis Bit flip Bit flip

Diagonal basis No bit flip Bit flip

Table 2.1: Parity table according to chosen polarisation bases and measured Bell

state. Alice and Bob post-select the bits where they chose the same polarisation

basis (rectilinear or diagonal) and a successful BSM was announced. Bob then

flips his bit accordingly.

This QKD scheme is in effect equivalent to a time reversal of the BBM92 scheme

described in the previous section [Xu20]. Instead of Charlie generating an entangled

pair to be measured by Alice and Bob, in MDI QKD Alice and Bob generate the

two photons, which are then entangled and measured by Charlie. As the BSM only

reveals the parity of the two bits, he cannot infer the absolute value of the secret key.
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Figure 2.9: (a) Bell state measurement for MDI QKD. Alice and Bob each send

a laser pulse with polarisation randomly chosen among |H〉, |D〉, |V 〉, |A〉.

Charlie/Eve then performs a Bell state measurement (BSM), with simultaneous

clicks on detectors D1H and D1V , or on D2H and D2V signifying projection

onto the ψ+ = (|HV 〉+ |VH 〉) /
√

2 Bell state, while simultaneous clicks on

D1H and D2V , or on D2H and D1V indicate the ψ− = 1√
2 (|HV 〉 − |VH 〉) Bell

state. The resulting Bell state indicates the parity of the bits sent by Alice and

Bob, allowing them to infer a shared key, secret from Charlie/Eve according to

table 2.1.
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Crucially, Alice and Bob are able to recognise a dishonest Charlie (i.e. infiltrated by

Eve) via the resulting QBER.

The transmission rate in MDI-QKD at short distances is reduced compared to the

standard BB84 protocol, as Alice and Bob need to post-select bits with a successful

BSM in addition to them choosing the same polarisation basis. Nevertheless, the

MDI-QKD turns out to be more robust to noise, enabling longer communication

distances than possible via BB84 [Yin16]. In addition, Xu et al. [Xu13] have proposed

the addition of a SPDC entangled photon pair source into the protocol for a further

extension of the communication distance. In Ch. 6 we theoretically investigate a

closely related setup using E-LEDs as an entangled pair source instead.

2.6 Quantum repeaters

Finally, a solution to extend quantum communication distances to arbitrary distances

is the concept of quantum repeaters [Bri98, San11]. These combine entangled photon

pair sources with quantum memories and entanglement distillation to distribute

entanglement across arbitrary distances. This is done by iterative short-distance

distribution of entanglement between neighbouring nodes, which is then teleported

towards the end points via repeated entanglement swapping. Thus, these quantum re-

peaters can act as untrusted nodes along an arbitrarily long quantum communication

channel, maintaining the unconditional secrecy of the transmitted information.

Experimental implementations of a functional quantum repeater have so far remained

elusive, although continuous advancements towards a real world implementation

have been demonstrated [Cho07, Yua08, Gao12, Kal17a, Bha20].

2.7 Summary

In this chapter we presented a brief introduction to some of the relevant frameworks

in quantum information. We introduced photons as polarisation qubits and described

the use of the radiative cascade in quantum dots to generate polarisation entangled
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photon pairs. Throughout this work we rely on the subsequently presented methods

to characterise different aspects of quantum light. Altogether, the fast progress and

large interest in the fields of quantum information and quantum photonics underlines

their promising capabilities for the future. With QKD on the verge of wide-scale

deployment, the benefits of such novel technologies is becoming tangible to the every

day user.
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3 Experimental techniques

After introducing the fundamental framework and mechanism of entangled light

generation from quantum dots in the previous chapter, this chapter introduces

the experimental techniques to electrically generate single and entangled photons

from a QD-LED. In section 3.1 we describe the considerations behind the sample

design. In addition to details on the electronic structure and optical cavity, this

includes a description of the growth methods and microfabrication techniques to

manufacture such a device. This is followed in section 3.2 by a description of

the optical measurement setup in order to operate and measure such a QD-LED.

There, we also present a deterministic method of recovering the natural polarisation

eigenbasis of the QD emission transmission through an optical fibre.

3.1 Sample design and fabrication

The epitaxial growth of semiconductor QDs has been demonstrated for a diverse set

material systems and growth techniques [Joy04, Sch12]. For the work presented in

this thesis we employ strain-grown InAs QDs on GaAs, motivated in particular by

the high optical emission quality associated with this method [Kuh15, Din16, Han18,

Wan19].

3.1.1 Stranski-Krastanov growth of InAs quantum dots

InAs QDs are most commonly grown by employing the Stranski-Krastanov growth

mode on a (100)-oriented GaAs substrate [Str37, Bim01, Sau20]. This approach

leverages the semiconductor lattice mismatch (in this case 7 %) between QD material

and substrate. In a first step, a small number of typically 1–2 monolayers of the

QD material is deposited on the substrate, forming a uniform 2D layer (Figs. 3.1a
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Figure 3.1: Schematic illustration of the Stranski-Krastanov mode during MBE

growth. (a) InAs (red) is evaporated onto a GaAs buffer (grey). (b) An

atomically thin wetting layer forms. (c) When the wetting layer (WL) surpasses

the critical thickness, the InAs organises in islands to reduce strain, forming

quantum dots on top of the wetting layer.

and 3.1b) [Ven01, SS17]. In this so-called wetting layer, the lattice mismatch induces

a lateral strain. When the wetting layer surpasses a critical thickness, the lateral

strain increases to the point where, instead of uniform monolayers, the formation of

islands located on top of the 2D layer becomes energetically favourable (Fig. 3.1c)

[Str37]. By closely monitoring this transition between 2D layer and confined islands,

the size of the QDs can be controlled. The newly formed QDs are then capped in

GaAs. Figure 3.2 shows a characteristic emission spectrum from a wafer containing

only a layer of SK QDs. The emission from the dots at wavelengths longer than

880 nm is clearly quantised. In contrast, the wetting layer emission at shorter

wavelengths produces a continuous spectrum.

Quantum dots grown using this growth method are typically elongated along the (110)

crystal axes. Due to the anisotropic exchange interaction, this asymmetry results

in a non-zero fine structure splitting (FSS) of the neutral exciton state [Gam96].

However, the amplitude of the FSS correlates with the confinement energy of the

quantum dot [You05], empirically exhibiting values of less than 5 μeV around an

exciton emission wavelength of ∼ 885 nm.

A variety of alternative growth techniques allow for the creation of quantum dots

as well. One example is growth via droplet epitaxy. Originally proposed to enable

growth of more symmetric QDs on the (111)-surface, this method has been reported
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Figure 3.2: Typical photoluminescence (PL) spectrum of a strain-grown quantum

dot. Excited via a 780 nm laser diode with the sample at 4.2 K. The quantum

dot emission is quantised while the two-dimensional wetting layer produces a

continuous emission spectrum.

to enhance QD symmetry on the (100) surface as well [Sch09, Kur13, SS17]. Finally,

other examples of recent progress include droplet etching [Huo13, Kei17] and high-

temperature droplet epitaxy [Bas18]—each of these growth methods having their

own unique set of characteristics.

3.1.2 Design of the distributed Bragg reflector

As highlighted in Ch. 2.4.3, the emission efficiency of the QD sample may be

enhanced via different approaches. For the samples in this work, we employ planar

2λ microcavities made up of typically 6 (18) DBR repeats above (below) the QD

layer. Each DBR repeat in turn consists of a pair of Al(Ga)As and GaAs layers with

a respective thickness d of [Bab92]

dAl(Ga)As/GaAs = λ0

4nAl(Ga)As/GaAs
, (3.1)

where λ0 is the design wavelength in vacuum and n is the respective refractive index

at the cryogenic operation temperature. When the DBR pairs fulfil this relation, light

reflected vertically off the interfaces between the DBR layers interferes constructively,

forming an effective mirror for a wavelength range (‘stop band’) around the design
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Figure 3.3: Cross-sectional scanning electron microscopy (SEM) micrograph of a

cleaved planar microcavity structure, revealing the alternating GaAs/AlAs

layers constituting the top and bottom DBR. The quantum dot layer (not

resolved here) is grown in the centre of the 2λ cavity.

wavelength. The bandwidth ∆λ of this stop band is given by [Yar89]

∆λ = λ0

π

(
nAl(Ga)As + nGaAs

)( 1
nAl(Ga)As

− 1
nGaAs

)
, (3.2)

yielding ∆λ = 100 nm for a design wavelength of λ0 = 885 nm at 20 K and an

AlAs/GaAs DBR.

Fig. 3.3 shows a cross-sectional SEM micrograph of a full sample structure, resolving

the alternating pairs of GaAs and Al(Ga)As in the top and bottom DBR with the

2λ GaAs cavity in between. Careful analysis of the micrograph along with statistical
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averaging across the highly repetitive layer structure allows for ex-situ monitoring of

the MBE DBR growth process.

In order to optically characterise the grown QDs and DBR, we employ a confocal

microscopy setup, shown in Fig. 3.4. The sample is mounted in a windowed Helium

flow cryostat and cooled to 4 K. To measure the reflectivity spectrum, we illuminate

the sample with a broadband near-infrared (NIR) LED. A commercial apochromatic

objective mounted outside the cryostat focusses the light to a micrometre-sized spot

on the sample surface. The reflectivity spectrum of the DBR structure is highly

dependent on the angle of the light impinging on the sample. The larger the numerical

aperture of the objective, the smaller the contrast of the features in the reflectivity

spectrum. A variable iris allows us to change the beam diameter of the broadband

LED after collimation, in turn effectively controlling the numerical aperture of the

objective. For photoluminescence (PL) measurements, we use a 780 nm continuous

wave (CW) laser diode for above-band excitation, focussed on the sample through

the same apochromatic objective. Finally, the reflection and emission spectra are

measured in a spectrometer with a diffraction grating of either 600 lines/mm or

1800 lines/mm and a liquid-nitrogen-cooled charge-coupled device (CCD).

A typical reflectivity spectrum of an MBE-grown sample with DBR cavity is shown

in Fig. 3.5(a). Due to the limited optical bandwidth of the NIR LED and the

spectrometer, the spectral measurement often does not cover the entirety of the stop

band. The red line shows a numerical simulation using a transfer-matrix method,

reproducing the shape of the experimental spectrum. The simulated spectrum enables

fast identification of the features in the experimental spectrum, in particular the

wavelength of the cavity resonance and the bandwidth of the stop band.

Fig. 3.5(b) shows a corresponding PL spectrum, measured on the same sample and

driven at a low excitation power of 5 μW via the 780 nm laser diode. The emission is

strongly enhanced at wavelengths near the cavity resonance. The quantised emission

lines in turn indicate the successful formation of QDs. The spatial density of the

QDs can be estimated by tracking the appearance and disappearance of emission

lines while laterally moving across the sample. Notably, both DBR cavity resonance

37



3 EXPERIMENTAL TECHNIQUES

liquid He
sample

flow cryostat

camera

z-stage

x-y-stage

spectrometer

broadband light

objective

780nm laser

variable
iris diffuser

shortpass
longpass

Figure 3.4: Schematic illustration of the experimental setup to optically charac-

terise quantum dot samples. Spectrally resolved measurement of the sample

reflectivity is performed via strong illumination from the broadband light source.

Photoluminescence spectra are acquired by exciting the quantum emitters via

a 780 nm laser diode. The confocal microscopy arrangement combined with the

x-y-z-stage allows for spatial selection.

38



3.1 Sample design and fabrication

8 5 0 9 0 0 9 5 0 1 0 0 00 . 0

0 . 5

1 . 0

1 . 5
( b )

Re
fle

ctiv
ity 

(a.
u.)

W a v e l e n g t h  ( n m )

 E x p e r i m e n t a l  
 S i m u l a t e d

( a )

s t o p  b a n d

8 8 0 9 0 0 9 2 0
0 . 0

0 . 5

1 . 0

PL
 in

ten
sity

 (a
.u.

)

W a v e l e n g t h  ( n m )

 E x p e r i m e n t a l  

c a v i t y  r e s o n a n c e

Figure 3.5: (a) Experimental and simulated reflectivity spectrum for a sample

at 4 K with a 2λ cavity resonance wavelength of 897 nm. The experimental

spectrum is normalised via a reference reflectivity measurement on a gold

mirror. (b) Measured photoluminescence spectrum of the same sample, revealing

quantised emission. The emission intensity is strongly enhanced around the

cavity resonance wavelength.

wavelength and QD spatial density will typically vary radially across the wafer. This

is caused by a temperature gradient across the wafer during MBE growth, resulting

in a radial variation of the layer thicknesses. Thus, pre-selecting suitable areas of the

wafer in terms of cavity resonance and QD density is imperative before proceeding

with further fabrication.

3.1.3 Electronic band structure of a quantum dot LED

In order to excite the emitters electrically, the QD layer is embedded in a p-i-n

diode, as illustrated in Fig. 3.6a [Yua02, Sal10]. To create this diode, during growth

the last two repeats of the bottom DBR are n-doped and the top DBR is p-doped.

The resulting band structure is shown in Fig. 3.6b. The electric field F across the

intrinsic region is given by

F = (Vbuilt−in − Vbias)/w (3.3)
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Figure 3.6: (a) Schematic of the sample design. The top and bottom DBR are

p-doped and n-doped respectively to form a p-i-n diode structure. The QD

layer is embedded in the intrinsic region. External access is provided by metallic

front and back contacts. The doped regions are indicated by the hatched areas.

(b) Simplified band diagram of the p-i-n diode. The n- and p-doped regions

generate a built-in voltage across the intrinsic region. The wetting layer and

QDs form a potential trap in the centre of the intrinsic region. When a forward

current is injected, charge carriers relax into the QD potential.

with the applied bias voltage Vbias, the built-in voltage of Vbuilt−in = 1.5 V for GaAs

[Var67, Sze98], and the width of the intrinsic region w = 2λ.

When a forward voltage beyond the turn-on voltage is applied, a current flows across

the intrinsic region. Charge carriers can then relax into the QD potential, forming

excitonic states as described in chapter 2.2.1. Subject to a set of selection rules, the

charge carriers can then recombine radiatively, emitting a photon.

A second decay channel can be induced by quantum tunnelling. The intrinsic GaAs

region around the quantum dot forms a potential barrier for the trapped charge

carriers. By changing the applied voltage, the potential barrier at the position of the

QD and, thus, the tunnelling rate of charge carriers out of the QD can be controlled

[Hel98, Ben05]. We take advantage of this effect in Ch. 4.2.3 to generate emission

pulses with ultrashort decay times.
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3.1.4 Fabrication of quantum light emitting diodes

We use standard micofabrication techniques to fabricate the sample (see e.g. [Hel01]).

Fig. 3.7 describes the steps to etch and metallise the sample via optical lithography.

Before each step, the sample is cleaned from debris in acetone and isopropyl alcohol

(IPA) followed by nitrogen gas. A positive photoresist is applied evenly to the surface

via spin coating, and subsequently soft baked on a hotplate to harden the resist

(Fig. 3.7a). The sample is then carefully brought into contact with a patterned

photomask and exposed via UV light (Fig. 3.7b). The exposed areas of the resist are

then removed by immersing the sample in a development solution (Fig. 3.7c), thus

forming the desired pattern with micrometre feature sizes. For photolithographpy

steps requiring micrometer-sized feature resolution, the first exposure may be preceded

by an initial exposure and subsequent development of the edge beads formed by the

resist during spin coating.

To etch the sample, it is then submerged in a solution of sulphuric acid, hydrogen

peroxide and deionised water (Fig. 3.7d). Afterwards, the resist is removed through

a lift-off procedure via acetone and IPA, leaving only the etched sample as a result

(Fig. 3.7e). To evaporate metal onto the sample surface, after development the sample

may be subjected to a plasma ash in order to first remove any residual resist in the

developed areas. The sample is then mounted in a high-vacuum bell jar evaporator,

and the metal is thermally evaporated onto the sample until the desired thickness

is reached (Fig. 3.7f). Finally, the resist is again removed via a lift-off, leaving the

evaporated metal only on the desired sample regions (Fig. 3.7g).

The processing sequence to fabricate a QD-LED consists of one etch step to laterally

define the diode mesa and two metal evaporation steps for the back and front contact

respectively, as shown in Fig. 3.8. After the back contact evaporation, the sample is

annealed in a hydrogen/nitrogen gas atmosphere to aid diffusion of the metal into

the n-doped DBR layer, reducing the contact resistance [Tah11]. The front contact

is not annealed in order to minimise diffusion towards the QD later. After finishing

the lithography steps, the semiconductor sample is attached to a chip carrier via
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resist
cleaved sample

mask

b) Exposure c) Development

d) Etch e) Lift-off

g) Lift-offf) Metal evaporation

a) Spin coat

acid

Figure 3.7: Process flow diagram for etching and metal deposition via photolitho-

graphy, using a positive photoresist. (a) The resist is spin coated onto the

sample forming an even layer. The sample is then baked to harden the resist.

(b) A photomask is brought into contact with the sample. Subsequently, the

exposed regions of the resist are exposed to UV light. (c) A chemical developer

removes the exposed regions of the photoresist. (d–e) To remove parts of the

sample, an appropriate acid mixture (e.g. sulphuric acid) etches the exposed

areas of the sample. (f–g) To metallise the sample, the chosen metal is thermally

evaporated onto the exposed surfaces.
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c) Back contact evaporation

d) Anneal e) Front contact evaporation

a) Sample cleave b) Mesa etch

Figure 3.8: Process flow diagram for the microfabrication of a QD-LED. (a) The

wafer is cleaved to a suitable lateral size. (b) The lateral diode area is defined

via a mesa etch. (c) The back contact is deposited by evaporating AuGeNi.

(d) Ohmic contact to the n-doped DBR layers (shaded in purple) is established

via annealing of the bottom contact. (e) The top contact is metallised using

CrAu or equivalent, establishing electrical access to the p-doped DBR layers

(shaded in teal).

an adhesive that is subsequently cured on a hotplate. Finally, the front and back

contacts of the diodes are then connected to the electrical leads of the chip carrier

via gold ball bonding.

