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ABSTRACT

III-V quantum dots (QDs) grown by epitaxy are a typical zero-dimensional semiconductor confining electrons and holes with discrete energy
levels. Charges, spins, and excitons in QDs can be used to implement qubits for quantum information processing. The radiative recombina-
tion of an exciton (electron-hole pair) in a single QD vyields coherent single-photon emission. The presence of a resident carrier allows for
the deterministic mapping between the stationary spin state and the flying photon polarization, enabling an efficient spin—photon interface.
Moreover, QDs can be integrated into on-chip nanophotonic structures, including cavities and waveguides. Owing to these features, III-V
QDs have shown great potential for the scalable quantum network. In the past two decades, substantial progress in QD growth techniques,
exciton modulation methods, and nanophotonic device fabrication has led to the development of high-performance quantum photonic devi-
ces. However, several key challenges still exist, such as the growth of high-quality QDs operating at the telecom band, precise control and
enhancement of cavity-QD coupling strength, and deterministic integration of QDs into photonic circuits. This review explores recent pro-
gress and applications of III-V QDs, including state-of-the-art growth techniques, advanced exciton control schemes such as resonance fluo-
rescence, investigations of cavity quantum electrodynamics, and single-photon routing through waveguides. In the end, the prospects for
realizing a QD-based quantum photonic network for practical applications are also discussed.
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I. INTRODUCTION

Semiconductors with electrons and holes are the bedrock of mod-
ern information technology. The manipulation of their electronic and
optical properties has been a long-standing central focus in the study
of condensed matter physics. Compared to bulk semiconductors, low-
dimensional semiconductors provide a platform for exploring the
physics of nanosystems governed by quantum confinement, which is
the basis for the interaction between single particles, such as excitons
and photons, at the quantum limit. Semiconductor quantum dots
(QDs) are a typical quasi-zero-dimensional optoelectronic material
with a pyramid-shaped structure approximately 5nm in height and
20 nm in width." The quantum confinement effect in all three dimen-
sions results in discrete energy levels for the electrons and holes, along
with monochrome single-photon emission from the dipolar-allowed
transition between them. The high luminescence efficiency of QDs has
been applied to improve diverse technologies, including laser,”” next-
generation display,”” high-resolution bioimaging,’ and efficient photo-
electric conversion.” Furthermore, quantized energy states and bright
single-photon emission of QDs have enabled the revolutionary devel-
opment of quantum information processing.g 10

In 1982, Arakawa and Sakaki proposed the concept of a multidi-
mensional quantum-well laser.'' By analyzing carriers confined in
three dimensions, they showed that such a QD-like active region yields
an almost temperature-independent threshold current, a result widely
regarded as the first conceptual realization of a QD laser. Around the
same time, early indications of three-dimensional (3D) carrier confine-
ment in epitaxial structures were reported, " and by the 1990s, epi-
taxial techniques for growing QDs had been developed.'*'” In 1983,
Brus et al."® reported the chemical synthesis of colloidal QDs. Since
then, different types of QDs have been developed, and the 2023 Nobel
Prize in Chemistry was jointly awarded for the discovery of QD syn-
thesis. However, although colloidal QDs have simple synthesis meth-
ods, their optoelectronic properties are limited by defects, surface
traps, and interface imperfections, leading to low stability and broad
emission linewidth.'” In contrast, in 1990, Eaglesham et al'* and
Guha et al."” used molecular beam epitaxy (MBE) to grow epitaxial
QDs. This method gives a much lower defect density in the QDs. In
particular, after decades of optimization, III-V QDs grown by epitaxy
have been demonstrated with high luminescence efficiency, telecom-
band emission, narrow emission linewidth, near-zero fine structure
splitting (ESS), and low phonon sideband noise, where these properties
establish them as near-ideal quantum emitters. The discrete energy
structure of QDs supports diverse excitonic states. While the neutral
exciton transition serves as a two-level system for single-photon gener-
ation, encoding quantum information in the spin of a resident carrier
necessitates a multi-level configuration, typically a three-level
A-system. The optical transitions of charged excitons provide spin-
selective access to long-lived electron or hole spin states, making the
QD a promising candidate for the deterministic spin-photon interface
in the solid state.”” As a result, until now, III-V QDs exhibit the best
performance regarding quantum light sources among various types of
quantum emitters”" and have shown practical potential for quantum
information processing.

pubs.aip.org/aip/are

Moreover, ITII-V QDs can be embedded in solid-state optical cav-
ities, providing an ideal platform to investigate cavity quantum electro-
dynamics (cQED). The cavity-QD system enables devices such as
Purcell-enhanced quantum light sources with high efficiency and high
operation speed exciton-photon interfaces.' In recent years, the study
of the cavity—-QD system has mainly focused on the distributed Bragg
reflector (DBR) cavity and the 2D slab photonic crystal (PHC) cavity.22
The cavity has two central parameters, i.e., the quality factor (Q-factor)
and the mode volume V. The Q-factor corresponds to the photon loss
rate that describes the ability of the cavity to confine the photons, and
V refers to the spatial size of the photon confinement. The cavity-QD
system is in the weak or strong coupling regime, determined by
whether the cavity-QD coupling strength g (related to V) exceeds the
system decay rate (related to Q-factor and exciton lifetime) or not.””
Cavity-QD system has currently achieved remarkable performance,
including a second-order correlation function at zero time delay
[¢®(0)] of 0.001,” an indistinguishability of 0.9956,”” and a Purcell
factor of 43.”° Manipulation and enhancement of the cavity-QD cou-
pling remain long-standing topics in the study of cQED.

To realize scalable quantum photonic circuits, a promising
approach involves integrating multiple cavity—QD systems on a single
chip interconnected by low-loss photonic waveguides. These nanopho-
tonic circuits will enable the integrated implementation of complex
quantum networks,”” supporting functionalities such as on-chip multi-
channel coherent single-photon sources (SPS) and multi-photon inter-
ference. The waveguide systems, with the exploitation of slow light
modes and chiral quantum optics, have been developed to achieve
Purcell-enhanced and spin-momentum locked single-photon routing,
laying the foundation for photon transport from QDs with high cou-
pling efficiency.”® However, the experimental realization of large-scale
on-chip integration with multiple resonant QDs remains a challenge.
The solution to this problem relies on optimizing the QD growth
method toward deterministic spectral energy and spatial positions, and
the external field modulation schemes also play an important role.

In this review, we provide a comprehensive overview of the latest
progress and applications of the III-V QDs in quantum technologies.
Section II summarizes the growth methods of III-V QDs and the
optimizations for achieving low-stress, highly symmetric, and telecom-
band QDs. Section III introduces the fundamental properties of exci-
tons and the manipulation of them through multiple physical degrees
of freedom, such as optical methods and external field modulation.
Section IV focuses on the principle of the generation of single photons
and entangled photon pairs as well as the qubit states in the QD.
Section V introduces the cavity-QD system, along with the physics of
cQED and applications in quantum devices. Waveguides coupled with
single QDs, providing the basis of active quantum photonic network,
are discussed in Sec. VI. Section VII concludes the review, discussing
the challenges and emerging opportunities of III-V QDs for future
development.

Il. GROWTH OF QDs AND OPTIMIZATION

Fabrication methods for QDs primarily include chemical synthesis
and epitaxy growth. Chemical synthesis method is a relatively
cost-effective and simple approach for fabricating colloidal QDs. By
manipulating the reaction temperature and duration, the size and shape
of colloidal QDs can be precisely controlled. This growth method has
been successfully used to produce numerous colloidal QDs based on
semiconductors and metal halide perovskites, which have found wide
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applications in classical optoelectronic devices (e.g., displays) and have
also demonstrated their potential in non-classical light emission.'****’

In contrast, the epitaxial growth method typically utilizes
bottom-up techniques in a vacuum environment to fabricate high-
quality epitaxial QDs. These nanostructures have already demon-
strated promising applications in various fields, such as optical fiber
communication, optoelectronic circuits, and ultrahigh-efficiency solar
cells, and serve as a critical platform for quantum light sources.”’

Although the first demonstrations of antibunching involving
QDs were performed using colloidal nanocrystals, and significant pro-
gress has been made in eliminating defects and surface states in these
systems, quantum light sources currently rely largely on epitaxial
QDs."”" In Secs. 11 A-11 D, we focus primarily on QDs grown by the
epitaxial method. The main modes of epitaxial growth, the optimiza-
tion of III-V semiconductor QDs, and their influence on the perfor-
mance of QDs will be systematically described. This will provide a
basis for discussing the physical properties of QDs and their coupling
to optical cavities in the subsequent chapters.

