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Abstract: Quantum light sources that generate single photons and entangled photons have important

applications in the fields of secure quantum communication and linear optical quantum computing.

Self-assembled semiconductor quantum dots, also known as “artificial atoms”, have discrete energy-

level structures due to electronic confinement in all three spatial dimensions. It has the advantages

of high stability, high brightness, deterministic, and tunable emission wavelength, and is easy to

integrate into an optical microcavity with a high-quality factor, which can realize a high-performance

quantum light source. In this paper, we first introduce the generation principles, properties, and

applications of single-photon sources in the field of quantum information and then present imple-

mentations and development of quantum light sources in self-assembled semiconductor quantum

dot materials. Finally, we conclude with an outlook on the future development of semiconductor

quantum dot quantum light sources.

Keywords: quantum information; single-photon source; entangled photon source; semiconductor

quantum dots

1. Introduction

With the rapid development of an information-based society, the demand for high-
speed information processing and secure information communication is undergoing a
tremendous increase. At present, integrated circuit technology is approaching the physical
limits in terms of material and process technologies. Moore’s law [1] is slowing down
gradually, and the development of traditional computing technology is facing a systemic
dilemma. Quantum information technology, based on the principles of quantum mechanics,
provides a solution to future needs to a certain extent. Since quantum information was
proposed in 1982 [2], with the establishment of quantum key distribution [3], Deutsch–Jozsa
equilibrium function algorithm [4], invisible quantum transfer [5], Shor large number prime
factorization algorithm [6], Grover’s search algorithm [7], etc., quantum communication [8],
quantum computing [9], quantum storage [10], and quantum radar [11], has gained an
exceptionally rapid development. In particular, the three quantum technologies with
quantum light sources, quantum coding, regulation and transmission, and single-photon
emission and detection as the core are the key parts of developing quantum communication.
Studies have shown that quantum communication based on single-photon sources has an
absolute security and high efficiency, whereas the acquisition of reliable and easily available
single-photon sources is a bottleneck to promoting the development of related technologies.
Therefore, an in-depth study of high-quality single-photon sources becomes of great value.
Quantum bits, as the most fundamental unit of quantum information, can be physically
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realized in a variety of systems, including photons, cold atoms, ion traps, superconducting
loops, nuclear spins, etc. [12–16]. Among them, optical quantum bits as flying quantum bits
are an excellent choice for quantum communication and quantum computing. Currently,
the main methods for preparing single-photon states are attenuating laser sources [17], i.e.,
using spontaneous nonlinear optical processes in nonlinear materials [18] and spontaneous
radiation generation of single photons from two-energy systems based on different atoms
or atom-like levels, such as single atoms [19], single molecules [20], diamond color cen-
ters [21], defect states in two-dimensional materials [22,23], and semiconductor quantum
dots (QDs) [24]. Among them, the semiconductor QDs are a kind of quasi-zero-dimensional
nanometer material and have excellent photonic properties, which can be used to generate
single photons and entangled photon pairs. Furthermore, the linewidth of their emitted
photons is the ability to be radiative lifetime limited, and it is highly compatible with mod-
ern semiconductor manufacturing processes, enabling large-scale integration and scaling
of quantum emitters on semiconductor chips. Therefore, semiconductor QD technology is
one of the best solutions for single-photon sources to move further toward practicality.

In this work, we take a single photon as the carrier of quantum information. We first
introduce the performances and principles of single-photon sources. Then, we introduce
the realization and development of single-photon sources and entangled photon sources
based on semiconductor QDs, especially for semiconductor QD single-photon sources
and entangled photon sources with artificial microstructure enhanced emission. Finally,
we summarize prospects for the future development of quantum light sources based on
semiconductor quantum dots.

2. Ideal Single Photon Source

From the statistical point of view of light emission, light has been divided into two
main categories: classical light sources containing thermally radiated light with coherent
light and non-classical light sources containing fluorescently radiated light [25]. The
photons emitted from a typical ordinary thermal radiation light source represented by
incandescent lamps exhibit Bunching, which satisfies the Super Poissonian in terms of
photon number distribution and is characterized by a very high probability of simultaneous
reception of multiple photons within a short delay time interval. The coherent light source
represented by the laser, which emits photons with randomization, satisfies the Poissonian
distribution, which shows that the probability of detecting two photons at the same time
is the same. There is neither a fixed time interval nor any correlation between the two
photons. In contrast, the quantum light source is represented by the single-photon source,
which emits photons showing antibunching, which satisfies the Sub Poissonian distribution
and exhibits no simultaneous detection of two photons at the zero moment (t = 0) and a
fixed time interval between the successive emitted photons.

The ideal single-photon source has and produces only one photon at a time. The
main criteria for judging the quality of a single-photon source are two-photon suppression,
indistinguishability, and efficiency.

2.1. Single-Photon Purity

It is essential to develop precise experimental methods to assess the quality of a
single-photon source. Is a very important index for judging a single-photon source is the
second-order correlation function g(2)(τ); the photon statistics of a quantum state of light
are determined by recording g(2)(τ) defined as [26]:

g(2)(τ) =

〈

â†(t)â†(t + τ)â(t + τ)â(t)
〉

(〈â†(t)â(t)〉)
2

(1)

where â and â† are annihilation and creation operators for the optical mode probed in the
experiment. g(2)(τ) indicates the probability of detecting a photon at each moment t and
t + τ. The g(2)(0) = 1 − 1/N for the Fock state with photon number N. Only the superposition
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of the single-photon state and the vacuum state can get g(2)(0) = 0. All other states obtain
this value as positive, so the closer this value is to 0, the better the single-photon nature is.
At that time, g(2)(0) = 0, the probability of multiphoton is 0, and the anti-collective beam
effect is presented. In addition, g(2)(0) = 1 for ordinary coherent light (laser) and g(2)(0) = 2
for thermal sources, g(2)(0) can be employed as a measure of the single-photon purity of a
light source. Experimentally, the second-order correlation function of photons is generally
measured by the Hanbury Brown and Twiss (HBT) interferometer [27] shown in Figure 1.
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Figure 1. HBT interferometer to detect the second-order correlation coefficient g(2)(0).

