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ABSTRACT

Recent years has seen a breakthrough in developing photon sources based on artificial atom

semiconductor quantum dots (QDs). New fabrication techniques have allowed to structure

photonics to be manufactured around single quantum dots, enabling spatial, temporal and fre-

quency control of the photon emission properties. In this thesis I presented two generations

of such devices, where the quantum dots are respectively embedded in passively and actively

controlled micropillar cavities. Each device is driven by different optical pumping schemes;

non-resonant, quasi-resonant and resonant excitations. The first-generation device produced

single photons with near-unity indistinguishability, and high brightness of 14% at the output

of the single mode fibre. The first generation device also demonstrated long stream of pho-

tons exhibiting high two-photon interference—even when the photons are produced more than

400ns apart. The performance of the device brings solid-state sources into a regime suitable for

scalable implementations. With such brightness I created a multi spatial-mode photon source

using active spatial and temporal photonic demultiplexing. The second-generation device was

driven by a coherent pumping scheme where the transition energy of the dot can be controlled

via the induced electric-field Stark shift. Using independent single photons from the second-

generation device, I realised an event-ready entangled photon pairs using linear photonics via

Type II fusion gate operation. In this gate conditional detection of photons at the ancilla out-

put ports prepares the photons 2 and 3 in a maximally entangled state. This technique allows a

single-photon source to be converted into an event-ready source of polarization-entangled pho-

ton pairs with much brightness that previous possible. I investigate the effect of single-photon

indistinguishability on the entanglement generated by the gate, and I also characterise the gen-

erated entangled states using quantum state tomography. This is a scalable architecture for

producing entangled photons, important for quantum information processing and fundamental

test of quantum mechanics.
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CHAPTER 1

INTRODUCTION

Advances in fabrication technology have seen quantum photonics rapidly move from proof-

of-concept to engineered systems. The ideal platform will combine single-photon sources and

detectors in one optoelectronic device. Those platforms will be compact, robust, and enable

quantum applications from sensing through communication to computation. A fundamental

element of the platform is the single-photon source. Single photons are desirable in quantum

information because of their: intrinsic low decoherence; multiple available degrees of freedom

for encoding information— polarisation, path, transverse spatial mode; obvious advantages for

communication [1]; and their high error threshold in quantum communication [2]. Over the

last half a century, various techniques have been studied to generate single photons. Kimble

et al., (1977)[3] were the first to observe single photons, seeing anti-bunching from the sodium

atomic transition, albeit with very low efficiency. Photons from such atomic resources require

complex set-ups and the operating rate is low due to the dynamic of atom-based sources.

Fast forward to today and we recently have become able to control atoms—both natural

[4, 5] and artificial [6, 7]—and hence generate photons on demand with near-identical wave

packets. Previously, the preferred source for generating photons was using a nonlinear process

such as spontaneous parametric down conversion [8] (SPDC). This is the most widely used

nonclassical light source, where the process generates two single photons into different spatial

modes where one down-converted photon is used to herald the other one. This source is a well

established in generating near ideal Fock states of n=1, i.e with photon indistinguishability close

to unity, albeit by conditioning on detector. However, the probability to collect one photon

per laser pulse is extremely low, in the range between 10−4 to 10−2 and this is a strong limiting

factor for scaling their use in more complicated quantum information experiments. Increasing

the pump power does increase the probability but reduces the multiphoton suppression of the

emitted photons. Furthermore, the probabilistic nature ensures that photons are emitted at

random. This in particular makes it difficult to perform complex information processing task

using single photons from multiple down conversion sources.

One of the most promising types of single-photon sources today are solid-state quantum

emitters [9] such as quantum dots (QDs), colour centres in diamond [10], defects in solid

[11], two-dimensional hosts [12] and carbon nanotubes [13]. Quantum dots also known as

artificial atoms display outstanding optical properties as well as having properties desirable

for scalable system integration. Semiconductor quantum-dot single-photon sources now out
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CHAPTER 1. INTRODUCTION

perform downconversion by simultaneously achieving high brightness, singe photon purity, and

indistinguishability. They have been used in pivotal applications such as quantum teleportation

[14, 15] and Boson Sampling [16].

In a bulk material, photon emission occurs in random directions, resulting in poor single-

photon collection efficiencies. This problem can be circumvented by embedding the quantum

dot in a cavity [17, 18]. For example, Figure 1.1 shows a micropillar cavity formed by a thick

cylindrical layer of two highly reflective mirrors called Distributed Brag Reflectors (DBRs).

With the presence of the cavity, the emission is directed into a well-defined frequency and

propagation mode—the cavity mode—leading to high collection efficiencies. Additionally, in a

weak coupling regime, the Purcell effect enhances the spontaneous emission from the dot and

minimises dephasing process known to degraded single-photon indistinguishability.

This thesis encompasses two generations of device based on InGaAs quantum dots deter-

ministically embedded into photonic cavities. The first device is InGaAs quantum-dots in

micro-cavities where we optimised the optical delivery and collection of the photon source,

achieving a then record brightness of 14%. This brightness allowed an improvement in ap-

plications by other authors — e.g 103 more efficient in Boson Sampling [16] as well as a fast

demultiplexer [19]. As a results, Boson sampling protocol can be completed with faster than

other devices [20–23] due to rich photon influx. The ability to establish those parameters in the

first generation device gave us a strong platform experimental and theoretical platform to move

forward with the second generation of devices. The second generation is the latest technology,

combining deterministic fabrication [6, 24] QD with electricaly tunable cavities. This tuning

means that charge noise in the surrounding QD can be controlled, resulting in higher photon

extraction efficiency and allowing us to achieve event-ready entanglement using single photons

from our source.

Figure 1.1: Semiconductor QD inserted in a micropillar cavity

1.1 Thesis outline

This thesis is structured as follows:

Chapter 2 discusses ideal single-photon sources. Next, I will explain the figures of merit

for an ideal single photon that are commonly use in the quantum dot community. In order to

introduce our devices it is necessary to discuss the fundamentals of cavity-based coupling and

different types of excitation schemes. Ultimately, I will introduce to our two generations of
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quantum-dot devices, respectively embedded in passive and active tuned micropillar cavities.

Chapter 3 is the work done with collaborators [25] using our first generation of devices

during the first year of my PhD. Investigation on the long-time indistinguishability between

consecutively emitted photon is the core of this chapter. Our first generation of device resulted

in approximately one in seven laser pulses containing a high quality single-photon that can be

sent directly to another multiphoton experiment such as Boson Sampling [16].

Chapter 4 presents a scheme for active demultiplexing using an integrated waveguide

device. Owing to our high indistinguishability and brightness, we were able to demonstrate

temporal-to-spatial demultiplexing. The performance of the device enabled a six-photon rate

three-orders-of magnitude higher than the equivalent downconversion source.

Chapter 5 will begin with a short overview on quantum entanglement and how entan-

gled pairs are generated. I then will outline a scheme that generates entangled photon pairs

using measurement. Using this scheme, we realised event-ready entangled photons using the

deterministic second-generation devices and linear-optical elements. Next, I discuss the ef-

fect of single-photon indistinguishability on the entanglement generated by the gate. We also

characterise the generated entangled states using quantum state tomography

Chapter 6 concludes the works done, discusses the future steps in order to enable the full

scalability of quantum dot-based single-photon sources for quantum technologies.
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CHAPTER 2

QUANTUM DOT-MICROPILLAR CAVITIES

InGaAs semiconductor quantum-dots in micro-cavities are established as single-photon sources

with unprecedented performance [1–4]. InGaAs dots have large optical dipoles, resulting in

a large coupling with confined or guided optical modes, a key feature in obtaining a bright

source. Their intrinsic properties make them compatible with mature technologies, allowing

them to be further integrated into engineered photonic structures such as micro-cavities [5–7]

or resonators[8–11]. At present, self-assembled InAs/GaAs dots currently have the highest all-

around as QD-based single-photon sources [2, 4, 12–14]. Coupling those emitters into cavities

is quite advantageous, since as Purcell demonstrated in 1946 [5], spontaneous emission is also

influenced by the atom’s surrounding environment. Therefore, inserting the dot into a micro-

cavity increases the single-photon emission rates, thus improving efficiency. In this chapter

I highlight what is the ideal single photon source, discussing the general figures-of-merit for

single-photon sources in the quantum dots community. I then highlight the fundamental prin-

ciples of cavity-based QD, focusing on photon-emission enhancement and how to enable high

extraction efficiencies without comprising two-photon interference. Furthermore, I introduce

different type of pumping scheme that I facilitate for our devices. There are two generation

of devices InGasAs semiconductor quantum-dots which are deterministically embedded in the

centre of their microcavities that will be introduced in this chapter. This first generation device

achieved a record of absolute brightness of 14% with a strong suppression of the multiphoton

probability g2(0)=0.0130±0.0002. The second generation device is able to produce photons

where the degree of entanglement scales up with nonclassical visibility. Throughout this chap-

ter I refer to generation of single photons using both coherent and incoherent excitation of the

quantum dot.

2.1 Ideal single-photon source

Single photons are the heart for many quantum technologies for instance quantum key dis-

tribution [15], linear optical quantum computing [16, 17], as well as quantum information

processing [18–20] and also potential applications in real-world. Tremendous efforts have been

spent towards realising a near ideal single-photon source, with demonstrations in solid-state

systems transitioning from proof-of-principle to engineering devices. advancement specifically

in solid-state systems. Nevertheless, the requirements for a device to achieve a perfect single-
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photons are still challenging, namely—growth and fabrication technology. In the quantum-dot

community [2, 11] there are three crucial parameters typically considered when characterising

single-photon sources. First, the ability to produce one and only one single photon for one

excitation pulse. This means near ideal probability of suppressing multiphoton emissions.

Secondly, to achieve a perfect quantum interference, the emitted photons should be indistin-

guishable, i.e. each emitted photons should have identical wavepackets in terms of polarisation,

and spatio-temporal profile. This is a key requirement in applications such as linear optical

computing and Boson Sampling [21–24].

Brightness of the device enable a series of new applications in photonics and quantum

information technology. The brightness of the source represents the maximum count rate at

which single photons can be collected [2, 11]. The measurement for brightness varies on the

applications. It can be measured at first collection lens, or at the output of a single mode fibre.

The device with high brightness is good for speed in quantum communications.

The final requirement is efficiency: each photon emitted should be collected with minimal

optical losses. A few groups have realised devices which can produce single-photons with

efficiency of greater than 50% [25, 26]. The state-of-art is work done by Tomm and co-workers

[27] where they demonstrate fiber-end-coupling efficiency of 57%. This is achieved by employing

a tunable gated quantum-dots in an open Fabry-Perot cavity.

However, the quest to find the ultimate device that posses all above requirements simulta-

neously is still unmet. In the race towards realising an ideal single-photon source, efforts have

been invested into fabrication technology such as: improving quantum dot and cavity growth;

increased positioning accuracy to ensure optimal cavity-dot resonance; as well as surface passi-

vation to reduce scattering losses. In the next section, I will discuss the principles of measuring

single-photons.

2.2 Measuring single photons

2.2.1 Single photon purity

A purity of a single-photon light field can be determined by the second-order correlation, g(2)(τ)
in the Hanbury Brown and Twiss experiment [28]. It can be described as follows

g(2)(τ) = ⟨I(t)I(t + τ)⟩
⟨I(t)⟩

2

= ⟨â†(t)â†(t + τ)â(t)⟩2

⟨â†(t)â(t)⟩2

(2.1)

where I(t) is the emission intensity at time t, â and â† are respectively the annihilation and

creation operators. Experimentally, g(2)(τ) can be well approximated—after normalisation—

by histogram of the delay time between detection events on the “start” and “stop” channels of

Hanbury-Brown and Twiss setup [29]. A schematic diagram of the setup is illustrated in Fig 2.1.
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A stream of photons is sent to a beamsplitter and a measurement is made at the output of two

single-photon detectors (D1 and D2). The two outputs are sent to correlation electronics (time-

tagging measurement, TTM) that measure the difference of arrival time between coincident

detection events, that is, events where both detectors clicked. It is more convenient to express

Eq. 2.6 in discreet photon-number mode, n̂ as follows [30]:

g(2)(0) = ⟨n̂(n̂ − 1)⟩
⟨n̂⟩2

(2.2)

where ⟨n̂⟩ is the mean number of photons per pulse. Here we refer as multiphoton suppression,

1−g(2), as the source’s ability to emit one and only one photon per excitation per pulse—(for

a pulsed excitation scheme) i.e n=2 and above photons are never emitted. For a thermal state,

the emitted photons exhibit super-Poissonian statistics, i.e:

g(2) = 1 + (∆n)2 − ⟨n⟩
⟨n⟩2

= 2 (2.3)

Figure 2.1: A schematic setup based on Hanbury Brown and Twiss experiment containing a beam-
splitter (BS) and two output detectors (D1 & D2). The outputs of D1 and D2 are connected to a time
tagging module (TTM) that measure the time delay between coincident detections on the “start” and
“stop” events.

This is indicates a probability of finding two photons (n = 2) at the same time and they are

called photon bunching. A coherent state can be modelled by the output of a laser is where the

photons are emitted with a constant probability in time. They exhibit Poissonian statistics.

g(2) = 1 (2.4)

Finally, photon-number states aka Fock states ∣n⟩ are a truly nonclassical states where the

arrival statistics are sub-Poissonion. A Fock state contains a given number of photons, ie. a

number of state, ⟨n̂2⟩ = ⟨n̂⟩2 and the equation becomes:

g(2)(0) = 1 − 1

⟨n̂⟩ (2.5)

For an ideal single photon source ⟨n̂⟩ = 1 so that g(2)(0) = 0. In this state, the emission of
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the photon is called photon antibunching. This can be further explained when two photons are

unlikely to be detected at the same time by the detectors.

2.2.2 Indistinguishability

Photon indistinguishability is an essential figure-of-merit in optical quantum information pro-

cessing [31, 32]. Indistinguishability can be experimentally quantified by the mean wavepacket

overlap of two photons as measured by Hong-Ou-Mandel experiment (Fig. 2.2a)[29]. When

two photons are sent to the input of a beam splitter, each with a detector at the output—if

they are in the same quantum state, they will exit the beamsplitter at the same output, with

only one detector firing. Otherwise, if both photons are indistinguishable, the photons can exit

via different outputs of the beamsplitter.

Owing to the bosonic nature of the photons, quantum inference will take place when the two

photons arrive simultaneously at the beamsplitter, with four possible outputs as depicted in

Figure 2.2. The probability amplitudes of the events “both photons transmitted” (Fig. 2.2b(ii)

and Fig. 2.2b(iv)) and “both photons reflected” (Fig. 2.2b(i) and Fig. 2.2(iii)) interfere

destructively due to the relations between the reflection and transmission coefficients of the

beam splitter. If both of the photons are indistinguishable—identical in all degrees of freedom

for example polarisation, spatio-temporal mode and frequency—they will leave the beamsplitter

at the same output. This is called photon bunching and it can be measured by the HOM

visibility, VHOM [2]:

VHOM = (C⊥ −C∥)
C⊥

(2.6)

where C⊥ and C∥ is the second-order coincidence count between two detectors. C∥ is measured

between two detectors located on two outputs and C⊥ is measured by varying a degree of free-

dom such as polarisation or delay time between two detectors resulting a destructive quantum

interference. The coincidence counts are integrated over the entire pulse temporal duration, as

any temporal post-selection artificially increases VHOM .The indistinguishability is defined by

[2]:

M = VHOM(R
2 + T 2

2RT
) (2.7)

where R and T are the transmission and reflection coefficients of the beamsplitter respectively.

When R=T=0.5, the VHOM visibility is simply the indistinguishability M. If the photon is

perfectly overlap in all degree of freedom, the source is a perfect indistinguishability by M = 1.

2.2.3 Brightness

The definition of brightness varies somewhat depending on the scientific community and target

applications. For instance, the QD community usually refers to the brightness as the amount

of photons available just before the collection in the first lens. In this thesis, however, I will

define the brightness as the probability of obtaining a single photon coupled into a single mode

9



CHAPTER 2. QUANTUM DOT-MICROPILLAR CAVITIES

Figure 2.2: a) A schematic diagram of the HOM interference for indistinguishable photons. b) Quan-
tum interference at beam splitter

optical fibre per excitation pulse. This includes the source repetition rate, transmission of the

optical elements as well as the detector efficiencies.

