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Abstract
Single photon emitters (SPEs) serve as the fundamental building blocks of photonic networks for
applications in quantum information science and technology. This review paper focuses
specifically on the rapidly growing area of site-controlled and deterministically fabricated
compound semiconductor quantum dots (QDs), which holds great potential for scalability given
their high quantum efficiency, flexible coherence tunability and compatibility with silicon
photonics. In this paper, the state-of-the-art growth and fabrication approaches, integration with
photonic structures have been reviewed. Meanwhile, the emission properties from QD-based SPEs,
including brightness, purity and coherence tunability, have been discussed. This review also
provides an outlook of future developments of site-controlled QDs, offering insights into the
progress toward scalable quantum photonic systems.

1. Introduction

1.1. Overview of single photon emitters (SPEs)
The fast development of low-loss optical systems, especially the COMS-compatible Si photonics, enables
manipulating photonic quantum bits (Q-bits) on a chip for quantum information processing, with examples
including but not limited to quantum computing [1, 2], quantum key distributions [3], quantum sensing
and simulating [4, 5]. The advancement of processing quantum information at the system level proves the
scalability of photonic quantum building blocks with a low cost, compared with the approaches in
superconducting circuits, trapped ions/atoms, and spintronics [6–8]. It is also the driving force of the
requirement for on-chip and scalable quantum light sources-SPEs, which emit one photon at a time. Such
devices can also be applied in super-resolution imaging, single molecular sensing, high-precision metrology,
secure biometric identification and so on. However, the SPEs adopted in quantum photonic systems so far
still primarily rely on spontaneous parameter down conversion (SPDC) and attenuating a laser light down to
single photons, which is bulky and not integrable, associated with problematic statistics in single photon
emission probability (purity) and low quantum efficiency (defined as the ratio of number of emission
photons over the number of excitation photons or electrons) [9]. In contrast, the advancement in
semiconductor quantum dots (QDs), especially the development of high-brightness compound QDs with
site-controlled growth and deterministic fabrication, well aligns with the Si photonics for on-chip
integration. Therefore, this review will focus on the recent progress in site-controlled compound QDs and
their pathway to scalable quantum photonic systems.

Before moving to the next section, it is worth summarising and comparing the state-of-the-art SPEs,
including their working principles, advantages and challenges. This will be helpful in selecting the
appropriate quantum source for a designated quantum network. An overview of different types of SPEs is
shown in figure 1, with their working mechanism and properties summarised as below.
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Figure 1. An overview of the single photon emitters. (a) Photon pairs generated by spontaneous parametric down-conversion;
Reproduced from [10]. CC BY 4.0. (b) Schematic of trapped ions/atoms manipulated with light; Reproduced from [14], with
permission from Springer Nature. (c) NV centres in diamond; Reproduced from [15]. CC BY 4.0. (d) InAs quantum dot coupled
with a DBR cavity by epitaxial growth; Reproduced from [25], with permission from Springer Nature. (e) Electrically pumped
colloidal quantum dot for single photon emission; Reproduced from [28]. CC BY 4.0. (f) Single photon emission from 2D
materials, Reproduced from [32]. CC BY 4.0.

• SPDC utilises nonlinear crystals (such as BBO, LiNbO3, BBLN etc) to down-convert high-frequency laser
into two longer-wavelength beams/pulses, namely signal and idler, by means of three- or four-wave mixing
(schematically shown in figure 1(a)) [10]. The process requires phase-match conditions, which ensures
energy and momentum conservation. SPEs based on SPDC can generate heralded single photons (photon
pairs with highly correlated states) and entangled states because they inherit the optical properties from
the coherent laser source [11]. Due to this, SPDC are predominantly used by quantum startups, e.g.
PsiQuantum,ORCA computing, QuiX quantum and so on. However, there are apparent drawbacks, includ-
ing (1) the purity of the source is low, where>1 or 0 photonsmay be generated under external excitation. (2)
Quantum efficiency and brightness are low, limited by the nature of the process. (3) Requirement of strin-
gent phase match conditions, i.e. delicate positioning of the nonlinear crystal. (4) Relying on the external
laser hinders the on-chip integration.

• Single atom/ion/molecular contains at least two discrete energy levels, a ground state |g⟩ and excited state
|e⟩ . Under external excitation, a single photon will be emitted when the electron transit from |e⟩ to |g⟩ . The
typical materials used for such SPEs include Rb and Cs atoms; Ca+, Yb+, Sr+, Ba+ ions; and Terrylene,
PAHs, DBATT molecules [12, 13]. As the energy levels of the materials are highly discrete and electron spin
status can be controlled with an external magnetic/electric field, the coherence (e.g. same energy, polar-
isation, phase) of the photons is high, with the capability of operating at room temperature. The single
atom/ion often needs an optical or electromagnetic trap to localise them and isolate them from the per-
turbations (schematically shown in figure 1(b)) [14], whilst the single molecule requires host materials and
suffers from photon bleaching. Both scenarios pose challenges for scaling them up to a quantum system.

• Colour centre is a point defect in solids, which has similar energy levels as that of a single atom/ion. Typical
materials are the nitrogen-vacancy centres (NV) and Si vacancy (Si-V) in diamond (schematically shown
in figure 1(c)) [15, 16], and point defects or defect pairs in wide bandgap semiconductors such as SiC,
ZnO, GaN, AlN and so on [17–20]. The unique electronic structure offers a narrow emission spectrum (so-
called zero phonon line, or ZPL). Therefore, colour centres are high-purity SPEs, with the demonstration
working at room temperature [21]. Since the host materials are mostly direct bandgap, electrically pumped
single-photon emission is significantly promising [22]. One disadvantage of the colour centre is that such
defects are often randomly located in their host, a significant challenge for scalability. A recent breakthrough
demonstrates that periodic colour centres (G- and W-centres) in silicon can be fabricated using a focused
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ion beam (FIB) [23]. However, this technique is not compatible with mass production. The other drawback
is that the colour centre could couple to its surroundings (e.g. another adjacent defect) [24], leading to
decoherence.

• Semiconductor QDs (S-QDs) refer to atomic-like, solid-state semiconductor clusters synthesised by epi-
taxial growth in this review. Such ‘artificial atoms’ have energy levels that resemble the Rydberg energy of
an isolated atom, E(n)∝− R

n2 (where E(n) is the exciton energy, R is a constant relevant to the material,
n is the quantum number). QDs are often described as two-level systems (i.e. n∼ 2), given the quantum
confinement effects arising from their finite size in a cladding layer. Due to the fast development of semi-
conductor manufacturing, there are several advantages recognised for S-QD SPEs: (1) near unity internal
quantum efficiency of the direct band gap semiconductor materials, (2) high brightness as the carrier life-
time can be engineered down to picosecond level with Purcell effect (examples in figure 1(d)) [25], (3) the
spatial mode can be tailored to satisfy the demand, (4) high-purity and high-indistinguishability photons
have been achieved from single S-QDs, essential for a quantum system, (5) the fabrication process, including
QD growth or post-growth processing, is well established in semiconductor community [26, 27]. (6) The
mature semiconductor photonic integrated system (e.g. fast-speed Si optical transceivers have been widely
deployed in datacentres) positions S-QD as a significant promising candidate for on-chip quantum inform-
ation processing. The challenges for S-QDs include their random distribution on a wafer for scalability and
the coherence of photons emitted from different QDs. But both the challenges are not unsolvable based on
the recent progress, to be reviewed in this paper.

• Colloidal QDs (C-QDs) share the same working mechanism as that of S-QDs, but they are synthesised
by solution-based methods normally with a core-shell structure (e.g. figure 1(e)) [28]. Therefore, C-QDs
are cost-effective compared with S-QDs. Although the primary applications of C-QDs are in displays and
lighting, recent progress demonstrates single C-QDs are competent working as SPEs, even under electrical
injection [28]. Limited by the synthesis method, C-QDs normally contain surface defects and residual
ligands [29], which require passivation to increase the quantum efficiency and brightness [30]. Moreover,
the uniformity of morphology (e.g. size and shape) results in coherence issues for photons emitted by dif-
ferent C-QDs. Themajor challenge of C-QDs is the difficulty of fabricating site-controlled coherent SPEs by
the liquid-based approaches, which is incompatible with the established CMOS semiconductor processing
techniques.

• 2Dmaterials are emerging quantum materials for high-performance SPEs. Typical 2D-QDs are formed by
introducing lateral confinement using small patches or creating a confined electrical field by accommod-
ating local strain (figure 1(f)) [31, 32]. It is worth mentioning that the latter approach has been success-
fully applied to create site-controlled SPE arrays, opening a route to scalability [33]. Besides, defects in 2D
materials are also candidates for SPEs [34]. Benefiting from the broad diversity of 2D materials (e.g. h-BN,
graphene, transition metal dichalcogenides, MXenes and 2D oxides) [35], various unique 2D SPEs have
been developed, e.g. working under room temperature and/or electrically pumping [33]. As 2D materials
are sensitive to their environment (e.g. substrates, surface adsorbates, defects etc), emission light from 2D
QDs often has a low quantum yield and inhomogeneous broadening. The other challenge is how to scale up
the 2D-QD array with a high photon extraction efficiency and prescribed coherence.

Table 1 shows a summary of the diverse SPEs employing different techniques. Each of them is developing
dynamically, with advantages and drawbacks compared with another. Therefore, it is challenging to
determine which is superior or to identify a definitive ultimate solution for scalability. In light of this, the
summary above aims to provide a concise overview of the SPEs and their features, serving as a tutorial for the
readers. Hopefully, the information can be helpful for them to select suitable candidates for their photonic
quantum systems or address the related challenges. For a detailed overview of recent advancements in each
type of SPE, please refer to the respective review papers and the references therein [11, 12, 30, 31, 36, 37].