Optical micrographs of a finished device are shown in Fig. 3.9. Although the devices

feature a shared back contact, each front contact operates individually, in order to

preventing defective diodes from affecting neighbouring devices. A typical QD-LED

measures 100 μm × 200 μm in lateral area. Consequently, a single chip fits tens of

independent diode devices. As seen in panel 3.9b, a bond ball covers approximately

half the surface area of a typical diode, leaving the other half for optical access to

the QD emission.

Figs. 3.10a and 3.10b show a typical current-voltage curve of a QD-LED cooled to

17.5 K. The turn-on voltage of 1.5 V is similar to the built-in voltage of the diode,
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Figure 3.9: Optical micrographs of a fabricated sample. (a) Top-down view of a

sample containing multiple QD-LEDs. All LEDs share a mutual back contact.

(b) Oblique view of the sample, mounted on a chip carrier. Bond wires establish

electrical contact to the carrier metal pads.
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Figure 3.10: Current-voltage curve of an E-LED at T = 17.5 K plotted on a (a) log-

arithmic and (b) linear y-scale. The turn-on voltage of ∼ 1.5 V approximately

corresponds to the GaAs band gap at the given temperature. The (absolute)

leakage current in reverse bias remains below 0.1 nA for the investigated voltage

range. (c) Top-down NIR micrograph of an E-LED during operation at the

same temperature. Optical emission from single QDs is spatially resolved on

the diode mesa.
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Figure 3.11: (a) Electroluminescence spectrum as a function of applied current. The

neutral XX and X lines are dominant. (b) Integrated XX and X intensity

as a function of current. The dotted lines indicate linear fits within the log-

log graph. The fitted slopes of 2.35 ± 0.03 and 0.99 ± 0.02 respectively for

the XX and X lines are close to the expected quadratic and linear current

dependencies [Ben05, Ell06].

which in turn is governed by the 1.5 eV band gap of GaAs. The residual resistance

in turn-on is typically on the order of tens of Ohms, dominated by the metal to

semiconductor contact resistance of the front and back contacts. Well-functioning

devices typically exhibit a sub-nanoampere leakage current at reverse biases up

to 2 V. Fig. 3.10c shows a top-down microscope image of the QD-LED during

operation. Local emission from individual, spatially separate QDs is clearly visible.

Consequently we are able to spatially filter single QD emission using a typical

micro-photoluminescence experimental setup.

Fig. 3.11a shows the luminescence spectrum of an electrically driven QD-LED as

a function of the applied bias current Vbias. The XX and X emission is identified

via correlation measurements and intensity-current dependencies. Fig. 3.11b shows

this current-intensity dependency, extracted from Voigt fits to the individual peaks.

Here, the saturation of the X state is visible at a current of 70 μA, while the XX

only saturates at even higher currents. The spectrum is clearly dominated by these

two emission lines, making these devices especially suitable for entangled photon
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generation from the XX -X radiative cascade as described in Ch. 2.2.1. Additional

weak emission lines stem from further QD states (see e.g. [Bay02]) or other nearby

quantum emitters.

3.2 Cryogenic and optical measurement setup

For long-term measurements at cryogenic temperatures, the sample is mounted in a

commercial Helium vapour cryostat, as illustrated in Fig. 3.12. This system allows

for enhanced isolation from mechanical vibrations, in addition to high cooling power

and temperature stability. The 48-inch leg of the cryostat is inserted directly into a

100 L liquid Helium dewar. A vacuum pump draws the Helium through the vaporiser

into the main chamber, such that the sample is immersed in Helium vapour. The

cooling power is controlled in two ways. Firstly, the Helium flow is controlled via flow

valves at the bottom at bottom of the insert leg and at the Helium pump (both not

shown). Long-term temperature stability is achieved via the heater at the top of the

insert leg. The heater is controlled via an active feedback loop in combination with a

silicon diode temperature sensor next to the heater and a second sensor underneath

the sample platform, providing millikelvin stability of the sample temperature.

High-frequency compatible coaxial cables lead from the chip carrier to an external

electrical pulse generator. We collect the QD electroluminescence confocally into a

collection fibre. The sample and PCB are fastened to a stack of piezo nanopositioners,

allowing for x-y-z control of the sample position w.r.t. the high NA objective lens.

Finally, an external broadband light source and camera allow for optical imaging of

the sample during operation.

3.2.1 Measurement of the fine-structure splitting

The FSS of the QD is measured via the optical setup illustrated in Fig. 3.13. The QD

emission spectrum is measured as a function of the angle χQWP2 of the rotating QWP2

in front of the spectrometer. Combined with the static LP2, the rotating QWP2

projects the XX and X emission onto a continuum of measurement polarisation states.
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Figure 3.12: Schematic of the

cryogenic setup for long-term

optical measurements. The

sample is mounted in a Helium

vapour cryostat, inserted into

a liquid He dewar. A vacuum

pump draws He vapour into the

cryostat chamber, directly cool-

ing the sample. The cryostat is

optimised for minimum vibra-

tion during operation.

monochromatic
reference light

E-LED

spectrometer
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LP2QWP2

Reference frame B' Detection frame B''

QD frame B

optical fibre

transformation M

Figure 3.13: Optical setup to measure the FSS splitting and polarisation orientation

of the QD emission. The rotatable quarter-wave plate (QWP2) and (fixed)

linear polariser (LP2) in front of the spectrometer act as a polarimeter. A

reference light source allows us to calculate the unitary transformation M on

the polarisation state, dominantly caused by fibre birefringence.
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Although for a non-zero FSS both, XX and X consist of two non-degenerate emission

lines each, these are typically not resolved on a standard spectrometer. Nevertheless,

when fitting a single Lorentzian to the two combined emission lines, the centre energy

shifts as shown in Fig. 3.14a. The energy difference ∆E = EXX − EX between the

XX and X emission lines as a function of χQWP2 follows the form [SS17]

∆E(χQWP2) = Ē + S
(

α

1 + α

)
(3.4)

where S is the fine-structure splitting and α(χQWP2) is given by

α(χQWP2) = 1
2 cos 2θ (1 + cos 4χQWP2) + sin 2θ cosϕ sin 4χQWP2 (3.5)

− 2 sin 2θ sinϕ sin 2χQWP2 . (3.6)

The parameters θ/2 and ϕ are the same as defined in Ch. 2.1.1 and correspond

here to the (physical) angle of rotation and phase shift applied to the emission

during transmission through the optical setup. Taking the energy difference ∆E

compensates for systematic errors in measured energy, such as due to beam steering

in the spectrometer caused by the rotating wave plate. A fit of this function is plotted

in Fig. 3.14a as well, demonstrating the low statistical error for this method even

for a 1.8 μeV FSS, measured on a spectrometer with an optical resolution of 40 μeV.

As this method of determining the FSS demands only the measurement of a few

spectra, it is typically faster than other methods relying on spectrally resolving the

two individual non-degenerate XX or X emission lines, such as e.g. via a scanning

Fabry-Pérot interferometer [Vog07].

3.2.2 Calibration of the quantum dot polarisation eigenbasis

As established in Chs. 2.2.1 and 2.3.1, entanglement is measured by correlating the

photon pairs in different polarisation bases. Especially for a FSS of at least several

μeV, it is important to accurately calibrate the required polarisation states to track

the time-evolving entangled two-photon state.

Therefore, even though the combined QD emission is in general unpolarised [Ste06],

it is necessary to translate the natural orientation of the QD polarisation states to

48



3.2 Cryogenic and optical measurement setup

0 4 5 9 0 1 3 5 1 8 0- 2

- 1

- 0

1

2
( b )

Bie
xci

ton
 - e

xci
ton

 en
erg

y 
(µe

V)

Q W P  a n g l e  χ ( d e g )

+ 1 . 8 4 6 1 9  m e V( a )

0 4 5 9 0 1 3 5 1 8 00 . 0

0 . 5

1 . 0         
 
 

Int
en

sity
 (a

.u.
)

Q W P  a n g l e  χ ( d e g )

Figure 3.14: Polarimeter measurements to determine FSS and fibre birefringence.

(a) Measured energy difference ∆E between biexciton and exciton emission

as a function of QWP angle χ. Emission energies are determined via single

Lorentzian fits to the spectra. Experimental data (black spheres) and fit (red

line) (b) Measured intensity of the |H ′〉, |D′〉, and |V ′〉 polarisation states as a

function of QWP angle χ. Experimental data (symbols) and fit (lines).

the laboratory reference frame. However, in particular the birefringence of an optical

fibre applies an effectively random (but static) rotation to the incoming polarisation.

In other words, a unitary transformation M is applied to the emitted polarisation

state. (Note that polarisation-maintaining fibre only preserves the linear polarisations

parallel to either the fast or slow axis of the fibre as well, while other polarisations

pick up an arbitrary phase offset. Thus it is often preferential to use single-mode

fibre in order to prevent the temporary wave packet from dissociating.)

To this end, we implemented a deterministic method of generating the required

polarisation states, relying on the measurement of the QD emission and three

calibration polarisation states. After generating the required polarisation states from

a calibration source, we can then calibrate the detection bases that are used for

measuring entanglement.

Firstly, we are able to extract the polarisation of the |XH〉 state when measured in the

detection frame B′′ via the fit of Eq. (3.4), as shown in Fig. 3.15a. (The designation

of this state as either |XH〉 or |XV 〉 is effectively a matter of nomenclature.) However,
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(a) |XH⟩ in detection frame B'' (b) |XH⟩ and calibration states
        in detection frame B''

(c) |XH⟩ and calibration states
       in reference frame B'

(d) |XH⟩ and entanglement bases
       in reference frame B'
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Figure 3.15: Process steps to determine the polarisation bases required to characterise

entanglement, plotted on Poincaré spheres. Shown for a QD with a FSS 10 μeV.

(a) The |XH〉 polarisation state emitted from the QD (black arrow) is measured

in the detection frame B′′. (b) The polarisations |H ′〉, |D′〉, and |V ′〉 (grey

arrows) are generated in the reference frame B′ and measured in the detection

frame B′′. (c) The unitary transformation matrix M of the optical fibre

is calculated. The previously measured polarisations are then transformed

from the detection frame to the reference frame via M−1. (d) The required

entanglement bases |D〉, |ELD〉, |L〉, and |ELA〉 (red, purple, blue, and teal

respectively) are calculated in the reference frame.

50



3.2 Cryogenic and optical measurement setup

from this single point of reference it is not possible to determine the rotation for an

arbitrary input state.

Thus, for the second step, we generate additional calibration polarisation states

in what we label as the reference frame B′ (see Fig. 3.13). To do so, we use the

linear polariser LP1 and rotatable half-wave plate HWP1 mounted to the top of the

cryostat to sequentially generate the polarisation states |H ′〉, |D′〉, and |V ′〉. These

calibration inputs are sent through the same optical fibre, applying the rotation M ,

and measured again via the polarimeter detection setup. As the calibration states

consist of only a single polarisation state at a time, in this case the total intensity

instead of the centre wavelength follows Eq. (3.4)f (cf. [SS17]). A typical measurement

including fit is shown in Fig. 3.14b, again allowing us to extract the rotation θ/2

and phase shift ϕ from reference frame B′ to detection frame B′′ (Fig. 3.15b).

For the third step we then calculate the transformation matrix M of the optical

fibre such that M B′ = B′′ for an arbitrary polarisation state. We first determine

the parameters

k1 =
h′1,B′′

h′2,B′′
,

k3 =
d′1,B′′

d′2,B′′
,

k2 =
v′1,B′′

v′2,B′′
,

k4 = k3 − k2

k1 − k3
,

(3.7)

where h′1 and h′2 are the two components of the Jones vector |H ′〉 as measured in

the detection frame B′′, and likewise for d′1,B′′ , d′2,B′′ , v′1,B′′ , and v′2,B′′ . The unitary

transform matrix M then comes to [Jon47, Hef92]

M = η

k1k4 k2

k4 1

 , (3.8)

where the scaling factor η is given by [Jon47]

|η|2 = 2
1 + |k2|2 + |k4|2 + |k1|2 |k4|2

. (3.9)

We can then apply the inverse M−1 of this transformation matrix to evaluate the

measured polarisation in the reference frame instead of the detection frame, as

shown in Fig. 3.15c. As we can see in the figure, the |H ′〉, |D′〉, and |V ′〉 calibration
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states are rotated back to their initial polarisations. Furthermore, we now know

the orientation of the |XH〉 state generated from the QD in the reference frame B′.

Thus we can easily compute the required rotation angles of QWP1 and HWP1 to

reconstruct polarisation states originally defined in the QD eigenbasis.

Finally, we compute the QWP1 and HWP1 angles to generate the |D〉, |ELD〉, |L〉,

and |ELA〉 states in the frame of the QD. In the presented setup, the sample and

the reference frame are connected via free-space, low-birefringence optics only. As

a consequence, a linear QD |XH〉 state remains approximately linearly polarised in

the reference frame as well, as it does not pick up any circular components from

potential phase delays. As a result, we can now calculate |D〉 in the reference frame

as the orthogonal of the |XH〉 state and the |L′〉-axis. From |H〉 and |D〉, the re-

maining required polarisation states |ELD〉, |L〉, and |ELA〉 are then straightforwardly

computed in similar fashion.

After numerically calculating the entanglement polarisation states, we can determine

the required wave plate rotation angles χQWP1 and χHWP1 to physically generate

these polarisation states from the reference light. This is most easily expressed via

spherical coordinates of the polarisation state on the Poincaré sphere:

χQWP1 = −β
′

2 (3.10)

χHWP1 = −α
′

4 −
β′

4 , (3.11)

with the azimuth angle α′ and elevation angle β′ of the respective polarisation state

in the reference frame. A wave plate angle of 0 corresponds to alignment of the

respective wave plate fast axis with the linear polariser LP1. Alternatively, in terms

of physical rotation angle θ/2 and phase delay ϕ (also in the reference frame) this

can be expressed as

χQWP1 = 1
2 arctan sin θ sinϕ√

cos2 θ + sin2 θ cos2 ϕ
(3.12)

χHWP1 = −1
4 arctan (tan θ cosϕ) + 1

2
χQWP1 . (3.13)

This method has been employed over multiple measurement runs, demonstrating

high reproducibility. For a given sample, the calculated wave plate angles χQWP1 and
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χQWP1 varied by less than 0.3° across measurements repeated over several months,

even when the transformation matrix M of the optical fibre varied as the fibre was

repeatedly adjusted.

Potential systematic errors affecting this method are dominated by the following:

Firstly, the method relies on accurate optical retardance of the involved wave plates

at the given wavelength. This is easily ensured by using commercially available

precision optics. Secondly, for QDs with a near-zero FSS, the emitted XX and X

eigenstates may have a circular component [Ste12a], such that the measured QD

eigenstate is no longer in the HV basis. However, this could be counteracted by

reconstructing the |H〉 state of the QD by projecting the measured elliptic |X〉

eigenstate onto the linear plane, and thus removing the circular component. Overall,

as these errors are straightforward to detect and counteract, this method has shown

to be a reliable and deterministic approach to accurately selecting the polarisation

bases to measure entanglement from QDs.
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4 High-bandwidth pulsed

single-photon sources

This section describes the design, fabrication, and operation of an ultrafast

single-photon LED. Selected results of this section have been published in

Ref. [Mül20]. The sample was grown by Ian Farrer and David A. Ritchie;

and processed by Joanna Skiba-Szymanska, Jonathan R. A. Müller, and

Ginny Shooter. Optical experiments and data analysis were realised

by Jonathan R. A. Müller with valuable contributions from R. Mark

Stevenson and Ginny Shooter with guidance from Andrew J. Shields.

In order to employ single photon LEDs in applications such as quantum key dis-

tribution, it is desirable to achieve pulsed operation with high repetition rates.

Contemporary QKD systems based on weak coherent laser pulses employ clock rates

in the GHz range [Yua18, Boa18, Min19]. Consequently, this chapter focuses on

the high-bandwidth electrical generation of single photons. We begin by introdu-

cing the requirements for a high-bandwidth QD LED from an electrical standpoint,

starting from a simple circuit model. This is then followed by the introduction of

a low-capacitance, high-bandwidth QD LED design, together with the associated

fabrication process. Subsequently, we focus on the resulting temporal control of the

optical emission, via fast initialisation pulses and rapid tunnelling of charge carriers.

Finally, we demonstrate the generation of single photon emission with ultra low time

jitter at a record 3.05 GHz clock rate.

4.1 Low-capacitance diode design

The temporal shape of the optical emission from a QD LED is directly controlled

via the voltage applied to the diode. Naturally, for voltages above turn-on, a current
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flows and the QDs emit light. As demonstrated in Refs. [Ben05] and [Har13], the

optical emission can be quenched by reducing the voltage significantly below turn-on.

By doing so, the width of the potential barrier trapping the carriers is reduced, thus

inducing quantum tunnelling of the charge carriers out of the QD [Fry00a].

Consequently, in order to operate the QD LED at ultrafast clock frequencies, a first

requirement is an LED design that is capable of sufficiently fast electrical switching

times. An equivalent circuit diagram for a p-i-n diode is shown in Fig. 4.1. For a

depleted diode, the shunt resistance RS typically reaches a resistance of � 1 MΩ

(cf. I-V curve of Fig. 3.10a), such the remaining circuit effectively turns into a simple

RC circuit. We can then estimate the cutoff frequency fcutoff via

fcutoff = 1
2πRPC

. (4.1)

Here RP is the parasitic resistance, dominated by the front and back contact resistance.