According to [2], brightness B can be defined as the probability P(n) of collecting a photon

in each light pulse used to pump the source without a vacuum component, ∣0⟩. In this thesis

as well as other communities agree with the brightness metric as such if P(n) is the n-photon

number probability, then B = p(1) for p(1) >> p(p > 1) [2, 33]. Experimentally, the imperfect

optical elements introduces losses and eventually contribute to the vacuum components. This is

true for generation of n-fold single-photons, the probability scales with brightness to the power

of n. Nowak [34] measured brightness at the first lens and defined [34] the source brightness as

the number of photons collected per excitation cycle of the dot as follows [35]:

Bexp = Ixτx
√

1 − (g(2)(0))/ε (2.8)

where Ix corresponding to the photon count rate for X line (exciton) and τx is the lifetime of

the X line (exciton). The square root allows correcting from multiphoton emission [35].

2.3 Cavity Coupling Regime

The cavity confines the field to exist only in a range of modes. In 1998, Gerard et al., [36]

demonstrated the enhancement spontaneous emission by inserting QD inside the cavity. Fast

forward in early 2000s, several groups realised the accelerations of spontaneous emission for

quantum dots in micropillar [37, 38], microdisk [39] and photonic-crystal cavities [40], eventually

reaching strong-coupling regime [41–43]. They showed acceleration of photon emission rates up

to fivefold when the QD in resonance with the cavity mode. The acceleration is driven by the

Purcell factor [5], Fp:

Fp =
3

4π2

Q

V
(λ
n
)

3

(2.9)
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2.3. CAVITY COUPLING REGIME

where Q is the cavity quality factor, n is the refractive index, and V is the cavity mode volume.

According to Migdall [44], the probability of spontaneous emission placing a photon into the

cavity is given by β = Fp/(Fp + 1) where β is the spontaneous emission coupling factor. If the

mode volume of the cavity is sufficiently small, the emitter and cavity couple so strongly that

β ≃ 1, i.e. emissions into the cavity out weight spontaneous emission into free space that with

the latest technology several works attained the regime of β-values close to unity experimentally

[38, 45–47].

An important parameter to understand the interaction between QD and cavity mode is the

coupling strength (g). There are two common regimes [42]—the weak coupling regime and the

strong coupling regime. These two regimes can be achieved depending on properties of the

particular cavity-emitter system resulting the photon (or light) enters into different regimes.

In the perfect system where decoherence processes are negligible, coupling strength can be

expressed by the Jaynes-Cummings Hamiltonian [48]. However, when the dot is in resonance

with the cavity, one can express the coupling strength, g as follows [48, 49]:

g =
√

e2

4ε0εm0

√
f

Vm
, (2.10)

where e is the charge of an electron, ε0 is the permittivity of free space, ε is the relative dielec-

tric constant of the host, m0 is the free-space mass of electron, f is the QD exciton’s oscillator

strength, and Vm is the mode volume of the cavity. The oscillator strength is a dimensionless

quantify defined as the ration between the radiative rate of the QD is a homogeneous envi-

ronemnt and the emission rate of a classical harmonic oscillator, and is related to the dipole

moment via [50]:

f = m0

e2h̵ω
∣µ∣2 (2.11)

The oscillator strength of atoms is of the order of 1 and about 10 for QDs because QDs are

larger and interact stronger with light. Conventional QDs are in the strong-confinement regime

with a maximum oscillator strength of

fmax =
Eg
h̵ω

, (2.12)

where Eg is the Kane energy, an experimentally accessible quantity.

2.3.1 Strong coupling regime

Strong coupling regime can be achieved when the time scale of coherent coupling between the

emitter and cavity field is shorter than that of irreversible decay into various radiative and

nonradiative routes [51]. During this process, the emitter and cavity is exchanging energy back

and forth leading to Rabi oscillations [52] described as follows

2
√
n + 1∣g(Ð→r A)∣ (2.13)
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CHAPTER 2. QUANTUM DOT-MICROPILLAR CAVITIES

between the states ∣e, n⟩ and ∣g, n+ 1⟩, where ∣e, n⟩ corresponds to an atom in the excited state

and n photons in the cavity, and ∣g, n+1⟩ corresponds to an atom in the ground state and n+1

photons in the cavity. g(Ð→r A) is the coupling parameter between the cavity and emitter:

g(Ð→r A) =
∣Ð→µ eg ∣
h̵

√
h̵ω

2εMVmode
ψ(Ð→r A) cos(ξ) (2.14)

where

ψ(Ð→r A) =
E(Ð→r A)
∣Emax∣

(2.15)

and

cos ξ =
Ð→µ eg · ê
∣Ð→µ eg ∣

(2.16)

where Ð→µeg = QD dipole moment, Vmode = cavity mode volume, εM = material permittivity

at the point of maximum ε∣E∣2 (where E = Emax) and Ð→r A = location of the emitter. The

relative strength of the dielectric field, ψ is compared to Emax at Ð→r A and cos(ξ) the fraction

of the dipole moment along the direction of the electric field, ê(Ð→E = E · ê).
Strong coupling regime, it can be expressed as such:

∣g∣ > κ/2, γ, (2.17)

where κ is the cavity field

xκ = ω

2Q
, (2.18)

and γ is the natural emitter decay rate. This can be explained by the unperturbed Hamiltonian

of the atom cavity:

H =HA +HF (2.19)

where HA = h̵v
2 σ̂z, HF = h̵ω(â†â + 1

2) and â,â† correspond to the annihilation and creation

operators for the light field, σ̂+, σ̂− are the atom population operators. The bare states are given

by ∣e, n⟩ and ∣g, n + 1⟩ with eigenenergies h̵ω(n + 1
2). The pertubation must be included once

the atom-cavity is strongly coupled and cavity must be treated as single system with an an-

hormonic ladder of states (Jayne-Cummings model) [53]. Thus, Jayne-Cummings Hamiltonian

is described as follows

H =HA +HF +Hint (2.20)

where

Hint = ih̵(g∗(Ð→rA)â†σ̂ − g(Ð→rA)σ̂ + â). (2.21)

Once the interaction Hamiltonian is turned on, the bare eigenstates are coupled while

coupling to other states is neglected by the rotating wave approximation. This results the

new eigenstates of the Hamiltonian H, ∣1n⟩ and ∣2n⟩, and have corresponding eigenenergies

h̵(ω ± g
√

(n + 1)). Therefore the dresses states are not degenerate, and exhibit a splitting

2h̵∣g∣
√

(n + 1), dependent on the photon number n. this splitting is usually used as the indica-
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2.3. CAVITY COUPLING REGIME

tion that the emitter-cavity system has reached the strong coupling regime. A ladder dresses

states is formed in the strong coupling regime. This ladder is anharmonic, i.e. the splitting

between dresses states energy levels is not constant. This anharmonicity leads to effects such

as photon blockade.

In the presence of detuning between the atom and the cavity, the two lowest order eigenstates

have frequencies of ω± = h̵ω
√

(h̵δ/2)2 + (h̵g)2, where δ = v − ω, and v and ω are atom and

cavity frequencies, respectively. In the presence losses, the resulting eigenfrequencies can be

phenomenologically obtained by plugging in ω − iκ and v − iγ into this epxression, instead of ω

and v respetively. This leads to

ω± = ω + v
2

− iκ + γ
2

±

¿
ÁÁÀ(δ − i(κ − δ)

2
)

2

+ ∣g∣2 (2.22)

As the system enters the strong coupling regime, for ∣g∣ >> κ/2 and g >> γ,

ω± → ω + v
2

± ∣g∣ − iκ + γ
2

(2.23)

Therefore, the eigenstates decay with the rate

Γ = (γ + κ)/2 (2.24)

This is an upper limit on the decay rate of the emitter, and therefore the highest rate that the

single photon source can achieve.

2.3.2 Weak coupling regime

In the weak-coupling case (γ < g < κ/2) the irreversible decay rates dominate over the coherent

coupling rate such as the atom-cavity field system does not have enough time to couple coher-

ently before dissipation occurs. This irreversible spontaneous emission process can be viewed

as the result of an atom interacting with a large number of modes, and its attempt to start

Rabi oscillations at different frequencies. This results a destructive interference of probability

amplitudes corresponding to different modes and to irreversible spontaneous emission.

In this Purcell regime, the decay rate of the emitter can also be obtained from Eq. 2.22

with κ >> g >> γ and is equal to g2/κ. Multiplying by 2 to give the energy decay rate gives a

spontaneous emission rate

Γ = 2
∣g(Ð→r A)∣2

κ
= 2h̵∣Ð→µ eg ∣2

Q

εMVmode
ψ2(Ð→r A) cos2(ξ) (2.25)

For an imperfect emitter, Γ follows the same cos2(ξ)∣ψ∣2 dependence as g2 (see Eq. 2.14).

Clearly Γ can be increased by increasing Q/Vmode of the cavity. Off resonance with the cavity,

the spontaneous emission rate follows a Lorentzian lineshape given by the cavity density of

states, and the full expression for the modified spontaneous emission rate including detuning
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CHAPTER 2. QUANTUM DOT-MICROPILLAR CAVITIES

is given by

Γ = 2h̵∣Ð→µ eg ∣2
Q

εMVmode
ψ2(Ð→r A) cos2(ξ) ·

∆λ2
c

4(λ − λc)2 + (∆λc)2
(2.26)

where λc =cavity resonance wavelength and ∆λc = λc/Q is the cavity linewidth.

2.4 Excitation scheme

Semiconductor quantum-dots can be excited either by optical or electrical pumping. In this

thesis, I use pulsed optical excitation to produce single photons. There are three pumping

schemes—non-resonant excitation, quasi-resonant excitation and resonant excitation. Non-

resonant excitations were used exclusively in the early day of QD research: another term for

them is above-band excitation. During excitation, the laser is tuned above the GaAs band

gap or in the wetting layer (WL) of about 820 nm. The wetting layer is a layer of film form

using MBE during the process of the QD growth. In the excitation process, electrons and

holes are generated at the wetting layer and subsequently captured by the dot, see Fig 2.3,

before relaxing to the lowest energy levels. A typical relaxation time to the lowest energy

level is between ∼1-100ps. Once inside the dot, they quickly relax to their ground state via a

Figure 2.3: A pumping scheme based on above-band excitation

phonon-mediated process, where they then recombine radiatively. With this pumping scheme,

several excitons can be injected in the dot resulting in complex photoluminescence. This is

the most simple pumping technique because the energy of the pump laser does not have to be

precisely controlled. Furthermore, the single photon can be easily selected by filtering, since the

wavelength of the pump is very different from the wavelength of the single photon emission. The

simplicity of this technique comes at a cost: the purity of the photon emission. When the charge

carriers stay longer in the wetting layer, it can result in recombination, causing the re-excitation

of the second photon after the first photon has been emitted [66]. In addition, the degree of

indistinguishability is limited due to the excitation timing jitter from the incoherent relaxation

[67] which consequently leads to a broadening of the peak in the correlation histogram.

Quasi-resonant excitation is performed by tuning the excitation laser to near the emission

line of a dot. This type of excitation is used in order to overcome time-jitter from non-resonant
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excitation. When the dot is excited into its p-shell, the emission takes place from the s-shell

following a fast non-radiative decay (Fig. 2.4). The absence of carrier recapture during quasi-

resonant excitation results in an effective reduction of the measured lifetime. In addition,

this scheme almost suppress the background light and consequently generate nearly optimal

deterministic single photons [25]. Quasi-resonant excitation has been proven to improve the

interference visibility of the emitted photons compared to non-resonantly excited QDs [68].

Figure 2.4: A pumping scheme based on quasi-resonant excitation

The ultimate pumping process would be a direct excitation into the s-shell of the dot.

This can be executed by tuning the laser wavelength to the s-shell resonant frequency. During

this process, a single electron-hole pair is created directly inside s-shell, (Figure 2.5) and can

relax to the ground state, thereby preventing creation of unwanted multiple electron-hole pairs

in the vacinity of the QDs. In principles, perfect single photons could be produced. This

pumping scheme significantly reduces the time jitter, down to solely the radiative lifetime of

the emitted photon [31, 66, 69, 70] thus improving single photon indistinguishability. However,

this comes at the cost that it cannot be filtered away from the pump without photon loss.

For a pulsed resonant excitation, one can observe the coherent control of two-level system via

Rabi-oscillations: with a π-pulse, a full population inversion is achieved. There are several

Figure 2.5: A schematic diagram for a strictly resonant excitation scheme

techniques to perform resonant excitations for instance, a phonon-mediated preparation [71],
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adiabatic rapid passage [72], spin-flip Raman transition [73], two-photon biexciton excitation

[74] or pulsed resonant excitation [75]. In this thesis, I drive the second generation device via

pulsed resonant excitation. Although this scheme offers photons with high indistinguishability,

it requires a careful technique in order to separate the emitted photon and the laser scattering

light. Several methods have been performed in order to suppress the scattering laser such as

perpendicular excitation path [76, 77] and polarisation filtering [78].

2.5 First Generation Device

Our quantum dot is formed by an island of GaAs, which acts a barrier material, and creates a

three dimensional confinement potential for carriers. A single quantum-dot in a bulk material

suffers from poor coupling efficiencies when coupled in a bulk semiconductor. The spontaneous

emission (SE) of photons is randomly distributed over full solid angle of 4π radians, hence most

of the isotropically-emitted photons are trapped due to total internal reflection. As a result, the

photon extraction efficiency optically coupled devices such as a single mode fibre is very low. In

order to mitigate this, there are two established techniques. The first is to interface the dot into

a photonic waveguide where the emission of the photons are propagating into a lateral mode

[79–81]. The second is to place a QD inside a cavity where it modifies the electromagnetic field

degrees-of-freedom such as energy, polarisation, and the direction of emission [1, 26, 82]. The

latter technique demonstrates high efficiency: with up to 24% collected at the output of a fibre

[26]. In this thesis, I showed that our first generation devices achieved a fiber-coupling efficiency

of 65%. The long stream of photons emitted by our single dot has high indistinguishability

up to 70% when excited non-resonantly, even when pump pulse are separated by 400 ns. Our

devices were purchased from Quandela, a company founded by our collaborator Prof. Pascalle

Senallart and some members of her team. They used in-situ lithography to deterministically

align each cavity to each dot. This will be further elaborated in Chapter 4.

2.6 Second Generation Device

As discussed above, QDs embedded in micropillar cavities have accelerated spontaneous emis-

sion via the Purcell effect, allowing single-photons to be produced with high indistinguishability—

up to 80%—and high brightness: 40−50%. However our first generation device could not achieve

the indistinguishability offered by downconversion sources. First and foremost, the first gener-

ation device was only allowed used with non-resonant and quasi-resonant pumping. Therefore,

it is impossible to achieve near-unity single-photons with high indistinguishability. Achiev-

ing such ideal single-photon production requires resonant excitations, which promises not only

highly indistinguishable single-photons, but ones with long coherence times. The first genera-

tion device only allowed us to vary the temperature in order to detune the QD cavity resonance.

However, detuning the temperature resulted phonons that affected photon indistinguishability.

Furthermore, charge noise is a problem not only in semiconductor dots, but also for other single
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photon sources like those based on nanowires, because of significant charge noise at the surface

[83, 84]. In order to control the charge environment, we moved to a device that reduces charge

noise by controlling the electrical environment of the dot. Our second generation device—an

electrically tunable quantum-dot micropillar was designed with electric contacts [85] on the

photonic microstructure, allowing spontaneous emission of a single photon while applying an

electrical field simultaneously [34]. This allow us to perform a resonant excitation pumping and

thus control the charge noise of a single QD in a cavity.

2.6.1 Motivation

Dephasing phenomena in solid-states are system is inevitable, especially in a self-assembled QD

because of the inhomogeneous growth during the fabrication process. The imperfections of the

QD; the presence of impurities and structural defects [86–88], creates localisation sites that can

trap the free carriers. These free carriers are the roots of charge noise that limit the coherence

properties of the photon emissions. This results in shifts in the optical transition energy of a

quantum dot through the d.c. Stark effect [83, 89–91] and a broadening in spectral diffusions

by reducing the coherence time [92], both of which are detrimental to the QD performance,

particularly the HOM visibility. The charge fluctuations can be substantially reduced to a few

µeV, by applying an electrical gate to the diode structure, and performing a resonant excitation

pumping [83, 84, 93]. Since 2007, several works have proven that the Stark effect can be used to

fine tune a resonance of a dot that is strongly coupled to a micropillar, or to a photonic crystal

mode [94–96]. This procedure allows us to control QD-cavity resonance without changing

the interaction of QD with its environment; as opposed to temperature detuning [97]. Another

advantage that needs to be highlighted is that the process of applying electric fields is reversible,

and rather quick compared to changing the temperature where it takes time to see the spectral

transitions. This constitutes an important step towards a deterministic spin-photon interface,

a building block for a scalable solid-state quantum network.