Despite significant efforts and advancements in quantum materials, this review paper will focus on
site-controlled compound semiconductor QD-based SPEs, particularly because of their promising potential
for compact quantum systems by integrating with the rapidly growing Si photonic building blocks
(i.e. waveguiding devices). Instead of discussing the quantum physics of the S-QD SPEs, this review aims to
offer an engineering perspective, including fabrication approaches and key characteristics, towards an
integrated quantum photonic system.

1.2. State-of-the-art of S-QDs: concept, growth, fabrication, integration and site-control
To provide a clear visual example, figure 2(b) displays the morphology of epitaxial InAs QDs observed by
(AFM and X-STM) [38, 39]. As shown in the example, the S-QDs are usually a comparatively narrower band
gap semiconductor (e.g. InAs) epitaxially grown in a wider bandgap gap host semiconductor material (e.g.
InP and GaAs). The formation of S-QDs is driven by the surface energy and the local strain, leading to
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Table 1. Overview of the SPEs with the fabrication approaches and their characteristics.

SPEs Fabrication methods Advantages Challenges

SPDC • Nonlinear crystal with
laser pumping

• High coherence
• Entangled photon
pair generation

• Deployed in quantum
photonic startups

• Bulky and incompatible
with on-chip integration

• Low quantum efficiency
• Low purity

Single Atom/
Ion/Molecular

• Atom/Ion traps with
laser excitations

• Hosting materials

• High coherence
• Room temperature
working

• Bulky and require
external traps or hosting
materials

Colour centres • Ion implantation
• Doping
• Annealing

• High coherence
• Room temperature
working

• Random distribution

Colloidal QDs • Solution based process • Easy fabrication • Surface defects/ligands
(non recombination
centres)

• Low coherence between
dots

Semiconductor QDs • Epitaxial growth
• Top-down fabrication

• Site-controlled
fabrication availability

• High quantum
efficiency

• Convenience in
optical engineering

• Promising in on-chip
salability (photonic
integration)

• Compatible with
industrial
semiconductor
manufacturing

• Potential in electrical
pumping

• Coherence between
dots requires further
development

• On-chip integration still
at a preliminary stage

2D materials • Exfoliating
• Epitaxial growth and
deposition

• Electroplating

• Various fabrication
options

• Site-controlled
fabrication availability

• Convenience in
optical engineering

• Optical property vulner-
able to the environment

• Low coherence between
emitters

• Solution for scalability
not clear yet

growth dynamics following the Stranski–Krastanov growth mode (i.e. a 3D island growth dynamics). The
shape and the size could be modulated by growth parameters (e.g. temperature, pressure, doping) to realise
the quantum confinement and delta-like density of states.

As stated above, the S-QDs are often treated as a two-level system due to the quantum confinement. The
electron-hole pairs in the S-QDs will be combined as a quasi-particle, known as an exciton. The energy levels
of an exciton are depicted in figure 2(a) (left), where the degenerated level emits photons with an energy of,

hνH,V = Eg − EX

where H, V are the emitted photons with polarisations determined by the electron states without considering
the spin state, Eg ground and excited stage energy difference (bandgap), and EX the electron–hole binding
energy. The degenerated excited state can be split into different levels considering the two spin states. With
changing the electronic environment of the exciton (e.g. photonic structure, magnetic field etc) [44, 45], it is
possible to select one of the polarised emitting photons to enhance the coherence. In the case of bi-exciton, a
three-level (or higher) system can be established, as shown in the right of figure 2(a). Due to the
intermedium single exciton states, two-photon emission can be expected. The total emission energy will be,∑

hv
H,orV

= Eg − EXX
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Figure 2. (a) Schematic of the energy levels of an exciton (left) and a bi-exciton (right) in QDs. (b) Morphology of III–V QDs
measured by AFM and X-TEM; AFM image. Reproduced from [38]. CC BY 4.0. [39] John Wiley & Sons. © 2020 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (c) Bandgap map of major semiconductors, Reproduced from [40]. CC BY 4.0. (d) III–V
QDs coupled with a DBR cavity (top) and a PhC cavity (bottom); Reproduced from [41]. CC BY 4.0. Reproduced from [42], with
permission from Springer Nature. (e) Schematic of hybrid integration of III–V QD single photon emitter with an ultra-low loss
SiN waveguide by pick-and-place method, Reproduced from [43]. CC BY 4.0.

where the EXX is the bi-exciton binding energy. The process of bi-exciton emission is useful to create
entangled photon pairs [46], similar to down-converted photon pairs but with a much better quantum
efficiency.

There is a vast solid-state semiconductor material family for the fabrication of S-QDs, with emission
wavelengths ranging from UV to mid-infrared. Figure 2(c) shows the bandgap gap energy as a function of
the lattice constant of semiconductors [40]. As one can see, the stable light-emitting materials are dominated
by group III–V compounds. For example, the UV–visible wavelength range is dominated by the III-nitride
group, whilst the near-infrared light is mainly III-As or III-P groups. Typical mid-infrared materials are the
InAs or InSb and their alloys. It is worth noting that II–IV materials (e.g. ZnS, CdS, CdSe etc) offer
additional QD platforms for emitting UV–visible light. They are more present as solution-processed C-QDs
than in the form of epitaxial S-QDs [30].

To demonstrate a few advantages of mature post-growth device fabrication of S-QDs, figure 2(d) displays
a few examples. In the top panel, a single S-QD based on GaAs is fabricated inside an open cavity fabricated
by distributed Bragg reflectors (DBRs). Due to the overlap between the cavity mode and emission spectrum
of the S-QD, the brightness can be enhanced 40 folds with an improved near-unity quantum efficiency and a
purity of g2 (0) = 0.044, through a strong Purcell effect [41]. Moreover, the strong coupling between the
photon’s electromagnetic field and the S-QD’s dipole can generate bosonic quasiparticles such as polaritons,
opening a way to investigate novel quantum physics in light-matter interactions [47], exampled with
Bose–Einstein condensates, ultralow threshold polariton lasers, quantum superfluidity and so on [48–50].
Besides the 3D structures, the S-QD can also be fabricated into a 2D slab photonic crystal (PC) cavity/
waveguide, which offers a strong optical confinement [27, 42]. Moreover, the engineered photonic structure
will guide the single photons into designated optical modes, improving indistinguishability/coherence.
Recent reports demonstrated pure |H (or |V) emission can be selected by coupling an S-QD with a
metasurface comprising concentric gratings, significantly improving the coherence and brightness [44, 51].
In the meantime, the progress in electrically injected S-QD SPEs working at room temperature poses a
promising potential for on-chip quantum sources [52, 53].

Photonic integration by post-growth fabrication is the key pathway towards on-chip scalable photonic
quantum systems. The technique requires interconnecting multiple QDs with the photonic components
developed in Si photonics, typically waveguide and waveguiding devices [54]. There have not been many
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breakthroughs so far in this area; related publications will be discussed in detail in section 3 of this review.
Before this, it will be helpful to have a foundational understanding of the approaches and challenges in
photonic integrations of Si photonics with compound semiconductors. In Si photonics, photonic integration
methods can be categorised into three regimes: hybrid integration, heterogeneous integration and
monolithic integration, with details outlined below [55, 56].

Hybrid integration indicates the interconnection of two or more photonic dies (chips) at the packaging
stage. For example, coupling a prefabricated QD-based SPE with a silicon photonic chip using flip-chip
bonding or pick-and-place transferring. The advantage of this method is simple, cost-effective and allows
pre-selection of the components with desired optical properties. However, there are also obvious challenges
to overcome due to the involvement of mechanical alignment, including (1) the optical loss between the two
photonic chips (insertion loss) is often high, reduces the brightness; (2) the yield of the integrated platform is
low; (3) the integration density is low, not suitable for large scale quantum photonic networks.

Heterogeneous integration includes compound semiconductor QD materials transferring onto Si (e.g. by
wafer bonding or transfer printing), which facilitates the subsequent fabrication of SPEs, Si photonic
components and interconnectors. Compared with hybrid integration, this method is promising for low
insertion loss between SPEs and waveguides, with higher yield and integration density. However, the optical
properties of QDs are likely to change due to the materials transfer and bonding, which may introduce strain,
defects and cracks.

Monolithic integration refers to epitaxial growth of compound semiconductor QDs on Si, with the
subsequent device fabrication at its minimum footprint and seamless integration on the same wafer. As the
post-growth fabrication is CMOS-compatible, this method is suitable for manufacturing quantum photonic
systems at the wafer level with ultra-high integration density and a compromised cost. However, its challenge
lies in high-performance semiconductor QD epitaxial growth due to the material property differences
between compounds and Si (e.g. lattice constant difference and thermal expansion coefficient difference).

For waveguide-coupled QD-SPEs, only hybrid and heterogeneous integration approaches have been
adopted so far, while monolithic integration has not been reported. As a recent example, Chanana et.al
demonstrated S-QD based SEPs integration with ultra-low loss waveguides (∼ 1 dB m−1), where high purity
of g2 (0) = 0.04± 0.02 under resonant excitation (figure 2(e)) [43], essential for scaling up S-QD to
quantum systems.