2.2. Photon Indistinguishability

The single-photon source with only two-photon suppression cannot fully meet the
application requirements of linear optical quantum computing and quantum networks.
Since photon identity plays an important role in the realization of double-bit or multi-
bit quantum logic gates, single-photon sources are also required. The photons emitted
by the source are identical. When a photon is incident on a 50:50 beam splitter, it will
be transmitted or reflected with half the probability. When two identical photons are
incident from both ends of the beam splitter, the following four possible results will appear.
Since the photon will introduce a phase jump of π/2 when reflected on the beam splitter,
the corresponding probability amplitude distributions of the four situations are shown
in Figure 2. The two cases in the middle of Figure 2 cancel out because the probability
amplitudes are opposite, and the two photons are emitted in the same direction. This
phenomenon is Hong–Ou–Mandel (HOM) interference [28]. In experiments, the photon
indistinguishability is judged by measuring the HOM interference contrast of two photons
emitted by a single quantum dot. The luminescent dipoles in the atomic-like structure are
often in a complex lattice environment, affected by lattice vibrations (phonons), resulting
in decoherence and broadening of the energy spectrum of the fluorescent photons, thereby
reducing photon indistinguishability.
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2.3. Single-Photon Efficiency

The efficiency includes the single-photon generation efficiency and the collection effi-
ciency. The single-photon generation efficiency is the probability that a single photon is
produced by a single-photon source under a single pulse excitation. For an ideal determin-
istic single-photon source, one and only one photon is produced for each pulse excitation.
Since the QD is inside a high refractive index group III-V semiconductor material, when
photons exit the sample, most of the photons cannot be collected effectively by the optical
system due to total reflection. As shown in Figure 3a, for example, for the interface between
GaAs (n1 = 3.59) and air (n2 = 1), the angle of total reflection inward is small:

θc = arcsin
n2

n1
= 16.17

◦
(2)
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Figure 3. (a) Schematic diagram of the inward total reflection angle of GaAs material; (b) Interaction

of the two-energy system with the cavity.

When the angle of incidence of photons arriving at the GaAs surface is greater than θc,
the photons will be completely reflected inward and cannot be detected by the detector.
Where the outgoing stereo angle of photons leaving the GaAs surface is:

Ω = 2π(1 − cos θc) = 2π



1 −

√

1 −

(

n2

n1

)2


 ≈ 0.249 (3)

Since photons generated by a single-photon source tend to exit along a 4π space angle,
the collection efficiency is:

η = Ω/4π ≈ 2% (4)

Clearly, the low collection efficiency is due to the lack of a proper cavity for strong
coupling and efficient outcoupling.

The generation of single photon or photon pairs in QD is deterministic in its nature.
However, efficient extraction of single photon or photon pairs from the high index semicon-
ductor material requires the engineering of the photonic environment. In fact, the extraction
efficiency can be even lower, considering the factors such as sample surface roughness
and material absorption. Therefore, there is a great need to enhance the photon collection
efficiency. Experimentally, researchers usually use the method of optical microcavities or
waveguide structures (such as nanowires, microlenses, metasurfaces, etc.) to enhance the
efficiency of photon extraction. Figure 3b shows the typical single-photon source consisting
of a single QD coupled coherently, with coupling constant g, to one mode of a Fabry–Pérot
cavity. Incoherent processes are spontaneous emission from the nonclassical light emitter
to the continuum at rate γ and photon loss through the cavity mirrors at rate κ. Integrating
quantum dots into optical microcavities can channel the spontaneously emitted photons
into a well-defined spatial mode and in a desired direction to improve the overall efficiency.
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It can alter the spectral width of the emission. It can also provide an environment where
dissipative mechanisms are overcome so that a pure quantum-state emission takes place.
By coupling with an optical microcavity, the interaction between the cavity mode and
quantum energy levels can be greatly enhanced. Depending on the relationship between
the strength of the coupling and the decay rate, the coupling system can be divided into
weakly coupled and strongly coupled systems [29,30]. In the strong coupling region [31],
the intrinsic energy of semiconductor quantum dot energy level and microcavity optical
field mode coupling is split, and the split energy is [32]:

E1,2 =
Ec + Ex

2
−

i(γc − γx)
2

4
±

√

g2 −
(γc − γx)

2

16
(5)

where Ex and Ec are the energies of the QD exciton and cavity modes, γx and γc are their
full-width half-maximum (FWHM), ∆ = Ex − Ec is the detuning, and g is the exciton-

cavity coupling strength. Strong coupling requires g2
> (γc − γx)

2/16, which leads to a
splitting of the two eigenenergies at resonance (∆ = 0) by an amount called the vacuum
Rabi splitting. For typical QD and microcavities, γx (a few µeV) is much smaller than γc

(~100 µeV), and the strong coupling condition reduces to g > γc/4. In order to reach strong
coupling with a given oscillator strength, one must maximize the ratio of cavity quality
factor to mode volume [33]. In addition, in the strong-coupling regime, due to the coupling
of the QD to a privileged cavity mode is far stronger than its coupling to all other modes,
so the ensuing process of spontaneous emission becomes deterministic.

When the coupling strength is less than the decay rate, the coupling system is weakly
coupled. In this case, the spontaneous radiation rate of the QD is enhanced due to the
increase of the local field density of states, and the enhancement is a multiple of the Purcell
factor, which is the Purcell effect. It, therefore, can be used to optimize the performance of
optical devices such as lasers and quantum light sources. The maximum Purcell factor is
obtained when the QD is located at the position with the maximum field strength [34,35]:

Fp =
3

4π2

(

λ

n

)3 Q

V
(6)

where λ is the resonant wavelength, n is the refractive index of the dielectric material in the
microcavity, Q is the quality factor of the cavity, and V is the mode volume in the cavity. In
fact, Fp will be far from the optimal value because of the existence of detuning between
quantum dots and microcavities and other problems. When Fp < 1, the spontaneous
radiation rate of quantum dots will be suppressed; when Fp > 1, the spontaneous radiation
rate of quantum dots will be enhanced, which means more single photons will be radiated
by quantum dots per unit time. From the definition, it can be seen that a small mode
volume and a large quality factor can lead to an increase in the spontaneous radiation rate.
The microcavity structure that can be coupled with the QD can effectively modulate the
quantum dot luminescence performance by a proper design of microcavity parameters and
the combination of semiconductor growth process conditions of the microcavity structure.
When the QDs are located in the center of the cavity mode, the QD and the cavity can

achieve good coupling efficiency (β =
Fp

1+Fp
), and it will play a great role in enhancing the

emission rate of QD.