2.6.2 Electrical Tunable Device

Our second generation devices Fig. 2.6(a), was fabricated by the same group from our first

generation device. They used in-situ lithography to deterministically align each cavity to dots

with similar wavelengths, positioning the pillar centre within 50nm of each QD, and adjusting

the pillar cavity dimensions to ensure spectral resonance between the QD and the cavity [98].

This technique allows them to achieve optimal spatial matching with nanometer accuracy. The

pillar in Fig. 2.6(b) is connected with four one-dimensional wires to the surrounding voltage

source [34]. To obtain an optimised p-i-n diode with a defined Fermi level around the dot, and

to minimise free carrier absorptions in the mirror, the sample was doped during molecular-

beam epitaxy (MBE) growth. Our sources are composed of a single semiconductor InGaAs

QD embedded in a micropillar λ-cavity with GaAs/AlAs Brag pairs in the top(14) and 28

bottom mirrors [84] respectively. The top mirrors are designed with less reflective layers than
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Figure 2.6: a) Second generation device installed in QT Laboratory b) micropillar QD connected to a
surrounding circular frame by four one-dimensional wires

the bottom in order to enhance the output efficiency of the photon emission. One of the state-

of-art techniques to optically control the QD charge state is by creating an electron-hole pair

in the QD with an additional laser. This way traps a hole, since the electron quickly escapes

whereas the hole cannot [99]. In the Chapter 5, I show that the second generation device is

able to produce entanglement between four single photons emitted by a single dot using only

optical elements.

18



REFERENCES

[1] Somaschi, N. et al. Near-optimal single-photon sources in the solid state. Nature Photonics

10, 340–345 (2016).

[2] Senellart, P., Solomon, G. & White, A. High-performance semiconductor quantum-dot

single-photon sources. Nature Nanotechnology 12, 1026 (2017).

[3] Santori, C., Pelton, M., Solomon, G., Dale, Y. & Yamamoto, Y. Triggered single photons

from a quantum dot. Physical Review Letters 86, 1502 (2001).

[4] Strauf, S. et al. High-frequency single-photon source with polarization control. Nature

Photonics 1, 704 (2007).

[5] Purcell, E. M. Spontaneous emission probabilities at radio frequencies. In Confined Elec-

trons and Photons, 839–839 (Springer, 1995).

[6] Gérard, J.-M. & Gayral, B. Strong purcell effect for inas quantum boxes in three-

dimensional solid-state microcavities. Journal of Lightwave Technology 17, 2089–2095

(1999).

[7] Ding, X. et al. On-demand single photons with high extraction efficiency and near-unity

indistinguishability from a resonantly driven quantum dot in a micropillar. Physical Review

Letters 116, 020401 (2016).

[8] Vahala, K. J. Optical microcavities. nature 424, 839–846 (2003).

[9] Kuhn, A. & Ljunggren, D. Cavity-based single-photon sources. Contemporary Physics 51,

289–313 (2010).

[10] Heinzen, D. J., Childs, J., Thomas, J. & Feld, M. Enhanced and inhibited visible spon-

taneous emission by atoms in a confocal resonator. Physical Review Letters 58, 1320

(1987).

[11] Aharonovich, I., Englund, D. & Toth, M. Solid-state single-photon emitters. Nature

Photonics 10, 631 (2016).

[12] Dory, C. et al. Complete coherent control of a quantum dot strongly coupled to a nanocav-

ity. Scientific reports 6, 1–8 (2016).

[13] Sun, S., Kim, H., Solomon, G. S. & Waks, E. A quantum phase switch between a single

solid-state spin and a photon. Nature nanotechnology 11, 539–544 (2016).

19



[14] Santori, C., Pelton, M., Solomon, G., Dale, Y. & Yamamoto, Y. Triggered single photons

from a quantum dot. Physical Review Letters 86, 1502 (2001).

[15] Bennett, C. H. & Brassard, G. Proceedings of the ieee international conference on com-

puters, systems and signal processing (1984).

[16] Knill, E., Laflamme, R. & Milburn, G. J. A scheme for efficient quantum computation

with linear optics. Nature 409, 46 (2001).

[17] Kok, P. et al. Linear optical quantum computing with photonic qubits. Reviews of Modern

Physics 79, 135 (2007).

[18] Lund, A. P. et al. Boson sampling from a gaussian state. Physical review letters 113,

100502 (2014).

[19] Aaronson, S. A linear-optical proof that the permanent is #p-hard. Proceedings of the

Royal Society A: Mathematical, Physical and Engineering Sciences 467, 3393–3405 (2011).

[20] Wang, H. et al. Boson sampling with 20 input photons and a 60-mode interferometer in a

1 0 14-dimensional hilbert space. Physical review letters 123, 250503 (2019).

[21] Loredo, J. et al. Boson sampling with single-photon fock states from a bright solid-state

source. Physical review letters 118, 130503 (2017).

[22] Wang, H. et al. High-efficiency multiphoton boson sampling. Nature Photonics 11, 361–365

(2017).

[23] Azuma, K., Tamaki, K. & Lo, H.-K. All-photonic quantum repeaters. Nature Communi-

cations 6, 6787 (2015).

[24] Neville, A. et al. Classical boson sampling algorithms with superior performance to near-

term experiments. Nature Physics 13, 1153–1157 (2017).

[25] Loredo, J. C. et al. Scalable performance in solid-state single-photon sources. Optica 3,

433–440 (2016).

[26] Wang, H. et al. Towards optimal single-photon sources from polarized microcavities. Na-

ture Photonics 13, 770–775 (2019).

[27] Tomm, N. et al. A bright and fast source of coherent single photons. Nature Nanotechnology

16, 399–403 (2021).

[28] Brown, R. & Twiss, R. Q. Correlation between photons in two coherent beams of light.

Nature 177, 27–29 (1956).

[29] Hong, C.-K., Ou, Z.-Y. & Mandel, L. Measurement of subpicosecond time intervals between

two photons by interference. Physical Review Letters 59, 2044 (1987).

20



[30] Loudon, R. The quantum theory of light (OUP Oxford, 2000).
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CHAPTER 3

BRIGHT SOURCE FOR MULTIPHOTON

EXPERIMENT

Two-photon interference is an important figure of merit for quantifying the degree of indistin-

guishability of single-photon source. This is especially true for quantum information protocols

that requires qubits to interact to perform gate operations. Maximum interference will occur

when photons with the same polarisation and frequency components are overlapped spatially

and temporally. However, it is challenging to achieve maximum interference, while simulta-

neously maintaining low multi-photon suppression and high absolute brightness. The degree

of indistinguishability drops [1] when photons are separated more than few nanoseconds high-

lighting that whether the emitter is able to produce long stream of indistinguishable photons.

This chapter presents our approach in producing multiple indistinguishable single-photons

[2], using our first generation device discussed in Chapter 2. We designed and implemented an

optical collection system to increase the collection efficiency of single photons emitted by our

first generation device. Our single-photons demonstrate excellent multiphoton suppression and

an absolute brightness of 14%. This means about one in seven laser pulses creates a high-purity

single photon at the end of single-mode fiber. We establish a device generating a stream of long

consecutive photons separated by 400 ns, whilst remaining above the classical limit of 50%,

even with high excitation powers.

3.1 Experimental

Our first generation device is a self-assembled InGaAs quantum dot grown by using molecular

beam epitaxy, positioned in between two layers of GaAs/AlAs distributed Bragg reflectors,

consisting of 16 (36) pairs acting as a top (bottom) mirror. The pillar of the device is the same

as [3] and was employed in low-temperature in situ lithography [4] with micropillar centered

around a single quantum dot with accuracy of 50 nm. The device is kept in a closed-cycle

cryostat at a few Kelvin, and optically pumped by 5 ps laser pulses at an 80 MHz. The excitation

wavelength is centred at 905.3 nm to create carriers in the p-shell. After excitation, the emission

photons passed through two cryostat windows and a microscope objective before split from the

laser path using a dichroic mirror (Alluxa filters). Any residual scattered laser light is filtered

using FWHM band-pass filter. Table 3.1 depicts the efficiency of the experimental setup. The

emission of the single photons are then sent into an unbalanced Mach-Zehnder interferometer.
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Figure 3.1: A simple unbalanced Mach-Zehnder interferometer with a path-length difference of ∆τe
probes the indistinguishability of two photons emitted with the same ∆τetemporal separation.

Table 1 Efficiency Error bar
a) Two cryostat windows, ηcryo 96 ± 1%
b) Microscope objective, ηobj 91 ± 1%
c) Dichroic mirror, ηml 95 ± 1%
d) FWHM band pass filter, ηbp 91 ± 1%
e) Fiber-coupling efficiency, ηfc 65 ± 4%
f) Overall transmission, ηsetup 49 ± 3%

Table 3.1: a) Set-up efficiency and transmission. b) Microscope objective lens (Olympus LM-
PLN10XIR with N.A = 0.3). c) 6 mirrors and 2 lenses; Dichroic mirror (Alluxa filters) to remove
photon emission from the excitation laser with > 60dB extinction while no appreciable loss is recorded
at wavelength corresponding to photon-emission. d) 0.85nm Alluxa filters (FWHM) to remove residual
scattered excitation laser. f) The fiber-coupling efficiency is estimated by comparing our collection
with multimode fiber assumed to have a unity coupling efficiency.

Variable length of fiber is used to match the arrival time delay of two photons between two

interferometer arms. The half-wave plate (HWP) and the polarizing beam splitter behave as a

tuneable reflectivity beamsplitter. We tune this to match the fiber beam splitter, and forming a

Mach-Zehnder interferometer. Quarter-wave plates and HWPs are used to tune the polarization

of interfering photons to parallel or orthogonal configurations.

3.2 Absolute brightness and multi-photon suppression

In quantum-dots community, most of the works define brightness as the number of photons

collected per excitation pulse into the first lens [15]. It allows one to compare the performance

of the device independently from the efficiency of the optical setup during the experiment. So-

maschi and co-workers [15] demonstrated a near-optimal single photons sources with visibilities

reaching unity as well extraction efficiency of 65% and polarised brightness at the first lens

approximately 16%. Whilst the reported value is impressived, the brightness is defined at the

first lens with poor optical collection resulting a low photon count rates available in practice.

Therefore, absolute source efficiencies remain close to 1% level, which is too low for practical

scalable applications [5]. Further details for characterising brightness can be found in Chapter
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2 (Section 2.2.3). In this work, we measure absolute brightness as the probability-per-laser-per-

pulse of finding a spectrally isolated high-purity single photon at the output of a single-mode

fiber.

Figure 3.2 presents the absolute brightness of our device. The output photon flux is detected

on silicon avalanche photodiode (APD) as a function of saturation power. The saturation curves

are fitted to R0(1−exp(−P /P0)), where R0 is an asymptotic rate value and P0 is the saturation

power. The inset figure shows the spectra with respect to varying temperature T. Varying

the temperature allows us to tune the dot-cavity system into resonance. The energy of the

dot transition varies like the band gap of the semiconductor with temperature [6], whereas the

cavity mode energy follows the temperature variation of the refractive index. A bright and

sharp emission line corresponding to neutral exciton (X) line is seen in resonance at T = 15 K

and we operate here.

The photon flux rates reach values as high as 3.6 MHz. For high rates, a known loss must

be introduced in the optical path in order to properly quantify the available count rates, as

they are beyond the APD’s (Perkin-Elmer SPCM-AQR-14-FC) linear regime. High count rates

allow us to accumulate a high amount of statistics with notably short integration times.

Figure 3.2: Absolute brightness and detected count rates of first generation device at T = 15 K (red),
with the QD in resonance with the cavity mode, and 13 K (blue), with the QD slightly detuned from
the cavity. Solid curves represent fits to R0(1 − exp(−P /P0)) with P0 = 197µW and R0 = 3.8 MHz for
T = 13 K, and R0 = 3.4 MHz for T = 15 K. Inset: QD spectra with varying temperature.

The inset shows a g2(∆t) measurement—the second-order autocorrelation function where

g(2)(0)=0 corresponds to an ideal single-photon state—at P=P0, yielding a value of g(2)(0)=0.0130±
0.0002, where the small error is reached with an integration time of only 29 s. In fact we used

about half the available counts after selecting one linear polarization emitted by our device.

Thus, in our setup, the same amount of statistics will be achieved twice times faster when the

polarizer is removed.

Remarkably, we observe low multi-photon suppression at all pump powers, with a measured

maximum value of g(2)(0)=0.0288 ± 0.0002 at P=3P0. In Figure 3.3, we observe single-photon

purity 1 − g(2)(0) > 97%, even at maximum brightness. These values were extracted from

integrating raw counts in a 2 ns window—sufficiently larger than the < 0.5 ns lifetime [7]—

around the peak at zero delay compared to the average of the 10 adjacent lateral peaks, without
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any background subtraction. The error bars in this work are deduced from assuming Poissonian

statistics in the detected events.

The detected 3.6MHz photon flux rate, with the APD efficiency of 32% measured using

the approach of Ref. [8] and a 80 MHz pump rate. The absolute brightness of our device–

the probability-per-laser-pulse of finding a spectrally isolated high-purity single photon at the

output of a single-mode fiber—is 14%, the highest reported to that date [2]. At the time of

publication, there was no clear definition of brightness and hence a significant variation in

source efficiency that depends on the various scientific communities. For instance, until now a

drastic contrast between the performance at the first lens and the actual detected count rates

has been common, e.g., reporting a brightness as high as 72% while detecting 65 kHz [9], or 143

MHz collected on the first lens but only 72 kHz available on detection [10]. Detected rates of 4.0

MHz at the single-photon level have been reported [8], but without coupling into a single-mode

fiber and at the cost of high multi-photon contribution with g(2)(0) = 0.4.

Figure 3.3: Power-dependent of first generation device g(2)(0) = 0 at T = 15 K. Note that even three
times above the saturation pump power, the photon purity remains > 97%. Top inset shows the
autocorrelation measurement for P = 1P0 and bottom inset zooms into the zero delay resolving the
nonzero g(2)(0) from experimental noise.

Based on the brightness value plotted in Figure 3.2, our device greatly exceeds, in terms

of absolute brightness, the performance of any other single-photon source from any physical

system, including the well-established spontaneous parametric down-conversion source—so far

considered as the premier photon source—where the equivalent (triggered) absolute brightness

is well below 1%. We note that, given our setup collection efficiency of ηsetup = 49%, our first

generation device exhibits for the neutral exciton (X) state a brightness at the first lens of

29%. Deducing the exciton lifetime from the correlation curves at a low excitation power, we

estimate the Purcell factor of the device to be around Fp = 2 and the fraction of emission into

the cavity mode to be around 66%. Considering an output coupling efficiency of 90%, the

measured brightness in the first lens could reach 60% with a unity probability to find the QD

in the neutral exciton state. However, as is evident in the inset of Fig. 3.2, the present QD

also presents an non-negligible probability to emit from the positively or negatively charged

exciton transitions that are brought in resonance at higher temperatures. As a result, the
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probability of the quantum dot to be in the neutral exciton is reduced, leading to the measured

29% brightness at the first lens. Note that this instability of the charge state was not observed

originally in the devices under study (see Ref. [7]), but appeared after accidentally freezing the

sample.

3.3 Consecutive streams of indistinguishable photons

Next, we investigate the indistinguishability of photons emitted by our first generation device

with various temporal distances ranging from 12.5ns to 400ns. The measurement is done at at

T = 13 K in order to reduce phonon-induced dephasing [11], which is sufficiently close to the

quantum dot cavity resonance at T = 5 K. Note that contrary to most reports, the phonon

sideband here is not filtered out by the 0.85 nm bandpass filter used to further suppress the laser

light. Time-correlation histograms from the output of this interferometer (Figure 3.1) reveals

the indistinguishability of photons emitted with a temporal distance, ∆τe. Fully distinguishable

photons—e.g., with orthogonal polarisation—meeting at a 50:50 beam splitter and results in

a 50% probability of being detected simultaneously at the outputs of the beam splitter. This

result in the peak at ∆t = 0 of the time-correlation measurement being about half of the

height those at ∆t > 0, with the exception of peaks at ∆t = ∆τe, where the larger suppression

indicates that the interfering photons were emitted with a temporal distance, ∆τe. Details for

indistinguishability measurement will be discuss in the next section.