Although ultra-low loss waveguiding devices, such as ring resonators, multiplexers, modulators and so
on, have been well established, the integration of multiple QDs on the same photonic chip is still at a
preliminary stage [57]. This can be attributed to two main reasons. For the first, most of the epitaxially
grown QDs are based on self-assembled mechanisms, which means that the QDs are randomly distributed
on the epitaxial wafers and pose a challenge to the deterministic fabrication process for integrating them with
waveguides. For the second, the coherence of photons emitting from any two QDs is generally too low to
satisfy the requirement for scalability. A promising solution to break these bottlenecks will rely on the
development of site-controlled QDs (growth and deterministic fabrication) along with coherence control,
which will be the primary focus of this review.

1.3. Characteristics of S-QD SPEs
Several key characteristics are used to evaluate the performance of single-photon emitters (SPEs), including
brightness, quantum efficiency, purity, and indistinguishability (coherence). Each parameter corresponds to
a specific measurement technique. However, some papers appear to confuse the purity and
indistinguishability [58], possibly due to similarities in their measurement processes. Therefore, it is
important to clarify these parameters and their corresponding measurement methods.

Brightness is defined as the emission rate, typically measured in photon counts per second (cps) coupled
into the desired optical mode. An SPE with high brightness is crucial for practical applications, such as
quantum computation and communication, for faster data transmission and more efficient quantum
operation [59]. High brightness also enhances the efficiency of quantum metrology and sensing by providing
stronger and more reliable photon signals [60]. Brightness is closely related to (but not equal to) quantum
efficiency. A high quantum efficiency is critical for deterministic single photon emission, where one photon
is expected under each excitation. The setup for measuring brightness/quantum efficiency is shown in
figure 3(a), where a single photon detector (SPD) is utilised together with an electronic readout. Under
steady-state excitation, photon count rate (emission rate) as a function of time can be recorded (example
shown inset of figure 3(a), middle panel) [61], where the potential rate fluctuation resulting from photon
blinking could be observed if the SPE is not stable. Under pulsed-laser excitation, a time decay profile can be
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Figure 3. Key characteristics of SPE and related measurements. (a) Schematic of the setup to measure brightness and quantum
efficiency (top); measured photon emission rate from a GaN QD with blinking (middle), Reproduced from [61]. CC BY 4.0;
TRPL of InAs QD measured with TCSPC (bottom), Reproduced from [62]. CC BY 4.0. (b) Schematic of HBT setup to measure
the second-order correlations of a single photon (top); measured g2(0) of q single photon emission from QDs under cw and
pulsed excitations (bottom), Reprinted from [64], with the permission of AIP Publishing. (c) Schematic of HOM setup to
measure two-photon interference (top); and measured photon indistinguishability of InAs QDs (bottom), Reprinted with
permission from [57]. Copyright (2023) American Chemical Society.

established if the control is equipped with a time-correlated single photon counting (TCSPC) function, as
shown in the inset of figure 3(a) (bottom panel) [62]. Such a decay profile (time-resolved
photoluminescence, TRPL) will be useful to extract the carrier lifetimes of radiative recombination (τr) and

non-radiative recombination (τnr), further for calculating the quantum efficiency by QE=
1
τr

( 1
τr
+ 1

τnr )
[63].

The purity of the SPEs is the probability of one photon emission at a defined time interval. The
determination of single photon emission is typically characterised by second-order correlation,

g2 (τ) =
⟨i(t) i(t+ τ)⟩
⟨i(t)⟩⟨i(t+ τ)⟩

where i is the light intensity at the time t and t+ τ . It is realised with a Hanbury–Brown and Twiss (HBT)
setup [65], as depicted in figure 3(b). The setup contains two SPDs placed after a 50:50 beam splitter, with an
electronic coherence control system as the readout. A light beam/pulse containing single photons is sent to
the beam splitter. At each detecting event, only one detector will detect the single photon, thus theoretically
generating g2 (0) = 0. Consequently, the measured correlation curve will present an ‘anti bunch’ feature, with
an example under continuous or pulsed excitation shown in the insets of figure 3(b) [64]. In a practical
situation, due to the photon impurity (such as background and imperfect single photon isolation, and
sometimes the detector jittering), the g2 (0) will slightly shift away from zero. In other words, a high-purity
SPE can be expected when g2 (0) is close to zero.

Coherence is critically required for upscaling SPEs into a quantum system. The coherence is characterised
by indistinguishability which is measured with a Hong–Ou–Mandel (HOM) setup [66]. As shown in
figure 3(c), the setup comprises a Mach–Zehnder interferometer (MZI) with two 50:50 beam splitters and
two SPDs behind the second beam splitter. By tuning the optical delay on one of the beam paths, there is a
chance two single photons will be sent to the second beam splitter at the same time. If the two photons are
coherent, the interference at the second beam splitter will lead to a quantum statistical probability at the two
outputs before each SPD depicted by,

|i1 i2⟩=
1√
2

(
|i1,2, 0⟩D1 + |0, i1,2⟩D2

)
where i1, i2 are the light sent to the beam splitter, D1, D2 are the two channels in front of each detector. After
the interference, the two coherent photons will enter the same channel with equal probability, but they
cannot go to different channels separately. This indicates that only one detector will receive the incident
photon energy, generating a g2 (0) = 0 and an ‘anti-bunch’ curve like the HBT measurements (an example
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shown inset of figure 3(c)) [57]. If the two photons are not perfectly coherent, the g2 (0) value will slightly
deviate from zero. It is worth noting that purity and indistinguishability measurements have very similar
curves, but their measurement methods and physics are different.

2. Fabrication of site-controlled S-QDs

Various fabrication approaches have been developed to achieve the site-controlled S-QDs. Generally
speaking, they can be categorised into two groups: epitaxial growth and post-growth fabrication. For
epitaxial growth, the pre-patterned substrate could be used for selective area growth; or applying a periodic
external driving force (e.g. laser or ion beams) to interfere with the in-situ growth dynamics [67–108].
Besides, deterministic fabrication of S-QDs can also be realised by etching down epitaxial layers, with each
patterned area containing a single QD [109–138]. Accordingly, this paper will review the fabrication of
S-QDs based on the following three primary approaches,

2.1. Epitaxial growth on patterned substrates
The most straightforward method to achieve site-controlled S-QDs could be the growth of semiconductor
materials on a patterned substrate. From the growth dynamics point of view, the nucleation process is
described at the designated area of the substrate, induced by the ex-situ fabricated patterns.

One commonly used method is the direct growth on a pre-patterned dielectric material coated on a
substrate. The general process involves depositing dielectric materials (e.g. SiO2 and SiN) on the substrate,
followed by opening the growth window by lithography methods with a critical feature on∼10 nm. Elarde
et al deposited 10 nm SiO2 film on GaAs substrate, which was patterned by electron beam lithography (EBL)
[68]. Wet etching was subsequently employed to selectively etch away the mask layer and expose the substrate
for the growth. Compared with ion bombardment by dry etching, wet etching will not destroy the crystal
lattice on the surface of the substrate. Then the site-controlled InGaAs QDs were successfully selectively
grown from the lateral triangular-distributed holes with a diameter of 45 nm by MOCVD. The authors have
fabricated their site-controlled QDs into a lateral diode, from which a clear collective dot emission at
1080 nm with a line width of 55 meV has been observed at room temperature. Apart from the conventional
EBL, other techniques have also been developed at similar resolutions but at a lower cost. Tommila et al
reported a template fabricated by nanoimprint lithography (NIL) with hole diameters from 90 to 150 nm
(figure 4(a)) [70]. Squarely arrayed InAs QDs were realised by MBE growth. From the AFMmeasurement
(figure 4(a)), 19 individual QDs are grown from 25 holes (76%); whilst some of the holes contain 0, 2 or 3
dots. The room temperature PL measurements indicated the ground state and first excited state
recombination peaks corresponding to 1091 and 1039 nm. From the low temperature (20 K) µ-PL
measurements, the line width from sing QDs was determined to be 100 µeV. Li et al fabricated a patterned
SiN mask on GaAs substrate patterned by block copolymer lithography [76]. In this method, the authors first
deposited a 15 nm SiN on the substrates. Then the monolayer copolymer nanospheres were fabricated on the
surface by spin coating, with a hexagonally ordered distribution. The pattern was then transformed into the
growth substrate by dry etching the copolymer. As shown in figure 4(b) (top), the nanoholes with 20 nm
diameter and 40 nm centre-to-centre space form a 2D hexagonal lattice. The site-controlled GaAs QDs were
selectively grown in the nanoholes by MOCVD as shown in figure 4(b) (bottom).