3. Self-Assembled Semiconductor Quantum Dots

3.1. Growth of Self-Assembled Semiconductor Quantum Dots

Currently, single-photon emission has been experimentally observed in different
atomic and atom-like systems such as atoms, ions, molecules, NV color centers, and QD.
Among them, the growth of self-assembled semiconductor QD mainly by molecular beam
epitaxy (MBE) or metal-organic compound chemical vapor deposition (MOCVD) is of great
interest because of its solid-structure stability and discrete atom-like energy level structure
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recognized as a strong contender for achieving high-quality single-photon sources in solid-
state systems. In addition, QDs can be excited with double excitons or even multiple
excitons, generating frequency-distinguishable photon pairs or a sequence of photons of
different frequencies through a cascade of fouling processes, each of which is a single
photon at each frequency.

InAs/GaAs QDs are a kind of self-assembled semiconductor nanostructures that
are widely studied in experiments nowadays. It is generally formed by growing InAs
QD on GaAs material in Stranski–Krastanow (S–K) growth mode [36]. Since there is a
constant lattice mismatch of about 7% on GaAs, InAs adapt to the lattice mismatch by
elastic strain. Figure 4a is a schematic diagram of the constant lattice variation in growing
dislocation-free InAs QD on GaAs substrate through the S–K growth mode. The GaAs
buffer layer is grown first, and then the precipitation of InAs continues on the GaAs buffer
layer. Initially, InAs is grown in two dimensions to form the infiltrated layer. Since the InAs
lattice structure is larger than that of the GaAs substrate, the epitaxial layer is compressed
laterally, and stress is generated, which increases with the thickness of InAs. When the
deposited amount exceeds the critical value, the accumulated elastic energy is released, and
the three-dimensional growth begins, forming InAs QDs. The QDs are formed randomly
on the surface of GaAs material, and the height of these QDs is around 1~10 nm, and
the diameter is around 10~70 nm, as shown in Figure 4b [37]. The size of the dots has
a great influence on the spectral lines of QD fluorescence, and the larger the difference
in the size of QDs, the larger the difference in the fluorescence emission wavelength of
QDs. In addition, due to the random distribution of self-assembled semiconductor QD
leading to a very low yield of single-photon sources, in order to make the QD coupled to
microcavities controllable, the determination of the position of the self-organized grown QD
using different optical positioning methods (without damage) has been proposed [38,39].
It should be noted that the semiconductor QD growth method given here is not limited to
InAs/GaAs QDs, but is also applicable to QDs of other semiconductor materials.
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3.2. Band Structure of Self-Assembled Semiconductor Quantum Dots

Since the size of the MBE-grown self-assembled semiconductor QD in the growth
direction is smaller than that in the lateral direction, the energy level splitting in the growth
direction (z-direction) of the self-assembled semiconductor QD is much larger than the
energy splitting in the lateral direction. For the InAs/GaAs QD shown in Figure 5a, the
InAs QD material is grown in the GaAs material. The energy band of InAs/GaAs QD
is divided into conduction bands and valence bands, in which the fluctuation equation
of the ground state electron in the conduction band shows s-wave symmetry, the spin
angular momentum of the electron is 1/2, and the spin Sz = ±1/2 in the z-axis direction. In
contrast, the ground state hole in the valence band shows p-wave symmetry. The angular
momentum of the holes is 3/2. The holes in the z-axis direction are divided into heavy
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holes and light holes, with the spin component Jz = ±3/2 in the z-axis direction for heavy
holes and Jz = ±1/2 in the z-axis direction for light holes; there is also a spin-orbit splitting
energy band in the valence band, which has a spin of Sz = 1/2 and a spin of Jz = ±1/2
in the z-axis direction. Since the heavy hole levels are far apart, we consider only the
effect of heavy holes when discussing the structure of the excitonic state of InAs/GaAs
quantum dots. Optical excitation of semiconductor QD allows studying the energy level
structure of QD, which also is the most common method to obtain single photons. Optically
excited semiconductor QD can be divided into non-resonantly excited QDs (including band
excitation and p-shell excitation) and resonantly excited QD (including pulsed resonant
excitation-Raby oscillation and continuous resonant excitation-Mollow triplet state). Before
the QD is excited, there are no additional charged particles inside the QD, and the excitation
produces an electron-hole pair called neutral exciton |X〉 (Excitons are formed due to
the Coulomb interaction of electrons and holes with each other), in which the electrons
and holes occupy the lowest energy levels of the conduction band and valence band,
respectively. Since the optical selection law dictates that only transitions with total angular
momentum M = ± 1 occur in photon absorption, if the spins of electrons and heavy holes
are antiparallel, excitons with the angular momentum of ±1 on the z-axis ((Sz = 1/2,
Jz = −3/2) or (Sz = −1/2, Jz = 3/2)) satisfy the transitions, it is called a bright exciton. If the
spins of the electron and heavy hole are parallel and the angular momentum component of
the exciton in the z-axis is ±2 ((Sz = 1/2, Jz =3/2) or (Sz =−1/2, Jz = −3/2)) is forbidden
transitions, it is called a dark exciton [40]. QDs with a high degree of structural symmetry
emit fluorescence spectral lines without dark excitons, only bright excitons. However, when
the symmetry is broken by external factors (e.g., transverse magnetic field), a mixture of
bright and dark excitons is generated, and the dark exciton component also appears in the
fluorescence spectral line emitted by the QD.
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When the InAs/GaAs QD is excited through up the band, the photon energy of the
excitation light is larger than the forbidden band width of GaAs around the QD. The
electron-hole pair formed between the conduction band and the valence band undergoes a
spontaneous relaxation process, and a part of the electrons and holes are trapped by the
infiltration layer and then reach the lowest excited state of the QD after a phonon-assisted
relaxation process of several tens of picoseconds to form an exciton. As shown in Figure 5b,
when the QD captures an electron and a hole, a neutral exciton |X〉 is formed due to the
Coulomb interaction between the electron and the hole. When the quantum dot captures
two electrons and a hole, the exciton formed is the charged exciton