3.3.1 Areas in time-correlation histograms

This section is to deduce the area distribution of time-correlation histograms. For simplicity,

we first consider two (fully-distinguishable) single-photons distributed in time-bins {t1, t2},

entering an unbalanced Mach-Zehnder interferometer composed of a first 50 ∶ 50 beamsplitter

and a second beamsplitter with reflectance R (transmittance T =1 − R). Our task is to find

all possible output distributions leading to a coincidence detection between events separated in

time by ∆t. There are two timescales relevant in such coincidence measurements: the difference

in occupied time-bins δt=∣t2−t1∣, and the temporal delay inside the unbalanced interferometer ∆.

By inspecting this reduced scenario, we can find that there are 8 events leading to a coincidence

detection, as depicted in Figure 3.4.

This results in local patterns of peak areas A∆t given by: A δt ∆=R2, A δt=2RT , and

A δt+∆=T 2, the local pattern around −δt; and Aδt−∆=R2, Aδt=2RT , and Aδt+∆=T 2, the local

pattern around δt. From this, we find simple rules for the time-correlation measurement of an

array of single-photons distributed in arbitrary time-bins {ti} passing through a ∆-unbalanced

Mach-Zehnder:

rule 1 : Find all possible temporal delays δt relating each pair of photons within the given

time-bin distribution.

rule 2 : ±δt assign the relative frequency of events {R2,2RT ,T 2} at temporal delays at

∆t = {±δt −∆,±δt,±δt +∆}.
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Figure 3.4: Two consecutive single-photons separated by δt passing through a ∆-unbalanced Mach-
Zehnder interferometer. 8 outcome distributions, occurring with a given relative frequency, lead to
a coincidence signal between events separated in time by ∆t. The relative delay ∆t is positive if a
detector in the upper output fires first, and it is negative in the opposite case.

We note that these two simple rules describe different interesting histograms relevant in the

literature. For instance, by simply identifying the involved parameters, one can find histograms

of g(2)(∆t) measurements of arbitrary ∣n⟩ Fock states by considering n single-photons occupying

the same time-bin, resulting in distributions agreeing with g(2)(0)=1−1/n, or the well known

5-peak structures in two-photon interference experiments involving pairs of photons separated

by ∆τe < 12.5 ns repeated every 12.5 ns.

Since the experiment performed is the particular case of an infinitely long stream of single-

photons separated by a fixed δt=12.5ns, and passing through an unbalanced interferometer with

∆ = ∆τe. Under this consideration, and following rule1 and rule2, we derive the distribution

of areas A∆t, given by: Ak = N,A ∆τe = N(1 −R2),A∆τe = N(1 − T 2), and A0 = N((R2 + T 2) −
2RT V), with k = ± 12.5 ns, ± 25 ns, ..., excluding peaks at ±∆τe and N an integration constant.

The visibility term V in A0 appears from noticing (in virtue of rule1 and rule2) that the area

at ∆t = 0 for fully-distinguishable photons is AV =0
0 = N(R2 +T 2), and then one simply uses the

well-known relation V = (1 −A0/AV =0
0 )(R2 + T 2)/(2RT ), with A0 relating the coincidence rate

at zero delay of photons with non-zero V indistinguishability.

We use the visibility V to quantify the degree of indistinguishability of the source. Since

the measured visibility depends both on the photon source and on the apparatus used to

characterize it, the latter must be accounted for. Ideally, the apparatus is a beam splitter of

reflectivity R = 0.5; in our experiment R = 0.471, T = 0.529, and the visibility V is thus,

V = R
2 + T 2 −A0/A

2RT (3.1)

where A is taken as the average value of Ak. Note that since the g(2)(0) values are intrinsic

to the source, and hence affect any process in which we wish to use it, we do not correct for

nonzero g(2)(0) in Eq. (3.1). The deduced V therefore corresponds to the raw two-photon
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interference visibility and quantifies the degree of photon indistinguishability.

Figure 3.5 shows histograms for the indistinguishability of orthogonally (completely distin-

guishable) and parallel polarized (photon bunching) photons at ∆τe=50 ns and P=P0. From

Eq. (3.1) and the measured value R=0.471, we obtain V P0
50ns=(0.71±0.01)% in the orthogonal

configuration (red histogram) and V P0
50ns=(60.31±0.60)% parallelly polarized photons (blue his-

togram), where V P
τe denotes the visibility taken at a power P and temporal delay ∆τe. We

observe higher visibilities at lower powers and shorter delays. For instance, the measurements

in Figure 3.5 were taken at P = 0.5P0 and reveal V 0.5P0
12.5ns = (67.52 ± 0.78)% at a temporal delay

(blue histogram) of ∆τe = 12.5 ns. Remarkably, we find that indistinguishability is robust in the

temporal domain. Even after 33 consecutive emitted photons (orange histogram) at ∆τe = 400

ns, the value only decreases to V 0.5P0
400ns = (59.97±0.76)%. That is, there is a less than 8% visibility

decrease in ∼ 400 ns. All V values with the non resonant schemes are obtained without any

background correction.

Figure 3.5: a) Interference histograms of orthogonally (red) and parallelly polarized (blue) photons
with ∆τe = 50ns at the saturation of the quantum dot. (Note the suppression at ∆τe ; see text for
details). (c) Interference of parallelly polarized photons with ∆τe = 12.5 ns (blue) and ∆τe = 400 ns
(orange), taken at P = 0.5P0. A temporal offset of 3.5 ns has been introduced between histograms for
clarity.

To thoroughly examine the indistinguishability properties of our first generation device, we

carried out power- and temporal-dependent measurements, see Fig. 3.6. All the measured

visibilities are within the 50%−70% range, thus showing conclusive quantum interference at

all measured powers and timescales. The large available photon flux allows us to gather more

than 100 visibility values with measurement errors sufficiently small to identify an interesting

behavior in this narrow visibility range.

The interference visibility V of two photons separated in time by ∆τe exhibits a linear-

dependence in the pump power P . For a given ∆τe, we measure V at various values of P , up

to three saturation powers P = 3P0, and fit the data to V = V max
∆τe +m∆τeP . Figure 3.7 shows the

power-dependence of V for ∆τe = 12.4 ns, ∆τe = 50 ns, and ∆τe = 400 ns. The fitted parameters

are V max
12.5ns = (70.3 ± 0.3)%, m12.5ns = −(6.1 ± 0.2)% at short time scales; V max

50ns = (65.0 ± 0.3)%,

m50ns = −(4.4±0.2)% at moderate timescales; and V max
400ns = (60.8±0.3)%, m400ns = −(3.6±0.2)% at

the longest timescales explored in this work. Conversely, for fixed power, the visibility decreases
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Figure 3.6: Power- and temporal-dependent two-photon interference. Over > 100 measured visibili-
ties (red points) showing conclusive quantum interference,i.e., V > 0.5, at all measured powers and
timescales. Colored surface is an interpolation to the data.

monotonically and asymptotically in ∆τe, flattening to fixed values at longer timescales. We

model this behavior by considering a time-dependent wandering of the spectral line as the origin

of the temporal modulation. That is, the frequency of every emitted photon ω(t)=ω0+δω(t)
varies in time according to some wandering function δω(t) occurring in timescales much longer

than the photon lifetime.

Figure 3.7: Power-dependence of V for ∆τe = 12.5 ns (orange), ∆τe = 50 ns (purple), and ∆τe = 400 ns
(brown). Curves are fits V = V max

∆τe +m∆τeP . V is above 50% (the classical limit) at all powers and
timescales here explored.

Our problem is then equivalent to finding the mutual interference visibility between inde-

pendent sources with finite frequency detuning [12]. The interference visibility of two photons

from two sources a and b reads [12]:

V = ( γaγb
γa + γb

) (γa + γn + γ∗a + γ∗b )
[(γa + γn + γ∗a + γ∗b )/2]2 + δω2′

(3.2)

where the γi are the radiative rates, γ∗i the pure dephasing rates, and δω the frequency detuning

between the two sources. If the interfering photons are emitted by the same quantum dot, we

33



CHAPTER 3. BRIGHT SOURCE FOR MULTIPHOTON EXPERIMENT

assume that γa = γb = γ and γ∗a = γ∗b = γ∗ are constant, but only the frequency ω = ω0 + γω(t)
varies over time (i.e. spectral wandering) around a central value ω0. This model makes sense

here as the timescale over which ω varies is much larger than the radiative lifetime. Then Eq.

(3.2) reduces to:

V = ⟨ V (0)
1 + δω2

r

⟩ (3.3)

which is given by V (0)/(1 + δω2
r) in the case where V (0) is the degree of indistinguishability

for each source alone (equal value for both) and δωr is the ratio of the frequency detuning to

the spectral linewidth of the sources (equal linewidth for both). If this mismatch arises due to

spectral wandering within the same source, then the time-averaged relative detuning squared is

given by 2δω2
r(1 − exp(−∆τe/τc)), with τc a characteristic wandering timescale We thus derive

the visibility of temporally distant photons as follows:

V (∆τe) =
V (0)

1 + 2δω2
r(1 − e−∆τe/τc) (3.4)

where we have used V (0) = γ/(γ + γ∗) the “intrinsic” degree of indistinguishability, and δωr =
δω/(γ + γ∗) the ratio between the frequency detuning and the spectral linewidth γ + γ∗. One

can define a time correlation function for the frequency fluctuations as

F (∆τe) =< δω(f)δω(t +∆τe) >=< δω2 > f(δω2), (3.5)

then, the frequency difference as a function of the delay ∆τe can be expressed as

< δω2(δω2) >= < (δω(t +∆τe) − δω(t))2 > (3.6)

=2 < δω2 > (1 − f(∆τe)). (3.7)

A common assumption is to assume an exponential correlation function

f(∆τe) = e−∆τe/τc , (3.8)

with τc a characteristic wandering timescale. Which is expected for a Markovian dynamics of

the environment. An additional input which is required is the distribution for δω. Generally

one assumes a Gaussian distribution, but for simplicity, and without loss of generality, we take

a two-value distribution δω = ±
√
< δω2 >, so that:

V = ⟨ V (0)
1 + δω2

r(∆τe)
⟩ = V (0)

1 + ⟨δω2
r(∆τe)

⟩ = V (0)
1 + ⟨δω2

r(1 − e−∆τe/τc)⟩ (3.9)

To obtain a statistically meaningful temporal behavior, we used the fitted values of V at

different ∆τe for powers P=0, P=P0, and P=2P0. These values are plotted in Fig. 3.8 and

are in good agreement with our model in Eq. (3.2). In the limit of low powers, we obtain

V (0) = (72.8 ± 2.4)%, τc = (45.4 ± 19.1) ns, and δωr = (29.4 ± 3.1)% whereas at high powers, at
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P = 2P0, these parameters are V (0) = (59.0 ± 2.0)% and δωr = (19.3 ± 4.5)%.

Figure 3.8: Fitted values of V at different ∆τe(bottom axis), for P = 0 (red), P = P0 (green), and
P = 2P0 (blue), showing interference between a first and n-th consecutive emitted photon (top axis).
Curves are fits to our model in Eq. (3.4).

The maximum degree of indistinguishability V (0) decreases only by 13.8% with increasing

power, evidencing a slight increase of pure dephasing of the exciton transition. On the contrary,

the relative amplitude of the spectral wandering decreases by 34% evidencing that spectral dif-

fusion is significantly reduced at higher powers, as recently observed in nanowire-based devices

[13]. Note that the large relative error in τc is due to a small relative decay in V, an uncertainty

that increases with increasing power. Thus, although it is reasonable to assume that τc itself

is power dependent, we extracted τc only at P = 0 and used it as a fixed parameter for the

fits at higher powers. The decrease of the indistinguishability by a few percents for temporally

distant photons demonstrates a very limited spectral diffusion in our micropillar devices.

This observation is in striking contrast to previous measurements on single-photon sources

based on alternative approaches for efficient photon extraction, such as nanowires [13], or

micro lenses [1]. A significantly lower stability of the electrostatic environment of the QD

can reasonably be attributed to the close proximity of free surfaces in the latter. Indeed, as

indicated by the observation of three emission lines from the same QD, even the micropillar

devices under study do not provide a fully stable charge state for the QDs, an effect that we

observe to be dependent on the quality of the etched surfaces. This makes strictly resonant

spectroscopy difficult without an additional nonresonant excitation, a situation also observed

in other micropillar devices [14].

Therefore, to explore the indistinguishability of temporally distant photons under strictly

resonant excitation, we turn to electrically controlled micropillars and present data on two

devices, Device 2 and Device 3 by our collaborators in France. These devices consist of quantum

dots deterministically coupled to micropillars embedded in cylindrical gated structures with p-

and n-contacts, respectively, defined on the top and bottom sides of the device, resulting in

an effective p-i-n diode structure onto which an electric field can be applied (see Ref. [15])

for a detailed description of the device). The measurement were performed at T = 9 K and
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the emission was tuned into cavity resonance via via an applied bias voltage of 0.3 V. The

device was cooled by gas exchange in a closed-cycle cryostat and was pumped by shaped 15 ps

laser pulses at an 82 MHz repetition rate. The experimental setup used for photon collection

is reported in Ref. [15], and the apparatus used for the temporal-dependent measurements is

conceptually identical to that in Fig. 3.1.

Figure 3.9: Temporal-dependent indistinguishability under strictly resonant excitation. Two-photon
interference histograms with Device 2 of parallelly polarized photons at (a) ∆τe = 12.2 ns and (b)
∆τe = 158.5 ns, under a π-pulse preparation. (c) Second-order autocorrelation measurement at π-
pulse. (d) Indistinguishability between a first and n-th consecutive emitted photon from Device 2
(blue) and Device 3 (red). Indistinguishability remains robust in the temporal domain, decreasing
only by 4.4% in ∼159 ns (down to 90.6%) for Device 2, and by 8.3%in ∼463 ns (down to 87.8%) for
Device 2. The curve is a fit of the data from Device 2 to Eq. 3.2.

Resonant excitation allows us to probe two-photon interference in a regime with excellent

indistinguishability. Indeed, for Device 2, we obtain V π
12.2ns = (95.0± 1.0)% at a short temporal

separation, decreasing only to V π
158.5ns = (90.6 ± 1.7)% at long timescales (see Figs. 3.9(a) and

3.9(b)). We observe a high single-photon purity quantified by g(2)(0) = 0.015 ± 0.007 at the

π-pulse, (see Fig. 3.9(c)) where the nonvanishing g(2)(0) primarily consists of background noise

and thus a value 1−g(2)(0) of 98.5% represents a lower bound on the intrinsic single-photon pu-

rity. Indistinguishability measurements at various temporal distances (see Fig. 3.9(d)), reveal

plateaus at high values: up to a first and fourteenth photon, separated by ∼ 150 ns, exhibit an

indistinguishability greater than 90%. The curve is a fit to Eq. 3.2 with a maximum indistin-

guishability value of V (0)=96.6%, τc=54.4 ns, and δωr=17.8%. The reproducibility of our results,

is evidenced by similar indistinguishability values obtained on Device 3 : V π
12.2ns=(96.1±0.8)% a

short temporal delay and V π
463ns=(87.8±1.6)% for a first and thirty-ninth photon separated by
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Figure 3.10: Method to extract the raw and corrected interference visibilities. a) Interference histogram
of two photons separated by ∆τe = 12.2 ns. b) Subset of data involved in the evaluation of V . c)
Integrated counts from data in b). d) Measured background in between peaks

463 ns. These values of indistinguishability are corrected for the measured background noise

arising from detector dark counts since the experimental setup used for these resonant excita-

tion measurements has a low collection efficiency and dark counts become significant. Thus,

an integration of detected raw counts that includes the background noise, which at zero delay

is as large as nonvanishing counts due to photon indistinguishability, would underestimate the

intrinsic degrees of indistinguishability in our devices.

3.3.2 Resonant Excitation : Visibility extraction

Here we describe the methods to extract the raw and corrected two-photon interference visi-

bilities under strictly-resonant excitation and π-pulse preparation, see Fig. 3.10. Figure 3.10a

shows the interference histogram of two photons separated by ∆τe = 12.2 ns, from which a

visibility is extracted via

V = R
2 + T 2 −A0/A

2RT , (3.10)

where A0 is the area of the peak around ∆t = 0, and A is taken as the average area of 14

adjacent peaks (excluding the peak at ∆τe). These areas are taken as the integrated counts

within a temporal window of 2 ns (considerably longer than the subnanosecond lifetimes) around

∆t = k × 12.2 nswith k = 0,2,3, ...,15, see Fig. 3.10b. The resulting integrated areas are shown

in Fig. 3.10c, from which we extract a raw V π
12.2ns = (89.0 ± 1.5)%. As described in the main

text, the remaining non-vanishing area at ∆t = 0 is indeed quite small and it is on the order of

experimental noise. We take into account this noise by integrating coincidence counts within
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a 2 ns window but now located in between peaks, that is at ∆t = (m + 1/2) × 12.2 ns, with

m = 1,2, ...,14, see Fig. 3.9d. After subtracting the average of these background counts to the

areas in Fig. 3.10(c), we obtained the corrected visibility V π
12.2ns = (95.0 ± 1.0)%. These same

methods were employed for all measurements under strictly-resonant excitation. Figure 3.11

shows both raw and corrected visibilities for two devices (Device 2 and 3) extracted with this

method.Measurements under quasi-resonant excitation, as described in the main text, exhibit

a noise level < 1%, and therefore no noise-correction was employed.

