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Abstract

Development of 1GHz Clocked Entangled LEDs for Fibre Networks
Ginny Shooter

Semiconductor quantum dots (QD)s have been well established as sources of single-
photons and entangled photon-pairs, both of which are essential for realising quantum
networks. To be compatible with real-world applications, such a source must further conform
to basic requirements including operation at telecom wavelengths and high clock rates. Today,
most quantum dot experiments are carried out with sophisticated and bulky research-grade
equipment, restricting their use to within laboratories.

In this work, a high clock rate entangled photon-pair source for deployment in an existing
fibre network is developed. Alternatives to components within the experimental system
which are incompatible with deployment are also investigated. To remove the requirement
for laser excitation, the quantum dot entangled LED (ELED) is electrically pulsed. The
ELED, which is fabricated using standard semiconductor processing techniques, is designed
for high clock rate operation at 1GHz, with an in-laboratory entanglement fidelity of 89%.

As the entangled photons emitted by the ELED are at telecom wavelengths, 1GHz clocked
entanglement distribution over an installed fibre network in Cambridge is demonstrated
between two points 4.6km apart. Over the course of a 14 hour experiment, an average
entanglement fidelity of 79% is achieved showing excellent stability of the system.

In order for entangled photon-pair experiments to be performed outside of a laboratory
environment, both the source and detection systems are re-examined. In the detection system,
the research-grade single-photon detectors are replaced by self-differencing avalanche pho-
todiodes which have been used in quantum key distribution systems, with an entanglement
fidelity of 71% achieved.

In the source system, the free space spectral filter which required precise alignment is
replaced by a fibre-based spectral filter. As the cryostat in which the ELED was previously
cooled required a supply of liquid helium, thus confining the ELED to a laboratory, the
operation of the ELED inside a compact closed-cycle cryocooler module is demonstrated.
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Chapter 1

Introduction

1.1 Quantum technologies

In the midst of the ‘second quantum revolution’ [1], technologies based on quantum physics
are being developed. The first quantum revolution in the 20th century saw the unwrapping of
quantum fundamentals, which are now being exploited for a variety of applications.

1.1.1 Qubits

Whereas in classical computing a single bit can only take the values of 0 or 1, a single
quantum bit (qubit) in a 2 level system can be represented by a linear superposition of the
states |0⟩ and |1⟩ as described by the wavefunction

|ψ⟩= α |0⟩+β |1⟩ , (1.1)

which is normalised by |α|2 + |β |2 = 1. The state of a qubit can be represented as a point
on the surface of the Bloch sphere, which is shown in figure 1.1(a). Equation 1.1 can
alternatively be expressed as

|ψ⟩= cos
(

θ

2

)
|0⟩+ eiφ sin

(
θ

2

)
|1⟩ , (1.2)

where θ and φ are angles on the Bloch sphere.
When qubits are encoded in the polarisation of a photon, the Poincaré sphere, which

is shown in figure 1.1(b), is instead considered. The states |0⟩ and |1⟩ can be represented
by two orthogonal polarisations of light, with horizontally (H) polarised light for |0⟩ and
vertically (V) polarised light for |1⟩. At the equatorial poles lie the diagonal (D), antidiagonal
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b
|H⟩

|V⟩

|L⟩ |R⟩

|D⟩

|A⟩

a
|0⟩

|1⟩

ϕ

θ

Fig. 1.1 Representing qubits with (a) the Bloch sphere and (b) the Poincaré sphere. Horizontal
(H), vertical (V), diagonal (D), antidiagonal (A), right-hand circular (R), and left-hand circular
(L) polarisations are shown.

(A), right-hand circular (R), and left-hand circular (L) polarisations,

|D⟩= |H⟩+ |V ⟩√
2

, |A⟩= |H⟩− |V ⟩√
2

, |R⟩= |H⟩+ i |V ⟩√
2

, |L⟩= |H⟩− i |V ⟩√
2

, (1.3)

which together with the north and south poles form the three orthogonal polarisation bases of
HV, DA, and RL.

It is impossible to copy an unknown quantum state, as expressed in the ‘no-cloning’
theorem [2], which makes qubits of particular interest for secure communication.

1.1.2 Entanglement

A 2-qubit state, with qubits a and b, can be described as a superposition of the states |00⟩,
|01⟩, |10⟩, and |11⟩. If the 2-qubit state cannot be specified in terms of the individual states
of qubits a and b separately, it is known as an entangled state [3]. The 4 Bell states,

∣∣Φ+
〉
=

|00⟩+ |11⟩√
2

, (1.4)

∣∣Φ−〉= |00⟩− |11⟩√
2

, (1.5)

∣∣Ψ+
〉
=

|01⟩+ |10⟩√
2

, (1.6)
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and ∣∣Ψ−〉= |01⟩− |10⟩√
2

, (1.7)

are important examples of maximally entangled 2-qubit states.
Upon measuring the first qubit, the wavefunction will collapse. The second qubit will be

found to be perfectly correlated with the first qubit, even if the two qubits are separated by an
arbitrarily large physical distance, described by Einstein as "spooky action at a distance" [4].

Quantum entanglement is at the heart of many new quantum technologies, a few of which
will now be introduced.

1.1.3 Quantum applications

There has been great progress in developing different types of quantum technologies, which
may one day be linked together in quantum networks. Quantum information could be
generated, processed, or stored at a node within a quantum network, with quantum states
transferred between the nodes. For nodes separated by long distances, photons are essential
for transmitting information.

One of the most famous quantum technologies is quantum computation. Quantum
algorithms could greatly speed up tasks which would be unfeasible to carry out with classical
computation. An example is Grover’s algorithm, which provides a quadratic speedup for an
unstructured search problem [5]. Another example is Shor’s algorithm, which can find the
prime factors of an integer in polynomial time, almost exponentially increasing the speed
compared to classical algorithms [6]. As the security of some data encryption schemes, such
as RSA [7], is based on factorisation, Shor’s algorithm could pose quite the issue to secure
communication.

Quantum cryptography exploits quantum mechanics for secure communication rather
than relying on problems which are computationally expensive to solve, thus mitigating the
threat posed by quantum computers. A quantum cryptographic task, quantum key distribution
(QKD), is perhaps the most mature quantum technology. In QKD a shared secret key for
classical communication is generated over a quantum channel between two users, Alice and
Bob. Interception of the quantum channel can be detected by the users as the process of
measurement by the eavesdropper disturbs the system. The first and most well-known QKD
protocol, BB84 [8], uses single photons while other QKD protocols, such as the E91 protocol
[9] and the BBM92 protocol [10], use entangled photon-pairs.

BB84 [8] is a prepare-and-measure protocol. Alice encodes a classical bit into the
polarisation of an individual photon by randomly choosing either the HV or DA basis and a
bit value of 0 or 1. For example, in the HV basis 0 would be encoded as |H⟩ or 1 as |V ⟩. The
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photon is then transmitted to Bob, who performs a projective measurement on the photon
in either the HV or DA basis, which is again chosen randomly. The outcome is recorded as
a classical bit. Alice and Bob then communicate over a classical channel and discard data
where Bob has chosen a different basis to Alice. If Alice and Bob’s choice of basis differs,
this would yield a random outcome of 0 or 1 for Bob rather than a result correlated with
Alice’s prepared bit. Instances where the measurement failed are also discarded. A subset of
the remaining bits are then used to test for the presence of an eavesdropper, which would
increase the number of errors which occurred. Error correction and privacy amplification can
then be performed before the secret key is created.

In entanglement based protocols there is no active choice for encoding classical bits
onto the photons. In BBM92 [10], an intermediate node between Alice and Bob shares an
entangled photon-pair between the two. Alice and Bob then each randomly measure their
photon in either the HV or DA basis. They communicate over a classical channel and discard
data where they have chosen different detection bases, which would produce uncorrelated
bits. Instances where a measurement failed are also discarded. The remaining bits should
be perfectly correlated. As with BB84, a subset of the remaining bits are then used to test
for the presence of an eavesdropper, and error correction and privacy amplification can be
performed before the secret key is created.

While the no-cloning theorem is fundamental to the security of quantum cryptographic
systems, it also dictates that signal amplifiers used in classical communications systems
cannot be used to extend the maximum operation distance. Instead, quantum relays [11, 12]
and quantum repeaters [13] can be used, which require entangled photons.

 

Bell
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Measurement
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Fig. 1.2 Teleportation of a quantum state |Ψ⟩ from Alice to Bob. Alice prepares the input
qubit |Ψ⟩A and Charlie prepares an entangled photon-pair state |Φ⟩. The input photon from
Alice and one photon of the entangled pair from Charlie are interfered to create a 3-photon
state. A Bell state measurement reveals which unitary correction, U, Bob must perform on
the output qubit so that |Ψ⟩B is a replica of |Ψ⟩A. This information is communicated to Bob
over a classical channel.
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In a quantum cryptographic system between Alice and Bob, there is an exponential loss
of the signal which reaches Bob as the channel distance increases. As Bob’s single-photon
detectors have a constant dark count rate, increasing the channel length reduces the signal to
noise ratio at the detectors. When the channel is longer than a certain distance, the signal to
noise ratio will be too low to perform quantum cryptographic protocols. A quantum relay
uses quantum teleportation, which is depicted in figure 1.2, to extend the maximum operation
distance by increasing the signal to noise ratio at Bob’s single-photon detectors as each
photon only passes over a fraction of the total channel from Alice to Bob [11, 12, 14].

1.1.4 Entangled photon-pair sources

There are a wide variety of methods for generating entangled photon-pairs. Entangled
photon-pair sources can be split into 2 groups by their photon statistics, as is now discussed.

Poissonian sources

The photon number distribution for coherent light, which is the quantum analogue of a
classical light wave with constant amplitude and phase, is described a Poisson distribution.
The probability to find n photons in the coherent state is given by

P(n) =
µne−µ

n!
(1.8)

where µ is the mean photon number [15]. Poissonian distributions with different values of
µ are shown in figure 1.3(a) and (b). An ideal single-photon source would emit light in a
one-photon number state, with a mean photon number of 1 and a variance of 0 as can be seen
in figure 1.3(c). Each clock cycle would contain exactly one photon, a single quanta of the
electromagnetic field.

Examples of entangled photon sources with Poissonian statistics include those based on
spontaneous parametric downconversion (SPDC) [16] and 4 wave mixing (FWM) [17]. Such
sources are widely used as they can function at room temperature and are relatively simple
to operate compared to other types of source. These spontaneous sources use photons from
a laser passing through a non-linear medium, such as beta-barium borate [16], periodically
poled lithium niobate (PPLN) [18], or optical fibre [17] to generate entangled photons.

Due to the probabilistic nature of the entangled photon-pair generation, a single entangled
photon-pair will not be emitted in every excitation cycle; in some cycles multiple photon-
pairs will be emitted, and in others no photon-pairs will be. It can be seen from equation
1.8 and figure 1.3(a) and (b) that in order to suppress multi-photon-pair emission, n>1, a
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Fig. 1.3 Photon statistics for different light sources. Coherent states with a mean photon
number of (a) µ=1 and (b) µ=0.1. (c) A one-photon number state.

source must be operated with a low mean photon number. Operating these sources with low
powers increases the probability of the vacuum state, n=0, with no photon-pairs emitted in
an emission cycle, thus intrinsically limiting the brightness. This limit does not apply to
entangled photon-pair sources which have sub-Poissonian statistics, with the prospect of
deterministic entangled pair generation.

Sub-Poissonian sources

Two-level systems can be used to produce photons with sub-Poissonian statistics. For
example, upon relaxation from an excited state via the emission of a single photon, the
system is left in the ground state. Another photon cannot be emitted from this transition until
the system is re-excited and relaxes again. As this re-excitation and relaxation occurs in a
finite time period, only one photon will be emitted at a time. Single-photon sources based on
two-level systems include atoms, molecules, ions, colour centres, and quantum dots (QDs)
[19–21].

Entangled photon-pairs with sub-Poissonian statistics can be generated by cascaded
emission from quantised states. A single entangled photon-pair can be emitted at a time
as the cascade must be reinitialised before a subsequent entangled photon-pair is emitted.
The first demonstration of such a source used a radiative cascade in a calcium atom [22, 23].
However, atom-based sources of entangled photon-pairs require complicated experimental
setups which do not lend themselves to scalability.

Semiconductor QDs provide an alternative platform for generating entangled photon-
pairs with sub-Poissonian statistics. QDs, which are introduced in the next section, are at the
core of the entangled photon-pair sources used in this work.
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1.2 Semiconductor quantum dots

Semiconductor QDs are nanostructures with 3-dimensional confinement of charge carriers.
A QD can be approximated using a particle in a box system with the carriers confined to
a region with dimensions comparable to the de Broglie wavelength [24]. By solving the
Schrödinger equation for this particle in a box system, it is found that the confinement results
in quantised energy levels given by

En = n2 ℏ2π2

2mL2 (1.9)

where m is the mass of the particle and L is the length of the box [25]. As was discussed
in the previous section, a single-photon source can be realised with a radiative transition
between two discrete energy levels.

Since QDs have atom-like energy level systems, they are at times referred to as ‘artificial
atoms’ [26]. However, unlike atoms, properties of semiconductor QDs such as their emis-
sion wavelengths can be controlled during growth and can be tuned post-growth [27]. An
additional advantage of semiconductor QD devices is that they are compatible with standard
semiconductor processing techniques.

1.2.1 Quantum dot energy levels

Semiconductor QDs are formed from 2 semiconductor materials with different bandgaps, as
can be seen in figure 1.4(a). Holes occupy the discrete energy levels in the valance band, and
electrons occupy the discrete energy levels in the conduction band, with an electron-hole pair
referred to as an exciton. A photon can be emitted by the QD when an exciton recombines.
The wavelength of the emitted photons depends on properties of the QD such as the size
and material composition. For instance, InAs/GaAs QDs emit at ∼900nm [28, 29], whereas
InAs/InP QDs emit at ∼1550nm [30, 31].

Figure 1.4(b) shows neutral exciton (X) states which consist of a single electron-hole
pair. As an electron has a spin of sz=±1/2 and a heavy hole has a spin of jz=±3/2, there
are 4 possible values for the total angular momentum, m=sz+jz, of the X state [27]. If the
electron and hole spins are parallel or antiparallel, m=±2 or m=±1 respectively. According
to selection rules, only the m=±1 states can couple efficiently to the light field. As photons
carry a single unit of angular momentum, the transition from an X state with m=±1 to the
ground state with m=0 is allowed. These ‘bright’ X states shown in figure 1.4(b) are of
interest in this work as they are optically active. The ‘dark’ X states with m=±2 are not
considered here.
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Fig. 1.4 Simple energy level diagrams for a QD. (a) Electrons and holes occupy discrete
energy levels within a QD. A photon can be emitted upon recombination of an electron-hole
pair. It is important to note that this depiction only shows 2D confinement, whereas a QD
has confinement in all three spatial dimensions. It is the 3D confinement that results in the
discrete energy levels of a QD. (b) Bright exciton (X) states. (c) The biexciton (XX) state.

Due to the Pauli exclusion principle, a maximum of two charge carriers with opposite
spins may occupy each energy level, thus various configurations of electrons and holes can
be formed within a QD. The addition of one hole or electron to a neutral X state results in
positively (X+ ) or negatively (X-) charged exciton states respectively. Figure 1.4(c) shows
the neutral biexciton (XX) state which consists of two electron-hole pairs. The XX and
X states are of particular interest for the generation of entangled photon-pairs as will be
discussed in the next section.

1.2.2 The biexciton cascade

In QDs, entangled photon-pairs are generated via the XX cascade, which is illustrated in
figure 1.5(a) [32–34]. A QD initialised in the XX state (m=0) decays to the X (m=±1) state
as one of the two electron-hole pairs recombines, emitting the XX photon. The QD then
decays to the ground state (m=0) as the second electron-hole pair recombines, emitting the X
photon.

There are 2 recombination paths in the XX cascade, depending on which electron-hole
pair recombines first. Due to the conservation of angular momentum the emitted photons will
be circularly polarised; a R polarised XX photon will be followed by a L polarised X photon
or vice versa depending on which path is taken. If the 2 paths are otherwise indistinguishable,
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Fig. 1.5 Diagrams of the biexciton cascade. (a) The 3 energy levels involved are the biexciton
(XX) state, the exciton (X) state, and the ground state. The emitted photons have right-hand
(R) or left-hand (L) circular polarisations. (b) Fine structure splitting (δ ) of the X state. The
emitted photons have horizontal (H) or vertical (V) polarisations.

the XX-X photon-pair state will be [32]

|ψ⟩= |RXXLX⟩+ |LXXRX⟩√
2

, (1.10)

with the XX and X photons entangled in polarisation.
However, structural asymmetry of a QD can cause a fine structure splitting (FSS) of the

X state, which can be seen in figure 1.5(b). The hybridisation of the X spin states results in
linearly polarised XX-X photon-pairs, with H or V polarisations [35, 36]. Additionally, there
will be a time dependent phase difference between the two recombination paths. The XX-X
photon-pair state for a QD with a finite FSS is

|ψ⟩= |HXXHX⟩+ exp(iδτ/ℏ) |VXXVX⟩√
2

(1.11)

where δ is the FSS and τ is the time spent in the X state. The HV polarisation basis is the
eigenbasis of the QD, and polarisation bases such as RL or DA, as shown on the Poincaré
sphere in figure 1.1(b), are superposition bases.

The QD FSS can be controlled by applying electric [37, 38], magnetic [39], or strain
fields [40–42], although this is not explored in this work. The FSS is also heavily influenced
by the method of QD growth [31].
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1.2.3 Telecom wavelength quantum dots

The range of appropriate emission wavelengths of an entangled photon-pair source for use
with existing optical fibre networks is constrained by the attenuation of optical fibre. The
attenuation spectrum for standard silica fibre is shown in figure 1.6.

Fig. 1.6 The attenuation spectrum of optical fibre with wavelength (λ ) - from [43].

The two most widely used wavelength ranges for communications are the ‘telecom
windows’ at ∼1310nm and ∼1550nm which have the lowest attenuation in optical fibre.
These are the ‘second’ and ‘third’ telecom windows respectively. The ‘first’ telecom window
is at 800-900nm, which can be seen to have far higher attenuation in figure 1.6. The third
telecom window has the lowest loss of all, of ∼0.2dB/km.

The telecom windows are additionally sub-divided into narrower wavelength bands. The
O-band, at 1260–1360nm, has the lowest dispersion. The C-band at 1530–1565nm has
the lowest loss, with the S- and L-bands either side at 1460–1530nm and 1565–1625nm
respectively. For long distance applications, a QD-based entangled photon-pair source would
ideally emit in the telecom C-band.

The most studied semiconductor QDs are InAs/GaAs QDs, which emit at around 900nm,
in the first telecom window [28, 29]. The emission wavelength of InAs/GaAs QDs can
be extended to 1310nm by increasing the QD size, using a strain relaxation layer, and
incorporating Ga in the QDs [44–46]. In order to further increase the emission wavelength,
the QDs would have to be increased in size with reduced strain. Metamorphic buffer layers
have allowed QD emission at around 1550nm to be demonstrated [47–50].
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Alternatively, QD emission in the telecom C-band can be achieved by changing the
substrate from GaAs to InP, with a lower lattice mismatch enabling larger and less strained
QDs to form. In this work InAs/InP QDs are used, as will now be introduced.

1.2.4 Droplet epitaxy InAs/InP QD growth

Most semiconductor QDs which are used in state-of-the-art quantum light experiments are
self-assembled. There are various growth modes for such QDs, with Stranski-Krastanov (SK)
growth widely used [27]. SK QDs form under a flux of both group III and group V materials
together. Initially a 2D layer known as a ‘wetting layer’ forms on the substrate surface before
QD islands self-assemble after a critical thickness is reached.

As the SK growth mode is strain-driven, the QDs can be highly asymmetric and have
large FSS. The growth mode for the QDs used in this work is droplet epitaxy, which has been
shown to produce QDs with lower FSS than the SK growth mode [31]. The samples were
grown in a horizontal flow metal organic vapour phase epitaxy (MOVPE) reactor.

The growth of InAs/InP droplet epitaxy QDs, which is described in detail in [31], is
illustrated in figure 1.7. First, liquid indium droplets are formed on the InP surface via the
pyrolysis of trimethylindium. These droplets are then crystallised under arsine overpressure
and are capped with InP.

ba Group III flux
(In)

Group V flux
(As)

Crystallised QDs

Substrate
(InP)

c

Fig. 1.7 Growth of droplet epitaxy QDs. (a) The group III material is deposited on the
substrate surface, forming droplets. (b) The droplets are then exposed to a flux of group V
material. (c) The droplets crystallise, forming QDs.

Although these QDs do not exhibit the typical wetting layer found with SK QDs, a ‘quasi-
wetting’ layer is created by intermixing of group V elements during the droplet formation
[31].
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1.2.5 Electrically excited entangled LEDs

As the QDs used in this work are embedded within semiconductor wafers, they can be readily
incorporated into p-i-n diodes to create electrically excited QD LEDs [32]. The QDs are
grown in the intrinsic region of the diode, with the p- and n-type regions above and below.
Electrically driven QD LEDs emitting single [51] and entangled photon-pairs have been
demonstrated [52, 53], with QD LEDs emitting entangled photons referred to as entangled
LEDs (ELED)s.

A simplified band diagram of an ELED is shown in figure 1.8(a). By applying a bias
across the device, the potential barrier is raised or lowered. Under positive bias, carriers can
be captured by the QD and recombine radiatively. Carrier tunnelling in and out of the QD is
also influenced by the band bending.

The QD samples used in this work were grown by Dr Andrey Krysa at the EPSRC
National Epitaxy Facility at the University of Sheffield. The samples were designed for QD
emission in the telecom C-band, with droplet epitaxy InAs/InP QDs within a cavity between
two distributed Bragg reflectors (DBR)s as shown in the diagram in figure 1.8(b).

The DBRs form a planar microcavity to increase the photon collection efficiency. The
DBRs have alternating layers of (Al0.30Ga0.70)0.48In0.52As and InP, with thicknesses of
112nm and 123nm respectively. From here on, (Al0.30Ga0.70)0.48In0.52As will be abbreviated
to AlInGaAs.
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Fig. 1.8 Wafer structure of an ELED. (a) A simplified band diagram of the ELED. (b) A
diagram showing the layers of the ELED with two distributed Bragg reflectors (DBR)s
forming a cavity. Not to scale.

The samples were grown by MOVPE on 2" InP substrates. The bottom DBR was formed
of 20 pairs, with the top 3 repeats n-doped with 2x1018cm−3 of Si. A 3/4-λ intrinsic InP
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layer was then grown before the InAs/InP droplet epitaxy QDs. The QDs were capped with
InP, and an additional 5/4-λ intrinsic InP layer was grown.

The cavity was finished by the top 3-pair DBR which was p-doped with a Zn concentration
of 2x1018cm−3. Although the Zn doping commences when the top DBR is grown, the Zn
dopants diffuse down into the cavity [54, 55]. A 5nm thick highly p-doped capping layer of
either InP or InGaAs completed the wafer growth.

1.2.6 High clock rate ELEDs

Components in a quantum network will be required to work at a standard clock rate for
synchronisation. Clock rates in QKD have reached and exceeded 1GHz [56–61], thus
entangled photon-pair sources for quantum networks must be able to operate at or above this
clock rate. Compatibility of an entangled photon-pair source with fast-gated single-photon
avalanche photodiodes (APD)s, which can have gate frequencies of 1GHz [62, 63], is of
particular interest in this work.

The maximum clock rate of sub-Poissonian entangled photon-pair sources, such as atoms
and QDs, are constrained by their long lifetimes. Electrically excited QD LEDs have been
demonstrated to reduce decay times from an excited state by increasing carrier tunnelling out
of a QD, and to reach high clock rates by reinitialising the QD to the excited state before it has
fully decayed [64–66]. Electrically driven QD single-photon [65] and entangled photon-pair
[66] sources have been operated at and above 1GHz clock rates, though these demonstrations
have been at short wavelengths incompatible with existing fibre networks.

Telecom wavelength electrically excited QD entangled photon-pair sources have been
limited to low clock rates in the telecom O-band [67] or DC driving in the telecom C-band
[53]. An optically excited QD entangled photon-pair source has been demonstrated at a
1GHz clock rate [68], but this requires a complicated excitation scheme.
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1.3 Entanglement distribution

Most entanglement distribution experiments have used Poissonian sources due to their relative
brightness and simplicity of operation compared to many current sub-Poissonian sources,
though the clock rates of these systems were far below 1GHz [69–71].

In [69], quantum teleportation was demonstrated across a 30km fibre network, with
a quantum-process fidelity for the teleportation of 0.84±0.04 without active feedforward
operation. The time-bin entangled photon-pairs were generated by FWM in dispersion
shifted fibre with a 100MHz repetition rate pump laser. Quantum teleportation was also
demonstrated in [70], with the Bell state measurement made after the input photon from
Alice had been distributed over 6.2km of deployed fibre, and one photon of each entangled
photon-pair had been distributed over 11.1km of deployed fibre. The average fidelity of four
teleported states to their ideal states was (78±1)%. The time-bin entangled photon-pairs were
generated by SPDC in PPLN with a 80MHz repetition rate pump laser. In [71], entangled
photon-pairs were distributed across 96km of submarine optical fibre, obtaining a polarisation
visibility above 90%. The polarisation entangled photon-pairs were generated by SPDC in
PPLN with a CW pump laser.

GHz clock rates have been reached with PPLN waveguides [72, 73], but demonstrations
of entanglement distribution have been over long fibre in a laboratory rather than in installed
fibre networks. In [72], a two-photon interference experiment was carried out on entangled
photon-pairs distributed over 100km of dispersion shifted fibre in a laboratory, with a
coincidence fringe of 81.6% visibility. The time-bin entangled photon-pairs were generated
by SPDC in PPLN with a 1GHz repetition rate pump laser. Another demonstration in a
laboratory showed the distribution of entangled photon pairs over 300km of dispersion shifted
fibre, with a violation of Bell’s inequality by 2.9 standard deviations [73]. The time-bin
entangled photon-pairs were generated by SPDC in PPLN with a 2GHz repetition rate pump
laser.
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1.4 Deployable systems

State-of-the-art QD entangled photon-pair experiments are typically carried out in labo-
ratories, using sophisticated and bulky research-grade equipment. Many of the elements
within such systems need to be replaced in order for deployable modules to be realised.
Two significant areas which must be addressed are the cryostat in the source system and the
single-photon detectors in the detection system.

To access the characteristic atom-like narrow emission lines from most QDs, including the
InAs/InP QDs used in this work, they must be cooled to cryogenic temperatures. Cryostats
requiring a source of liquid helium would clearly not be appropriate for use in a deployable
system, but closed-cycle cryocoolers could instead be used. QD photon sources have been
operated within closed-cycle cryocoolers outside of a laboratory, for example in an office
[74] and in an attic room [75]. Recently, compact cryocooler modules for QD sources based
on Stirling cryocoolers have been demonstrated, which are compact, have low vibration, and
low power consumption [76–78].

Superconducting nanowire single-photon detectors (SNSPD)s are widely used in QD
entangled photon-pair experiments due to their high efficiencies and high timing resolution.
At telecom wavelengths, SNSPDs have been demonstrated to have efficiencies >95%, dark
count rates <1 count per second, and timing jitters <15 ps [79–83]. However, SNSPDs
require cryocooling to a few kelvin, which is not ideal for a deployable system.

Alternative single-photon detectors for telecom wavelengths can be found in QKD
systems. The most well developed single-photon APDs are based on Si, but the bandgap
restricts detection to the visible to near-infrared range. To use Si single-photon APDs with
telecom wavelength systems, the photons can be up-converted to shorter wavelengths which
can be efficiently detected. The up-conversion process can have near unity efficiency [84],
but additional photons from this process can cause high background count rates due to Raman
scattering [85]. Up-conversion detectors can have efficiencies >40%, dark count rates <1000
counts per second, and timing jitters of a few hundred ps [86–88, 57, 89–91].

Single-photon APDs based on lower bandgap materials can detect telecom wavelength
photons without the need for up-conversion. InGaAs single-photon APDs can have ef-
ficiencies >30%, dark count rates <100 counts per second, and timing jitters of <60ps
[92, 62, 59, 63, 93, 94]. Fast gating of these APDs enables high speed single-photon detec-
tion [62, 95, 60, 63, 96].

The values given here for the different detectors are the state-of-the-art. For each type of
detector, the highest efficiencies, lowest dark counts, and lowest timing jitters are typically
not demonstrated at the same time.
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1.5 Thesis overview

This thesis describes the development of high clock rate entangled photon-pair sources for
use within an existing fibre network. The sources are electrically excited QD ELEDs emitting
at telecom wavelengths.

Chapter 2 provides an overview of the experimental methods used in this work. Experi-
mental setups to cool the ELEDs and collect emitted photons are described, as are several
methods for characterising the photon emission from QDs, including spectroscopic and time
resolved measurements. A rate equation model to simulate photon emission by a QD is also
introduced.

Chapter 3 focuses on the fabrication of electrically driven ELEDs using standard semi-
conductor processing techniques. The 1GHz clocked telecom wavelength electrically driven
QD LEDs used in the remainder of the thesis are introduced here, and basic device character-
isation is carried out.

Chapter 4 describes the initial characterisation of photon emission from a 1GHz clocked
QD LED. A QD for use in entanglement measurements in subsequent chapters is identified,
and the effect of the pulsed electrical excitation on the emission intensities from different
transitions within the QD is investigated. Time resolved emission at a 1GHz clock rate is
measured and modelled.

Chapter 5 presents entanglement measurements using the ELED. Entanglement measure-
ments at a 1GHz clock rate are first made in a laboratory, and the performance of the ELED
is evaluated. As the ELED emits at telecom wavelengths, compatibility with an existing fibre
network is demonstrated with entanglement distribution at a 1GHz clock rate across a 15km
installed metropolitan fibre.

Chapter 6 shows the replacement of several elements of the experimental setup used for
measuring entanglement in a laboratory with components more suitable for use in a deployed
system. In the detection system, compact fast-gated single-photon detectors which have been
used in QKD systems are used instead of research-grade single-photon detectors. As the
ELED from previous chapters was designed for high clock rate operation, it can be used
with the fast-gated single-photon detectors, which run at a clock rate of 1GHz. In the source
system, a robust fibre-based spectral filter is introduced, which can replace the free space
spectral filter used in chapters 4 and 5 as the ELED emits at telecom wavelengths. Finally,
rather than cooling the ELED in the cryostat used in chapters 4 and 5, which required a
supply of liquid helium, it is instead operated inside a compact closed-cycle cryocooler
module.

Chapter 7 summarises this thesis and considers future work.



Chapter 2

Methods

This chapter presents an overview of experimental methods. Experimental setups to cool
the QD samples and collect emitted photons, and optical measurements performed on these
photons are introduced in section 2.1. A rate equation model used to simulate photon
emission from a QD is introduced in section 2.2.

2.1 Experimental techniques

The collection optics and cryostats required to collect photon emission from a semiconductor
QD sample are described in sections 2.1.1 and 2.1.2. Measurements of the collected photons
are described in sections 2.1.3-2.1.6. The systems and methods described in these sections
are widely used.

2.1.1 Confocal microscope

The well-established technique of confocal microscopy was used to collect the light emitted
by QDs. Confocal microscopes as shown in figure 2.1(a) had been iteratively re-designed and
adapted by previous students and researchers. The author modified the confocal microscope
setups used in this work to suit the specific needs of the experiments, such as by removing
unnecessary optical components required for laser excitation to reduce losses when using
electrical excitation of a QD sample. The author also built a microscope from scratch which
was then used for QD characterisation measurements.

The microscope shown in figure 2.1(a) has an objective lens at the bottom near the QD
sample and a reflective collimator at the top to couple light into a single mode fibre. The
light is then either sent to a spectrometer with a liquid nitrogen cooled InGaAs array, or to
single-photon detectors which will be introduced in section 2.1.6. As the light emitted by
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the QD devices used in this work is not highly directional, an objective lens with a high
numerical aperture (NA) is chosen to maximise the collection efficiency of the microscope.
The reflective collimator for coupling the light into single mode fibre is selected to match the
beam diameter from the objective lens.
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Fig. 2.1 Collecting light from QDs. (a) A diagram of a confocal microscope with two arms.
In the collection path of the microscope, the imaging arm (left) and the excitation arm (right)
each use 50:50 beamsplitters. The imaging arm has an additional 8:92 beamsplitter for the
infrared (IR) LED and the camera. Inset: A 60µm x 60µm InGaAs camera image of QD
electroluminescence at 30K with a 1450nm longpass filter in front of the camera. (b) The
position of the confocal microscope used with a helium vapour cryostat. The objective lens of
the microscope is inside of the cryostat and the sample is moved with an xyz piezo stage. (c)
The position of the confocal microscope used with a closed-cycle cryostat. The microscope
is outside of the cryostat and is moved with an xyz piezo stage.