∣

∣X−
〉

. The same process
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can occur with two holes and one electron
∣

∣X+
〉

, two electrons and two holes |XX〉 (double
exciton), etc. In contrast to charged excitons, neutral excitons have exchange interactions
between electrons and holes. Due to the irregularity of the QD growth process, there is
fine structure cleavage of energy levels even without an external magnetic field, while in
charged excitons, the total angular momentum of the two electrons in the conduction band
is zero, and there are no exchange interactions. At the same time, the neutral exciton |X〉
has a Coulomb interaction of one electron and one hole, while the charged exciton

∣

∣X−
〉

has a three-body Coulomb interaction of two electrons and one hole, and the energy of the
charged exciton

∣

∣X−
〉

is smaller than that of the neutral exciton. The Coulomb interactions
of different excitons and the fluorescence photon energy emitted is also different. This
Coulomb reformation process can be distinguished from the different exciton states of QD
by spectral analysis, and the fluorescence generated by band excitation contains multiple
exciton components. Since the excitation time from electron-hole generation to relaxation
to exciton formation in QDs is less than the radiative lifetime of QD fluorescence (~1 ns),
QDs have and will have only one fluorescent photon for each excitation. It should be noted
that the analysis of the band structure of semiconductor QDs given here is not limited to
InAs/GaAs QDs, but is also applicable to QDs of other semiconductor materials.

4. Artificial-Microstructure Enhanced Single Photon Emission from Single
Semiconductor Quantum Dot

Next, we will review the development of research on several different types of artifi-
cial microstructures enhanced by single self-assembled semiconductor QD single-photon
sources. Semiconductor cavities employing distributed Bragg reflectors (DBR), micropillars,
and photonic crystals are used to enhance the repetition rate, collection efficiency, polariza-
tion, and indistinguishability of single photons. In 1999, Kim J. et al. achieved a similar
flow of single photons emission with a well-regulated time interval in a GaAs/AlGaAs
three-quantum well (QW) sandwich structure inside pillar microcavity for the first time at
a temperature of 50 mK [41]; In 2000, Michler P et al. realized the single-photon source of
InAs QDs coupled with the whispering gallery cavity mode in the microdisk cavity (which
consists of a disk 5 µm in diameter and a 0.5µm A10.65Ga0.35As post. The disk area consists
of 100 nm of GaAs, an InAs QD layer, and 100 nm of GaAs.) [42]; In 2002, Yuan Z. et al.
achieved electrically driven single-photon emission for the first time at a temperature of
5 K [43]; In the same year, Santori C et al. tested the indistinguishability of photons emitted
from a semiconductor QD in a microcavity through a HOM-type two-photon interference
experiment, they find that consecutive photons are largely indistinguishable, with a mean
wave-packet overlap as large as 0.81 [44]. In 2005, Badolato A. et al. observed clear sig-
natures of cavity QED (such as the Purcell effect) in all fabricated structures by achieving
a deterministic spatial and spectral overlap between a QD exciton line and a photonic
crystal cavities mode. This approach immediately found application in cavity-assisted
QD spin-flip Raman transition to generate indistinguishable single photons [45]. In 2006,
Chang W. H. et al. realized an efficient single-photon source based on low-density InGaAs
QDs embedded in linear-type photonic crystal cavities, and the devices feature the effects of
a photonic band gap, yielding a single-mode spontaneous emission coupling efficiency as
high as 92%, a high degree of single-photon purity of g(2)(0) = 0.01 and a linear polarization
degree up to 95% [46].

Since then, the growth and fabrication processes of QD into different microcavities
have been continuously improved to optimize the QD luminescence and microcavity optical
field coupling performance, which has led to the rapid development of microcavities in
enhancing the single-photon emission of semiconductor QD. Table 1 lists some of the
reported single-photon sources based on III-V self-assembled semiconductor QDs between
2007 and 2015 in terms of luminescence wavelength, lifetime, second-order correlation
function, and optical microcavity structures employed.
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Table 1. Selected reports of single-photon sources based on semiconductor QDs [47–61].

Photonic Structure Life Time (ns) Wavelength (nm) g2(0) References

Micropillar 0.65 ~917 0.05 [47]
Micropillar 0.015 ~956 0.18 [48]

Photonic crystal cavities 0.045 ~944 0.05 [49]
Tapered nanowires 2.4 ~915 <0.008 [50]

Photonic crystal cavities ~1 ~1550 0.43 ± 0.04 [51]
Tapered nanowires 1.7 ± 0.1 ~881 0.12 [52]

Photonic crystal cavities 0.2 ~1550 0.10 ± 0.02 [53]
Photonic crystal cavities 0:87 ± 0:15 ~910 0:27 ± 0:07 [54]

Nano-trumpet 0.82 ~907 0.31 [55]
Micropillar 0.265–0.270 ~932 0.05 [56]
Micropillar ~0.39 ~941 0.012(2) [57]

Photonic crystal cavities 1.61 ~905 0.04 ± 0.05 [58]
Adiabatic pillar 0.14 ± 0.04 ~945 0.10 ± 0.03 [59]

Microlens ~1 ~925 <0.01 [60]
Circular Bragg grating(CBG) cavities 0.52 ~907 0.009 ± 0.005 [61]