A. Growth methods

The growth techniques for semiconductor QDs directly govern
their parameters, such as size, morphology, composition, density, dis-
tribution, crystallinity, and defect states, which are critical in determin-
ing the optoelectronic properties of these nanostructures.'’ Since the
1980s, epitaxial techniques have been developed to advance from
quantum wells toward stronger confinement structures (e.g., quantum
wires and dots)."*'"**** To the present day, the growth technology of
II-V semiconductor QDs has evolved from early spontaneous growth
to the current stage of precise control, promoting progress from ran-
dom distribution toward a deterministic growth arrangement. Here we

group-lll @ group-V
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mainly focus on III-V semiconductor QDs (e.g., InAs, GaAs, InGaAs,
InP) grown by the epitaxial growth method. The main growth technol-
ogy and mode of the epitaxial method will be discussed in the follow-
ing paragraphs, respectively.

MBE and metal-organic vapor phase epitaxy (MOVPE) are rep-
resentative epitaxial growth technologies that rely on single-crystal sub-
strates to achieve epitaxial growth.”””® MBE can precisely control the
growth of single-crystal films and nanostructures at the atomic scale
with a low and well-controlled growth rate.”” The directional incidence
of molecular beams on a heated substrate in an ultrahigh vacuum envi-
ronment suppresses contamination during growth. Because of its accu-
rate control of composition and structure while minimizing impurities
and defects, the MBE technique is particularly well-suited for growing
II-V semiconductor QDs with atomically sharp and clean interfaces
and uniform sizes.”®”” These characteristics allow MBE-grown QDs to
exhibit narrow and stable emission spectra, which are ideal for applica-
tions in quantum technology.””*' By comparison, MOVPE utilizes a
carrier gas to deliver metal-organic compounds and reactant gases to
the heated substrate surface, usually operating at a higher tempera-
ture.”” MOVPE is a highly versatile technique that can be used to fabri-
cate a wide range of materials. Precise control of the growth process
enables the strain balancing and compensation, as well as the fabrica-
tion of complex structures. Furthermore, the growth rates of the thin
film and nanostructures are high, resulting in lower costs. Therefore,
MOVPE is more suitable for the large-scale production of III-V semi-
conductor QDs. Generally, MBE and MOVPE each have their respec-
tive merits for specific applications.

Common modes of epitaxial growth are the Frank-van der
Merwe (F-M) growth mode, the Volmer-Weber (V-W) growth
mode, the Stranski-Krastanov (S-K) growth mode, and the droplet
epitaxy (DE) growth mode, as shown in Fig. 1. The F-M growth mode

F-M growth mode V-W growth mode

S-K growth mode DE growth mode

FIG. 1. Schematic illustration of four distinct modes during MBE growth. The diagrams show the sequential evolution of surface morphology under group Il elements (yellow
circles) and group V elements (red circles) deposition. (a) Frank-van der Merwe (F-M) growth mode exhibits layer-by-layer growth with smooth surface progression (do not
directly grow QDs). (b) Volmer-Weber (V-W) growth mode demonstrates three-dimensional island formation from initial deposition stages. (c) Stranski—Krastanov (S—K) growth
mode shows initial wetting layer (WL) formation followed by three-dimensional island nucleation. (d) Droplet epitaxy (DE) growth mode illustrates metal droplet formation fol-
lowed by crystallization into QD structures upon group V supply. The blue substrate and pink epitaxial layers represent the semiconductor heterostructure, with arrows indicating

the temporal progression of each growth mechanism.
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relies on a stronger bonding force between the deposited atoms and
the substrate to form layered structures, which is used mainly in the
initial deposition of the wetting layer (WL) and buffer layers."” ** The
V-W mode, based on stronger inter-atomic bonding, prefers to form
island structures that eventually produce a non-uniform thin film."”
The V-W growth mode features a simple preparation process but
yields QDs with poor quality, suitable for broad spectral applica-
tions.”>** In the S-K growth mode, an epitaxial layer referred to as a
WL is first formed, and the lattice mismatch between it and the sub-
strate induces elastic strain energy.*"” As the WL approaches a critical
thickness, typically a few monolayers,” the accumulated strain energy
exceeds the energy barrier for three-dimensional island nucleation,
prompting spontaneous formation of self-assembled three-dimen-
sional islands that serve as QDs. This strain-driven process effectively
relaxes the elastic energy while maintaining epitaxial growth at the
interface, resulting in QDs with suitable density, well-defined size dis-
tributions, and high optical performance. In addition, the WL plays a
crucial role in facilitating carrier injection and extraction,”” making
QDs grown by the S-K growth mode particularly suitable for optoelec-
tronic and quantum technology applications. However, while the S-K
mode relies on strain to form QD, strain-free QDs are highly
demanded to suppress FSS, as discussed later in Sec. I'V. In contrast,
the DE growth mode, which can be traced back to the early 1990s,
involves the formation and crystallization of metallic droplets to form
QDs rather than relying on lattice mismatch, thereby greatly suppress-
ing the strain in QDs.”’”* In the DE growth mode, the group III and
V fluxes are separated, leading to the initial formation of group III
droplets. These droplets subsequently crystallize in the presence of
group V flux, resulting in the formation of QDs.”*”” As group V ele-
ments are introduced, these droplets react to form semiconductor
QDs. The DE growth mode enables precise control of the geometric
parameters, density, and composition distribution of QDs, allowing
the fabrication of QDs with low density, high symmetry, and almost
no FSS, illustrating its significance in applications requiring highly
symmetric QD structures.”

B. Optimization of qualities

Key properties of QDs, such as density, emission wavelength,
fluorescence linewidth, and ESS, are crucial for enhancing the perfor-
mance of QD-based optoelectronic devices and advancing the practical
deployment of QDs in quantum communication and quantum com-
puting. Various growth regulation strategies have been developed to
optimize these key properties of QDs, mainly including the surround-
ing environment, structural symmetry, chemical composition, and
strain distribution.

Linewidth: The spectral linewidth of a QD is affected by the sur-
rounding environment, including the surface states at the top and the
WL states at the bottom. The surface states significantly broaden
the linewidth of QDs, especially when QDs are less than 40 nm from
the surface.”” Passivation technologies can mitigate this effect by elimi-
nating surface dangling bonds, reducing the surface state density, and
suppressing their influence on carriers in QDs, thereby improving the
optical and electrical properties of QDs.”** In 2025, Zhao et al. dem-
onstrated a 46.77 % reduction in resonant fluorescence (RF) linewidth
through a synergistic approach combining surface passivation technol-
ogy with a distributed Bragg reflector (DBR) and circular Bragg grating
(CBG) structure, offering a reference for passivation techniques in

REVIEW pubs.aip.org/aip/are

thin-film quantum devices.”” In addition, the WL state exists at the
bottom of QDs grown by the S-K method, resulting in continuous
energy levels of WL states proximate to QD excitonic levels. This indu-
ces multi-electronic states suppression and spectral linewidth broaden-
ing via state hybridization, exciton scattering, decoherence, Rabi
oscillation damping, and the Auger effect.”” ”” These issues can be rad-
ically altered by modifying the S-K growth mode: overgrowing QDs
with a monolayer of AlAs.”"”* By introducing AlAs, the energy level of
the WL electronic state is shifted above the exciton energy level,
enabling multi-electron states while achieving a narrow spectral
linewidth.”

Fine structure splitting: The structural asymmetry and inhomo-
geneous strain of QDs can lead to an increase in in-plane anisotropies
and the exchange interaction between electrons and holes. This
exchange interaction generates an energy splitting in the neutral
exciton state, i.e., FSS.””* Eliminating FSS is a critical requirement for
on-demand photon-pair sources with near-unity degrees of entangle-
ment,”” which will be discussed in Sec. IV B. In comparison with the
S-K growth mode, QDs prepared by the DE growth mode, especially
high-temperature DE (HT-DE) and local DE, exhibit a smaller FSS
due to the low strain growth environment.””°*”® The high-
temperature environment in HT-DE facilitates the uniform relaxation
of strain accumulated during growth and enhances atomic migration
capabilities. This allows for more ordered atomic arrangements during
QD growth and a notable reduction in FSS (4.5 ueV).”””” The local
DE growth mode, which involves filling nanoholes, is another
approach to forming highly symmetric QDs with low strain, which
further reduces the FSS to 2.5 peV.”