The microscope has two arms which can be seen in figure 2.1(a), one for imaging and one
for optical excitation of the sample. The imaging arm is for navigation around the sample,
with a broadband infrared light source and InGaAs camera sensitive at telecom wavelengths.
While sample navigation is possible with a visible wavelength light source and a standard
camera, the InGaAs camera allows emission from the QDs to be seen. The inset of figure
2.1(a) shows an InGaAs camera image of electroluminescence (EL) from low temperature
QDs. With the InGaAs camera it is possible to move from one QD location to another and to
re-locate a known QD given its position in a ‘constellation’ of QDs and other visible features
of a device.

The excitation arm allows QDs in the sample to be optically excited by laser light for
photoluminescence (PL) measurements. Such measurements are described in section 2.1.3.
To increase the count rate at the spectrometer or single-photon detectors, once a QD is located
the beamsplitter to the imaging arm can be removed to reduce losses. For EL measurements,
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the excitation arm is not required and the beamsplitter to the excitation arm can also be
removed.

2.1.2 Cryostats

In this work, a liquid helium cooled cryostat and two closed-cycle cryostats were used. Each
cryostat has a window to allow for optical access to the cooled QD sample, with a microscope
as shown in figure 2.1(a) used to collect emitted light. The cryostats also have feedthroughs
for electrical connection of ELEDs.

The liquid helium cooled cryostat was used for long term measurements in chapter 5 due
to its high mechanical stability. Due to the design of the cryostat, so that the objective lens of
the microscope was sufficiently close to the QD sample, the lens is also located inside of the
cryostat with the sample, as shown in figure 2.1(b). The lens has NA=0.68. As the objective
lens is fixed in place, the sample is mounted on an xyz piezo stage with a range of 3mm in
the x and y directions. The sample stage is heated above the base temperature with a heater
wire controlled by a PID loop. As a supply of liquid helium is required, this cryostat is not
suitable for use in a deployable system.

Two closed-cycle cryostats were used in chapter 6. The first is a large commercially
available system with a base temperature of ∼6K. This system was transported to the
2019 National Quantum Technologies Showcase in London to demonstrate the deployable
operation of the QD sample introduced in chapter 4. The second cryostat is a compact purpose-
built system constructed by Dr Jan Huwer of Toshiba Cambridge Research Laboratory (CRL)
based on a commercially available Stirling cryocooler. The compact system can fit into
a standard data rack module and has a base temperature of ∼34K. For both closed-cycle
systems the entire microscope is outside of the cryostat, positioned over the cryostat window
as shown in figure 2.1(c). As the objective lens can not be as close to the sample with this
setup, a lens with a longer working distance is used, which has NA=0.5. The alignment of
the microscope with respect to the QD drifts significantly throughout a long measurement.
Active compensation for this drift was implemented by Dr Jan Huwer, using either image
recognition or monitoring photon rates at the single-photon detectors.

2.1.3 Photoluminescence and electroluminescence measurements

Semiconductor QDs can be excited in various ways, with optical or electrical excitation
leading to PL or EL respectively. Micro-PL (or EL) refers to when emission is only collected
from a small area (on a µm scale), which is necessary for addressing single QDs. In this work
‘PL’ refers to micro-PL, and likewise for EL.
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When optically exciting QDs, resonant or non-resonant excitation schemes can be used.
Non-resonant excitation schemes are the simplest to implement; as the laser excitation
is at a far shorter wavelength than the QD emission the two can be separated by spectral
filtering. Non-resonant excitation schemes can be split into above- and below-band excitation,
with photons from the excitation laser at a higher or lower energy than the bandgap of the
semiconductor surrounding the QDs respectively.

In above-band excitation, carriers are excited in the bulk material (here InP) before
they are captured by the QDs and recombine. All PL measurements made in this work use
above-band excitation. Above-band excitation excites all of the semiconductor structures
shown in figure 1.8(b) including the QDs, which is useful for providing feedback on the
development of wafer growth. Within a wafer with InAs/InP QDs and AlInGaAs/InP DBRs,
at low temperature the InP emits at around 1000nm, the quasi-wetting layer and AlInGaAs
emit at around 1200-1300nm, and the QDs emit at around 1550nm. Emission from these
structures can be seen in the spectrum in figure 2.2, although here DC electrical excitation
was used rather than above-band PL.
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Fig. 2.2 Optical spectrum from an InAs/InP QD LED with 1.4V DC electrical excitation at
30K.

In below-band excitation, carriers are directly excited within a QD. As carriers are not
generated in the surrounding semiconductor material, there is a quieter charge environment
surrounding the QD so the QD emission differs from with above-band excitation. For
InAs/InP QDs, exciting below-band with a 1310nm laser has been shown to enhance the
relative intensity of the neutral XX and X spectral lines with respect to the charged spectral
lines [97]. Resonant excitation schemes require more experimental complexity, but enable
QD single-photon sources with high brightness [98, 99] and high single-photon purity
[100–102] to be realised.
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Electrical excitation of QDs can be advantageous as a laser is not required. Instead a
simple current source for DC operation, or a pulse generator for high clock rate operation,
can be used. By doping above and below the QD layer to form a p-i-n diode, QD LEDs
can be created, as was described in section 1.2.5 [32, 51, 52]. Carriers are generated in the
p- and n-type regions before being captured by the QDs and recombining, similar to with
above-band optical excitation.

For high clock rate electrical excitation, short electrical pulses are required to excite a
QD. Shorter pulses provide a sharper start of QD emission within a clock cycle. The standard
3GHz laboratory pulse generator used in chapters 4 and 5 can provide pulse FWHMs of
>130ps with a clock rate of 1GHz. Compact radio frequency signal generators can also be
used, such as the one used in chapter 6. In addition to requirements on the pulse generator for
high clock rate operation of a QD LED, the LED itself must be designed such that the clock
rate is not limited by the device structure, which must have a sufficiently low impedance.

2.1.4 Fine structure splitting

In the XX cascade, a FSS of the intermediate X level causes a time dependent phase evolution
of the state of emitted XX-X photon-pairs, as described in section 1.2.2. Due to this
phase evolution, which can be seen in equation 1.11, XX-X photon-pair correlations for
superposition bases, such as DA and RL, oscillate with time [35]. As XX-X photon-pair
correlations in superposition bases are required to determine the entanglement fidelity to
states such as the Φ+ Bell state, these oscillations must be resolvable given the timing
resolution of the detection system. If the FSS is so large that the oscillations cannot be
resolved, the achievable entanglement fidelity will be reduced due to temporal averaging of
the photon correlations.

As a rule of thumb, the oscillations can be resolved if the detector jitter, τ j, corresponds
to a phase change of <π/2, limiting the FSS to <h/4τ j. The detection system used here with
SNSPDs and a time correlated single-photon counter (TCSPC), described in section 2.1.6,
has a jitter of ∼70ps, so a QD with a FSS <15µeV is required. While the FSS could be
determined from temporal oscillations in XX-X photon correlations, when searching for a
QD with low FSS it is more convenient to use spectroscopic measurements.

Due to the FSS of the X level, the XX and X spectral lines are each split into 2 components,
with horizontally and vertically polarised photons of different energies. As the FSS is typically
10s of µeV [31], the wavelength difference between the two components is smaller than the
resolution of a spectrometer or the linewidths of the XX and X transitions. The linewidth is
the full width at half maximum (FWHM) of a QD spectral line, which is in the µeV to meV



22 Methods

range [103]. For the QDs used in this work, the linewidths are 10s of µeV. Linewidths are
related to coherence times, which will be introduced in section 2.1.5.

The method described in [31] allows the measurement of FSS after the light has passed
through fibre-based components with birefringence, using the experimental setup depicted in
figure 2.3(a). A linear polariser (LP) is placed in front of a spectrometer, with a quarter wave
plate (QWP) before it. As the QWP is rotated through 360◦, the polarisation of light detected
by the spectrometer is changed. The central position of a spectral line displaying a FSS can
be seen to oscillate as the relative contribution from each of the 2 components changes with
QWP angle. A Gaussian is fit to the spectral line to determine the central wavelength, and the
energy shift, ∆E, with QWP angle, χ , is extracted. The energy shift is opposite and of equal
magnitude for XX and X spectral lines, so for increased statistics these can be combined as
∆E(χ) = (∆EXX(χ)−∆EX(χ))/2 .

Using the analysis presented in [31], the FSS, δ , can be extracted by fitting to the energy
shift of the XX and X spectral lines with QWP angle as shown in figure 2.3(b) with

∆E(χ) =
δ

4
[cosθ(1+ cos(4χ))+ sinθ sin(4χ)cosφ −2sinθ sin(2χ)sinφ ], (2.1)

where the fitting parameters θ and φ are the rotation and phase shift induced by the birefrin-
gence of the optical system.
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Fig. 2.3 Measuring fine structure splitting (FSS). (a) The experimental setup. Light emitted
by a QD is collected by a microscope and coupled into optical fibre. After the optical fibre,
the light passes through a rotatable quarter wave plate (QWP) and a fixed linear polariser
(LP) before a spectrometer. (b) The offset of the central energy of a spectral line varies with
the QWP angle; experimental data is shown as purple circles. The FSS is extracted by fitting
with equation 2.1, shown as the orange line. For the data shown here, the FSS is extracted as
(25.6±0.3)µeV.
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2.1.5 Coherence times

Long coherence times are essential for quantum information processes relying on two-photon
interference, such as teleportation, which require indistinguishable photons. In the Fourier
limited case, the coherence time, T2, is only limited by the radiative lifetime, T1, as T2=2T1.
The coherence time is related to the natural linewidth, ∆ω , by T2 = 2/∆ω . However, in the
presence of dephasing processes, the coherence time is given by

1
T2

=
1

2T1
+

1
T ∗

2
(2.2)

where T2
* is the pure dephasing time [27]. Measured coherence times can be put into context

either by comparing them to the Fourier limited case, or to the resolution of the single-photon
detectors to be used in further experiments. The visibility in a two-photon interference
measurement is improved as the coherence time increases relative to the detector resolution
[104].

The coherence time can be measured with a Michelson interferometer, using the experi-
mental setup shown in figure 2.4 [27]. Unfiltered emission from the ELED is split at a 50:50
beamsplitter, passing to the two arms of the interferometer. The delay between the two arms
is controlled coarsely with an optical delay line, which varies the optical path length of its
free space optics using motors, and finely with a fibre stretcher. The light is then recombined
on the beamsplitter and the output of the interferometer is sent to a spectrometer.
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Fig. 2.4 A fibre-based Michelson interferometer for measuring coherence times.

As the delay between the arms is varied, the changing phase difference between the two
arms gives rise to an interference pattern in the intensity of the spectral line. The output
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intensity from the interferometer is given by

I = 2I0

[
1+ |g(1)(τ)|cos(φ(τ))

]
(2.3)

where I0 is the input intensity, g(1) is the first order coherence function, τ is the time delay
between the two arms, and φ is the phase difference. The visibility of these interference
fringes is then determined as

V (τ) =
Imax(τ)− Imin(τ)

Imax(τ)+ Imin(τ)
(2.4)

where Imax and Imin are the maximum and minimum intensities of the interference pattern.
The coherence time can be extracted as the time delay corresponding to the visibility of the
interference fringes decaying to 1/e. Coherence time measurements are presented in section
4.4.

2.1.6 Single-photon detectors and time resolved measurements

Several single-photon detection systems were used throughout this work, including SNSPDs
and APDs. A better signal to noise ratio is obtained when using detectors with higher
efficiencies and lower dark count rates.

A research-grade set of SNSPDs are used for in-lab measurements due to their high
efficiencies (∼50%), low dark count rates (∼500 counts per second), and low timing jitters
(∼70ps). While using SNSPDs provides the best signal to noise ratio, alternative types of
detectors are more suitable for use in deployed systems due to the large physical size of
SNSPD systems. For the entanglement distribution demonstration in section 5.2, a set of
commercially available free-running APDs which can fit in a rack module are used in a
deployable detection system. These APDs have up to 25% quantum efficiency, dark count
rates as low as ∼50 counts per second, and timing jitters of ∼75ps. Although these APDs
are less efficient than the SNSPDs, the APD system is around the size of a microwave oven
whereas the SNSPD system is around the size of a refrigerator.

Some state-of-the-art GHz QKD systems [58] use actively gated self-differencing APDs
(SD-APD)s [62, 63]. The ‘self-differencing’ technique of these detectors suppresses after-
pulse noise at high clock rates. The APD produces a positive signal followed by a negative
signal in response to each gate as the APD charges and discharges. Weak avalanches can-
not be identified from such signals, but by comparing signals in gates separated by one
clock period, avalanches can be sensed without being ‘buried’ in the capacitive response
[62]. Practically, a self-differencing circuit splits the APD response in half, with one half
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delayed by a clock period with respect to the other before they are combined at a differencer.
The SD-APDs run at a set clock rate of 1GHz, with which a photon source must also be
compatible. In chapter 6, SD-APDs with dark count rates of ∼3000 counts per second
and approximate efficiencies of ∼7% are used to show compatibility of the ELEDs with a
standard industry-grade detector system.

Photon detection events at different detectors were recorded with a PicoQuant HydraHarp
TCSPC. Events could either be correlated with respect to another detector, or a trigger signal
from an electronic pulse generator depending on the measurement being made. Different
types of time resolved measurements used throughout this work are now introduced.

Time resolved photon emission

When a QD is excited by optical or electrical pulses, the time resolved photon emission from
different transitions can be measured by spectrally filtering the QD emission and recording
photon detection events with respect to the clock signal. A diagram can be seen in figure
2.5(a).
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Fig. 2.5 Basic diagrams of experimental setups for time resolved measurements using
a time correlated single-photon counter (TCSPC). (a) Recording time resolved emission
with respect to the clock of the pulsed photon source. (b) A second order autocorrelation
measurement with a 50:50 beamsplitter (BS) sending photons to two single-photon detectors.
(c) Polarisation dependent XX-X photon correlations measured using polarisation analysers.

With pulsed optical excitation, the lifetime of a transition can be seen in the decay of the
emission. Typical lifetimes of the XX-X and X-ground state transitions in droplet epitaxy
InAs/InP QDs are ∼0.3ns and ∼2ns respectively [105].

With pulsed electrical excitation, carrier tunnelling also affects the emission decay
[64, 65]. The voltage across the ELED is varied in time, between a maximum above the
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bandgap for a short period and a minimum below the bandgap for the rest of the cycle.
Carriers are injected into the device during the time spent at the maximum voltage. The
minimum voltage determines the band bending of the ELED for most of the cycle, and
depending on the bending carriers may tunnel out of the QD rather than recombining
radiatively. With increased carrier tunnelling, the emission decays faster than the radiative
lifetime of the transition and the average number of photons emitted per cycle reduces. This
is explored in section 4.5.1.

Second order autocorrelation

Second order autocorrelation (g(2)) measurements characterise the photon statistics of a light
source. The g(2) can be expressed in terms of the photon creation and annihilation operators,
â† and â, as

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

⟨â†(t)â(t)⟩2 (2.5)

with photons emitted at time t and after a further time delay τ [106]. An ideal single-photon
source would have g(2)(τ=0) = 0, with no multi-photon emission. In QDs one photon is
emitted at a time from the XX-X or X-ground state transitions, and a state must be re-excited
before a subsequent emission event from the transition occurs. In practice, the g(2)(0) is >0
due to light not from the transition of interest passing through the spectral filter, re-excitation
of the QD during the finite ‘τ=0’ window, and a non-zero dark count rate at the single-photon
detectors.

A Hanbury Brown and Twiss setup [107], shown in figure 2.5(b), is used to measure a
g(2). The filtered light is sent to a 50:50 beamsplitter, with each of the two outputs sent to a
single-photon detector. The photon detection events at the first detector can be recorded with
respect to photon detection events at the second detector in a ‘start-stop’ measurement using
a TCSPC. If the QD excitation is pulsed, the photon detection events at both detectors can be
recorded with respect to the clock signal to view the degree of multi-photon emission within
an emission cycle. g(2) measurements are presented in section 6.3.1.

Entanglement

To characterise the entangled photon-pair emission from a QD, time resolved polarised
XX-X photon correlation measurements are made. A simple diagram can be seen in figure
2.5(c). The filtered XX and X photons are sent through polarisation analysers which set the
polarisation basis of the detection system. A ‘start-stop’ measurement between detection
events at the two detectors can be made, or if the source is pulsed photon detection events
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at both detectors can be recorded with respect to the clock signal. These measurements are
further described in section 5.1, along with the determination of the entanglement fidelity to
the Φ+ Bell state from measured XX-X photon correlations.
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2.2 Rate equation model

Rate equations are a useful tool for modelling quantum systems with atom like energy levels.
A system of rate equations can describe the populations of states within a QD. Rate equation
models based on the work in [36] will be introduced in this section, which are then used in
section 4.5 to simulate time resolved emission from a QD, and in section 6.4.2 to simulate
the achievable entanglement fidelity.

2.2.1 A 3 level model

A QD can be described by a 3 level model, as there are 3 levels involved in the generation of
entangled photon-pairs in QDs. A 3 level model is shown in figure 2.6(a), with XX, X, and
ground states. In this model, the excited states are populated by electron-hole pairs at the
same pump rate P, without considering the behaviour of electrons and holes separately. The
states are depopulated by 2 mechanisms, tunnelling with a rate T, and radiative decay with
rates ΓXX and ΓX. These radiative decay rates are the inverse of the state lifetimes.
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Fig. 2.6 A rate equation model with 3 levels. (a) A diagram of the model with a biexciton
(XX) state, an exciton (X) state, and a ground (g) state. Both transitions are excited at a pump
rate P and are depopulated by tunnelling at a rate T but have different radiative decay rates
ΓXX and ΓX. (b) An example of the time evolution of XX (light orange), X (dark purple),
and ground (grey) level populations with pulsed excitation. The shaded areas indicate the
130ps excitation pulses. The XX and X state lifetimes used are 0.3 and 2ns respectively, the
pump rate is 5ΓXX, and the tunnelling rate is 0.1ΓXX.
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The rate equations for the populations, n, of this system can be written as

ṅXX = +P ·nX −ΓXX ·nXX −T ·nXX

ṅX = +P ·ng −P ·nX −ΓX ·nX +ΓXX ·nXX −T ·nX +T ·nXX

ṅg = −P ·ng +ΓX ·nX +T ·nX

(2.6)

and can be numerically solved using an ordinary differential equation solver.
For continuous excitation the pump rate is constant, while for pulsed driving the pump

rate varies in time. For pulsed driving the pump rate can be described by a square wave with
P>0 for the duration of the driving pulse and P=0 for the rest of the period. In practise this is
not accurate, as the rise and fall times of the electrical pulses from the pulse generator used
are long compared to the nominal pulse width.

Figure 2.6(b) shows an example of the populations of the 3 levels after solving the rate
equations with a time varying square wave pump rate. The time evolving populations shown
in figure 2.6(b) were calculated at 20 clock cycles after the system was initialised with ng=1
and nXX=nX=0. The XX level is populated during the excitation pulse, before the population
decays and the X level is populated. Whereas the XX population drops significantly during a
1ns clock cycle, the X population does not due to its long lifetime.

2.2.2 Entangled and non-entangled X levels

While the rate of emission of XX and X photons is calculated from the 3 level model
described in section 2.2.1, it is not possible to calculate the rate of emission of correlated
XX-X photon-pairs. In that model, photons emitted from the X level contain both X photons
which are entangled with a previously emitted XX photon, and X photons which are not
entangled with a XX photon (such as ones which were emitted after re-excitation to the X
level from the ground level).

A method from [36], which is now described, is used for separating X photons which
are entangled to a previously emitted XX photon and those which are not. 2 X levels, for
entangled and non-entangled X photons, Xent and Xnon respectively, are included as shown
in figure 2.7(a). After a XX photon has been emitted the system is left in the Xent state. A
subsequently emitted X photon will be entangled with the previously emitted XX photon,
leaving the system in the ground state. If the QD is then excited to the XX or Xnon states,
any emitted XX and X photons will not be entangled with the initial XX photon.
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Fig. 2.7 Modelling entangled XX-X photon-pair emission. (a) A diagram showing 4 levels
including entangled Xent and non-entangled Xnon levels. (b) A graph showing XX and X
photon emission times (tXX and tX). The black dashed line shows the ‘0-delay diagonal’.

The rate equations for the model in figure 2.7(a) are

ṅXX = +P · (nXnon +nXent) −ΓXX ·nXX

ṅXnon = +P ·ng −P ·nXnon +ΓXX ·nXX −ΓX ·nXnon

ṅXent = −P ·nXent −ΓX ·nXent

ṅg = −P ·ng +ΓX · (nXnon +nXent)

(2.7)

which are similar to the 3 level model in section 2.2.1 but with the X level split into 2 separate
populations. Tunnelling is not considered in these rate equations or in figure 2.7(a), but could
also be included in this model.

The rate equations must be solved for all XX and X photon emission times as shown
in figure 2.7(b). An important feature of figure 2.7(b) is the ‘0-delay diagonal’ from the
bottom-left to the top-right, which splits the time space in half. Along this diagonal, the XX
and X photon emission times are the same (hence ‘0-delay’). In the upper-left triangle of
figure 2.7(b) X photons are emitted after XX photons, and in the lower-right triangle XX
photons are emitted after X photons. The rate equation model must be solved separately for
each triangular region, as these have different initial populations.

In the upper-left triangle, the initial populations are nXent=1 and nXX=nXnon=ng=0 as a
XX photon has been emitted, leaving the system in the Xent state. Both entangled and non-
entangled X photons can be found in this triangular region. In the lower-right triangle, the
initial populations are ng=1 and nXX=nXnon=nXent=0 as an X photon has been emitted leaving
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the system in the ground state. No entangled X photons will be found in this triangular region
as it is physically impossible.

2 matrices, one for entangled XX-X photon-pairs (Ment) and one for non-entangled XX-X
photon-pairs (Mnon), which represent XX-X photon-pair emission as a function of time delay
are calculated using the rate equations. For Ment, the upper-left triangle is filled by solving
for nXent and the lower-right triangle is empty. For Mnon, the upper-left triangle is filled by
solving for nXnon and the lower-right triangle is filled by solving for nXX.

As Ment and Mnon represent XX-X photon-pair emission, the upper-left and lower-right
triangles must contain contributions from both XX and X populations. To include the
contribution from the XX population in the upper-left triangle, this region of Ment and Mnon

is then weighted by nXX. Similarly, the lower-right triangle of Mnon is weighted by nXnon.

2.2.3 Constructing the density matrix

To construct the density matrix for the XX-X photon-pair state, 2 density matrices are
required. The first is the density matrix for entangled light

ρ̂ent = |ψ⟩⟨ψ| (2.8)

where |ψ⟩ is the time evolving entangled photon-pair state shown in equation 1.11. The
second is the density matrix for mixed light, ρ̂mixed, the 4x4 identity matrix normalised by
dividing by 4. The density matrix for the XX-X photon-pair state is then [36]

ρ̂(tXX , tX ,δ ) ∝ Ment(tXX, tX) · ρ̂ent(tXX, tX,δ )+Mnon(tXX, tX) · ρ̂mixed (2.9)

where XX and X photon emission times are separated into tXX and tX respectively, with
τ = tXX − tX, and δ is the QD FSS. This density matrix can be used to simulate many useful
quantities determined experimentally, such as XX-X photon-pair correlations in a given
polarisation basis, or the entanglement fidelity to a specific Bell state.

The density matrix for the XX-X photon-pair state must be modified to include un-
correlated light not from the XX cascade, which can be a significant fraction of the total
light detected in experimental measurements. There are several sources of this uncorrelated
‘background’ light. The first is photons which are from neither the XX nor X transitions but
are of similar wavelengths passing through the spectral filters. These photons may originate
from transitions in the QD which emit at wavelengths close to the XX or X photons, or from
other QDs in a high density sample. The photon emission from these sources likely varies in
time if pulsed excitation is used, although this is hard to quantify as this emission already
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cannot be separated from the XX or X photons by spectral filtering. The second source of
uncorrelated background light is dark counts at detectors which cause uncorrelated detection
events.

So far XX-X photon-pair emission is represented by Ment and Mnon which have been
generated from the rate equation model. To introduce photon detection events due to
uncorrelated background light to this model, XX-background photon-pairs (MXX-BG), X-
background photon-pairs (MX-BG), and background-background photon-pairs (MBG-BG)
must also be included. The background light emission is here assumed to be constant in
time, and is set as a fraction of XX and X photon emission calculated from the rate equation
model. For each of MXX-BG, MX-BG, and MBG-BG, the background emission is weighted by
nXX, nXnon, and itself respectively. The density matrix for the XX-X photon-pair state is then
constructed as

ρ̂withBG ∝ Ment · ρ̂ent +(Mnon +MXX−BG +MX−BG +MBG−BG) · ρ̂mixed. (2.10)



Chapter 3

Device fabrication

This chapter presents the fabrication and basic characterisation of electrically driven ELEDs.
Standard semiconductor processing techniques were used to fabricate devices in a cleanroom
at the Cavendish Laboratory of the University of Cambridge.

Device design and fabrication was carried out in collaboration with Dr Joanna Skiba
Szymanska of Toshiba CRL. For efficient workflow, both the author and Dr Joanna Skiba
Szymanska carried out the various processes involved with fabrication, including photolithog-
raphy, etching, evaporating metal contacts, and packaging devices. Silicon nitride deposition
and etching was performed by Dr Dave Ellis of Toshiba CRL and Phillip Cameron and Dr
Benjamin Ramsay of the Cavendish Laboratory. Electron-beam lithography was carried out
by Thomas Mitchell and Jon Griffiths of the Cavendish Laboratory.

Throughout this project, QD wafer material was received from growers who aimed to
produce a sample suitable for further experiments. The author was involved in optically and
electrically characterising these wafers, through PL measurements and the fabrication of QD
LED devices, to provide feedback to the growers. This included the wafers designed for
electrical excitation of QDs in section 3.3.

3.1 Fabrication overview

InP wafers with InAs/InP QDs as described in section 1.2.5 are compatible with standard
semiconductor processing techniques. In this work, QD LEDs were fabricated from p-i-n
diode wafer material with QDs within the intrinsic region. These devices had metal contacts
to the p- and n-doped regions so that the diode could be biased for electrical injection of
carriers into the QDs. Although the vertical height of devices was fixed by the thicknesses of
the p-i-n diode layers, the width and length of devices could be varied by creating etched
mesas. The size and shape of the mesas and metal contact areas were defined lithographically.
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The first step in processing devices was to cleave a chip from the desired wafer. As the
wafers were grown in a horizontal-flow MOVPE reactor, there was a gradient in the growth
across each 2" wafer, so the QD density, QD size, and cavity wavelength were not uniform.
Before continuing with fabrication, low temperature PL measurements could be carried out
on a chip to check that it contained suitable QDs.

Prior to etching or metal contact evaporation, lithography was required to define a pattern
in photoresist on a chip. The areas of the pattern where the photoresist was removed could
then be etched away, or metal contacts could be created. For devices with no small (µm
scale) features, optical photolithography was used. A photoresist was spun onto the chip
before it was hard baked. The chip was then aligned under a photomask, and the photoresist
was exposed with UV light. The chip was rinsed in developer to leave the pattern in the
photoresist. If the lithography was for a metal evaporation, the chip would also be rinsed in
chlorobenzene to aid the metal lift-off process.

Electron-beam (e-beam) lithography was used for devices with small features and was
useful for device prototyping as an expensive quartz photomask did not need to be made. For
metal evaporations a positive tone e-beam resist was used, and for etching a negative tone
e-beam resist was used. After the resist was spun on a chip and baked, the desired pattern
was defined by e-beam lithography. The resist was then developed.

While the p-type layer in the wafers used was at the surface, the n-type layer was deep in
the wafer, so etching was required to reveal this layer before a metal contact could be made.
Mesas could be created by either ‘wet’ etching or ‘dry’ etching. Wet etching with 3:1:1
H2SO4:H2O2:H2O at 50◦C causes ‘side etching’ of a mesa where the semiconductor etches
laterally as well as vertically. A variety of etch profiles can be created with different wet etch
recipes. Some etches are isotropic, with a similar etch rate in all directions, whereas others
produce anisotropic results due to unequal etch rates along different crystal orientations [108].
Sloping mesa sidewalls can also occur when the photoresist pattern is gradually destroyed
from the edges inwards during etching, exposing more of the semiconductor beneath and
reducing the size of the mesa surface. Wet etching was used for large devices (100s of
µm scale) as an amount of side etching could be tolerated. Figure 3.1(a) shows an optical
microscope image of a wet etched mesa with significant side etching.

Inductive coupled plasma reactive ion etching (ICP RIE) was used for devices with
smaller features as more vertical mesa sidewalls could be achieved by iteratively developing
the recipe. This dry etch used a Cl2/Ar mixture at 50◦C. The Cl2 provided the chemistry
during the etch, with the Ar as the carrier gas. The optical microscope image in figure 3.1(b)
shows a dry etched mesa with features as small as ∼5µm.
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Fig. 3.1 False colour optical microscope images of wet and dry etched mesas on InP. (a) A
wet etched mesa where the mesa surface (dotted line) is smaller than its intended size (dashed
line) with sloping sidewalls. (b) A dry etched mesa with straight sidewalls.

An electrically driven ELED requires metal contacts to both the p- and n-type layers.
Thermal evaporations were used for both metal contacts, with Cr/Au for the p-contact and
AuGeNi slug for the n-contact. After an evaporation, a lift-off step in acetone was carried
out, which removed both the photoresist and metal on top of the photoresist, leaving a metal
pattern on the wafer surface. A p-contact was created by a two-stage thermal evaporation
to deposit Cr and then Au respectively. For a n-contact a thermal evaporation deposited
AuGeNi slug, followed by annealing after lift-off to diffuse the metal into the semiconductor.

Finally, chips were cleaved into smaller sections and attached to packaging. The p- and
n-type metal contacts were then wire bonded to Au bond pads on the packaging to enable
electrical connection of the ELEDs within a cryostat.
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3.2 ELEDs with large mesas

When QD samples designed for electrical excitation were received, simple devices were
fabricated so that their electrical performance could be evaluated and the QDs could be
characterised by low temperature EL measurements.

The pattern for these devices was defined using optical lithography. The layer structure of
the wafers received varied and did not always have DBRs, but the p-doped layer was always
above the QDs and the n-doped layer below as shown in figure 3.2(a). As the mesas shown
in figure 3.2(b) are 500 x 500µm with no small features, wet etching was used. The resulting
side etching can be seen in figure 3.1(a) with the mesa surface smaller than on the photomask
design. The metal contacts to the p- and n-type layers were then created as shown in figure
3.2(c) and (d) respectively. Multiple mesas on a chip shared the same n-contact.
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Fig. 3.2 An illustration of fabrication of an ELED device for DC operation. Not to scale. The
(a) wafer with InAs/InP QDs was (b) etched to the n-type layer to form the mesa. Deposition
of the metal contacts to (c) the p-type layer and (d) the n-type layer. (e) Wire bonding a
device to AlN packaging with Au bond pads.

The chip was attached to AlN packaging with conductive paint. The p- and n-type metal
contacts were wire bonded to large Au bond pads on the packaging as shown in figure 3.2(e).
When a device was mounted inside a cryostat, copper wires were positioned onto these large
bond pads on the packaging and fixed in place with conductive paint.
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3.3 A wafer for low temperature electrical injection

Phonon broadening of spectral lines becomes more significant at higher temperatures [109].
This leads to the emission of an increasing number of photons at similar wavelengths to
the XX and X spectral lines which are not generated in the XX cascade. The maximum
achievable entanglement fidelity to a Bell state is reduced with an increase in uncorrelated
photon detection events, as has been shown in [53].

The minimum operation temperature of an optically excited InAs/InP QD ELED is
here limited by the minimum temperature of the cryostat used, around 4K for a helium
vapour cryostat, rather than by the QD sample itself. InAs/InP QDs in wafers with the
layer structure described in section 1.2.5 can be electrically excited, but the minimum
operation temperature is significantly higher than 4K. The ELED used in [53] was operated
at a minimum temperature of 44K. The inability to electrically excite these QDs at low
temperatures is likely due to poor injection of p-type carriers at low temperatures.