C is the capacitance of the depleted diode, given by [Sze98]

C = ε0εGaAs
A

w
(4.2)

with the vacuum permittivity ε0, the relative GaAs permittivity εGaAs = 12.36 (at

liquid Helium temperature [Str76]), and intrinsic region thickness w. The parameter

A is the lateral active area of the diode, corresponding to the lateral geometric area

where n-doped and p-doped layer overlap vertically. For a standard QD LED as

described in Ch. 3.1.4, with A = 100 μm× 200 μm and an intrinsic region thickness

equal to the 2λ cavity (disregarding diffusion of dopants), we calculate C = 4 pF. For

a typical contact resistance on the order of 100 Ω, Eq. (4.1) yields a cutoff frequency

RP

RS C

Figure 4.1: Equivalent circuit diagram of a p-i-n diode

[Gop88]. The capacitance C and shunt resistance

RS vary with the applied voltage. For a depleted

diode, the shunt resistance is typically � 1 MΩ. The

parasitic resistance RP is static, dominated by contact

resistance.
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Figure 4.2: Normalised EL emission of the (a) biexciton and (b) exciton on a standard

100 μm× 200 μm QD LED, electrically driven via a 1 GHz square wave (50 %

duty cycle) with a 2.0 V amplitude and a −0.2 V DC bias. Despite the large

electrical pulse amplitude, the emission is not fully quenched between clock

cycles.

of only 0.4 GHz. Note that the diode capacitance changes with the applied voltage, as

charge carriers populate the intrinsic region [Sze98]—here we calculate this limit only

for the case of a depleted diode. Nevertheless, at low-temperature clocked operation

a significant part of the clock cycle would be spent with the diode below turn-on

voltage with an effectively depleted intrinsic region, making the cutoff frequency for

a depleted diode a valuable parameter for practical applications.

Thus, it becomes clear that the slow cutoff frequency of this conventional LED design

makes it unsuitable for applications with gigahertz clock rates. This is highlighted in

Fig. 4.2, showing such a standard QD LED driven by an electrical 1 GHz square wave

with a 2 V amplitude and a −0.2 V DC bias. Although the gigahertz-clocked character

of the emission is already visible, we are unable to induce sufficient tunnelling of

the charge carriers out of the QD—despite the large voltage modulation. Fitting

exponential decays to the data yields decay times of τXX = 434 ps and τX = 380 ps,

not substantially reduced from typical radiative lifetimes. This indicates the voltage
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Figure 4.3: Schematic illustration of the device cross section (not to scale). Charge

carriers are supplied to the QD by inducing an electrical current across the

intrinsic region (i-GaAs). A lateral size of the diode mesa as small as 10 μm×

10 μm and high-bandwidth optimized packaging (not shown) allow for GHz-

clocked operation.

across the diode does not substantially reduce below the turn-on voltage between

driving pulses. Consequently, without strong tunnelling the emission is not quenched

fully in between subsequent driving pulses.

4.1.1 Design and fabrication of a high-bandwidth QD LED

To enable GHz repetition rates on QD LEDs, it is imperative to optimize the device

for a fast electrical response to the input pulses. In particular, to achieve a suitable

optical response from the sample, it is desirable to not only deliver a sinusoidal

electrical signal to the position of the QDs, but to have control over the pulse

shape and width. Thus, the electrical bandwidth needs to include not just the base

repetition frequency, but higher order harmonic frequencies as well.
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4.1 Low-capacitance diode design

As Eqs. (4.1) and (4.2) show, the cutoff frequency is governed by the parasitic

resistance RP , thickness w, and the lateral diode area A. For an improved diode

design, we first focus on the lateral diode area. In the current design, the diode

requires a minimum lateral area of approximately 100 μm×100 μm to provide sufficent

area for a top contact pad that is large enough to enable bonding (see Fig. 3.9b). To

remove this limitation, we employ the design illustrated in Fig. 4.3. Prominently, the

p-contact bond pad is moved from the top of the diode to the side. As the p-contact

is no longer above the n-type layer (as opposed to e.g. in Refs. [Yua02] and [Böc08]),

it no longer contributes to diode capacitance. Instead, only a thin track leads from

the contact to the p-doped region of the semiconductor at the top of the diode

structure. A similar approach has been taken in Ref. [Ben05], although we explore

diode areas with substantially smaller footprints down to 10 μm× 10 μm.

As the parasitic resistance RP is dominated by the contact resistance of the metal

contact, this parameter offers little room for improvement. Nevertheless, we introduce

PdGeTiPt p-contacts to the design, to potentially improve the resulting contact

resistance [Jon97]. Notably, the reduced diode mesa area and resulting smaller p-

contact area leads to an increased contact resistance. The contact resistance resulting

from the n-contact, on the other hand, remains unaffected by the reduce mesa area.

Thus, since the total parasitic resistance scales less than directly proportionally with

the p-contact resistance, overall a reduced diode mesa area still implies a faster cut-off

frequency. Finally, an increased cavity thickness w would inversely reduce the diode

capacitance. However, an increased cavity thickness reduces the optical extraction

efficiency of the cavity design [Bar02]. In addition, as highlighted e.g. by Kantner et

al. [Kan17], charge carriers (especially holes) require a not insignificant amount of

time to populate the QD layer after diode turn-on, limited by the respective mobility.

For the given 2λ cavity this is already on the order of several picoseconds [Kan17],

such that an increased cavity thickness (by multiples of λ/2) could be detrimental.

Thus, we keep the cavity thickness at 2λ.

The fabrication process is illustrated in Fig. 4.4. The sample heterostructure is grown

via MBE, using the same layer structure as described in Ch. 3.1, and subsequently
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c) n-contact mesa etch

d) Back contact evaporation e) Anneal

a) Sample cleave b) Diode mesa etch

f) Insulator deposition

g) Front contact evaporation h) Front bondpad evaporation

Figure 4.4: Process flow diagram for the fabrication of a low capacitance QD-LED.

(a) The wafer is cleaved to a suitable lateral size. (b) The lateral diode area is

defined via a pillar etch. (c) A further mesa consisting of the pillar plus the

bottom contact pad is etched. (c) The back contact is deposited by evaporating

AuGeNi. (d) Ohmic contact to the n-doped DBR layers (shaded in purple) is

established via annealing of the bottom contact. (f) The side wall of the pillar

is insulated via SiN deposition. (e) A small top contact using PdGeTiPt is

evaporated onto the pillar. (f) A larger CrAu bondpad is evaporated, leading

up to the top contact.
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4.1 Low-capacitance diode design

cleaved to a suitable size for further processing (Fig. 4.4a). Then the lateral area of

the diode (e.g. 10 μm × 10 μm) is defined in a first etch (Fig. 4.4b). Subsequently

the sample, excluding the diode mesa and a mesa for the n-contact, is etched again

(Fig. 4.4c). In a first evaporation step, AuGeNi is deposited as n-contact (Fig. 4.4d)

and subsequently annealed for Ohmic access to the n-doped layer (Fig. 4.4e). In

order to prevent a short between n-doped layer and a subsequent p-contact, an

insulating layer is required on the side wall of the diode. This is achieved via a layer

of silicon nitride on the side walls, formed by chemical vapour deposition followed by

inductively coupled plasma etching (Fig. 4.4f). Finally, the p-contact is evaporated

onto the structure. This is done in two steps: First, a layer of PdGeTiPt on top of

the diode mesa establishes low-resistance Ohmic contact to the p-type layer [Jon97]

(Fig. 4.4g). To evaporate a continuous metal track leading down the side wall of

the diode, the sample is attached to a tilted, continuously rotating sample holder

during evaporation. In a second step, the CrAu bond pad is evaporated next to the

diode mesa, including a thin connection to the p-contact (Fig. 4.4h). These two

separate evaporation steps combine the superior Ohmic contact of PdGeTiPt with

the empirically superior bonding compatibility of CrAu.

Fig. 4.5a shows an SEM image of a fabricated device with a schematic illustration

shown in Fig. 4.5b. These images highlight the possible reduction in lateral diode

active area enable by moving both bond pads to the side of the diode. Thus we can

combine sizeable bond pads with a small diode area. At the same time, the electronic

band structure of the diode remains effectively unchanged from that described in

Ch. 3.1.3. Notably, the smaller area of the scaled down device design reduces the

fabrication yield of new devices. On the one hand, the smaller feature size requires

tighter tolerances during fabrication. On the other hand, the number of available

QDs reduces with the diode area, requiring high yield wafers. However, this was

counteracted by careful fine tuning of the diode design and fabrication protocol.

A series of device designs with different diode areas were tested. The smallest

diode has an active area of only 10 μm × 10 μm. For an intrinsic region thickness

of 480 nm, this would yield an estimated junction capacitance of 20 fF in depletion
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diode mesa

n-contact

p-contact

SiN

diode mesa

n-contact

p-contact

SiN

(a)

(b)

200 μm

Figure 4.5: (a) SEM micro-

graph of fabricated device.

(b) Illustration of the device

design with exaggerated ver-

tical scale.

via Eq. 4.2, reduced by an estimated order of magnitude from preceding designs

[Ben05, War07, Lin19]. Due to the finer feature size of this diode, the measured

contact resistance varied more strongly between different fabrication runs. With a

typical contact resistance of R = 500 Ω for such a diode, via Eq. 4.1 we estimate a

cutoff frequency on the order of fcutoff = 15 GHz, sufficient for fine control of driving

signals at base frequencies significantly above 1 GHz.

After microfabrication, the n- and p-type contacts are bonded to a custom designed

printed circuit board (PCB) for electrical access. The PCB is single-sided and

interfaces an array of micro-coaxial connectors with impedance-matched signal and

ground transmission line pairs on FR4 glass epoxy for high frequency operation.
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4.2 Experimental operation of gigahertz-clocked single photon sources

4.2 Experimental operation of gigahertz-clocked

quantum light sources

After describing the design and fabrication of a high-bandwidth QD LED, we now

focus on the experimental operation and characterisation of such a device. In

particular, we explore the close electrical control on the optical emission via fast

current injection and non-radiative recombination.

4.2.1 Experimental setup

The diode was mounted in a Helium vapour cryostat as described in Ch. 3.2. A major

restraint to the cryostat setup is the electrical connection to the QD sample. Typically,

the wiring cross-section to the sample device is kept as small as possible, in order

to decouple the sample from outside vibrations and reduce heat transfer. However,

this wiring was found to be incompatible with gigahertz-clocked driving frequencies.

Fig. 4.6 shows oscillograms of the pulse generator output, recorded with a 16 GHz

oscilloscope after attenuation through different cable configurations. Typically the

electrical connection to the sample chip carrier was made using enamelled copper

wire, allowing fast and flexible reconfiguration when needed. However, the electrical

signal is heavily attenuated from the original output (panel a) after passing through

the cryostat configuration including the copper wire (panel b). Driving pulses with a

low duty cycle are particularly challenging as this requires the transmission of higher

order harmonic frequencies as well, compared to pure sine waveforms.

The custom-designed PCB includes ultraminiature coaxial connectors, allowing

for impedance matched delivery of the pulse generator signal all the way to the

interface with the bond wires. The bond wires then carry the signal over the last few

millimetres to the QD-LED top and bottom contacts. This enabled the final cryostat

setup to closely resemble the situation in panel (c). Approximating the driving pulse

with a Gaussian fit function, the temporal FWHM remains effectively unchanged at

100 ps between panels (a) and (c)—in reasonable agreement with the 50 ps nominal
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Figure 4.6: Oscillogram of the electrical pulse generator output after attenuation

through different system setups. The pulse generator was set to nominally emit

2 V, 1 GHz pulses at a 5 % (=̂ 50 ps) duty cycle and a −1 V DC bias. (a) After

passing through 5m of standard coaxial SMA cable rated for frequencies up to

18 GHz. (b) After passing through typical cryostat wiring. (c) After standard

miniature coaxial cable with U.FL-type RF connectors, approximating the final

cryostat setup.
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transmission
grating
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Figure 4.7: Optical setup for time-

correlated single photon count-

ing. The QD LED was electric-

ally driven via a pulse generator.

The XX and X emission was

spatially separated via a trans-

mission grating before detection

via SSPDs. The detection time

w.r.t. the clock of the electrical

pulse generator was recorded via

a time tagger.
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4.2 Experimental operation of gigahertz-clocked single photon sources

duty cycle after taking into account the 16 GHz = 62.5 ps analogue bandwidth of the

oscilloscope. Careful optimisation of the sample stage assembly subsequently allowed

us to maintain the mechanical and temperature stability of the setup despite the

increased electrical wiring cross-section. The GHz-clocked electrical driving voltage

pulses were supplied via a 3.35 GHz pulse generator.

Note that, as the resistance of the QD LED varies with the applied voltage, the

sample itself is not impedance matched to the pulse generator source. Instead, below

turn-on the megaohm shunt resistance leads to a high impedance bridging of the

sample, resulting in an effective voltage across the depleted diode approximately

double that of the nominal setting (as the pulse generator is calibrated only for

a 50 Ω load impedance). Thus, e.g. the turn-on voltage of approximately 1.4 V is

reached at a nominal pulse generator setting of 0.70 V. In this chapter all quoted

voltages refer to the nominal voltage setting on the pulse generator.

The optical setup to characterise the temporal evolution of the QD is shown in

Fig. 4.7. We used superconducting single-photon detectors (SSPDs) combined with

a multi-channel, time-correlated single-photon-counting module (time tagger) to

detect the emitted photons with an overall timing resolution of 50 ps full width at

half maximum (FWHM) (Fig. 4.8). The photon detection times where then recorded

in 4 ps bins and w.r.t. the clock of the electrical pulse generator.
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 E x p e r i m e n t a l
 G a u s s i a n  f i t

F W H M
 5 0  p s

Figure 4.8: Typical instrument response

of the SSPD and time-correlated single-

photon-counting module to a femtosecond

reference laser pulse. A Gaussian fit re-

veals a timing jitter of approximately 50 ps

FWHM.
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Figure 4.9: Time-resolved pulsed (a) biexciton and (b) exciton EL emission for

different DC biases and fixed peak voltage. Mono-exponential fits (red lines)

are used to extracted the associated decay times.

4.2.2 Ultrafast control of the tunnelling rate

To characterise the capability of the fabricated diode, we record the emission EL

of the device electrically driven at a 1.15 GHz clock rate (870 ps clock period) via

rectangular pulses with a 10 % = 87 ps duty cycle. We fix the peak voltage during

the pulse to 1.5 V and repeat the measurement while varying the DC bias from the

turn-on voltage of 0.70 V down to 0.20 V.

The resulting time-resolved emission intensity is shown in Fig. 4.9. The data highlights

the strongly improved reactance of the low-capacitance diode design and the electrical

setup. This becomes especially visible when compared to the data of the standard

design, driven over a much larger voltage range (as shown in Fig 4.2).

When varying the DC bias from 0.70 V to 0.20 V, the measured decay time of the

biexciton shortens from 260 ps by a factor of 4 down to 68 ps. The exciton decay time

shortens from 680 ps down to 28 ps, a reduction by a factor of 30. Evidently, this
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Figure 4.10: Measured decay times and estimated tunnelling times as a function of

DC bias for the (a) biexciton and (b) exciton emission line. (c) Comparison of

the biexciton and exciton tunnelling times from the previous panels.

allows for full quenching of the emission via rapid tunnelling of the charge carriers

out of the QD. We use the relation

1
τmeasured

= 1
τradiative

+ 1
τtunnelling

(4.3)

to estimate the tunnelling time τtunnelling via the measured decay time τmeasured and

the radiative decay time τradiative, similar to Ref. [Har13]. For this measurement, we

estimate the radiative decay time via the measured decay time at a DC bias equal

to the turn-on voltage 0.70 V.

The resulting time constants are shown in Fig. 4.10. As expected for both, biexciton

and exciton, the further the bias voltage is decreased from the turn-on, the more

the tunnelling time decreases (corresponding to an increase in tunnelling rate)

[Hel98, Fry00a, Har13]. As highlighted in Fig. 4.10c, the extracted tunnelling times

follow a very similar trend for biexciton and exciton. The tunnelling times only

diverge at bias voltages ≤ 0.3 V, potentially limited by the timing resolution of the

experimental setup. Naively one would expect a biexciton tunnelling time reduced

by a constant factor of 2 compared to the exciton, as the biexciton has twice as many

charge carriers as the quantum dot—although potentially hampered by an increased

ionisation energy from the electrons to the wetting layer for the biexciton [Fry00a].
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Figure 4.11: EL spectra as a function of DC bias and a fixed peak voltage. The

spectra are offset from each other for visibility. The EL intensity reduces for

reducing DC biases, dominated by non-radiative recombination via quantum

tunnelling.

However, due to the non-uniform high-frequency electrical response of the driving

setup, the experimental data and extracted tunnelling times do not offer sufficient

measurement statistics to reveal this feature with statistical significance.

Corresponding spectra for the different DC biases are shown in Fig. 4.11, measured

under the same driving conditions as for Fig. 4.9. For reducing DC biases, the EL

intensities of the XX and X emission lines clearly reduce. Modelling the radiative

and non-radiative recombination as competing exponential processes characterised

by their respective decay times gives an estimate for the fraction of (bi-)excitons

recombining radiatively of

ηradiative = τtunneling

τtunneling + τradiative
(4.4)

for a given DC bias. For a DC bias of 0.2 V, this estimate yields values of 3 % and

16 % for the XX and X emission respectively, with the remaining carriers recombining

non-radiatively.
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Fig. 4.12a shows the measured EL intensity quantified via Lorentzian fits to the

spectral emission peaks. For a DC bias of 0.2 V, the XX and X emission intensity

reaches 2× 10−5 and 4× 10−3 of the respective intensity at a DC bias equal to the

turn-on voltage. This drop in intensity is significantly lower than the above estimate.

We attribute this to reduced effective peak voltages during the initialisation pulse.

Although the nominal peak voltage is kept constant throughout the measurement

series, the fast but finite electrical reactance of the diode likely reduces the effective

peak voltage of electrical pulse trains with low DC biases.