Figure 3.11: Indistinguishability vs temporal distance. Blue squares are corrected indistinguishabilities
taken with Device2, and red stars are the corrected values taken with Device3. Black squares are raw
values from Device2, and gray stars are raw values from Device3.

No correction for nonvanishing g(2)(0) was included. Note that a high absolute brightness

with this recently developed technology is yet to be achieved. However, since the mode profile

of connected pillars is the same as isolated ones [16] and a photon extraction efficiency at the

first lens of 65% has been reported on this sample [17], the same experimental methods as

before should allow even higher absolute efficiencies than the 14% reported here.

3.4 Discussion and conclusion

We provided here strong evidence that our sources emit long streams of indistinguishable pho-

tons. Under non-resonant excitation, even the first and thirty-third consecutive photon, sep-

arated by 400 ns, display conclusive quantum interference, V >50%. For a fixed pump power,

photon indistinguishability decreases by only a few percent—about 8% at low powers and less

than 4% at higher powers—before flattening to fixed values at longer timescales. This contrasts

favourably to previous works, where photon indistinguishability has been observed to decrease

by 40% in only 10 ns [1]. Moreover, under strictly resonant excitation, photon indistinguisha-

bility between the first and thirty-ninth photon remained at 88%.
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Interestingly, the observation of only small reductions in the temporal domain indicate that

nonunity indistinguishability under nonresonant excitation is mainly caused by homogenous

broadening of the spectral linewidth (governing coherence times at short temporal delays) and

a limited inhomogeneous broadening (governing effective coherence times at longer temporal

delays). The relative amplitude of the spectral diffusion at saturation is similar for both res-

onant and non resonant excitation. However, Device 1 operated in a limited Purcell regime,

whereas Device 2 and 3 operated with a Purcell factor of around 7-10, leading to an increased

radiative exciton linewidth. From this, we conclude that, although the application of an electri-

cal bias in p-i-n diode structures allows a good control of the dot charge states, it does not lead

to a significant decrease in the spectral wandering phenomena. The excellent indistinguisha-

bility observed in Devices 2 and 3 arises mainly from reduced pure dephasing of the exciton

state, increased Purcell factor, and reduced time jitter in a resonant excitation scheme. Our

reported indistinguishability values correspond to the longest temporal delays here studied at

a particular pump repetition rate of 80 MHz. This value only represents a lower bound on

the number of photons we can generate—limited by radiative lifetimes in the order of a few

hundred picoseconds—that can be further used in quantum information processing protocols

with solid-state sources [18].

Previous works investigating noise spectra in resonance fluorescence have shown evidence of

long streams of near transform-limited photons [19] in timescales potentially reaching seconds

[20]. In fact, Device 2 has recently been shown to emit photons with near transform-limited

linewidth on a millisecond timescale [21], in which case we would expect that our devices

are producing at least hundreds of thousands of highly indistinguishable single photons. Our

findings are especially relevant in implementations with time-bin encoded degrees of freedom,

such as some recently proposed schemes of linear-optics quantum computing with time-bin

encoding [22, 23], where the indistinguishability of temporally distant photons will directly

determine quantum fidelities of the implemented protocols.

Scaling solid-state multi-photon sources by combining multiple independent emitters re-

mains challenging, as atomic growth accuracy or complex individual electric control over mul-

tiple devices is needed. These requirements can be circumvented by making use of a single

photon source emitting a long temporal stream of highly indistinguishable photons that can be

demultiplexed by fast active optics, see Chapter 4. A high absolute brightness will be critical

for successfully implementing multi-photon experiments with these sources, where their down-

conversion counterparts currently require experimental runs of hundreds of hours [24, 25]. The

key role of high emission yields in these devices has been made explicit in the recent demon-

stration of a solid-state based multi-photon experiment [26], realized with Device 1, where

integration times outperformed those in equivalent down-conversion implementations by two-

orders of magnitude. Achieving high absolute efficiencies, and thus allowing the scaling of

multi-photon experiments to larger photon numbers, becomes feasible due to the Purcell en-

hancement of deterministically coupled quantum dot-micropillar devices [7, 12, 15, 16, 27]. This

necessary condition is unlikely to be found by chance with nondeterministic approaches which
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here reported [27] device yields as high as of 1% [14]. Thus, the deterministic fabrication, high

absolute brightness, and long timescale indistinguishability of our devices will enable large-scale

applications that have been heretofore impossible.

3.5 Comparison between QD and SPDC single-photon

sources

Table 3.2 is presented to further highlight the comparison between QD and SPDC single-

photon sources. The sources are characterised by three main figure of merit; the purity(g2(0)),
the indistinguishability (VHOM), and the brightness. SPDC has been leading as a conventional

heralded source for single-photons with high indistinguishability prior to 2000s period of quan-

tum dot community. However, the high indistinguishability always at cost of brightness to

typically 2% [28]. Despite of that, SPDC leads any new single-photon source technology. Aside

from that, they are robust and operate at room temperature. Numbers of work has been done

to constantly improved the efficiency [29] of the SPDC and integrating photonics optics [30]

from bulk resources overhead. Another critical aspect of SDPC which is worth to highlight

here the probability of creating n pairs scales up with pump intensity to the nth power. Pan

and co-workers [31] show that the visibility, VHOM close to unity but the brightness decreases

significantly. This is because the heralding process does not alter the probability of generating

more than one pair. One obviously can increase the pump power in order to increase the prob-

ability of heralding an event thus resulting more photons. Subsequently, it leads to reduce it

purity to 0.2 for a source that contains only one pair for every 20 pulse.

Since 2017, the progress in developing single-photon sources based on semiconductor quan-

tum dots has set a significant benchmark in optical quantum technologies. Despite of accelerat-

ing progress, QD-based source still struggle with limited overall efficiency of around 25%, which

is three times out of four, the expected clocked single photon is missing. The overall probability

to obtain the single photon per clock cycle at the end of the fiber output is Pfiber = Poutηset-up.

Several techniques have been demonstrated by quantum dots community to enable near unity

coupling such as rapid adiabatic passage [32] or bullseye cavity [33]. Resonant excitation tech-

nique allows one to obtain single photon with indistinguishability up tp 0.995 [14, 15] but at

cost of 50% polarisation filtering. The losses in polarisation filtering fundamentally limiting the

scaling photonic quantum technologies. In 2019, Wang and co-workers [34] mitigate this with

birefringent cavity and demonstrate a polarised single-photon efficiency up to 60%.

Tomm and co-workers [35] successfully achieved 57% end-to-end efficiency while maintaining

source purity. This is achieved by designing an open cavity [36, 37] structure where the cavity

bottom mirror is grown below the cavity spaces that embeds the quantum dots. The top mirror

of the cavity has a concave shape and is micro-machined into a silica substrate while the bottom

mirror contains a highly reflective planar mirror to minimise unwanted loss rate from the cavity.

The main advantage of the open cavity is the flexibility to fine tune the cavity frequency in

the orthogonal direction to match the dot transition. The polarised cavities enable controlled
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coupling to quantum dots and used enhance spontaneous emission into one linear polarisation

resulting nearly a factor of 2 gain in the source efficiency.

A different approach was made recently by Thomas [38] and co-workers to achieve a state-

of-the-art quantum performance by harnessing the intrinsic linear dipole in a neutral quantum

dot via phonon-assisted excitation. An off-resonant phonon-assisted excitation technique uses a

laser which is spectrally detuned from the wavelength emission and that can be easily separated.

It relies on detuned strong optical pulse that dresses frequency optical transition. During

the pulse duration, the system relaxes between the dresses states through the emission of

longitudinal-acoustic (LA) phonons. During the switch-off excitation pulse, a strong occupation

of the excited state is obtained following an adiabatic undressing. The indistinguishability of

phonon-assisted excitation is in the range of 90%−95%, at the same level as resonant excitation

but with higher occupation probability and major increase the brightness. The increase in

brightness could attribute to the fact that the emission of the single photons from LA-phonon-

assisted excitation is less sensitive compared to resonant excitation. It can therefore concluded

LA-phonon-excitation scheme is more experimentally robust against experimental drifts and

instabilities.

Source Excitation/Material g2(0) VHOM(%) Brightness Efficiency, η(%)
Tomm[35]QD Resonant 0.979 ± 0.01 97.5±0.5 - 57

Thomas[38]QD∗ Phonon-assisted 0.954±0.002 90.9±0.4 50±1a 65
Wang[34]QD Resonant 0.75 ± 0.005 97.5 ± 0.6 56 ± 2b 60

Kaneda[39]SPDC PPKTP 0.91 ± 0.02 91.2 1.1 × 104c 90(91)d

Bruno[40]SPDC PPKTP 0.91 ± 0.04 98.7 ≈ 4000e 95
Zhong[41]SPDC BBO 0.96 96 ± 0.01 ≈ 1100 97

Table 3.2: Comparison of SPDC and quantum-dots including a current state-of-the-art∗ for single
photon sources. aPolarised first lens brightness corresponds to a detected cou5nt rate of 6 MHz with
69% single photon detector at 81 MHz of laser repetition rate. b Wang estimated ≈ 56% of the
polarised single photons are extracted by the first objective lens. Note for SPDC; c The brightness is
characterised as the photon generation per unit pump power (e.g., cps/mW). The efficiency for SPDC
is determined by heralding efficiency. d ηs = 90 ± 3% and ηi = 91 ± 4% e The crystal generates 0.01
photons per pulse at repetition rate of 80 MHz with pump power of 200 mW. Brightness as the fiber
output without the detector efficiency.
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CHAPTER 4

MUCHOS PHOTONS

In the Chapter 3, I have shown our device can successfully generate a bright long stream of

single-photons from a single quantum-dot with robust and conclusive indistinguishability. In

addition to that, I displayed extraction efficiencies outperforming downconversion with equiva-

lent levels of multi-photon suppression as well as indistinguishability. This gives us one-in-seven

pulses at the end of a single-mode fiber which can be utilised as a multiphoton sources. Such

properties are keys for enabling large-scale quantum photonic technologies.

To circumvents the limitations of downconversions single-photons sources, such as unwanted

multiple-photon terms, schemes have been introduced with active spatial [1, 2], temporal [3, 4]

and, spatio-temporal [5, 6], multiplexing that combine the output of many downconversion

sources to create one bright source without deteriorating single-photon purity or indistinguisha-

bility [4]. However, the experimental setup commonly comes at a great cost both in terms of

increasing size and complexity, and using bulk optical components that result in poor stability

and scalability [7]. This is where integrated quantum photonics comes into the picture for de-

multiplexing. This platform allows photons to travel at longer delays without having a spectral

diffusion overlap at different times. In 2017, Loredo and co-workers [8] reported Boson Sam-

pling measurements at a much faster rate with up to five photons — higher rate than heralded

N -fold photon sources based on downconversion [9].

The aim of this chapter is to realise a scalable multi-photon source from a single emitter

using the latest integrated photonics. In order to achieve our goal, I first used a train of single-

photons from our first generation device to create a multi-photon source. Then used active

spatial and temporal photonic demultiplexing to create a multi spatial-mode photon source.

device that is compatible with solid-state sources operating at 932 nm. I work closely with

M. Lobino group from Griffith University to realise this scheme [10] where the fabrication and

development of the demultiplexer is taken place.

4.1 Demultiplexing concept

I demultiplex a source with a single spatial mode and single photons. Lithium niobate (LN)

separate temporal modes into a source within a single temporal mode and single photons in N

separable spatial modes. The concept of multiplexing and demultiplexing is well known from

classical optical communication, where the techniques are utilised to increase communication
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bandwidth of an optical fiber. Multiplexing entails having multiple channels in some degree of

freedom, typically frequency, combined into a single channel. This requires the multiple modes

be orthogonal to avoid crosstalk. Demultiplexing is the reverse process where information from

a single channel is distributed into multiple channels. In classical communication, frequency-

division multiplexing is used, where the different information channels have different frequencies

and are separated using an array waveguide grating [11]. Frequency-division multiplexing is

unsuitable for demultiplexing of single-photons in the context of quantum information process-

ing, as the photonic qubits are required to have the same frequency for application in quantum

information gates.

Spatial multiplexing can modifyN inefficient probabilistic sources into a single near-deterministic

photon source [12]. N inefficient sources are connected to a main channel through an active

switch. When the creation of a single photon in one source is heralded that source is switched

to the main channel and the remaining sources are blocked. By having sufficient sources the

success probability of single-photon creation per pulse approaches unity. Spatial multiplexing

was used to improve the performance of a SPDC source: by using two sources the heralded

count rate was enhanced by 63% [12].

4.2 The MuCHOs

The demultiplexer device is known as the Multiple Channel Optical Switch (MuChOS) and

depicted in Figure 4.1. It consists of a network of reconfigurable directional couplers with

electro-optically tunable splitting ratios.

Figure 4.1: Schematic for ideal active spatial-temporal demultiplexing. A stream of single-photons
emitted at successive time intervals from a quantum dot-micropillar cavity system are actively routed
into different spatial channels by an optical demultiplexer. A set of delay lines at the output can be
used to match the arrival times of the single photons. The colormap (a.u.) represents the waveguides
intensity mode profiles at 932 nm and the black arrows show the direction of the applied electric field.

Figure 4.2 presents the integrated waveguide with one input and four output channels

fabricated using annealed proton exchange technique [13] on an X-cut lithium niobate substrate.

The splitting ratio can be tuned between 0 − 100% using electrodes that are patterned on
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Figure 4.2: Electro-optical device (MuCHOS) in the lab consist one inputs and four output channels.
Zoom out : Close up the electrode array.

the top of the waveguides by changing the phase mismatch, △β between interacting modes

[14]. Monolithic integration of the directional coupler network on a single chip is necessary for

reduced insertion losses, and with our technology it allows up to 10 output channels in a 5 cm

long device. The output of an n-channel demultiplexer can be expressed by n-photon count

rate cDM(n) as below:
CDM(n) = R[ηSDηdet]nSDM (n) (4.1)

where ηSD = ηQDT is the product of the source brightness ηQD, defined as the probability of

emitting one photon at the input of the demultiplexer for each excitation pulse, times the total

transmission of the device T. R is the pump rate of the source and ηdet is the detector efficiency.

SDM(n) is a parameter which accounts for how the efficiency of the demultiplexing scheme

scales with increasing number of photons and it represents the limit of what can be achieved

by the demultiplexer with a lossless and deterministic source. Note that the term [ηSDηdet]n
is intrinsically probabilistic, and will unavoidably result in an exponential decay with photon

number. In a probabilistic scheme [8]—made of a network of passive beam splitters— the

demultiplexing parameter scales as SDM (n) = (1/n)n, super-exponentially decreasing with n—

certainly a non-scalable approach! In contrast, in an active demultiplexing scheme the scaling

is

SDM
(n) = 1

n
[ηnDM + (n − 1)(1 − ηDM

n − 1
)
n

] (4.2)

where ηDM is the “switching efficiency”, defined as the average probability of routing a single

photon in the desired channel in each time bin. In the limit of deterministic demultiplexing,

i.e. ηDM → 1, the scaling becomes polynomial in n—thus constituting a scalable approach.

The waveguides were fabricated with a 6 µm channel width and a proton exchange [13]

depth of 0.47 µm followed by annealing in air at 328 ○C for 15 h. These parameters are chosen

in order to ensure good overlap with single mode fiber and single-mode operation at ∼ 930 nm,
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Figure 4.3: Setup for the experimental implementation of the demultiplexing scheme (detailed de-
scription is given in the main text).

the emission wavelength of our InGaAs dot. Each directional coupler has a distance between

waveguide centres of 8.84 µm and a 4.5 mm length (equal to three coupling lengths), resulting in

complete transmission of light into the coupled waveguide when no voltage to the corresponding

switching electrodes is applied. The discussion of details design and fabrication is not in the

context of this chapter, however can be found in Ref [13]. Difference from this ideal behaviour is

from non-uniform waveguide channel widths, caused by the resolution of the photolithography.

4.3 Experimental setup

I investigated the performance of the MuCHOS with a single-photon source based from our first

generation device—a QD deterministically coupled to a micropillar cavity [15, 16]. In the Fig.