The thickness of the intrinsic region of a QD LED is crucial for electrical excitation of
the QDs. A thin intrinsic region can enable carriers from the doped regions to be captured
by the QDs. However, the highly doped layers must not be too close to the QDs as this can
cause degradation the performance of the QD LED, such as by increasing the linewidths of
spectral lines [110]. The intrinsic region must also be sufficiently thick that carriers do not
tunnel into the QD from doped regions during radiative decay in the the XX cascade as this
could disrupt entangled photon-pair generation [52].

Dr Andrey Krysa grew a series of 8 wafers with the p-dopant Zn extending down from
the p-doped DBR into the InP cavity. Doping closer to the QDs may improve the injection
of holes, enabling electrical operation of an ELED at lower temperatures. For wafers with
deeper Zn doping, the Zn flux was started earlier during growth as the wafer was grown from
the bottom up with the QDs grown before the top DBR. Alternatively, a different p-dopant
could be investigated, such as Be, Cd, or Mg [111], although this was not done here.

The final 5nm capping layer, which was highly p-doped, was InGaAs for 5 of the wafers
and InP for the other 3. One of these materials may form a better metal-semiconductor
contact for electrical operation at low temperatures.

3.3.1 Secondary ion mass spectrometry analysis

To measure the profile of Zn doping in each of the 8 wafers, a chip from near the centre of
each wafer was sent for secondary ion mass spectrometry (SIMS) analysis which was carried
out by a commercial contractor.
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The p-doped top DBR can clearly be seen in the SIMS data received, which is shown in
figure 3.3(a), with the Zn concentration higher in the AlInGaAs layers than the InP layers.
However, in this data the length of the DBR does not match the intended length and is
inconsistent between the wafers. As the cavity wavelength of the wafers is indeed around
1550nm, confirmed in spectroscopy measurements, it is likely that the DBR length differences
are from the SIMS analysis rather than inaccuracies during growth.

There are 2 sources of uncertainty in the depths presented in figure 3.3(a). The first
is from the stylus profiling of the crater depth, which could account for the differences in
the total length of the DBR between the 8 wafers. The second is from a correction for
the dissimilar erosion rates of the InP and AlInGaAs layers which did not use the exact
composition of the AlInGaAs. The total DBR length for all 8 wafers would be overestimated
if the correction assumed a too high erosion rate of AlInGaAs. The measured depths were
then additionally calibrated with a linear scaling factor for each wafer to match the end of
the third AlInGaAs layer to its intended depth, as shown in figure 3.3(b). This calibration
could correct for uncertainties in the total depth, but not for the different AlInGaAs erosion
rate. The Zn doping depth can be directly compared between the 8 wafers, although there is
residual absolute uncertainty in the depths.

Within the p-doped top DBR the doping concentration oscillates between ∼2x1019-
atoms/cm3 in the AlInGaAs layers and ∼2x1018atoms/cm3 in the InP layers as can be seen
in figure 3.3(b). Although the InP layers were grown to be a nominal 11nm thicker than
the AlInGaAs layers, in figure 3.3(b) the InP layers appear to be thinner than the AlInGaAs
layers, suggesting that there is an overestimation of the AlInGaAs erosion rate. The slow
gradient in Zn doping from 2x1019 to 2x1018atoms/cm3 between the DBR layers could be
due to intermixing of atoms between the AlInGaAs and InP layers.

For the 8 wafers in figure 3.3(b) the measured Zn doping depth was taken as the point at
which the Zn doping level falls below 1017atoms/cm3. The nominal and measured Zn doping
depths into the cavity are shown in figure 3.3(c). For all 8 wafers, the measured Zn doping
depths were likely significantly deeper than intended as the Zn dopants diffused deeper into
the wafer structure during growth.

For wafers A and B, which nominally had no Zn doping past the DBR, the Zn had
diffused 28 and 86nm respectively into the cavity according to figure 3.3(b). The only
intended difference between the growth of the 2 wafers was the final 5nm capping layer,
InGaAs for wafer A and InP for wafer B. As the capping layer for both wafers was grown at
the same temperature, it is not clear why there is such a difference in the Zn doping depth
between these 2 wafers, although when considering all 8 wafers there is no clear systematic
difference between the two types of capping layer. The capping layers themselves are not
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Fig. 3.3 Secondary ion mass spectrometry (SIMS) analysis of Zn doping in InP wafers with
a 3-repeat AlInGaAs/InP DBR and InAs/InP QDs. (a) Received SIMS data for 8 wafers,
labelled A-H. The nominal thicknesses of AlInGaAs layers are shaded grey. The position of
the QD layer is indicated by the dashed grey line. (b) Each of the curves from (a) calibrated by
a linear scaling factor to match the measured DBR thickness to the nominal DBR thickness.
(c) A comparison of the nominal Zn doping depths for wafers A-H and the measured depths
at which the doping level drops to 1017atoms/cm3 in (b). Wafers with a final capping layer of
InGaAs and InP are represented with circular and triangular data points respectively.
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well resolved in figure 3.3(b), but it can be seen that the Zn doping concentration increases
towards the wafer surface as expected.

3.3.2 The minimum electrical operation temperature

Devices described in section 3.2 were fabricated from the centre of each of the 8 wafers
so that the minimum electrical operation temperature could be investigated. These devices
were cooled in a helium vapour cryostat and EL spectra were measured. The minimum
electrical operation temperature was taken as the minimum temperature at which sharp
spectral lines at around 1550nm could be identified. This temperature has an uncertainty of
±1K as the spectral lines were first identifiable with a long exposure time (∼20 seconds)
and then gradually increased in intensity to be identifiable with shorter exposure times (∼1
second) over this temperature range.

Figure 3.4 shows the minimum electrical operation temperature of devices fabricated
from the 8 wafers. It can be seen that doping closer to the QDs can lower the electrical
operation temperature, but also that excessive doping can stop all characteristic emission
from single QDs. EL measurements on devices from wafers F and G revealed a broad
emission peak centred at 1550nm with no narrow QD spectral lines identifiable. Devices
fabricated from wafer H were all electrically shorted.
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Fig. 3.4 The minimum electrical operation temperature for wafers A-H, determined from
electroluminescence measurements on devices fabricated from these wafers.

Wafer E had the lowest electrical operation temperature, of 10K. Wafer D, which has a
nominally 50nm shallower Zn doping depth than wafer E, had a minimum electrical operation
temperature of 25K. No QD emission was identified for wafer F which has a nominally
50nm deeper Zn doping depth than wafer E. This is the critical range for the Zn doping, over
which the minimum electrical operation temperature decreases until the characteristic optical
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performance of the QDs is destroyed. The Zn doping depth must therefore be carefully
controlled to within 10s of nm to enable a low electrical operation temperature. Considering
the difference between the nominal and measured Zn doping depths due to diffusion, and the
uncertainties in the SIMS measurements, further development is required to reliably achieve
such precision.

The final capping layer material, InP or InGaAs, had no significant effect on the minimum
electrical operation temperature of devices. Wafers A and B both had the same nominal
doping depth but with different capping layers of InGaAs and InP respectively. As can be
seen in figure 3.4 there was no difference in the minimum electrical operation temperature
of these wafers. There was also no clear difference between the p-p or p-n resistances of
devices fabricated from these 2 wafers at both room temperature and at 10s of K.
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3.4 ELEDs for GHz clock rates

The ELEDs described in this section were designed to be compatible with systems which
run at a 1GHz clock rate, such as SD-APDs used for QKD [62, 63]. Entangled photon-pair
emission from InAs/InP QDs at a GHz clock rate has been achieved with optical excitation
using a 1310nm laser with pulses created by an electro-optic modulator [68]. An electrically
driven device would not require this complex excitation scheme, using just an electronic
pulse generator.

So that the clock rate of an ELED for fast electrical operation is not limited by device
geometry, the mesa size must be small to reduce the capacitance. The devices for DC
operation in section 3.2 have far too large mesas, so an alternative device design must be
used. The devices in section 3.2 have the bond ball to the p-contact directly on the top of a
mesa; this requirement restricts the minimum size of a mesa to around a 100µm diameter.
The devices introduced here are around this minimum size.
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Fig. 3.5 An illustration of fabrication of an ELED for GHz clocked electrical operation from
(a) an InP wafer with InAs/InP QDs. Not to scale. (b) Deposition of the metal contact to
the p-type layer. (c) Etching to the n-type layer to form the mesa. (d) Deposition of the
metal contact to the n-type layer. (e) Etching to the substrate. (f) Wire bonding a device to
packaging with impedance matched tracks ending with a micro-coaxial connector.

As the available wafer material had high density QDs, emission from many QDs would
be collected at the same time. To reduce the number of QDs addressed at a time, apertures in
a metal layer can be used to block emission from most of a device [51, 112], or pillars can
be etched so that only a small area with QDs will emit [113–115]. Here, devices for high
clock rate operation have 5µm pillars around the perimeter of the mesa, as shown in figure
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3.5, to reduce the number of QDs emission is collected from. The small features of the mesa
also aid navigation around a device to re-locate a known QD. As the cavity design of the
wafer material has a low quality factor, the intensity of QDs within the connected pillars is
not enhanced compared to QDs in the bulk mesa.

Narrow regions of a mesa which create high resistance, such as the 1µm x 1µm bars
connecting the pillars to the bulk mesa, are non-optimal for high clock rate operation of a
device. However, the long radiative lifetimes of the QDs seem to be the most significant
limiting factor for GHz clocked operation of these devices, as will be discussed in section
4.5.

There were 5 stages in the fabrication of these devices, with e-beam lithography used
due to the size of the features. The layer structure of the wafer shown in figure 3.5(a) is
as described in section 1.2.5 with InAs/InP QDs in a cavity surrounded by p- and n-doped
InP/AlInGaAs DBRs. First the p-type metal contact was evaporated as shown in figure 3.5(b).
The mesa with connected pillars was then etched as shown in figure 3.5(c), before the n-type
metal contact was evaporated as shown in figure 3.5(d). Finally the chip was etched to the
undoped substrate as shown in figure 3.5(e) to electrically separate devices from one another.
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Fig. 3.6 An ELED for GHz clocked electrical operation. (a) A false colour scanning electron
microscope image of an ELED with the mesa coloured yellow and the area etched to the
n-type layer coloured purple. The n-type metal contact and bond ball are coloured pink, and
the p-type metal contact and bond ball on top of the mesa are coloured orange. (b) I-V curves
from an ELED at room temperature (dark purple) and at 30K (light orange).

The packaging used for devices in section 3.2 is not suitable for high frequency electrical
operation due to the long copper wires used inside of a cryostat. Initial designs of radio
frequency compatible sample packaging were made by Dr Joanna Skiba Szymanska and Dr
R. Mark Stevenson of Toshiba CRL, with impedance matching simulations and fabrication
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then carried out by a commercial contractor. This new sample packaging, depicted in figure
3.5(f), was made of FR4, with Au bond pads to wire bond the p- and n-contacts of a device
to. Low-profile micro-coaxial connectors for radio frequency compatible cables were used
for electrical connection inside a cryostat. These connectors were attached to the Au bond
pads by 50Ω impedance matched tracks. Since the ELED design did not have two n-type
metal contacts, the two ground tracks on the packaging were connected with a bond wire.
Although this did not appear detrimental to the 1GHz pulsed electrical operation of an ELED,
subsequent versions of this device design included two n-contacts, one on either side of the
mesa to enable ground-signal-ground style connection.

A false colour scanning electron microscope (SEM) image of an ELED is shown in figure
3.6(a). Devices of this design had good electrical performance; a typical I-V curve can be
seen in figure 3.6(b) with the resistance reaching ∼50Ω beyond the turn on voltage. The
turn on shifts to higher voltages with decreasing temperature as the bandgap of InP increases.
These devices were used for further experiments in chapters 4, 5, and 6.
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3.5 ELEDs with a silicon nitride layer

The size of the mesa of devices introduced in section 3.4 was limited by the size of a bond
ball, but smaller electrically connected mesas can be created if an electrically insulating layer
is used [51, 116, 117, 66]. An electrically insulating layer between the semiconductor and
the bond pad enables the bond ball to be placed away from the mesa without shorting the
device, so the mesa size is no longer constrained.

The p-contact (or n-contact depending on the wafer structure) is made on top of the mesa,
and an electrically insulating layer covers the mesa sidewalls and an area surrounding the
mesa. A metal bond pad for the bond ball can then be created on top of the insulating layer,
which is connected to the p-contact on top of the mesa by a metal track running up the mesa
sidewalls over the insulating layer. Reducing the size of a mesa can reduce QD lifetimes and
increase the photon extraction efficiency via the Purcell effect [116, 117], and can enable
higher operation clock frequencies by lowering the device capacitance [66].

An approximation of a ∼9GHz maximum clock frequency for the device in section 3.4
can be obtained from an RC constant calculated with a resistance of 50Ω and the capacitance
of the p-i-n diode as a parallel plate capacitor. The maximum clock frequency will be lower
than this estimate due to the resistance of the thin bars connecting the pillars to the bulk mesa,
the changing resistance of the diode as it is switched from below to above the turn on voltage
during pulsed operation, and the long radiative lifetime of the QDs.

Silicon nitride (SiNx) is widely used as an electrically insulating layer in many types of
semiconductor devices. It can be processed using similar techniques already utilised in the
fabrication of QD ELED devices such as those in section 3.4. The next sections describe the
development of devices with a SiNx layer.

3.5.1 First version of devices

Devices shown in figure 3.7 have a mesa size of 40 x 40µm. Again, the wafers used here have
InAs/InP QDs in a cavity surrounded by p- and n-doped DBRs, as shown in figure 3.7(a). A
quartz photomask was used for optical lithography. The mesa was defined by dry etching to
the n-type layer as shown in figure 3.7(b). To have each device on a chip electrically isolated
from one another, the chip was then etched to the undoped substrate as shown in figure 3.7(c),
leaving an area for the n-contact to be created.

A layer of SiNx was then deposited onto the chip by plasma enhanced chemical vapour
deposition at 300◦C. So that SiNx was only left where the p-type metal tracks and bond pads
would later be deposited, areas of SiNx were removed by ICP RIE. This left the insulating
SiNx down the sides of the mesa and on the substrate level, as shown in figure 3.7(d).
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Fig. 3.7 An illustration of fabrication of the first version of a QD LED with an electrically
insulating layer. Not to scale. (a) The InP wafer with InAs/InP QDs. Etch steps to (b) the
n-type layer to form the mesa and (c) the substrate. (d) A layer of insulating SiNx was
deposited on the chip before etching to open windows for the p- and n-contacts. Deposition
of the metal contacts to (e) the n-type layer and (f) the p-type layer.

The AuGeNi n-type metal contact shown in figure 3.7(e) was deposited by thermal
evaporation. Two Cr/Au thermal evaporations were then carried out. The first was to create
the p-type metal contact, with metal only deposited in the window of the SiNx on the top of
the mesa. For the second evaporation, the chip was mounted at an angle and rotated to deposit
the metal tracks down the sides of the mesa and the bond pads in a ‘rotatilt’ evaporation. The
complete device is shown in figure 3.7(f).

A chip of devices was then cleaved and attached to packaging with conductive paint
before wire bonding the p- and n-contacts to the bond pads on the packaging. As each device
had two p- and two n-contacts, they could be biased using one p- and one n-contact or in a
ground-signal-ground style with one p- and two n-contacts.

Whereas devices fabricated from GaAs wafers with InAs/GaAs QDs were demonstrated
to emit short wavelength single and entangled photon-pairs at high clock rates [66], the
electrical performance of devices fabricated from InP wafers with InAs/InP QDs was poor.

Room temperature I-V curves from 29 devices fabricated from 4 different wafers are
shown in figure 3.8(a) along with an I-V curve from a device described in section 3.4. Many
of the devices with a SiNx layer were significantly leaky, while the rest turned on far slower
than the device from section 3.4. There was no difference in I-V curves from devices from
wafers with different Zn doping depths and either InP or InGaAs capping layers.



3.5 ELEDs with a silicon nitride layer 47

-1 0 1 2

0

1

2

3

4

Cu
rre

nt
 (m

A
)

Voltage (V)

a b

100mm

n-metal

p-metal

SiNx

Fig. 3.8 Characterisation of the first version of devices with an electrically insulating layer.
(a) I-V curves from 29 devices with a SiNx layer (solid black) and 1 device from section
3.4 which did not have a SiNx layer (dashed orange). Inset: An InGaAs camera image
of electroluminescence from a mesa at 30K. The device is additionally illuminated by a
broadband light source so that the metal contacts are visible. (b) A false colour scanning
electron microscope image of a device with bubbling SiNx.

The leakiness may have been due to pinholes in the insulator, allowing the p-metal tracks
to touch the n-type layer on the side of the mesa. For some devices there were clear issues
with the insulator, which can be seen in the SEM image in figure 3.8(b) where there are
bubbles in the SiNx. Few devices could be bonded; the Cr/Au bond pads on top of the bubbly
SiNx would often rip off of the chip along with the SiNx during bonding.

A layer of either SiNx or photoresist residue trapped between the p-type layer and p-type
metal contact could cause the slow turn on of the I-V curves in figure 3.8(a). 10mA of current
was passed through a few devices, as this may have ‘burned’ any photoresist residue and
made the devices less resistive. Although this did make some devices less resistive, they also
became significantly leaky. It is unlikely that the slow turn on is due to residual SiNx under
the p-contact, as chips which were additionally dipped in hydrofluoric acid after the SiNx dry
etch to ensure the chip surface was free of SiNx also turned on slowly.

4 devices with the least leaky room temperature I-V curves were cooled to 30K in a
helium vapour cryostat. EL above 1500nm was only observed in areas at the edges of the
mesas when the devices were at 30K, as can be seen in the inset of figure 3.8(a). Measuring
EL spectra showed that this emission was broad and centred at around 1550nm, with few
weak spectral lines from QDs observed on top of this broad emission. When an electronic
pulse generator was used to drive a device at clock rates between 100MHz and 1GHz, the
devices became increasingly leaky and the EL emission was less intense for a given voltage.
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3.5.2 Second version of devices

Additional devices were fabricated to investigate the leakiness and slow turn on of the devices
in the previous section. The device design was altered as can be seen in figure 3.9. As the
devices in the previous section only glowed along the edges when cooled in a cryostat and
became leakier after pulsed electrical driving, the second version of devices were designed
with a round mesa to avoid sharp corners. The circular mesa has a diameter of 100µm. A
quartz photomask was used for optical lithography.
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Fig. 3.9 An illustration of fabrication of the second version of a QD LED with an electrically
insulating layer. Not to scale. (a) The InP wafer with InAs/InP QDs. (b) An etch step to the
n-type layer. (c) A layer of insulating SiNx was deposited on the chip before etching to open
windows for the p- and n-contacts. (d) Deposition of the metal contacts to the n-type layer.
(e) Deposition of the metal contacts to the p-type layer and tracks leading from the device to
bond pads further away. (f) A plan view of the p-contacts.

The device design was also modified so that most of the chip remained unetched as can be
seen in figure 3.9(b) to give a large flat surface which would be required if a device was to be
used with a solid immersion lens or if a device were to be directly fibre coupled. This would
not be possible with the devices described in section 3.4 as there is only ∼15µm between a
QD within a connected pillar and the bond ball to the p-contact. The distance between a QD
of interest and the bond ball would have to be increased to several mm to accommodate a
solid immersion lens or fibre ferrule, as is possible with the geometry of devices shown in
figure 3.9.

After dry etching to the n-type layer, an insulating layer was deposited onto the chip. 3
windows were then opened in the insulating layer by plasma etching to give access to the p-
and n-type layers for metal contacts, as shown in figure 3.9(c). The window to the p-type
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layer has a diameter of 60µm. 2 AuGeNi n-type metal contacts were then evaporated as
shown in figure 3.9(d). A final ‘rotatilt’ Cr/Au evaporation created 2 p-type metal contacts
and 6 metal tracks extending away from the device on top of the insulating SiNx layer as can
be seen in figure 3.9(e). These devices had two sets of ground-signal-ground connections.
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Fig. 3.10 Characterisation of the second version of devices with an electrically insulating
layer. (a) I-V curves from 5 devices with 200nm of SiNx (yellow), 5 devices with 300nm
of SiNx (purple), and 3 devices with 400nm of SiNx (dark blue). The dashed orange curve
is from a device from section 3.4 which did not have a SiNx layer. (b) I-V curves from 4
devices with 100nm of SiO2. The dashed orange curve is again from a device from section
3.4. Inset: A optical microscope image of a device with 300nm of SiO2 where the SiO2 has
bubbled and cracked.

The p-contacts shown in figure 3.9(f) were designed to maximise the p-contact area on the
top of the mesa as it was suspected that the p-contact rather than the n-contact was limiting
the electrical performance of the devices in section 3.5.1 due to its far smaller area. For
devices in section 3.5.1 the p-p resistances measured with a multimeter were ∼MΩ whereas
the n-n resistances were ∼100Ω.

The device shown in figure 3.9 have 2 p-contacts on the mesa, each with an area of
1300µm2, with a 5µm gap left between the p-contacts so that the p-p resistance could be
measured. However, the devices without an insulating layer from section 3.4 have a p-contact
area of 6892µm2 so differences in the I-V curves from these 2 types of devices may be due
to the different p-contact size rather than damage during device processing. p-p resistances
for devices from section 3.4 could not be measured as each mesa had only one p-contact.
In section 3.6, the effect of different device processing steps on the p-contact resistance for
devices with a constant p-contact size are investigated.

To explore whether a thicker layer of SiNx would prevent the leakiness by avoiding
pinholes, several chips were fabricated in parallel with varying thicknesses of SiNx. 3
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chips with a layer of SiO2, which is also a standard electrical insulating layer used in many
semiconductor devices, were also fabricated to test an alternative insulator. The processing
steps for devices with a SiO2 layer were similar to those for devices with a SiNx layer.

I-V curves from devices with 200, 300, and 400nm thick layers of SiNx are shown in
figure 3.10(a). None of these devices were leaky, and no bubbling of the SiNx layer was
observed. However, like the first version of devices with an insulating layer in section 3.5.1
these devices turned on more slowly than the devices without an insulating layer in section
3.4. The turn on is slower for increasing thicknesses of SiNx. As these devices are nominally
identical but for the insulating layer thickness, this suggests that the processing relating to the
SiNx layer is contributing to the slow turn on rather than solely the smaller p-contact area.
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Fig. 3.11 Delamination of DBR layers. (a) A false colour scanning electron microscope
image of an unrelated device with a small mesa covered with ∼400nm of SiNx. Layers of
the DBR have delaminated. (b) I-V curves from 5 devices with 100nm of SiNx fabricated
from a wafer with no top DBR. The dashed orange curve is from a device from section 3.4
which did not have a SiNx layer.

For chips with 200 and 300nm thick layers of SiO2, the SiO2 layer bubbled when it
was etched to create windows for the metal contacts. An optical microscope image of the
bubbled SiO2 can be seen in the inset of figure 3.10(b). Fabrication could not be completed
for these chips as photoresist could not be spun evenly on the bubbled SiO2. If metal contacts
could have been made, the devices would have been leaky or shorted due to incomplete
insulator coverage. The chip with a 100nm thick layer of SiO2 did not have visible bubbles
when viewed under an optical microscope. However, measuring I-V curves from completed
devices revealed that they were leaky, as can be seen in figure 3.10(b), suggesting that there
were holes in the SiO2 layer. It was not clear why the SiO2 layer bubbled or had pinholes,
further optimisation of the deposition and etching process used here is required.
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When taking a SEM image of an unrelated device with a small mesa (width ∼1µm)
covered in SiNx, delamination of layers of the top DBR was observed as shown in figure
3.11(a). To test whether the slow turn on of the I-V curves in figure 3.10(a) was due to strain
from the SiNx layer causing delamination of the DBR layers, devices with a 100nm thick
SiNx layer were processed from a wafer with no top DBR so that no delamination of DBR
layers could occur. I-V curves from these devices can be seen in figure 3.11(b). One of the
devices was leaky, and the others still turned on slowly, so delamination of the DBR layers
did not appear to be the cause of the slow turn on of the I-V curves.
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3.6 Transfer length method analysis of the p-contact

So far, it was unclear to what extent the SiNx processing steps were causing the slow turn
on of the I-V curves as the two device designs with a SiNx layer in sections 3.5.1 and 3.5.2
had different p-contact areas to devices without a SiNx layer in section 3.4. Devices in
sections 3.5.1 and 3.5.2 had p-contact areas 9x and 5.3x smaller than devices in section 3.4
respectively. In this section a single style of devices are investigated, with the p-p resistance
measured after different device processing steps.

A single device design could be used to compare the p-contact resistance before and
after different device processing steps. However, a standard technique for evaluating the
performance of metal-semiconductor contacts, the transfer length method (TLM), can be
used to obtain a first approximation for the metal-semiconductor resistance [118].

3.6.1 Circular transfer length method measurements

In TLM measurements, resistances are measured between rectangular metal contacts of a
constant size but with varying distances between them. The current will flow from one probe
needle into the first metal contact, down from the metal into the semiconductor, across the
semiconductor sheet, up from the semiconductor into the second metal contact, and then into
the second probe needle. Assuming that the probe-metal resistance is negligible compared to
the metal-semiconductor resistance (RContact) and that metal itself has negligible resistance,
the total resistance measured can be written as

RTotal = RContact +RSemi +RContact, (3.1)

where RSemi is the resistance of the semiconductor between the 2 metal contacts. As RSemi

is proportional to the distance between the 2 metal contacts, if a series of pairs of identical
metal contacts with varying separations are probed, RContact can be estimated by extrapolating
back to 0 contact separation.

However, in order to use TLM analysis the current must not be able to flow perpendicu-
larly to the line of metal contacts. For the wafer material here, this would require etching the
surrounding doped semiconductor material away. As it was not known if dry etching the InP
affects the p-contact resistance, a different device geometry was used which did not require
an etch step.

Circular transfer length method (CTLM) structures, as are shown in figure 3.12(a), have
a circular inner metal contact of radius L separated from a large outer metal contact by a
ring of spacing d [119, 118]. The circular symmetry removes the need for an etch step as
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the current flows radially from the inner contact to the outer contact. The total resistance
measured between the inner and outer contacts is

RTotal =
Rsh

2πL
(d +2LT)C (3.2)

where LT, the transfer length, is the distance over which most of the current is transferred
from the metal into the semiconductor, Rsh is the sheet resistance of the semiconductor, and
C is the correction factor

C =
L
d

ln
(

1+
d
L

)
(3.3)

which accounts for the circular geometry of the structures [118]. Equation 3.2 assumes that
L»4LT and L»d. Without the correction factor, the contact resistance would be underestimated,
as can be seen in figure 3.12(b). As with the rectangular TLM analysis, RContact can be
determined by extrapolating back to 0 contact spacing (d=0) with a linear fit. When the
corrected resistances are plotted against the ring spacing, RContact is calculated from the
intercept as shown in figure 3.12(b).
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Fig. 3.12 Circular transfer length method (CTLM) analysis. (a) A diagram of 3 CTLM
structures. The circular inner metal contacts (grey) are separated from the shared outer metal
contact (also grey) by rings with no metal (white). (b) Differential resistances RTotal are
extracted from the gradient of I-V curves measured for devices with varying ring spacing. A
correction factor is applied to the resistances. The contact resistance, RContact, is calculated
from the intercept of a graph showing RTotal against the ring spacing.

If the p-contact is not ohmic, the gradient of an I-V curve measured between the inner
and outer metal contacts will not be constant. Thus the differential resistance RTotal will not
be constant with voltage, and the value of RContact will depend at which voltage it is extracted.
In this case, the voltage dependence of the extracted value of RContact will be presented.
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3.6.2 The p-contact after different processing steps

Figure 3.13 shows an overview of the processing steps applied to 2 chips, which came from
wafer A described in section 3.3, with I-V curves measured after the different processing
steps. The CTLM structures were fabricated from Cr/Au metal with L=50µm and d ranging
from 2µm to 20µm. As there was little variation between the I-V curves from devices with
d<8µm, these devices were not probed.

Chip 1 p-contact Cleave 

200nm
SiNx dep

Chip 2 SiNx

dry etch
Residue
removal

p-contact

1a

1b

InP etch RF Ash Anneal
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Fig. 3.13 An overview of the processing steps on the chips with CTLM structures. After chip
1 is cleaved into two chips, these are referred to as chip 1a and chip 1b.

Figure 3.14(a) shows I-V curves from devices with 20µm ring spacing after the different
processing steps shown in 3.13. Figure 3.14(b) shows RContact extracted from I-V curves
from devices with varying ring spacing using the method shown in figure 3.12(b). These
values of RContact are not entirely accurate as the model makes assumptions which may not
be valid here, for example it assumes that the semiconductor sheet resistance under the metal
is equal to the sheet resistance in the gap between the contacts [118]. Also, as 2 terminal
measurements were made, the resistance of the probes will be included in RTotal. The values
extracted here for RContact can be used as a first approximation, but further refinement to the
measurement of RTotal and the analysis to extract RContact would be required if an accurate
value of RContact and quantities such as the transfer length and specific contact resistivity
were to be found. However, the effect of different device processing steps on the extracted
values of RContact will be evident here.

The first processing step for chip 1 was the evaporation and metal lift-off of the CTLM
structures. As can be seen in figure 3.14(a) the dark blue I-V curve is not ohmic, and from
figure 3.14(b) it can be seen that RContact at 0V is ∼100Ω, tending to ∼28Ω for higher
voltages. This I-V curve and the values of RContact will be used as a baseline to compare
further processing steps with.
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Fig. 3.14 The p-contact resistance after different processing steps as shown in figure 3.13
and further described in the text. (a) I-V curves from devices with 20µm ring spacing. (b)
The contact resistance. (a) and (b) share the same legend, and the shaded areas indicate error
bars.

Whereas the processing of chip 1 began with the p-contact, the devices with a SiNx layer
in sections 3.5.1 and 3.5.2 had the SiNx layer deposited and etched before the creation of the
p-contact. To replicate this processing, a 200nm thick layer of SiNx was deposited onto chip
2 before the SiNx was dry etched away. When viewing the chip under an optical microscope,
it could be seen that a residue remained on the surface of the chip. The chip was then dipped
in hydrofluoric acid to ensure the chip surface was free of SiNx, but the residue remained.
Cleaning the chip in photoresist stripper and RF ashing the chip removed the residue, which
suggests that the chamber of the dry etcher was contaminated with photoresist from chips
which had been etched previously. The metal CTLM structures were then fabricated.

It can be seen in figure 3.14(a) that the p-contact of chip 2 is far more resistive than for
chip 1. At 0V the uncorrected RTotal for chip 2 is 10s of kΩ, rather than a few hundred Ω for
chip 1. This shows that the creation of the SiNx layer before the p-contact has increased the
p-contact resistance. As there was no consistent trend in the measured resistance with the
ring spacing d, values of RContact were not extracted.

During the plasma etch, a bias of a few hundred volts was applied across the chip. It is
possible that this electric field may induce further diffusion of the Zn p-dopant atoms and
cause the high p-contact resistance of chip 2. As an electric field of a few hundred volts is
also applied across the chip during InP dry etching, chip 1 was cleaved in half and areas with
no metal on chip 1a were dry etched to the n-type layer to see if the p-contact resistance
would change. As can be seen in figure 3.14, this did not cause any significant difference
to the p-contact resistance. A chip is also exposed to an electric field during RF ashing,
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although there would not be a strong vertical field inside the barrel asher used. Chip 1a was
RF ashed for 10 minutes, and as can be seen in figure 3.14 the p-contact resistance was again
unchanged.

Although in section 3.3 the QD LEDs fabricated from the wafers with varying Zn doping
depths had different minimum electrical operation temperatures, there was no significant
differences between the p-p and p-n resistances of each wafer at room temperature. This
showed that the room temperature resistances are not a good indicator of the Zn doping depth
within a wafer. While the p-contact resistance of chip 1a was unchanged by the InP dry
etching and RF ashing, it is not known whether these steps cause the Zn p-dopant atoms to
further diffuse.

The high p-contact resistance of chip 2 may be due to residue from plasma etching
still remaining under the metal, or damage to the chip surface during the SiNx plasma etch.
Creating the p-contact before the SiNx deposition would avoid these issues. To investigate
how creating the p-contact before the SiNx layer would affect the p-contact resistance, a
200nm thick layer of SiNx was deposited on top of the metal CTLM structures of chip 1b
before being removed by wet etching.

It can be seen in figure 3.14(a) that this SiNx processing has not increased the p-contact
resistance, unlike when the SiNx processing was carried out before creation of the p-contact
on chip 2. The plasma etch of the SiNx layer likely damaged the surface of chip 2, so the
subsequently fabricated p-contact was more resistive. As the highly p-doped capping layer
at the surface of the chip is only 5nm thick, etching to remove any damage at the surface
would probably remove this entire capping layer, which would also lead to a higher p-contact
resistance. In future devices the p-contact should be created before the SiNx deposition. The
metal tracks and bond pads on top of the insulating layer would be created in a subsequent
metal evaporation after windows to the p-contact metal have been opened in the SiNx. In
order to etch the SiNx to expose the p-contact metal, wet etching would have to be used as
plasma etching would cause the Cr/Au to be sputtered.