It is worth noting that the mask is not essentially required for the growth after the pattern is transferred to
the substrate. In other words, the mask material (resist, metal or dielectric) could be removed before growth.
This is because the selective area growth could still happen due to the local strain or local surface energies.
For example, Atkinson et al have fabricated nanoholes on the GaAs substrate with ex-situ lithography and dry
etching methods for MBE growth. They observed that over 50% of single-dot occupancy of an array of holes.
Nakamura and co-authors reported the MBE growth of QDs on GaAs substrate patterned with nanoholes,
with a diameter of 80 nm, depth 25 nm and a pitch of 200 nm (figure 4(c), top) [67]. By repeating the growth
of InAs QD layers several times, the vertically aligned InAs QDs can be obtained from the predesigned
nanoholes (figure 4(c), bottom), with improved morphology and optical properties. Later, Schneider and
colleagues adopted this method to grow accurately spatial distributed QDs with markers, scalable to integrate
with devices [83]. For example, the research team has successfully grown single site-controlled QDs on DBRs
schematically shown in figure 4(d) [80]. The dots exhibited an emission line width of 100 µeV, g2 (0) = 0.12,
and QE of 47% [69]. Hartman et al fabricated laterally aligned inverted pyramids on GaAs substrate for MBE
growth [77, 140, 141]. Due to the self-limiting growth mechanism, In(Ga)As QDs can be grown on the apex
of the inverted pyramid, associated with naturally formed quantum wires (QWRs) on top of the QD and
quantum wells (QWs) on the sidewall of the pyramid. Such QDs demonstrate the feasibility of being
integrated with photonic structures. For example, Dalacu et al fabricated a PC cavity coupled to a single dot
inside an inverted pyramid, exhibiting a large coherence tunability of>15 meV [142].
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Figure 4. Site-controlled QDs synthesised by epitaxial growth on various pre-patterned substrates. (a) SEM image of periodic
nanohole structure fabrication on GaAs substrate (left), AFM of site-controlled InAs QDs grown inside nanoholes on the mask
(right); Reprinted from [70], Copyright (2011), with permission from Elsevier. (b) SiN nanohole mask fabricated by copolymer
nanosphere lithography (top) and GaAs QDs grown by MOCVD (bottom); Reprinted from [76], with the permission of AIP
Publishing. (c) Growth of vertically aligned InAs QDs on a pre-patterned GaAs(001) template, where the mask material was
removed before growth, Reprinted from [67], Copyright (2002), with permission from Elsevier. (d) Site-controlled InAs QDs
grown on DBR cavities, Reprinted from [80], with the permission of AIP Publishing. (e) Trigonally distributed PbSe QDs
epitaxially grown on a mask-free PbEuTe substrate by engineering the local strain, From [139]. © The Authors, some rights
reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/.
Reprinted with permission from AAAS”. (f) Strain-induced growth of InGaAs QDs on site-controlled mesas (top), with a high
purity of g2 (0) = 0.026± 0.026 and indistinguishability of (87.1± 9.7)% (bottom); Reproduced from [90]. CC BY 4.0. (g)
SEM image of the InAsP QD embedded in an InP nanowire grown by selective-area VLS epitaxy; Reprinted with permission from
[88]. Copyright (2012) American Chemical Society. (h) SEM image and schematic of selective area grown InGaN QDs in GaN
hexagonal pyramids; Reprinted with permission from [93]. Copyright (2011) American Chemical Society.

The local strain on the surface of the substrate could critically impact the nucleation. Therefore, periodic
stressing domains on the substrate will be useful for the site-controlled QD growth. In an early work,
PbSe(dot)/PbEuTe strain layers were epitaxially grown by MBE, where the stacking of the dots automatically
forms a face-centred cubic (fcc) lattice [139, 143, 144]. The vertical elastic interaction of the strain 3D
structure will form new nucleation centres for the topmost QDs, which show a laterally trigonal distribution
as shown in the SEM in figure 4(e). Strittmatter and colleagues created laterally aligned AlxGa1-x/As/AlOx

stressors on GaAs substrate by partial oxidation of AlGaAs (the same approach for fabricating the apertures
in VECELs) [101, 145, 146]. Subsequently, site-controlled InAs QDs can be grown on top of such stressors.
With this method, Groβe et al obtained high-quality site-controlled InGaAs QDs on top of DBRs
(figure 4(f), top) with extremely narrow linewidth 54 µeV for exciton emission, 35 µeV for biexciton
emission and (resolution limited) 27 µeV for charged exciton emission [90]. The emitting photons exhibit a
high purity of g2 (0) = 0.026± 0.026 and indistinguishability of (87.1± 9.7)% (figure 4(f), bottom).

Dot-in-wire is a special group of SPEs, with the advantages of natural isolation of QDs from the nearby
environment, high photon extraction efficiency and a defined emission direction. Two ways are often utilised
to grow site-controlled dot-in-wire structures, selective area growth with a dielectric mask or
vapour–liquid–solid (VLS) growth with a metal mask. For example, Heinrich et al fabricated periodic Au
patterns on GaAs substrate using EBL lithography. The GaAs dot-in-wire structure array was successfully
achieved with MBE, with a narrow line width down to 95 µeV and single photon correlation of g2 (0) = 0.46.
[84] Later, the authors observed a high brightness of 460 kps, a purity of g2 (0) = 0.01 and a long coherence
time of up to 1.2 ns in this unique structure [106]. Dalacu et al reported an ultra-purity InAsP dot in InP
wire grown with the same mechanism (figure 4(g)), exhibiting a narrow linewidth of 30 µeV and
g2 (0)< 0.0 1 [88] The group also demonstrated a wavelength tunable single QD emission from 880 to
1550 nm by changing the thickness of a-Si coating layer on the nanowires, whilst maintaining a high
brightness of 0.4–35 kps and a high purity of g2 (0)< 0.02 [92]. In order to control the morphology and
reproducibility of the QDs in a nanowire, Tatebayashi et al adopted a catalyst-free growth InAs dot in GaAs
wire on a GaAs substrate with SiO2 mask using MOCVD [85]. By controlling the growth parameters,
disk-like QDs are formed inside the nanowire, exhibiting a narrow line width of 87 µeV and a g2 (0) = 0.11.
Similar growth methods have been used to grow core-shell dot-in-wire structures with line widths of
162 µeV and purity g2 (0) = 0.18 [103]. An additional advantage of the dot-in-wire structure is that the
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Figure 5. Recent progresses in in-situ epitaxial growth of site-controlled QDs with the assistance of laser interferences on planar
substrates. (a) Simulated four-beam laser interference patterns for in-situ QD growth. (b) AFM images of the surface morphology
of site-controlled InAs QDs grown under different irradiation intensities. Reprinted from [150], with the permission of AIP
Publishing. (c) AFM images of the 2D (1), 3D (2) morphology and profile (3) of site-controlled InAs QDs by in-situ growth
under laser interferences. (4) controlling the number of QDs grown on each laser interference spot. Reprinted from [154], with
the permission of AIP Publishing.

morphology can be defined by the mask’s shape as demonstrated by Foster et al [91, 97], leveraging the
polarisation control of the emission photons.

Besides the above-mentioned III-As/P materials, similar growth methods were developed for growing
III-nitride site-controlled QDs (example shown in figure 4(h)) [81, 82, 89, 93–97, 102, 105, 147, 148].
Pérez-Solórzano et al reported the growth of a hexagonal pyramid of GaN grown on a SiO2 patterned
InGaN/GaN substrate [81, 102]. At the apex of the pyramid, InGaN QDs were recognised by the CL and PL
measurements. Moreover, bright emission under coherent excitation [148], directional and highly polarised
emission [87, 93, 97], high purity single photons [94] and transferable site-controlled QDs [96] have been
achieved in III-Nitride dots. Site-controlled dot-in-wire structures were also developed in the III-Nitride
material system. For example, Choi et al have studied the GaN QDs grown in Al(Ga)N wires grown by
MOCVD, with a collective emission line width of 2.7 meV [71, 82], followed by further work showing a high
purity of single photon emission of g2 (0) = 0.32± 0.11 [105]. In order to improve the morphology and
reproducibility of III-nitride QDs, Deng et.al developed GaN/AlN dot-in-wire structure on non-polar AlN/Si
substrate by MOCVD [89]. The dot exhibits a disk-like structure, with high single photon purity of
g2 (0) = 0.19 and a quantum efficiency of 31.1%.

2.2. In-situ growth
In-situ growth process does not involve any pre-growth fabrications on the substrate, thus maintaining a
high purity of the dots, which facilitates the subsequent device processing. Ohkouchi and colleagues
developed an in-situ In dot array fabrication using a UHV-AFM system [72]. The GaAs substrate with the In
dot arrays was then transferred into the MBE chamber connected to the UHV-AFM system. The indium
facilitated VLS growth and InAs dot can be selectively grown [149]. It is a reproducible process, though it
may not be favoured by the large-area growth required by upscaling the dots. Recently, Zhang et al and Wang
et al reported the site-controlled InAs QD in-situ growth by MBE, achieved by a four-beam interference on
GaAs substrate [150, 151]. In Zhang’s work [150], 4 beams are split from a 3rd harmony Nd:YAG laser with
an emission wavelength of 355 nm, which were arranged in the four viewport of the MBE with an angle of
60◦. Figure 5(a) displays the simulated interference pattern, where periodic high-intensity spots were
formed. Due to the interaction between laser energy and the InGaAs wetting layer, periodic nanoislands are
generated on the ‘hot spot’ to form seed areas for the subsequent QD growth. Figure 5(b) shows the
nanoislands formed at different areas on the substrate, namely no interferences, and with interferences at low
to high intensities (from left to right). Clearly, periodic InAs QDs formed on the substrate, and their
morphologies are related to the intensity of the laser. Want et al have systematically studied the interference
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Table 2. A summary of the epitaxial growth methods of site-controlled QDs.

Growth methods Advantages Challenges

Growth on substrate
with dielectric
patterns

• Easy for fabrication and growth
• Potential for large-area growth
• Various pattern shapes for
controlling QD morphology

• Dot-in-wire structure

• Influence of fabrication error on QD
optical properties

• Introduce external material to the growth
chamber

Growth on patterned
substrate W/O
dielectrics

• No additional material was
introduced to the growth
chamber

• Potential material growth in the non-
patterned area

VLS growth with
metal patterns

• Fast growth rate in the vertical
direction

• Dot-in-wire structure

• Potentialmetal interdiffusion to the grown
structure and contamination to the cham-
ber

In-situ patterned
growth

• Less contamination • Low fabrication rate and not suitable for
large area growth

In-situ Laser-induced
growth

• Zero contamination
• Good uniformity

• Anew technique requiring further study in
growth dynamics andmorphology control
for QD-SPEs

patterns by changing the parameters of the laser beams and improved the beam using beam shapers [151,
152]. They have achieved high-quality InAs dot arrays, forming lateral square lattice with a pitch of 300 nm
on GaAs substrate (figure 5(c)) [153, 154]. By manipulating the growth parameter, single or multiple dots
can be grown on the selected area (figure 5(d)) [154].