4.4, I excite the dot quasi-resonantly with 5 ps pulsed Ti: Sapphire laser centred wavelength

at 905 nm at 80 MHz repetition rate.

The single-photons are emitted with a wavelength at 932 nm and are collected by microscope

objective lens (Olympus LMPLN10XIR with N.A = 0.3). A FWHM bandpass filter (0.85 nm)

is used to filter the single-photons emission from the pump excitation. Quarter- and half-

wave plates are used at the input for polarisation alignment as the waveguides within the

demultiplexer guide one polarisation (horizontal, H ). Since our source is only weakly polarised

[16], this reduced the photon flux by ∼ 50%, an issue absent if operated with sources engineered

to exhibit a large degree of polarization. Following the input injection to the MuCHOS with a

lens of NA = 0.55, the output modes are collected with a fibre V-Groove array.

The detection is measured using avalanche photodiodes (APDs) with 30% average quantum

efficiency, and a time-tagging module (TTM) connected with single-mode fiber. The elec-

trodes of the demultiplexer are driven with a custom-made pulse generator based on a field

programmable gate array (FPGA) [17]. The FPGA produces a preset sequence of pulses with

varying amplitude voltages that are used to tune the splitting ratio of the directional couplers
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between on and off values. The driving pulses are synchronized with the clock signal of the

Ti:Sapphire laser using internal phase-locked loops (PLL) of the FPGA which provide an ad-

justable time delay with a low time jitter (300 ps)[17]. By changing the programming of the

pulse generator, I can actively drive the MuCHOS into any configuration. It needs to be high-

lighted here that the reconfiguration is not event-ready since the clocking is derived from the

pump laser rather than the emission of the single-photons from the QD. Driving voltages were

optimized by maximizing the coincidence counts between the different channels. As imperfec-

tions in the fabrication may cause non-ideal performance, it is necessary to apply a nonzero

voltage. To verify the correct operation of the MuCHOS, as well as synchronization with the

master laser, I first reconstruct the time histograms of two-photon coincidence counts between

the first output of the demultiplexer and all other channels. The MuCHOS is cyclically oper-

ated such that the first photon is sent to output one, the second to output two, and so on, and

coincidences are measured between all four outputs simultaneously.

4.4 Discussion

The histograms from the photon-coincidences detected by all four APDs are presented in Fig

4.4. Enhanced peaks are clearly observed in coincidences at the corresponding delays of our

demultiplexer, together with suppressed counts at different delays—indicating the MuCHOS

is functioning. The non-vanishing coincidence counts (smaller peaks) in the histograms arise

from imperfect operation of the modulated couplers. From the data in Fig. 4.4 I calculated the

splitting ratios of the three switches for both settings using a least-squares fitting procedure

(see Table 4.1). The presence of non-zero off values and non-unity on values reveals the non-

ideal operation of the device. The absence of counts at zero time delay (at the same level of

accidental counts) is due to the low g2(0) value of the source, measured as g2(0) = 0.029± 0.00

at P = 3P0 in [15].

switch 1 2 3
on 0.87 ± 0.06 0.94 ± 0.05 0.90 ± 0.06
off 0.06 ± 0.02 0.13 ± 0.03 0.13 ± 0.05

Table 4.1: Splitting ratios of the directional couplers calculated from the data in Fig. 4.3, with
uncertainty from the fit confidence. Non-zero off values are caused by incorrect voltages from the
pulse generator. Non-unity on values are caused by incorrect driving voltages and deviations from the
desired coupling rate due to waveguide imperfections.

I measure the relationship between the power-dependent rate of two-photon coincidences

cDM(2)= cmax(2)[1 − exp(−P /P0)]2 at outputs 1 and 2 of our demultiplexer (inset Fig. 4.5).

As expected for a QD pumped under quasi-resonant excitation it follows a saturation function

quadratic in the P -dependance of the single-photon brightness. A fit to the data results in a

maximum detected 2-photon rate of cmax(2)= 70.9 ± 3.0 Hz, and the saturation power of P0 =
348±16µW. The rate of two-fold and three-fold photon coincidences are respectively 65±10s−1

and 0.11 ± 10s−1 at the output for a pump power P=660µW. The switching efficiency ηDM is
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Figure 4.4: Two-photon coincidences between the first output (1) and other outputs (2, 3, 4) for a
pump power P = 660µW and a two minute acquisition time

finally estimated by fitting all ten combinations of two and three photon coincidence rates with

Eq. 4.1, with R = 80 MHz, ηdet = 30%, and ηSD = 0.76% is calculated from the total number of

counts measured with the four detectors. I find an average switching efficiency ηDM = 0.78±0.06,

in good agreement with the value ηDM = 0.80±0.09 predicted from the measured splitting ratios.

Four-fold coincidences were predicted to be 0.18 ± 0.06 mHz due to the low value of T in the

current system, producing insufficient statistics in the acquisition time of 87 min. Dark counts

of our detectors were ∼300 Hz per detector, giving no significant contribution to coincidence

measurements.

To investigate the potential of our technology for the realisation of a multi-photon source

with larger numbers I calculate the expected photon rates at the output of the demultiplexer

for a state-of-the-art QD with 15% polarised brightness pumped under resonant-excitation [18].

The transmission of waveguide is tested at 932 nm on the first and fourth on two central

inputs. The total transmission of our demultiplexer is tested by coupling the waveguide with

a gaussian mode from a single-mode optical fibre, and is found to be T=30%. This value is

compatible with an overlap with the waveguide mode ≃ 85% as measured from mode imaging at

the output of the waveguide, 14% Fresnel losses at the input and output facet, and propagation

losses ≃0.65 dBcm, and is the same value measured from a straight waveguide fabricated on

the same chip, meaning that the couplers and electrodes did not introduce extra losses. In Fig.

4.5 I report the expected photon rates for increasing photon numbers calculated for a pump

rate R = 80 MHz, ηDM = 78%, and a transmission T = 0.3/(0.86 × 0.86) corrected for Fresnel

losses, that can be eliminated with an anti-reflection coating at the input and output facets.

The QD brightness is corrected by an additional loss factor 65% that takes into account the

coupling efficiency of the QD emission mode to a single mode fibre [15].The proposed system

with these parameters is expected to outperform a probabilistic demultiplexing scheme—made
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of a network of passive beam splitters with zero propagation losses—or a number of photons

n>4 and would enable a brightness which is three orders-of-magnitude larger than what could

be obtained with six heralded SPDC sources with equivalent quality and brightness of 0.075

[18] (see Fig. 4.5). The same calculation for a resonantly-excited QD with a 14% brightness

measured at the output of a single-mode fibre [19], shows that would enable, a 6-photon rate

of ≃ 0.1 Hz.

Figure 4.5: Comparison between the estimated photon rates at the output of the demultiplexer of an
active (○) and probabilistic (◻) demultiplexing schemes for a state-of-the-art QD pumped [18] under
resonant excitation. (3) shows the rate of n heralded single photon sources with brightness of 0.75%.
Inset shows the measured two-photon coincidence rates cp(2) as a function of the pump power P. Red
line is the fit made with the saturation function given in the main text. Error bars are smaller than
data points.

This technology offers great potential for further improvement, in particular by the use of

the Reverse Proton exchange (RPE) technique [13] for an improved coupling with optical fibres,

and reduced surface-scattering losses. APE technique implemented in this work generates an

asymmetry in the measured intensity profile of the waveguides due to the asymmetry in the

refractive index profile. One of the main impact is reduces the coupling efficiency with the

optical fiber and the mode overlap in the frequency conversion process. For example the

non-vanishing coincidence counts in the histograms peak (Fig. 4.4). To overcome the device

imperfection, RPE technique is proposed which H+ near the LN surface are removed while other

proton are annealed deeper into the substrate. The significant component for effective coupling

mode is the anisotropic diffusion because the lateral H+ plays a crucial role in fabricating

waveguides. Lenzini and co-workers [13] show the changes in the peak of the mode profile

of the RPE waveguide symmetrically while reducing the surface scattering component of the

losses and demonstrates 90% coupling efficiency. As for this work, I estimate that I can achieve

insertion losses, lower than 3 dB. Furthermore the switching efficiency of the couplers can be

increased with an optimised driving voltage and waveguide fabrication process. Such upgrades

will enable the scaling of this platform to a larger number of photons.
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4.5 Conclusion

I have proposed, and experimentally implemented, active demultiplexing of single-photons from

a solid-state source with a single integrated device. The performance of the demultiplexer has

been analysed in conjunction with a quantum-dot micropillar device pumped under quasireso-

nant excitation, and I have discussed the potential of our technology for state-of-the-art quan-

tum dots. The proposed demultiplexing device is of general interest for any bright, temporally

distributed single-photon source and provides a scalable approach for the realisation of multi-

photon sources of larger photon numbers. Our platform thus constitutes a very promising

approach for scalable quantum photonics, in particular for protocols of intermediate—i.e., non-

universal—quantum computation, such as Boson Sampling [20–22] with multiphotons states

up to N = 14 even at low photon rate [23].
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CHAPTER 5

OPTICAL ENTANGLING GATES

5.1 Introduction to entanglement

Entanglement is a phenomena at the heart of foundation for quantum mechanics [1] and an

essential building block for quantum technologies. Quantum entanglement refers to correla-

tions between the results of measurements made on distinct subsystems of a composite system.

These correlations cannot be explained in terms of standard statistical correlations between

classical properties inherent in each subsystem [2]. Famously, early discussion of entanglement

was led by Schrödinger [3] and Einstein, Podolsky and Rosen in 1935 [4]. Quantum entangle-

ment has moved from a “spooky theory” to a key phenomena enabling tasks such as quantum

cryptography [5], quantum teleportation [6, 7] as well as quantum information [8]. In the 1960s,

attention was refocused on entanglement by Bell [9], and the subsequent CHSH inequality [10].

Previously, researchers realised entanglement either from a single source where two entangled

particles emerge, or interfering two particles with each other. In the early 1980s, Aspect and co-

workers created entanglement by an atomic cascade transition [1]. In the experiment, calcium

atoms excite into higher energy levels and emit photon pairs. The photons are polarisation

entangled, however the process is slow and happens in random directions. Ever since then,

innumerable experiments had been carried out to explore the mystery of entanglement involving

protons [11, 12], atoms [13], trapped ions [14, 15] and photons [16–20].

In the late 1980s, the most popular and conventional technique to generate pairs of en-

tangled photons was spontaneous parametric downconversion [16, 17, 21–23]. In this, a pair

of correlated photons is generated when a nonlinear crystal χ(2) is optically pumped and the

pairs are naturally entangled in frequency [17, 24] and transverse spatial mode, and can be

made entangled in polarisation [25]. This technique has shown the highest fidelity entangled

photon pairs [26]. In recent works, Pan and co-workers successfully demonstrated up to ten

entangled photons [27], at a count rate that is three orders of magnitude higher than any other

down-conversion source at that time. Despite this success, SPDC has an inherent problem,

in that the generation of entangled pairs is probabilistic and follows Poissonian statistics [28].

This means that the photon pairs are generated at random times with a low efficiency [29];

the resulting multiple pairs leads to errors when performing quantum gates. In order to boost

gate performance, one needs to pump with lower power intensity, although this has the unde-

sirable effect of reducing the count rate of the gate [30]. Although this technique has proven
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very useful for demonstrating the viability of small quantum circuits, it is difficult to scale to

larger applications. Furthermore, it is very difficult to maintain the stability of the experiment

involving bulk optical elements. Photonic scalability is what we need in the future as we push

forward with experiments require more complex tasks [31–35]. In attempt to realise scalable

photonic technologies, quantum dots have risen as a major contender in this league.

Recently times have seen multiple observations of entangled photon pairs by quantum dots

[36–38]. Among the first reported were Benson and co-workers [39] and Moreau’s groups [40], via

radiative decay of biexciton-exciton-ground state emission. During this process, two radiative

recombination paths are possible through two exciton states of orthogonal polarisation. The

emitted photons are entangled if the two states are degenerate and the recombination paths

are indistinguishable [39, 41]. Since then, strong efforts has been made to generate entangled

photon pairs from the dots [42–45] for photonic quantum information processing. Akopian

et al. [36] entangled photon pairs by selecting them with spectral filtering. This method

allowed photon pairs within a narrow spectral overlap of the two fine structure components

and erases the information path contained in the photons. The photon pairs were entangled,

violate Bell’s inequality, but the method is not event-ready since it used cw lasers and the pairs

are generated randomly. An example of event-ready polarisation-entangled photon pairs was

demonstrated by Benson et al. [39], using p-i-n junction surrounded by a microcavity. The dot

was electrically driven producing pairs of photons polarised either horizontally or vertically that

violates Bell’s inequality. Although the above mentioned methods generate highly entangled

photons, further improvements are needed in order to solve the fine-structure splitting (FSS)

caused by the imperfect degenerate energy during recombination process. One way is to grow

the dot on higher symmetry substrates [46, 47], another is to apply various tuning schemes

involving electric [48] or magnetic [49] fields, strain [50] or optical [51] fields.

A promising alternative we explore here is to generate entangled photons by manipulat-

ing the highly indistinguishable, on-demand, photons from a QD using linear optical elements

[52–55]. Ideally, when two indistinguishable photons are interfered at a beam splitter—input

labelled as a and b—quantum interference effect ensures that when photons are detected at

different output ports—labelled as c and d—of the beam splitter should be entangled in polar-

isation [21, 22]. The output state is expected to be EPR-Bell state:

∣ψ−⟩ = 1√
2
(∣H⟩c∣V⟩d − ∣V⟩c∣H⟩d) , (5.1)

where H and V is horizontal and vertical polarisation respectively. This scheme relies on coin-

cidence detection, since it also generates two photons in one mode. Fattal et al. [52] observed

a clear violation of Bell’s inequality with a high fidelity of 0.69, beyond the classical limit of

0.5. However, due to its low quantum extraction efficiency, the entanglement produced from

this method does not allow the creation of event-ready entangled photon pair. In fact, the

post-selection suggests that the entangled photons are destroyed when this method succeeds.

Current advanced in a deterministic fabrication technologies has improved the inherent col-

lection efficiency of single photons based on semiconductor quantum dots, achiving efficiencies
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as high as 65% [56–60]. Such sources are very suitable for use in linear optics, where entan-

gling gates consist of linear optical elements such as beam splitters and wave-plates as well as

detectors. This shall be further discussed in details in Section 5.3.

5.2 Photons as qubits

In the classical information, the basic unit of information is known as a bit. A bit has two

states—it can only be either 0 or 1. For example, a flipped coin can land on heads or tails,

but not heads and tails at the same time. On the other hand, quantum information can be

presented by a quantum bit—qubit—that can be in other state than the basis states ∣0⟩ and ∣1⟩.
A two-level quantum systems, qubits can occupy any superposition of these two basis states as

follows;

∣ψ⟩ = α∣0⟩ + β∣1⟩ = α
⎛
⎝

1

0

⎞
⎠
+ β

⎛
⎝

0

1

⎞
⎠
, (5.2)

where ∣0⟩ and ∣1⟩ are the two basis states that form the qubit while α and β are complex

numbers which satisfy ∣α∣2 + ∣β∣2 = 1. The absolute square of the probability amplitude ∣ψ∣2,

give the probability of measuring the qubit in states ∣0⟩, ∣α∣2 and ∣1⟩, ∣β∣2. All the states in

Eq. 5.2 can be represented in Bloch-sphere as illustrated in Figure 5.1. The pole of the sphere

corresponds to the classical bit values ∣0⟩ and ∣1⟩, or computational basis states, and all other

states are quantum superposition states.

Figure 5.1: Bloch sphere representation of a qubit in pure quantum states i.e with the computational
basis states

While ideally the states are assumed to be pure, in reality during the experiments noise is

inevitable. Thus, mixed quantum states, which lie within the sphere, can be represented by the

density-matrix operator:

ρ̂ = ∑
i

pi∣ψi⟩⟨ψi∣, (5.3)

where pi represents the probability that the light field occupies state ∣ψi⟩. For pure states, pi

is pi≠0 = 0 and p0 = 1. The ensemble average of an observable Ô can be found from the trace of
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its product with the density matrix [61]:

⟨Ô⟩ = Tr{ρ̂Ô}, (5.4)

when the photon number states are used as basis states, the diagonal elements of ρ̂ contain the

photon number probabilities:

P (n) = Tr{ρ̂∣n⟩⟨n∣⟩} = ⟨n∣ρ̂∣n⟩, (5.5)

where P (n) is the probability that a source emits n photons. The photon number probabilities

are normalised such that:
∞

∑
n=0

P (n) = Tr{ρ̂} = 1, (5.6)

which satisfies the usual density-matrix normalisation condition.