The respective fitted centre wavelength and FWHM are shown in Figs. 4.12b and

4.12c. The centre wavelength shifts to longer wavelengths for lower DC biases due to

the Stark effect [War07, Har13]. As the voltage changes from the fixed initialisation

voltage down to DC bias within a clock cycle, the emission wavelength varies with the

emission time. For the same reason, the recorded emission appears to be spectrally

broadened for lower DC biases [War07]. In contrast, natural linewidth broadening

due to the reduced decay time likely only plays a secondary role—e.g. a decay time of

28 ps (such as the X at 0.2 V) corresponds to a natural linewidth of 0.03 nm.

4.2.3 Pulsed generation of single photons at a

3GHz clock rate

In a next step we substantially increase the clock rate for the pulsed, electrical

operation of the device for ultrafast clocked applications. The device was driven at

3.05 GHz with driving pulses of amplitude Vpulse = 1.43 V and nominal duty cycle

of 7.5% (∼ 25 ps). A DC bias voltage of VDC = 0.15 V is chosen to be far below

the turn-on voltage VT = 0.70 V of the diode. Thus, charge carriers quickly tunnel

out of the QD potential between driving pulses, quenching the optical emission

[Ben05, Har13].

A time-resolved measurement of the resulting X electroluminescence is shown in

Figs. 4.13a and Fig. 4.13a. We observe high contrast optical pulses with almost three

orders of magnitude modulation of the emission intensity. Approximating the optical
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Figure 4.12: Emission characteristics extracted via Lorentzian fits to the biexciton and

exciton emission lines of the measured spectra. (a) EL intensity is significantly

reduced at low DC biases. (b) The centre wavelength shifts to lower energy

for reduced DC biases due to the Stark effect [Fry00b, War07]. (c) FWHM.

The QD emits while the voltage changes from the fixed initialisation voltage to

the DC bias, leading to a spectrally broadened emission peak due to the Stark

effect [War07].

emission pulse with a Gaussian temporal shape yields a FWHM of (100± 2) ps,

and fitting an exponential decay yields a lifetime of approximately 15 ps. This is in

stark contrast to the 680 ps radiative lifetime as measured at 1 GHz, highlighting

significant control over the emission time jitter. This strong reduction in decay

time suggests non-radiative decay processes are dominant, attributed to efficient

tunnelling of the charge carriers out of the QD enabled via a fast electrical response

[Ben05].

The corresponding second order auto-correlation g(2)(t), measured for the same

driving conditions, is shown in Fig. 4.13b. A value of g(2)(0) = 0.268± 0.002 of the

integrated zero-delay peak demonstrates the single photon character of the emission.

The noticeable anti-bunching of the peaks adjacent to the zero-delay could imply

the existence of long-lived charged or dark states [Ben05]. To our knowledge, this is

the fastest reported clock rate for the generation of single photons [Buc12, Har13],

entering the “super high frequency" radio band (SHF, comprising the 3–30 GHz
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Figure 4.13: Gigahertz-clocked single photon generation. (a) Time-resolved elec-

troluminescence of the X emission line driven at a 3.05 GHz clock frequency.

A Gaussian fit (red line) reveals a FWHM of (100± 2) ps. (b) Same data

as in previous panel, now plotted on a logarithmic y-scale. The emission is

modulated by almost three orders of magnitude within a clock period. (c)

Corresponding second order correlation g(2) measured for the same driving

conditions. A value of g(2)(0) = 0.268± 0.002 for the zero-delay peak indicates

single-photon emission.
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range [Int15]) for the first time. For comparison, the existing record of 2 GHz-clocked

single photon generation has been presented by Hargart et al. [Har13]. In their

reported experiment the single photon emission is modulated by only a factor of less

than 20 during a 2 GHz driving period. Thus, the almost three orders of magnitude

modulation we have reported above represents a modulation enhanced by a factor

of ∼ 50 at a clock rate increased by a factor of more than 1.5, compared to the

previous experiment. In addition, this strong modulation of the optical emission

indicates that the sample could be driven at frequencies substantially higher than

the presented 3 GHz. This could be verified in a future experiment using an electrical

pulse generator capable of generating faster clock rates. In the same vein, a detection

system with a time jitter further reduced from the current 50 ps FWHM could aid in

revealing even faster modulation of the single-photon emission.

Via Eq. 4.4 we can estimate the fraction of exciton recombining radiatively as

ηradiative = 2 %. The remaining 98 % recombine non-radiatively due to the high tun-

nelling probability. Overall, although the photon collection efficiency is reduced when

reducing the decay times in this driving mode, this could be partially compensated

by correspondingly increased clock rates. Moreover, depending on the application,

the reduced timing uncertainty of the emission could prove beneficial [Har13].

4.2.4 Multiphoton contributions due to re-excitation

A spectrum of the emission, driven under these same conditions, is shown in Fig. 4.14a.

Here, the Stark shift is strong enough to produce a splitting of the peak, most likely

into emission at the initialisation voltage and emission at DC bias, similar to the

situation in Ref. [War07]. (Note that the FSS of the QD was measured to be

10 μeV ≈ 0.006 nm, much smaller than the splitting observed from the Stark effect.)

Under these driving conditions the X emission peak splits into two components,

emission during the driving pulses and emission after the driving pulses (Fig. 4.14a,

inset). The latter is shifted to longer wavelengths as the reduced voltage between

driving pulses induces a relative Stark shift [War07]. By comparing the EL intensity
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Figure 4.14: EL spectra for different driving conditions. (a) Spectrum at the

conditions for 3.05 GHz-clocked single photon emission. The inset is a zoom-in

on the X emission line, revealing double peak due to a temporal Stark shift

[War07, Ben08]. The red line is a double Voigt fit (individual Voigt curves in

blue and orange) to the spectrum. (b) Driven in DC near the X saturation

current.

of the two components, we can estimate an upper bound for the contribution of

re-excitation during the driving pulse to the non-zero g(2)(0). According to the

double Voigt curve fit to the spectrum, emission during (after) the driving pulse

contributes 48 % (52 %) to the total X emission. In the limit of strong pumping to

the X state, such that re-excitation during the driving pulse is fast compared to the

radiative lifetime, we can approximate a Poissonian contribution to the zero-delay

peak of the g(2), written as the photon state [Scu97]

|φ|α|2〉 = e−|α|
2/2

∞∑
n=0

αn√
n!
|n〉 (4.5)

where |α|2 is the mean photon number. In contrast, QD emission after the driving

pulse is emitted in the single photon Fock state |1〉, as re-excitation is suppressed.

With the total two-photon state in a clock period as a superposition of these

two components, weighted by the respective relative contribution to the measured

spectrum (and disregarding absolute scaling w.r.t the vacuum state, as it does not
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affect the g(2)(0) value)

|ψ〉 = |φ0.48〉+ 0.52 |1〉 (4.6)

we can calculate

g(2)(0) = 〈ψ|â
†â†â â|ψ〉

〈ψ|â†â|ψ〉2
= 0.23 (4.7)

for the zero-delay peak, where â† and â are the creation and annihilation operators

respectively. Comparing this to the measured g(2)(0) of 0.268± 0.002 as described

in the previous section, we conclude that re-excitation during the driving pulse is

likely the dominating contribution to the non-zero g(2), with background emission

constituting only a secondary factor. As is evident from the estimation here, the

strong tunneling induced in this mode, reducing the intensity of the single photon

emission, magnifies the relative contribution of re-excitation. Multiphoton emission

due to re-excitation could potentially be lowered by further reducing the temporal

duration of the initialisation pulse. However, a quantitative experimental comparison

of driving pulse length is challenging, as electrical resonances distort the voltage

that is effectively applied across the intrinsic diode region. Note that finite carrier

mobilities means that it takes on the order of 10 ps to deplete the QD layer from

charge carriers after the end of the electrical initialisation pulse [Kan17]. To what

degree charge carriers would repopulate the QD during this time period then likely

depends on the exact experimental settings.

As the nominal voltage generated at the pulse generator is distorted during propaga-

tion to the diode active region, it would be interesting to determine the effective

voltage across the intrinsic region from the measured spectral Stark shift. However,

for above-band optical excitation, we did not detect any X photoluminescence when

applying DC biases far enough below turn-on, as optically excited charge carriers

preferentially formed other excitonic configurations [War00].

As concluded above, an additional contribution to the non-zero component of the

g(2)(0) value is likely background wetting layer emission. Fig. 4.14b shows the sample

driven electrically near X saturation, highlighting the existence of background
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emission. This could be improved via a future sample containing QDs with less

spectral overlap with the wetting layer.

4.3 Conclusion

In this chapter we reported the design and fabrication of a QD LED that enables super-

high-frequency operation for the 3.05 GHz-clocked generation of single photons for

the first time. For electrically driven devices, a key achievement is the high bandwidth

entangled-LED mesa structure itself, which places no particular constraints on the

optical device design or collection optics. As a result, the design could be combined

with other approaches to enhance the decay rate and reduce the timing jitter. In

particular, the design offers potential for integration with optical cavities, allowing

for enhanced radiative decay rates via the Purcell effect [Dou10, Din16, Liu18, Liu19,

Wan19]. Considering the presented single photon emission with a 100 ps temporal

FWHM, further enhancements could enable driving frequencies significantly beyond

the demonstrated 3.05 GHz.

For practical applications, another major achievement is the precise temporal control

of the charge carrier injection and non-radiative recombination. We take further

advantage of the capabilities of this ultrafast QD LED in the next chapter, where

we use the same device to demonstrate the possibility of high brightness and high

fidelity generation of entangled photons via gigahertz-clocked driving pulses.
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5
Entangled photon generation

beyond the continuous

driving limit

This section describes theoretical and experimental results on entangled

photon generation via an active reset of an atom-like few-level system.

Key results presented in this section have been published in Ref. [Mül20].

The sample was grown by Ian Farrer and David A. Ritchie; and processed

by Joanna Skiba-Szymanska, Jonathan R. A. Müller, and Ginny Shooter.

Optical experiments, data analysis, and the theoretical model were real-

ised by Jonathan R. A. Müller with valuable contributions from R. Mark

Stevenson and with guidance from Andrew J. Shields.

In this chapter we focus on the dynamics behind entangled photon generation from

a few-level quantum system. The generation of entangled photons from quantum

dots in particular has recently been the subject of rapid progress, with experimental

implementations demonstrating entangled photon generation with high fidelities

[Hub18a] and collection efficiencies [Che18, Liu19, Wan19]. These achievements have

relied on advances in quantum dot growth, optical excitation techniques, and device

design. However, another factor that has received little attention is the temporal

driving technique.

In the following, we investigate how the temporal driving method affects the emission

rate and entanglement fidelity of entangled photons generated from an atom-like

quantum system, in this case a quantum dot. Crucially, we demonstrate how the

system may emit entangled photons at a higher emission rate and fidelity when the

QD is reinitialised while still optically active, compared to an optimally continuously

driven system. In the first part of this chapter, we employ a rate equation model
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Figure 5.1: Schematic of the rate equation model. (a) Starting from the ground

state. The population is transferred between the different levels via the pump

rate PXX/X and the radiative decay rate ΓXX/X . A photon is emitted whenever

the system decays radiatively (orange arrows). (b) Describing entanglement to

an initial emitted XX photon, starting in the entangled exciton state. Here,

Xent,initial describes entanglement only to the initally emitted XX photon, not

to any other biexciton photons.

to explore the system dynamics. Subsequently, we demonstrate the possibility

of entangled pair rates beyond the continuous driving limit, for strong and weak

pumping. In the second part, we then support the theoretical predictions via an

experimental implementation of this novel gigahertz-clocked driving technique in the

weak pumping regime.

5.1 Rate equation model

We begin by considering the excitation and radiative cascade dynamics of an atomic

three-level system [Asp81], as in this case, of a QD. As described in Ch. 2.2.1, the biex-

citon state decays via an intermediate neutral exciton superposition state, resulting

in two consecutively emitted, polarization-entangled photons [Ben00, Ste06].

To capture these entanglement dynamics in a numerical model, in addition to the

biexciton state XX and the ground stateG, we differentiate between entangled neutral

exciton state Xent, non-entangled neutral exciton state Xinc. Here, Xent is defined
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5.2 Active reset driving for superequilibrium entangled pair rates

as an exciton state entangled to a previously radiatively emitted biexciton photon.

Hence, rather than focussing on the polarisation or spin state of the exciton, we

instead model the entanglement property of the neutral exciton (cf. [Ste12a]).

The resulting four-level rate equation system is visualized in Fig. 5.1a and can be

written as

d

dt
XX(t) = −ΓXX · XX(t) + PXX · [Xinc(t) +Xent(t)]

d

dt
Xent(t) = ΓXX · XX(t)− (ΓX + PXX) ·Xent(t)

d

dt
Xinc(t) = − (ΓX + PXX) ·Xinc(t) + PX ·G(t)
d

dt
G(t) = ΓX · [Xinc(t) +Xent(t)]− PX ·G(t) ,

(5.1)

where PXX/X are the time-dependent pump rates for the respective eigenstate, and

ΓXX/X are the corresponding radiative decay rates. The terms XX(t), Xent(t),

Xinc(t), and G(t) are the respective populations of the corresponding QD states. The

pump terms describe the system for any non-resonant pumping, i.e. either electrical

or non-resonant optical excitation. In the following analysis, we mostly focus on

the electrical excitation case, although the discussion can be easily adapted to the

non-resonant optical excitation case as well. We also focus on situations where the

voltage across the diode is either at or above the turn-on voltage. Thus, unlike

the situation in the previous chapter, tunnelling of the charge carriers out of the

quantum dot is assumed to be negligible [Fry00a]. Moreover, in this idealised model

we omit dephasing via spin scattering from Xent to Xinc for now. Finally, we can

calculate the time-dependent emission rate of polarization-entangled photon pairs as

Γpair = ΓX ·Xent(t).

5.2 Active reset driving for superequilibrium en-

tangled pair rates

To further investigate the system dynamics, we assign the experimentally observed ra-

diative decay rates ΓXX = τ−1
XX = (300 ps)−1 and ΓX = τ−1

X = (500 ps)−1 (cf. Fig. 5.11)

79



5 ENTANGLED PHOTON GENERATION

0 2 4 6 80

1

Po
pu

lat
ion

O p t i m a l  D C  e q u i l i b r i u m

T i m e  ( n s )

( b )

  X X  
  X
  G

0 2 4 6 80

1
Po

pu
lat

ion

0 2 4 6 80

1

Po
pu

lat
ion

( a )

( c ) O p t i m a l  a c t i v e  r e s e t

F u l l y  p u l s e d ,  2 5 0  M H z

Figure 5.2: QD populations for different driving modes, calculated via a rate equation

model. (a) Conventional full-cycle pulsed driving. The QD is reinitialised after

the population has reached zero. (b) Conventional DC driving. Populations are

shown for the DC pump rate that maximizes the entangled pair emission rate.

(c) Active reset regime. The quantum dot is reinitialised into the biexciton

state before the QD population reaches zero.
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5.2 Active reset driving for superequilibrium entangled pair rates

and subsequently solve the rate equations numerically using standard methods [Vir20].

Fig. 5.2a shows the modelled biexciton, exciton, and ground state population, driven

at a slow 250 MHz clock rate via 50 ps rectangular initialisation pulses. Although

not modelled here, a lower limit for the duration of an electrical initialisation pulse

is given by the time the charge carriers take to populate the QD layer when exposed

to a typical forward voltage. This is on the order of 10 ps, governed by finite carrier

mobility in the semiconductor [Kan17]. We approximate the modelled pump rate as

PXX/X −→∞ during the driving pulse to ensure pumping to the biexciton state and

PXX/X = 0 for the remainder of the clock period (corresponding to the system in

the flat-band condition). When the QD is excited to the XX state in the limit of

low driving frequency, practically complete radiative decay to the ground state is

observed during a clock cycle. However, a substantial fraction of the clock cycle is

spent at the tail of the emission cascade with high ground state population and low

emission brightness.

In contrast, for continuous driving the QD population is in equilibrium, with the XX

and X states always populated and an always non-zero emission intensity. Fig. 5.2b

shows the equilibrium QD population at the optimum distribution (here referred to

as ‘optimal DC’), i.e. at the pump rate that maximises the entangled pair generation

rate. To find the optimal DC driving conditions, the pump rates PXX and PX are

set to be equal PXX = PX = P [Hei17]. Fig. 5.3 shows the resulting QD population

equilibrium and entangled pair generation rate as a function of the pump rate. If

PXX is increased beyond the DC optimum, re-excitation of the Xent state to the

XX state dominates, reducing Xent and thus entangled pair emission. Crucially, at

the DC power that maximises the entangled pair emission rate, the distribution of

the QD population in the DC equilibrium means that only a minority (43% in this

case) of the emitted photons form part of a biexciton-exciton cascade, resulting in a

reduced relative fraction of entangled pair emission.

We now introduce a novel active reset (AR) driving scheme based on two core

considerations: Firstly, to reset entanglement at a given clock cycle, the QD does not

need to return to the ground state. Instead, it is sufficient to reinitialise directly to the
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Figure 5.3: Optimum entangled pair generation in equilibrium. (a) QD equilibrium

population and (b) entangled pair generation rate as a function of DC pump

rate P of the system. In the given model, the system reaches an optimum

equilibrium entangled pair rate of 496 MHz at a pump rate of Poptimum =

1.71PX ,sat = 1.32/τXX .

biexciton state—the initial state of the biexciton-exciton cascade—while the QD is still

optically active. Secondly, resetting the QD before the population has fully cascaded

to the ground state allows for an increased entangled-pair emission brightness, as

the low-brightness periods in the tail of the emission are eliminated.

Fig. 5.2c shows the quantum dot driven in the AR regime at a fast 1.27 GHz clock

rate. The QD is perpetually kept in an optically active state with high XX or X

populations and low ground state population below 0.56—eliminating dark periods

and resulting in a high emission brightness. For entangled photon pairs generated from

solid state sources, the entanglement fidelity will typically reduce for an increasing

emission delay between the two photons, owing to the interaction of the QD with

the solid-state environment [Ste12a, Tro14]. By reinitialising the QD state early, the

generation of weakly entangled pairs at longer emission delays can be avoided.
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Figure 5.4: Superequilibrium entangled pair rate for active reset driving. Modelled

time-averaged entangled photon pair generation rate as a function of driving

clock rate. The pair generation rates accessible in DC driving are indicated by

the light-blue-shaded area. An optimum clock rate is given at 1.27 GHz, where

the entangled pair rate exceeds the optimum DC rate by 43 %.