Rather than increasing the p-contact resistance of chip 1b, the SiNx processing has
decreased the resistance and the I-V curves have become ohmic. RContact in figure 3.14(b)
is roughly constant with voltage, at ∼17Ω. For some contact metals, annealing at a high
temperature improves the metal-semiconductor contact. For example, the AuGeNi n-contact
is annealed at 430◦C. As the SiNx deposition is carried out at 300◦C, the p-contact may be
annealed during this step. To view the effect of annealing the Cr/Au contact, chip 1a was now
annealed using the same recipe as for AuGeNi n-contacts. As can be seen in figure 3.14(a),
the I-V curves were far less resistive and became ohmic. This suggests that the p-contact is
indeed annealed during SiNx deposition.
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As the p-contacts of the devices without a SiNx layer in section 3.4 were created before
the n-contacts, the p-contacts of these devices were annealed when the n-contacts were
annealed. Since the p-contact was the last processing step for devices with a SiNx layer in
sections 3.5.1 and 3.5.2, it was not annealed along with the n-contact or during the SiNx

deposition. This may also contribute to why the p-contact resistance of the devices in sections
3.5.1 and 3.5.2 were so much higher than the devices in section 3.4.

It should also be noted that instead of using SiNx, some photoresists can be used as an
electrically insulating layer, such as polyimide [117] or benzocyclobutene [116], although
processing steps after the creation of this layer must be designed to not expose or remove this
photoresist. The performance of the photoresist at low temperature must also be considered,
as some crack when cooled to cryogenic temperatures.
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3.7 Summary

In this chapter, the fabrication and basic characterisation of electrically excited QD LEDs
was described. As the minimum electrical operation temperature of previous electrically
excited InAs/InP QD LEDs was limited to several 10s of K, a series of wafers with varying
p-doping depths were investigated. It was shown that by extending the Zn doping to be closer
to the QDs, the minimum electrical operation temperature can be reduced to 10K. To achieve
this low operation temperature, the Zn doping depth must be carefully controlled to within
10s of nm.

Electrically excited ELEDs designed for operation at a 1GHz clock rate were then
introduced. The ELEDs had a small surface area to ensure a low capacitance, and had
connected pillars around the perimeter of the mesa to reduce the number of QDs emission
was collected from and to aid the re-location of a known QD within a device. The experiments
which are presented in the next chapters use these devices as the source of entangled photon-
pairs.

Finally, the use of an electrically insulating SiNx layer with InP-based devices was
explored. Using an electrically insulating layer would enable mesas smaller than the size of
a bond ball to be created, and for bond pads to be an arbitrary distance from the mesa. It was
found that I-V curves for devices with a SiNx layer displayed a slow turn on. CTLM analysis
of the Cr/Au p-contact after different processing steps revealed that depositing and etching
the SiNx layer before the creation of the p-contact caused a high p-contact resistance. The
sample surface may have been damaged during the plasma etching of the SiNx layer. Future
devices should have the p-contact created before the SiNx deposition, after which access to
the p-contact could be provided by wet etching the SiNx layer.



Chapter 4

A GHz clocked telecom wavelength QD
LED

This chapter presents a GHz clocked electrically driven QD LED operating at telecom
wavelengths.

4.1 Search for a suitable quantum dot

ELEDs for high clock rate electrical operation were fabricated as described in section 3.4.
These devices have a mesa with a small surface area, just large enough to accommodate a
bond ball, with multiple connected pillars. ELEDs were fabricated from wafer E, which was
described in section 3.3, as it was found to have the lowest electrical operation temperature.

As the QDs used here are self-assembled, they are randomly positioned. Properties such
as emission wavelength and FSS also vary between QDs. One must search for a ‘hero’
QD with high intensity XX and X spectral lines and a low FSS. Here the FSS must be
<15µeV as discussed in section 2.1.4, so that time dependent oscillations in XX-X photon-
pair correlations can be resolved given the finite 70ps timing resolution of the detection
system.

Several ELEDs were cooled in turn in a helium vapour cryostat to identify a ‘hero’ QD.
Although sharp QD spectral lines were observed at 10K in devices fabricated from wafer
E in section 3.3, the minimum temperature at which sharp spectral lines were visible in EL
spectra from the high clock rate devices investigated here was determined to be 22K. As the
samples were grown in a horizontal-flow MOVPE reactor, there is a gradient in the growth
across the 2" wafer. The temperature distribution and material flow is not uniform across a
wafer, thus properties including the doping depth vary over a wafer. Whereas the chips from
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wafer E used for SIMS analysis and to fabricate devices from in section 3.3 came from close
to the centre of the wafer, the chip that these high clock rate devices were fabricated from
came from closer to the edge. As the minimum electrical operation temperature of the high
clock rate devices is higher than the device from wafer E investigated in section 3.3, the Zn
doping in the high clock rate devices likely extends less far into the cavity than the SIMS
analysis of wafer E in figure 3.3 showed.

EL and non-resonant PL spectra from droplet epitaxy InAs/InP QDs with identifiable XX
and X spectral lines have a certain pattern, an example of which can be seen in figure 4.1.
A study of 90 such QDs in [97] showed that although the emission wavelength of the QDs
varies, the relative spacing of the 5 most significant spectral lines is consistent.
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Fig. 4.1 A DC electroluminescence spectrum at 1.45V from the ‘hero’ QD at 30K. The
5 most significant spectral lines correspond to a positively charged exciton (X+), neutral
exciton (X), biexciton (XX), negatively charged exciton (X-), and an unidentfied complex
(X*).

The two spectral lines which are of interest for entanglement measurements, the XX and
X lines, are separated by ∼6nm with the XX line at a longer wavelength than the X line. The
XX and X spectral lines can be identified by the FSS, as was described in section 2.1.4.

The pattern of spectral lines also features a positively charged exciton transition, X+,
and a negatively charged exciton transition, X-, at wavelengths just shorter than the X line
and ∼10nm longer than the X line respectively. These lines are assigned to be trions as
they appear at low laser excitation powers, or DC biases, and do not display a FSS. The
identification of the trions as X+ and X- lines is less straightforward. Due to the Coulomb
interaction, the X+ and X- lines are predicted to be at higher and lower energies than the X
line respectively [120]. The behaviour of these spectral lines with temperature is in agreement



4.1 Search for a suitable quantum dot 61

with this assignment, as the X+ is less intense than the X- line at lower temperatures, which
is suspected to be due to poor injection of holes as was discussed in section 3.3.

In [97], it was suggested that the 5th spectral line, labelled X* in figure 4.1, corresponds
to a transition from a doubly negatively charged exciton, X2-. This assignment was made
by comparing cross correlation measurements of different transitions to simulations from a
rate equation model with many levels. From the bunching and antibunching observed, the X*

was more likely to be X2- than a negatively charged biexciton XX-.
Although sharp QD spectral lines could be identified at 22K, not all of the 5 signature

spectral lines of the InAs/InP QDs were present at such a low temperature. Temperature
dependent EL spectra for a QD from wafer E, in a different device to that used for figure 4.1,
are shown in figure 4.2. The X spectral line appears at 22K for high currents, for example
1mA in figure 4.2(c), whereas the XX spectral line only appears above 26K when carriers
are more abundant. The search for a ‘hero’ QD was carried out with devices operated at
an elevated temperature of 30K so that the XX spectral lines were of sufficient intensity to
perform FSS measurements as described in section 2.1.4.
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Fig. 4.2 Electroluminescence spectra from a QD at different sample temperatures with
currents of (a) 0.1mA, (b) 0.5mA, and (c) 1mA.

In figure 4.2(c), the spectral lines present at 22K are the X and X- lines. The X- line is
quenched at a lower temperature than the X+ line, and it can be seen in figure 4.2(a) that the
X+ line becomes more significant at higher temperatures due to an increased availability of
holes. Although the supply of holes to the QD seems to be the limiting factor in the minimum
operation temperature, the supply of electrons to the QD is also reduced with decreasing
temperature. There is likely not an excessive surplus of electrons at low temperatures, as if the
X* line does indeed correspond to a X2- line, this would also be present at low temperatures.
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A shift in the wavelength of the spectral lines with temperature can be observed in
figure 4.2, which is due to the decrease in bandgap energy with increased temperature. A
broad background due to phonon broadening of the spectral lines appears with increasing
temperature in figure 4.2 [109]. In [53], EL spectra from an ELED with InAs/InP droplet
QDs were shown at 44 and 63K. In both of these spectra, sharp XX and X lines were visible,
whereas in figure 4.2 these spectral lines are very weak at high temperatures. The Zn doping
in the device used in [53] nominally extended to the bottom of the p-doped DBR, whereas
in the device used in figure 4.2 it extended into the cavity closer to the QDs. While this
enhanced Zn doping has lowered the minimum electrical operation temperature of the QD
LED, the performance at elevated temperatures is degraded.

For each device cooled, an EL spectrum was measured for every connected pillar. The
connected pillar design of the device was described in section 3.4. Most spectra either had
no QD peaks or too many peaks to identify XX and X lines. FSS measurements were made
for locations with the characteristic pattern of 5 spectral lines.

The EL spectrum in figure 4.1 is from the ‘hero’ QD chosen for further experiments,
which has a FSS of 6.6µeV. Due to the distribution of sizes of self-assembled QDs, and the
variation of the cavity wavelength across a wafer grown in a horizontal-flow MOVPE reactor,
this chosen ‘hero’ QD emits just beyond the telecom C-Band. The spectral lines shown
in figure 4.1 are in the telecom L-band, above 1565nm. The ‘hero’ QD could be readily
re-located without requiring an expensive InGaAs camera to view emission from the QD
itself thanks to the connected pillar design.
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4.2 DC electroluminescence spectra

Bias dependent EL spectra from the ‘hero’ QD are shown in figure 4.3. It can be seen that
for higher DC biases, a broad background appears around the spectral lines. With increasing
DC bias, more carriers are available, resulting in a noisier charge environment surrounding
the QD.
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Fig. 4.3 DC bias dependence of the electroluminescence spectrum from the ‘hero’ QD at
30K. The upper panel shows multiple spectra with varying DC bias. The lower panel shows
two example spectra from the upper plot, with DC biases of 1.38V (dark purple) and 1.45V
(light orange). The beamsplitter for imaging in the confocal microscope system was in place
for these measurements.

The intensity of each spectral line has a different variation with the DC bias. For low DC
biases, the X line dominates the spectrum. The X+ and X- lines appear at a similar bias to
when the X line appears; these states are formed of a single extra hole or electron than the
X state. The X+ line saturates at around 1/6 of the intensity of the X- line as the supply of
holes is more limited to the QD with electrical excitation at 30K. The next 2 spectral lines to
appear are the XX line and the X* line (which may correspond to a X2- transition [97]). The
XX state, formed of two electron hole pairs, contains one additional carrier than the X+ and
X- states.

The DC bias to saturate the XX photon emission rate is higher than that required to
saturate the X photon emission rate. When measuring entanglement from a QD with DC
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electrical excitation, the DC bias for X photon saturation is used. Although the XX photon
emission rate saturates beyond this DC bias, the broad background is also more significant.
This would cause a degradation in the performance of the QD as a single-photon source as
uncorrelated photons from the broad background would pass through the spectral filter along
with the desired XX or X photons.
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4.3 Spectra with GHz clocked electrical excitation

The QD LED was operated at a 1GHz clock rate for compatibility with the SD-APDs used in
chapter 6. To assess the performance of the QD LED, it was driven by the shortest electrical
pulses the commercial pulse generator could provide. This was to maximise the fraction of
each clock period in which the XX and X states could radiatively decay without the influence
of re-excitation within the QD during the excitation pulse. The output from the electrical
pulse generator was nominally a 50ps wide square pulse train at 1GHz, but measurements
with an oscilloscope revealed slower rising and falling edges with a pulse width of 130ps
FWHM extracted by a Gaussian fit.

With the clock rate and excitation pulse width fixed, the voltages applied to the device
must be explored. The choice of voltages affects both the intensity distribution of the spectral
lines as will be discussed here, and the temporal profile of XX and X photon emission as will
be discussed in section 4.5. The bias across the device was switched between a maximum
value during the pulse and a minimum value for the remainder of the 1ns cycle. The QD
was excited during the pulse, with the maximum voltage above the electrical turn on voltage
of the QD LED. Here 1.5V was used to give high intensities of the spectral lines. When
increasing the maximum voltage, the spectrum evolves similarly to increasing the DC bias in
figure 4.3, as in both cases more carriers are injected into the QD.

The minimum voltage determines the tunnelling rate of carriers out of the QD, with
increased tunnelling for lower minimum voltages due to the band bending [64]. Figure 4.4
shows spectra for varying minimum voltages. The relative intensities of the spectral lines
vary with the minimum voltage, and a broad background appears with increasing minimum
voltage.

The intensity distribution of the spectral lines is strikingly different under 1 GHz clocked
operation rather than under DC operation. Of particular interest is the enhanced intensity of
the XX spectral line; although the intensities in figure 4.3 and figure 4.4 cannot be directly
compared as the spectra in figure 4.4 were measured without the beamsplitter for imaging
in the confocal microscope system in place. As the maximum intensity of the XX line is
increased with pulsed electrical excitation, the entangled photon-pair generation rate may
significantly increase with this excitation scheme.

An enhancement of the entangled photon-pair generation rate when using pulsed electrical
excitation rather than DC excitation has been demonstrated for a different QD system,
InAs/GaAs QDs emitting at around 900nm [66]. It was shown that for a range of clock rates,
the entangled photon-pair generation rate could surpass that achievable with DC excitation
with an appropriate choice of maximum and minimum voltages. This is possible as each
excitation pulse reinitialises the QD to a higher state, ideally to the XX state although
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Fig. 4.4 Electroluminescence spectra from the ‘hero’ QD with 1GHz clocked electrical
excitation with a constant maximum voltage of 1.5V and a varying minimum voltage. The
upper panel shows multiple spectra with varying minimum voltage. The lower panel shows
two example spectra from the upper plot, with minimum voltages of 0.3V (dark purple) and
0.5V (light orange). The beamsplitter for imaging in the confocal microscope system was
not in place for these measurements.

other states may be formed as this electrical excitation scheme is non-resonant. The QD
is reinitialised to the XX state more frequently with pulsed excitation than with DC so the
entangled photon-pair generation rate increases.

With non-resonant electrical excitation, carriers excited in the doped regions are sub-
sequently captured by a QD. There is a distribution of the number of carriers which are
captured by the QD and thus a variety states can be filled. If a bias is applied across a QD
LED, the likelihood that carriers will tunnel out of the QD increases due to the band bending,
so the average number of electrons and holes within the QD is changed. As the effective
mass of heavy holes is greater than electrons, they experience a higher tunnelling barrier.
This can alter the ratio of electrons and holes within the QD and therefore the intensity of
different spectral lines [64].

In addition to the XX line, the X+ line has also increased in relative intensity with
pulsed excitation, becoming the strongest line in figure 4.4 for low minimum voltages. The
enhancement of the X+ line suggests that the relative number of electrons and holes within
the QD changes when decreasing the minimum voltage, with the preferential tunnelling
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of electrons out of the QD reducing the excess of electrons. This would also explain the
increased neutral (XX and X) line intensities relative to the negatively charged (X- and X*)
lines.

An enhancement of the relative intensities of the X+ and XX lines would also occur if the
pulsed excitation increases the supply of holes to the QD, although a mechanism to cause this
is unclear. As the minimum electrical operation temperature is likely limited by the supply
of holes to the QD, a lower minimum electrical operation temperature may be achievable
with pulsed excitation.

Figure 4.5(a) shows DC EL spectra from the ‘hero’ QD for 4 sample temperatures. The
XX line is quenched below 26K, as occurred for the QD investigated in figure 4.2. Whereas
no spectral lines from the ‘hero’ QD were present in DC EL spectra below 22K (not shown in
figure 4.5(a)), figure 4.5(b) shows that spectral lines including the XX and X lines could be
present below this temperature with GHz clocked electrical excitation. Both XX and X lines
could be observed at 10K, although a higher maximum voltage was required to observe the
XX and X lines than at 30K. As the same maximum and minimum voltages were used for all
3 temperatures in figure 4.5(b), the intensities of the XX and X lines in the spectrum at 30K
in figure 4.5(b) are weaker than in figure 4.4 and the entire spectrum has a broad background.
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Fig. 4.5 Electroluminescence spectra from the ‘hero’ QD at different sample temperatures.
(a) Spectra measured for DC electrical excitation with a bias of 1.45V at 30 and 28K, and
1.46V at 26 and 25K. (b) Spectra measured for GHz clocked electrical excitation with a
maximum voltage of 1.85V and a minimum voltage of 0.35V at 30, 20, and 10K.

The presence of spectral lines at 10K with pulsed excitation suggests that this excitation
scheme enhances the supply of carriers to the QD at low temperatures, rather than just
increasing tunnelling of electrons out of the QD. From the lack of the X* line at low
temperatures with DC excitation, it is unlikely that there a large imbalance between the
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number of electrons and holes available to the QD. If this had been the case, increasing
the tunnelling of electrons may have allowed neutral complexes to be present rather than
negatively charged complexes. Instead, it seems that in addition to affecting carrier tunnelling,
pulsed excitation injects more carriers into the QD. The supply of holes still seems to be the
limiting factor, as the X- line and X* lines dominate the spectrum at 10K in figure 4.5(b).
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4.4 Coherence times with a GHz clock rate

Long photon coherence times are crucial for quantum network applications relying on the
interference of photons. For QDs emitting in the telecom C-band, the coherence times of
InAs/InP droplet epitaxy QDs have been shown to exceed that of their SK counterparts
[105] and InAs/InGaAs/GaAs QDs [102] with above-band optical excitation. The long
coherence times, even shown to exceed 1ns [121], have enabled the demonstration of quantum
teleportation with QDs in the telecom C-band [121, 68]. To assess the suitability of the
electrically excited high clock rate device for such experiments, X photon coherence times
are investigated.

The coherence time of emitted photons generally increases for lower QD operation
temperatures, due to a reduction in phonon induced dephasing. It was shown in [97] that for
InAs/InP droplet QDs there is a significant benefit in reducing the QD temperature below
40K. With non-resonant 1310nm optical excitation, the X photon coherence time was found
to double from ∼25 to ∼50ps with a reduction in temperature from 44 to 30K. Further
reducing the temperature to 10K yielded a coherence time of ∼220ps. Since emission from
the ‘hero’ QD at 10K had been observed with GHz clocked electrical excitation, coherence
times longer than the ∼70ps timing resolution of the detection system used here may be
possible.

X photon coherence times were measured with Matthew Anderson using the experimental
setup described in section 2.1.5. The fitted interference contrast is shown in figure 4.6, with
the coherence time taken to be when the contrast drops to 1/e of the maximum.

With DC electrical excitation at 30K, the interference contrast can be well described with
an exponential decay as can be seen in figure 4.6(a). The coherence time extracted from
this exponential is (88±2)ps, barely above the limit imposed by the timing resolution of the
detection system. The coherence time could likely be increased by reducing the DC bias;
it was shown in [97] that the coherence time increases with weaker power of the excitation
laser. The DC bias of 1.45V used here is beyond that required to saturate the X emission, as
was seen in figure 4.3.

The interference contrast measured at 30K when using GHz clocked excitation with 130ps
FWHM electrical pulses of maximum 1.5V and minimum 0.5V is shown in figure 4.6(b). The
coherence time of ∼50ps is a significant reduction compared to with DC excitation in figure
4.6(a). This is likely due to an increased prevalence of phonons, which is also suggested by
the increased relative intensity of background light in the spectrum shown in the inset of
figure 4.6(b). The coherence time may be increased for an excitation condition providing a
calmer charge environment, such as using a lower maximum or minimum voltage, but this
would reduce the intensity of the XX and X spectral lines as was shown in figure 4.4.
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Fig. 4.6 The interference visibility of X photons with Michelson interferometer delay (∆τ)
for varying temperatures and excitation conditions of the QD LED. Experimental data is
shown as purple circles and exponential fits are shown as solid grey lines. The dashed grey
lines shows the 1/e level, where the coherence time, T2, can be extracted. Inset in each panel
is a corresponding electroluminescence spectrum normalised to the height of the X spectral
line. The interference contrast at 30K with (a) DC excitation at 1.45V (T2=(88±2ps)), and (b)
1 GHz clocked electrical excitation with maximum and minimum voltages of 1.5V and 0.5V
respectively (T2∼50ps). (c) The interference contrast at 10K with 1 GHz clocked electrical
excitation with maximum and minimum voltages of 1.85V and 0.35V respectively (T2<70ps).
For (b) and (c), exponential decays do not fit the data points well due to oscillations in the
visibility.

The sample temperature was reduced to 10K, and the maximum and minimum of the
electrical pulses were changed to 1.85V and 0.35V respectively. The interference contrast
can be seen in figure 4.6(c), where the data points significantly deviate from an exponential.
Oscillations in the interference contrast can occur due to the FSS of the X state, but beating
corresponding to the 6.6µeV FSS of this QD would not be apparent on the timescale consid-
ered here. These oscillations would correspond to a FSS of 10s of µeV. Slight oscillations
can also be seen with GHz clocked excitation at 30K in figure 4.6(b).

A time varying Stark shift has been observed in a different QD system with pulsed
electrical excitation [122], with the spectral lines split into 2 as the lines were Stark shifted by
>0.5nm when the minimum voltage was applied. However, this sample had stronger carrier
confinement than the sample used in this work. There was no evidence of a time varying
Stark shift for the QD here, oscillations in addition to the 6.6µeV FSS were not observed
when measuring the FSS using the method described in section 2.1.4 with the excitation
condition used in figure 4.6(b). Additional oscillations were also not observed in XX-X
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photon correlations in superposition bases which will be shown in section 5.1.2 (see figure
5.2(b) and (c)). The origin of the oscillations in figure 4.6(b) and (c) is still unclear.

The coherence time with GHz clocked electrical excitation at 10K from figure 4.6(c) is
similar to at 30K from figure 4.6(b), although these measurements used different maximum
and minimum voltages. The maximum intensity of the X line at 10K was less than half of
that at 30K, and even lower for the XX line. As the coherence time of a QD is not relevant
for the experiments in subsequent sections of this chapter and in chapters 5 and 6, although
the device could be operated at 10K with a GHz clock rate, a sample temperature of 30K was
used to increase the XX and X photon generation rates.

The broad background in the spectra at both 10K and 30K with pulsed electrical excitation
suggests that excitation conditions with lower maximum or minimum voltages could be
required to increase the coherence time above the ∼70ps timing resolution of the detection
system in order to use this device for experiments requiring two-photon interference. Further
reducing the electrical operation temperature, for example with careful control over the Zn
doping, may enhance the supply of holes at low temperatures, enabling similar intensities of
the XX and X spectral lines but with less background due to a quieter charge environment
without a surplus of electrons.
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4.5 Time resolved photon emission

The degree to which the QD is reinitialised by an excitation pulse depends on the electrical
excitation conditions. Measuring the time resolved photon emission allows the temporal
profile and reintialisation of the XX and X photon emission to be viewed, which can guide
the choice of parameters such as the maximum and minimum excitation voltages for further
experiments. Time resolved photon emission is first investigated experimentally in section
4.5.1 and then theoretically in section 4.5.2.

4.5.1 Experimental time resolved photon emission

To measure the time dependence of the QD emission, high timing resolution SNSPDs were
used with a TCSPC as shown in figure 4.7(a). To resolve the emission of XX and X photons
in time, these photons must be filtered from the rest of the QD LED emission. Here a free
space transmission grating with a FWHM of ∼0.7nm was used to separate photons at XX and
X wavelengths from the rest of the light collected by the confocal microscope. Separating
the XX and X photons using this free space grating setup incurred losses of ∼50%.
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Fig. 4.7 Experimental setup for measuring time resolved electroluminescence from the QD
LED. (a) Diagram of the setup. The QD LED is driven at a 1GHz clock rate by an electronic
pulse generator with a pulse FWHM of 130ps. The XX and X photons are filtered with a
free space grating and are detected by SNSPDs. Photon arrival times at the SNSPDs are
recorded by a time correlated single-photon counter (TCSPC) with respect to the clock signal
from the electrical pulse generator. (b) XX (orange circles) and X (purple triangles) photon
count rates from the measurements in figure 4.8. The maximum voltage was 1.5V and the
minimum voltage was varied.

The XX and X photons were then each sent to an SNSPD with arrival times recorded by
a TCSPC with respect to the 1GHz electronic signal driving the QD LED. The maximum
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clock rate for the synchronisation channel of the TCSPC was 12.5MHz as the clock period
must be at least as long as the dead time. To achieve this, the 1GHz electronic signal sent to
the TCSPC was downsampled to 15.6MHz, and an additional divider of 2 was applied by the
TCSPC.

Time resolved XX and X photon emission was measured with the same QD LED
excitation conditions as were used for figure 4.4. XX and X photon count rates can be seen
in figure 4.7(b). The minimum voltages for a maximum X photon rate, XX photon rate, and
combined XX and X photon rates are around 0.35V, 0.50V, and 0.40V respectively. Although
high photon rates are crucial for further experiments, the temporal profile of the emission
must also be considered.

Time resolved XX and X photon emission is shown in figure 4.8(a) and (b) respectively.
The difference between the arrival times of the electrical pulse at the QD LED and TCSPC
sync is not known, but was constant throughout these measurements. The two time axes in
figure 4.8 were aligned to set the most probable position of the start of the excitation pulse to
0ns.
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Fig. 4.8 Time resolved electroluminescence of (a) XX photons and (b) X photons. 8ps time
bins are presented although the overall timing jitter for the detection system was ∼70ps.

Neither the XX nor X photon emission fully decays within a 1ns cycle due to the long
lifetimes of these states. Instead, the emission is reinitialised by the following electrical
pulse. For this QD, the XX and X lifetimes were approximately 0.5ns and 1.9ns respectively,
extracted from fitting to decays with the QD excited at a 100MHz clock rate. These lifetimes
are in agreement with typical values for droplet epitaxy InAs/InP QDs [105].

An average droplet epitaxy InAs/InP QD has the X lifetime 6 times longer than the XX
lifetime [105]. It could be expected that the X lifetime is twice the XX lifetime as the XX to
X transition can occur via two different recombination channels whereas there is only one
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recombination channel for the X to ground state transition. However, the experimentally
observed X lifetime can be more than twice the XX lifetime in the fast spin flip regime, as
bright Xs relax into dark states rather than recombining radiatively [123, 124].

When using short time windows for postprocessing data or using single-photon detectors
with short timing gates, it is beneficial that a large fraction of emitted photons arrive within a
small time window. In figure 4.8(a) it can be seen that for lower minimum voltages a greater
fraction of XX photons are emitted at the start of each cycle. The increased tunnelling rate
of carriers out of the QD reduces the decay time, as has previously been demonstrated with
short wavelength InAs/GaAs [64] and InP/GaInP [65] QDs. However, although a greater
fraction of photons are emitted at the start of each cycle, photon emission rates are reduced
for lower minimum voltages. Increased tunnelling of carriers out of the QD leads to fewer
carriers recombining radiatively within the QD.

Another method to increase the fraction of XX photons emitted at the start of each cycle
is to reduce the radiative lifetimes of a state via the Purcell effect. Unlike reducing the
minimum voltage to increase the tunnelling rate, this would not reduce the photon emission
rate but would require a different device design with a high quality microcavity and a small
mode volume [125, 126].

In figure 4.8(b) the X emission peaks later in the clock cycle as the minimum voltage
is increased. This coincides with a slower decay of the XX photon emission as the X state
is filled after a XX photon is emitted. It can be seen in figure 4.8(a) that for high minimum
voltages the XX photon emission separates into two distinct peaks. This effect may be due to
feeding of the XX state from a higher state, similarly to the X state being filled following the
emission of an XX photon. During the excitation pulse, the XX photon emission increases as
the XX state is excited. After the pulse, the XX state begins to empty but is refilled by decay
from a higher state, leading to a second peak in the photon emission.

It can be seen in figure 4.8(a) that the XX state is populated during the excitation pulse,
with the photon emission rapidly increasing over a short timescale. For the lowest minimum
voltage in figure 4.8(b), the X state is also populated during the excitation pulse with the
X photon emission increasing rapidly. For higher minimum voltages, the X state is instead
depleted during the excitation pulse, with X photon emission decaying rapidly. This may be
because the X state has not significantly emptied during the 1ns cycle, and higher states are
excited from the X state during the excitation pulse.

In order to use a rate equation model to simulate the experimental entanglement fidelity,
the model must be able to describe the experimental time resolved XX and X photon emission.
This is investigated in the next section.
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4.5.2 Rate equation model

A 3 level rate equation system, as was introduced in section 2.2.1, can be used to model the
time resolved XX and X photon emission. Both transitions use the same pump rate, which
is described by a square wave with 130ps width to simulate the 130ps FWHM electrical
excitation pulses from the commercial pulse generator. Both transitions also share a tunnelling
rate. The radiative decay rates are the inverse of the experimental XX and X lifetimes, 1/0.5
ns−1 and 1/1.9 ns−1 respectively. The curves obtained from the model were then convolved
with a 70ps FWHM Gaussian to simulate the timing jitter of the experimental detection
system.

Time resolved photon emission from the rate equation model is shown in figure 4.9,
where it can be seen that this simple model can describe some, but not all, of the effects
described in the previous section. A higher tunnelling rate in figure 4.9 should produce a
similar result to reducing the minimum voltage in figure 4.8.
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Fig. 4.9 Time resolved (a) XX and (b) X photon emission calculated using a 3 level rate
equation model. The excitation pulse is indicated by the shaded grey area and has a pump
rate of 10ns−1. The tunnelling rate (T) is varied between 0 and 4ns−1.

With an increasing tunnelling rate, the decay of XX photon emission in figure 4.9(a) is
faster and the number of photons emitted decreases. It can also be seen in figure 4.9(b) that
during the excitation pulse the X level is populated when the tunnelling rate is high and is
depopulated when the tunnelling rate is low. The rise time of the X photon emission also
increases with lower tunnelling rates as the decay time of the XX photon emission is longer.

Features of the time resolved XX and X photon emission in figure 4.8 which appear
for high minimum voltages, such as the double peak of XX photon emission, are not well
captured. As this double peak may be caused by decay from a higher level, a 4th level can be
added to the rate equation system previously used as is shown in figure 4.10(a).
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Fig. 4.10 A 4 level system with an extra level above the XX state. (a) A diagram of the
system with a pump rate P, radiative decay rates Γ, and a tunnelling rate T. Time resolved
(b) XX and (c) X photon emission. The pump rate is 16ns−1, the tunnelling rate is varied
between 0.6 and 2.4ns−1, and the radiative decay rate for the extra level is 1/3ns−1.

It can be seen in figure 4.10(b) that if the extra level has a long radiative lifetime, here
set to 3ns, a second peak in the XX photon emission emerges for low tunnelling rates as the
XX state is filled by the extra level. However, figure 4.10(c) shows that for higher tunnelling
rates the X photon emission gains a second peak which was not observed experimentally
in figure 4.8(b). This may be because the model describes the electrical pulses as a square
wave of 130ps width, while experimentally the pulses have slower rise and fall times with a
FWHM of 130ps. The differing shape of the electrical pulses could also explain why the first
peak in the XX emission is broader than predicted by the model.

Despite the simplifications of the rate equation models, there is good qualitative agreement
between the simulated and experimental time resolved XX and X photon emission. The
3 level model captures the temporal profiles of the experimental photon emission for low
minimum voltages, but fails to describe features which appear for high minimum voltages.
The addition of an extra level, here a XXX level as it contains an additional electron hole
pair than the XX level, captures the double peak of XX photon emission for high minimum
voltages.

As was seen in the spectra in figure 4.4, more states within the QD are excited than just
the XX and X states, but a XXX state has not been identified. These QDs contain a rich
variety of electron hole complexes and the dynamics are hard to capture fully with a model.
The behaviour at high minimum voltages is least well described by the models here, and
it was seen in the spectra in figure 4.4 that this is when the widest variety of spectral lines
are present. Sophisticated rate equation models include more levels [127–129]; constructing
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such a model would require knowledge of the origins and lifetimes of additional transitions
which are significant at high minimum voltages, such as the X*.