Table 2 shows a summary of the growth methods of site-controlled QDs associated with their advantages
and challenges. Most of the site-controlled QD-based SPEs are fabricated by the growth on patterned
substrates, which is straightforward and simple. But the optical properties of QDs need to be further
improved to compete with the self-organised grown ones on flat substrates. In comparison, the in-situ
growth assisted with laser beam interference is promising, but it requires further understanding in growth
dynamics to realise high-performance QD-based SPEs.

2.3. Post-growth fabrication
Many deterministic fabrication methods have been developed to locate a single QD on a self-assembly
epitaxial wafer. The methods often include registering the position of a single QD followed by top-down
device fabrication. One advantage of such methods is that the fabricated device will inherit the good optical
properties of the self-assembled QDs (e.g. the line width is often recognised better than the selective-area
grown counterparts).

The early works normally utilise microscopy imaging methods (using SEM, AFM etc) to locate a single
QD, as a straightforward approach. However, single QDs often buried below the epitaxial layers (e.g. capping
layer), which hinders the direct observation by microscopy. To overcome this, Henness et al developed a
method to grow a tracer QD above the active QD [134]. As shown in figure 6(a) (left), the tracer QD at the
top of the epitaxial layer, which can be observed by SEM, has a distinguished different emission wavelength
from that of the active QD beneath. With a subsequent locating of the tracer QD by SEM and EBL prepared
marker (figure 6(a), right), a single InAs QD was fabricated into a GaAs photonic slab (figure 6(b)), allowing
them to observe the large Purcell effect in the weak coupling regime [137] Later, the authors developed an
AFM registration method to fabricate a single QD at the centre of a PhC cavity, facilitating the study of
photon-cavity mode interactions in the strong coupling regime [136]. Kuruma et al has also developed
similar approaches enabling the detection of a QD with a sub-10 spatial precision [135].

In order to avoid relying on imaging only the physical presence of a QD and alignment to prefabricated
markers, CL-assisted in-situ EBL has been developed [122, 126]. Figure 6(c) schematically shows the
fabrication process [123]: the CL emission of a PMMA-coated epilayer was first recognised under e-beam
illumination. At the target QD position, the e-beam dose will be increased to exposure to the PMMA resist,
followed by developing and dry etching to obtain a single QD embedded in a sub-µmmesa. This method
allows a direct fabrication of the QDs with a spatial resolution<50 nm. Gschrey et.al demonstrated single
photon emission of an InGaAs dot-in-mesa fabricated by this method exhibited an ultra-narrow line width
of 9 µeV and a purity of g2 (0) = 0.04 from the charged exciton emission [123]. Later, Schnauber et al
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Figure 6. Deterministic fabrication of single QD-based SPEs from self-organised grown epitaxial wafers. (a) The emission
spectrum from active and tracer dots under low and high excitation powers (left), and SEM image of a single QD coupled with
PhC structure with a position respect to the Au markers (right). Reprinted from [134], Copyright (2004), with permission from
Elsevier. (b) Tracer-QD assisted fabrication of an active (seeded) QD into a PhC cavity for strong Purcell enhancement, From
[137]. © The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://
creativecommons.org/licenses/by-nc/4.0/. Reprinted with permission from AAAS. (c) Deterministic fabrication of a single QD by
in-situ e-beam lithography equipped with CL, Reprinted from [123], with the permission of AIP Publishing. (d) Positioning
single QD with µPL scanning along with a statistical method, achieving a spatial resolution<10 nm, Reprinted from [155], with
the permission of AIP Publishing. (e) Schematic of a confocal scanning system for scanning the position of a single QD, Reprinted
from [133], with the permission of AIP Publishing. (f) Schematic of a cryogenic photoluminescence imaging system for
positioning of QDs with a∼4.5 nm uncertainty, Reprinted from [121], with the permission of AIP Publishing. (g) InGaN
disk-like QD array formed by e-beam lithography patterning and direct dry etching a single QW wafer, Reprinted from [112],
with the permission of AIP Publishing.

realised single InAs QD deterministically integrated with SiN waveguides on Si by the same approach [132],
and integrated with GaAs waveguide and a multi-mode interference (MMI) coupler [131], demonstrated
promising potential of on-chip SPEs for upscaling.

Optical metrology has also been broadly used to determine the position of self-assembled QDs. In this
method, the light emission of a target dot will be monitored and aligned to the prefabricated marker. The
advantage of this approach is that the emission properties can be selected to couple to the designed photonic
structures, thus generating a high device yield. In early works, scanning confocal methods are exploited for
deterministic fabrication. Thon et al utilised a confocal scan of the QD emission position, which is aligned to
the prefabricated Au markers nearby [155]. By using a simulation and average of the emission position with
many colonial scan images (figure 6(d)), they achieved a spatial resolution sub-10 nm accuracy to fabricate
the target InAs QD into the right position of a PC cavity (for strong coupling) with a success rate of 70%,
together with the purity of g2 (0) = 0.21 [155]. µPL imaging was also developed to locate a target
self-assembled QD. Figure 6(e) shows the schematic setup of µPL imaging system, where the CCD camera
was used to determine the position of the QD (by recording its emission) [133]. The authors fabricated the
alignment markers around the QD, which facilitated the subsequent PC cavity fabrication to couple the QD.
Similarly, an in-situ lithography was developed to fabricate InAs self-assembled QDs into a DBR microcavity
with a spatial resolution of 50 nm, allowing the observation of cavity QED such as high Purcell factors [129]
Similar fabrication can be found in other works, either incorporated into a PC cavity or DBR micro-cavity
[120, 124, 125, 155] with a resolution<50 nm. Besides this, Sapienza et al have developed a two-colour
photoluminescence imaging technique to determine the position of single QDs with respect to the alignment
marks (figure 6(f)). Together with the numerical fitting of the position of the emission spot, they have
achieved a spatial resolution of<30 nm (<10 nm with immersed lens) [121, 128], allowing the achievement
of an SPE with a purity of g2 (0)< 0.01.

Direct fabrication, which involves standard lithography and etching but without external positioning
methods, was also developed for transforming material (such as QWs) into deterministic dots or dot arrays.
For example, Verma and Coleman have reported using HSQ mask (a negative EBL resist) for etching InGaAs
single QW epiwafer. A dot array was formed after etching in the C6H8O7:H2O2 = 50:1 solution with an
etching depth of 15 nm [156]. Those QDs with an average diameter of 40 nm show a clearly different
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Table 3. A comparison of the deterministic fabrication methods of QDs.

Post-growth fabrication Advantages Disadvantages

SEM (or AFM) imaging
with alignment markers

• Straightforward fabrication methods • Less spatial resolution

SEM (or) AFM+ tracer
QD+markers

• Good fabrication accuracy at
40–50 nm

• Fine optical structure fabrication

• Requires a special growth technique

CL-assisted EBL in-situ
fabrication

• Good spatial resolution (<50 nm)
• In-situ select optically active QDs
• Fine optical structure fabrication

• Unable to judge single photon emission
before fabrication

Scanning confocal and µPL
assisted fabrication

• High spatial resolution (down to
sub-10 nm)

• Preselecting QD-SPE with high optical
properties

• High success rate

• Small scanning area
• In-situ fabrication limited only to the
optical resolution

QD array by lithography
and top-down etching

• Easy for fabrication • Uncontrollable optical properties (sur-
face defects, shape etc.)

emission spectrum compared with the single QW [157]. Later, they measured the single photon emission
from an InGaAs QD fabricated with similar methods, with an HBT purity of g2 (0) = 0.314± 0.03 [115].
Similar methods involve direct lithography and dry/wet etching also developed by other groups to fabricate
deterministic single QDs for III-As and III-P materials [158–160]. Zhang et al reported the fabrication of
InGaN/GaN QDs by dry etching a single InGaN QW (with In content of 15%) [112]. The process involves
employing EBL to define a Cr etching mask, followed by RIE-ICP dry etching. After dry etching and
removing Cr, Al2O3 was deposited by ALD to passivate the side wall of the QDs [161]. Figure 6(g) shows the
morphology of the etched QDs, the cone structure consists of a disk-like InGaN dot with a thickness of 3 nm,
exhibiting a line width of 6 µeV and single photon emission of g2 (0) = 0.18 at 10 K and g2 (0) = 0.38 at
90 K. The research team further improved the morphology of the QD structure and has realised polarisation
control, electrical injection and brightness enhancement with plasmonic structures [110, 111, 114, 116].

There are also other post-growth fabrication methods for fabricating QDs and locating a single QD. Such
as the early work using Ion beam sputtering a GaSb film grown AlSb to form GaSb dot arrays [117], and
fabricating a small aperture to allow single QD emission [113]. Such methods fall outside the scope of this
review, due to the limitations in the yield and scalability.

Table 3 shows a comparison of the post-growth deterministic fabrication methods for QD-based SPEs. In
summary, the SEM or AFM imaging with external markers normally has a limited resolution for achieving
perfect QD-photonic structure coupling. With an additional tracer QD or CL, a spatial resolution with
50 nm can be achieved for positioning a single QD. In comparison, optical methods using µPL or confocal
allows the selection of the QDs with desired optical properties, and a high spatial resolution down to sub
10 nm, which enables the precise QD-photonic structure coupling toward high-performance SPEs.