A key consideration for AR driving is the optimum clock rate required to maximize

the number of entangled photon pairs over time, highlighted in Fig. 5.4. Kantner

et al. [Kan17] have shown that for the generation of single photons, an optimum

clock rate exists, after which the emission rate decreases. We find an analogous

result for the case of entangled photon generation. At clock periods longer than the

lifetimes of both, biexciton and exciton, the entangled-pair generation rate naturally

scales approximately linearly with the repetition rate. At faster clock rates, the pair

generation rate in turn reduces due to the non-zero lifetime of the excitonic states,

as the delayed emission of the entangled photon pair is interrupted prematurely

before the radiative cascade completes. Perhaps surprisingly, as the figure shows we

find a range of frequencies between 520 MHz and 3.07 GHz for which the entangled

pair generation rate becomes superequilibrium, exceeding the equilibrium limit for

continuous driving. For the investigated radiative decay rates, the entangled pair

generation rate reaches a maximum at a clock rate of foptimal = 1.27 GHz where it

exceeds the optimum DC pair generation rate by 43%. At this frequency, the clock

period is close to the combined lifetime (τXX + τX) of the two transitions. Even the
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Figure 5.5: Mean cumulative number of entangled photon pairs emitted over time

for the driving modes of Fig. 5.2. (a) Shown for multiple clock periods and

(b) magnification of the first 1.27 GHz clock period, marked by the dashed

grey rectangle in panel a. The grey-shaded region in panel b marks the 50 ps

initialisation pulse in AR driving. Despite an initially lower entangled pair

generation, AR driving exceeds the optimum DC pair generation by 43 % after

one clock period.

highest-clocked experimental demonstrations operate at clock rates below 500 MHz,

with none approaching the optimum [Ste12b, Zha15].

The mean number of emitted entangled pairs 〈Npair(t)〉 until time t is easily calcualted

by integrating the time-dependent entangled pair rate

〈Npair(t)〉 =
∫ t

0
Γpair(t′) dt′ (5.2)

and shown in Fig. 5.5 for the different driving modes. This plot again highlights

the superequilibrium entangled pair rates in AR, producing more entangled photons

than both, DC or fully pulsed driving. Note that for AR driving, due to the early

reinitialisation of the QD state, the mean number of emitted photon pairs per clock

cycle is less than one (0.56 in this model) at foptimal. In contrast for the 250 MHz

clock rate, (asymptotically) one entangled pair is emitted each clock cycle. Notably,

panel 5.5b highlights the dynamics of AR driving within a clock period: During the

strong initialisation pulse, the entangled pair emission is zero, giving the continuous

DC driving a head start at the beginning of the clock period. However, during
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the subsequent free evolution in AR driving, the system is free from detrimental

reexcitation, leading to an overall superior mean entangled pair emission by the end

of the clock period. In practice, further external factors affect the overall efficiency

as well, such as device electrical bandwidth and collection efficiency (cf. Chs. 4.2.3

and 2.4.3).

5.2.1 Superior entanglement fidelity via active reset

Next, we focus on the resulting entanglement fidelity. A measurement of the two-

photon state is given by the subsequent detection of an X photon after a XX photon.

To reflect this, we modify the rate equation 5.1 such that, instead of starting from

the ground state, the starting point is the emission of a XX photon, with the QD

system now in an entangled exciton state Xent,initial. Furthermore, a subtle change in

the definition of the rate equation levels is required. We now differentiate the two X

levels regarding their entanglement to the already emitted XX photon only—not to

any other XX photon. As a consequence, once the system has left the Xent,initial state

there is no return to this state, because future XX -X cascades will not be entangled

to the intially emitted XX photon. The resulting rate equation is visualized in

Fig. 5.1b, and can be written as [Ste12a]

d

dτ
XX(τ) = −ΓXX · XX(τ) + PXX · (Xinc(τ) +Xent(τ))

d

dτ
Xent(τ) = − (ΓX + PXX) ·Xent(τ)

d

dτ
Xinc(τ) = ΓXX · XX(τ)− (ΓX + PXX) ·Xinc(τ) + PX · pG
d

dτ
G(τ) = ΓX · (Xinc(τ) +Xent(τ))− PX ·G(τ) .

(5.3)

In addition, we are now computing the system as a function of the time delay between

XX and X emission τ = tX − tXX instead of absolute time, and are consequently

calculating the derivative w.r.t. τ as well.
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We can then calculate the two-photon density matrix as a function of time delay

after the emission of an XX photon via

ρ̂(τ) = Xent,inital(τ) ρ̂ent +Xinc(τ) ρ̂mm

Xent,inital(τ) +Xinc(τ)

= kentρ̂ent + kmmρ̂mm ,

(5.4)

with the density matrices for the entangled state ρ̂ent and a maximally-mixed state

ρ̂mm defined as

ρ̂ent = 1
2



1 0 0 1

0 0 0 0

0 0 0 0

1 0 0 1


and ρ̂mm = 1

4



1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1


(5.5)

respectively, as well as the (time-dependent) fraction of entangled kent and maximally-

mixed photon pairs kmm

kent = Xent,inital(τ)
Xent,inital(τ) +Xinc(τ) (5.6)

kmm = Xmm(τ)
Xent,inital(τ) +Xinc(τ) . (5.7)

Note that both, the numerator and the denominator of kent and kmm are time-

dependent. In the density matrix representation, the fidelity f to a maximally

entangled two-photon state ρent is defined via [Joz94]

f :=
[
tr
√√

ρ̂entρ̂
√
ρ̂ent

]2

. (5.8)

Inserting Eq. (5.4) then gives

f(τ) =
[
tr
√√

ρ̂ent (kentρ̂ent + kmmρ̂mm)
√
ρ̂ent

]2

=
[
tr
√
kent

√
ρ̂entρ̂ent

√
ρ̂ent + kmm

√
ρ̂entρ̂mm

√
ρ̂ent

]2

=
[
tr
√
kentρ̂2

ent + kmm (ρ̂2
ent/4)

]2

= kent + kmm

4 .

(5.9)
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Figure 5.6: Fidelity to a maximally entangled Bell state vs emission delay between

exciton and biexciton, for optimal AR driving (red) and optimal DC driving

(blue). AR driving maintains a high fidelity even for a maximized pair emission

rate.

As one would expect, we verify that a fully entangled state produces a fidelity of 1,

while a maximally-mixed state produces a fidelity of 0.25. Here we performed the

fidelity calculation for the case of an emitter with zero FSS, producing entangled

photons in the static φ+ Bell state. For an arbitrary FSS replacing the definition of

ρent with an evolving two-photon state (see Eq. (2.15)) yields the same overall result

for Eq. (5.9) after subsequent projection onto that same time-evolving entangled

two-photon state.

To factor in the time-dependent pump rate in AR driving, we subsequently need to

multiply the posterior populations calculated via Eq. (5.3) by the prior probability of

measuring the system in the initial state Xent,initial. This is given by the probability

of detecting an XX photon at absolute time t, defined via ΓXX XX(t) (where XX(t)

is calculated by solving Eq. (5.1)).

The resulting entanglement fidelities for the optimum AR and DC conditions are

shown in Fig. 5.6. Notably, the fidelity in AR driving is significantly increased over

the DC fidelity. This stems from the fact that the fidelity in optimum AR driving is

limited only by additional XX emission during the short (50 ps) initialisation pulse.

Yet at the end of the clock period, the strong initialisation pulse reliably destroys any
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remaining entanglement by transferring the QD population back to the XX state.

When integrating the fidelity over all two-photon coincidences within a clock cycle,

the overall fidelity in AR driving comes to 89.4 %. The entanglement fidelity in DC

driving, in contrast, is fundamentally limited by constantly competing, uncorrelated

emission from continuous excitation. Consequently, the overall fidelity integrated

over the same time period comes to 72.7 %, significantly reduced from the value

in AR driving. Altogether, this model demonstrates the feasibility of overcoming

the limits on entanglement fidelity and entangled-pair brightness imposed by DC or

full-cycle pulsed driving.

5.2.2 Active reset in the weak pumping regime

In the previous sections we focussed exclusively on the strong pumping regime for

active reset driving, where the entangled pair emission saturates as shown in Fig. 5.7.

Unlike continuous driving (see Fig. 5.3), in AR driving there is thus no optimum

pumping rate, as any sufficiently strong pumping rates will produce the saturation

entangled pair rate. In this case of strong pumping rates during initialisation, we

can always expect the QD to be in the XX state after the initialisation pulse. As a

consequence, the entanglement is naturally destroyed at the end of the clock period

by transferring the remaining entangled exciton population Xent back into the XX

state. However, such strong pumping rates are not always accessible experimentally.

In particular for non-resonant excitation (incl. electrical excitation), undesirable

optical emission from the wetting layer may become dominant at high pumping

rates.

In the following we investigate the system dynamics for reduced pumping rates during

the initialisation pulse. At reduced pumping rates, a non-zero Xent population carries

over to the next clock cycle, as shown in Fig. 5.8a. Consequently, the two-photon

emission is partially correlated at the end of a clock cycle, remaining above the value

of 0.25 for maximally mixed emission (black line in Fig. 5.8b). However, depending

on the physical implementation this could be potentially alleviated by dephasing

during initialisation, such as observed due to charge noise [Tro14]. We model this
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Figure 5.7: Time-averaged emission intensity in AR driving as a function of pump

rate P during the initialisation pulse. The entangled pair emission plateaus

when the biexciton is reliably initialised each clock cycle (region shaded in

light-pink).
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Figure 5.8: (a) QD populations in AR driving at a reduced driving pump rate of

PXX/X = 10 ΓXX and no dephasing. The entangled exciton population Xent

does not reach zero during initialisation. (b) Fidelity to a maximally entangled

Bell state for different dephasing rates during initialisation. At zero dephasing,

the emission is still partially correlated at the end of a clock period (positive

end of the x-axis).
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by adding a spin scattering rate from Xent to Xinc during the initialisation pulse to

the rate equation model. For a moderate dephasing rate (red line in Fig. 5.8b), the

remaining correlation is nearly fully eliminated at the end of the clock cycle. Thus,

even though in the weak pumping regime the entanglement is not inherently destroyed

between clock cycles, the dephasing dynamics of the system may be sufficient to

compensate for this. At the same time, even strong dephasing during initialisation

only moderately reduces the fidelity (blue line). Likewise, the calculated overall

fidelity reduces only moderately to 93.0 % for strong dephasing, from 97.4 % at zero

scattering, highlighting the robustness of AR driving. As a side note: the substantial

Xinc population in Fig. 5.8a may lead one to expect lower fidelities in the weak

driving regime. However, those clock cycles where the QD is in the Xinc state are

the ones where it does not reach the XX state. Consequently, in these clock cycles

no two-photon coincidence is registered due to the lack of XX photon, and thus the

measured entanglement fidelity is not impacted. Similarly, the security of a potential

QKD protocol remains unaffected as no entanglement will be distributed in these

clock cycles.

A central motivation for AR driving is the generation of entangled pairs at supere-

quilibrium rates, i.e. at higher emission rates than possible in continuous DC driving.

Naturally, at reduced AR pump rates, the entangled pair rate does not necessarily

exceed the DC optimum. For closer investigation, Figs. 5.9a and 5.9b show the

modelled entangled pair rate for AR and DC driving in the weak pumping regime.

To produce the respective XX/X emission intensity as plotted on the x-axes, the

pump rates of AR and DC driving are each adjusted accordingly, while keeping

all other parameters unchanged. Crucially, this figure demonstrates that for any

chosen exciton or biexciton intensity, AR driving produces more entangled photons

than continuous DC driving. In other words, AR driving consistently maintains

the superequilibrium entangled pair rates in the weak pumping regime as well. For

identical XX intensities, AR driving produces the same number of entangled pairs as

DC driving in the limit of zero intensity, up to 1.51 times near XX saturation. For

identical X intensities, the entangled pair rate in AR driving reaches from 1.22 times
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Figure 5.9: Modelled entangled pair rate as a function of (a) biexciton emission intens-

ity and (b) exciton emission intensity. AR driving produces superequilibrium

entangled pair rates (exceeding the respective rate in DC, light-pink shaded

region) for all driving conditions. (c) and (d) Efficiency of entangled photon

generation. Emitted entangled photons as a fraction of all emitted XX and

X photons, as a function of exciton emission intensity and biexciton emission

intensity. AR driving is consistently more efficient than DC driving. X-axis

emission intensities are given in terms of the biexciton and exciton saturation

intensity in AR driving, IXX ,sat,AR and IX,sat,AR, respectively (cf. Fig. 5.7). The

clock frequency in AR driving is fixed to 1.27 GHz, only the driving pump rate

is varied.
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the DC rate in the limit of zero intensity up to 1.89 more at saturation. Note that

for both, AR driving and DC driving, the maximum entangled pair rate only occurs

beyond the X saturation intensity and is therefore not shown in this plot.

Likewise, Figs 5.9c and 5.9d show that AR driving produces entangled photons more

efficiently than DC driving. Thus, altogether AR driving produces more entangled

photons while, at the same time, producing less non-entangled photons as well.

5.3 Experimental active reset

After establishing the theoretical advantages of AR driving via the rate equation

model, we now turn our attention towards the experimental implementation of AR

driving, in a proof-of-principle demonstration.

5.3.1 Driving conditions

We employ the same high-frequency optimised QD LED presented in Ch. 4, mounted

in the Helium vapour cryostat and cooled to 6 K. Fig. 5.10 shows the EL spectrum in

different driving modes. The biexciton and exciton emission was centered at 876.8 nm

and 877.8 nm respectively. Near X saturation in DC (5.10a), in the employed sample

the spectrum exhibits a substantial background contribution from the wetting layer.

In addition to running the diode in AR, we performed a reference DC measurement

for comparison.

The AR and DC experiments were performed in the weak pumping regime to mitigate

background contribution. The DC current was set to 27 % of theX saturation current,

or approximately 17 % of the predicted optimum DC pumping intensity. The driving

voltage for the AR measurement was chosen such that the resulting integrated

exciton and biexciton emission lines reach 100.4 % and 115.5 % intensity, respectively,

compared to the DC setting (Figs. 5.10b and 5.10c). To this end, the sample was

electrically excited at a clock rate of 1.15 GHz (T = 868 ps period) with initialization

pulses of amplitude Vpulse = 0.6 V and nominal duty cycle 5% (∼ 43 ps). The DC

bias of VDC = 0.6 V just below the turn-on voltage was chosen to ensure that, outside
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Figure 5.10: EL spectra for different driving conditions. (a) Driven in DC near

the X saturation current. (b) Spectrum at the chosen active reset conditions.

(c) Spectrum at the reference DC conditions matched to the AR settings. Note

that in AR driving the X peak is slightly broadened compared to the DC

settings, thus appearing lower despite a near-identical total intensity when

integrated over the linewidth.

of the initialisation pulse, the diode remains below turn-on even at high frequency

driving.

Figure 5.11 show the time-resolved EL for the biexciton and exciton transitions under

fully pulsed excitation and under the chosen active reset driving conditions . The XX

lifetime remains largely unaffected, while a weak decrease of the X lifetime implies

a low tunneling rate out of the QD. The emission intensity for both transitions

remains non-zero throughout, operated in the weak pumping regime analogous to

the situation described in Fig. 5.8a.

The clock rate of 1.15 GHz chosen for experimental AR was slightly reduced from

the theoretical optimum of 1.27 GHz to ease requirements on the device bandwidth

and avoid electrical resonances. Fig. 5.12 highlights that the theoretical model still

predicts an entangled pair generation rate of more than 99 % of the optimal value

for this reduced clock rate, remaining within the superequilibrium regime.
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Figure 5.11: EL intensity as a function of time. (a) biexciton and (b) exciton

emission line under excitation from a single 200 ps electrical driving pulse.

(c) biexciton and (d) exciton emission line at the chosen active reset settings.

In this case the EL emission is re-initialized before the QD population reaches

zero. Mono-exponential fits used to extract the lifetimes are shown in red.
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Figure 5.12: (Time-averaged) entangled pair generation advantage Γpair,RR/Γpair,DC

as a function of clock rate and driving pulse length for optimum pumping rates.

The red sections mark the superequilibrium region where active reset allows for

enhanced entangled pair generation rates compared to optimum equilibrium

parameters. Fig. 5.4 is a cross-section of this figure at a fixed driving pulse

length of 50 ps. The triangle marks the nominally employed experimental

settings.

5.3.2 Optical setup

The E-LED emission was collected confocally as described in Ch. 3.2. The subsequent

optical measurement setup is illustrated in Fig. 5.13. The eigenbasis of the QD

was determined as described in Ch. 3.2.1, and we subsequently measured the XX

and X emission in five orthogonal polarisation bases to calculate the fidelity to a

maximally entangled Bell state (see Eq. (2.15)). The SSPD detection times tXX and

tX were recorded in 2 ps bins w.r.t. the clock signal of the pulse generator using

a multi-channel, time-correlated single-photon-counting module [Wah98]. Overall,

the detection system had a time jitter of 50 ps FWHM. The relative time delays of

the three SSPDs channels were calibrated using a pulsed diode laser. Finally, the
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Figure 5.13: Optical setup to characterise active reset driving. The E-LED was

driven by the electrical pulse generator. The resulting XX and X emission

was spatially separated via a transmission grating. The emission was projected

onto the desired polarisation basis via the electrically driven polarisation

controllers (EPCs) and polarising beam splitters (PBSs), and subsequently

detected via the SSPDs. The detection time of all biexciton photons tXX and

exciton photons tX was recorded w.r.t. the clock of the pulse generator.

detection events of the independent SSPD channels where downsampled to 16 ps

bins and correlated during post-processing.