Emission wavelength: The intrinsic band structure of the QD
material, along with its size and shape, influences the emission wave-
length of QDs, thereby determining the practical applications of QDs.
For example, GaN and InGaN QDs are well suited for the ultraviolet-
visible emission wavelength range of approximately 240-490 nm,
largely due to their wide bandgap structure, as shown in Table 1.
Typically, the emission wavelength of GaAs QDs grown via epitaxial
deposition of an AlGaAs buffer layer on a GaAs substrate covers the
visible and near-infrared (NIR) spectral ranges.”” °"*”" Similarly,
InAs QDs directly grown on a GaAs substrate naturally emit in the
NIR spectral region.””*>'*

In addition, QDs with emission in the telecom band are highly
demanded for low-loss integration with fiber or on-chip wave-
guides.'” The commonly used telecom bands are primarily
the Original band (O-band) and the Conventional band (C-band). The
O-band is typically defined as spanning 1260-1360 nm, while the
C-band covers 1530-1565 nm, which corresponds to a larger QD size
compared to that used for emission in the near-infrared bands. Several
approaches have been investigated to enable QDs with emission
directly within the O- and C-bands, including the application of a
strain-reducing capping layer (SRL),””“° the design and growth of
metamorphic buffer layers (MBL),** %1419 and the modification of
QD and substrate materials.”*”* 7/*>9"195 110 Thege approaches allow
for the reduction of the mismatch between QDs and the growth sub-
strate to form larger QDs, and achieve a suitable bandgap of the QD
material for exciton emission covering the telecom band. For instance,
growing InAs/GaAs and InGaAs/GaAs QDs with an InGaAs MBL
enable the emission wavelength to shift to 1100-1600 nm, %70 1047106
Moreover, by tuning the indium content within the MBL, the strain
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TABLE I. Comparison of QD parameters for different growth methods. HT-DE: high-temperature DE; SRL: strain-reducing capping layer; MBL: metamorphic buffer layers.

Wavelength Growth Linewidth FSS Dot density Specialized
QD material range (nm) method (ueV) (ueV) (cm™?) techniques
GaN/AIN™® 244 MBE (SK) 1.4 x 104(300K) 1.0 x 10%°
GaN/AlGaN"" 330-350 MOVPE (SK) 87 1100 s
InGaN/GaN"* 420-480 MOVPE (DE) 2200 e 3.0 x 108
GaAs/AlGaAs™*’ 670-780 MBE (DE) 9 45 8.0 x 108 HT-DE
GaAs/AlGaAs"' 740-800 MBE (DE) <20 3.6 (1.7) Local DE
InAs/GaAs® 900 MBE (DE) e 31 e
InAs/GaAs®” 918-935 MBE (SK) e 39 2.0 x 107
InGaAs/GaAs®™ 950 MBE (SK) 30 30.5 (1) 1.0 x 10° Si carrier
InAs/GaAs®” 1300 MBE (SK) . - 4.0 x 10° SRL
InGaAs/GaAs®™® 1220-1380 MOVPE (SK) 66 - 4.6 x 10° SRL
InAs/GaAs®’ 1300 MBE (DE) 250 16 1.0 x 107 MBL
InAs/GaAs®” 1550 MOVPE (SK) <10 . MBL
InAs/GaAs®"" 1400-1600 MBE (SK) 270 <25 1.0 x 10° MBL
InGaAsP/InP”’ 1250-1350 MOVPE (SK) 1x10°
InAs/InP”” 1277 MOVPE (SK) e 1.8 x 10'° Double-cap
InAs/InP”’ 1300-1550 MOVPE (SK) 200 . 1.8 x 100 Double-cap
InAs/InP”* 1200-1700 MOVPE (SK) 700 44 < 1.0 x 10°
InAs/InP”’ 1500-1700 MBE (SK) e . 5.0 x 100 InAlGaAs cap
InAs/InP’® 1550 MBE (SK) 35 3.9 (1.8) 2.0 x 10°
InAs/InP®’ 1550 MOVPE (DE) . 29
InAs/InP”’ 1550 MOVPE (DE) 140 - .
InAs/InP”® 1530 MOVPE (SK) 119 (7) 88 (2) 2.8 x 10° Si carrier
InAs/InP quantum dashes” 1526 MBE (SK) 220 . 10° .
GaSb/AlGaSb*’ 1470 MBE (DE) . Local DE
GaSb/AlGaSb®’ 1470 MBE (DE) 55 12 2.6 x 107

environment and the indium composition of the QDs can be further
regulated, allowing precise control over the emission wavelength of the
QDs in the telecom band."”’

Altering the QD and substrate material offers another approach
for wavelength regulation. For example, InAs/InP material systems
naturally support emission in the telecom C-band,”””* 7#!%%10%!111 a5
shown in Table I. O-band emission can also be achieved by intention-
ally reducing the QD size.”'"*''*'"” Driven by surface lattice anisot-
ropy, the MBE growth of InAs/InP material systems tends to yield
elongated quantum dashes, which typically exhibit high den-
sity.””! "' GaSb-based materials possess suitable bandgaps, enabling
access to technically significant telecommunication wavelengths and
even extending into the mid-infrared region.””*"""” The GaSb material
is also compatible with the integration of silicon photonics. It is impor-
tant to note that the linewidth of QDs is influenced by the excitation
method. Therefore, the data presented in Table I should be considered
for reference only, and absolute values should not be directly com-
pared to assess the performance of individual QDs.

Density: The density of QDs, as an important characteristic,
plays a pivotal role in determining their optical performance. The den-
sity of QDs modulates the coupling between QDs, thereby regulating
the non-radiative loss process. This not only impacts the carrier
recombination efficiency of QD ensembles but also affects the recom-
bination efficiency of individual QDs and their single-photon purity.

Therefore, controlling the density of QDs is crucial for optimizing the
performance of QD-based optoelectronic devices. Commonly adopted
approaches for density control usually involve optimizing the growth
process, such as precisely regulating the growth rate,””''* indium con-
tent,'"” and temperature.''* Additionally, the utilization of a patterned
deposition layer (PDL) is a new method that can induce changes in
surface roughness, in turn influencing the nucleation probability of
QDs and enabling density modulation.'”" As demonstrated in Figs.
2(a)-2(c), this approach has successfully achieved a density modula-
tion ranging from 1 to 10 um~2 across the entire wafer surface. In
addition, this approach is effective for different semiconductor material
systems, including GaAs, AlAs, and AlGaAs, which offers great poten-
tial for large-scale integration. Another approach to density regulation
is to use a machine learning (ML)-controlled MBE growth system.'*
This method employs real-time reflection high-energy electron diffrac-
tion (RHEED) monitoring to accurately control the substrate tempera-
ture and utilizes an automatic feedback mechanism for precise
adjustment of QD density, as illustrated in Figs. 2(d) and 2(e).

C. Site-controlled QDs

The deterministic site-control of QDs is critical for QD-based
optoelectronic devices and quantum technologies. However, due to
strain-driven spontaneous nucleation of the S-K growth mode and the
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FIG. 2. New approaches for QD density control during MBE growth. (a)—(c) Improvement by growing QDs on rough surface. (a) AFM images of surface QDs along the pattern
defining layer (PDL) GaAs gradient direction. (b) Quantitative analysis of QD densities extracted from AFM measurements along the PDL direction, with a sinusoidal function
(red line) fitted to experimental data points (gray dots). (c) Schematic illustration of InAs QD formation mechanisms comparing smooth vs rough GaAs surface (red). The dia-
grams show progressive InAs layer development (blue) with increasing deposition, where adatom diffusion (blue dots) occurs on the surface and QD nucleation (blue domes)
initiates earlier on rough surfaces compared to smooth surfaces due to enhanced nucleation sites. Reproduced from Bart et al., Nat. Commun. 13, 1633 (2022); licensed under
a Creative Commons Attribution (CC BY) license.'”" (d) and (e) Machine learning (ML)-assisted growth of QDs. (d) Experimental setup for machine leaming-controlled MBE
growth system, featuring real-time RHEED monitoring, substrate temperature control, and automated feedback mechanisms for precise QD density regulation. (e)
Demonstration of ML-assisted growth targeting low QD density, showing substrate temperature profile during the growth process (upper panel) and corresponding evolution
through RHEED imaging: frame 1 captured at the 200th frame after growth initiation, frame 2 before QD formation, frame 3 after QD nucleation, and frame 4 showing the final
AFM characterization of the resulting low-density QD distribution. Reproduced from Shen et al., Nat. Commun. 15, 2724 (2024); licensed under a Creative Commons

Attribution (CC BY) license.'*

random formation of metal droplets of DE growth mode, the tradi-
tional epitaxial growth technique usually results in a random spatial
distribution of QDs. Conventional QD positioning technologies pri-
marily rely on lithography methods to define nanoscale regions as
exclusive nucleation sites prior to QD growth, e.g.,, using nanohole
arrays or inverted pyramids as nucleation centers for localized QD
growth."''*"*! Figure 3(a) shows the schematic sample structure
and the self-assembled GaAs nanohole formed by AsBr; etching,'"”
and the GaAs QDs fill the nanohole to form QDs. Although these
approaches enable QD control and spatial alignment of single QDs for
device integration, they require substrate pretreatment before QD
growth, typically introducing defects and interface states that enhance

non-radiative recombination and compromise the optical quality of

127,128

the grown QDs.