Single-photon sources based on semiconductor self-assembled QDs have attracted in-
creasing attention due to their potential applications in quantum computing and quantum
communication. In recent years, significant developments have been made in microcavity-
enhanced semiconductor QD single-photon sources. In 2016, Ding X. et al. coupled QD
to micropillar cavities (The QD was grown via molecular beam epitaxy, embedded in a
λ-thick GaAs cavity, and sandwiched between 25.5 lower and 15 upper DBR stacks. Mi-
cropillars with 2.5 µm diameter were defined via electron beam lithography), as shown
in Figure 6a. Under s-shell pulsed resonant excitation of a Purcell-enhanced QD micropil-
lar, they deterministically generated resonance fluorescence single photons which, at π
pulse excitation, had an extraction efficiency of 66%, single-photon purity of 99.1%, and
photon indistinguishability of 98.5% [62]. In the same year, Somaschi N. et al. reported a
single-photon source made of QD in electrically controlled micropillar cavities, as shown
in Figure 6b [63]. The application of an electrical bias on the deterministically fabricated
structures is shown to strongly reduce charge noise. Under resonant excitation, indistin-
guishability of 0.9956 ± 0.0045 is demonstrated with g(2)(0) = 0.0028 ± 0.0012. The photon
extraction of 65% and measured brightness of 0.154 ± 0.015 make this source 20 times
brighter than any source of equal quality. There are still huge challenges regarding elec-
trically pumped single-photon sources based on semiconductor quantum dots, such as
complicated fabrication processes, low collection efficiency, and how to effectively over-
come the effects of charge noise, etc. In 2017, Heindel T. et al. introduced an attractive
type of integrated twin-photon source based on a QD deterministically integrated within a
monolithic microlens, as shown in Figure 6c. Triggered generation of photon pairs with the
same energy and polarization becomes possible by utilizing a biexciton–exciton radiative
cascade, where the biexciton binding energy equals the fine structure splitting of the bright
exciton. They observed strong temporal correlations of the photon twins in auto-correlation
measurements, resulting in a pronounced symmetric bunching peak. Further, by comparing
the measured cross- and auto-correlation traces, they are able to determine the efficiency
of the twin-photon cascade and demonstrate a HOM-type two-photon interference of
(234 ± 4) kHz. In addition, they employ a photon-number-resolving detector to directly
verify twin-photon emission and to reconstruct the photon number distribution emitted by
the quantum emitter [64]. In 2018, Rongling Su et al. successfully demonstrated the up-
converted excitation on single QDs for efficient generations of single photons using a pillar
microcavity. By tuning the excitation laser frequency into the high-energy sidebands of the
DBR in the micropillar while keeping the QD spectrally resonant with the cavity mode,
they achieved bright on-demand single-photon emissions with a collection efficiency of
(77% ± 6%) and a g(2)(0) of 0.044 ± 0.003 that is six times better than the value under above-
band excitations [65]. However, it is difficult to fabricate both Bragg resonators with many
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periodic thin layers using epitaxial methods and photonic crystals with periodic arrays
of holes using electron beam lithography (EBL). In addition, surface plasmons in metallic
structures have their intrinsic drawbacks, such as high optical losses, which can quench
spontaneous emission, limiting their potential applications. The coupling of QDs to lossless
all-dielectric photonic nanostructures based on high refractive index materials with optical
response governed by multipolar Mie-type resonances has gained increasing popularity in
recent years due to the simplicity in their fabrication is markedly easier. In 2017, Rutckaia
V. et al. showed that Mie resonances govern the enhancement of the photoluminescent
signal from embedded Ge(Si) QDs due to a good spatial overlap of the emitter position with
the electric field of Mie modes. Based on the nanodisk mode engineering, they also show
that the mode hybridization in a nanodisk trimer results in an up to 10-fold enhancement
of the luminescent signal due to the excitation of resonant anti-symmetric magnetic and
electric dipole modes [66]. In 2023, Kroychuk M K. et al. experimentally and numerically
investigated the excitation of magnetic Mie-type resonance by linearly polarized light in a
GaAs nanopillar oligomer with embedded InAs QD leads to quantum emitters absorption
efficiency enhancement [67]. Moreover, they experimentally demonstrated more than ten
times QDs photoluminescence (PL) enhancement and numerically reached forty times gain
compared to unstructured film when the excitation wavelength is in the spectral vicinity
of Mie-type resonance. We believe that QDs coupling with Mie-type resonant oligomers
collective modes for nanoscale single-photon sources can be a promising candidate for
next-generation quantum light sources for quantum information.

In 2020, Moczała-Dusanowska M. et al. demonstrated a Purcell-enhanced (Fp = 3.5)
single-photon source realized by the fabrication of a hybrid III–V/dielectric circular Bragg
grating (CBG) cavity directly bonded onto a piezoelectric actuator [68], as shown in
Figure 6d. Such a kind of photonic system offers the potential for broadband high photon
extraction efficiency and spontaneous emission rate enhancement. This device allows
for reversible spectral tuning of the embedded quantum dot emitters and pure triggered
single-photon generation with g(2)(0) = (1.5 ± 0.05) × 10−3, spontaneous emission lifetimes
smaller than 200 ps. By applying 18 kV/cm electric filled to the piezo substrate, they
achieved a tuning range larger than 0.78 meV for QD in resonance with the cavity mode. In
2023, Li X. et al. presented a bright semiconductor single-photon source heterogeneously
integrated with an on-chip electrically injected microlaser. The CBG is located right on top
of the micropillar laser, and an additional spacer is designed specifically to separate cavity
modes in each distinct component, as schematically shown in Figure 6e [69]. Different from
previous one-by-one transfer printing techniques implemented in hybrid QD photonic
devices, multiple deterministically coupled QD-CBG single-photon sources were integrated
with electrically injected micropillar lasers at one time via a potentially scalable transfer
printing process assisted by the wide-field photoluminescence (PL) imaging technique.
Optically pumped by electrically injected microlasers, pure single photons are generated
with a high brightness of count rate of 3.8 M/s and an extraction efficiency of 25.44%. Such
a high brightness is due to the enhancement by the cavity mode of the CBG, which is
confirmed by a Purcell factor of 2.5.