5.4 Experimental results

To gain an understanding of the measurement results, we first analyse the data

acquired during DC driving. Figs. 5.14a and 5.14b show the resulting normalised

biexciton-exciton second-order correlation function g(2)(tXX , tX) as a function of XX

emission time (tXX) and X emission time (tX) relative to the clock of the (in this

case constant) voltage source. The modelled second-order correlation is calculated

following the rate equation methodology explained at the beginning of this chapter.

The intermediate time-resolved QD populations are convolved with the experimental

50 ps Gaussian timing jitter of the detectors. To determine the pump rate we insert

96



5.4 Experimental results

- 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5

- 0 . 5

0 . 0

0 . 5

1 . 0

1 . 5

B i e x c i t o n  e m i s s i o n  t i m e  ( n s )

Ex
cito

n e
mi

ssi
on

 tim
e (

ns
)

0

2

4

- 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5

- 0 . 5

0 . 0

0 . 5

1 . 0

1 . 5

F i d e l i t y F i d e l i t y

S e c o n d  o r d e r  c o r r e l a t i o n

B i e x c i t o n  e m i s s i o n  t i m e  ( n s )
Ex

cito
n e

mi
ssi

on
 tim

e (
ns

)

0

2

4

6

8
S e c o n d  o r d e r  c o r r e l a t i o n

- 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5

- 0 . 5

0 . 0

0 . 5

1 . 0

1 . 5
( c )

B i e x c i t o n  e m i s s i o n  t i m e  ( n s )

Ex
cito

n e
mi

ssi
on

 tim
e (

ns
)

0

0 . 2

0 . 4

0 . 6

0 . 8

1

( a )

- 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5

- 0 . 5

0 . 0

0 . 5

1 . 0

1 . 5

( d )

( b )

B i e x c i t o n  e m i s s i o n  t i m e  ( n s )

Ex
cito

n e
mi

ssi
on

 tim
e (

ns
)

0

0 . 2

0 . 4

0 . 6

0 . 8

1

Figure 5.14: Generation of entangled photon pairs in DC driving. (a) Modelled

and (b) experimental unpolarised biexciton-exciton second order correlation

g(2)(tXX , tX) as a function of biexciton emission time tXX and exciton emission

time tX . (c) Modelled and (d) experimental corresponding fidelity to a max-

imally entangled evolving Bell state f(tXX , tX). The fidelity remains highly

entangled within the driving cycle, and is sharply quenched towards the end

of the cycle tX → T . The total fidelity within a 1.15 GHz period (dashed

black square) is (71.2± 1.0) %. The data are plotted in bins of 16 ps× 16 ps;

experimental bins with insufficient photon counts are coloured in white.
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the experimentally used value of 27 % of the saturation pump rate into the model.

The modelled correlations serve only as a qualitative reference, as a precise fit of all

involved parameters was not performed at this point. In particular, external noise

contributions where modelled via a flat 0.2 ΓXX chosen as the dephasing term. As is,

the modelled correlations serve as a useful tool to understand the origin of various

features in the experimental measurement.

Due to the cascaded emission of the X photon after the XX photon, the correla-

tion events within a clock period are naturally biased towards the upper triangle

region where tX > tXX . In the DC measurement, the driving voltage is invariant

over time, thus the second order correlation is translationally symmetric along the

diagonal.

Figs. 5.14c and 5.14d show the fidelity to a maximally entangled evolving Bell

state, extracted from co- and cross-polarized correlations measured in the respective

polarization bases as laid out in Eq. (2.15) and with a QD fine structure splitting

of S = 10 μeV. Notably the model qualitatively reproduces the features of the

experimental data. Although there is no inherent clock cycle in this DC measurement,

for comparison with AR driving the dashed black square in each of the panels marks

the boundaries of a single 1.15 GHz clock period. Naturally, the entanglement

fidelity is not confined to the clock cycle. Nevertheless for comparison, the overall

fidelity, integrated over all two-photon coincidences within this clock period comes to

(71.2± 1.0) %. The error is estimate by assuming Poissonian detection statistics and

taking into account systematic errors in the polarisation calibration. The fidelity

reaches a maximum value of (92.5± 1.9) % in the (16ps× 16ps) bin with the highest

entanglement.

In analogy to the DC measurement, Figs. 5.15a and 5.15b show the resulting

normalised biexciton-exciton second-order correlation function for the AR experiment.

The GHz-clocked character of the driving mode is directly apparent, as the driving

voltage is no longer invariant over time. Consequently, the correlation is segmented

into separate clock cycles. At the same time, unlike for fully pulsed driving, the g(2)

value remains non-zero throughout the clock cycle.
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Figure 5.15: Generation of entangled photon pairs at a 1.15 GHz repetition rate. The

dashed black square highlights photon pairs emitted within the same driving

cycle. (a) Modelled and (b) experimental unpolarised biexciton-exciton second

order correlation g(2)(tXX , tX) as a function of biexciton emission time tXX and

exciton emission time tX . (c) Modelled and (d) experimental corresponding

fidelity to a maximally entangled evolving Bell state f(tXX , tX). The fidelity

remains highly entangled within the driving cycle, and is sharply quenched

towards the end of the cycle tX → T . The total measured fidelity within a cycle

is (79.5± 1.1)%. The data are plotted in bins of 16 ps× 16 ps; experimental

bins with insufficient photon counts are coloured in white.
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Figs. 5.15c and 5.15d show the corresponding fidelity to a maximally entangled

evolving Bell state. For the rate equation model, the dephasing rate during the

initialisation pulse was set to 10 ΓXX . The resulting modelled fidelity is in qualit-

ative agreement with the experimental data. If we choose a lower dephasing rate

during initialisation in the model, the polarisation correlation carries on beyond the

boundaries of the clock period. This indicates that the experimental quenching of

the entanglement could be aided by dephasing within the system.

The emission reaches a maximum measured fidelity of (95.8± 1.3)% and remains

above the classical limit of 50% for the majority of the cycle, indicating electrically

driven photon pair generation at a record 1.15 GHz clock rate. The maximum fidelity

is similar to the maximum value of (92.5± 1.9) % in DC driving, in agreement

with the presented theoretical model as neither driving mode limits the maximum

entanglement fidelity at zero exciton-biexciton emission time delay (cf. Fig. 5.6).

The overall entanglement fidelity, integrated over all photon pairs detected within

the same driving cycle (including the ‘lower triangle’ at tX < tXX), comes to

f = (79.5± 1.1)%. For an entanglement-based QKD protocol, this value yields a

quantum bit error rate of (13.6± 0.7)% [Sca09], well within the 27.6% limit required

for secure quantum communication [Cha02]. Notably, no postselection is required

in this driving mode — weakly entangled photon pairs at longer time delays are

avoided naturally, as the entanglement is actively reset at the beginning of each

cycle. Finally, at the edges of the driving cycle, the entanglement is abruptly reduced

towards the classically uncorrelated value of 25%. Crucially, the measured overall

entanglement fidelity significantly exceeds the overall fidelity of fDC = (71.2± 1.0)%

for the DC measurement.

An essential factor for the performance of QKD systems are independent polarizations

for photons emitted across subsequent clock cycles, in order to maintain a low

quantum bit error rate [Sca09]. Fig. 5.16 shows the mean entanglement fidelity as a

function of the number of clock cycles between XX photon and X photon detection.

Importantly, only photon pairs emitted within the same clock cycle are entangled.

Photon pairs emitted across different clock cycles in turn yield a mean fidelity close
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Figure 5.16: Reliable reset of entanglement. Integ-

rated measured entanglement fidelity in AR driv-

ing as a function of clock cycles between biex-

citon emission and exciton emission. The in-

tegrated fidelity is non-classical only for photon

pairs emitted within the same clock cycle.
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Figure 5.17: Comparison of the entanglement fidelity for AR and DC driving.

Histogram of the measured entanglement fidelity as a function of the exciton

photon detection delay after the biexciton photon, tX−XX = tX − tXX . The

fidelity in AR driving for coincidences emitted within the same cycle (red line)

remains substantially higher than in DC driving (blue line) for the majority of

the cycle. Shaded ribbons indicate the respective estimated standard error based

on Poissonian detection statistics and estimated setup drifts in polarization.
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to the 25% mark of fully uncorrelated light. This implies that the QD state is reset

efficiently at the beginning of each cycle, such that the entanglement does not carry

over from one clock cycle to the next. Though reinitialisation to the XX state is

dominant, other unentangled initial states may be formed due to the statistical

nature of non-resonant excitation, in particular in the weak pumping regime.

For pairs detected within the same clock cycle, the measured fidelity as a function

of time delay between the two photons (shown in Fig. 5.17) resembles the concave

shape predicted via the rate equation model in Fig. 5.6. For time delays approaching

the end of the 868 ps repetition period, entanglement is quickly quenched. As we

are operating the weak pumping regime, this could be a combination of efficient

reinitialisation and dephasing, as discussed in Ch. 5.2.2. Remarkably, as predicted

the measured fidelity in AR driving remains non-classical for longer time delays than

in DC driving. At the same time, the fidelity in DC driving remains significantly

above 25% at the end of the repetition period, thus carrying over an undesirable

polarization correlation into the next clock cycle.

5.4.1 Experimental superequilibrium entangled pair rates

Finally, we return to the theoretical prediction of superequilibrium entangled pair

rates in AR driving compared to DC. We compare the measured entangled photon

pair intensity in AR and DC, accumulated as a function of time delay relative to the

clock signal, shown in Fig. 5.18. The number of entangled photon pairs is estimated by

approximating the QD emission as a mixed state consisting of maximally entangled,

and uncorrelated photon pairs (cf. Eq. (5.9)). The data were normalized by the

total number of detected two-photon coincidences in the respective experimental

run, such that the number of entangled pairs can be compared for the same emission

intensity in both AR and DC. This compensates for the slightly reduced biexciton

intensity in the matched DC driving mode as well as any drifts in setup efficiency

between the two runs. The form of the curves resembles those in Fig. 5.5, with

a constant pair emission rate for DC driving. For AR the rate is highest during

the central part of the clock period. The measurements show an entangled photon

102



5.4 Experimental results

0 . 0 0 0 . 2 5 0 . 5 0 0 . 7 50 . 0

0 . 5

1 . 0

 A R  d r i v i n g
 D C  d r i v i n g

Cu
mu

lat
ive

 
en

tan
gle

d p
air

 em
iss

ion
 

(a.
u.)

T i m e  ( n s )

Figure 5.18: Cumulative entangled pair emission. Plotted over one 1.15GHz cycle,

adjusted by the overall two-photon coincidences in the respective experiment,

and subsequently normalised to the cumulative entangled-pair emission in DC.

After one clock cycle, AR driving yields (21± 3)% more entangled pairs. Error

bars and shaded ribbons indicate the respective estimated standard error based

on Poissonian detection statistics and estimated setup drifts in polarization.

pair rate enhanced by (21± 3)% for 1.15 GHz AR driving compared to continuous

driving in DC, of similar order to the 43% predicted for optimum driving conditions.

The absolute detected entangled pair rate was (156± 3) Hz for the DC equilibrium.

For AR driving the entangled pair rate, after normalising to the same number of

total two-photon coincidences as in DC, was (188± 3) Hz. The detected entangled

pair count rate scales with the square of the overall collection efficiency. Thus, an

optimized collection efficiency would bring the detection rates closer to the near-GHz

internal entangled pair generation rates of the QD system itself.

When matching the DC exciton intensity to AR at the employed driving intensities,

the theoretically predicted relative AR advantage is 11 %, as shown in Fig. 5.19. In

this metric as well we expect an enhanced efficiency for AR driving over DC for

any non-zero pump rate. The relative efficiency γAR/γDC appears to scale almost

linearly with the DC pump rate. We attribute the increased experimentally measured

advantage of (21± 3) % to external dynamics affecting the system, such as higher

charge noise in DC due to the continuous electrical current. Notably, spin scattering
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Figure 5.19: Modelled ratio of AR to DC entangled

pair generation efficiency. γ is the respective

entangled pair rate normalised by the total

two-photon coincidences. In AR, the driving

pump rate is matched such that the total X

intensity equals that of the respective DC

pump rate, as done in the experiment. The

dashed vertical line marks the experimentally

chosen pump rate.

due to interaction of the QD with the solid-state environment plays a role in practice

[Tro14], potentially magnified by the increased charge noise. Thus the presented

proof-of-principle experiment in the weak pumping regime is a reliable predictor

for the expected performance advantage at optimum driving parameters for a QD

sample suitable for high pumping rates.

5.5 Compatibility with optical biexciton

initialisation

The discussed AR scheme and the associated benefits offer the chance for additional

investigation. Notably, the scheme could be combined with optical pumping of the

biexciton state instead of electrical pumping. In particular two-photon excitation has

been shown to enable high-fidelity generation of entangled photons from quantum

dots [Hub18a]. In the AR scheme, the only partially populated ground state hinders

a full population transfer to the biexciton state purely via Rabi flopping. However,

compatible alternatives are given by two-photon excitation via adiabatic rapid passage

[Glä13b, Kal17b] and phonon-assisted two-photon excitation [Glä13a, Ard14, Bou15],

both of which are in principle capable of transferring partial ground and exciton

populations to the biexciton state.
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5.6 Conclusion

The theoretical and experimental results of active reset driving presented in this

chapter provide fundamental insight into the dynamics of a non-resonantly driven

few-level quantum system. Most notably, we motivated how the system may generate

entangled photon pairs at a superior emission rate when driven for only a fraction of

the time, compared to driving the system in a continuous equilibrium. In an experi-

mental implementation of AR driving in the weak pumping regime, we demonstrated

an entangled pair rate enhanced by (21± 3) % compared to a continuously driven

reference measurement. In addition, this experiment constituted the electrically

driven entangled photon generation at a record 1.15 GHz clock rate while maintaining

a (79.5± 1.1) % overall fidelity, compatible in principle with entanglement-based

QKD.

The insights presented in this chapter present ample opportunity for further research.

A natural progression of the experimental work is a demonstration of AR driving in

the strong pumping regime, where we predict a strictly superior entangled pair rate

compared to the optimum continuously driven entangled pair rate. As discussed,

in addition to electrical driving this could be achieved via non-resonant optical or

quasi-resonant optical excitation. Another area of interest is the effect of active reset

driving on other quantum optical properties of the emission, namely on coherence

and indistinguishability. In particular for electrical driving, a reduced charge noise

outside of the initialisation pulse could potentially lead to superior results in both

metrics while maintaining superior emission rates compared to low frequency, fully

pulsed driving.

Furthermore, the considerations in this chapter place little restraints on the external

entanglement source design. The approach is therefore compatible with a wide

variety of other techniques to enhance the source brightness, such as micropillars

[Dou10, Din16], broadband antennas [Che18], circular Bragg grating cavities [Liu19,

Wan19], or photonic crystals [Arc14]. Notably, this driving scheme could benefit from

Purcell-enhanced radiative decay rates some of these approaches provide, reducing the
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radiative lifetime and shifting the optimum AR clock rate to even higher frequencies.

The measurements in this chapter were performed on a sample with a FSS of

10 μeV, requiring reconstruction of the time-evolving entanglement fidelity. For

QD samples with reduced FSS [Tro14], monitoring the static entanglement fidelity

would be sufficient, simplifying both data analysis and integration in future photonic

applications.

Finally, entangled-LEDs operated in the active reset regime may benefit the overall

performance of entanglement-based photonic applications. The gigahertz-clocked

generation of entangled photon pairs combined with the enhanced entanglement fidel-

ity and source brightness compared to equilibrium operation is of particular interest

for entanglement-based QKD protocols, quantum relays, and future implementations

of a quantum repeater.
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6
Entangled LEDs for

measurement-device-

independent QKD

This section describes theoretical results on the integration of E-LEDs

in MDI-QKD. The theoretical model, methodology, computations and

analysis were realised by Jonathan R. A. Müller with valuable insight

from R. Mark Stevenson and Nathan Walk, and with guidance from

Andrew J. Shields.

The integration of QD emitters in QKD schemes has been a topic of continuous

interest over the years [Dzu15, Bas21, Sch21]. A major benefit of this approach is

the prospect of multi-fold key rate improvements over the use of laser-generated

WCPs due to sub-Poissonian photon statistics [Wan08, Cha20, Kup20].

A popular class of QKD schemes is formed by MDI-QKD, eliminating the susceptibil-

ity to detector side-channel attacks. In order to extend the maximum communication

distance of traditional MDI-QKD, Xu et al. have proposed the addition of an en-

tangled photon source to the scheme, acting as an additional untrusted relay [Xu13].

In the proposal, the authors focussed on the use of SPDC sources for the generation

of entangled photons. As the authors point out, however, the inherent probability

of multi-photon-pair emission from SPDC increases the QBER, thus limiting the

achievable key rate in this scheme. This limitation could, in principle, be overcome

by instead leveraging the sub-Poissonian photon statistics of an E-LED.

In this chapter we theoretically explore the integration of such an E-LED source in

the MDI-QKD scheme. In the first half of the chapter, we present the envisioned

QKD scheme and theoretical model. In the second half we present and analyse the

numerically computed results for such an implementation.
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E-LEDlaser La laser Lb
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DH2DH1

DV1
PBS
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PBS
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Figure 6.1: Measurement setup for entanglement-based MDI-QKD using an E-LED.

Alice and Bob send out a bit, encoded as a WCP in either the rectilinear

or diagonal basis, following the BB84 protocol. At the same time, Charlie

generates an entangled XX -X pair. David then performs a BSM on Alice’s

photon and the XX photon; and separately Ethan performs a BSM on Bob’s

photon and the X photon. Successful measurement of both Bell states then

indicates even parity of Alice’s and Bob’s bits, subject to QBER.