The integration of direct laser interference patterning (DLIP)
combined with MBE presents an alternative paradigm for site-
controlled QD growth.'*”'*"'**'** Using in situ DLIP, periodic nano
islands on semiconductor surfaces are fabricated, eliminating the need
for complex lithographic and etching procedures that typically intro-
duce contaminants and defects.'”’ A representative process schematic
for QD synthesis through the DLIP-MBE hybrid technology is illus-
trated in Fig. 3(b). QDs produced by this methodology exhibit precise
spatial ordering with tunable periodicity at 205-300 nm, as shown in
the right panel of Fig. 3(b), providing high-quality building blocks for
quantum photonics and nanodevices.'”’

Another promising technical platform for achieving site-
controlled QDs in planar sample geometries is based on the buried
stressor method.'””'*”'** The buried stressor generates a local strain
field to allow the deterministic nucleation of QDs in the tensile strain

extreme region (directly above the aperture) on the surface, allowing
the number of site-controlled QDs to be precisely regulated by the
diameter of the aperture."””"*" The growth surface is completely sepa-
rated from the stressor, ensuring the high optical quality of local QDs,
such as high single-photon purity and indistinguishability.'**"*’
Furthermore, this technology allows the fabrication of photonic cavity
self-aligned to the number and site-controlled QDs, as shown in
Fig. 3(c), through which high-intensity QD light sources can be
realized.' "

Substrate-encoded size-reducing epitaxy (SESRE), which allows
the fabrication of three-dimensional confined nanostructures through
precise substrate patterning, is another approach of growth method
to achieving a site-controlled QD array.'”***'** The process
involves creating ordered nanomesa arrays on GaAs (001) substrates
via electron-beam lithography and wet etching, with mesa dimen-
sions typically ranging from 50 to 600nm laterally and 180 to
565nm in depth.' 2414 The [100]-oriented mesa edges induce surface
stress gradients that drive the migration of adatoms (Ga/In) from the
sidewalls to the top of the mesa, facilitating the reduction of the lat-
eral size during epitaxy, as illustrated in the top panel of Fig. 3(d).
As the mesas shrink to the nanoscale, QDs nucleate exclusively at
the mesa tops, evident in the red box of the top panel and the white
arrow of the left bottom panel shown in Fig. 3(d). By designing the
initial nano-mesa array, spatially ordered QD arrays are real-
ized,'”'** with each mesa hosting a single QD, as shown in the right
panel of Fig. 3(d). SESRE-grown QDs exhibit exceptional spectral
uniformity (standard deviation <8nm) and single-photon emission
purity >98% [g*)(0) < 0.01], which provides a great platform for
quantum technologies.'**
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FIG. 3. Approaches for the site-controlled growth of QDs. (a) In situ etching method by introducing AsBr; during MBE. Left panel: The schematic sample structure and magnifi-
cation of the active layer and nanohole. Right panel: AFM images of etched GaAs nanoholes. Reproduced from Astelli et al., Phys. Rev. Lett. 92, 166104 (2004); licensed under
a Creative Commons Attribution (CC BY) license.'"” (b) In situ DLIP growth method utilizing spatially modulated laser irradiation to control QD nucleation sites on semiconduc-
tor substrates. Reproduced from Zhang et al., Appl. Phys. Lett. 112, 153108 (2018), with the permission of AIP Publishing.'*’ Left panel: Diagram of the experimental proce-
dure. Right panel: AFM image of a regular array of single GaAs/AlGaAs QDs grown by DLIP. Reproduced from Wang et al., Nanophotonics 12, 1469-1479 (2023); licensed
under a Creative Commons Attribution (CC BY) license.'*" (c) Buried stressor growth method with the fabrication of photonic cavity self-aligned to site-controlled QDs. Step 1:
Growth of bottom cavity and oxidation template. Step 2: Patterning and lateral wet-oxidation to enable surface strain modulation. Step 3: Overgrowth with strain-induced site-
controlled QDs (SCQDs) and curved upper cavity. Step 4: A photonic cavity is formed and self-aligned to the SCQDs as shown by optical microscope image. Reproduced from
Shih et al., Laser Photonics Rev. 18, 2301242 (2024); licensed under a Creative Commons Attribution (CC BY) license.'?* (d) Schematic diagram of SESRE growth method.
Top panel: Schematic of a (001) top square mesa with (100) edge orientation and h, k, | sidewalls. The arrows indicate atom migration from the sidewalls to the top leading to
size-reducing epitaxy, and the red box shows the QDs. Bottom panel: Cross-sectional TEM images of a SESRE grown AlGaAs/GaAs/AlGaAs QDs (left); Reproduced from
Zhang et al., J. Appl. Phys. 120, 243103 (2016), with the permission of AIP Publishing.'** SEM images of mesa top single QDs grown on mesas (right). Reproduced from
Zhang et al., APL Photonics 5, 116106 (2020); licensed under a Creative Commons Attribution (CC BY) license.'**

D. Other llI-V QDs

Rapid development in quantum information, high-speed optical
communication, and highly sensitive detection technologies makes
research on QDs based on ITI-V materials other than InGaAs of great
significance. III-nitride QDs, with their wide bandgap, present a prom-
ising system for the realization of single-photon sources in the ultravi-
olet and visible ranges. GaN QDs [Fig. 4(a)], with a bandgap of 3.4 eV,
demonstrate a high PL efficiency in the ultraviolet-blue spectral range
and non-classical light emission.”*”* Through suitable variation of the
In/Ga ratio in InGaN QDs, the emission wavelength of both single-
photon sources and entangled photon sources can be further tuned to
cover the visible range [Fig. 4(b)]. GaSb QDs grown on GaAs substrate

InSb QDs also provide another alternative system with emission in the
near-infrared and mid-infrared regions due to their narrow
bandgap.]33 1527154 1nSh QDs grown on (100)-oriented GaAs sub-
strates by MBE [Fig. 4(e)] exhibit rectangular morphology elongated
along the (100) direction, with evident anisotropy arising from the
14.6% lattice mismatch between InSb and GaAs and the weak InSb
binding energy.'”” In contrast, van der Waals (vdW) epitaxy of InSb
QDs on 2D materials (e.g., hBN and MoS,) breaks the limitations of
lattice matching [Fig. 4(f)], allowing precise control over size unifor-
mity (+5%) and density (10°~10'2 cm %) of InSb QDs."”® These
as-grown InSb/MoS, QDs demonstrate a broadened near-infrared
photoresponse due to the efficient charge transfer channels at vdW

¥1:6€:60 920z Aenugad ¢

via MBE exhibit a uniform size distribution with a diameter of approx-
imately 50nm," " as shown in Figs. 4(c) and 4(d). With a 0.72-eV
bandgap, GaSb QDs can emit photons directly in the telecom S-band
and exhibit a drop of correlated count-events at zero delay time, mak-
ing them ideal single-photon sources for telecom wavelengths.”""'"’

interfaces.

Unlike planar growth, nanowires (NWs) enable efficient relaxa-
tion of strain induced by lattice mismatch, thus allowing the growth of
a richer set of material combinations and the more symmetric struc-
ture of QDs, which results in a lower ESS of the exciton state.'”” The
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FIG. 4. QDs based on IlI-V materials other than In,Gas_,As. (a) STEM image of a GaN QD. Reproduced from Holmes et al., APL Mater. 9, 061106 (2021); licensed under a
Creative Commons Attribution (CC BY) license.”® (b) Exciton emission energy plotted as a function of indium composition of InGaN QDs. Reproduced from Tomic et al., ACS
Photonics 2, 958-963 (2015); licensed under a Creative Commons Attribution (CC BY) license.”** (c)-(d) GaSb QDs. Reproduced from Phienlumlert et al., Phys. Status Solidi
A 216, 1800499 (2019); licensed under a Creative Commons Attribution (CC BY) license.'"” (c) AFM image of GaSb QDs with a growth rate of 0.18 MLs’1 with magnified 3D
perspective AFM images of a GaSb QD showing in (d). (¢) SPM images of InSb QDs grown on (100) GaAs substrate, the left panel shows the morphology and density of
uncapped InSb QDs, and rlght panel shows those of InSb QDs after capping. Reproduced from Ahia et al., AIP Adv. 8, 075004 (2018); licensed under a Creative Commons
Attribution (CC BY) license. ™ (f) InSb QDs grown on Van der Waals (VdW) surface. Left panel A dark-field optical image of InSb QDs on MoS,, where black represents flat-
ness and the colors indicate bulges. Right panel shows a cross-sectional TEM image of an InSb QD on MoS,. Reproduced with permission from Nature Syn. 8, 1176-1183