Single-photon sources in the telecommunication band have become a hot research
topic in recent years due to their great advantage of extremely low loss in long-distance
transmission in optical fibers. In the self-assembled quantum dot system, the InAs/InP
system has been studied to produce single-photon sources in the O- and C-bands in the
communication band. However, the refractive index difference between the two materials
InP and InGaAsP, which form the distributed Bragg reflection cavity (DBR), is too small,
which makes it difficult to form a DBR cavity with high-quality factor and affects the
collection efficiency of single photons. In 2017, Chen Z. S. et al. obtained a high count
rate single-photon emission at a wavelength of 1.3µm with a photon extraction efficiency
of 3.3% and the multi-photon emission possibility g(2)(0) = 0.14 using InAs/GaAs bilayer
QD coupled to a distributed Bragg reflector microcolumn cavity of 3 µm diameter. Cavity
mode and Purcell enhancement have been observed clearly in microphotoluminescence
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spectra [70]. In 2018, Liu F. et al. obtained a single-photon source with a high single-
photon purity of 97.4% and indistinguishability of >90% in a waveguide-coupled QD–
photonic crystal microcavity system by embedding a QD into a photonic crystal microcavity.
Enhanced single-photon emission from semiconductor QD is observed due to the Purcell
effect of the photonic crystal microcavity when using π-pulsed resonant excitation, as
shown in Figure 6f. The radiation lifetime of the waveguide-coupled photonic crystal cavity
system was shortened to 22.7 ps; this leads to near-lifetime-limited single-photon emission
that retains high indistinguishability (93.9%) on a timescale in which 20 photons may be
emitted [71].

In 2021, Kolatschek S. et al. achieved single-photon emission in the telecom O-band
by coupling InGaAs/GaAs QD to a CBG cavity, yielding a Purcell enhancement by a factor
of ~4, and bright single-photon emission is shown for transitions under above-band and
p-shell pumping. When using p-shell pumping, a combination of high count rate with pure
single-photon emission (g(2)(0) = 0.01 in saturation) is achieved, and a good single-photon
purity (g(2)(0) = 0.13) together with a high detector count rate of 191 kcps is demonstrated
for a temperature of up to 77 K [72]. In 2022, Xu S. W. et al. demonstrated bright telecom
O-band single-photon sources based on In(Ga)As/GaAs QD deterministically coupled
to hybrid CBG resonators using a wide-field fluorescence imaging technique [73]. It is
worth mentioning that to ensure spatial overlaps between the QDs and hybrid CBG cavity,
they used a wide-field fluorescence imaging technique to extract the positions of QDs
respective to the pre-fabricated alignment marks. The QD emissions are redshifted toward
the telecom O-band using an ultra-low InAs growth rate and an InGaAs strain-reducing
layer. The single-photon source under both continuous wave (CW) and pulsed operations
are demonstrated, showing high brightness with count rates of 1.14 MHz and 0.34 MHz
under saturation powers and single-photon purities of g(2)(0) = 0.11 ± 0.02(CW) and
g(2)(0) = 0.087 ± 0.003 (pulsed) at low excitation powers. A Purcell factor of 4.2 with a
collection efficiency of 11.2% ± 1% at the first lens is extracted, suggesting an efficient
coupling between the QD and hybrid CBG cavity.

By embedding QD into optical resonant cavities such as micro-pillar cavities and pho-
tonic crystal micro-cavities, the generated single photons that satisfy the Fourier transform
limit relationship can be extracted with high efficiency. In recent years, despite the great
improvement in the collection efficiency of quantum dots, the efficiency of polarized single-
photon efficiency has hardly exceeded the 50% upper limit. There are two main reasons
for this: the optical transition rules in quantum dots dictate that the polarization state of
resonant fluorescence will be either random left-hand circular polarization or right-hand
circular polarization. The other reason is that resonant excitation requires the suppression
of pump light at the same frequency as the single photon, and the most efficient way to do
this is to use an excitation-collection scheme with orthogonal polarization. This polarization
filtering will simultaneously reduce the system efficiency of the quantum dot single photon
by a factor of two. In 2019, Wang H. et al. proposed a high-performance semiconductor QD
single-photon source based on narrowband elliptical micropillar cavities (which has a major
(minor) axis of 2.1 µm (1.4 µm) and broadband elliptical CBG cavities (which consists of a
central elliptical disk, surrounding elliptical grating and fully etched trenches. The major
(minor) axis of the central elliptical disk is 770 nm (755 nm), the major (minor) axis period
of the elliptical grating is 380 nm (372 nm), and the etching depth is 100 nm.), schemes for
the experimental realization of a high-quality polarized single-photon source, as shown in
Figure 7a,d [74]. The two non-degenerate fundamental modes of the elliptical micropillar
cavity at 896.54 nm (labeledlabeled as M1) and 897.04 nm (labeled as M2), with a splitting of
183 GHz, as shown in Figure 7b. Figure 7c shows the polarization of M1 (M2) is parallel to
the minor (major) axis, with a high degree of polarization of 99.7% (99.6%), which confirms
the symmetry-broken, highly polarized nature of the elliptical micropillar cavity. The mode
of the elliptical CBG cavities splits into a doublet (labeled as B1 and B2), and the splitting is
2.8 THz, which is 1.5 (1.3) times larger than the linewidth of B1 (B2), as shown in Figure 7e.
Figure 7f shows with time-resolved resonance fluorescence measurements, the radiative
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lifetime for the QD coupled to the elliptical micropillar cavity and the elliptical CBG cavity
are ~61.0(1)ps and ~69.1(1)ps, respectively, ~17.8 and ~15.7 times shorter than the average
lifetime (~1.09 µs) of more than 20 QDs in the slab from the same area. They demonstrated
a polarized single-photon efficiency of 0.60 ± 0.02 (0.56 ± 0.02), a single-photon purity of
0.975 ± 0.005 (0.991 ± 0.003), and indistinguishability of 0.975 ± 0.006 (0.951 ± 0.005) for
the elliptical micropillar (elliptical CBG) cavity. This work provides promising solutions
for truly optimal single-photon sources combining near-unity indistinguishability and
near-unity system efficiency simultaneously.
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Photon spin states and orbital angular momentum (OAM) of photons are very im-
portant quantum resources [75,76], and on-demand tuned QD spin state single-photon
sources and single-photon sources with orbital angular momentum are key devices for
high-dimensional quantum information processing and have very important applications
in fields such as quantum information and quantum chips. However, the random nature of
single-photon radiation from QD leads to very difficult regulation of the spin state, and
the integration of quantum devices cannot be achieved using traditional block optics such
as beam splitters and wave sheets for regulation. Additionally, the generation of single
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photons carrying orbital angular momentum is mostly probabilistic by nonlinear processes
with low efficiency, which becomes a major bottleneck limiting the processing of high-
dimensional quantum information. In 2020, Bao Y. et al. proposed a silicon-based metalens
with a double focus to modulate the direction and spin state of the single-photon source
radiation, as shown in Figure 8a [77]. In this structure, the metalens consists of silicon with a
high refractive index, QDs are embedded in SiO2, and the gold mirror surface at the bottom
reflects the single photons radiated downward from the quantum dots into the metalens,
thus improving the collection efficiency of the single-photon source radiation. Although
the radiation from the QD single-photon source is random, it can always be decomposed
into two opposite spin states with left-hand circular polarization and right-hand circular
polarization. In order to separate these two spin state emissions along different directions,
a geometric phase-based phase mutation can be used to design a metalens. Based on this
design, the structure of the silicon-based metalens with bifocal point is obtained by using
fluorescence imaging, precise positioning technique, and nano-processing techniques. The
optical test results show that for the structure with θ1 = −θ2 = 0◦, the half-height widths of
the single-photon radiation in the horizontal and vertical directions are 5.47◦ and 5.99◦, re-
spectively, which are basically consistent with the simulated result of 5.8◦; for the structure
with θ1 = −θ2 = 20◦, the half-height widths of the single-photon radiation in the horizontal
and vertical directions are 4.84◦ and 3.17◦, respectively. The polarization of left and right
spin polarization is 88% and 78%, respectively. In the following year, the team proposed
to place a single QD inside a micro-ring resonant cavity waveguide with second-order
angular gratings embedded in the inner wall to enable efficient coupling of the QD with
a micro-cavity mode with orbital angular momentum, as shown in Figure 8b [78]. When
the two modes are modulated by the angular grating, the mode inside the micro-ring is
scattered into free space in a spiral propagation, thus enabling the generation of orbital
angular momentum photons. For a micro-ring resonant cavity with a fixed grating number
q, where the angular quantum number p of the echo wall mode determines the topological
charge number l of the outgoing orbital angular momentum, i.e., l = sign(p)(|p|-q) [79].
Therefore, the orbital angular momentum mode of the QD producing upward radiation in
this micro-ring resonant cavity is a superposition state of order l. To maximize the coupling
of the single photons emitted from the QD into the cavity mode, experimentally, they tuned
the QD exciton lines to the center of the cavity mode by temperature tuning so that the peak
position of the single photons resonates with the peak position of the cavity mode, thus
achieving a spontaneous radiation rate enhancement of the quantum dot by the micro-ring
resonant cavity by a factor of about 2. The single-photon purity of the single-photon source
carrying orbital angular momentum emitted by characterizing the second-order correlation
function with zero delays is close to 90%. The near-field and far-field mode distributions
obtained from the single-photon emitted light after cavity mode modulation show that the
outgoing photons carry a superposition of the orbital angular momentum states.