In the rate equation systems used in this work, the levels are either populated or depopu-
lated by electron-hole pairs. In order to include charged exciton states, electrons and holes
can be separated and have different capture and tunnelling rates to one another [127–129].
Including the capture of free electron-hole pairs in addition to individual electrons and holes
can enable a more complete description of carrier dynamics within a QD [128, 129]. Dark
Xs can also be incorporated, with transitions between bright and dark Xs assisted by acoustic
phonons [129].

In section 6.4.2, a rate equation model is used to calculate photon correlations in order
to simulate the entanglement fidelity to the Φ+ Bell state. The model parameters used in
section 6.4.2 were chosen given the simulations of the time resolved emission here.
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4.6 Summary

Photon emission from 1GHz clocked InAs/InP QD LEDs was characterised in this chapter.
A QD which was suitable for use in the entanglement measurements presented in the next
chapters was selected. This ‘hero’ QD had high intensity XX and X spectral lines and a FSS
of 6.6µeV.

The emission spectrum from the QD LED under DC and 1GHz clocked electrical
excitation was investigated. It was found that pulsed electrical excitation increased the
intensity of the XX spectral line as the QD is reinitialised to the XX state more frequently.
The minimum operation temperature of 22K with DC excitation was higher than for devices
described in the previous chapter, which could operate at 10K. These two devices were
fabricated from different areas of the same 2" wafer, which suggested that the Zn doping
depth varies across a wafer. Although the optimum ELED operation temperature was
determined to be 30K, spectral lines could be observed at 10K with pulsed excitation. The
coherence time for X photons was similar at 30K and 10K with pulsed electrical excitation,
and was lower than the ∼70ps timing resolution of the detection system.

The temporal profile of the XX and X photon emission was observed with time resolved
photon emission measurements, and the reintialisation of the QD at a 1GHz clock rate could
be seen. A 3 level rate equation model was found to well describe the experimental time
resolved XX and X photon emission for low minimum voltages. Extending the model with an
extra level above the XX level captured some features emerging at higher minimum voltages,
when a wider variety of lines were present in the EL spectrum.



Chapter 5

GHz clocked entanglement

This chapter presents entanglement measurements at a 1GHz clock rate using the telecom
wavelength electrically driven entangled photon-pair source introduced in chapter 4. The
main results, including entanglement distribution across a 15km installed metropolitan fibre,
are summarised in [130]. Section 5.1 shows characterisation of the entangled photon-pair
source in a laboratory, before a demonstration of entanglement distribution is described in
section 5.2.

In the entanglement distribution experiment, the photon-pair source remained in the
laboratory along with the detection system for X photons, while XX photons were transmitted
across Cambridge to a deployed detection system. This experiment was carried out in
collaboration with Dr Jan Huwer of Toshiba CRL, with the author mainly focusing on data
acquisition and analysis and Dr Jan Huwer mainly focusing on the experimental control
system. A stabilisation system developed by Ziheng Xiang was used to compensate for the
polarisation drift over the network fibre due to changing environmental conditions.

5.1 GHz clocked entanglement

A common figure of merit for an entangled photon-pair source is the entanglement fidelity, a
measure of the overlap between a measured state and the ideal entangled state. Entangled
photon-pairs emitted by a QD will be in a state described by equation 1.11. The entanglement
fidelity to the Φ+ Bell state,

∣∣Φ+
〉
=

|HXXHX⟩+ |VXXVX⟩√
2

, (5.1)

is typically evaluated as entangled photon-pairs emitted by an ideal QD with 0 FSS would be
in this state [131].
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To determine the fidelity to the maximally entangled Φ+ Bell state, correlations between
XX and X photons are measured in the three principal polarisation bases of the QD [27]. The
first basis is the QD’s eigenbasis, HV, and the other two are orthogonal superposition bases,
DA and RL. For a QD with a non-0 FSS, photon correlations in the superposition bases will
oscillate due to the phase factor in equation 1.11.

The degree of correlation in the PQ basis is calculated from co-polarised (cPP) and
cross-polarised (cPQ) photon correlations by

CPQ =
cPP − cPQ

cPP + cPQ
. (5.2)

The degree of correlation in each of the three principal polarisation bases are then used to
calculate the entanglement fidelity to the maximally entangled Φ+ Bell state by

f =
1+CHV +CDA −CRL

4
. (5.3)

5.1.1 Experimental setup

The ELED was cooled to 30K in a helium vapour cryostat and was driven by 130ps FWHM
1GHz electrical pulses with maximum and minimum voltages of 1.5V and 0.5V respectively
from a commercial pulse generator. The choice of minimum voltage will be discussed in
section 5.1.4.

To measure correlations in the 3 principal polarisation bases of the QD, the reference
frame of the detection system must first be aligned to the QD reference frame. This requires
a light source which can be set to different polarisations, such as H or D, in the reference
frame of the QD. To find the HV basis of the QD, a LP was inserted before the collection
collimator of the confocal microscope. The LP was rotated through 360◦, with light from
the confocal microscope sent to a spectrometer to measure a spectrum every 10◦. The HV
basis was identified by fitting to extract the central wavelength of the X spectral line in each
spectrum, which oscillated due to the finite FSS of the QD. The LP was then set to the angle
corresponding to the first maximum of the oscillations, allowing light that was H polarised in
the QD reference frame to pass through.

A movable mirror was then inserted before the LP so that the polarisation reference light
was passed through the LP instead of light from the ELED. The polarisation reference light
source was comprised of an unpolarised broadband 1550nm LED and LP to provide polarised
light, and a half-wave plate (HWP) and QWP which were rotated to change the polarisation
of the output light.
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To set the polarisation reference light to be V polarised in the reference frame of the QD,
the light passing through the LP in the path of the microscope was sent to an SNSPD. The
HWP and QWP angles of the polarisation reference were varied to minimise the photon count
rate at the SNSPD, which occurred when the polarisation reference light was V polarised.
The HWP and QWP angles were recorded and the LP was then removed. The reference light
could be set to other polarisations, such as D or R, by setting the HWP and QWP angles
accordingly.

The experimental setup for measuring entanglement is shown in figure 5.1. The XX and
X photons were separated with the free space spectral filter previously used in section 4.5.1.
To detect these photons in a given polarisation basis, polarisation analysers consisting of an
electronic polarisation controller (EPC) and a polarising beamsplitter (PBS) were used as
shown in figure 5.1. In a polarisation basis PQ, the P-polarised output of the XX photon PBS
was sent to SNSPD 1 in figure 5.1, and the P- and Q-polarised outputs of the X photon PBS
were sent to SNSPDs 2 and 3 respectively. Both outputs of the X photon PBS were used so
that co- and cross-polarised XX-X photon correlations could be measured at the same time.
As only one output of the XX photon PBS was detected, only half of all possible photon
coincidences were recorded.

The reference frame of the detection system must now be aligned to the QD reference
frame. With the polarisation reference light set to be Q-polarised, the four controlling
voltages of the XX photon EPC were systematically varied to minimise the photon count
rate at SNSPD 1 which occurred when the XX photon polarisation analyser sent P-polarised
photons to SNSPD 1. This was repeated for the X photon EPC, so that the X photon
polarisation analyser sent P-polarised photons to SNSPD 2. Since the first output of the X
photon polarisation analyser was now P-polarised, the second output which was detected by
SNSPD 3 was Q-polarised. The EPC voltages were then recorded, and this procedure was
repeated for each desired measurement basis. The movable mirror was then removed, so that
light from the ELED was sent to the detection system.

Photon arrival events at the SNSPDs were recorded by a TCSPC. Photon correlations
were measured in the HV, DA, and RL bases, with the degree of correlation and entanglement
fidelity determined in postprocessing using equations 5.2 and 5.3. The TCSPC has multiple
modes of operation to record photon arrival events, two of which were used here. Sections
5.1.2 and 5.1.3 present the results of measurements made in these two modes with identical
excitation and environmental conditions of the ELED, but with some realignment of the
detection system between the two measurements. ‘Histogram’ mode measurements are
shown in section 5.1.2 and ‘time tagged time resolved’ mode measurements are shown in
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Fig. 5.1 The experimental setup for measuring entanglement. The ELED is driven at a GHz
clock rate by a pulse generator, which can also provide a downsampled 15.6MHz signal for
the time correlated single-photon counter (TCSPC) to use as a sync. A movable mirror is
used to send either light from the ELED or polarisation reference light to the detection setup.
The polarisation reference contains a broadband 1550nm LED, a linear polariser (LP), a
half-wave plate (HWP), and a quarter-wave plate (QWP). A movable LP is used to find the
eigenbasis of the QD and to calibrate the polarisation reference. A free space spectral filter
separates XX and X photon wavelengths which are then each sent to polarisation analysers,
here set in a basis PQ, consisting of an electronic polarisation controller (EPC) followed by a
polarising beamsplitter (PBS). Photons are then detected by SNSPDs and coincidences are
recorded by the TCSPC.

section 5.1.3. As ‘time tagged time resolved’ contains 3 words beginning with the letter ‘T’,
it is abbreviated to ‘T3’ mode.

5.1.2 ‘Histogram’ mode photon correlations and entanglement

In ‘histogram’ mode, events at a TCSPC channel are recorded with respect to events at the
TCSPC sync, producing a 1D histogram with the time delay between sync and channel events
on the x axis and the number of events with each time delay on the y axis. To measure
XX-X photon correlations in ‘histogram’ mode, SNSPD 1 in figure 5.1 was connected to
the TCSPC sync, with SNSPDs 2 and 3 connected to TCSPC channels. The 15.6MHz
downsampled electronic signal from the pulse generator driving the ELED was not used
in these measurements. In this configuration, P- and Q-polarised X photon arrival times at
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SNSPDs 2 and 3 respectively were recorded with respect to P-polarised XX photon arrival
times at SNSPD 1. This produced a pair of 1D histograms, one for co-polarised XX-X photon
correlations (from SNSPDs 1-2), and one for cross-polarised XX-X photon correlations (from
SNSPDs 1-3).

Photon correlations were measured using the experimental setup in figure 5.1 with 32ps
resolution before downsampling to 64ps for time bins of similar length to the ∼70ps timing
resolution of the detection system. 1D histograms of normalised co- and cross-polarised
photon correlations in the HV basis are shown in figure 5.2(a). Photon correlations were
normalised with respect to the uncorrelated level, far from the XX-X photon 0-delay point.
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Fig. 5.2 Correlations between XX and X photons recorded with a time correlated single-
photon counter in ‘histogram’ mode. Normalised co-polarised (dark purple) and cross-
polarised (light orange) correlations with 64ps time bins in (a) the horizontal/vertical (HV)
basis, (b) the diagonal/antidiagonal (DA) basis, and (c) the right-hand circular/left-hand
circular (RL) basis.

The pulsed nature of the source is not clear in these 1D histograms. In ‘T3’ mode
measurements shown in section 5.1.3, photon arrival times are recorded with respect to the
clock so the pulsed nature of a source can be clearly seen in the 2D histograms produced.

To measure the XX-X photon 0-delay, light from a 1550nm 5MHz pulsed laser was sent
through the spectral filter instead of light from the confocal microscope. As the alignment of
the detection system to the reference frame of the QD would be lost when moving the fibre
going to the spectral filter, the 0-delay was determined after correlations in the 3 principal
bases had been measured. The 0-delay must be measured for both combinations of SNSPDs,
1-2 and 1-3 in figure 5.1, as different lengths of fibre were used.

Similarly to the QD correlation measurements, arrival times of X wavelength photons
from the pulsed laser at SNSPDs 2 and 3 were recorded with respect to arrival times of
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XX wavelength photons from the pulsed laser at SNSPD 1. As the laser pulses were short,
correlations between SNSPDs 1-2 and 1-3 gave a sharp peak at the 0-delay, with a FWHM
given by a combination of laser and detector jitter. For correlations between SNSPDs 1-2
and 1-3, the central position of this peak in time was extracted by fitting with a Gaussian.
These 0-delay times were then set to ‘0’ on the x axis of co- and cross- polarised QD XX-X
photon correlations respectively, as in figure 5.2.

For negative time delays in figure 5.2(a), corresponding to an X photon arriving before
a XX photon, the photons are uncorrelated as in the XX cascade the XX photon is emitted
before the X photon, so an X photon is unlikely to be detected first. For positive time delays
in figure 5.2(a), co-polarised correlations increase as the entangled photon-pair state has
co-polarised XX and X photons in the HV basis. It can also be seen that cross-polarised
correlations are suppressed. The co-polarised correlations decay with time due to spin
dephasing, returning to the uncorrelated level for large time delays. The decay envelope
is also affected by the reintialisation of the XX and X photon emission by the electrical
excitation pulses, which was seen in the time resolved photon emission in section 4.5. The
reinitialisation will be more apparent in the ‘T3’ mode measurements in section 5.1.3.

Co- and cross-polarised correlations measured in superposition bases, here DA and RL,
have oscillations due to the finite 6.6µeV FSS of the QD as can be seen in figure 5.2(b) and
(c). The lower maximum of the normalised correlations in figure 5.2(b) suggests that the
detection system was not as well aligned to the DA basis as it was for the HV and RL bases
in figure 5.2(a) and (c). This is likely due to a ‘blind spot’ of one of the EPCs. The lower
maximum of the DD correlations is also due to a binning artifact when downsampling the
data; the maximum falls between two time bins whereas for the HH and RL correlations a
single time bin is close to the maximum.

Correlations in the HV, DA, and RL bases shown in figure 5.2 are used to calculate the
entanglement fidelity to the maximally entangled Φ+ Bell state using equation 5.3. For
uncorrelated photons, the entanglement fidelity is 0.25; this is the case for large positive or
negative time delays in figure 5.3. The classical limit of entanglement fidelity is 0.5.

As DA and RL correlations are used to calculate the fidelity, oscillations due to the finite
QD FSS which can be seen in figure 5.2(b) and (c) are also present in figure 5.3. Here, the
maximum entanglement fidelity to the Φ+ Bell state is taken to be the maximum point in
figure 5.3, 0.85±0.02. The entanglement fidelity decays to the uncorrelated level of 0.25
within a 1ns time delay.

The entanglement fidelity to the Φ+ Bell state would be further improved with better
calibration of the detection system in the DA basis. The degrees of correlation used to
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Fig. 5.3 The entanglement fidelity to the maximally entangled Φ+ Bell state with 64ps time
bins, calculated from photon coincidences recorded with a time correlated single-photon
counter in ‘histogram’ mode. The dashed orange line shows the classical limit of 0.5.

determine the maximum entanglement fidelity were CHV=0.84±0.05, CDA=0.69±0.04, and
CRL=-0.89±0.05, with the DA basis being significantly worse than the HV and RL bases.

5.1.3 ‘Time tagged time resolved’ (‘T3’) photon correlations and entan-
glement

In ‘time tagged time resolved’ mode, a periodic signal is used as the TCSPC sync. Both
the time between the start of a sync period and the channel event, and the number of sync
periods elapsed since the start of the measurement are recorded. From these, the arrival time
of photons at a channel with respect to the start of the measurement can be determined.

Again, the experimental setup shown in figure 5.1 was used, but now the sync of the
TCSPC was provided by a downsampled electronic signal from the pulse generator driving
the ELED. The SNSPDs 1, 2, and 3 in figure 5.1 were connected to TCSPC channels. Unlike
in ‘histogram’ mode, correlations between events at SNSPDs 1-2 and 1-3 must be determined
in postprocessing. After postprocessing, a XX-X photon correlation measurement made in
‘T3’ mode produces a 2D histogram, with the time delay between the sync and XX photon
events on the x axis, the time delay between the sync and X photon events on the y axis, and
the number of events with each pair of time delays on the z axis.

Figure 5.4 shows the time dependence of XX-X photon-pair emission. The 2D histogram
contains the sum of both co- and cross-polarised photon-pair coincidences in the 3 principal
detection bases from a measurement recorded in ‘T3’ mode. The x axis in figure 5.4 shows
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XX photon arrival times with respect to the clock signal, and the y axis shows X photon
arrival times with respect to the clock signal.

As the clock rate of this signal was 15.6MHz, photon arrival times at the SNSPDs were
recorded on grids of 64ns x 64ns rather than 1ns x 1ns. Each time bin along a bottom-left
to top-right diagonal has an equivalent XX-X photon time delay. As the ELED itself was
clocked at 1GHz, each 1ns square along a bottom-left to top-right diagonal in figure 5.4
is equivalent. As this is the case, to increase the statistics of each time bin, equivalent
time bins in the 64ns x 64ns grid were combined to show a set number of 1ns periods; in
figure 5.4, 3ns x 3ns is shown. Photon arrival times were recorded with 8ps resolution,
before downsampling to 72ps in postprocessing to use time bins similar to the ∼70ps timing
resolution of the detection system. It can be seen that the 1GHz clocked electrical driving
causes the photon-pair emission to be reinitialised on a 1ns grid, decaying to the uncorrelated
level within a 1ns cycle.
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Fig. 5.4 Total XX and X photon-pair coincidences in the 3 principal detection bases recorded
with a time correlated single-photon counter in ‘time tagged time resolved’ mode. 3 consecu-
tive emission cycles are shown with 72ps time bins. The total acquisition time was 56.25
minutes. Dashed white lines indicate 1ns clock periods.

Normalised co- and cross-polarised photon correlations in the 3 principal bases of the
QD are each shown in figure 5.5. These 2D histograms have the same x and y axes as figure
5.4, and contain the same data.

The XX-X photon 0-delay was measured as described in section 5.1.2. When using
‘histogram’ mode, 0-delays were extracted for two SNSPD combinations, 1-2 and 1-3 in
figure 5.1, which were used to measure co- and cross- polarised correlations respectively.
When using ‘T3’ mode, the electronic clock signal was used as the TCSPC sync rather than
SNSPD 1; so 3 0-delays must be extracted rather than 2, for combinations of the electronic
clock signal with SNSPDs 1, 2, and 3. These 0-delays were also used for figure 5.4.
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Fig. 5.5 Correlations between XX and X photons recorded with a time correlated single-
photon counter in ‘time tagged time resolved’ mode. 72ps time bins are shown. Normalised
(a) co-polarised and (b) cross-polarised photon correlations in the horizontal/vertical (HV)
basis. Normalised (c) co-polarised and (d) cross-polarised photon correlations in the diag-
onal/antidiagonal (DA) basis. Normalised (e) co-polarised and (f) cross-polarised photon
correlations in the right-hand circular/left-hand circular (RL) basis. Time bins with no photon
coincidences are black.

Although the 0-delays had now been compensated for, the origin of the 2D histograms
did not correspond to the start of a 1ns cycle as the difference between the arrival times of
the electrical pulse at the ELED and TCSPC sync is unknown. For aesthetics, both the x and
y axes of each 2D histogram were additionally offset by an equal amount so that the origin
was aligned with the centre of the excitation pulse given the time dependence of the photon
emission.

The correlations shown in figure 5.5 were normalised with respect to the uncorrelated
level. Photon correlations were divided by the average number of correlations in an area of
the 64ns x 64ns grid far from the XX-X photon 0-delay diagonal. The uncorrelated level in
figure 5.5 is 1.

Features which were seen in photon correlations recorded in ‘histogram’ mode in figure
5.2 are also present when recording in ‘T3’ mode. It can be seen in figure 5.5(a) and (b) that
both co- and cross-polarised photons are uncorrelated for photon arrival times far from the
0-delay diagonal, and suppressed for an X photon arriving just before a XX photon. After the
0-delay, co-polarised correlations in the HV basis in figure 5.5(a) increase. Cross-polarised
correlations in the HV basis should be suppressed after the 0-delay, but in figure 5.5(b) they
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remain around the uncorrelated level. This is likely due to a slight misalignment of the
detection setup to the QD HV basis.

In figure 5.5(a) the pulsed nature of the emission can be seen by the reset of correlations
on a 1ns grid; this was not evident in figure 5.2(a) when recording in ‘histogram’ mode.
The oscillations due to the finite FSS of the QD can still be seen for correlations in the
superposition bases in figure 5.5(c-f).

The entanglement fidelity to the maximally entangled Φ+ Bell state is shown in figure
5.6(a). For most of the histogram, the entanglement fidelity is around the uncorrelated level
of 0.25. The entanglement fidelity increases after the 0-delay, and has oscillations due to the
finite QD FSS as it decays back to the uncorrelated level within a 1ns cycle.
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Fig. 5.6 Extracting the maximum entanglement fidelity to the Φ+ Bell state from a measure-
ment made using the ‘time tagged time resolved’ mode of the time correlated single-photon
counter. 72ps time bins are used for both XX and X photon arrival times. (a) Entanglement
fidelity to the maximally entangled Φ+ Bell state over 3 consecutive excitation cycles. Time
bins with no photon coincidences in at least one of the 3 principal detection bases are black.
(b) Entanglement fidelity for one 1ns cycle. The reinitialisation period can be excluded by
gating the fidelity to the central 864ps of a cycle, shown by the dashed white box. (c) The
upper plot is the plot in (b) rotated by 135◦ with the reinitialisation period discarded. Each
column of time bins has the same XX-X photon time delay, these are averaged to obtain the
lower plot. The lower plot shows the fidelity to the maximally entangled Φ+ Bell state as a
function of relative time delays between XX and X photons. The dashed orange line shows
the classical limit of the entanglement fidelity.
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For the measurement recorded in ‘histogram’ mode, the maximum entanglement fidelity
in figure 5.3 was taken as the maximum point on the 1D histogram. For the measurement
recorded in ‘T3’ mode, there are many time bins in figure 5.6(a) with high entanglement
fidelity along the 0-delay diagonal, and each of these alone has relatively low statistics. For
better statistics the average entanglement fidelity for each bottom-left to top-right diagonal,
which have time bins with equivalent XX-X photon time delays, will be calculated with the
highest taken as the maximum entanglement fidelity to the Φ+ Bell state.

However, as the ELED is driven by 130ps long pulses, there is a reinitialisation period
for time bins at the start and end of the 1ns squares along the 0 delay diagonal, as can be
seen in figure 5.5. In this period, the entanglement fidelity drops. Figure 5.6(b) shows the
entanglement fidelity evaluated on a 1ns x 1ns grid rather than 3ns x 3ns as was used in figure
5.6(a). The maximum entanglement fidelity can be evaluated excluding the reinitialisation
period by gating to the central 864ps square in postselection, as shown by the dashed white
line in figure 5.6(b).

The upper plot in figure 5.6(c) shows figure 5.6(b) rotated by 135◦ with the reinitialisation
period discarded. The XX-X photon 0-delay is now a column of time bins rather than a
diagonal; time bins within a column have the same XX-X photon time delay as each other.
The average entanglement fidelity for each column in the upper plot of figure 5.6(c) is shown
in the lower plot of figure 5.6(c). The lower plot resembles the result of the measurement
using ‘histogram’ mode in figure 5.3, but is formed from differently shaped time bins. The
maximum fidelity to the Φ+ Bell state is taken to be the maximum point in the lower plot
of figure 5.6(c), 0.89±0.02. For this point the degrees of correlation were CHV=0.87±0.05,
CDA=0.83±0.05, and CRL=-0.84±0.04.

For the 1GHz pulsed entangled photon-pair source used here, a high maximum fidelity
to the Φ+ Bell state has been obtained using each of the two TCSPC recording modes,
0.85±0.02 obtained from 64ps time bins in ‘histogram’ mode and 0.89±0.02 obtained from
72ps time bins in ‘T3’ mode. However, the lower degree of correlation in the DA basis in
‘histogram’ mode shows that the detection system was not well aligned to the DA basis for
this measurement. The measurement in ‘T3’ mode allows the pulsed nature of the source to
be seen. As the reinitialisation period of the ELED is visible when using ‘T3’ mode, this
period is excluded in the analysis, further increasing the entanglement fidelity.

5.1.4 Excitation conditions

For the measurements presented in sections 5.1.2 and 5.1.3 the ELED was excited with a
maximum voltage of 1.5V and a minimum voltage of 0.5V. From figure 4.7(b) it can be
seen that this minimum voltage would not provide the highest combined rate of XX and X
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photons, which is an important quantity to optimise. Instead, the highest combined photon
rate occurs with a minimum voltage of ∼0.4V.

In the measurement described in section 5.1.3, with a minimum voltage of 0.5V, 52818
XX-X photon-pair coincidences with both photons originating from the same excitation cycle
were measured with an acquisition time of 56.25 minutes. A similar measurement made
with a minimum voltage of 0.4V and an acquisition time of 84.4 minutes yielded 215874
photon-pair coincidences.

However, these photon-pair rates in these 2 measurements of 939 and 2,557 photon-pairs
per minute can not be directly compared as the optical system was altered over the 2 months
between these two measurements. Some fibres were replaced, the QD and free space grating
were realigned, and the biases of the SNSPDs were re-optimised. From the XX and X photon
rates in figure 4.7(b), the multiplied photon rates were only 5% higher for a minimum voltage
of 0.4V than 0.5V.

The reason for the choice of 0.5V for the minimum voltage is apparent in figure 5.7(a)
and (b), which shows the result from figure 5.6(a) along with a similar measurement made
with a minimum voltage of 0.4V. Here it is useful to discuss different 1ns cycles (1ns x 1ns
squares in figure 5.7(a) and (b)). 1ns cycles along the 0-delay diagonal will be referred to as
‘t0’ cycles, and 1ns cycles with X photons arriving a cycle before (after) XX photons will
be referred to as ‘t-1’ (‘t+1’) cycles as shown in figure 5.7(a). In figure 5.7(a) and (b) the t-1
cycles are immediately below the t0 cycles, and the t+1 cycles are immediately above.

It can be seen in figure 5.7(b) that for a minimum voltage of 0.4V there are many time bins
with an entanglement fidelity above the classical limit of 0.5 in the t+1 cycles. The second
maximum of the oscillations due to the finite QD FSS in the t0 cycles is linked together
through the t+1 cycles. The minimum voltage of 0.5V was chosen as the QD emission appears
to be more strongly reinitialised after a 1ns cycle, with the entanglement fidelity dropping
faster towards the uncorrelated level.

Although error bars are not shown on the 2D histograms in figure 5.7(a) and (b), many of
the 72ps time bins in the t+1 cycles which lie above the classical limit do so by more than a
standard deviation. In figure 5.7(a) there are 6 such time bins, and in figure 5.7(b) there are
13.

The t+1 cycles in figure 5.7(a) and (b) were analysed on a 1ns x 1ns grid with 72ps time
bins, as was done for t0 cycles in figure 5.6(b), for a 3 fold increase of the statistics in each
time bin. None of the time bins lie above the classical limit by more than a standard deviation
for a minimum voltage of 0.5V, whereas 7 time bins do for a minimum voltage of 0.4V. 4 of
these time bins are >3 standard deviations above the classical limit, including one which is
8.3 standard deviations above the classical limit.
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Fig. 5.7 The entanglement fidelity over 3 consecutive excitation cycles for a maximum
voltage of 1.5V and minimum voltages of (a) 0.5V (also shown in figure 5.6(a)) and (b)
0.4V. Dashed white lines indicate 1ns excitation cycles. In (a) equivalent 1ns cycles along
diagonals are labelled as ‘tz’ where z is the number of cycles between the arrival of XX and
X photons. 72ps time bins are displayed for both XX and X photon arrival times and both (a)
and (b) share the same colour scale. Time bins with no photon coincidences in at least one of
the 3 principal detection bases are black. (c) Normalised XX-X photon coincidences in the 3
principal detection bases in 1ns cycles for minimum voltages of 0.5V (purple triangles) and
0.4V (orange circles). The x axis shows the number of 1ns cycles between the arrival of XX
and X photons (negative is X before XX).

Time bins with an entanglement fidelity above the classical limit in t+1 cycles suggest
that the reinitialisation of the XX cascade with each 1ns cycle is weaker for a minimum
voltage of 0.4V than 0.5V. As the X state has a lifetime longer than the clock period of 1ns,
the XX cascade is not always completed within a 1ns cycle. Some of the XX-X photon-pair
coincidences in t+1 cycles occur when the excitation pulse following the emission of a XX
photon does not reinitialise the XX cascade, which then continues with the entangled X
photon emitted in the following cycle. Although time bins above the classical limit in the t+1

cycle would not affect the maximum achievable entanglement fidelity with the analysis used
in figure 5.6(c), it is clearly not optimal for one photon of an entangled photon-pair to arrive
in the clock cycle after its partner.

More efficient re-initialisation of the XX cascade for a minimum voltage of 0.5V is
further supported by the stronger depletion of the X level during the excitation pulse as was
observed in figure 4.8(b). This may inhibit the completion of the XX cascade and prevent
XX-X photon-pairs arriving in t+1 cycles.

The normalised number of XX-X photon-pair coincidences in different 1ns cycles is
shown in figure 5.7(c). It can be seen that the relative number of XX-X photon-pair coin-
cidences in the t+1 cycle is higher above the uncorrelated level of 1 for a minimum voltage
of 0.4V rather than 0.5V, which again indicates that the reinitialisation of the XX cascade
may be less effective. Less effective reinitialisation would also reduce the relative number of
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photon-pair coincidences in t-1 cycles, as is observed in figure 5.7(c), as the QD is less likely
to be reinitialised to the XX state and emit a XX photon after an X photon has been emitted
in the previous cycle.

In figure 5.7(c) it can also be seen that the relative number of photon-pairs arriving in t0
cycles is lower for a minimum voltage of 0.5V rather than 0.4V. This may be due to increased
background contributions with a minimum voltage of 0.5V, as can be seen in figure 4.4,
which would make XX-X photon-pair coincidences in all cycles less statistically significant.
This would cause the normalised photon-pair coincidences in t-1, t0, and t+1 cycles to be
closer to the uncorrelated level. Instead of a more efficient reinitialisation of the QD during
the excitation pulse for a minimum voltage of 0.5V rather than 0.4V, the time bins in t+1

cycles may not be significantly above the classical limit due to background contributions.
With increased background contributions, the maximum entanglement fidelity would be

reduced. In figure 5.6(c) a maximum fidelity to the Φ+ Bell state of 0.89±0.02 was evaluated
with a minimum voltage of 0.5V. Similar analysis with a minimum voltage of 0.4V yields a
fidelity of 0.92±0.01, even though the two values agree to within the calculated errors this is
in good agreement with the expected behaviour.

It is likely that the both a more efficient reinitialisation of the XX cascade and increased
background contributions contribute to the reduced number of time bins with an entanglement
fidelity above the classical limit in the t+1 cycles for a minimum voltage of 0.5V. A preferential
way to inhibit XX-X photon-pair coincidences in t+1 cycles would be to reduce the X lifetime,
perhaps achievable with a different device design exploiting the Purcell effect.

5.1.5 Photon rates and system efficiency

A source of entangled photon-pairs for real-world applications is required to be bright,
requiring both a high probability that an entangled photon-pair is generated by the QD in
each clock cycle and a highly efficient optical system.

The overall efficiency of the optical system can be approximated from the losses of its
components. The loss for coupling photons emitted by the QD into a single mode fibre
was estimated to be ∼15.2dB. The free space grating setup had a loss of 2.6dB. Typical
EPC and PBS losses were 0.8dB and 0.4dB respectively. The equivalent photon loss of the
SNSPDs due to a finite detection efficiency of ∼50% was 3dB. The experimental setup had
3 fibre-to-fibre connections for XX and X photons, with losses of 0.15dB per connection.
The combined losses of these components gives an overall efficiency of the optical system
of ∼0.6% (22.45dB loss). The low efficiency of coupling photons emitted by a QD into a
single mode fibre is by far the largest source of losses in this optical system.
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When considering the source system alone by removing the 4.65dB loss of the detection
system from the measured photon rates at the detectors, a XX or X photon is produced
by the source system in 0.04% of the clock cycles. The efficiency of generating XX-X
photon-pairs is far lower than this. SPDC entangled photon-pair sources are operated with
downconversion probabilities of a few percent to limit the emission of multiple photon-
pairs [72, 132, 133]. QD entangled photon-pair sources do not have the same restriction.
High photon-pair generation rates have been demonstrated from QD sources [134–136], for
example 0.65 photon-pairs per pulse into the first lens at a clock rate of 79 MHz [135]. The
efficiency of the 1GHz clocked entangled photon-pair source used here is limited by the
intrinsic efficiency for the QD to emit an entangled photon-pair in each clock cycle and the
∼15.2dB loss for coupling photons emitted by the ELED into a single mode fibre.

Given the GHz clock rate, the overall efficiency of the optical system of 0.6%, and
average XX and X photon rates at each detector of 52000 and 83000 counts per second,
the intrinsic efficiency for the ELED to generate a photon per clock cycle is ∼2%. The
probability to generate a XX-X photon-pair is far lower than this.