(2024). Copyright 2024, Springer Nature.*®

one-dimensional waveguide structure of NWs exhibits efficient light
field manipulation and precise site-control.'*>'*”'** The carrier con-
finement of QDs in NWs endows them with rich exciton states," ***
making them ideal platforms for quantum communication and com-
puting.”” For example, a site-controlled GaN QD embedded in a
GaN/AlGaN core/shell NW, as shown in Fig. 5(a), demonstrates
single-photon emission with a short wavelength (~280 nm) at room
temperature, due to its wide bandgap, strong exciton binding energy,
and tailored photonic NW structure."*>'*® Furthermore, InAsP QDs
grown in InP NWs fabricated via two-step growth also show an order
array, as shown in the left panel of Fig. 5(b). These as-grown InAsP
QDs in NWs exhibit bright and clean emission in the telecom band
with a linewidth of 30ueV and single-photon purity g(*(0)
=0.02.""%""" Moreover, with an appropriately designed photonic
NW, the emission wavelength of InAsP QDs can be tailored in the
range of 880-1550 nm, as shown in the right panel of Fig. 5(b).""
GaAs QDs in GaAsP NWs fabricated through self-catalyzed vapor-
liquid-solid growth and surface engineering show a width of ~30 nm
and a height of 15 nm, as shown in Fig. 5(c). They can emit red light at
677nm with high polarization (~82.5%) and demonstrate photon
antibunching up to 160K, suggesting a potential solution for high-
temperature applications.'* The QDs formed at the zinc-blend/wurt-
zite phase interface in NWs are termed crystal phase QDs [Fig. 5(d)],
which enable three-dimensional carrier confinement via the type-II
band offset, allowing multiple exciton formation."””'”” Exciton emis-
sion in such crystal phase QDs demonstrates autocorrelation for exci-
tons and biexcitons and cross-correlation between them, illustrating

the potential of crystal phase QDs in NWs for applications in quantum
technologies.' ™

lll. EXCITON CONTROL IN SINGLE QDs

Understanding the fundamental properties and coherence of
excitons in single QDs is necessary for the application of solid-state
quantum photonic technologies. Exciton coherence directly impacts
the quality of single-photon emission, where both the excitation
schemes and dephasing mechanisms play critical roles. This chapter
provides a comprehensive overview of exciton state composition, typi-
cal excitation methods, decay and dephasing dynamics, and RF techni-
ques. To further achieve tunable coupling with optical nanostructures
and scalable quantum applications, we also discuss external field mod-
ulation strategies that offer versatile tools for tailoring QD emission
properties and exciton behavior. These foundational insights support a
coherent control framework for the deterministic preparation and
active tuning of QDs at the single-particle level.

A. Exciton states and distinct features

An exciton is a bound electron-hole (e-h) pair formed via
Coulomb attraction. While excitons in bulk semiconductors have low
binding energies and large Bohr radii, QDs impose strong spatial con-
finement, localizing carriers and producing discrete energy levels
through the quantum confinement effect in both the conduction and
valence bands. Represented by InAs/GaAs QDs with a flat in-plane
profile and a smaller dimension along the growth axis, their
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Copyright 2018, American Chemical Society."“” (c) GaAs QDs in GaAsP NWs. Left panel shows schematic of the self-catalyzed GaAsP/GaAs NWQDs grown on Si(111) sub-
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tively. Reproduced with permission from ACS Nano 13, 13492-13500 (2019). Copyright 2019, American Chemical Society.*” (d) Crystal phase QDs in NWs. Left panel shows
the bright field TEM image of the NW (left) and high resolution TEM image of the WZ-ZB GaAs interface (right). Reproduced from Geijselaers et al., Appl. Phys. Lett. 119,
263102 (2021); licensed under a Creative Commons Attribution (CC BY) license.'*® Right panel shows the EM of InP NWs showing short segments of ZB (red) in a WZ (blue)
NW (left), and a high-resolution TEM image of the zinc blende segment in the otherwise wurtzite lattice (right). Reproduced with permission from Nano Lett. 16, 1081-1085

(2016). Copyright 2016, American Chemical Society."*’

heterostructure potentials enable efficient optical excitation and exci-
ton formation. It is noteworthy that spin—orbit coupling, together with
strain, lifts the degeneracy of the valence band, resulting in three bands.
The heavy-hole band lies at the top of the valence band, followed by
the light-hole band and a split-off band. The e-h pair wavefunction
picture under Hartree-Fock approximation, which assumes separable
electron and hole wavefunctions, is valid in relatively symmetric sys-
tems. While light-hole heavy-hole band mixing cannot be neglected in
structures exhibiting substantial strain or geometric anisotropy.'** '
Instead of flat QDs, elongated QDs along the growth axis can host
light-hole states at the top of the valence band'**'”” where the light-
hole states carry spin *+1/2.

For the widely investigated QDs with a much larger lateral than
vertical size, excitonic properties are typically described by a band
model consisting of the conduction band and the heavy-hole valence
band. In this picture, exciton formation is dominated by the heavy-
hole states with spin =3/2, which dictate the optical selection rules.
Only considering the ground energy levels first, various excitonic spe-
cies can form, including the neutral exciton (X°), trion (X~ /X ), and

biexciton (XX?), each distinguished by their electron and hole compo-
sition and spin configuration, as illustrated in Fig. 6(a). For example,
the bright state X° with spin configuration | T{}) or | [{}) are dipolar-
allowed due to optical selection rules, corresponding to a total angular
momentum projection of *1. In contrast, the dark states | 1) or | |{})
possess a total spin of *2, and their radiative recombination is forbid-
den. A trion is a charged exciton state, formed by an e-h pair with an
additional electron or hole, while a biexciton consists of two e-h pairs.
The existence of biexciton introduces additional possibilities for the
study of exciton transitions. For the self-assembled InAs/GaAs QD
grown along the [001] direction, structural asymmetry in the growth
plane induces anisotropic e-h exchange interaction, giving rise to the
ESS of the X° exciton. In an ideal symmetric QD, the bright exciton
spin states | T{}) and | | ) are degenerate and emit circularly polarized
photons. However, the structure asymmetries lift this degeneracy,
resulting in linearly polarized eigenstates: |Xpy) = (| )+ 1),

|Xv) = (| 1) = 11)), where H and V denote orthogonal linear
polarlzatlons with respect to crystallographic axes [110]/[110]. The FSS
leads to two bright exciton states split by an energy Jpss, typically
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FIG. 6. Overview of exciton states and typical excitation and detection schemes for
single QDs. (a) Energy-level configurations of various exciton complexes in a QD,
including the bright neutral exciton (X°), negatively and positively charged trions
(X=/X*), and the biexciton (XX?). (b) Schematic of non-resonant and resonant
excitation pathways: non-resonant excitation populates the bulk bands, while reso-
nant excitation directly addresses the s-shell exciton levels. (c) PL spectral map
under non-resonant excitation as a function of bias voltage, showing multiple exci-
tonic transitions including X°, X—, X, and XX°. Reproduced from Peng et al,
Phys. Rev. Appl. 11, 024015 (2019); licensed under a Creative Commons
Attribution (CC BY) license."®” (d) Schematic of PC detection under resonant excita-
tion, where photo-excited carriers tunnel out of the QD and are subsequently col-
lected. (e) PC spectrum of a single exciton resonance as a function of bias voltage,
showing a sharp peak that indicates high-resolution resonant absorption.
Reproduced from Peng et al., Appl. Phys. Lett. 114, 091109 (2019), with the per-
mission of AIP Publishing.'®’

. 2,93,94, ,169
ranging from several tens to hundreds of peV,"”””*'*'°” where the

FSS can be measured through polarization and energy discrepancy of
the neutral excitons. Consequently, the XX° state exhibits two distinct
radiative decay paths due to the FSS splitting of the intermediate X°
states.

The complete energy levels in a QD consist of a ground state
(s-shell) and a series of excited states (e.g., p-shell), analogous to atomic
orbitals, with typical inter-level spacings on the order of tens of meV,
as depicted in Fig. 6(b). Common optical excitation schemes distin-
guished by different excitation energies include: (i) non-resonant

REVIEW pubs.aip.org/aip/are

(above-band) excitation into the bulk material or the WL, where the
excited carrier will relax into the ground excitonic state in the QD,"”?
which is convenient for QD characterization due to straightforward
laser rejection via spectral filtering. (i) Quasi-resonant excitation, in
which the laser targets an excited state (e.g., the p-shell exciton), reduc-
ing relaxation processes compared to non-resonant excitation.'”'”*
(ili) Resonant excitation, where the laser energy matches the exciton
transition precisely, enabling the study of RF (further discussed in Sec.
I11 C). However, isolating the RF signal from the residual laser back-
ground raises a significant experimental challenge. The photon emis-
sion of exciton could occur during the whole excitation process due to
the re-excitation. While all continuous-wave (cw) excitation methods
tend to increase the multi-photon component in photoluminescence
(PL) emission, pulsed excitation naturally suppresses it, with the effect
further influenced by pulse duration.