Arguably, the simplest way to realise quantum states is with photons. They are ideal

carriers to encode the information over long distance due to their low interaction with the

environment. Bennet and Brassard [62] proposed in 1984 that photons can be used to encode

messages via secret key-distribution to avoid eavesdropping. More recently, photons have been

used to realise in efficient quantum-logic gates based on linear optics [63, 64]. In the early

days of quantum information, there were several difficulties in manipulating photonic qubits.

Initially, it thought that entangling photons required a deterministic interaction between two

independent photons in order to achieved a strong nonlinearities during well-defined intervals

[65, 66]. However, in a breakthrough paper Knill and co-workers [63] showed that it is possible to

realise entangled photons using only linear optical elements. A key challenge is realising source

of highly indistinguishable deterministic single photons in quantum computation [67, 68] and in

quantum repeaters [69, 70]. Quantum teleportation has been realised with probabilistic gates

[64, 71], but this type of scheme has massive resource overhead and does not stable, hence is a

major roadblock for quantum photonics.

5.3 Non-deterministic entangling gates

Qubits can be encoded in various degrees-of-freedom of photons, such as polarisation [72],

orbital angular momentum [73], time-bin [74, 75], and spatial mode [76]. In this chapter we will

manipulate the polarisation of the photons. This is an excellent encoding due to the availability

of high efficiency polarisation-control elements, and the relative insensitivity of most materials

to birefringent thermally-induced drifts [17, 77]. Early sources of polarisation-entangled photons

suffered low brightness and low efficiency [17–20]. With our second second-generation device,

we obtain single-photon with high brightness and efficiency, and are able to generate pairs of

entangled polarisation photons using linear optical entangling gates. In this section, we will

briefly discuss the theory behind such optical entangling gates.

Beam splitters play a critical role in a range of devices: interferometers [78]; quantum entan-
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gler [79]; and Bell measurement device [22]. We present a single photon by the bosonic creation

operator, â†, as ∣1⟩ = â†∣0⟩ where ∣0⟩ is the vacuum state of the field. The corresponding anni-

hilation operator, â, removes the photon ∣0⟩U = â∣1⟩U . These operators obey the commutation

relation [â, â†] = 1 which implies that â∣n⟩ = √
n∣n − 1⟩ and â†∣n⟩ =

√
n + 1∣n + 1⟩. Now the

transformation from input to output in a beam splitter is [80]:

âU → tâU + irâR , aR → tâR + irâU , (5.7)

where U and R signify the mode upward and downward modes, and,

[âU , â†
U] = [âD, â†

D] = 1, (5.8)

with all other commutation relations equal to zero.

Ideally, a lossless 50% beam splitter [81] is characterised by following transformation:

â→ (ĉ + id̂)/
√

2, b̂→ (iĉ + d̂)/
√

2. (5.9)

For polarising beam splitter (PBS), the transformation is as follows:

âH → ĉH and âV → îdV , (5.10)

b̂H → d̂H and b̂V → îcV . (5.11)

The transmission and reflection of beam splitters is illustrated in Fig. 5.2 where two incoming

modes on either side of the beam splitter be denoted by a and b and the outgoing modes by

c and d. When two single photons interfere at the beam splitters, they can be entangled. The

relationship between the input and output can be described as follows:

⎛
⎝
â†

1

â†
2

⎞
⎠

in

→ U
⎛
⎝
â†

1

â†
2

⎞
⎠

out

(5.12)

where the 50/50 beam splitter matrix is defined by U = 1
√

2

⎛
⎝

1 i

i 1

⎞
⎠

.

Under this transformation, the Bell states is given by:

∣ψ+⟩ = 1√
2
(ĥ†

1v̂
†
2 + v̂

†
1ĥ

†
2)in∣0⟩ →

i√
2
(ĥ†

1v̂
†
1 + v̂

†
2ĥ

†
2)out∣0⟩, (5.13)

∣ψ−⟩ = 1√
2
(ĥ†

1v̂
†
2 − v̂

†
1ĥ

†
2)in∣0⟩ →

1√
2
(ĥ†

1v̂
†
1 − v̂

†
2ĥ

†
2)out∣0⟩, (5.14)

∣φ±⟩ = 1√
2
(ĥ†

1ĥ
†
2 ± v̂

†
1ĥ

†
2)in∣0⟩ →

1√
2
(ĥ†

1ĥ
†
2 ± v̂

†
1v̂

†
2)out∣0⟩, (5.15)

Our goal in this chapter is to generate entanglement between independent single photons

emitted by single QD of our second generation device QD in our lab. In principle, entanglement
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Figure 5.2: The beam splitter with two input modes ; a and b and two output modes c and d

can be induced between noninteracting single-photons, provided they are quantum mechanically

indistinguishable [52]. Taking advantages of our deterministic and indistinguishable single-

photons [56], we create polarisation-entangled photon-pairs by measurement [21, 22]. This

type of entanglement can be easily produced and manipulated with basic optical elements

e.g., polarising beam splitters, polarisers and wave plates [29]. The most significant advantage

is that this scheme does not require photon-number resolving detectors. Furthermore, the

photons are sent through a Hong-Ou-Mandel setup instead of a Mach-Zechnder interferometer,

thus removing the requirement of maintaining phase stability on the order of the photon’s

wavelength. This stabilisation will produce a better visibility at HOM interference [82].

5.4 Event-ready entangling gates

Browne and Rudolph [83] proposed using linear optical elements such as beam splitters and

wave plates, to boost success probability of the probabilistic gates by replacing the teleportation

gate [84] with a fusion mechanism [85, 86]. This fusion gate scheme produces an entangled

states with a probability of 50%, reduces resource overhead by heralding on successful events,

and recycling already entangled photons in the event of a failed detection when attempting to

produce more. Fig. 5.3 illustrates the fusion gate with four inputs each a single photon, half-

wave plates (HWP), the polarising beam splitters (PBS), with the output sent to a rotating

polarizing beam splitter (RPBS) and detectors. The framework of theory allowing for non-

perfect visibility in our experiment is developed by Nicolas Quesada [87]. We will be dealing

with linear optics calculations involving spatial modes, polarisation degrees of freedom and

partially distinguishable photons. The following notation: ai,σ,k is a destruction operator for a

photon in path i, polarisation σ, and frequency profile k. These operators satisfy commutation

relations:

[ai,σ,k, a†
i′,σ′,k′] = δi,i′ , δσ,σ′δk,k′ , (5.16)

[ai,δ,k, ai′,δ′,k′] = 0, (5.17)

[a†
i,σ,k, a

†
i′,σ′,k′] = 0 (5.18)
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The values σ = 1 for horizontal polarisation and σ = 2 for vertical polarisation. Polarising beam

splitters (PBS) and half wave plates (HWP) in the operators. For each of these operations one

can introduce a unitary operators, Ui,j (for a PBS between paths i and j) and Vk (for a HWP

in path k) whose action in the canonical operators is as follows

Uijai,1,kU †
ij = ai,1,k , Uijai,2,kU †

ij = aj,2,k, (5.19)

Vkak,1,lV†
k =

ak,1,l + ak,2,l√
2

= dk,1,l , Vkak,1,lV†
k =

ak,1,l − ak,2,l√
2

= dk,2,l. (5.20)

The operators dk,σ,l satisfy commutation relations analogous to Eq. 5.16 and can be identified

with destruction operators for the diagonal (σ = 1) and antidiagonal (σ = 2) polarisations. PBS

and HWPs do not modify the frequency profile of the modes, i.e., they leave unchanged the

third index of the operators.

The inputs of the gates are prepared as follows:

∣ψin⟩=d†
1,1d

†
2,1d

†
3,1d

†
4,1∣vac⟩=∣D⟩1∣D⟩2∣D⟩3∣D⟩4, (5.21)

where four inputs (d = 1,2,3,4) in the paths 1−4 are prepared in the diagonal polarisation state

∣D⟩i = 1
√

2
(∣H⟩i+∣V ⟩i). Each pair of photons are interfered at respective PBS as follows—Photon

1 and Photon 2 at PBS1, while Photon 3 and Photon 4 at PBS2. This yields:

∣ψPBS⟩ = U12U34∣Ψin⟩ = U12d
†
1,1d

†
2,1U

†
3,1d

†
4,1U

†
34∣vac⟩ (5.22)

=1

4
(a†

2,2a
†
2,1 + a

†
1,1a

†
1,2 + a

†
1,1a

†
2,1 + a

†
2,2a

†
1,2)

×(a†
4,2a

†
4,1 + a

†
3,1a

†
3,2 + a

†
3,1a

†
4,1a

†
4,2a

†
3,2) ∣vac⟩

=1

4
(∣0⟩1∣HV⟩2 + ∣HV⟩1∣0⟩2 + ∣H⟩1∣H⟩2 + ∣V⟩1∣V⟩2)

× (∣0⟩3∣HV⟩4 + ∣HV⟩3∣0⟩4 + ∣H⟩3∣H⟩4 + ∣V⟩3∣V⟩4)
=∣φ12⟩∣φ34⟩

(5.23)

The total states are sent to a rotated PBS (RPBS) which consist of PBSs with HWPs in each

inputs and outputs. Finally one looks at the state of modes 2 and 3 conditioned on two clicks

in polarisation sensitive detectors placed in paths 1 and 4. It is direct to calculate the effect

of the rotated PBS in the state ψ. However, the projected states after RPBS are complicated

and extensive, hence we will consider two paths — path with a vacuum component and path

contain one photon.
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Figure 5.3: Four single photons are sent to the fusion gate as input to two PBS’s as shown. The
HWPs rotate the outputs of these PBS’s. Two of the outputs are then interfered again at the third
PBS and successful events are detected by polarisation discriminating single-photon detectors.

5.4.1 One path with a vacuum component

This is where at least one of the paths has zero photons:

∏ 0∣ψPBS⟩ =
1

4

⎛
⎝
(∣0⟩1∣HV ⟩2 + ∣HV ⟩1∣0⟩2)(∣0⟩3∣HV ⟩4 + ∣HV ⟩3∣0⟩4)

+ (∣0⟩1∣HV ⟩2 + ∣HV ⟩1∣0⟩2)(∣H⟩3∣H⟩4 + ∣V ⟩3∣V ⟩4)

+ (∣H⟩1∣H⟩2 + ∣V ⟩1∣V ⟩2)(∣0⟩3∣HV ⟩4 + ∣HV ⟩3∣0⟩4)
⎞
⎠

(5.24)

By eliminating terms that does not have two photons in modes 1 and 4 and two photons in

modes 2 and 3, we have:

∣ψRPBS⟩ =
1

4
(∣0⟩1∣HV ⟩2∣0⟩3∣HV ⟩4 + ∣HV ⟩ − 1∣0⟩2∣HV ⟩3∣0⟩4) (5.25)

The probability of getting this state 1/8. The state after RPBS can be shown as

URPBS ∣0⟩1∣HV ⟩4 =
1

4
(
√

2(∣0⟩1∣2H⟩4 − ∣2H⟩1∣0⟩4 − ∣2V ⟩1∣0⟩4 + ∣0⟩1∣2V ⟩4)

+2∣HV ⟩1∣0⟩4 + 2∣0⟩1∣HV ⟩4)
(5.26)

URPBS ∣HV ⟩4∣0⟩1 =
1

4
( −

√
2(∣0⟩1∣2H⟩4 − ∣2H⟩1∣0⟩4 − ∣2V ⟩1∣0⟩4 + ∣0⟩1∣2V ⟩4)

+2∣HV ⟩1∣0⟩4 + 2∣0⟩1∣HV ⟩4)
(5.27)

Above equations show that if there are photons in orthogonal polarisation in either path 1 or

4, we will have two clicks with the probability of getting two clicks at once is 1/2. Hence, the

overall probability of going to the state is 1/8 × 1/2 = 1/6. If these clicks occur the state will
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collapse into

∣ψD⟩ = 1√
2
(∣HV2⟩2∣0⟩3 + ∣0⟩2∣HV ⟩3), (5.28)

This states can be turned into an entangled state by sending photons 2-3 to a PBS that

transforms into

∣ψE⟩ = U2,3∣ψD⟩ = 1√
2
(∣H⟩2∣V ⟩3 + ∣V ⟩2∣H⟩3). (5.29)

5.4.2 One photon in each path

Now we look at paths with one photon each. It is given by

∣ψ1
3⟩ = (I −Π0)∣ψ2⟩ =

1

4
(∣H⟩1∣H⟩2 + ∣V ⟩1∣V ⟩2)(∣H⟩3∣H⟩4 + ∣V ⟩3∣V ⟩4) (5.30)

The probability of obtaining this state is 1/4. If now one introduces the four (normalised) Bell

states

∣φ±⟩ = 1√
2
(∣H⟩∣H⟩ ± ∣V ⟩∣V ⟩), ∣ψ±⟩ = 1√

2
(∣H⟩∣V ⟩ ± ∣V ⟩∣H⟩) (5.31)

It can be written as

∣ψ1
3⟩ =

1

4
(∣ψ+⟩1,4∣ψ+⟩2,3 + ∣ψ−⟩1,4∣ψ−⟩2,3 + ∣φ+⟩1,4∣φ+⟩2,3 + ∣φ−⟩1,4∣φ−⟩2,3) (5.32)

Now, the RPBS with detectors is a Bell state analyser that works half the time (i.e can dis-

criminate only the 2 symmetric Bell states) hence the overall probability for this sector of the

ket Eq. 5.22 to generate entangled states is 1/2 × 1/4 = 1/8. Adding the probabilities from

the two previous subsections we find an overall probability of 1/8 + 1/16 = 3/16 of preparing a

maximally entangled state.

Click pattern Projected state Probability

(1H ,1V ,4H ,4V ) ∣ψ⟩(1H ,1V ,4H ,4V ) ρ(1H ,1V ,4H ,4V )
(1,0,1,0) 1

8(∣V ⟩2∣V ⟩3 + ∣H⟩2∣H⟩3) 1
32

(1,1,0,0) 1
8(∣0⟩2∣HV ⟩3 + ∣HV ⟩2∣0⟩3) 1

32

(1,0,0,1) 1
8(∣V ⟩2∣H⟩3 + ∣H⟩2∣V ⟩3) 1

32

(0,1,1,0) 1
8(∣V ⟩2∣H⟩3 + ∣H⟩2∣V ⟩3) 1

32

(0,0,1,1) 1
8(∣0⟩2∣HV ⟩3 + ∣HV ⟩2∣0⟩3) 1

32

(0,1,0,0) 1
8(∣V ⟩2∣V ⟩3 + ∣H⟩2∣H⟩3) 1

32

Table 5.1: Different patterns in paths 1 and 4 that can generate a maximally entangled state in paths
2 and 3. This table is assuming that photon number resolving detectors are available and they can
distinguish between zero, one and more than one photons.
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5.4.3 A simple model of partially indistinguishable photons

So far the calculation assumes fully indistinguishable single photons. Now let us consider

partially indistinguishable single-photons [88] initial input state entering the gate:

∣Di⟩ = (
√

1 − ηd†
i,1,0 +

√
ηd†

i,1,i)∣vac⟩, (5.33)

where we can distinguish two term here; the photon entering path i will have a component

shared with the other photons (
√

1 − ηd†
i,1,0∣vac⟩ and a component that is different an orthogonal

to all others given by (
√

1 − ηd†
i,1,i∣vac⟩. The overlap between photons i and j is given by

⟨1i∣1i⟩ = 1 − η (5.34)

If they were sent to a Hong-Ou-Mandel (HOM) setup with zero delay then the probability of

getting simultaneous clicks in the two output ports is

vmin = η −
η2

2
(5.35)

This is the minimum click probability in a HOM experiment. The maximum click probability

is obtained by putting a huge delay between photons i and j and equals vmax = 1/2. With this

two pieces of information we can construct the visibility

V = vmax − vmin
vmax

= (1 − η)2 = ∣⟨1i∣1j⟩∣2 (5.36)

We can finally write

η = 1 −
√
V (5.37)

5.4.4 Expected outcome

In this section we will discuss the outcome of entangled photons from partially distinguish-

able photons. The calculations will be more extensive as we need to consider photons in 4

paths, 2 polarisation and 5 frequency profiles (1 shared profile + 4 different and mutually or-

thogonal). As a results, this gives 40 different operators. The state after the PBS and RPBS

contains 104 different components. Since the photons are partially distinguishable, the state

of the photons in mode 2 and 3 will no longer be maximally entangled. However, the overall

probability of getting the event distribution considered in Table 5.1 does not change and still

each event has a probability equal to 1/32. Hence, the normalised density matrices in the basis

∣H⟩2∣H⟩3.∣H⟩2∣V ⟩3, ∣V ⟩2∣H⟩3, ∣V ⟩2∣V ⟩3 are

ρ1 =

⎛
⎜⎜⎜⎜⎜⎜
⎝

V +1
4 0 0 V 2

2

0 1−V
4 0 0

0 0 1−V
4 0

V 2

2 0 0 V +1
4

⎞
⎟⎟⎟⎟⎟⎟
⎠

(5.38)
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ρ2 =

⎛
⎜⎜⎜⎜⎜⎜
⎝

1−V
4 0 0 0

0 V +1
4

V 2

2 0

0 V 2

2
V +1

4 0

0 0 0 1−V
4

⎞
⎟⎟⎟⎟⎟⎟
⎠

= (I⊗ σx)ρ1(I⊗ σx) (5.39)

The concurrence C of these two states is the same since they are related by a local unitary

transformation and can be denotes as [89, 90] :

C(V ) = max[0, (2V 2 + V − 1)/2] (5.40)

The concurrence function as visibility can be illustrated in Fig. 5.4 where for visibility, V

below 0.5, the concurrence C = 0, while V > 0.5 the concurrence increase near linearly until

C = 1 for V = 1.