6.1 Entanglement-based MDI-QKD protocol

A simple experimental setup to realise this entanglement-based MDI-QKD (E-MDI-

QKD) scheme is illustrated in Fig. 6.1, modified from the proposal by Xu et al.

[Xu13]. The original MDI-QKD scheme (cf. Fig. 2.9) is extended by an untrusted

entangled-pair node (Charlie) as well as a second untrusted BSM (Ethan). The

E-MDI-QKD protocol is as follows:

1. Alice and Bob each send out one bit, polarisation-encoded as a WCP in either

the rectilinear or diagonal basis (chosen randomly)

2. At the same time Charlie generates an entangled XX -X pair, sending one

photon each to David and Ethan.
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3. BSMs are then performed on Alice’s photon and the XX photon; and separately

on Bob’s photon and the X photon.

4. David and Ethan broadcast successful BSMs using classical channels

5. Alice and Bob use classical communication to post-select events where they used

the same polarisation basis and where David and Ethan performed successful

BSMs. For these events they now share a secret bit-string (subject to QBER

and privacy amplification), even in the case where Charlie, David, and Ethan

are all controlled by an untrusted adversary Eve. The untrusted parties only

know that Alice and Bob’s bits have even parity, but not whether a given bit

is a 1 or 0.

Compared to the implementation by Xu et al. [Xu13], we have replaced the SPDC

source by an E-LED. For simplicity, instead of allowing for measurement of both,

|ψ+〉 and |ψ−〉 at the David and Ethan nodes, we exclusively consider projection onto

the |ψ+〉 state. Although this reduces the key-rate by a factor of 4, this simplification

does not affect the overall communication distance, nor the success rate or security

of the protocol. The results can then be trivially extended back to the case where

both, |ψ+〉 and |ψ−〉 are measured.

Table 6.1 summarises the resulting bit parity: whenever a successful |ψ+ψ+〉 measure-

ment is announced, Alice and Bob expect to share the same bit. Notably the parity

|ψ+ψ+〉 Bell state

Rectilinear basis Even bit parity

Diagonal basis Even bit parity

Table 6.1: Parity table according to chosen polarisation bases and measured Bell

state for zero FSS. Alice and Bob post-select the bits where they chose the same

polarisation basis (rectilinear or diagonal) and successful BSMs onto |ψ+ψ+〉

are announced. As a result, their bits share the same parity. The bit-parity is

derived in appendix A.1.

109



6 ENTANGLED LEDS FORMEASUREMENT-DEVICE-INDEPENDENT QKD

table differs from that of Xu et al. [Xu13] as SPDCs emit into the 1√
2(|HV 〉+ |V H〉)

state, requiring additional subsequent bit flips.

6.2 Theoretical model

For the theoretical evaluation of the protocol, we extend the approach presented in

Ref. [Var16] for quantum teleportation using E-LEDs, which represents a subset of

the experimental E-MDI-QKD scheme. Compared to quantum teleportation, for

E-MDI we require a second sender (Bob) and a second BSM (Ethan). In a way,

E-MDI-QKD can be seen as Alice first performing quantum teleportation of her qubit

via David and Charlie as a relay, and subsequently performing standard MDI-QKD

by interfering Alice’s teleported qubit and Bob’s qubit at Ethan.

We begin with the general wavefunctions of the QD and laser photons. These take

the general form

|ψj〉 = Aj(tj)Cj(tj) |Ψj(tj)〉 , (6.1)

consisting of the time-dependent real amplitude Aj(tj), overall phase Cj(tj), and

polarisation |Ψj(tj)〉. The overall phase in turn is given by

Cj(tj) = eiωjtjeiφj(tj) (6.2)

where ωj represents the angular optical frequency and φj(t) denotes phase fluctuations

as a function of time ∆, such that

〈ei[φj(tj)−φj(tj+∆)]〉 = e−|∆|/τcoh,j (6.3)

for a given coherence time τcoh,j [Leg03, Var16].

For laser La we yield:

|ψLa〉 = ALa(tLa)CLa(tLa) |ΨLa〉 , (6.4)

|ΨLa〉 = cos(θLa) |H〉+ eiϕLa sin(θLa) |V 〉 , (6.5)

and analogously for laser Lb.
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XX

X

laser La

laser Lb

PBS

BS

Figure 6.2: Schematic of entanglement-based MDI-QKD. Biexciton and laser A

interfere on a non-polarising beam splitter; analogously exciton and laser B.

Polarising beam splitters then project the photons onto the detector polarisation

states |H1〉, |V1〉, |H2〉 and |V2〉.

The E-LED emission is given by

|ψBX〉 = ABX(tB, tX)CB(tB)CX(tX) |ΨBX(tB, tX)〉 . (6.6)

The polarisation state |ΨBX(tB, tX)〉 is approximated as an entangled contribution

|ΨBX,ent〉 plus a maximally mixed contribution |ΨBX,mixed〉. Note in this chapter, we

denote biexciton contributions via the index B instead of XX to enhance legibility.

The entangled contribution is given by

|ΨBX,ent〉 = 1√
2
(
eiS(tX−tB) |HH〉+ e−iS(tX−tB) |V V 〉

)
, (6.7)

where S is the FSS. The non-entangled contribution is given by the maximally mixed

state (cf. Eq. (5.5)).

6.2.1 Four-photon measurement

As illustrated in Fig. 6.2, we project the four photons onto the detector polarisation

states given by |H1〉, |V1〉 for Charlie and |H2〉, |V2〉 for Ethan. At each of the four

detectors, the detection event may originate from either a laser or a (bi-)exciton

photon. This leads to 24 = 16 total possible combinations of detected photon

events.
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The joint electric field amplitude of successful events is then described by the four

terms

Z = 〈H1|ψLa〉 〈V1V2|ψBX〉 〈H2|ψLb〉

+ 〈V1|ψLa〉 〈H1H2|ψBX〉 〈V2|ψLb〉

+ 〈H1|ψLa〉 〈V1H2|ψBX〉 〈V2|ψLb〉

+ 〈V1|ψLa〉 〈H1V2|ψBX〉 〈H2|ψLb〉

(6.8)

where each term describes a different permutation of the laser La, XX , X, and laser

Lb triggering the detectors.

The remaining 12 terms then describe the cases of detectors triggering from uninten-

ded multi-photon contributions, e.g. two photons from laser La triggering both |H1〉

and |V1〉, likewise for QD multi-photon events:

Z̃ = 〈H1V1|ψLaLa〉 〈H2|ψX〉 〈V2|ψLb〉

+ 〈H1V1|ψLaLa〉 〈V2|ψX〉 〈H2|ψLb〉

+ 〈H1|ψLa〉 〈V1|ψB〉 〈H2V2|ψLbLb〉

+ 〈V1|ψLa〉 〈H1|ψB〉 〈H2V2|ψLbLb〉

+ 〈H1V1H2|ψBBX〉 〈V2|ψLb〉

+ 〈H1V1V2|ψBBX〉 〈H2|ψLb〉

+ 〈H1|ψLa〉 〈V1H2V2|ψBXX〉

+ 〈V1|ψLa〉 〈H1H2V2|ψBXX〉

+ 〈H1V1|ψLaLa〉 〈H2V2|ψXX〉

+ 〈H1V1|ψBB〉 〈H2V2|ψLbLb〉

+ 〈H1V1|ψLaLa〉 〈H2V2|ψLbLb〉

+ 〈H1V1H2V2|ψBBXX〉 .

 2× laser La

 2× laser Lb

 2× biexciton

 2× exciton

}
2× laser La and 2× exciton}
2× biexciton and 2× laser Lb}
2× laser La and 2× laser Lb}
2× biexciton and 2× exciton

(6.9)
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In addition, multiple photons could impinge on the same detector. However, these

would form part of a different set of four-photon coincidences. Moreover, detection

system dead times (∼ 80 ns for the system used in the previous chapter) would

typically prevent detection of photons in quick succession.

We can now compute the total four-photon intensity, given by (Z + Z̃)(Z∗ + Z̃∗), by

inserting Eqs. (6.4) – (6.7) into Eq. (6.9). In addition we make the substitutions

A2
j(tj) = nj Ij(tj) , (6.10)

A2
jk(tj, tk) = nj nk g

(2)
jk (tj, tk) , (6.11)

where nj is the time-averaged intensity of photon j and Ij(tj) the normalised, time-

dependent intensity. g(2)
jk describes the time-dependent second-order correlation. To

avoid confusion and without loss of generality, we assume the path length for all

photons to be equally long, such that the detection delay between any two given

photons equals the emission delay.

Employing symbolic computation software [Wol20], we finally compute the (normal-

ised) total fourth-order correlation measured at the detectors to be:

g(4)(t1, t2, t3, t4) = 1
2 sin2(θLa) sin2(θLb)ILa(t2)ILb(t4) g(2)

BX ,ent(t1, t3)

+ 1
2 cos2(θLa) cos2(θLb)ILa(t1)ILb(t3) g(2)

BX ,ent(t2, t4)

+ 1
4

{
exp

(
−|t2 − t1|

τLa
− |t2 − t1|

τcoh,B
− |t4 − t3|

τX
− |t4 − t3|

τLb

)

×
√
ILa(t1)ILa(t2)ILb(t3)ILb(t4) g(2)

BX ,ent(t1, t3) g(2)
BX ,ent(t2, t4)

× sin(2θLa) sin(2θLb) cos
[
ϕLa + ϕLb + 1

2S(t4 + t3 − t2 − t1)

+ (ωLa − ωB)(t2 − t1) + (ωLb − ωX)(t4 − t3)
]}

+ g̃(4)(t1, t2, t3, t4) .

(6.12)

The first (second) term describes successful four-photon events when Alice and Bob

both emit into the V (H) state. The third term describes successful four-photon

events when Alice and Bob emit in the diagonal basis, requiring two-photon interfer-

ence on the two non-polarising beam splitters. The biexciton and exciton intensity
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6 ENTANGLED LEDS FORMEASUREMENT-DEVICE-INDEPENDENT QKD

are represented via the time-resolved second-order correlation g(2)
jk (tj, tk) and remain

inseparable, a fact that has been shown to inherently limit the indistinguishab-

ility of either emission [Sim05, Sch20]. Finally, g̃(4)(t1, t2, t3, t4) are unintentional

coincidences from multi-photon events and mixed E-LED emission, expanded in

appendix A.2.

6.3 Numerical simulations

In order to model the time-dependent XX and X intensities, as well as the associated

second- and higher-order correlations of the E-LED emission, we again employ the

rate equation model described in Ch. 5. The resulting XX and X intensity is shown

in Fig. 6.3. Here we have assumed a strong, 50 ps rectangular driving pulse at time

zero, initialising the QD to the XX state. In addition we use the same QD lifetimes

as in the previous chapter, τB = 300 ps and τX = 500 ps. For now we set the clock

rate to be much slower than the radiative decay rates, such that the QD fully relaxes

to the ground state before reexcitation. Furthermore we assume a typical coherence

time of τcoh,B = τcoh,X = 150 ps for both, X and XX [Var16].

An important factor is the choice of laser temporal pulse shape. We limit ourselves to

Gaussian temporal pulse shapes, thus leaving only the FWHM and emission time as

free parameters. In order ensure a favourable temporal overlap of laser and E-LED

emission, we match the temporal FWHM of laser La to that of the XX emission,

and analogously for laser Lb and X. We then set the laser emission delay to the time

where the convolution of laser and respective E-LED emission is maximal (also shown

in Fig. 6.3). In addition, we tune the laser optical frequency into resonance with

the respective QD emission, i.e. ωLa = ωB and ωLb = ωX . Inspection of Eq. (6.12)

reveals that in this model the absolute optical frequency does not affect results; only

the respective relative detunings do. Finally, for simplicity we focus on the case of

zero fine-structure splitting S = 0 and apply a typical 50 ps Gaussian detection jitter.

Nevertheless, the results in this chapter can be extended directly to samples with
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Figure 6.3: Time-resolved intensities of the four sources contributing to the MDI-

QKD scheme. The mean intensity and FWHM of laser La is chosen to match

that of the XX emission; analogously for laser Lb and X. The temporal delay

of the lasers is determined by maximising the overlap with the respective XX

and X emission.

non-zero FSS by taking into account the time-evolution of the XX -X pair during

correlation measurements (cf. Chs. 2.3.1 and 5.4).

Fig. 6.4 shows the modelled fourth-order correlation g(4) (i.e. normalised, time-

dependent probability of measuring the |ψ+ψ+〉 state) for different polarisation

encodings. To visualise the four-dimensional data (computed as a function of

(t1, t2, t3, t4)), we plot the fourth-order correlation as a function of the time delay

τ13 = t3 − t1 between the |H1〉 and |H2〉 detector clicks, as well as the delay τ24 =

t4 − t2 between the |V1〉 and |V2〉 detector clicks. In addition we integrate over the

absolute time-delays t1 and t2, so the plot as shown is computed via the function∫∫
g(4)(t1, t2, t1 + τ13, t2 + τ24) dt1dt2.

Panel 6.4a shows g(4) for the case where Alice and Bob each send an |H〉 encoded

WCP. The x-axis plots the time-delay τ13 = t3−t1 between the |H1〉 and |H2〉 detector

clicks. Consequently, in panel 6.4a the correlation in τ13-direction predominantly

shows the detection of laser Lb after La. Likewise, the y-axis plots the time-delay

τ24 = t4 − t2 between the |V1〉 and |V2〉 detector clicks. In panel 6.4a this dominantly
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Figure 6.4: Fourth-order correlation g(4)(τ13, τ24) as a function of time delay τ13 =

t3 − t1 between detection of |H1〉 and |H2〉) as well as τ24 = t4 − t2 (|V1〉 and

|V2〉). The panels show the resulting g(4)(τ13, τ24) for the respective polarisation

encodings of Alice’s and Bob’s laser. The data are computed and plotted in

bins of 32 ps× 32 ps.

corresponds to detection of the X photon after the XX photon. Hence in this case

the g(4) is strongly biased towards t24 ≥ 0.

Panel 6.4b shows the case where laser La is emitted in |H〉 and laser Lb in |V 〉. Ideally,

in this case where Alice and Bob’s bit have opposite parity, the QKD protocol predicts

no measurement of the |ψ+ψ+〉 at all. However as discussed above, unintentional

multi-photon events as well as mixed E-LED emission still produce a small amount

of four-photon coincidences.

In panel 6.4c the polarisation encodings of are flipped from H to V for both lasers.

Hence, the resulting correlation is mirrored along the diagonal compared to panel

6.4a.

In panels 6.4e–h Alice and Bob both emit in the diagonal polarisation basis. As

a consequence, the resulting g(4) is diagonally symmetric when projected onto the

rectilinear polarisation basis of the detectors. The difference between panels 6.4e and
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6.4f relies on quantum interference on both of the two non-polarising BS, manifesting

as a subtle increase in g(4) along the diagonal, near the origin for positive τ13,

and τ24. Before we further evaluate the correlations in the diagonal basis, in the

following section we first introduce further tools for the evaluation of successful

MDI-QKD.

6.3.1 Fidelity to the ideal E-MDI-QKD protocol

We define the E-MDI-QKD fidelity for the case of Alice emitting into |H〉 as

FMDI,H = g
(4)
HH

g
(4)
HH + g

(4)
HV

, (6.13)

and analogously for FMDI,V , FMDI,D, and FMDI,A. From Alice’s point of view—given

basis reconciliation and successful four-photon measurement—this corresponds to the

probability that Bob indeed emitted into the same polarisation state as Alice.

Assuming uniformly random polarisation encoding choices, the mean fidelity over all

measurements (after basis reconciliation) is then given by

FMDI = 1
4(FMDI,H + FMDI,V + FMDI,D + FMDI,A) . (6.14)

In turn, the overall QBER is given by (1− FMDI). For a four-state BB84 protocol

such as the one investigated here, error-correction schemes are available for a QBER

up to 20 % [Cha02], corresponding to FMDI ≥ 0.8. The classical limit on the fidelity

is given by FMDI ≤ 0.75 [Var16]. Fully uncorrelated input bits produce FMDI = 0.5,

while anti-correlated inputs produce FMDI ≤ 0.5.

Fig. 6.5 shows the calculated fidelity FMDI for different polarisation input encodings

of Alice as defined in Eq. (6.13). Again, FMDI,V (panel 6.5b) corresponds to FMDI,H

(panel 6.5a) mirrored along the diagonal axis. Although one might expect a minimum

theoretical fidelity of FMDI,H , FMDI,V ≥ 0.5 (i.e. uncorrelated input bits) in the case

of unsuccessful E-MDI-QKD, the figure reveals anti-correlated regions with FMDI

close to 0. An intuitive explanation of this phenomenon is provided in appendix A.3.

Nevertheless, comparison with Fig. 6.4a and 6.4b shows that the fourth-order correl-

ation is strongly concentrated towards regions where F ≥ 0.5. Thus for the overall

fidelity, these regions of anti-correlated input bits play only a minor role.
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Figure 6.5: Fidelity FMDI(τ13, τ24) for different polarisation input encodings of Alice.

Input states in the rectangular basis (panels a and b) produce significant regions

of high fidelity. Input polarisations in the diagonal basis (panels c and d) yield

high fidelity only along the diagonal.

The fidelity when Alice and Bob both emit in the diagonal input basis (panels

6.5c and 6.5d) is symmetric along the diagonal. Clearly, the correlation for di-

agonal input bases is much more limited compared to that for rectangular input

bases. As mentioned above, this is due to the reliance on two-photon interference

between laser and exciton emission. As derived in Eq. (6.12), this effect scales with

exp (− |t2 − t1| /τcoh,B − |t4 − t3| /τcoh,X). In Figs. 6.5c and 6.5d this two-photon in-

terference manifests as an increased fidelity along the diagonal. The model produces

a maximum fidelity for H and V input polarisations (panels 6.5a and 6.5b) of 99.98 %,

while the D and A input polarisations only yield a maximum of 56.83 %.