3. Optical properties of site-controlled QDs

3.1. Photon emission from single-QD system
As a bare QD emits photons to free space without a preferred optical mode, it is unlikely directly applicable
to quantum information science and technology. Therefore, single QDs are often engineered into a photonic
structure to deliver the single photons into designated optical modes. Commonly used photonic structures
include PC waveguides and cavities, microcavities (e.g. DBR and microdisk), and waveguiding devices (e.g.
ring resonators, waveguides).

PhC are fabricated by periodically adjusting the optical index in a planar material (often by fabricating
air hole arrays), so that photonic band structure can be achieved between energy (frequency) and
momentum (in analogy to the electronic band structure in solids). As a result, light with a certain frequency
(wavelength) is inhibited from propagating in the PhC. One of the advantages of PhC is the strong optical
confinement, which enables the observation of strong light-matter interactions. Therefore, it is a good host
for single QDs. PhC waveguide indicates a PhC with missing one line of air holes (figure 7(a)) [162], where
light can only propagate along this line. Many groups have fabricated QDs into PhC waveguides to study
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Figure 7. Single QD coupled with PhC structures. (a) Schematic and SEM image of a single quantum dot coupled with a PhC
waveguide. Reproduced from [162]. CC BY 4.0. (b) High purity of g2(0)= 0.015± 0.005 achieved in a QD-PhC waveguide
system. (c) Photon indistinguishability between photon pairs reaching>96% by measuring 115 photons in a QD-PhC system.
From [166]. © The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://
creativecommons.org/licenses/by-nc/4.0/. Reprinted with permission from AAAS. (d) SEM image of an InAs QD integrated H1
PhC cavity. (e) HBT measurement of single-photon purity with π-pulse excitation under using 13 ps (grey) or 2.4 ps (blue)
pulses. Inset shows the g2(0) value as a function of pulse duration. (f) HOM visibility under different pulse excitation, with a best
value of 93.9± 3.3%. Reproduced from [167], with permission from Springer Nature. (g) AFM topography of a L3 PhC
nanocavity coupled with a single InAs QD (left), and optical mode inside the cavity (right). (h) Cavity–exciton anticorrelation
measurement shows an asymmetric near-zero value at single photon level. (i) The anti-cross nature of the cavity mode and the
excitons by detuning the cavity mode indicates reaching a strong coupling regime. Reproduced from [136], with permission from
Springer Nature.

quantum photonics such as chiral emission, slow light, spin-orbit coupling and so on [162–165]. A recent
report has demonstrated an InAs QD deterministically fabricated into GaAS PhC waveguide achieved an
ultrabright single photon emission of 122 million per second, corresponding to an on-chip source efficiency
of 84% [166]. The purity achieved g2 (0) = 0.015 ± 0.005 with almost no observable blinking (figure 7(b)
and inset). By checking 115 photons, the indistinguishability realised a value of 96% (figure 7(c)) [166]. PC
cavities are also popular for hosting single QDs. Two types of PC cavities are often studied: H1 cavity with
one missing hole (figure 7(d)) and L3 cavity with three missing holes in a line (figure 7(g)). Liu et al reported
an H1 PhC cavity coupled with a PhC waveguide (figure 7(d)) [167]. Owing to the strong optical
confinement, a strong Purcell factor (enhancement of the brightness) of 43± 2 has been observed. Under π
-pulse excitation with a grating filter (to remove the system birefringence), a photon purity of
g2 (0) = 0.026± 0.007 and an indistinguishability of 99% were observed (figures 7(e) and (f)). Hennessy
et al deterministically integrated an InAs QD within an L3 PhC cavity (figure 7(g)), where they observed a
strong cavity mode related single photon emission with g2 (0)∼ 0 (figure 7(h)) [136]. Moreover, a clear
anti-crossing was obtained, indicating a strong coupling regime was achieved (figure 7(i)) [136]. Such a
QD-cavity coupling system is a good candidate for studying cavity QED, for developing quantum devices
such as quantum memory, gates and switches [42, 168–170].

PhC cavity requires delicate device fabrication including the control of the air hole size (often at
∼100 nm) and period as well as the precise placement of the QDs, which has a stringent tolerance to the

14

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Mater. Quantum Technol. 5 (2025) 032001 Y Hou

Figure 8. Single QDs coupled with micro-cavities and optical meta-surfaces. (a) Schematic and morphologies (AFM & SEM) of
site-controlled InAs QDs grown on GaAs/AlAs DBR microcavity. (b) The emission of the ensembled QDs without DBR cavity
(black) and emission from QD coupled with a DBR cavity (red). (c) HBT measurement of the charged exciton emission on-
resonance with the cavity mode with g2(0)= 0.12. Reprinted from [79], with the permission of AIP Publishing. (d) Schematic of
an InGaAs QD coupled with a DBR designed in a p–i–n structure. Emission wavelength can be tuned by the external bias through
Stark effect. (e) Emission intensity as a function of bias and energy, showing a tuning range of∼4 meV of the exciton emission.
(f) HBT measurement of a QD-coupled the p–i–n DBR cavity at 0.75π pulse excitation showing g2(0)= 0.0028± 0.0012; and
the HOMmeasurement parallel/cross polarised photon indistinguishability (right). Reproduced from [174], with permission
from Springer Nature. (g) Schematics of an InGaAs QD coupled to an elliptical DBR cavity (left) and an elliptical planar resonant
DBR grating structure (right), to extract one of the preferred polarisations. (h) HBT measurement of QD-elliptical DBR cavity
showing g2(0)= 0.025(5). (i) HOMmeasurement of QD-elliptical DBR cavity showing photon indistinguishability of 0.975(6).
Reproduced from [51], with permission from Springer Nature.

fabrication imperfections. In contrast, DBR microcavity (e.g. micropillars) is a vertical structure, where the
QD can be placed at the centre (electric field anode) between the top and bottom DBRs by epitaxial growth.
While the cavity mode can be tuned by varying the horizontal dimensions. Therefore, the fabrication of DBR
cavity-coupled QDs is relatively easier. Schneider et al reported the site-controlled growth InAs QDs on
seeded QDs on a patterned AlAs/GaAs DBR mirror, where the topmost QDs are distinguishable (figure 8(a))
[79]. The QDs are further grown in the centre of a full DBR cavity, with top and bottom 12 and 25 pairs, and
a lateral size of 2 µm in diameter. Clear emissions from the top and bottom QDs with a different wavelength
and narrow linewidth were observed, in comparison to the QDs without being fabricated into DBR
microcavities (figure 8(b)). Moreover, a single photon purity of g2 (0) = 0.12 has been realised (figure 8(c))
[79]. Gazzano and colleagues reported deterministically fabricated InGaAs QD in an AlAs/GaAs DBR cavity
with brightness up to 0.79± 0.08 per excitation pulse, purity of g2 (0)⩽ 0.15 and invisibility of 82± 10%
[25]. The performance of such quantum emitters was further improved including enhanced extraction
efficiency (up to 85%) and electrically detuning coherence (range= 1.4 meV) [171–173]. Figure 8(d)
displays a micropillar with QDs fabricated into a DBR cavity in a p–i–n structure, facilitated with an external
bias to turn the coherence (∼4 meV range, figure 8(e)) [174]. Under resonant excitation, the photo purity
achieved a g2 (0) = 0.0028± 0.0012 and indistinguishability (same polarisation) of 99.56± 0.45%
(figure 8(f), left), with a photon extraction of 65%. For cross-polarisation photons, the measurement shows
a clear vanishing interference (figure 8(f), right) [174]. In order to solve the problem of 50% efficiency loss
due to cross-polarisation, Wang et al proposed an elliptical DBR pillar (and an elliptical Brag grating
structure) to break the symmetry for extracting one preferred polarised emission to another (figure 8(g))
[51]. In such devices, they have demonstrated a polarised single photon QE of 60± 2% and 58± 2% for the
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Figure 9. QD integrated with Si photonics. (a) Schematic of a QD SPE coupled to a SiN photonic chip through an external fibre
and free space demultiplexing system. (b) HBT measurement on the SiN chip, with a purity of g2(0)= 0.005. (c) HOMmeasured
using an on-chip MZI circuit with a photon visibility of 94.3± 1.2%. Reproduced from [179]. CC BY 4.0. (d) Scheme and SEM
image of DBR coupled with a single QD integrated with a waveguiding ring resonator; emitted photons are collected from the side
facet of the structure within the tapered out-coupler (left); DBR waveguide cross-section with marked layers (right). (e) HBT
measured photon purity of g2(0)= 0.0191± 0.0007 (left); and HOM photon indistinguishability of 0.95± 0.02 (right).
Reprinted with permission from [180]. Copyright (2020) American Chemical Society. (f) Schematic of a nanocavity-based QD
SPE transfer-printed on a CMOS-processed silicon waveguide with glass cladding (left); illustration of the device cross section
(right). (g) PL spectrum at output port (left); HBT measurement with g2(0)= 0.30 at the output port (right). Reprinted from
[182], with the permission of AIP Publishing.

elliptical DBR and Brag grating devices, respectively. The single photon purity of the two devices is
0.975± 0.005 (0.991± 0.003) and indistinguishability is 0.975± 0.006 (0.951± 0.005) for the DBR
(elliptical Brag grating structure), as shown in figures 8(h) and (i) [51].