Inspired by topological phases and phase transitions in condensed matter, a new
research field based on topological band theory, topological photonics, has emerged [80,81].
Topological quantum light sources are promoted by the discovery of the topological edge
states and corner states with robustness against defects and perturbations. Important
results have been achieved in the combination of topological photonics and quantum
optics [82], including topologically protected photon pair sources based on the one-
dimensional Su–Schrieffer–Heeger (SSH) model and the two-dimensional integer quantum
Hall effect [83,84], topologically protected tunable quantum interference [85], etc. On this
basis, Dai T. et al. prepared a quantum entangled light source with topology-protected
properties by designing multiple micro-ring cavities coupled to each other to form an opti-
cally anomalous Floquet topological insulator based on a silicon-based optical quantum
chip in a complementary metal-oxide-semiconductor (CMOS) process [86]. However, these
topological quantum light sources are not realized based on semiconductor quantum dots.
In 2023, Jurkat J. et al. demonstrated a single-photon source based on a single semiconduc-
tor QD coupled to a topologically nontrivial SSH cavity mode and provided an in-depth



Photonics 2023, 10, 639 14 of 21

study of Purcell enhancement (Fp = 1.8 ± 0.4) for this topological quantum light source and
demonstrate its emission of nonclassical light (the second-order correlation function of the
in resonant QD gives a g(2)(0) = (0.365 ± 0.006)) on demand [87]. Figure 8c shows a sketch
of the structure, where the cut through the structures highlights the difference in the cavity
layer thickness and, therefore, a difference in the optical confinement potential.
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5. Artificial Microstructures Enhanced Entangled Photon Emission from
Semiconductor Quantum Dots

Entangled photon sources are indispensable in the quantum information science and
technology field [88,89]. The main methods to generate entangled photon sources are
spontaneous parametric down-conversion (SPDC) and spontaneous four-wave mixing
(SFWM) of nonlinear crystals. However, these methods not only have low collection
efficiency but are also probabilistic in nature, limiting the scalability and reproducibility
of entangled photon sources. In contrast, semiconductor quantum dot-based quantum
sources can be triggered by external electrical or optical pulses as needed to generate
deterministic entangled photon pairs, while the random radiation of photons leads to
a low collection efficiency [90]. Artificial microstructures offer the possibility to realize
quantum entangled photon sources with high brightness, high entanglement fidelity, and
high indistinguishability. Compared to the process of quantum dot generation of single
photons, quantum dot generation of entangled photon pairs will have two additional
challenges. Firstly, the fine structure cleavage of the quantum dot needs to be smaller than
the linewidth of the quantum dot radiating photons so as to post-erase the information
of which path the quantum dot double exciton leap comes from. Second, because of the
difference in energy between the double exciton |XX〉 and single exciton |X〉 jumps, the
wavelengths of the two exciton jumps are not equal, which requires the optical resonant
cavity to be relatively broadband. Nanowires are a non-cavity waveguide structure, and
quantum dots in nanowires can be well coupled into waveguide modes to achieve an
efficient collection of entangled photon pairs. The collection bandwidth usually has tens
of nanometers, which is suitable for improving the collection efficiency of entangled
photon pairs. In 2017, Jöns K. D. et al. used self-organized grown nanowires collected
~200 kHz entangled photon pairs at the first lens under 80 MHz pulsed excitation, which
was a 20 times enhancement as compared to a bare quantum dot without a photonic
nanostructure, and the entanglement fidelity was 81.7% ± 0.2% [91]. In 2022, Aumann
P et al. have shown the coherent coupling of the ground to biexciton state of an InAsP QD
embedded in an InP nanowire via an optimized two-photon resonant excitation scheme
and generated time-bin entangled photons, yielding a fidelity of 90% with respect to the
maximally entangled Bell state [92]. Microlenses are another commonly used structure for
extracting entangled photon pairs. In 2018, Chen Y. et al. built a broadband microlens with
an extraction efficiency of 65% ± 4% and demonstrated a highly efficient entangled-photon
source by collecting strongly entangled photons (fidelity of 90%) at a pair efficiency of
37.2% ± 0.2% per pulse [93]. Recently, the team achieved a 1 GHz-clocked, maximally
entangled, and on-demand photon-pair source based on droplet etched GaAs QD using
two-photon excitation [94]. By using these GaP microlens enhanced entangled photon
pair sources in conjunction with their substantial brightness, raw entanglement fidelities
of up to 95% ± 1%, and postselected photon indistinguishability of up to 93% ± 1%, the
suitability for quantum repeater-based long-range quantum entanglement distribution
schemes is demonstrated.