We take an example of a bias-controlled QD to illustrate different
exciton complex configurations. Figure 6(c) shows a typical PL spec-
trum pumped non-resonantly from a single QD embedded in a n-i-
Schottky device.'*” Each emission peak corresponds to the recombina-
tion transition of a certain excitonic state.'”” On one hand, applying
the electric field allows for precise tuning of the exciton transition
energy through the quantum-confined Stark effect. On the other hand,
the bias voltage tunes the electrostatic environment, carrier tunneling,
and exciton charging conditions with the assistance of the Coulomb
blockade effect.””'”* At lower voltages, the emission is dominated by
X° and X*. With a preceding X° state, the electron tunnels out more
rapidly than the exciton recombines, leaving behind a residual hole.
The subsequent capture of the photo-generated e-h pair results in the
X" complex. As the bias voltage increases, the X* complex disappears,
and the XX° emerges. When another single electron tunnels into the
QD with a stronger electric field, the X~ appears. It is notable that the
transition energy is modified due to the charge carrier Coulomb inter-
action within X* and X~ complexes compared to X’, and the XX°
complex features an anti-binding energy within this small-sized
QD."”” The well-defined exciton states in QDs offer versatile platforms
for implementing spin qubits, spin-photon interfaces, and quantum
light sources, which have driven the booming progress of QD-based
quantum technologies and the study of profound phenomena in light-
matter interactions over the past two decades.

In addition to the commonly used PL method, photocurrent
(PC) detection presents an alternative technique for effectively probing
and controlling single QDs in electrically tunable devices. Unlike PL
methods, which rely on radiative recombination, PC directly measures
tunneled charge carriers generated through optical absorption. In a
typical diode structure under applied bias, as illustrated in Fig. 6(d),
the electric field enables photo-generated exciton complexes to tunnel
out before recombination, producing a measurable current. A typical
bias-dependent PC spectrum for a single exciton under fixed-energy
laser excitation is shown in Fig. 6(¢), exhibiting a clear Lorentzian reso-
nance profile.' PC detection thus enables laser-background-free reso-
nant high-resolution spectroscopy'’® to observe coherent optical
phenomena, though it requires careful electrical device engineering to
ensure efficient carrier extraction and compatibility with integrated
optical nanostructures. Beyond PC readout, QDs can be electrically
pumped in diode structures that inject carriers directly. This all-
electrical excitation removes the need for external lasers, enables com-
pact single-photon diodes,'””'” and is fully compatible with photonic
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integration. Nevertheless, electrical operation, which can be regarded
as a non-resonant pumping scheme, often suffers from time jitter and
excitation-induced charge noise, leading to reduced exciton
coherence.'”'%

B. Exciton decay dynamics and pure dephasing

Decay dynamics: The decay dynamics of excitons in QDs play a
central role in determining their optical properties and coherent pho-
ton emission. As illustrated in the top panel of Fig. 7(a), exciton
recombination generally proceeds via two primary channels: radiative
decay, which results in spontaneous photon emission and directly con-
tributes to single-photon generation; and nonradiative decay, where
the exciton energy is dissipated into the surrounding solid-state envi-
ronment without photon emission. The time-resolved PL spectrum
reveals a typical decay curve for an InAs/GaAs QD in bulk, exhibiting
an exciton lifetime of ~ 900 ps. The radiative lifetime is governed by
Fermi’s golden rule, which correlates with the transition dipole
moment (oscillator strength) and the local optical density of states
(LDOS). The latter LDOS can be engineered by photonic nanostruc-
tures. In contrast, non-radiative mechanisms such as phonon
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ol 184 . . . 185 .
emission, ~ carrier tunneling, dark-state admixture, * lattice defects

or surface-states induced carrier trap,'86 surface recombination, and
Auger process * lead to blinking and energy loss, which would reduce
the emission brightness. The exciton states of QDs in nanostructures
can be considerably perturbed by surface states, especially when in
close proximity to a sidewall.

In particular, Auger recombination is a carrier-assisted process in
which the recombination energy is transferred to an additional carrier
and can proceed through both non-radiative and radiative channels.
As shown in Fig. 7(b), for a negatively charged trion (X~) with transi-
tion energy ®;, non-radiative Auger recombination transfers the
recombination energy to a third carrier, which could suppress quan-
tum efficiency and broaden spectral linewidths.'*” Recent studies have
presented radiative Auger recombination at the single-photon level,'*
where a redshifted photon (w, = @w; — ¢) is emitted alongside the
energy ¢ transferred to the Auger carrier. These processes are governed
by Coulomb interactions and QD symmetry breaking,'®’ Spinnler
et al.'"" observed satellite peaks in the PL spectra of X~ states under
resonant excitation, as shown in Fig. 7(c), confirming radiative Auger
signatures. For GaAs/AlGaAs QDs with dense hole states,'” Yan
et al.'” reported multiple radiative Auger peaks from X* transitions
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FIG. 7. Typical QD exciton decay behaviors and their spectral signatures. (a) The schematic illustrates radiative and non-radiative channels for an exciton and a time-resolved
PL decay of single exciton indicating a typical exciton lifetime of InAs/GaAs QD in bulk matrix (top). The interactions with phonon, charge, and spin baths will contribute to the
pure dephasing process (bottom). (b) Possible Auger recombination process for a X~ trion with transition energy of w4, including a non-radiative path occurring via carrier—car-
rier scattering, ejecting an excited electron instead of photon emission, whereas radiative recombination yields photon emission with reduced energy of w4 — . (c) Emission
spectrum showing both the fundamental trion transition (wq) and a red-shifted satellite peak, aftributed to a radiative Auger Process involving single excited electron.
Reproduced from Spinnler et al., Nat. Commun. 12, 6575 (2021); licensed under a Creative Commons Attribution (CC BY) license.'®' (d) PL under resonant excitation of a pos-
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involving high-orbital hole states [Fig. 7(d)], offering an approach for
the coherent control of excited carriers.

Dephasing process: As a promising candidate for the generation
of highly indistinguishable single photons, the decoherence of QD aris-
ing from the complex solid-state environment poses a major obstacle.
The non-resonant exciton pump is not ideal for generating indistin-
guishable single photons. Stochastic carrier capture introduces time jit-
ter, which prevents the temporal determinism of the emitted single
photons. Moreover, the relaxation process creates excess charges, addi-
tional excitonic complexes, and an increased phonon population in the
QD surroundings, all of which induce exciton pure dephasing. Pure
dephasing processes'”' could modify the state of the exciton and shift
the transition energy slightly without energy relaxation, thereby
degrading the indistinguishability of emitted photons. Therefore,
within a simplified Markovian framework, the coherence time T, of a
QD is determined jointly by the radiative decay time T; (governing
spontaneous emission) and pure dephasing processes characterized by
a timescale T, following the relation 1/T, = 1/(2Ty) + 1/T;.

As depicted in the bottom panel of Fig. 7(a), key decoherence
channels include coupling to phonon baths,"** charge baths,” and
spin baths.'®*'"* The surrounding charges, such as those trapped at
material interfaces, defect sites, or in nearby QDs, will give rise to an
energy shift through the electrostatic Stark effect and contribute to the
spectral diffusion at the millisecond scale. Here the spectral diffusion
refers to the random wandering of an exciton’s optical transition fre-
quency over time due to fluctuations in its surroundings. The ran-
domly oriented nuclear spins of atoms lead to hyperfine interaction via
fluctuating magnetic fields known as the Overhauser field on nanosec-
ond timescales,'”” which dominates the T. Therefore, spin and charge
noise typically introduce slow dephasing; this permits a finite temporal
window during which the high coherence of emitted photons can be
maintained, but not at a long delay time. To improve the exciton
coherence, applying an electric field also helps stabilize the surround-
ing charge noise and an external magnetic field could stabilize the
nuclear spin fluctuations.'”'”” The resonant excitation scheme helps
reduce the time jitter and minimize environmental noise, where the
active stabilization scheme may require extra setups.’”*'”” The exciton
linewidth in high-resolution resonant spectra can reflect dephasing
properties, where pure dephasing manifests as the spectral broadening.
Figure 7(e) presents the typical spectra of neutral and negatively
charged excitons, X” and X~ in a gated QD. Under varying scan rates,
Fourier-transform-limited linewidths are observed when the scanning
frequency is above 50kHz.'®" When the gate voltage of the QD is
scanned at a sufficiently high frequency, such that environmental fluc-
tuations appear to be frozen out,'”* the resulting narrow RF emission
linewidths indicate that the excitonic transition approaches the radia-
tive lifetime limit and undergoes minimal pure dephasing and spectral
diffusion. This behavior is close to the ideal coherence limit and reflects
the high intrinsic optical quality of the exciton recombination process.