Other types of cavities could also be used for hosting single QDs, such as FP cavity, microdisk, and
metallic plasmonic cavity [175–177]. As the working principle is similar to the above examples, this paper
will not elaborate on the details. However, the single QDs integrated with dielectric waveguides (not the PhC
waveguides as mentioned above) are particularly interesting, because they hold the promise to develop on-
chip SPEs, in line with the fast-developing Si photonics. Schnauber et al has demonstrated an in-situ EBL
method to fabricate single III–V QDs integrated with waveguides, and the heterogeneous integration of InAS/
GaAs QD nanobeam cavity with SiN waveguides on Si [131, 132]. The III–V nanobeam cavity equipped with
an optical taper to transit the optical mode into SiN waveguide, they have demonstrated a purity of 0.11
[132]. The authors have also demonstrated the coupling of sing III–V QD with SiN PICs containing photonic
ring resonators and beam splitters, where they obtained an ultra-high-purity of g2 (0) = 0± 0.13 and a
coupling efficiency η = 23±3% [178]. Want et al reported interfacing III–V QD in PhC cavity and
programmable SiN PIC platform coupled by optical fibres with a measured coupling efficiency of 21.5%
(figure 9(a)), where they observed photon emission from the SiN PIC with a high purity of g2 (0) = 0.5±
0.2% and a high coherence 94.3± 1.2% (figures 9(b) and (c)) [179]. Dusanowski and co-authors have
developed an InAs/GaAs QD monolithically integrated into a ring resonator, which was coupled to a bus
waveguide with one end of a full DBR reflector and another side of an out coupler, as shown in figure 9(d)
[180]. The device allowed them to observe a 4-fold (Purcell factor) enhanced brightness, with a photon
purity of g2 (0) = 0.0191± 0.0007 and indistinguishability of 95± 2% (figure 9(e)) [180]. The hybrid
integration based on the ‘pick-and-place’ method has also been developed recently for coupling QDs into
dielectric waveguides. Zadeh et al demonstrated an integrated SiN waveguide with InGaAs QD-in-InP wire,
where the nanowire (with a sharp tip) guides the single photon emission into the SiN waveguide [181]. The
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Figure 10. Entangled photon pair generation from compound QDs photonic structures. (a) illustration of TPE for photon pair
generation process (left); above-bandgap excitation spectrum and emission spectrum of InGaAs QD under biexciton direct TPE
(right). (b) HBT purity of the exciton gX2(0)= 0.004± 0.018 (left) and biexciton gX2(0)= 0.003± 0.018 (right) by considering
the detector’s dark count contribution. Reproduced from [186], with permission from Springer Nature. (c) schematic and
fluorescence image of a GaAs QD coupled to a circular Bragg resonator on highly efficient broadband reflectors (CBR-HBR, left);
QD emission spectrum in the CBR-HBR cavity and HBT purity of g2(0)= 0.001± 0.001 and g2(0)= 0.007± 0.001 for exciton
and biexciton emission (right). (d) HOM visibility achieving 0.901(3) and 0.903(3) for exciton (blue) and biexciton (red)
emissions. Reproduced from [187], with permission from Springer Nature.

authors have observed a coupling efficiency 24.3± 1.7%, and a high photon purity of g2 (0) = 0.07± 0.07
with a line width of 3.45± 0.48GHz [181]. Katsumi et al reported the integration of an InAs QD in GaAs
nanobeam cavity with Si waveguide on SOI by micro-transfer printing method (figure 9(f)) [182]. The
measured coupling efficiency is as high as 70% when the distance between GaAs cavity and the Si core is
450 nm (figure 9(f)), and purity of g2 (0) = 0.03 when coupled into the waveguide (figure 9(g)) [182]. In
another work, the research team has achieved the strong coupling regime with QDs on a Si photonic chip by
the same fabrication methods [183].

Entangle photon emissions were also observed in site-controlled QDs based on the cascaded emission of
bi-excitons or higher. Such photons exhibit polarisation entanglement. Due to the existing fine structures
and binding energy the emission of exciton and bi-exciton photons often show a slightly different energy,
which can be tuned by growth, external magnetic field or electric field [45, 184]. Braun et al has observed
strong polarised cascaded two-photon emission from site-controlled InP/GaInP dots along [0–11] direction
[185]. The bi-exciton binding energy and total fin structure splitting are 4.15 meV and 237± 5 µeV. They
also observed the purity for exciton g2 (0) = 0.08 and bi-exiton g2 (0) = 0.48, a cross-correlation between
them with a minimum of 0.61 and a maximum of 1.41 [185]. In order to enhance the performance, Müller
et al reported the generation of on-demand indistinguishable polarisation-entangled photon pairs through
two-photon resonant excitation (figure 10(a)) [186]. The corrected purity of exciton and bi-exciton
emissions are g2 (0) = 0.004± 0.018 and 0.003± 0.018, with the indistinguishability is 84± 5% and
69± 4%, respectively (figure 10(b)) [186]. Liu et al has fabricated concentric Brag gratings surrounding a
GaAs QD (figure 10(c)), where they have realised high purity of g2 (0) = 0.001± 0.001 and 0.007± 0.01 for
exciton and bi-exciton emissions, with indistinguishability of 0.901(3) and 0.903(3), respectively
(figure 10(d)) [187]. The device exhibits a pair efficiency of 0.65(4) and a high entanglement fidelity of 0.88
(2). Wang et al used a slightly elliptical Brag grating realised pair efficiency of 0.62, photon
indistinguishability of 0.90 and a Purcell factor of 11.3, with the absolute brightness over 4× 106 s−1 for
both exciton and bi-exciton emission [188]. Besides entangled photon pairs, higher-level entangled photon
emissions with three or four photons were also achieved with semiconductor QDs [189, 190].
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To summarise and compare the commonly used techniques for tuning optical properties of QD-based
SPEs. The external photonic structures such as PhC cavities, DBR cavities or optical meta-surfaces offer a
cavity mode-QD dipole interactions (the physics discussion regarding this can be traced to Fermi’s Golden
Rule, which is not the focus in this review), which enhances the brightness, quantum efficiency and purity. In
the meantime, because of coupling to their intrinsic optical modes, the coherence (e.g. spectral and
polarisation) can also be selected. An external electric field by harnessing Stark effect supports an additional
degree of freedom to tune the coherence, provided the device is properly designed by considering the exciton
charge states, thermal management and breakdown limits. The various architectures of single QD systems
with significantly improved optical properties (brightness, efficiency, purity, and indistinguishability) form
the basic building blocks to develop other quantum photonic devices (e.g. repeaters and logic gates) and
quantum photonic networks.

3.2. Photonic system with⩾2 QDs
One key challenge that hinders scalability is the lack of coherence between two or more QDs. In other words,
it is impossible to prepare two identical QDs with identical electronic states (determined by their
morphology, electrostatic background, atomical defects, etc.). To overcome this, several methods have been
proposed to match the coherence. Flagg et al utilised an open cavity (glued a PZT stage) for tuning the
emission spectrum of InAs QD1 and a DBR cavity for tuning QD2 (both QDs show a single photon emission
purity g2 (0)< 0.09). When the spectrally matched, they observed a HOM invisibility<0.5 for parallel
polarised photons [191]. Reindl et al exploited photon-assisted emission from the GaAs QDs by bringing the
emission spectrum from two QDs together. The two-photon interference measurement showed a high
visibility (51± 5%). Further enabled the generation of highly indistinguishable (visibility of 71± 9%)
entangled photon pairs (fidelity of 90± 2%) [192]. Partel et al have fabricated an InGaAs QD inside a p–i–n
structure (schematically shown in figure 11(a)). The Stark effect with an external bias allowed them to have a
spectral detuning range of 25 meV (figure 11(b)). From the HOMmeasurement, a clear anti-bunch<0.5
was observed for the parallel polarised photons from two different QDs, with a two-photon interference
visibility of 33± 1% (figure 11(c)) [193]. With the same working mechanism, Papon et al achieved a
two-photon interference visibility of 79± 2% by fabricating two InAs QDs into a PhC waveguide with a
p–i–n structure (figure 11(d)) [194]. A non-linear process, so-called quantum frequency conversion (QFC),
was also explored to generate coherent photons emitted from two different QDs. As shown in figure 11(e)
(and insets), the photon frequencies emitted from two optically pumped QDs display a difference, which can
be compensated by a later wave mixing mechanism at each channel. Such a nonlinear process generates two
frequency identical photons at 1550 nm, with a two-photon interference visibility of 29± 3% [195]. With
the development of high-quality QDs growth, strong coherence with no external detuning was also observed.
For example, Dusanowski et al have developed two InAs QDs integrated with a GaAs waveguide, within a
DBR cavity (figure 11(f)). Each QD is located at one branch of the waveguiding interferometer, exhibiting a
purity of g2 (0)⩽ 0.035 measured from the output ports. From the two-photon interference measurement,
the raw visibility is 17± 0.7%, and the post-selected visibility of 66% [57]. Similar results are obtained from
two remote (20 m) GaAs QDs (figure 11(g)), where a two-photon (parallel polarised photons) visibility of
93± 0.8% was observed from HOMmeasurement (figure 11(h)). By taking advantage of the two-photon
interference, the author established a quantum CNOT gate as shown in figure 11(i), with an overall quantum
processing fidelity of 78.24± 7.53%< Fproc < 88.90± 5.34%. With the two remote QDs, the authors
demonstrated created entangled states with entanglement fidelity of FΨ= (85.02± 0.97)% [196]. Together
with entangled photon pairs generation between QDs, the absorption of single photons between different
QDs was also studied [197], forming the basis for QD-based quantum networks [198–201].