Figure 5.4: Concurrence, (C) as a function of visibility, (V)

5.5 Experimental setup

5.5.1 Single photon source

Our single photons are generated by our second-generation quantum-dot device at the Quantum

Technology Laboratory at The University of Queensland. These devices are InGasAs quantum-

dots deterministically coupled to electrically-tuned pillar cavities [57, 91]. The devices are kept

in a low vibration closed-cycle, cryostat at 7 Kelvin. The experimental setup is shown in Fig

6.2 where the QD is excited resonantly at its p-shell by a Ti:Sapphire laser wavelength centred

at 925.5nm, with a repetition rate of 82 MHz: ie every 12.5ns. The p-i-n diode structure is

embedded to the pillar cavity and electrical contacts are defined to control the QD resonance

through the confined Stark effect. Photons are preferentially emitted into the cavity mode

because of enhanced spontaneous emission. The experiments are performed with a neutral

exciton in resonance with the cavity mode, which yields single-photon lifetimes of 160ps and a

wavelength 925.47nm. This short single-photon lifetime allows increasing the laser repetition

rate by a factor of 4—from 82 to 328 MHz—using a passive pulse multiplier composed of

beam-splitters and delay lines. The single photons are collected by a microscope objective lens

(Olympus LMPLN-IR/LCPLN-IR N.A = 0.45) and pass through a half-wave plate (HWP) and
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a quarter-wave plate (QWP) before being separated from the pump excitation by a polarising

beam splitter (PBS). The HWP and QWP are design to control the polarization with respect

to the cavity and axes to correct any polarization ellipticity arise due to the electrical contact

between the p-i-n diode and the pillar [92].

Figure 5.5: Experimental setup for optical entangling gates with single-photon source, active demul-
tiplexer, fusion gate and detectors

5.5.2 Spatio-temporal demultiplexer

A stream of single photons are then collected using single-mode fibre and sent to the demul-

tiplexer. The demultiplexer consist of three intensity electro-optic modulator (EOM) trans-

forming temporal into four-spatial input mode for the entangling gate. This is to ensure that

the inputs of the gate remains its indistinguishability even when they are separated more than

few nanoseconds [93–95]. We construct a fast demultiplexer using a configurable customised

resonance-enhanced QUBIG EOM (20 MHz) with low loss transmission, and a low-voltage con-

trol (∼ 5V ). The demultiplexer four output modes are collected using single-mode fibres. The

measured optical transmission of the switches is ηdemux= 94.8%, 93.7% and 96.7%. By using

half-waveplates (HWP) and polarising beam splitter (PBS), the photons are separated into four

different spatial modes as input to the fusion gate—path 1 to 4. The polarised single photons

are routed into four distinct spatial modes synchronously with the laser trigger. In order to

make sure all the single photons arrive simultaneously, we varying appropriate path length of

fibres and free space tuning.

5.5.3 Optical entangling gates

All four single photons with the same temporal mode from the demultiplexer are sent to the

fusion gate, which we denote as ∣1⟩1 , ∣1⟩2 , ∣1⟩3 and ∣1⟩4. Each pair are then prepared in a

diagonal polarisation as in Eq. 5.13. Photon 1 and 2 interfere at PBS1 and Photon 2 and 3

interfere at PBS2. The resulting state after PBS1 and PBS2 interfere at a rotating polarising

beam splitter (RPBS) where the Type-II fusion mechanism happens. This can be accomplished

by inserting HWPs in both input and output of the PBS. By detecting both output modes, 2
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and 3, the input state is projected into a maximally entangled Bell state. This will be projected

onto one of the four Bell states, which form a complete basis for the combined state of photon

2 and 3 [96]. The advantage of this scheme is once we detect photons at out 2 and 3, we can

confirm the entangled pairs at output 1 and output 4. This prepares event-ready entangled

pairs of photons for other experiments that require entangled photons.

The polarisation analysis can be read in details in Ref.[82]: the configuration allows one to

distinguish between the Bell states due to the different outcomes of the interference at the beam

spitter and the subsequent polarisation analysis. The spatial part of the state determines the

photon statistics behind the (polarisation insenstitive) beam splitter. This result either in both

photons leaving the beam splitter via the same output beam for symmetric spatial part or in

one photon exiting into each output for antisymmetric spatial component of the state—where

a photon state has to be bosonic. ie. symmetric upon exchange of the particle. Thus the

symmetry of the spatial part of the wave function will be changed together with the spin part.

This is the case when switching to and from ψ−. For changing between other three Bell states

the spatial part of the wave function remains unchanged, giving the characteristic interference

effects. Mattle also mentioned that since only the state ψ− has an antisymmetric spatial part,

only this state will be registered by coincidence detection between the different outputs of the

beam splitter for instance coincidence between detector Dh and D′

v or between D′

h and Dv).

5.5.4 Quantum tomography

In order to get a comprehensive study of the polarisation entangled state of our system, we

perform quantum state tomography by reconstruct the reduced density matrix of the two output

photons [97, 98]. To fully characterise the polarisation states, we performed measurement in

either the linear basis linear basis {∣V ⟩, ∣H⟩}, the diagonal basis {∣D⟩, ∣A⟩} or the circular basis

{∣R⟩, ∣L⟩} [99]. The setup includes half-and quarter wave-plates, a polarising beam-splitter

and single-photon detectors at outputs 2 and 3. The polarisation transformation between the

different bases is performed by the two wave-plates. The polarization of the photon is then

projected onto the {∣V ⟩, ∣H⟩} basis by the PBS and detected. The tomography for single-qubit

is constructed by three linearly independent measurements. If two detectors are utilized at each

output, then there are three measurement settings needed to obtain a full description. Assuming

the input state is a superposition of the two linear polarizations states ∣ψ⟩ = 1
√

2
(∣H⟩ + ∣V ⟩),

the detected count rates of the two detectors are expected to be equal and half of the total

count rate when measuring in the linear polarization basis. But as a eigenstate of the other

basis generates the same detection pattern, the chosen measurement setting is not sufficient

to faithfully reconstruct the input state. By measuring projection onto the six basis states a

detection pattern emerges that is reconciled uniquely by the input state. If the state of interest

is a two qubit state, e.g. a Bell state, the tomography is performed by permuting between the

two outputs setups to generate nine different measurement settings [100]. The detection events

in the different bases are correlated between the two detection setups to achieve a description

of the two-qubit state. The fidelity, F is defined as the overlap with a maximally entangled
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state. ∣ϕe⟩ = (∣0⟩A∣1⟩B − ∣1⟩A∣0⟩B)
√

2 as F = ⟨ϕe∣ρ∣ϕe⟩. A fidelity F > 0.5 shows that the state

ρ is entangled [15]. The fidelity is dependent on the choice of expected state.

The measurement of entanglement of a bipartite system is quantified by the tangle τAB=[max{0,

λ1 - λ2 - λ3 - λ4}]2 [101] where λi is the eigenvalues of the density matrix ρAB for bipartite

system consisting of qubits A and B.

5.6 Results and discussions

5.6.1 QD performance

In order to test the performance of our gates, we characterise our device in terms of multi-

photon suppression, which corresponds to the purity of the single photon state, g(2) and its

indistinguishability, VHOM . The experiments are performed with only neutral-charged dots.

Fig 5.3 (a) depicts the source with g(2) = 5.9% under integration windows for 2 ns for each

peak. Note the value is quite higher than the source reported in [57] due to poor filtering of

light scattered from the excitation laser. As previously mentioned, the entanglement depends

on the visibility of the two-photon interference. The photon-photon interference is performed

between two inputs passing through our entangling gates. The extracted visibility is shown in

Fig. 5.3 (b) with V12.5ns = (85.1±0.48)%. (without background correction) and V12.5ns = (91.0%

(with background correction). From the value we are expecting a concurrence of ≃ 0.65 (see Fig.

5.4). As we are at the early installation stage, the experiment is performed without any spectral

shaping of the pulse laser. According to [57], with spectral shaping the value approximately

about 40 ps, indistinguishability can be observed about 90% and g(2) could be suppressed to

1%. It is interesting to note in this work, the value of VHOM obtained from the experiment

were done without any frequency manipulation—either pump shape [57] or filtering the output

with an etalon [37]. Both [37, 57] had higher indistinguishability by using a filter to reduce the

scattered laser light, and hence improve the indistinguishability of the device. Another way

to suppress the scattered excitation laser is by controlling the crossed polarisation laser at the

excitation path [92].

Based on Eq. 5.20, we measure the concurrence, C and obtained C = 0.37±0.088. However,

one BS had lower VBS2 = 67% and this limits C. Although we have seen a better value of

VHOM [57], the photon flux produce by our source is worth to be highlighted as it is in a

order of magnitude than reported by Zhang and co-workers [102]. Thus, we observe a clean

and clear two-photon interference between single photons via optical entangling gates proven

that our source is ready to overcome a proof-of-principle experiment done by [102] from the

SPDC source. This scheme was developed assuming the photons are fully indistinguishable and

interfered at a perfect beam splitters. If all beamsplitters have identical measured visibility, we

expect the concurrence value obtained is higher than C = 0.37±0.09. However, after a thorough

investigation we are able to identify the imperfect beam splitter in the setup with VBS2 = 67%

and VPBS3 = 95%.
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Figure 5.6: Performance of QD single-photon source a) Second-order correlation histogram, g(2) for
QD under resonant excitation at T = 7 K b) Correlation histogram measuring the indistinguishability
of single photons emitted at 12.5 ns under resonant excitation. Integration window around each peak
= 2 ns.

Figure 5.7: Concurrence, C versus visibility, V. The red triangle depicts the value for concurrence if
all the beamsplitters have identical measured visibility, V = 85%. The yellow circle is the measured
concurrence in the experiment. The blue square is the value expected if the visibility, V ≈ 67%.

5.6.2 State tomography

Fig. 5.8 shows the reconstructed density matrix of a ∣HV ⟩ input state, the density matrix is

dominated by ∣HV ⟩⟨V H ∣. The fidelity of the reconstructed density matrix with ideal density

matrix is extracted to F∣ψ⟩∣HV ⟩ = 0.59 ± 0.01. Table 5.1 summaries the measured state of the

system.

While in section 5.4.4 predicts the polarisation entangled photons, i.e., stronger outer diag-

onal element in the real part demonstrate the high probability that the photon pairs have the

same linear polarisation. Most significant are the outer-diagonal elements, which are present

due to superposition in the two-photon wave function and are clear indictors of entanglement

[98]. However, the reconstructed matrix obtained from this work shows otherwise. There are

several unwanted contributions that leads to low entanglement. According to Peres [103], the

state is inseparable if the partial transpose of ρ̂ has nonpositive eigenvalue. Although it does

not imply in this particular density matrix, since ρHV,V HρV H,HV contains nonzero, the density

matrix already measure a very small amount of entanglement from distinguishable photons.
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The fidelity value obtained slightly exceeds the classical limit of 0.5 showing a weak entan-

glement regime obtained from our proposed scheme. The reason behind the weak entanglement

value from the density matrix analysis could arise from the imperfect optical elements such the

beam-splitters and wave-plates. It has been suggested by Rezai [104] that with the imperfect

optical elements, the unitary transformation has been compromised. Furthermore, the opti-

cal elements are generally made of dielectric media which have a small absorption amplitude

[105] and Scheel [106] proved that imperfect mode matching interference by the beam splitters

for instance is non-trivial in entangling gates. This has been proven by a multimode analysis

that the imperfect interference is responsible in generating polarisation entangled photons [52].

Furthermore, the degree of entanglement could be improved significantly by reducing the laser

background scattered from resonant excitation [51, 107].

Figure 5.8: State tomography of the projected output detection 1 and 4 a) Real part of the density
matrix b) Imaginary part of the density matrix

Measured state Value
a) Fidelity 0.595 ± 0.02
b) Purity 0.518 ± 0.04
c) Concurrence 0.369 ± 0.09
d) Tangle 0.13 ± 0.07
e) Quantum discord 0.2 ± 0.1

Table 5.2: Summary of the measured entangled photons state fidelities, purity, concurrence, tangle
and quantum discord.
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CHAPTER 6

CONCLUSIONS AND OUTLOOK

In this thesis, I have built a strong platform for producing multi-fold single photons at higher

rates than those available based on spontaneous parametric down-conversion sources. By op-

timising the optical setup we successfully improve collection efficiency of the photon emission

and couple it to a single mode fiber, allowing it to be further used in quantum experiments.

The stream of photons are mutually indistinguishable even when separated by as long as 400

ns. The source is suitable for use with integrated photonics: here we used it with an inte-

grated switch, realising an active demultiplexer: an important step on the route to scalable

technologies. Taking advantage of our bright source, we realised a six-photon rate three orders-

of-magnitude higher that the probabilistic source based on down conversion [1]. In future, the

switching efficiency can be increased using Reverse Proton exchange technique [2]. The de-

multiplexed first generation device can only be excited non-resonantly, creating time-jitter, and

subsequently leading to dephasing of single photon emission. This limits the photons linewidth,

and thus the photon indistinguishability.

Ultimately, we are in the pursue of a device that can be driven coherently. To this end I

installed a second generation device that is on electrically tunable. It was fabricated by our

collaborator group at the CNRS in France using a new technique to couple electric contacts to

the micropillar cavities. Applying voltage through these contact allows tuning of the dot tran-

sition via the Stark shift, and so the ability to excite the dot in resonance with its transition. In

addition, the applied voltage stabilises the electrostatic environment surrounding the quantum

dot, minimising variations in emission. This allows us to perform a resonant excitation on the

dot. We developed a scheme to generate entangled pairs of photons from the stream of single

photons emitted by our second generation device. The scheme is that proposed by Browne and

Rudolph [3] and further modelled by N. Quesada [4] using only linear optical elements such as

beam-splitters, phase-shifters and detectors. Although my measured value of indistinguishabil-

ity VHOM = (85.1±0.48)% is slightly lower than the same device in [5], the device out-performed

the Bell and Rudolph scheme realised with donwncoversion [6], with greater photon flux over

a short integration time.

In the near future, we aim to improve our entangled photon pairs by improving the indis-

tinguishability of our single-photons. In order to improve the visibility, we need to improve

its multiphoton suppressions. The first step is to completely eliminate the background laser

scattering from the collection path [7, 8] and side excitation [9]. The side excitation is where
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the pump path is orthogonal to the collection path. This optimises the indistinguishability

of the single photon by reducing background scattering while preserving other characteristics.

The second step is to design a pulse-shaper to adjust the temporal shape of the excitation pulse

laser [10, 11]. This allows us to shape the pump pulses for optimal frequency match between

the pump pulse and the cavity [12], further improving the indistinguishability of the single

photons.

On the technical side, the on-demand experiment requires careful stabilisation of the laser

energy and power, as small fluctuations in these parameters dramatically affect state tomogra-

phy. The final step to improve device efficiency is to introduce an adaptive-optics to the collec-

tion path, to optimise free-space to single-mode fiber coupling. The adaptive-optics serves as a

wavefront corrector by minimising wavefront aberrations simultaneously maximising the convex

coupled-power [13]. The preliminary results from the on-demand entanglement experiment are

very encouraging: in future there will be high quality entanglement available on-demand from

solid-state photon sources. However, due to current pandemic COVID-19, the maintenance

progress in order to get the system ready is double the length period time than pre-pandemic

time.
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