These InAs/InP QDs are larger than the more well established short wavelength InAs-
/GaAs QDs, and so are more susceptible to fluctuations in the surrounding charge environ-
ment. This is likely a significant factor in why the probability of emitting a XX or X photon
each clock cycle is so low. With non-resonant excitation such as the electrical excitation
used here, states in addition to the XX and X states can be excited, and decay radiatively or
non-radiatively. This is evident in the EL spectra shown in section 4.3, where spectral lines
in addition to the XX and X lines are present.

It is also worth noting that the method used to determine the maximum entanglement
fidelity in figure 5.6(c) with 72ps time bins along a diagonal uses only a small fraction
of the photon-pair coincidences (8.6% of the photon-pair coincidences with both photons
originating from the same excitation cycle). The fraction of photon-pairs arriving in these
time bins would be enhanced with shorter XX and X state lifetimes. Alternatively, a QD with
a smaller FSS would enable larger time bins to be used as the first oscillation minimum in
the fidelity to the Φ+ Bell state would occur at a larger XX-X photon time delay.

Increasing the brightness of QD photon sources is currently an area of great interest in
the QD community. Methods of enhancing the source brightness and reducing state lifetimes
will be discussed in section 7.2.
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5.2 Entanglement distribution

As the ELED emits entangled photon-pairs at telecom wavelengths, it is compatible with
installed fibre networks. To demonstrate this, XX photons were sent across Cambridge
to a deployed detection system in an office at the Physics Department of the University
of Cambridge, 4.6km away from Toshiba CRL where the ELED was. The entanglement
fidelity between XX photons measured at the Physics Department and X photons measured
at Toshiba CRL in the 14 hour experiment was then determined in postprocessing. This
experiment was carried out in collaboration with Dr Jan Huwer.

5.2.1 Experimental setup for entanglement distribution

The ELED was in the same cryostat and used the same pulsed electrical excitation condition
as was described in section 5.1.1. Instead of detecting both the XX and X photons with
SNSPDs in the same location, the XX photons were distributed over 15km of metropolitan
fibre in Cambridge as shown in figure 5.8. Two network fibres were used, one for the
XX photons and the other for classical communication. The fibre the XX photons were
transmitted over had 6dB loss at 1550nm. At the Physics Department, the deployed detection
system used commercial free-running APDs to detect the XX photons.

To set the detection bases, the same method as in section 5.1.1 was used. The polarisation
reference and movable mirror are not shown in figure 5.8. The laboratory and deployed
detection systems each used a TCSPC to record photon arrival times at the detectors in ‘T3’
mode as described in section 5.1.3.

As the polarisation drifts over a network fibre due to changing environmental conditions,
this was compensated for using a stabilisation system developed by Ziheng Xiang similar
to in [137]. Photons were distributed for 14 consecutive hours, with measurements made
in 7 minute chunks. The polarisation stabilisation system was run between each 7 minute
measurement, and the EPC voltages were changed to cycle through the detection bases.

Two wavelength multiplexed signals were transmitted over the second fibre, the 15.6MHz
reference clock signal from the pulse generator driving the ELED and classical commu-
nication to control equipment at the Physics Department, as shown in figure 5.9. The
downsampled electrical clock signal was sent to a RF switch which was used to start and
stop each 7 minute measurement. To start a 7 minute measurement, the switch was activated
and the clock signal was sent to both the laboratory and deployed TCSPCs, which would
then begin a synchronised measurement. To stop a measurement the switch was deactivated.
To send the clock signal to the deployed TCSPC, the electronic signal was converted to an
optical signal at 1570nm using a small form-factor pluggable transceiver (SFP).
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Fig. 5.8 The entanglement distribution experiment between Toshiba Cambridge Research
Laboratory (CRL) and the University of Cambridge Department of Physics. The ELED
was electrically driven at Toshiba CRL, with XX and X photons filtered from the emission.
X photons were detected by SNSPDs at Toshiba CRL while XX photons were distributed
to the Physics Department to be detected by commercial APDs. Both detection systems
used an electronic polarisation controller (EPC) followed by a polarising beamsplitter (PBS)
to set the detection basis. A polarisation stabilisation system corrected for drifts over the
fibre. A second fibre was used to transmit classical communication to control the equipment
at the Physics Department and a clock signal from the pulse generator driving the ELED.
The electrical pulses were converted to optical pulses for transmission and then back again
after by small form-factor pluggable transceivers (SFP)s. The time correlated single-photon
counters (TCSPC)s in both detection systems used the clock signal from the pulse generator
for synchronisation.

The 1Gbit/s classical communication data traffic to control the experiment was converted
to an optical signal at 1310nm by another SFP. This SFP was also used to convert received
signals from the deployed system back to electrical data signals for feedback. A coarse
wavelength division multiplexer was used to transmit the clock signal at 1570nm and the
experimental control signal at 1310nm over the same optical fibre.

At the Physics Department, both signals were demultiplexed and each was again passed
through a SFP to be converted back to an electrical signal. The clock signal from the pulse
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Fig. 5.9 Multiplexing of the clock signal and experimental control over the second field
fibre. A RF switch was used to synchronise the start of a measurement at the laboratory and
deployed time correlated single-photon counters (TCSPC)s. Two small form-factor pluggable
transceivers (SFP)s converted the classical communication to control the experiment and the
clock signal to optical signals at 1310nm and 1570nm respectively. These optical signals were
then converted back to electrical signals at the deployed system by two similar SFPs. A coarse
wavelength division multiplexer (CWDM) multiplexed the two signals for transmission over
the field fibre. A pair of circulators were used to establish a bi-directional communication
link.

generator was sent to the sync of the deployed TCSPC. The other signal was used to control
and readout equipment such as the deployed EPC.

Similarly to the in-laboratory experiment, the 0-delays for both detection systems were
required to align the photon correlations in postprocessing before calculating the entangle-
ment fidelity. In previous experiments over network fibre, the 0-delay was found to drift
significantly over time scales of hours due to temperature changes [137]. A single measure-
ment using a pulsed laser, as was used in section 5.1.3, would not be suitable in this case.
For the current experiment the reference clock signal was transmitted over a different optical
fibre to the XX photons and the 2 fibres may drift differently over time.

A 0-delay measurement with a pulsed laser could have been performed at the start of
every new cycle of the detection bases, but to avoid further complexity of the experimental
system a 4th set of EPC voltages was cycled through in addition to the 3 principal bases.
For this 4th set, the voltages of the laboratory EPC were set to the same as for the HV basis
measurements, whereas the deployed EPC voltages were changed so that APDs 1 and 2 in
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figure 5.8 detected V and H polarised photons respectively rather than H and V. This meant
that co-polarised photon correlations in the HV basis were measured for all 4 combinations
of XX and X detectors, so the photon correlations could be aligned in postprocessing using
the pulsed nature of the source for every new cycle of the detection bases.

The 2D histograms of co-polarised photon correlations in the HV basis looked similar to
in figure 5.5(a). For each of the 4 combinations of XX and X detectors, the rows and columns
of the 2D histograms were summed, with the 1ns periodicity of the data used for alignment
of each combination of detectors with respect to one another. As with the in-laboratory
measurement, both the x and y axes of each 2D histogram were additionally offset to align
the origin with the centre of the excitation pulse.

The overall timing jitter for detection with the laboratory system including the SNSPDs
was ∼70ps. The overall timing jitter for detection with the deployed system was ∼75ps
including the APDs. At the SNSPDs the combined X photon rate was around 228000 counts
per second and at the APDs the combined XX photon rate was around 15000 counts per
second.

5.2.2 Entanglement distribution results

As in section 5.1.3, photon correlations were evaluated in postprocessing. However, the
analysis was more complicated as two TCSPCs were used rather than one. The photon
correlations and entanglement fidelity were then determined as described in section 5.1.

Initially no photon correlations as were shown in figure 5.5 could be extracted from the
data; everything was uncorrelated. This was found to be due to an additional delay in the
start of recording by the deployed TCSPC for each 7 minute measurement. This delay varied
for each 7 minute measurement by an integer number of 64ns TCSPC sync periods.

To find the delay of the deployed TCSPC for each 7 minute measurement, the deployed
TCSPC data was offset by a multiple of the 64ns sync period before it was correlated with
the data from the laboratory TCSPC. For a range of offsets, the 2D histograms of photon
coincidences were summed along diagonals parallel to the XX-X 0-delay, similarly to when
evaluating the entanglement fidelity in figure 5.6(c). When the correct offset was found, a
clear peak was seen in the sum of the diagonals. The data from each 7 minute measurement
was then processed using its corresponding offset.

Figure 5.10(a) shows a histogram of the offsets found for each of the 112 7 minute
measurements made in the 14 hour experiment. The start of recording by the deployed
TCSPC was delayed by an average of 246 64ns sync periods, 16µs, with respect to the
laboratory TCSPC with a standard deviation of 7 64ns sync periods, 0.45µs. This was likely
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due to the classical communication system delaying the clock signal arriving at the deployed
TCSPC.
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Fig. 5.10 Synchronising the 64ns time correlated single-photon counter (TCSPC) sync
periods of the laboratory and deployed systems. (a) The distribution of delays in the start
of measurements made by the deployed TCSPC with respect to the laboratory TCSPC. (b)
Time resolved X photon detection events in the HV basis at the 2 laboratory SNSPDs. (c)
Time resolved XX photon detection events in the HV basis at the 2 deployed APDs. 8ps time
bins are shown for (b) and (c) although the overall timing jitter for the detection system in (b)
was ∼70ps and in (c) was ∼75ps.

Figure 5.10(a) does not show information about the position of the 0-delay with respect
to the start of a 64ns sync period, which may also vary between 7 minute measurements if the
field fibre which carried the XX photons drifted differently to the field fibre which carried the
reference clock signal. Time resolved X photon detection events at the laboratory SNSPDs
and XX photon detection events at the deployed APDs for each 7 minute measurement in the
HV basis are shown in figure 5.10(b) and (c) respectively. Data is shown before alignment of
events at each detector with respect to one another and to the 0-delay, so the start of a 1ns
cycle occurs at a different time delay at each detector.

As expected, for the laboratory SNSPDs the start of each 1ns cycle in figure 5.10(b)
remains at the same delay with respect to the start of a 64ns sync period for all 7 minute
measurements throughout the 14 hour experiment. This is also the case for the deployed
APDs in figure 5.10(c), showing that the relative drift of the time of flight over the two field
fibres was negligible. The two fibres were probably within the same physical cable, so drifts
in one field fibre were self compensated by a similar drift in the second field fibre. Thus a
single measurement using a pulsed laser would have sufficed rather than using the 4th set
of EPC voltages. Both the alignment of the 4 combinations of XX and X detectors, and the
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alignment of the data with respect to the origin were only performed once for all data from
the entire 14 hour experiment.
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Fig. 5.11 Correlations between XX and X photons in the entanglement distribution experiment
recorded with two time correlated single-photon counters in ‘time tagged time resolved’
mode. 72ps time bins are shown. Normalised (a) co-polarised and (b) cross-polarised
photon correlations in the horizontal/vertical (HV) basis. Normalised (c) co-polarised and (d)
cross-polarised photon correlations in the diagonal/antidiagonal (DA) basis. Normalised (e)
co-polarised and (f) cross-polarised photon correlations in the right-hand circular/left-hand
circular (RL) basis. Time bins with no photon coincidences are black.

Normalised co- and cross-polarised photon correlations for the entanglement distribution
experiment are shown in figure 5.11. The total acquisition time per basis was 196 minutes.
As 4 detectors were used here, co- and cross-polarised XX and X photon coincidences were
recorded at the same time. To use all of these coincidences, equivalent co- and cross-polarised
combinations, such as HH and VV in figure 5.11(a), and HV and VH in figure 5.11(b), were
combined.

The correlations in figure 5.11 are similar to those from the in-laboratory measurement
in figure 5.5, but the maximum normalised height of the correlations is lower due to the
decreased signal to noise ratio when distributing photons over long fibre to detectors with
lower efficiencies.

Figure 5.12(a) shows the entanglement fidelity to the Φ+ Bell state analysed in the same
way as the in-laboratory measurement shown in figure 5.6, with gating to the central 864ps of
a 1ns cycle. The maximum entanglement fidelity was 0.79±0.01, a 10% reduction compared
to the in-laboratory measurement. This is attributed to a higher ratio of background events to
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XX photon detection events from <2% with the SNSPDs in the laboratory to >10% with the
deployed APDs.
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Fig. 5.12 Entanglement distribution results. (a) The entanglement fidelity to the Φ+ Bell state
with gating to the central 864ps of a 1ns cycle to remove the reinitialisation period of the
ELED similarly to for the in-laboratory measurement in figure 5.6(c). Each data point is the
average for each XX-X photon time delay. (b) The degree of correlation for the in-laboratory
(purple circles) and distribution (orange triangles) measurements. (c) The entanglement
fidelity to the Φ+ Bell state over the 14 hour experiment evaluated for 2 hour sections.

It can also be seen that there is a larger drop in the degree of correlation in the superpo-
sition bases than the HV basis, as shown in figure 5.12(b). There was more uncertainty in
calibrating the detection basis of the deployed system due to a lower signal to background
ratio at the deployed APDs. The degree of correlation in the superposition bases are more
affected by misalignment due to the time dependent oscillations caused by the finite FSS of
the QD.

The evolution of the maximum entanglement fidelity can be seen in figure 5.12(c),
analysed for 2 hour sections of the experiment. This remains around 0.79 for the entire
experiment, demonstrating a very good stability of the system.
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5.3 Summary

This chapter described entanglement measurements using the 1GHz clocked ELED. When
photon correlations were recorded by the TCSPC in ‘T3’ mode, the 1GHz clock rate of
the ELED could be clearly seen. With an appropriate choice of minimum voltage, the
XX-X photon correlations were shown to decay to the uncorrelated level within a 1ns
excitation cycle. The maximum entanglement fidelity to the Φ+ Bell state for an in-laboratory
experiment using SNSPDs was 0.89±0.02.

As InAs/InP QDs emit at telecom wavelengths, the photons generated by the ELED are
compatible with standard optical fibre. The distribution of entangled photons from the 1GHz
clocked ELED over an installed 15km metropolitan fibre in Cambridge was demonstrated.
The ELED was operated within a laboratory and X photons were detected by SNSPDs. The
XX photons were transmitted over the field fibre to a deployed detection system in an office,
where they were detected by commercial free-running APDs. A stable entanglement fidelity
of 0.79 over the 14 hour experiment was achieved.





Chapter 6

Compact and deployable entanglement
setup

This chapter presents the replacement of several elements of the experimental setup used for
measuring entanglement in a laboratory with compact or fibre-based counterparts suitable
for use in a deployed system. All experiments described here were carried out by the author.
Contributions by Dr Jan Huwer of Toshiba CRL, regarding the fibre-based spectral filter
introduced in section 6.3 and the compact closed-cycle cryocooler module introduced in
section 6.5, are detailed in the relevant sections. The ‘hero’ QD featured in chapters 4 and 5
was used for most of the experiments described in this chapter, except for in section 6.5.2.

6.1 Overview of components within an experimental setup
for measuring entanglement

To integrate QD based entangled photon-pair sources into quantum networks, compact de-
ployable modules must be realised. Many state-of-the-art entangled photon-pair experiments
use research-grade equipment, such as complex cryostats and bulky high efficiency single-
photon detectors, which would not be suitable for use in such a module. It is also beneficial
to replace free space optics with fibre-based components, as free space optics are prone to
misalignment when exposed to changing environmental conditions such as temperature and
vibrations.

Chapter 5 described entanglement measurements with all but the detection system within
a laboratory. This chapter now focuses on adaptions to the experimental setup shown in
figure 5.1 so that a similar system could be operated outside of a laboratory.
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For the entanglement measurements in section 5.1, there were 3 sections of the experi-
mental setup where the photons were transmitted in free space rather than in optical fibres.
The first free space section was between the QD sample and the collection lens. Throughout
an experiment, the alignment of the lens with respect to the QD must be monitored, although
some cryostat systems are more stable than others. Notably, the helium vapour cryostat setup
did not require any realignment of the QD chip on the timescale of a day. Cryostats which had
more vibration or less stable lens or chip positioners need more frequent realignment, which
can be provided by a feedback loop based on the photon rates at detectors and adjusting
either the QD chip or lens to maximise these rates. To replace this free space section, a chip
could have a fibre directly attached to it, as has been demonstrated in works such as [76, 138].
However, this is not addressed here as the GHz clocked ELEDs are not compatible with
direct fibre coupling; the face of a fibre is unable to sit flat on the device surface due to the
p-contact bond ball.

The second free space section was in the polarisation reference light source, which was
introduced in section 5.1.1. Free space components such as a QWP and HWP were rotated
to change the polarisation of the reference light. An alternative fibre-based polarisation
reference light source can be constructed as will be described in section 6.2. The third
free space section was the transmission grating spectral filter, which is here replaced with a
fibre-based filter described in section 6.3.

For the experiments shown in chapters 4 and 5, the single-photon detectors used were
SNSPDs. Since SNSPDs require cooling to cryogenic temperatures they are bulky, require
a vacuum system, and have high power consumption. InGaAs/InP single-photon APDs do
not require such aggressive cooling, and can be used with clock rates at and above 1GHz
[62, 95, 63]. ‘Self-differencing’ single-photon APDs have been used in high clock rate
QKD experiments [58, 59]. These SD-APDs differ from the free-running APDs used in the
entanglement distribution experiment in chapter 5; they run at a 1GHz clock rate with short
gate windows to suppresses afterpulse noise and enable high speed single-photon detection.
The ELED used in chapters 4 and 5 was designed to be operated at a 1GHz clock rate for use
with high clock rate systems such as these SD-APDs. In section 6.4, compatibility of this
ELED with a pair of SD-APDs with a fixed 1GHz clock rate is demonstrated.

The cryostat used in chapters 4 and 5 required a source of liquid helium and so is not
suitable for use in a deployable system. Although commercial closed-cycle cryocoolers are
available, these can be very large, cause significant vibration, and have high power con-
sumption. It is possible to construct compact cryostat modules based on Stirling cryocoolers
which can fit inside a standard data rack unit, and there have been several demonstrations
of QD single-photon sources inside such cryocoolers [76–78]. QD entangled photon-pair
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sources are operated inside a commercial closed-cycle cryocooler in sections 6.3.2 and 6.4,
and inside a compact module based on a Stirling cryocooler in section 6.5.
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6.2 Fibre-based polarisation reference light source

To calculate the entanglement fidelity to the Φ+ Bell state, photon correlations must be
measured in the 3 orthogonal polarisation bases, HV, DA, and RL, in the reference frame
of the QD. This requires the detection system to be calibrated to the reference frame of the
QD, which can be achieved by using a polarisation reference light source set to each of the 3
bases in turn.

In chapter 5 free space components, shown in figure 5.1, were used for this process.
The polarisation reference light source was comprised of a broadband LED, LP, and two
free space rotatable waveplates, and a free space moveable mirror was used to send the
polarisation reference light rather than QD light to the detection system. The procedure to
find the HV basis of the QD, using a free space LP, was based on measuring the spectral
shift of the XX and X lines. This setup, relying on free space components, can be replaced
by a fibre-based polarisation reference light source which can be seen in figure 6.1(a). The
method to calibrate the detection basis with this system greatly differs from the method used
for the free space system as it relies on a measurement in the temporal rather than spectral
domain and so does not require a spectrometer.
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Fig. 6.1 A fibre-based polarisation reference light source. (a) The experimental setup. A
broadband 1550nm light source is passed through a fibre linear polariser (LP), an electronic
polarisation controller (EPC), and a 99:1 fibre beamsplitter (BS). The 99% output is sent
through a spectral filter to a polarimeter to measure the polarisation of the reference light
source. The 1% output, which has an additional 40dB of attenuation, is sent to an optical
switch. The second input of the optical switch receives light from the ELED and the output
of the switch passes through the spectral filter separating XX and X photons sent to the
detection system. (b) The Poincaré sphere with spherical coordinates θ and φ .
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The fibre-based polarisation reference light source is shown in figure 6.1(a). Light from a
broadband 1550nm superluminescent diode is passed through a LP, an EPC, and then a 99:1
beamsplitter, with the 99% output sent to the polarimeter which measures the polarisation of
the reference light. As the superluminescent diode is broadband, a spectral filter is included
before the polarimeter so that the calibration of the reference light is carried out at similar
wavelength to the XX and X photons. A feedback loop between the polarimeter and the EPC
is used to vary the EPC voltages to set the reference light source to a desired polarisation.

The 1% output of the beamsplitter in figure 6.1(a), which is attenuated by 40dB, is sent
to the first input of an optical switch, with the QD light sent to the second input. The optical
switch replaces the moveable mirror in figure 5.1, with a loss of <0.4dB. The output of the
optical switch is sent through the spectral filter to the detection system, which remains as
shown in figure 5.1.

The method of aligning the detection basis to the polarisation reference light is unchanged.
However, the reference frame of the polarisation reference light must first be aligned to the
reference frame of the QD. The method used, which is based on analysis presented in [74], is
now described. It is convenient to describe polarisations as Stokes vectors, S, with a Müller
matrix, M, used to describe a polarisation transformation as

Safter = M ·Sbefore. (6.1)

Initially the polarisation reference light source can only be set in the reference frame of
the polarimeter, and the transformation required to be in the reference frame of the QD is not
yet known. In order to find this transformation, XX-X photon correlations are measured with
the detection system calibrated in turn to 3 arbitrary but known orthogonal reference states
in the polarimeter reference frame, SrefP. The time evolution of the correlations in these 3
reference states is then used to extract their Stokes vectors in the QD reference frame, SrefQ.
The Müller matrix describing the transformation between the two reference frames is then
calculated using

SrefQ = M ·SrefP. (6.2)

M and the Stokes vectors of H, D, and R polarisations in the QD reference frame, SeigQ, are
then used to extract the Stokes vectors in the polarimeter reference frame that the reference
light must be set to, SeigP, using

SeigP = M−1 ·SeigQ. (6.3)
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To extract SrefQ from photon correlations measured in the 3 reference states, fitting is
used to find the spherical coordinate angles, θ and φ , on the Poincaré sphere shown in figure
6.1(b). The angles θ and φ relate to SrefQ as

SrefQ =


1

cos(θ)
sin(θ)cos(φ)
sin(θ)sin(φ)

 . (6.4)

Correlations are measured in ‘histogram’ mode of the TCSPC, as described in section 5.1.2.
The phase of the emitted entangled state in the reference frame of the QD varies in time,

t, as
|Φ⟩= |HXXHX⟩+ exp(iδ t/ℏ) |VXXVX⟩ (6.5)

where δ is the FSS of the QD. The polarisation state of the polarisation reference light can
be described by ∣∣H ′〉= cos

(
θ

2

)
|H⟩+ sin

(
θ

2

)
eiφ |V ⟩ , (6.6)

with a projection of XX photons onto |H ′⟩ collapsing the X photon into

|PX⟩=
〈
H ′

XX
∣∣Φ〉

= cos
(

θ

2

)
|HX⟩+ sin

(
θ

2

)
exp

[
i
(

δ

ℏ
t −φ

)]
|VX⟩ . (6.7)

The probability of detecting a co-polarised coincidence of XX and X photons is given by

pco =
∣∣〈H ′

X
∣∣PX

〉∣∣2 = 1−2sin2
(

θ

2

)
cos2

(
θ

2

)(
1− cos

(
δ

ℏ
t −2φ

))
. (6.8)

The experimental measurements made in ‘histogram’ mode yield co- and cross-polarised
photon coincidences, cco and ccr respectively. Co- and cross-polarised photon coincidences
normalised to the background level relate to pco by

cco = 1+Apcoe−
t
τ (6.9)

and
ccr = 1+A(1− pco)e−

t
τ , (6.10)

where A is a normalisation constant, and the exponential decay of timescale τ accounts for
dephasing processes.
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The correlation contrast is calculated as

contrast = (cco − ccr) , (6.11)

which relates to pco as

contrast = A(2pco −1)e−
t
τ

= A
(

2
[

1−2sin2
(

θ

2

)
cos2

(
θ

2

)(
1− cos

(
δ

ℏ
t −2φ

))]
−1

)
e−

t
τ .

(6.12)

Visible oscillations in the correlation contrast due to a finite FSS of the QD, 6.6µeV for
the ‘hero’ QD, aid the extraction of θ and φ from fitting. φ is extracted from the phase
offset of the oscillations and θ is extracted from the depth of the oscillations. As equations
6.9 and 6.10 do not account for the sharp onset of photon correlations after the 0-delay, an
error function can be used or the data for negative time delays can be cropped. This must be
carefully implemented, so as not to influence the extraction of φ from the phase offset of the
oscillations.

If the FSS is small, oscillations in the correlation contrast would not be seen. Fitting
to extract θ and φ would now rely solely on the amplitude of the correlation contrast. As
the constant A also affects the amplitude of the correlation contrast, fitting would have
to be performed simultaneously on the correlation contrasts in the 3 reference states with
constraints on θ and φ making the 3 reference states orthogonal. If oscillations in the
correlation contrast cannot be seen, the HV and DA bases can not be distinguished from one
another, or from other states with φ=0. The method used to identify the HV basis in section
5.1 using free space components would also fail to distinguish between these two bases if the
FSS was small. Even with visible oscillations, it is still beneficial to fit correlation contrasts
in the 3 reference states simultaneously, as each individual fit can produce multiple solutions
for θ and φ from equation 6.12.

This method for calibrating the detection system was used for the measurements presented
in sections 6.3.2, 6.4.1, and 6.5.
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6.3 A fibre-based spectral filter

Free space spectral filters are frequently used to separate XX and X photons in entangled
photon-pair experiments. An example is shown in figure 6.2(a), where a transmission grating
allows photons of 2 wavelengths to be separated from the rest of the input light. The spectral
filter used in chapters 4 and 5 was of this design, with FWHMs of 0.7nm and losses of 2.6dB.

Light
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grating

X
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XX
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Fig. 6.2 Spectral filters used to separate XX and X photons from light emitted by an ELED.
(a) A free space spectral filter with a transmission grating. (b) A fibre-based spectral filter
with circulators (labelled 1 and 2) and fibre Bragg gratings (FBG)s.

One benefit of this type of filter is that the filtered wavelengths can be easily changed by
displacing the output fibre couplers with respect to the grating. As most state-of-the-art QDs
are self-assembled, they have a distribution of sizes and so emit at different wavelengths. A
spectral filter which can be tuned over the wavelength range of the distribution of the QDs is
clearly advantageous for characterising many different QDs. However, free space spectral
filters can be bulky and require precise alignment, so they are not ideal for use in a compact
module for a quantum network.

Fibre-based spectral filters have been demonstrated to filter a single spectral line from
telecom wavelength QD sources [139, 140, 77] and have been used in compact systems
[77]. Here a fibre-based spectral filter as shown in figure 6.2(b), based on optical add-
drop multiplexers (OADM)s, is built from off-the-shelf fibre optic circulators and custom-
wavelength fibre Bragg gratings (FBG)s at the wavelengths of the XX and X spectral lines of
the ‘hero’ QD. This fibre-based filter would easily fit into a rack module, with no alignment
required.

OADMs are used for wavelength division multiplexing in fibre optic communication
networks, where signals at different wavelengths are either coupled into or out of an optical
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fibre. Wavelength channels can either be added (routed into the fibre) or dropped (routed
out of the fibre). Here the drop configuration is used for spectral filtering, with X and XX
wavelength light sequentially dropped from the light emitted by the ELED.

FBGs use alternating layers with different refractive indices to give strong reflectivity
over a narrow range of wavelengths with a flat-top spectral profile. The fibre-based filter in
figure 6.2(b) has 2 FBGs; one reflects light at the wavelength of the X spectral line and the
other at the wavelength of the XX spectral line. OADMs with FBGs use optical circulators to
redirect the light reflected by a FBG to an output. An optical circulator has 3 or more ports
and only allows light to travel between the ports in one direction, for example anti-clockwise
in figure 6.2(b). Light from the ELED passes through the first circulator to the X FBG, which
reflects X wavelength light at 1568nm and transmits the rest. The reflected light passes
though the same circulator to the X output. A similar configuration is then used to filter XX
wavelength light from the light transmitted through the X FBG. The light passes through a
second circulator to the XX FBG, with the reflected light at 1573.8nm passing though the
second circulator again to the XX output. The remaining light is sent to an optical terminator.

The FBGs used here have narrow bandwidths, specified on the datasheet as 0.215nm
and 0.244nm at 3dB for the XX and X wavelength FBGs respectively. To verify this, a
broadband telecom wavelength light source was passed through the fibre-based filter shown
in figure 6.2(b) and light passing through the 2 outputs was measured using a spectrometer.
Due to the 0.18nm resolution of the spectrometer, the flat-top profile due to the FBGs was
not observed. When accounting for the spectrometer resolution, the FWHMs from the XX
and X outputs were extracted as (0.190±0.006)nm and (0.203±0.004)nm respectively from
Gaussian fits. The values do not agree with the datasheet values to within the errors, with a
∼15% difference, but are still larger than the FWHM of the XX and X spectral lines which
were determined to be (0.15±0.03)nm and (0.09±0.04)nm respectively from Gaussian fits
after accounting for the spectrometer resolution. Though the bandwidths of the FBGs are
larger than the FWHM of the XX and X spectral lines, some XX and X photons will be
emitted outside of the FBG bandwidths due to phonon broadening of the spectral lines.

The datasheet values of losses for reflection by the XX and X FBGs are 1dB and 2dB
respectively within the reflection bandwidth, although this includes losses due to the fibre
connectors. The datasheet also specifies transmission outside of the reflection bandwidth as
<0.5dB without a fibre connector. An optical circulator typically has a loss of ∼0.8dB. The
FBGs and circulators were spliced together by Dr Jan Huwer to reduce losses. With all of
the components in figure 6.2(b) spliced together, Dr Jan Huwer characterised the losses by
measuring the attenuation of a tuneable narrow linewidth laser after it was passed through
the fibre-based spectral filter at 1573.8nm and then at 1568nm. The losses are 2.05dB and
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1.31dB for the XX and X outputs respectively, the loss is higher for the XX output as the light
passes through the X FBG and an additional circulator. The loss measured for the opposite
channel of the FBG, for example at the XX output with the laser set to the wavelength of the
X spectral line, is >52dB. The 2.05dB and 1.31dB losses for the fibre-based filter outputs are
lower than the 2.6dB losses for the free space filter used in chapters 4 and 5.

If the temperature of the QD is changed, the XX and X spectral lines will shift in
wavelength. In figure 4.2, increasing the temperature of a QD from 30K to 35K increased
the wavelength by ∼0.6nm and decreasing the temperature to 28K decreased the wavelength
by ∼0.2nm. A slight temperature change can tune the XX and X spectral lines out of
the wavelength ranges of the FBGs. The wavelengths filtered by a FBG can be tuned by
increasing its temperature, but the FBGs used here tune very little, only changing by around
0.1nm per 10◦C. On one hand this is advantageous as precise temperature stabilisation is not
necessary for measurements in a laboratory, but on the other hand the filters are only useful if
the QD XX and X spectral lines remain at the wavelengths the filters are specified for. Also,
a pair of FBGs which are suitable for one self-assembled QD are unlikely to be of any use
for a different QD. The wavelengths filtered by a FBG can also be tuned by applying strain
to the FBG, although this is not explored here.

6.3.1 Second order autocorrelation measurements

The second order autocorrelation function, g(2), can be used to assess the single-photon
character of a light source. Here g(2)s are measured for the X spectral line as it is more
intense than the XX spectral line. When measuring a g(2) for X photons emitted by an ELED,
the g(2)(0) obtained will depend upon properties of the spectral filter used.

If the spectral filter has a large bandwidth, background light emitted by the ELED which
is close in wavelength to the X spectral line will also pass through the filter. As this emission
is not necessarily correlated with X photon emission, the g(2)(0) will be increased as an
X photon and a background photon can both arrive in the 0-delay time bin. For the ‘hero’
QD the spectral separation of the X+ and X lines is ∼0.5nm, so a filter must be sufficiently
narrow to block most of the X+ spectral line. Due to phonon broadening of the spectral lines,
some of X+ photons will pass through even a very narrow filter.

As single-photon detectors have non-zero dark count rates, a filter with high losses will
produce a worse signal to noise ratio and the g(2)(0) will increase. As the fibre-based filter
has narrower bandwidths and lower losses than the free space filter, a lower g(2)(0) may be
achievable.