Although there are very few works investigating the optical properties of a system comprising more than
3 QDs, the 2-QD quantum system have demonstrated great potential for on-chip scalability. With the
tunable optical properties demonstrated with variety of techniques, it is promising that quantum photonic
networks composed with more than 3 QDs will be developed in the near future.

3.3. Electrically pumped site-controlled QDs
Electrically pumped semiconductor QDs underpin compact SPEs for quantum information networks. Yuan
et al deterministically fabricated an InAs QD SPE with a p–i–n structure, where the single QD emission was
selected by a metal aperture on top of the device (figure 12(a)). The raw photon purity measured by HBT at
2 µA is as low as 0.34 (figure 12(b)), corresponding to a corrected value of<0.14. The photon invisibility
from HOMmeasurement showed 93% under an injection current of 2 µA (figure 12(c)) [202]. Later the
research group observed entangled photon-pair emission from a similar device structure, with a two-photon
interference measured entanglement fidelity of 82% and a low FSS of 0.4± 0.1 µeV under an injection
current density of 31 nA µm2 [203]. For the entangled photon pair generation, the FSS originates from the
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Figure 11. The coherence (indistinguishability) of photons generated from different QDs. (a) Schematic of the energy band
structure of an InGaAs QD fabricated into a GaAs p–i–n diode. (b) Under external bias, Dot1 shows a spectral tuning range of
25 meV, which can be matched to the emission from a non-biased DotA. (c) HOMmeasurements show clear indistinguishability
of photons from DotA and Dot1 (left), and photon visibility as a function of detuning energy (right). Reproduced from [193],
with permission from Springer Nature. (d) SEM image of two QDs integrated with PhC waveguides for measuring the photon
coherence from them. Reproduced from [194]. CC BY 4.0. (e) Schematic and measured coherence from two QD emissions
coupled with optical fibres via spectral detuning by two-photon interference. Reproduced from [195], with permission from
Springer Nature. (f) On-chip two QDs coherence integrated by a waveguiding interferometer. Reprinted with permission from
[57]. Copyright (2023) American Chemical Society. (g) Schematic of measuring photon coherence from two remote QDs with
25 m fibres. (h) The HOM shows raw and corrected visibility of (90.9± 0.8)% and (93.0± 0.8)% (right). (i) Illustration of a
CNOT gate established by two QD SPEs. Reproduced from [196], with permission from Springer Nature.

electro-hole interactions could lift the degeneracy in the bi-exciton cascade emissions, thus causing
decoherence of the photon pairs. Chung et al investigated a microLED fabricated from site-controlled QDs
grown inside pre-pattered inverted pyramids on GaAs substrate [99]. The device structure is shown in
figure 12(d), the inverted pyramids were flipped by selectively removing the substrate. Due to the nature of
growth, a nanowire on top of the QDs can form a conductive patch for the carrier injection [99, 199, 214].
The authors have fabricated several devices and observed two-photon cascade emission from such QD
microLEDs, with the best entanglement fidelity of 0.678± 0.023 and small FSS down to 0.2± 0.2 µeV
(figures 12(e) and (f)) [99]. Electrically injected single QD coupled into a DBR microcavity were also
developed [78, 204, 205]. For example, Schneider et al have grown site-controlled GaAs QDs on AlAs/GaAs
DBR cavity (bottom 25 pairs and top 5 pairs), which were fabricated into electrically injected DBR LED with
a diameter of 2.5 µm (figure 12(g)). The devices exhibited a HBT purity of 0.42 (figures 12(h)) and (a)
brightness of 1.7× 105 cps [78]. For a further enhancement of the extraction efficiency, Li et al fabricated
concentric Brag gratings (bullseye) on the DBR cavity containing a single InAs QD. With external bias, they
observed single photon emission with a high purity of 0.03± 0.01 and a high brightness of 3.8× 106 cps
(corresponding to an extraction efficiency of 25.44%) [125]. In addition, electrically injected wide bandgap
QDs (e.g. InGaN) with emission in visible wavelength range were also realised [53, 110]. For example, Zhang
et al used top-down method to fabricate site-controlled singe InGaN QD-in-nanowire pin LEDs
(figure 12(i)), which showed clear single photon emission (g2 (0) = 0.42) under an external bias of 5.7 V
(figure 12(j)) [110]. On the platform, the single photon emission will transit from exciton to charged exciton
emission, when increasing the applied voltage [116].

From the statistics of the reported results, the optical properties including the purity and invisibility is
generally lower than that of the optically pumped ones. This could be resulted from many reasons such as
Stark effect by external bias, thermal broadening, electronic noises and so on. Therefore, the next
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Figure 12. Electrically injected QD-based SPEs fabricated with epitaxial growth and top-down approaches. (a) Schematic of an
electrically injected InAs QD SPE, where a metal mask with an aperture allows emission from a single QD to free space. (b)
Measured HBT values as a function of cw injected current, with a g2(0)= 0.34 at 2 µA. (c) HBT measurement under pulsed
current injection with g2(0)= 0.11. From [202]. © The Authors, some rights reserved; exclusive licensee AAAS. Distributed
under a CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/. Reprinted with permission from AAAS. (d) a
µLED containing single InAs QD grown on the apex of a GaAs pyramid on a pre-patterned substrate. (e) Two-photon
interference measurements under different polarisations from bi-exciton emission, with a best fidelity of 0.73± 0.06. (f) Statistics
of FSS from various devices showing a minimum value of 0.2± 0.2 µeV. Reproduced from [99], with permission from Springer
Nature. (g) An electrically injected InAs QD in a DBR p-i-n structure, showing a purity of 0.42 by HBT measurement (h).
Reprinted from [78], with the permission of AIP Publishing. (i) Schematic of a GaN LED containing a dot-in-wire structure
fabricated by dry etching a single QW. (j) HBT measured g2(0)= 0.42 of the GaN electrical SPE under electrical injection.
Reprinted from [110], with the permission of AIP Publishing.

breakthroughs could be the unique designs of QD-based SPEs (e.g. with tunable emission properties) that
are immune to such impacts under electrical injection, which may require high crystalline epitaxial layers,
potential dielectric passivation, and proper electrical injection methods.

3.4. Optical components simulation and design
Besides the development of semiconductor fabrication, photonic simulation becomes increasingly important
for the design of building blocks as well as complex photonic systems. With the advancement and
commercialisation of Si photonics, many foundries (e.g. IMEC, GlobalFondries, AIM Photonic etc.)
developed each own process design kit (PDKs) assisted by simulations, allowing automatic mass production
of the photonic integrated platforms like electronic design automation (EDA) used in electronic integrated
circuits (ICs) industry [204, 206, 207, 215]. Similarly, it is also critical for upscaling the QD-based SPEs. For
example, the simulation of the modal structure of a photonic structure (e.g. DBR or PhC cavity) integrated
with a single QD provides essential information to optimise the coupling efficiency for the desired optical
modes [46, 131]. For another example, with the assisted time-domain simulation, the design of concentric
Brag grating structures coupled with a single QD enhanced the light-matter interaction, substantially
improved the quantum efficiency, purity and indistinguishability [51]. In addition to these progresses, the
simulation to design ultra-low loss photonic components (for coherence control and purity filtering) will be
the key technical solution for upscaling QD SPEs.

4. Summary and outlook

This review summarises the recent development of site-controlled semiconductor QDs for SPEs, focusing on
their fabrication approaches and device performances. Though the site-controlled QDs are still under
development, this paper has discussed the visions, challenges and potential solutions in the scalability of such
QDs.
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Despite the variety of fast-developing quantum materials (such as 2D materials), III–V compound QDs
are a promising candidate due to their reliable optical properties, the well-developed fabrication process in
the industry, and existing III–V photonic devices on Si (CMOS compatibility). In the meantime, various
techniques have been developed for fabricating site-controlled compound QD-based SPEs, summarised as
selective-area growth and top-down deterministic fabrication in this paper. It is worth highlighting that each
technological route is still under development. Therefore, this paper is not intended to anticipate which
technique (or any hybrid technique) will be the eventual solution for scalability. Instead, the recent
advancements in this dynamic research area are reviewed to offer a reference from the perspective of
engineering SPEs.

Although semiconductor QDs as SPEs have been studied for more than 30 years, most of the research
today still focuses on photon emission from an individual QD (including increasing brightness, purity or
cascade photon emissions). However, such SPEs require external spatiotemporal multiplex methods to
achieve a certain number of photons or q-bits for a quantum photonic system (e.g. 50 photons for Boson
sampling to achieve quantum supremacy). Only a limited group have reported coherent photon emission
from two (or more) separated QDs [191–196]. Therefore, controlled coherent photon emission from
different QDs is critical for on-chip (and long-haul) integrated platforms. This will be the future route to
scalable SPEs, which will rely on site-controlled semiconductor QDs. Typical coherence control will involve
the modal engineering, spectral filtering and polarisation selection, where the coupled photonic structures
(optical cavities, waveguiding devices) and applied electrical/magnetic field could be used as effective
manipulation approaches.

In addition to SPEs, it is notable that the light-matter interactions including photon-photonic structures,
coupled QDs, and flying q-bit and QDs are intensively studied to develop other quantum photonic
components including repeaters, memories, gates etc [208–210]. Besides, on-chip SPDs based on
semiconductor and superconducting materials are reported [211, 212]. All these components form the
building blocks for realising on-chip (integrated) or long-haul quantum information processing systems, as
envisaged in [57] and [213].
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