Fig. 6.6a shows the mean fourth-order-correlation g(4) over all polarisation input

configurations. As the figure reveals, the overall g(4) is clearly biased towards the

top-right quadrant where τ13, τ24 ≥ 0. As discussed before, this stems from the

emission delay of the X photon after the XX photon. The corresponding mean

fidelity FMDI is shown in panel 6.6b. For positive time-delays τ13, τ24 ≥ 0, the fidelity

FMDI remains above the uncorrelated value of 0.5, approaching it asymptotically for

longer time delays. The maximum fidelity as shown in the panel reaches 75.6 %, just

above the classical limit of 75 %.

For a closer look at the fidelity, Fig. 6.7a shows FMDI as a function of τ13 while

pinning τ24 = τ13. The purple line corresponds exactly to a cross-section of Fig. 6.6b,
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Figure 6.6: (a) Mean fourth-order correlation g(4)(τ13, τ24) and (b) mean fidelity

FMDI (τ13, τ24) over all input polarisation configurations. Although the fidelity

is high in some regions where either τ13 < 0 or τ24 < 0, the fourth-order

correlation is dominantly confined to the region of τ13, τ24 > 0.
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Figure 6.7: (a) Mean fidelity FMDI as a function of time delay τ13 (and pinning

τ24 = τ13). The four-photon coincidences are post-selected via the maximum

absolute time delays for both, τ12 (detection delay between detectors DH1 and

DV 1) and τ34 (between detectors DH2 and DV 2). (b) Mean fidelity FMDI after

post-selection of coincidences via different criteria, shown as a function of

post-selected fraction of coincidences.
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along the diagonal where τ24 = τ13. The classical limit is exceeded only briefly, at

a time-delay of τ13 ≈ 32 ps. At τ13 < 0 the fidelity dips below the uncorrelated

value of 0.5 (cf. appendix A.3)—however, the probability of measuring a four-photon

coincidence at τ13 < 0 is negligible (cf. Fig.6.6).

So far we have only considered FMDI as a function of τ13 and τ24. The two-photon

interference contribution, however, decays exponentially with the absolute time delays

|τ12| = |t2 − t1| and |τ34| = |t4 − t3| between the two photons interfering on either of

the beam splitters (as described in Eq. 6.12). Thus, in Fig. 6.7a we also show the

fidelity when setting a limit of |τ12|, |τ34| ≤ 96 ps and ≤ 32 ps respectively. Notably,

a limit of 160 ps is sufficient to reach a maximum fidelity of 81.3 %, exceeding the

minimum fidelity of 80 % required for error correction. Further limiting the absolute

delay to 32 ps yields a maximum fidelity of 84.3 %.

Fig. 6.7b shows the overall mean fidelity when applying different post-selection rules.

For the blue line, we set a maximum permissible time delay τmax and select those

coincidences where 0 ≤ τ13, τ24 ≤ τmax and 0 ≤ |τ12| , |τ34| ≤ τmax. For τ13 and τ24,

we limit the minimum time delay to 0, as we want to ensure we select coincidences

where the exciton is detected after the biexciton. For τ12 and τ34 we only limit the

absolute value of the time delay. When we set τmax = 32 ps, the mean fidelity reads

83.2 %, with a post-selected fraction of coincidences of 0.0031 %. For a longer τmax

of 96 ps, we are left with a significantly larger fraction of 0.15 %, while the mean

fidelity becomes 80.9 %, still above the limit for error correction.

For the red line we apply a more complex post-selection method: We set a minimum

fidelity, and reject all (four-dimensional (32 ps)4) time-bins where the corresponding

fidelity is lower. To increase the post-selected fraction, the minimum fidelity is

then successively lowered. As this method of post-selection is more refined than

post-selecting by time-delay, the resulting mean fidelity is always higher for a

given post-selected fraction. However, this method requires near-perfect knowledge

of the experimental system and is perhaps of limited usefulness in a practical

experiment. Nevertheless, selecting those time bins where the expected fidelity

satisfies FMDI(t1, t2, t3, t4) ≥ 80 % we yield a mean fidelity of 81.9 % and remain
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with a fraction of 0.36 % of all measured four-photon coincidences. This fraction

of high-fidelity coincidences depends strongly on the XX and X coherence time.

For a QD with twice the coherence time, i.e. τcoh,B = τcoh,X = 300 ps, the fraction

of post-selected coincidences nearly triples to 1.04 % when using the same fidelity

threshold of 80 %.

Overall we conclude that—although challenging—a practical demonstration of QKD

is feasible using the proposed E-MDI-QKD scheme and a realistic E-LED source of

entangled photons when employing appropriate temporal post-selection. However,

to realise advantages over SPDC sources of entangled photons, improvements to the

two-photon interference visibility are likely required, e.g. via enhanced coherence

times. Finally, another possibility to improve the two-photon interference visibility

is to increase the wave function overlap between the two photons. This could be

achieved by replacing Alice’s and Bob’s laser with QD-like single-photon sources

[Ben09] and stimulated photon emission [Sbr22].

6.4 Conclusion

In this chapter we proposed and theoretically explored the integration of an E-LED

in an E-MDI-QKD scheme. The theoretical framework provides important insight

into the mechanisms leading to successful four-photon correlations. Using realistic

experimental parameters, we predict a fidelity of up to 84.3 % for a four-state protocol,

exceeding the limit required for error-correction and, thus, enabling secure QKD using

this scheme. In addition, we have identified the QD coherence time in particular as a

key parameter, governing the fraction of successful E-MDI-QKD clock cycles.

The results from this chapter enable a range of future research endeavours. Further

theoretical considerations involve estimations of practical key rates as a function

of communication distance. Since both entanglement and optical intensity reduce

towards the end of the radiative cascade, the presented scheme may feasibly benefit

from a fast-clocked active reset of the radiative cascade (as presented in Ch. 5) to

enhance the fraction of error-correctable four-photon coincidences. In practice, this
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scheme also benefits from QD structures optimised for high collection efficiencies,

such as circular Bragg grating cavities [Liu19, Wan19]. Furthermore, while E-LEDs

already enable access to higher communication rates due to elimination of multi-

photon-pair emission of SPDCs [Xu13], the use of WCPs for Alice’s and Bob’s

input photon states still requires inefficient decoy states to ensure security [Hwa03].

Replacing the lasers by efficient SPS as well could, thus, lead to further multi-fold

improvements of the key rate in addition to enhanced interference visibilities.

Another variation of MDI-QKD is given by twin-field QKD [Luc18], which currently

offers the longest QKD communication distances for real-world implementations

[Pit21, Wan22]. In analogy to E-MDI-QKD, Li et al. [Li21] have recently proposed

the extension of twin-field QKD by an entangled-photon emitter node. As a res-

ult, the authors predicted the feasibility of QKD distances up to nearly 1000 km.

Consequently, the work of this chapter could be extended to investigate the use of

QD-like sub-Poissonian emitters in this extended twin-field QKD scheme.

Finally, the theoretical insight presented in this chapter paves the way for experimental

demonstrations of E-MDI-QKD based on E-LEDs, ultimately forming a potential

building block for a future long-distance quantum network.
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Quantum-light-emitting diodes make for a promising source of single and entangled

photons for applications in quantum communication. An important aspect for the

operation of such devices is the temporal driving technique. Consequently, the

work presented in this thesis focussed on the realisation and employment of ultra-

high-bandwidth QD LED devices. By theoretically and experimentally investigating

different temporal driving schemes and the resulting impact on the generated quantum

light, we obtained several key results:

In chapter 4 we demonstrated the design and fabrication of a QD LED capable of

clock-rates up to 3.05 GHz, expanding on the findings of Bennett et al. [Ben05] and

Hargart et al. [Har13]. We presented a low capacitance QD LED mesa design in order

to enable high-frequency electrical operation. Via fast control of the charge carrier

tunnelling rate, we were able to modulate the optical emission by nearly three orders of

magnitude between clock cycles. The single-photon character of the optical emission

was confirmed with a g(2) = 0.268± 0.002. To our knowledge, this constitutes the

fastest-clocked demonstration of a single photon source [Buc12, Har13]. The limited

optical recombination rate in the presented device could be enhanced by integrating

the device into optical cavities with high Purcell enhancement [Dou10, Din16, Liu18],

such as the recently popularised circular Bragg grating designs [Liu19, Wan19]. The

achieved fast electrical control of the charge carrier population has the potential to

allow further experimental insight into the underlying dynamics and enables device

driving schemes such as the active reset presented in the subsequent chapter.

In chapter 5 we investigated the radiative cascade dynamics of atom-like quantum

systems, such as QD LEDs. Via a theoretical rate-equation model, we identified an

important result: By reinitialising the quantum system early, while the radiative

cascade is still in progress, it is possible to produce entangled photon pairs at a
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higher rate—compared to either continuous operation or conventional slow-pulsed

operation. In addition, we expect a superior entanglement fidelity when driven in

this active reset mode. We subsequently demonstrated this approach experimentally,

finding an enhancement of (21± 3) % in the entangled-pair rate compared to con-

tinuous operation. For active-reset operation, entangled photons were electrically

generated at a—to our knowledge—record 1.15 GHz clock rate while maintaining a

(79.5± 1.1) % entanglement fidelity. When driven continuously, the device yielded an

entanglement fidelity of (71.2± 1.0) %, lower than the fidelity in active reset.

We expect this result to be transferable to optical initialisation [Glä13a, Glä13b] and

also to other entangled-photon sources based on radiative cascades, such as single

atoms [Asp81]. This result may benefit the overall performance of entanglement-

based photonic applications in the future. Although the optimum driving frequency

will depend on the exact application, an active reset of the radiative cascade may

raise the entangled photon pair rate in a quantum photonic communication link and

thus increase the overall capacity of a quantum communication channel.

Finally, in chapter 6, we proposed and theoretically explored the integration of a

QD LED in entanglement-based MDI-QKD [Xu13], potentially enabling enhanced

key rates via sub-Poissonian photon statistics. The theoretical framework enables

insight into the underlying dynamics required for successful quantum communication

using this scheme. For realistic experimental parameters, we predict a fidelity of up

to 84.3 % for a four-state protocol, exceeding the limit required for error-correction

and thus enabling secure QKD. The fraction of error-correctable four-photon events

strongly increases with enhanced coherence time of the QD emitter. This work could

be extended in the future by applying an active reset to the QD radiative cascade,

and by investigating the resulting key rate for a given quantum channel. Furthermore,

QD LEDs could also be used to replace the lasers of Alice and Bob, eliminating

the need for decoy states in this scheme [Hwa03]. Finally, such an integration of

sub-Poissonian photon sources could be extended to other MDI-QKD protocols, such

as the recently popularised long-distance twin-field QKD protocol [Luc18, Li21] to

potentially further enhance the quantum communication distance.
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Appendix

A.1 Bit parity of E-MDI-QKD

In order to compute the bit-parity in table 6.1, we can project the four-photon input

polarisation state |ΨLaΨBXΨLb〉 onto the measurement polarisation state 〈ψ+ψ+|.

We use the symbols |φ+〉, |φ−〉, |ψ+〉, and |ψ−〉 to denote the four Bell states as

defined in Eqs. (2.6)f.

For an FSS of zero we use |ΨBX〉 = |φ+〉. When encoding both laser inputs in

horizontal polarisation, we compute (via substitution and regrouping):

|Hφ+H〉 = 1√
2

(|HHHH〉+ |HV V H〉)

= 1
2
√

2
(
|φ+φ+〉+ |φ+φ−〉+ |φ−φ+〉+ |φ−φ−〉

+ |ψ+ψ+〉+ |ψ+ψ−〉+ |ψ−ψ+〉+ |ψ−ψ−〉
)
,

(A.1)

therefore 〈ψ+ψ+|Hφ+H〉 6= 0 and via an analogous computation 〈ψ+ψ+|V φ+V 〉 6= 0.

In contrast, we find 〈ψ+ψ+|Hφ+V 〉 = 〈ψ+ψ+|V φ+H〉 = 0. As a result, altogether a

four-photon coincidence indicates even bit parity in the rectilinear basis.

Likewise, in the diagonal basis we find 〈ψ+ψ+|Dφ+D〉 = 〈ψ+ψ+|Aφ+A〉 6= 0 and

〈ψ+ψ+|Dφ+A〉 = 〈ψ+ψ+|Aφ+D〉 = 0. Thus in the diagonal basis, too, a four-photon

coincidence indicates even bit parity.

A.2 Unintentional four-photon correlations

In Eq. (6.12) of Ch. 6.2.1 we calculated the fourth-order correlation g(4)(t1, t2, t3, t4)

measured on the detectors in E-MDI-QKD. The term g̃(4)(t1, t2, t3, t4) in this equa-

tion describes the resulting four-order correlation from mixed E-LED emission or

unintentional four-photon coincidences and reads:
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g̃(4)(t1, t2, t3, t4) = 1
4

[
cos2 θLa cos2 θLbILa(t1)ILb(t3) g(2)

BX ,mixed(t2, t4)

+ sin2 θLa sin2 θLbILa(t2)ILb(t4) g(2)
BX ,mixed(t1, t3)

+ cos2 θLa sin2 θLbILa(t1)ILb(t4) g(2)
BX ,mixed(t2, t3)

+ sin2 θLa cos2 θLbILa(t2)ILb(t3) g(2)
BX ,mixed(t1, t4)

]
+ 1

2
ηLa
ηB

cos2(θLa) sin2(θLa)ILa(t1)ILa(t2)

×
[
sin2(θLb)IX(t3)ILb(t4) + cos2(θLb)ILb(t3)IX(t4)

]
+ 1

2
ηLb
ηX

cos2(θLb) sin2(θLb)ILb(t3)ILb(t4)

×
[
cos2(θLa)ILa(t1)IB(t2) + sin2(θLa)IB(t1)ILa(t2)

]
+ 1

4
ηB
ηLa

[
sin2(θLb)ILb(t4) g(3)

BBX(t1, t2, t3)

+ cos2(θLb)ILb(t3) g(3)
BBX(t1, t2, t4)

]
+ 1

4
ηX
ηLb

[
sin2(θLa)ILa(t2) g(3)

BXX(t1, t3, t4)

+ cos2(θLa)ILa(t1) g(3)
BXX(t2, t3, t4)

]
+ 1

2
ηLaηX
ηLbηB

cos2(θLa) sin2(θLa)ILa(t1)ILa(t2)g(2)
XX(t3, t4)

+ 1
2
ηLbηB
ηLaηX

cos2(θLb) sin2(θLb)ILb(t3)ILb(t4)g(2)
BB(t1, t2)

+ ηLaηLb
ηBηX

cos2(θLa) sin2(θLa) cos2(θLb) sin2(θLb)

× ILa(t1)ILa(t2)ILb(t3)ILb(t4)

+ 1
4
ηBηX
ηLaηLb

g
(4)
BBXX(t1, t2, t3, t4) .

(A.2)

Here, we’ve made the additional substitutions

A2
jkl(tj, tk, tl) = nj nk nl g

(3)
jkl(tj, tk, tl) , (A.3)

A2
jklm(tj, tk, tl, tm) = nj nk nl nm g

(4)
jklm(tj, tk, tl, tm) . (A.4)

The first four lines of Eq. (A.2) describe the contribution from maximally-mixed

E-LED emission. The subsequent terms describe contributions from multi-photon
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events, i.e. multiple clicks from the same laser pulse or emission of multiple XX or

X photons in the same clock cycle.

A.3 Regions of anti-correlated bit parity

In Ch. 6.3.1 the figures 6.5a and b, 6.6b, and 6.7 clearly show regions of anti-correlated

input bits with fidelity FMDI < 0.5. This is perhaps surprising, since one might

expect at least merely uncorrelated coincidences when the MDI-QKD scheme fails,

instead of anti-correlated.
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Figure A.1: Fidelity FMDI,H for an input encoding of |H〉 for laser A. Regions of

highly correlated (red) and anti-correlated (blue) input bit parity form. Panel

reproduced from Fig. 6.5a.

We provide an intuitive explanation for this anti-correlation based on Fig. 6.5a as

an example, which is reproduced again here as Fig. A.1 for convenience. The figure

shows the fidelity FMDI for the case where Alice emits her WCP in the |H〉 state. In

the ideal case, the entangled XX -X pair is projected onto the detector polarisation

states |V1〉 and |V2〉. Due to the radiative cascade, X is emitted after XX , leading to

τ24 > 0—marked as region (i).

In the region marked as (ii) in Fig. A.1, however, τ24 < 0, thus precluding the case

described above. Instead, the most likely event leading to a four-photon coincidence

in this region is as follows: A (partially) mixed XX -X pair is emitted from the QD,

and projected onto |V1〉 and |H2〉. Now there are two possibilities:
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1. Bob happens to emits his WCP in the |V 〉 state, projected onto the detector

state |V2〉. In this case, τ24 is the time delay from the biexciton detection to

the detection of Bob’s WCP and may be less than 0. The photons projected on

the detector states |H1〉, |V1〉, |H2〉, |V2〉 are, in order: La, XX , X, Lb. Alice’s

and Bob’s input bits are anti-correlated.

2. Bob happens to emit his WCP in the |H〉 state, same parity as Alice. However,

now no photon is projected onto |V2〉. Hence the fourth detector does not

trigger, and no four-photon coincidence is registered. A click on the fourth

detector now requires a further, unlikely event, such as the emission of a second

X photon or perhaps a dark count on the detector.

Since the first possibility is much more likely than the second possibility, the input

bits are overall anti-correlated, leading to a fidelity near 0 in this region. Nevertheless,

since the projection of a XX -X pair onto orthogonal polarisation states (|V1〉 and

|H2〉) is significantly less likely than projection onto equal polarisation states (|V1〉

and |V2〉), the probability of measuring a four-photon coincidence in region (ii) to

begin with is much less likely than a four-photon coincidence in the high-fidelity

region (i).

Analogous explanations can be made for the other regions of anti-correlation in

Fig. A.1 and throughout Ch. 6.3.1.
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