To compare the performance of the free space and fibre-based filters, a g(2) measurement
was made for X photons using a Hanbury Brown and Twiss setup [107] shown in figure
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6.3. The ELED, which was at 30K inside a helium vapour cryostat, was driven by 1GHz
clocked 130ps FWHM electrical pulses with a high of 1.5V and a low of 0.4V. X wavelength
photons were separated from the rest of the emission from the ELED by either the free
space or fibre-based filter. The photons then passed through a 50:50 fibre beamsplitter, with
each output detected by an SNSPD. Photon arrival times at the SNSPDs were recorded by a
TCSPC in ‘T3’ mode, which was described in section 5.1.3.
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Fig. 6.3 A Hanbury Brown and Twiss setup to measure the second order autocorrelation
for emission from an ELED. The ELED is driven by GHz clocked electrical pulses from a
pulse generator, which also provides a downsampled 15.6MHz signal to the sync of a time
correlated single-photon counter (TCSPC) which records photon coincidences at SNSPDs.
A spectral filter separates X wavelength photons from the rest of the ELED emission, and
these then pass through a fibre 50:50 beamsplitter (BS).

For the GHz clocked ELED, correlations between X photons arriving at SNSPDs 1 and
2 in figure 6.3 within the same 1ns cycle are expected to be suppressed. A coincidence
within the same 1ns cycle would occur if the QD was re-excited within a 1ns cycle, if an
uncorrelated photon was detected, or if there was a detector dark count. Both SNSPDs had
low dark count rates, <2% of the count rate from the ELED. Figure 6.4(a) shows photon
coincidences measured using the free space filter normalised to the background level far from
the 0-delay diagonal where the number of photon coincidences is steady. The region used
for normalisation is not shown in figure 6.4(a). Photon coincidences within the 1ns cycles
along the 0-delay diagonal are indeed suppressed. Figure 6.4(b) shows normalised photon
coincidences measured using the fibre-based filter. There are fewer photon coincidences
within the 1ns cycles along the 0-delay diagonal in figure 6.4(b) than in figure 6.4(a), with
some 72ps time bins entirely devoid of photon coincidences.

To evaluate the g(2)(0), 1ns time bins are used rather than the 72ps time bins shown in
figure 6.4(a) and (b) as the ELED has a clock rate of 1GHz. Each 1ns time bin in figure
6.4(c) is normalised using the average number of photon coincidences in a 1ns time bin far
from the 0-delay diagonal where the number of photon coincidences is steady. The regions
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Fig. 6.4 Second order autocorrelation (g(2)) results with a minimum voltage of 0.4V using
(a) a free space spectral filter and (b) a fibre-based spectral filter. 72ps time bins are shown.
Time bins with no photon coincidences are black. (c) Histograms of normalised photon
coincidences when using the free space filter (light orange) and the fibre-based filter (dark
purple). 1ns bins for 11 relative photon time delays are shown. For time delays >|1ns|, the 2
data sets overlap with g(2) ≈1.

used for normalisation are not shown in figure 6.4(c). It can be seen that the steady state
value is reached within the time delays shown in figure 6.4(c).

With the 1ns time bins in figure 6.4(c), the g(2)(0) obtained using the free space filter
was 0.413±0.005 and the g(2)(0) obtained using the fibre-based filter was 0.191±0.003. The
uncertainties were determined using Poissonian counting statistics. The g(2)(0) for the fibre-
based filter was significantly lower than for the free space filter. The significantly narrower
bandwidth of the fibre-based filter, ∼0.2nm rather than ∼0.7nm, is a greater influence than
the slightly reduced loss as the detector dark count rate is low.

When reducing the minimum voltage to 0.3V, the g(2)(0) measured with the fibre-based
filter is reduced to 0.097±0.002. This g(2) result is shown in figure 6.5. The X state may
be less likely to be re-excited due to increased tunnelling of carriers out of the QD, so the
probability that multiple X photons will be emitted within a 1ns cycle is lower. The broad
background is also lower so the ratio of background light to X photons passing through the
filter is improved.

The GHz clocked ELED and fibre-based filter have been found to perform well as a
single-photon source. However, the minimum g(2)(0) value of 0.097±0.002 is higher than
the best values achieved from QD based single-photon sources, which have been achieved
with resonant optical excitation schemes [100, 101].

Several factors are limiting this g(2)(0). Re-excitation of the QD during the ∼130ps
reinitialisation period of the QD will increase the g(2)(0). Excluding this period gives a
g(2)(0) of 0.068±0.002, tending to ∼0.05 when further reducing the length of the time bins
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considered. As the dark count rate of the SNSPDs was ∼1% of the X photon count rate,
this contributes ∼0.02 to the g(2)(0). This contribution would be reduced with an increased
ratio of QD signal to detector dark counts, for example if the source had a higher photon
generation rate or if the single-photon detectors had lower dark count rates. The remaining
g(2)(0) of ∼0.03 is limited by uncorrelated background light emitted by the ELED, and
re-excitation of the QD outside of the reinitialisation period.
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Fig. 6.5 Second order autocorrelation (g(2)) results with a minimum voltage of 0.3V using a
fibre-based spectral filter. (a) A 5ns x 5ns grid of 72ps time bins are shown. Time bins with
no photon coincidences are black. (b) A histogram of normalised photon coincidences. 1ns
bins for 11 relative photon time delays are shown.

As the fibre-based filter has been shown to reduce the probability that multiple photons
will be detected within a 1ns cycle, in the next section the fibre-based filter is used in an
entanglement measurement.

6.3.2 Measuring entanglement with the fibre-based spectral filter

The helium vapour cryostat in which the ELED was cooled in chapters 4 and 5 is not suitable
for use in a deployable system. In this section and in section 6.4 the ELED was instead
cooled in a commercial closed-cycle cryocooler. As the commercial cryocooler does not
require a supply of liquid helium it can be used outside of a laboratory, although this is not
demonstrated here.

When the ELED was operated at a nominal temperature of 30K in the commercial
cryocooler, the spectral lines of the ‘hero’ QD were shifted to longer wavelengths when
comparing to an EL spectrum from the ‘hero’ QD at 30K in the helium vapour cryostat. The
shifted spectral lines showed that the ELED was warmer than the nominal temperature, so it
was reduced to ensure that the XX and X photon spectral lines passed through the fibre-based
filter with 1GHz clocked electrical excitation.
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The electrical excitation condition was chosen to maximise the combined XX and X
photon rates as in the next section the SNSPDs will be replaced with SD-APDs, which have
lower efficiencies and higher background count rates. In section 5.1.4 it was shown that for a
maximum voltage of 1.5V, a minimum voltage of 0.4V maximised the photon rates, but 0.5V
offered a stronger reset of correlations after one clock cycle.

Although the commercial pulse generator could fit into a rack module, this technology can
be further miniaturised. A pulse generator for the ELED requires less flexibility, such as in
pulse width or voltage range, than the commercial pulse generator could provide. A compact
pulse generator board designed by Dr Mirko Sanzaro of Toshiba CRL was used to excite
the ELED from here on, with pulses of 120ps FWHM. Nominal maximum and minimum
voltages of 1.39V and 0.41V respectively were chosen as this produced a similar EL spectrum
as using nominal maximum and minimum voltages of 1.50V and 0.40V respectively with the
commercial pulse generator.

Changing the electrical excitation conditions when the ELED was operated in the com-
mercial cryocooler was found to shift the wavelengths of the spectral lines as the ELED
was heated. For a given maximum and minimum voltage, the nominal temperature of the
commercial cryocooler was then fine tuned, here to 23.8K, to ensure that the XX and X
spectral lines passed through the fibre-based filter.

XX-X photon correlations were measured using a modified version of the experimental
setup shown in figure 5.1. The polarisation reference light system was replaced by the
fibre-based setup described in section 6.2. XX-X photon coincidences were measured in
the 3 principal detection bases of the QD using SNSPDs. Measurements shown from here
on were made with SNSPDs of increased efficiencies of ∼60%, rather than ∼50% for the
experiments presented in chapters 4 and 5. Photon coincidences were recorded for 10 minutes
per basis in ‘histogram’ mode with 8ps time bins. Normalised photon coincidences with
downsampled 72ps time bins can be seen in figure 6.6.

At first sight, the photon coincidences in figure 6.6 show that the polarisation reference
light calibration with the method described in section 6.2 has worked reasonably well. There
are no clear oscillations from the FSS of the QD in the HH photon correlations in figure
6.6(a). The HV photon correlations are suppressed below the background level, although
some minimal oscillation is visible. The minima of the oscillations in the superposition
bases in figure 6.6(b) and (c) fall to near the uncorrelated level, with the first peak in the DD
and RL correlations as expected. The entanglement fidelity to the Φ+ Bell state with 72ps
time bins can be seen in figure 6.7. The maximum fidelity is 0.91±0.02, showing that high
entanglement fidelities are achievable when using this filter.
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Fig. 6.6 Normalised XX-X photon coincidences measured using the fibre-based spectral filter
and SNSPDs. Coincidences were recorded with a time correlated single-photon counter in
‘histogram’ mode. Co-polarised (dark purple) and cross-polarised (light orange) correlations
with 72ps time bins in (a) the horizontal/vertical (HV) basis, (b) the diagonal/antidiagonal
(DA) basis, and (c) the right-hand circular/left-hand circular (RL) basis.

When looking closely at figure 6.7, it can be seen that the first oscillation peak is slightly
broadened. This may be due to dispersion caused by the FBGs, which is now discussed.

Dispersion from Fibre Bragg Gratings

FBGs are highly reflective for a narrow wavelength range, with the reflectivity dropping
sharply at the edges of the reflection band. FBGs show strong dispersion at the edges of
the reflection band with minimal dispersion at the centre of the band [141]. This effect is
exploited in chirped FBGs which are used as dispersion compensators.

Due to phonon broadening of the XX and X spectral lines, a small fraction of the emitted
XX and X photons will be at wavelengths around the edges of the reflection bands of the
FBGs. The arrival times of these photons at the single-photon detectors will be affected.
The length of the delays induced by a FBG depends on parameters such as the number of
repeats, the difference in refractive index between the layers, and the apodisation profile.
These details are not provided by the manufacturer so the dispersion of these specific FBGs
can not be simulated, but group delays of 10s-100s of ps are possible [142]. The delays
will additionally depend on how well centred the XX and X spectral lines are within the
FBG reflection bands, which cannot be precisely measured due to the resolution of the
spectrometer.
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Fig. 6.7 The entanglement fidelity to the maximally entangled Φ+ Bell state calculated from
photon coincidences measured using the fibre-based spectral filter and SNSPDs. 72ps time
bins are shown. The dashed orange line shows the classical limit of 0.5.

The effect of dispersion on photon coincidences

The FBGs seem to cause an increase of photon coincidences just before the 0-delay, with X
photons arriving before XX photons. This effect is subtle and is not immediately apparent
in the photon correlations in figure 6.6. These coincidences may be due to the XX photon
of an entangled photon-pair being delayed by its FBG while the X photon is not delayed.
These events become statistically significant, as without this effect there are few photon
coincidences just before the 0-delay. This would slow the onset of photon coincidences from
the XX cascade around the 0-delay and could cause the broadening of the first oscillation
peak in figure 6.7.

In addition, it can be seen in figure 6.6 that the maximum height of the DD and RL
correlations is lower than for HH correlations. For the point of maximum fidelity in figure
6.7, the degrees of correlation are CHV=0.94±0.04, CDA=0.85±0.03, and CRL=-0.85±0.04.
The ∼70ps timing resolution of the detection system can cause a ‘washing out’ of the
photon coincidences, lowering the maxima and increasing the minima. This effect is more
pronounced in the superposition bases due to the oscillations from the QD FSS. The delay
effects from the FBGs could also cause a similar effect, but since only a small fraction of XX
and X photons are near the edges of the reflection bands of the FBGs, the ‘washing out’ of
the oscillations would be subtle.
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The effect of dispersion on the polarisation calibration method

As the polarisation reference light is calibrated by fitting to the correlation contrasts, as was
described in section 6.2, the slow onset of the XX cascade in measured photon coincidences
can lead to a systematic misalignment. In particular this causes uncertainty in extracting the
angle φ from the phase offset of the oscillations. If this results in a small positive offset of
the DA and RL measurement bases around the equator of the Poincaré sphere, instead of
being centred on the 0-delay, the first oscillation peak in the superposition bases will occur at
larger time delays.

When measuring photon correlations using a detection system with a finite timing
resolution, here ∼70ps, a delay in the oscillations due to a small offset of φ would not
be fully resolved and would instead cause a broadening of the first oscillation peak. The
maximum height of the first oscillation peak would also be reduced, which was observed for
DD and RL correlations in figure 6.6.

To minimise the fraction of emitted photons near the edges of the reflection bands of
the FBGs, the spectral lines must be centred in the reflection bands of the FBGs. As the
wavelength of the XX and X spectral lines shift with temperature, as can be seen in figures
4.2 and 4.5, a temperature change of the ELED even by <1K would have a strong effect. For
small temperature variations there is negligible difference in the wavelength spacing of the
XX and X spectral lines. Thus, fine tuning of the ELED temperature can move both spectral
lines to the centre of the FBG reflection bands together and maximise both XX and X photon
rates, assuming the wavelength spacing of the two FBGs exactly matches the spacing of the
XX and X spectral lines.

The central wavelengths of the custom-made FBGs were specified as the central wave-
lengths of the XX and X spectral lines with the ‘hero’ QD at 30K in the helium vapour
cryostat used in chapter 5. When using the commercial closed-cycle cryocooler for the
measurements presented in this section, the temperature of 23.8K was chosen to maximise
both XX and X photon rates through the FBGs, as was discussed at the start of section 6.3.2.
Despite the delay effects of the FBG, an entanglement fidelity >90% has been achieved when
using this filter.
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6.4 Measuring entanglement with GHz clocked self-diff-
erencing APDs

The SD-APDs used in this section have a fixed clock rate of 1GHz and short gate windows
within each clock period. The gating of an SD-APD can be seen in the detector response to
CW 1550nm laser light shown in figure 6.8. Photon arrivals at the SD-APD were recorded
with a TCSPC. The 1GHz clock rate of the SD-APD can be clearly seen, with a ∼130ps
FWHM gate in each clock cycle.
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Fig. 6.8 The response of a self-differencing APD to 1550nm CW laser light. 4ps time bins
are presented.

To compare the efficiency of the SD-APDs to the SNSPDs, CW 1550nm laser light was
first sent to the SNSPDs and then to the SD-APDs and the photon count rate was measured.
The average photon rate at an SNSPD was ∼388000 counts per second, and the average
photon rate at the SD-APDs was ∼47000 counts per second. Given the ∼60% detection
efficiency of the SNSPDs used here, the efficiency of the SD-APDs is ∼7%. This calculation
does not take into consideration that the SD-APDs have short gate windows whereas the
SNSPDs do not.

6.4.1 XX-X photon correlations and entanglement

The ELED was again cooled in the commercial cryocooler and the same electrical excitation
conditions as described in section 6.3.2 were used. The calibration of the polarisation
reference light to the reference frame of the QD was carried out using the SNSPDs before
they were replaced with the SD-APDs, as the method described in section 6.2 requires high
timing resolution detectors. The SD-APDs used a downsampled 31.25MHz signal from the
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electronic pulse generator driving the ELED to phase lock the internal clock of each detector.
Since only 2 SD-APDs were available, one was used to detect XX photons and the other X
photons, so it was not possible to measure co- and cross-polarised XX-X photon correlations
simultaneously.

The timing of the SD-APD gates with respect to the start of a clock cycle could be delayed.
Here the SD-APD gates were positioned to maximise the XX and X photon detection rates.
The photon count rates at the SD-APD detecting XX photons with the ELED on and off were
15000 and 4500 counts per second respectively. For the SD-APD detecting X photons, these
rates were 14500 and 1500 counts per second respectively. The photon count rate from the
ELED was calculated as the difference between the rates with the ELED on and off, yielding
an average signal to background ratio at these 2 SD-APDs of 1:0.27. This ratio would be
improved with higher photon rates from the ELED, higher efficiencies of the SD-APDs, or
lower background count rates of the SD-APDs.

XX-X photon correlations were recorded with 4ps time bins in ‘histogram’ mode, as
was described in section 5.1.2, in the 3 principal detection bases of the QD. Figure 6.9
shows the result of 6 15 minute XX-X photon coincidence measurements. The SD-APD
gates can be clearly seen in the data with 4ps timing resolution in figure 6.9. This data was
then downsampled to entire 1ns time bins to match the clock period, with no XX-X photon
coincidences discarded. From here on, all analysis is performed on these 1ns time bins.

The XX-X photon coincidences were then normalised to the uncorrelated level, taken
from averaging time bins far from the 0-delay. The degrees of correlation are shown in figure
6.10(a). In section 6.3.2, the magnitudes of the degrees of correlation in the superposition
bases were lower than in the HV basis which was likely due to a misalignment of the
polarisation reference light in the DA and RL bases. As this polarisation reference light was
also used to calibrate the detection bases for the measurement with the SD-APDs, the same
effect is to be expected. It can be seen in figure 6.9 that there are fewer DD and RL photon
coincidences in the 0-delay cycle than HH photon coincidences. It can also be seen that there
are more DA and RR photon coincidences in the 0-delay cycle than HV photon coincidences.

For maximum contrast in the co- and cross polarised photon correlations in each detection
basis, and so the highest magnitude degree of correlation, the SD-APD gates should be
positioned over the first maximum of the oscillations. If the SD-APD gates are positioned in
an area of the 0-delay cycle where the DD and RL photon coincidences drop away from the
first oscillation peak, and the DA and RR photon coincidences begin to rise, the contrast will
be reduced.

As the SD-APD gates were positioned to maximise the XX and X photon detection rates,
the position of the gates in the 0-delay cycle may not have been around the first maximum of
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Fig. 6.9 Coincidences between XX and X photons measured using self-differencing APDs.
Dark purple bars (left y-axis) show photon coincidences as recorded with 4ps time bins
by a time correlated single-photon counter in ‘histogram’ mode. Light orange bars (right
y-axis) show downsampled 1ns time bins. (a) Co-polarised and (b) cross-polarised photon
coincidences in the horizontal/vertical (HV) basis. (c) Co-polarised and (d) cross-polarised
photon coincidences in the diagonal/antidiagonal (DA) basis. (e) Co-polarised and (f) cross-
polarised photon coincidences in the right-hand circular/left-hand circular (RL) basis.

the oscillations. As a ‘T3’ mode measurement of photon correlations with the SNSPDs, as
was described in section 5.1.3, was not made for this temperature and excitation condition,
the location of the area in the 0-delay cycle with maximum XX and X photon detection rates
is not known.

When evaluating the entanglement fidelity for a QD with a large FSS with longer time
bins, the fidelity can be reduced due to the oscillations in superposition basis correlations.
When analysing the data measured with the same ELED conditions but using SNSPDs
in section 6.3.2 with 128ps time bins to simulate the gate width of the SD-APDs, the
maximum entanglement fidelity (0.91±0.01) remains the same as when using 72ps time bins
(0.91±0.02) to within the errors. As the fidelity has not decreased with this increase in time
bin size, this suggests that the longer ∼130ps SD-APD gates should not be the limiting factor
for the maximum achievable entanglement fidelity with this QD when using SD-APDs rather
than SNSPDs.

Although analysing the data in section 6.3.2 with 128ps time bins does not accurately
describe the SD-APD gating, as these time bins are akin to averaging along a bottom-left to
top-right diagonal in ‘T3’ mode data, this analysis somewhat captures the effect by averaging
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Fig. 6.10 The degree of correlation and entanglement fidelity calculated from photon coinci-
dences measured with self-differencing APDs. (a) The degree of correlation in the 3 principal
detection bases with 1ns time bins. (b) The entanglement fidelity to the maximally entangled
Φ+ Bell state with 1ns time bins. The dashed purple line shows the classical limit of 0.5.

across the oscillations. A more accurate method of simulating the SD-APD gating would be
to post-select both the XX and X photon arrival times separately, with a 128ps x 128ps time
bin for data recorded in ‘T3’ mode.

To position the SD-APD gates for maximum fidelity, a ‘T3’ mode measurement of
photon correlations would have to be made with the SNSPDs to find the delays which
must be applied to the SD-APD gates to move from the area of the 0-delay cycle with
maximum photon detection rates to the area with maximum entanglement fidelity. This can
be demonstrated with the experimental data from section 5.1.3, although in this measurement
the free space spectral filter was used and the excitation conditions were different. If this data
is analysed with 128ps x 128ps time bins, the position in the 0-delay cycle with maximum
entanglement fidelity is on the first oscillation peak whereas the position with maximum
photon-pair detection rates is between the first oscillation maximum and minimum, with a
relative XX-X photon time delay of 160ps. In this case, selecting the 128ps x 128ps time
bin for maximum photon-pair detection rates would result in an entanglement fidelity of
0.54±0.02, significantly lower than the maximum of 0.90±0.04. However, in practise it
would be challenging to precisely position the SD-APD gates using the photon detection
rates given the low photon rates at the SD-APDs and the high background count rates.

The entanglement fidelity to the Φ+ Bell state calculated from the photon coincidences
in figure 6.9 is shown in figure 6.10(b). The entanglement fidelity for the 0-delay cycle is
0.71±0.02. This is a significant reduction compared to the maximum entanglement fidelity
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of 0.91±0.01 when analysing the data from section 6.3.2 measured with the SNSPDs with
128ps time bins.

In addition to a misalignment of the SD-APD gates from the area of the 0-delay cycle
with maximum entanglement fidelity, the average QD signal to detector background count
ratio of 1:0.27 will also have contributed to the lower fidelity. In section 6.4.2, a rate equation
model is used to explore the effect of the QD signal to uncorrelated background light ratio
on the maximum achievable entanglement fidelity when using the SD-APDs. The effect of
QD FSS on the entanglement fidelity will also be investigated. The maximum achievable
entanglement fidelity will be reduced for higher FSS as photon correlations measured in
superposition bases have faster oscillations, and more oscillation within a SD-APD gate
reduces the contrast between co- and cross-polarised photon correlations.

6.4.2 Simulating measuring entanglement with SD-APDs

To simulate the effect of QD FSS and uncorrelated background light on the maximum achiev-
able entanglement fidelity with SD-APDs, photon correlations are investigated using the rate
equation model described in section 2.2. Photon correlations measured in a polarisation basis
PQ are calculated from the density matrix for the XX-X photon-pair state with contributions
from uncorrelated background light, ρ̂withBG, introduced in section 2.2.3 by

cPQ = ⟨PQ|ρ̂withBG|PQ⟩ . (6.13)

In the 3 principal detection bases used to determine the entanglement fidelity to the Φ+

Bell state, HV, DA, and RL, the photon correlations are calculated from the elements of
ρ̂withBG by

cHH = ⟨HH|ρ̂withBG|HH⟩= ρ11

cHV = ⟨HV |ρ̂withBG|HV ⟩= ρ22

cDD = ⟨DD|ρ̂withBG|DD⟩= 1
2
(ρ11 +ρ22 +Re{ρ23}+Re{ρ14})

cDA = ⟨DA|ρ̂withBG|DA⟩= 1
2
(ρ11 +ρ22 −Re{ρ23}−Re{ρ14})

cRR = ⟨RR|ρ̂withBG|RR⟩= 1
2
(ρ11 +ρ22 +Re{ρ23}−Re{ρ14})

cRL = ⟨RL|ρ̂withBG|RL⟩= 1
2
(ρ11 +ρ22 −Re{ρ23}+Re{ρ14}),

(6.14)
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resulting in

cHH ∝
1
2

Ment +
1
4
[Mnon +MXX−BG +MX−BG +MBG−BG]

cHV ∝
1
4
[Mnon +MXX−BG +MX−BG +MBG−BG]

cDD ∝
1
4
[Ment(1+ cos(−δτ/ℏ))+Mnon +MXX−BG +MX−BG +MBG−BG]

cDA ∝
1
4
[Ment(1− cos(−δτ/ℏ))+Mnon +MXX−BG +MX−BG +MBG−BG]

cRR ∝
1
4
[Ment(1− cos(−δτ/ℏ))+Mnon +MXX−BG +MX−BG +MBG−BG]

cRL ∝
1
4
[Ment(1+ cos(−δτ/ℏ))+Mnon +MXX−BG +MX−BG +MBG−BG]

(6.15)

where τ is the time delay between XX and X photons, δ is the QD FSS, and M represents
photon-pair emission as a function of time delay (see sections 2.2.2 and 2.2.3). The photon-
pair emission matrices describe entangled XX-X photon-pairs (Ment), non-entangled XX-X
photon-pairs (Mnon), XX-background photon-pairs (MXX-BG), X-background photon-pairs
(MX-BG), and background-background photon-pairs (MBG-BG). It can be seen that DD and
RL correlations are described by the same equation, as are DA and RR correlations.

The 3-level rate equation system introduced in section 2.2.2 is used to calculate Ment,
Mnon, MXX-BG, MX-BG, and MBG-BG. The uncorrelated background, which is also used to
calculate MXX-BG, MX-BG, and MBG-BG, is set as a fraction of the number of XX and X
photons emitted within a 1ns cycle and is constant with time. The XX and X lifetimes used
in the rate equation model are 0.5ns and 1.9ns respectively, the excitation pump rate is 5
times the XX radiative decay rate, and the excitation pulse width is 120ps. The degree of
correlation and entanglement fidelity to the Φ+ Bell state are then calculated using equations
5.2 and 5.3.

XX-X photon correlations

The calculated photon correlations can be plotted as 2D histograms, akin to experimental
data recorded in ‘T3’ mode such as was shown in figure 5.5 in chapter 5. Normalised photon
correlations for a QD FSS of 6.6µeV with no uncorrelated background contribution are
shown in figure 6.11. The DD and RL correlations in figure 6.11(c) and (f) are the same as
each other, as are DA and RR correlations in figure 6.11(d) and (e).

This model has captured many aspects of experimentally measured photon correlations,
as evidenced by the similarity between figure 6.11 and experimental data in figure 5.5.
For example, the 1ns periodicity can clearly be seen, as can the suppression of photon
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Fig. 6.11 Normalised correlations between XX and X photons evaluated using a 3 level
rate equation model with a QD fine structure splitting of 6.6µeV. (a) Co-polarised and (b)
cross-polarised photon correlations in the horizontal/vertical (HV) basis. (c) Co-polarised
and (d) cross-polarised photon correlations in the diagonal/antidiagonal (DA) basis. (e)
Co-polarised and (f) cross-polarised photon correlations in the right-hand circular/left-hand
circular (RL) basis. No contribution from uncorrelated background light is included.

coincidences in the lower-right triangles of the 0-delay cycles which correspond to a X photon
arriving before a XX photon. In the upper-left triangles of the 0-delay cycles, HH correlations
are enhanced and HV correlations are suppressed. Oscillations in the superposition bases can
also be seen, and the first peak occurs for DD and RL photon coincidences as expected.

Entanglement fidelity

The calculated photon correlations, such as those shown in figure 6.11, are convolved with a
2D Gaussian with 130ps FWHM to simulate the SD-APD gates. The degree of correlation and
entanglement fidelity to the Φ+ Bell state are then determined. The simulated entanglement
fidelity with optimised SD-APD delays is taken as the point of maximum entanglement
fidelity within the 0-delay cycle.

Figure 6.12 shows the simulated entanglement fidelity with varying QD FSS and ratio of
QD signal to uncorrelated background light. The black star shows the position corresponding
to the parameters from the experiment in section 6.4.1 with a FSS of 6.6µeV and a QD
to uncorrelated background light ratio of 1:0.27. Remarkably, the simulated entanglement
fidelity at this point, 0.71, agrees with the experimental value of 0.71±0.02 within the errors.
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The simulated degrees of correlation in the HV, DA, and RL bases of 0.74, 0.55, and -0.55
respectively also agree to within the errors with the experimental values from figure 6.10(a)
of 0.78±0.06, 0.52±0.05, and -0.52±0.05. Additionally, the simulated entanglement fidelity
with an uncorrelated background light ratio of 1:0.01, which is the case with the SNSPDs,
also agrees with the experimental value of 0.91±0.01 from analysing the data from section
6.3.2 with 128ps time bins.
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Fig. 6.12 A plot of the maximum entanglement fidelity to the Φ+ Bell state calculated from
correlations evaluated using a 3 level rate equation model with a detector gate width of 130ps.
The QD fine structure splitting (FSS) and ratio of QD signal to uncorrelated background light
are varied. Entanglement fidelities below the classical limit of 0.5 are black. The position
corresponding to the parameters in section 6.4 is indicated with a black star.

This point of maximum simulated entanglement fidelity for the SD-APDs occurs on the
second oscillation peak, as indicated by a black star in figure 6.13(a). If small time bins
were considered, the entanglement fidelity would be lower at the second oscillation peak
than at the first. However, as the first oscillation peak is effectively cut in half along the
0-delay as the oscillations begin at a maximum, when integrating over time bins for a 130ps
FWHM SD-APD gate window the second peak has a higher fidelity. In this instance, there
is actually little difference between the maximum simulated entanglement fidelity on the
first and second oscillation peaks in figure 6.13(a). The maximum point of 0.69 on the first
peak, indicated by the white triangle, also agrees with the experimental value of 0.71±0.02
to within the errors, along with the degrees of correlation of 0.72, 0.52, and -0.52.

The subtle kink in the contours of figure 6.12 at ∼5.4µeV shows the boundary where the
maximum simulated entanglement fidelity occurs when the SD-APD gate is positioned on
the second oscillation peak instead of the first. For higher FSS the kink in the contour lines
labelled ‘0.75’ and ‘0.5’ (on the left of the labels) shows the boundary at which the maximum
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Fig. 6.13 The simulated entanglement fidelity to the Φ+ Bell state, considering a 130ps gate
window, with the DA and RL measurement bases offset by an angle φ around the equator of
the Poincaré sphere. The QD FSS is 6.6µeV and the QD to uncorrelated background light
ratio is 1:0.27. The time varying entanglement fidelity with (a) no offset of φ and (b) φ offset
by +0.14π. The simulated entanglement fidelity with the SD-APDs is taken as the maximum
point, here indicated by a black star. The white triangle in (a) indicates the maximum fidelity
along the first oscillation peak. (c) The effect of an offset of the superposition bases by an
angle φ on the simulated entanglement fidelity.

simulated entanglement fidelity occurs when the SD-APD gate is positioned across both the
first and second peaks.

Effects causing under- and over-estimations of the experimental entanglement fidelity
from the model seem to be balanced here. In the simulations, the SD-APD gates were
optimised for maximum entanglement fidelity; this was not the case in the experiment so
the model will overestimate the experimental entanglement fidelity. Another significant
difference between the simulated and experimental data is in the distribution of XX and X
photon detection events across the 0-delay cycle, as the 3 level rate equation model does not
perfectly describe the time resolved photon emission from the QD (see section 4.5.1). The
non-constant uncorrelated background light rate at the detectors, and delays induced by the
FBGs will also cause the simulated data to differ from the experimental data.

Perhaps counter-intuitively, a systematic misalignment of the superposition detection
bases by an angle φ around the equator of the Poincaré sphere can increase the maximum
achievable entanglement fidelity, as will now be discussed. The experimental DA and RL
detection bases were likely misaligned in this way, as was explained in section 6.3.2, so the
model will underestimate the experimental entanglement fidelity.

As described in section 6.3.2, a positive offset of φ will move the first oscillation peak
to larger time delays, effectively increasing its width. When averaging over time bins for a
130ps FWHM SD-APD gate window, the maximum achievable entanglement fidelity would
be increased for a small positive offset of φ as more of the first oscillation peak would be
visible. Figure 6.13(b) shows the simulated time varying entanglement fidelity with φ offset
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by +0.14π. It can be seen that the width of the first oscillation peak is increased, resulting
in a higher maximum entanglement fidelity of 0.77 as opposed to 0.71 from figure 6.13(a)
without an offset of φ . The point of maximum simulated entanglement fidelity now occurs
on the first peak. As in the experiment the SD-APD gates were optimised for maximum
photon rates, and this area within the 0-delay cycle likely occurs at a positive XX-X photon
time delay, an offset of φ likely increased the achievable entanglement fidelity as the first
oscillation peak occurred at a positive XX-X photon time delay.

Figure 6.13(c) shows the simulated entanglement fidelity with the SD-APDs for varying
offsets of φ . It can be seen that perfect alignment of the superposition bases would actually
provide the lowest simulated entanglement fidelity, and that an offset of +0.14π would
provide the highest.

Maximising the achievable entanglement fidelity with SD-APDs

The maximum achievable entanglement fidelity measured with the SD-APDs would be
increased if a QD with a lower FSS were used. Given the QD to uncorrelated background
light ratio of 1:0.27, the highest simulated entanglement fidelity is 0.84, with a FSS of 0µeV.
The highest FSS yielding a simulated entanglement fidelity above the classical limit of 0.5 is
17.4µeV. As these QDs are self assembled and have a distribution of FSS, it is possible that a
QD with a lower FSS could be located. However, the ‘hero’ QD used here had the lowest
FSS of any QD thus far measured in this style of ELED device.