In contrast, the coupling with the phonon bath, dominated by
longitudinal acoustic (LA) phonons, introduces a rapid dephasing
mechanism that strongly affects QD coherence on the timescale of
picoseconds.”’’ **” This phonon-induced dephasing originates from
inevitable interactions with the underlying crystal lattice vibrations,
especially coupling through the deformation potential mechanism,
which is inherently a non-Markovian process. Spectroscopically, such
interactions manifest as the asymmetric broadening of phonon
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sidebands (PSB, spanning several meV) with a central zero-phonon
line (ZPL), where the ZPL offers an ideal channel for deriving coherent
photons. The impact of phonon dephasing increases significantly with
temperature, owing to the thermally enhanced phonon population,
which leads to the broadening of the ZPL.****"* Understanding and
modeling exciton-phonon interactions are therefore essential for opti-
mizing QD-based quantum devices and solid-state quantum photon-
ics. When further incorporating the photonic structures, the PSB could
be suppressed, with the coupled cavity acting as a spectral filter.”">*"”
However, the existence of the phonon reservoir will intrinsically bring
a trade-off between the brightness and indistinguishability of the
single-photon sources (SPSs), even with a coupled cavity or
waveguide.”"”

C. Resonance fluorescence and optical coherent
control

QDs offer a solid-state platform with large dipole moments that
is ideal for exploring RE.”'* Beyond their fundamental interest in
quantum optics, the resonant driving of a single QD provides a proto-
typical setting for strong coherent exciton-photon coupling, which
underpins fast, high-fidelity control of excitonic and spin qubits, as
well as the generation of highly coherent single photons and nonclassi-
cal light for quantum information processing. As illustrated in
Fig. 8(a), we begin with the two-level system with |0) and |1) states of
transition energy « excited by a resonant laser field. The Rabi fre-
quency Q represents the coupling strength between the electric field
and the exciton, and y = 1/T; denotes the exciton spontaneous emis-
sion rate. In the weak excitation regime with Q < 7, the elastically
scattered light, dominated by coherent scattering with negligible inelas-
tic contribution, inherits the spectral and temporal properties of the
excitation laser. This enables an alternative pathway for single-photon
generation beyond spontaneous emission. As the Rabi frequency
increases (Q = 7), the system enters the strong driving regime. In this
case, incoherent emission dominates due to dressed exciton states, giv-
ing rise to the sideband of Mollow triplet’” at w=Q in the cw
condition.

Weak excitation limit: In the limit of weak excitation, the elastic
scattering of laser enables single-photon emission with a subnatural
linewidth vs the QD radiative linewidth limit*'* ' and enables the
waveform map from the laser to the scattered photon.”’” When
embedded in an optical cavity, coherent Rayleigh scattering can be
enhanced.”'® With decoherence playing an essential role,””**’ the
coherent scattering of QD deviates from the ideal atom behavior.””**'
The RF emission exhibits a sharp ZPL and accompanying PSB are
shown in Fig. 8(b), where the inset presents the high-resolution spec-
trum with the coherent and incoherent scattered fractions, which
occur with the LA-phonon mediated Stokes or anti-Stokes scattering.
Nevertheless, the brightness of the scattered photons in this regime is
fundamentally limited by the requirement for stringent weak excita-
tion. It is noteworthy that Raman scattering processes can produce
spectrally narrow emission with a tunable energy range.””” *** Such
subnatural-linewidth and spectrally engineered photons are particu-
larly attractive as building blocks for time-bin and frequency-encoded
photonic qubits in quantum communication protocols.

Strong excitation limit: Extensive research has been devoted to
exploring the behavior of the Mollow triplet formed by dressed exciton
states in QD under cw resonant excitation” >’ as well as the
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Autler-Townes splitting observed in the three-level system.””" *** Two
Mollow sidebands enable narrow-band single-photon emission with a
temporally ordered cascade process.”’” From a quantum-information
perspective, the dressed-state picture and Mollow triplet provide a ver-
satile toolbox for tailoring multi-photon correlations, generating
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in few-photon nonlinear optics. In the context of the solid nature, pho-
non bath coupling would cause sideband emission dephasing™***”
and the renormalization of the Rabi frequency.””* Much more intricate
quantum optical phenomena have been investigated within the
Mollow region, including the interference effects from doubly dressed

excitonic states under bichromatic driving,23 Y simultaneous dressing of
exciton and biexciton states,”*” the Mollow triplets in double A

frequency-multiplexed quantum channels, and engineering nonclassi-
cal light states that can be interfaced with quantum memories or used
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FIG. 8. RF in QDs under various excitation regimes. (a) Schematics illustrating the weak excitation limit (top), where coherent scattering dominates, and the strong excitation
limit (bottom), where the system enters the Mollow regime, exhibiting incoherent sideband emission with cw pump. (b) RF spectra in the coherent scattering regime showing
decomposition into the zero-phonon line (ZPL) and phonon sideband (PSB). Inset: High-resolution RF signal with fitted coherent (CS) and incoherent (INC) scattering compo-
nents (left). The schematic diagram of inelastic scattering process mediated by LA-phonons through coupling with vibrational modes (right). Reproduced from Brash et al.,
Phys. Rev. Lett. 123, 167403 (2019); licensed under a Creative Commons Attribution (CC BY) license.””” (c) RF results in the Mollow regime showing the dynamic RF using
excitation pulses and static RF using cw excitation (left), with a schematic illustrating dynamic RF components governed by the time-dependent Rabi frequency (right).
Reproduced with permission from Nat. Photonics 18, 318-324 (2024). Copyright 2024, Springer Nature.”"" (d) Rapid adiabatic passage (RAP) for robust population transfer,
illustrated through system energy evolution under negatively (blue) and positively (orange) chirped pulse excitation. () PC measurement of exciton population as a function of
scaled pump power, revealing Rabi oscillations and robust RAP-based excitation. Reproduced from Wu et al., Phys. Rev. Lett. 106, 067401 (2011); licensed under a Creative
Commons Attribution (CC BY) license.”""
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system,”*" and the few-photon excitation level.”* Attention has turned
toward the realization of dynamically dressed exciton states” "'
under ultrafast pulsed resonant excitation (shorter than the exciton
lifetime). In 2024, comprehensive studies were reported by Boos
et al”"” and Liu et al.”'"” Figure 8(c) illustrates the power-dependent
spectral features under both cw and pulsed resonant excitation, reveal-
ing characteristic signatures of the static and dynamic Mollow
regimes.”'” Under pulsed excitation, the emergence of side peaks is
attributed to interference between temporally separated Mollow com-
ponents satisfying specific phase relations. Altogether, these phenom-
ena illustrate how strong coherent exciton-photon coupling under
resonant driving can be harnessed to sculpt the spectrum and statistics
of emitted photons in a highly controllable manner, which is essential
for implementing advanced photonic protocols in quantum informa-
tion processing.

n-pulse excitation technique: Beyond coherent photon scatter-
ing, a widely adopted tool for deterministic coherent population con-
trol of a two-level excitonic system is resonant excitation using a
n-pulse,”** whereby bright on-demand single-photon emission is via-
ble upon radiative decay.””” A n-pulse indicates a time-integrated Rabi
frequency area of 7 in the ideal two-level approximation. It could
coherently drive the exciton from |0) to |1) with near-unity probabil-
ity, experimentally manifested as Rabi oscillations in the PL emission
intensity that peak at the m-pulse condition.”””*"” Early demonstra-
tions of Rabi oscillations also employed differential transmittance™****
and PC detection,'”® with subsequent studies revealing damping effects
induced by LA phonon interactions.”’>*”"*** Compared to non-
resonant cw excitation, RF under n-pulse suppresses re-excitation and
avoids stochastic relaxation dynamics, thereby enabling deterministic
single-photon emission with unprecedented high purity and indistin-
guishability.””*** This leads to the prosperous development of quan-
tum light sources suitable for scalable photonic quantum computing
and quantum networking. Simultaneously, fascinating quantum opti-
cal phenomena have been observed with 7-pulse RF, including
quadrature-squeezed photons™” and intensity squeezing below the
shot-noise limit,”® as well as the generation of two-photon bound
states,””’ photon-number superposition states,”* and entangled
states”” under 2 7 or 4 7 pulse excitation. In turn, as a highly coherent
process, RF could reflect the fluctuation of the exciton state'”* and the
corresponding spectral diffusion.”*’

While the main technical challenge for RF still lies in the laser fil-
tering. Although confocal microscopy with a cross-polarization
scheme is commonly employed to suppress laser background based on
the trion with intrinsic circular polarization, e.g., using a high-quality
polarizer to filter the highly linearly polarized photons from the excita-
tion laser and only collecting photons in the other polarization channel
from the QD. Polarization filtering methods inevitably incur at least
50% signal loss. Alternative approaches, such as spatial separation of
excitation and collection paths,”””*****” have been explored, albeit
with additional demands for their alignment, while a phase-locked
dichromatic excitation scheme™" offers a promising solution.