In 2019, Liu J. et al. proposed a new CBG cavity on highly efficient broadband
reflectors with GaAs QDs based on quantum light radiation control theory, which can
overcome the lateral and backward leakage of photons and greatly enhance the Purcell-
enhanced emission with high brightness and indistinguishability of entangled photon
pairs, as shown in Figure 9a [95]. Using a wide-field QD positioning technique, they
deterministically fabricate the new broadband photonic nanostructures in which single
GaAs QDs are precisely located at the optimal position (the center of the CBG cavity)
for high-performance generation of entangled photon pairs. The solid-state entangled
photon source produces entangled photon pairs with a pair collection probability of up to
65% ± 4% (single-photon extraction efficiency of 85% ± 3% for both |X〉 and |XX〉), a high
degree of single-photon purity of 99.8% ± 0.1%, entanglement fidelity of 88% ± 2%, and
indistinguishabilities of 90.1% ± 0.3%) and 90.3% ± 0.3% are simultaneously obtained. In
the same year, Wang H. et al. used a CBG-like structure (with a broadband high Purcell
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factor of up to 11.3) coupled with InAs QD to achieve generate entangled photon pairs
with a state fidelity of 90% ± 1%, the pair generation rate of 59% ± 1%, the pair extraction
efficiency of 62% ± 6%, and photon indistinguishability of 90% ± 1% simultaneously [96].
In 2022, Rota M. B. et al. demonstrated for the first time the combination of a cavity-
enhanced QD entangled photons source and a strain-tuning device capable of tuning
the emission energy and the fine structure splitting of the excitonic lines by embedding
a single GaAs QD into a CBG cavity and integrated onto a micromachined multiaxial
piezoelectric actuator allowing for strain tuning, as shown in Figure 9b [97]. They achieved
the extraction efficiency of the emitted entangled photons to a factor of 77% ± 5%, reaching
single photons measured count rates up to 4.1 × 106 s−1 and measured lifetimes down to
(14 ± 1)ps for the |XX〉 transition and (23 ± 1) ps for the |X〉 transition, corresponding to
Purcell factors up to 11. In the same year, Ginés L et al. utilized a micropillar cavity (the QD
is deterministically positioned in the center of the micropillar, the top 5 and bottom 18 pairs
of λ/4 AlAs/GaAs DBR forming a cavity) with a low Q factor (280) and demonstrated
that such the device with 69.4 (10)% efficiency that features broadband operation suitable
for extraction of photon pairs, and the design of the device could be further optimized to
allow for extraction efficiency of 85% [98]. The QD is excited collinearly with the axis of
the micropillar. The inset represents the two-photon resonant excitation scheme: a laser
coherently couples the ground |g〉 to the biexciton state |XX〉 through two-photon resonant
excitation, the QD system decays to the ground state via exciton state |X〉, emitting the
biexciton-exciton cascade, as shown in Figure 9c.
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Furthermore, entangled photon generation based on semiconductor QD in the telecom
band is of critical importance as it enables the realization of quantum communication
protocols over long distances using deployed telecommunication infrastructure [99,100].
However, there are few reports on high-performance semiconductor QD entangled photon
sources based on artificial microstructures, which will be one of the key research goals in
the future.

6. Conclusions

In summary, the rapid development of quantum information science and technology
in recent years requires the demonstration of practical, high-performance single-photon
sources and entangled light sources. Self-assembled quantum dots grown based on modern
epitaxy techniques [101,102] have an atom-like energy level structure. When combined
with pulsed resonance excitation technology, they can generate single-photon quantum
emissions that are considered to be of the highest quality nowadays. So, how to achieve
deterministic and high quality in semiconductor quantum dot systems, single-photon
sources, and entangled photon sources are very important research topics. At present,
researchers have used artificial microstructures such as microcavities and metasurfaces and
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combined them with the developed topological photonic technology to study the efficient
on-demand controllable quantum light source, and the regulation of quantum states such
as orbital angular momentum quantum state, spin quantum state, etc., so that the quantum
dot quantum light source based on pulse resonance excitation technology in controllability,
purity, brightness, full homogeneity, and coherence has been greatly improved and is close
to the application level. On the one hand, if the pulsed resonant excitation of quantum
dots in the strongly coupled region can be realized, it will greatly improve the generation
efficiency and quality of quantum dot quantum light sources; on the other hand, as most of
the current research has only realized the out-of-plane radiation of quantum light sources,
how to further couple quantum light sources into the chip efficiently and explore the micro
and nano-based on quantum information technology, is still a huge challenge, which is also
an important research direction for future quantum information research.

In the beginning, single-photon sources based on semiconductor QDs were thought to
be not ideal due to their uncontrollability of QD positioning, low device yield, cryogenic
working conditions, as well as difficulties in achieving electric pumping. However, after
the recent tremendous development, as discussed above, semiconductor QDs are moving
toward promising quantum light sources suitable for various applications in the field
of quantum information. We have reasons to believe that single-photon sources based
on semiconductor QDs are becoming one of the most attractive candidates for the next
generation of ideal quantum light sources.
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