The QD FSS can be engineered both during and after growth. For QDs emitting at around
1550nm, droplet epitaxy has already reduced the average FSS of InAs/InP QDs below that of
SK QDs by producing more symmetrically shaped QDs [31]. The alternative system of InAs
QDs on an InGaAs/GaAs metamorphic buffer layer [48] can also produce QDs with FSS
below 10s of µeV. Schemes to reduce the QD FSS after growth, such as by applying electric
[37, 38], magnetic [39], or strain fields [40–42], would considerably increase the complexity
of the entangled photon-pair source.

A higher ratio of QD signal to uncorrelated background light would also increase the
maximum achievable entanglement fidelity. Given the QD FSS of 6.6µeV, the highest
simulated entanglement fidelity is 0.99, when there is no uncorrelated background light
contribution. For the largest QD to uncorrelated background light ratio considered in figure
6.12, 1:0.5, the simulated entanglement fidelity is 0.62.

The QD signal could be increased with a different device designed to enhance the photon
extraction efficiency. A device design which also reduces the QD XX and X state lifetimes via
the Purcell effect would be highly beneficial for use with the SD-APDs as a higher fraction
of photons would arrive within the short SD-APD gate windows. Such device designs are
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discussed in section 7.2. The ratio of QD signal to uncorrelated background light would also
be increased if the background count rate of the SD-APDs was lower, or if the SD-APDs
were more efficient.
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6.5 Compact cryocooler module

A compact closed-cycle cryocooler module based on a Stirling cryocooler was constructed
by Dr Jan Huwer. This module can fit on a shelf in a standard data rack module and has an
overall power consumption of <300W when it has stabilised at its base temperature ∼30
minutes from the start of a cooldown.

Demonstrations of compact cryocooler modules for QDs in [76–78] use optically excited
directly fibre-coupled QD sources. As the ELEDs used in this work are electrically excited,
a compact electrical pulse generator is included inside the case of the module rather than a
laser as in [77, 78]. Similarly to in [77, 78], the fibre-based spectral filter can also be included
inside the case of the module.

As the ELEDs used in this work are not compatible with direct fibre coupling, a confocal
microscope system is used to collect the emitted photons. To align the microscope to collect
photons from a given QD, a camera to view the sample is required. Due to the connected
pillar design, a QD within an ELED can be readily relocated using a simple and compact
visible wavelength camera and illumination. However, to mark the position of the microscope
collection spot on the sample surface, telecom wavelength light must be sent back through the
microscope. Standard visible wavelength cameras would not be able to view this collection
spot, but removing the IR filter from in front of the pixel array generally enables sufficient
sensitivity at telecom wavelengths. A dichroic mirror, instead of a beamsplitter, in the
microscope setup allows the imaging system to be operated at the same time as telecom
wavelength photons emitted by the ELED are collected.

Stirling cryocoolers generally suffer from strong mechanical vibrations, but this does not
degrade the free space fibre coupling of the ELED here due to the active vibration cancelling
system of the cryocooler. The alignment of the microscope does however drift over the
course of tens of minutes, so active alignment of the microscope with respect to a connected
pillar under 1050nm broadband illumination was implemented by Dr Jan Huwer using an
image recognition loop.

The nominal base temperature of the compact cryocooler is 34K. Most state-of-the-
art experiments with QDs are carried out at lower temperatures, frequently at around 4K
as liquid helium is used, to minimise non-radiative decay and spectral line broadening
due to interaction with phonons. Although QD sources have been demonstrated at higher
temperatures, 34K is too hot for some QD applications, for example if long coherence times
of 100s of ps for InAs/InP QDs are to be accessed [97].
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6.5.1 ‘Hero’ QD in the compact cryocooler module

The ELED was cooled to the base temperature of the compact cryocooler, the microscope was
aligned to the position of the ‘hero’ QD, and an EL spectrum was measured. The spectrum in
figure 6.14 was almost unrecognisable compared to the spectrum measured with the ELED at
30K in a helium vapour cryostat in figure 4.1. A FSS measurement confirmed that this was
indeed the spectrum from the ‘hero’ QD. The nominal maximum and minimum excitation
voltages of 1.21V and 0.71V respectively, used for figure 6.14 and for the remainder of this
section, were chosen to maximise the height of the XX and X spectral lines with respect to
the background.
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Fig. 6.14 An electroluminescence spectrum from the ‘hero’ QD at the base temperature of
the compact cryocooler. The ELED was excited at a clock rate of 1GHz with 120ps FWHM
pulses of nominal maximum and minimum voltages of 1.21V and 0.71V respectively. The
positively charged exciton (X+), neutral exciton (X), and biexciton (XX), are labelled.

The spectral lines shifted 1.9nm to higher wavelengths compared to the spectrum mea-
sured at 30K. Given the wavelength shift for a QD in a different device from a similar location
on the same wafer in figure 4.2, the ELED temperature is estimated to be 40K when the
compact cryocooler module is running at its base temperature. As the wavelengths shifted
by 1.9nm, the fibre-based spectral filter could no longer be used. Instead, a compact free
space spectral filter was used, once again with a transmission grating, which could fit inside
the case of the cryocooler module. This spectral filter had a FWHM of ∼0.7nm and ∼70%
transmission.

Despite the similar bandwidth of the compact free space filter to the free space filter
used in chapters 4 and 5, the ratio of XX and X photons to uncorrelated light detected by
the single-photon detectors is decreased due to the broad background of the spectrum in
figure 6.14. This ratio is particularly degraded for the X spectral line as the X+ line, which



6.5 Compact cryocooler module 133

is only separated from the X line by ∼0.5nm, is now more intense than the X line. The
free space grating was aligned so that the central wavelength for X photons was at a higher
wavelength than the central wavelength of the X spectral line so that fewer X+ photons would
pass through the filter.

XX-X photon correlations and entanglement

In order to calibrate the polarisation reference light to the reference frame of the QD, the
method described in section 6.2 was used with the SNSPDs. Fitting to the initial XX-X
photon correlations measured in the reference frame of the polarimeter was more challenging
as there were fewer visible oscillations from the QD FSS. While the FSS remains the
same, at an elevated temperature the lifetimes of XX and X states decrease, leading to a
faster decay of photon correlations [53]. Although shorter lifetimes increase the fraction of
photon coincidences within short time gate windows or postprocessing time bins, any benefit
when operating the ELED at this increased temperature would be vastly outweighed by the
detrimental effect of the decreased ratio of XX and X photons to uncorrelated light.
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Fig. 6.15 Normalised XX-X photon coincidences measured from the ‘hero’ QD in the
compact cryocooler module. Coincidences at the SNSPDs were recorded with a time
correlated single-photon counter in ‘histogram’ mode. Co-polarised (dark purple) and cross-
polarised (light orange) correlations with 72ps time bins in (a) the horizontal/vertical (HV)
basis, (b) the diagonal/antidiagonal (DA) basis, and (c) the right-hand circular/left-hand
circular (RL) basis.

XX-X photon correlations were measured in the 3 principal detection bases of the QD for
30 minutes per basis. The data was recorded with 8ps time bins which were downsampled to
72ps in postprocessing. 3 SNSPDs were used, 1 for XX photons and 2 for X photons, with
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average photon rates of 100000, 105000, and 140000 counts per second respectively. XX-X
photon correlations are shown in figure 6.15.
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Fig. 6.16 The entanglement fidelity to the maximally entangled Φ+ Bell state calculated
from photon coincidences measured from the ‘hero’ QD in the compact cryocooler module.
72ps time bins are shown. The dashed orange line shows the classical limit of 0.5.

These correlations were normalised so that the average value far from the 0-delay is
1. It can be seen that uncorrelated photon coincidences vary in time with the clock rate of
the ELED, due to short decay times for XX, X, and background photons at this elevated
temperature. The background photons, including emission from the X+ state, are influenced
by the pulsed excitation as they are also emitted by the ELED. The time dependence of the
uncorrelated photon coincidences cancels when determining the degree of correlation, and
thus the entanglement fidelity.

The entanglement fidelity to the Φ+ Bell state is shown in figure 6.16. The maximum
entanglement fidelity with 72ps time bins is 0.608±0.009. Although this is above the classical
limit of 0.5, the large amount of uncorrelated background light at this elevated temperature is
limiting the achievable entanglement fidelity.

Demise of the ‘hero’ QD

The ‘hero’ QD ELED was cooled in the compact cryocooler around 10 times. After one
cooldown the ELED failed to turn on and upon viewing the camera image it was found that
the bond wire to the p-contact had torn off. The bond wire to the n-contact was still intact, as
were most bond wires to other devices on the same chip. When attempting to re-bond the
device it was also found that the InP chip had detached from the sample packaging. The chip
was only still attached to the packaging by the remaining bond wires. An attempt was made
to re-attach the chip to the packaging and to re-bond the device, but this was unsuccessful.
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The ELED was likely damaged during the rapid cooldown; the cryocooler reaches base
temperature in ∼10 minutes. During cooldown, the InP chip and FR4 packaging will contract
at different rates, causing mechanical stress. Although vibrations are not a significant issue
when the cryocooler has stabilised at its base temperature, strong vibrations during cooldown
may also have caused the chip to detach from the packaging.

Subsequent chips to be cooled in the compact cryocooler were attached to the sample
packaging with a two component epoxy, Stycast 1266, instead of the conductive paint.
Whereas a chip attached to packaging with conductive paint could be detached by applying
force with tweezers (at room temperature), this was not possible for a chip attached with the
epoxy. Chips attached to packaging with the epoxy withstood multiple cooldown cycles in
the compact cryocooler, although a single device was not cooled enough times to show that
the epoxy provides a conclusive advantage. Also, the ‘hero’ QD chip had been through tens
of cooldown cycles in a variety of cryostats over the 2 years since it was packaged.

As a new ELED was required for the compact cryocooler, ELEDs from the same batch
of devices as the ‘hero’ QD were searched for a suitable QD. Although sharp spectral lines
could be identified in ELEDs which were cooled in the commercial closed-cycle cryocooler
to around the base temperature of the compact cryocooler, these were not part of a pair of
XX-X lines and the spectra still had a significant background.

The enhanced Zn doping in wafer E (see section 3.3) may be limiting the performance of
the ELED at high temperatures. In [53], sharp XX and X lines were visible in EL spectra
from an ELED with Zn doping nominally not extending into the cavity at temperatures
even as high as 63K. Several wafers from the series grown with varying Zn doping depths,
investigated in section 3.3, have Zn doping extending less far into the cavity than wafer E
and so may have better performance at elevated temperatures. ELEDs of the same style
as the ‘hero’ QD device were fabricated from wafer B; their operation inside the compact
cryocooler module is evaluated in the next section.

6.5.2 ELED with less Zn doping in the compact cryocooler module

Several ELEDs from wafer B were cooled in the commercial closed-cycle cryocooler to
around the base temperature of the compact cryocooler. Although these ELEDs had high
density QDs, sharp spectral lines could be identified in EL spectra at this temperature with
far less uncorrelated background than for the ‘hero’ QD in figure 6.14. FSS measurements
were made on a selection of QDs exhibiting the typical 5 line spectrum.

Although the InAs/InP QDs used in this work which had identifiable XX and X spectral
lines all showed a similar pattern of 5 lines, the relative spacing of these lines differed from
QD to QD. The spacing of ∼0.5nm between the X+ and X lines of the ‘hero’ QD was
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problematic for spectral filtering of the X line. One of the search criteria for a suitable new
QD was a larger spacing between the X+ and X lines to reduce leakage through the spectral
filter.
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Fig. 6.17 An electroluminescence spectrum from a QD from wafer B at the base temperature
of the compact cryocooler. The ELED was excited at a clock rate of 1GHz with 120ps
FWHM pulses of nominal maximum and minimum voltages of 1.5V and 0.6V respectively.
The positively charged exciton (X+), neutral exciton (X), biexciton (XX), and negatively
charged exciton (X-), are labelled.

The QD selected for further measurements had a FSS of 16µeV and a spacing of ∼ 1.9nm
between the X+ and X lines. This ELED was cooled to the base temperature of the compact
cryocooler. The nominal maximum and minimum voltages of 1.5V and 0.6V respectively,
used when measuring the EL spectrum in figure 6.17 and in the remainder of this section,
were chosen to maximise the height of the XX and X spectral lines with respect to the
background.

It can be seen in figure 6.17 that the broad background in the spectrum is significantly
lower for this QD than for the ‘hero’ QD in figure 6.14 despite both being measured at the
same elevated temperature in the compact cryocooler. A higher entanglement fidelity may be
achievable with this QD.

XX-X photon correlations and entanglement

The polarisation reference light calibration as described in section 6.2 was performed. As the
QD FSS of 16µeV was just above the ‘rule of thumb’ limit given the temporal resolution of
the detection system, the oscillations in photon correlations measured in the superposition
bases cannot be fully resolved. As the angle θ on the Poincaré sphere extracted from fitting
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is related to the depth of the oscillations, there may be an offset of θ , causing a systematic
error in the polarisation calibration.

XX-X photon correlations measured in the 3 principal detection bases of the QD can
be seen in figure 6.18. Data was recorded for 30 minutes in each basis with 16ps time bins
which were downsampled to 80ps in postprocessing. XX and X photons were detected by the
same SNSPDs as were used in section 6.5.1, with average photon rates at the 1 SNSPD for
XX photons and 2 SNSPDs for X photons of 25000, 80000, and 110000 counts per second
respectively. XX-X photon correlations are shown in figure 6.15.
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Fig. 6.18 Normalised XX-X photon coincidences measured with the QD from wafer B
in the compact cryocooler module. Coincidences at the SNSPDs were recorded with a
time correlated single-photon counter in ‘histogram’ mode. Co-polarised (dark purple) and
cross-polarised (light orange) correlations with 80ps time bins in (a) the horizontal/vertical
(HV) basis, (b) the diagonal/antidiagonal (DA) basis, and (c) the right-hand circular/left-hand
circular (RL) basis.

The cross-polarised correlations in the QD eigenbasis in figure 6.18(a) are not below the
uncorrelated level which suggests that there is an offset of θ . The offset of θ could also
contribute to the depth of the oscillations in the superposition bases in figure 6.18(b) and (c)
which do not fall to the uncorrelated level, although this is also caused by the ‘washing out’
of the oscillations due to the temporal resolution of the detection system.

The entanglement fidelity to the Φ+ Bell state can be seen in figure 6.19. The maximum
entanglement fidelity with 80ps time bins is 0.80±0.02. This is a significant improvement
on the 0.608±0.009 obtained with the ‘hero’ QD which had a significant broad background
in its spectrum at the elevated temperature of the compact cryocooler module. A QD from
wafer B with a lower FSS would likely enable further improvement on the entanglement
fidelity as the oscillations could be better resolved by the detection system and the maxima
and minima would not be as ‘washed out’.
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Fig. 6.19 The entanglement fidelity to the maximally entangled Φ+ Bell state calculated
from photon coincidences measured from the QD from wafer B in the compact cryocooler
module. 80ps time bins are shown. The dashed orange line shows the classical limit of 0.5.

Entanglement fidelities comparable to those obtained with research-grade equipment
in laboratories, such as in chapter 5, could be achievable in a deployed setting with a
suitable ELED within the compact cryocooler module. Such an ELED would be optimised
for performance at elevated temperatures, with a high ratio of QD signal to uncorrelated
background light, and low QD FSS. In addition, high mechanical stability of the ELED chip
on its sample packaging is crucial for undergoing multiple cooldown cycles in the cryocooler.
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6.6 Summary

In this chapter, elements of the experimental setup used for measuring entanglement in a
laboratory which were unsuitable for use in a deployed system were replaced with compact
or fibre-based alternatives. Both the source and detection systems were examined.

First, a method of calibrating the polarisation reference light source which used temporal
rather than spectral measurements was described. This method did not require a spectrometer
or free space components. The free space spectral filter to separate XX and X photons from
the rest of the ELED emission was then replaced by a fibre-based spectral filter using FBGs.
The fibre-based filter was shown to perform well in both g(2) measurements, with a g(2)(0) of
0.097±0.002, and entangled XX-X photon-pair measurements, with an entanglement fidelity
0.91±0.02. For some photons, the arrival times at the detectors seemed to be affected by
dispersion due to the FBGs, but a high entanglement fidelity was still achievable with this
filter.

As the ELED emitted at telecom wavelengths and was operated at a 1GHz clock rate,
the XX and X photons could be detected by SD-APDs instead of research-grade SNSPDs.
The SD-APDs, which have been used in QKD systems, had short gate windows of ∼130ps
FWHM. An entanglement fidelity of 0.71±0.02 was obtained when using 1ns time bins to
match the clock period, without discarding any XX-X photon coincidences in postprocessing.
A rate equation model was used explore the effect of the QD FSS and the ratio of QD signal
to uncorrelated background light on the entanglement fidelity. It was found that selecting
a QD with a lower FSS could increase the fidelity by >10%. Enhancing the ratio of QD
signal to uncorrelated background light could lead to a greater increase in the fidelity, but
this would require a different device design, or SD-APDs with higher efficiencies or lower
background count rates.

Finally, the cryostat which required a supply of liquid helium was replaced by a compact
closed-cycle cryocooler module. As the temperature of the ELED was ∼40K when the
Stirling cryocooler was running at its base temperature, an increased amount of uncorrelated
light passed through the XX and X spectral filters. Although the entanglement fidelity of
0.608±0.009 was above the classical limit, it was limited by the significant fraction of
uncorrelated light. A higher entanglement fidelity of 0.80±0.02 was achieved with an ELED
fabricated from a wafer with Zn doping extending less far into the cavity.





Chapter 7

Conclusions and future work

This chapter presents a summary of the work in this thesis, and an outlook for future work.

7.1 Conclusions

This thesis has presented the development of 1GHz clocked electrically excited QD ELEDs
for use within a fibre network. Several essential elements for realising an entangled photon-
pair source compatible with fibre networks have been successfully demonstrated, with a
promising outlook for realising deployed systems in the future.

Chapter 3 described the fabrication and basic characterisation of the electrically excited
QD ELEDs. While the operation of previous electrically excited devices with InAs/InP
QDs was limited to several 10s of K, likely due to poor injection of p-type carriers, here the
minimum electrical operation temperature was reduced to 10K by extending the p-doping
closer to the QDs. The electrically excited ELEDs used in the rest of the thesis, which had a
small surface area to enable high clock rate operation, were introduced. The use of a SiNx

layer with InP-based devices was investigated, as an electrically insulating layer would enable
more freedom in electrically contacted device designs. It was found that depositing and
etching a SiNx layer before the creation of the p-contact caused a high p-contact resistance,
potentially due to damage of the sample surface during plasma etching of the SiNx layer. In
future devices the p-contact should be created before the SiNx deposition.

Photon emission from a 1GHz clocked QD LED was first characterised in chapter 4. A
QD to be used in entanglement measurements in the following chapters was identified. Pulsed
electrical excitation was shown to have several advantages over DC excitation; including in-
creasing the intensity of the XX spectral line and lowering the possible operation temperature.
The optimum temperature for the QD LED with pulsed excitation was determined to be 30K,
but spectral lines could be observed at 10K. Time resolved photon emission was measured,
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revealing the reintialisation of the QD at a 1GHz clock rate and the temporal profile of the
XX and X photon emission. The ability of a rate equation model to describe the experimental
time resolved XX and X photon emission was also investigated.

Entangled XX-X photon-pair measurements using the 1GHz clocked ELED were shown
in chapter 5. The 1GHz clock rate was evident in the XX-X photon-pair emission, which
was seen to decay to the uncorrelated level within a 1ns excitation cycle. An in-laboratory
experiment yielded an entanglement fidelity to the Φ+ Bell state of 0.89±0.02. As the
ELED emitted at telecom wavelengths, it was possible to demonstrate the distribution of
entangled photons over an installed fibre network. Photons were transmitted across a 15km
metropolitan fibre in Cambridge with a 1GHz clock rate. An average entanglement fidelity
of 0.79±0.01 was achieved over the 14 hour experiment, showing excellent stability of the
system.

Finally, in chapter 6 elements of the experimental setup for measuring entanglement
which were unsuitable for use in a deployed system were replaced. An alternative method
of calibrating the polarisation reference light source was introduced, which used temporal
rather than spectral measurements so that a spectrometer was not required. As free space
components would be prone to misalignment due to changing environmental conditions
when deployed, a fibre-based spectral filter was used rather than a free space spectral filter.
Although the FBGs in the fibre-based filter seemed to affect the photon arrival times of some
photons, high entanglement fidelities were still obtainable using this filter.

In the photon detection system, research-grade SNSPDs which required cryocooling
were replaced with compact fast-gated SD-APDs. The SD-APDs ran at a clock rate of 1GHz,
which the ELED was compatible with as it was designed for high clock rate operation. An
entanglement fidelity of 0.71±0.02 was achieved with 1ns time bins to match the clock
period. As was shown with simulations, the entanglement fidelity would be increased with a
higher ratio of QD signal to uncorrelated background light or if a QD with a lower FSS were
used.

In the source system, the cryostat was the element which was most unfit for use in a
deployed system as it required a supply of liquid helium. The ELED was instead cooled in
a Stirling cryocooler within a compact closed-cycle cryocooler module. With the compact
cryocooler module running at its base temperature, the ELED temperature was estimated
to be 40K, which greatly increased the amount of uncorrelated light passing through the
spectral filters due to phonon broadening and higher intensities of neighbouring spectral lines.
A similar ELED fabricated from a wafer with Zn doping extending less far into the cavity
showed more promising performance at the elevated temperature of the compact cryocooler
module, enabling an entanglement fidelity of 0.80±0.02 to be realised.
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7.2 Future work

To develop the ELEDs used in this work into entangled photon-pair sources for real-world
applications, increasing the brightness is key. To create a brighter ELED, both the intrinsic
efficiency of the QD to generate an entangled photon-pair in each clock cycle and the photon
extraction efficiency of the ELED structure must be considered. Both of these areas are of
great current interest and development in the QD community.

In section 5.1.5, the probability for the ELED to generate a photon per clock cycle
was estimated at ∼2%, with a far lower probability to generate both XX and X photons
of an entangled photon-pair. As the electrical driving of the ELEDs used in this work is a
non-resonant process, a variety of states within the QD in addition to the XX and X states
are excited. It was shown in section 4.3 that pulsed electrical excitation can preferentially
enhance emission from the neutral XX and X states of the QD with respect to negatively
charged states such as the X-.

Tuning of the relative brightness of QD spectral lines has also been demonstrated for
optically excited [143] and electrically excited [144, 74] devices by the application of a
vertical electric field. The electrically driven devices are of particular interest here. These
devices use two mesas, one which is electrically driven and optically excites its neighbour
with lateral photon emission. The emission of the neighbour can then be tuned with a bias
across its own set of electrical contacts. It is possible that a device design such as this used
in combination with pulsed excitation may allow further enhancement of generation rate of
XX and X photons, but a wafer structure capable of providing lateral optical excitation of
InAs/InP QDs within a neighbouring mesa would need to be developed.

With a resonant excitation scheme the XX state of a QD can be directly excited, thus
increasing the probability that a XX-X photon-pair will be generated rather than photons
from other transitions. Some of the brightest QD photon sources have used resonant optical
excitation [99, 98], which requires far bulkier and more complicated experimental systems
than the electrical excitation scheme used in this work. There have been several demonstra-
tions of resonant electrical injection of carriers into QDs [145, 146, 110], but the intrinsic
region of such p-i-n diodes is very narrow, 30nm in [110] rather than ∼785nm to ∼935nm
for the InAs/InP QD LEDs used here. From the analysis of the Zn doping in section 3.3,
precisely controlling the Zn doping depth for a wafer structure with such a narrow intrinsic
region would be a considerable challenge.

Although the samples used in this work have DBRs forming a planar cavity which
enhances the photon extraction efficiency compared to QDs in bulk InP, this is still <5%.
A wide variety of photonic nanostructures such as micropillars [134], horns [147], circular
Bragg gratings [135, 136], and open microcavities [98] can greatly improve the photon
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extraction efficiency. However, it is challenging to design such small structures for electrical
excitation, as contacts to the p- and n-doped layers must be made. Electrically contacted
QD micropillars have been realised [116, 126, 148, 149], but as the injection of holes
in the InAs/InP QDs used here is already a limiting factor with relatively large area p-
contacts, further development would be required to enable such small contact areas. An
additional complication is that DBRs for the InP material system have lower refractive index
contrasts than for the GaAs material system, so realising effective micropillar cavities is less
straightforward.

Examples of electrically contacted devices with photonic nanostructures and large contact
areas include QD micropillars connected to a larger surrounding mesa by thin ‘wires’ [150]
and circular Bragg grating structures etched above the doped layers of a wafer [151]. Oxide
apertures can also be used to create confinement while allowing large contact areas [125, 152].
However, while oxide aperture devices have been developed for a GaAs material system,
suitable material compositions for an oxide aperture layer within an InP material system
would need to be investigated.

The probability of generating a XX-X photon-pair in an excitation cycle is also here
limited by the long lifetimes of the XX and X states in the InAs/InP QDs, with neither the
XX nor X photon emission fully decaying within a 1ns cycle. Some types of device designs
which increase the photon extraction efficiency, including micropillars [134, 126, 150] and
circular Bragg gratings [135, 136], would also decrease the QD XX and X state lifetimes
via the Purcell effect. Additionally, decreasing the lifetimes via the Purcell effect would
increase the number of photons arriving within short time windows which is advantageous
when small post-selection windows or fast-gated single-photon detectors are used.

The ELED devices could be further optimised for use in a deployed system by direct
fibre coupling, as this is a more robust alternative to using active alignment of the collection
optics to a QD. Whereas in this work a QD for further experiments was selected from
randomly positioned QDs within a completed device, direct fibre coupled structures are often
deterministically fabricated around a pre-selected QD using in-situ lithography to enable
accurate positioning of a fibre with respect to the target QD [76, 153, 138, 77]. The structures
are designed so that only a target QD will emit into the fibre; the ELEDs used in this work
would have to be modified so that the only emission from a device would be from a single
connected pillar containing a lone pre-selected QD.

In order for a fibre to be directly attached to the sample surface, the high clock rate
ELEDs would additionally have to be adapted so that the p-contact bond ball is further
from the target QD. This would be possible with the use of an electrically insulating layer
[51, 116, 117, 66]. Building on the work in sections 3.5 and 3.6, the p-contact would first be
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made, followed by the deposition of a SiNx layer. Windows to the p-contact would then be
wet etched in the SiNx, and a bond pad for the p-contact bond ball would be fabricated on
top of the SiNx along with metal tracks connecting the p-contact and the bond pad.

Electrically excited InAs/InP QD LEDs for interference-based measurements would need
to operate at temperatures <10K to have long photon coherence times. This would require
further optimisation of the Zn doping of wafer material, so that a precise Zn doping depth
could be reproducibly achieved. Alternatively, a different p-dopant such as Be, Cd, or Mg
[111] could be explored. In this work, there was likely a considerable gradient in the Zn
doping depth across a single wafer, as evidenced by the minimum operation temperature of
10K for a QD LED fabricated from the centre (see section 3.3) and 22K from the edge (see
section 4.1) of wafer E. A more uniform Zn doping depth across a single wafer, and thus a
higher yield of suitable material, may be possible if a different type of MOVPE reactor, such
as a planetary reactor [154], was used instead of a horizontal flow reactor.

If interference-based measurements were to be made in a deployable system, the compact
cryocooler module would have to be further developed to reduce the minimum operation
temperature.

When considering QD ELEDs, electrical excitation schemes may be more suitable than
optical excitation schemes for use in deployed systems due to the relative simplicity of exper-
imental setups. Given that high entanglement fidelities and low g(2)(0)s are achievable, with
improvements in areas such as source brightness and photon indistinguishability, electrically
excited QD ELEDs could provide a practical platform for a range of applications within
a medium scale fibre network. This could include providing connectivity between nodes
within a quantum network.
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and W. Urbańczyk. Method for direct coupling of a semiconductor quantum dot to
an optical fiber for single-photon source applications. Optics Express, 27(19):26772–
26785, 2019.

[139] G. Muñoz-Matutano, D. Rivas, A. L. Ricchiuti, D. Barrera, C. R. Fernández-Pousa,
J. Martínez-Pastor, L. Seravalli, G. Trevisi, P. Frigeri, and S. Sales. Time resolved
emission at 1.3µm of a single InAs quantum dot by using a tunable fibre Bragg grating.
Nanotechnology, 25(3):035204, 2013.

[140] G. Muñoz-Matutano, D. Barrera, C. R. Fernández-Pousa, R. Chulia-Jordan, L. Ser-
avalli, G. Trevisi, P. Frigeri, S. Sales, and J. Martínez-Pastor. All-Optical Fiber
Hanbury Brown & Twiss Interferometer to study 1300nm single photon emission of a
metamorphic InAs Quantum Dot. Scientific Reports, 6, 2016.

[141] R. Kashyap. Fiber Bragg Gratings. Academic Press, 2009.

[142] B. A. Naguib, M. M. Ata, M. M. Alzalabani, and B. B. Yousif. Performance evaluation
and enhancement of apodized fiber Bragg grating for dispersion compensation. AIP
Advances, 11(1):015231, 2021.

[143] R. J. Young, S. J. Dewhurst, R. M. Stevenson, A. J. Shields, P. Atkinson, K. Cooper,
and D. A. Ritchie. Controlling the polarization correlation of photon pairs from a
charge-tunable quantum dot. Applied Physics Letters, 91(1):011114, 2007.

[144] J. P. Lee, E. Murray, A. J. Bennett, D. J. P. Ellis, C. Dangel, I. Farrer, P. Spencer, D. A.
Ritchie, and A. J. Shields. Electrically driven and electrically tunable quantum light
sources. Applied Physics Letters, 110(7):071102–071102, 2017.

[145] L. Turyanska, A. Baumgartner, A. Chaggar, A. Patanè, L. Eaves, and M. Henini.
Sharp-line electroluminescence from individual quantum dots by resonant tunneling
injection of carriers. Applied Physics Letters, 89(9):092106, 2006.

[146] A. Baumgartner, E. Stock, A. Patanè, L. Eaves, M. Henini, and D. Bimberg. Optical
Imaging of Electrical Carrier Injection into Individual InAs Quantum Dots. Physical
Review Letters, 105(25):257401, 2010.



References 159

[147] K. Takemoto, M. Takatsu, S. Hirose, N. Yokoyama, Y. Sakuma, T. Usuki, T. Miyazawa,
and Y. Arakawa. An optical horn structure for single-photon source using quantum
dots at telecommunication wavelength. Journal of Applied Physics, 101(8):081720,
2007.

[148] S. Reitzenstein, T. Heindel, C. Kistner, F. Albert, T. Braun, C. Hopfmann, P. Mrowin-
ski, M. Lermer, C. Schneider, S. Höfling, M. Kamp, and A. Forchel. Electrically
Driven Quantum Dot Micropillar Light Sources. IEEE Journal of Selected Topics in
Quantum Electronics, 17(6):1670–1680, 2011.

[149] A. Schlehahn, A. Thoma, P. Munnelly, M. Kamp, S. Höfling, T. Heindel, C. Schneider,
and S. Reitzenstein. An electrically driven cavity-enhanced source of indistinguishable
photons with 61% overall efficiency. APL Photonics, 1(1):011301, 2016.

[150] A. K. Nowak, S. L. Portalupi, V. Giesz, O. Gazzano, C. Dal Savio, P-F. Braun, K. Kar-
rai, C. Arnold, L. Lanco, I. Sagnes, A. Lemaître, and P. Senellart. Deterministic and
electrically tunable bright single-photon source. Nature Communications, 5(1):3240,
2014.

[151] J. Schall, M. Deconinck, N. Bart, M. Florian, M. von Helversen, C. Dangel, R. Schmidt,
L. Bremer, F. Bopp, I. Hüllen, C. Gies, D. Reuter, A. D. Wieck, S. Rodt, J. J. Finley,
F. Jahnke, A. Ludwig, and S. Reitzenstein. Bright Electrically Controllable Quantum-
Dot-Molecule Devices Fabricated by In Situ Electron-Beam Lithography. Advanced
Quantum Technologies, 4(6):2100002, 2021.

[152] S. A. Blokhin, M. A. Bobrov, N. A. Maleev, J. N. Donges, L. Bremer, A. A. Blokhin,
A. P. Vasil’ev, A. G. Kuzmenkov, E. S. Kolodeznyi, V. A. Shchukin, N. N. Ledentsov,
S. Reitzenstein, and V. M. Ustinov. Design optimization for bright electrically-driven
quantum dot single-photon sources emitting in telecom O-band. Optics Express,
29(5):6582–6598, 2021.
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