Rapid adiabatic passage technique: On the other hand, rapid
adiabatic passage (RAP) provides a robust approach for exciton popu-
lation control that is insensitive to fluctuations in laser pulse intensity
and detuning.”' > ** As depicted in Fig. 8(d), RAP enables reliable
population transfer from state |0) to |1) using frequency-chirped
pulses. Thus, the Rabi frequency Q(t) and instantaneous detuning
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vary over time, and the laser frequency is swept through the exciton
resonance. In the rotating-frame Hamiltonian, the optical driving cre-
ates dressed states |4+) and |—), whose energies exhibit an avoided
crossing. When the adiabatic condition is satisfied, the system state
evolves by following a single instantaneous dressed state throughout
the avoided crossing, which is |—) or |+) for positively or negatively
chirped pulses, respectively. This ensures the population inversion
from the ground state to the excited state, particularly effective in the
high pulse area region with decoupling carrier-phonon,””” outper-
forming 7-pulse excitation in stability and reproducibility. However,
negatively chirped pulses are susceptible to phonon-emission-induced
|-+) — |—) relaxation, which can degrade or even break the RAP pro-
cess in practice.”” In contrast, positively chirped pulses provide a
more robust RAP implementation.”*”*”" This makes RAP a powerful
tool for deterministic exciton preparation and high-quality single-pho-
ton generation, and its robustness against pulse-area and detuning
fluctuations is particularly appealing for implementing stable qubit ini-
tialization and control in solid-state quantum information processing
architectures.

RAP has enabled robust collective manipulation of QDs
and high-resolution far-field imaging,””* with recent progress”
reviewed in reference.””” Figure 8(e) presents the typical coherent exci-
ton control behaviors using the PC method under m-pulse excitation
(black dots) and RAP-based preparation (orange squares).”'' By
exploiting non-resonant coupling to the PSB,””* LA phonon-assisted
pulsed excitation enables efficient laser background rejection and sup-
ports robust exciton preparation similar to RAP via phonon relaxa-
tion,"”**””*%* without significant degradation of single-photon quality
due to time jitter.”*’ Recently, a novel excitation scheme called swing-
up of quantum emitter population has been developed.””* This
approach achieves deterministic and coherent exciton preparation
through two red-detuned laser pulses, where the pulse beating effect is
exploited.”® As a purely off-resonant excitation scheme, it shows great
potential for high-brightness single-photon emission in single QDs.

272,273
75,276

D. External field modulation

To tailor the electronic and optical properties of QD for practical
quantum photonic devices, various external perturbations have been
employed to modulate QD behavior in a controllable and reversible
manner. The universal toolbox includes electric fields, magnetic fields,
strain fields, and surface acoustic waves (SAWs), each providing dis-
tinct mechanisms for manipulating QD states.

Applying a static electric field, typically through a p-i-n diode,
enables energy tuning of QD emission via the quantum-confined Stark
effect”®® with modified electron-hole spatial overlap. That is, when the
field is applied along the growth direction, precise energy tuning can
be realized following a quadratic dependence on the field strength F,
given by E(F) = E(0) + pF + qF?, where E(0) is the exciton energy
at zero field, p is the permanent dipole moment, and ¢ is the polariz-
ability. Energy of X° and XT states under varying bias voltages
extracted from PL and PC measurements are shown in Fig. 9(a),
redrawn from reference.””” Large DC Stark shifts of several tens of
meV are attainable in QDs.”®” A vertical electric field can also tune the
FSS because the two bright-exciton eigenstates possess different
z-projected permanent dipole moments in an asymmetric QD”****”
with FSS value as low as 0.4 ueV recently achieved.”” A lateral electric
field provides an alternative route to cancel the FSS with limited Stark
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FIG. 9. External field control of QD properties via electric, magnetic, strain, and mechanical fields. (a) Electric field: A Schottky diode structure enables tunable QD emission via
the quantum-confined Stark effect, as shown in the PL and PC spectra under different bias voltages. Reproduced from Wu et al., Phys. Rev. Appl. 14, 014049 (2020); licensed
under a Creative Commons Attribution (CC BY) license.”*” (b) Magnetic fields: Applied B fields in Faraday geometries lift spin degeneracy, showing the Zeeman splitting and
diamagnetic shift (top). PL spectra present the mixing of bright and dark states of X° and XX° under B fields in Vioigt geometries (bottom). Reproduced from Peng et al., Phys.
Rev. Appl. 8, 064018 (2017); licensed under a Creative Commons Attribution (CC BY) license.”* (c) Strain field: the schematic and SEM image of a nano piezoelectric actuator
consisting of a GaAs QD nanomembrane bonded to a PMN-PT/LSCO/STO/Si structure, with patterned Au electrode (top). The excitonic transitions of spatially separated QDs
can be brought into spectral resonance by sweeping the piezo voltage (bottom). Reproduced with permission from Nano Lett. 16, 5785-5791 (2016). Copyright 2016,
American Chemical Society.”* (d) Mechanical field: SEM image of the device generating surface acoustic waves (top), enabling coherent control of QD dynamics. Spectra
under red-detuned cw pump at the detuning of —wsaw and time-resolved population enhancement under gradually decreasing pump pulses with varying optomechanical cou-
pling rates g (bottom). Reproduced from DeCrescent et al., Optica 11, 1526 (2024); licensed under a Creative Commons Attribution (CC BY) license.”*

shifts.””'*”* Meanwhile, charge occupancy can be controlled with the
different configuration of the bias-dependent band and Fermi level,
confirmed by various exciton plateaus when sweeping voltage.”” With
recent studies extending to GaAs QDs, electric field control is benefi-
cial for suppressing charge noise””*”” and realizing resonance condi-
tions of single QD and an optical resonance mode and energy
matching for distinct QDs.””**”” In addition to the DC Stark effect,
driven by a detuned laser, the AC Stark effect enables a contact-free
tuning of excitonic energy through an optical method.”*******

Magnetic fields offer the basic tool to lift the spin degeneracy of
QD states and promote coherent spin manipulation. As shown in
Fig. 9(b) for X° and XX° states in a gate-controlled QD,”®’ the mag-
netic field in the Faraday geometry (vertical field parallel to the growth
axis) induces Zeeman splitting between spin-polarized excitonic
states.”” Circular polarization of the neutral exciton is recovered with
a strong Zeeman effect vs the exchange interaction.”””"" In addition,
the exciton energy shows a diamagnetic blue-shift caused by the
shrinking carrier wavefunction.”””””” While the magnetic field of
Voigt geometry (lateral magnetic field perpendicular to the growth
direction) enhances spin—flip transitions and the coherent mixing of
bright and dark exciton states, the dark state is observable with
polarization-resolved H and V states separated by the FSS, where the
FSS can also be reduced via transverse magnetic field.”*”""* The Voigt
magnetic field lays the foundation for applications including the ini-
tialization and manipulation of spin qubits”> " and spin-photon
entanglement.””” *'*

Using piezoelectric actuators offers a strain tuning pathway for
single QD, that is, applying uniaxial,”’* " biaxial,”'*"? or multi-
axial " elastic stress along specific crystallographic axes to
QD membranes. This enables the study of light-hole excitons.'**'®”
The resulting lattice deformation modifies the QD structure and

confinement potential, allowing for deterministic tuning of emission
energy and FSS. Strain control is thereby particularly valuable for pro-
ducing polarization-entangled photon pairs by suppressing FSS (fur-
ther discussed in Sec. IV). Figure 9(c) presents an integrated QD
nanomembrane bonded to the PMN-PT piezoelectric material thin
film, grown on the monolithically epitaxial LaSrCoO3/SrTiOs/Si struc-
ture, where the LaSrCoO3 and Au both serve as electrodes. The energy
resonance of two spatially separated QDs mounted on distinct PMN-
PT actuators can be tuned with varying piezo voltage, showing the
scalable potential of these individually addressable strain-controlled
QD devices.”**

Dynamical mechanical modulation can be realized via SAWs,
enabling high-frequency (GHz-scale) control of exciton states
through time-periodic strain and electrical field across the QD struc-
ture.””**" These acoustic fields can control QD transition energies,
carrier dynamics, and exciton occupations on nanosecond timescales,
whose basic principle has been comprehensively reviewed in Ref.
325, serving as an ideal interface for the interplay between the exci-
ton, photon, and phonon.’m”u8 Recently, DeCrescent et al.
reported the mechanically assisted photon scattering to promote
coherent RF control. As shown in Fig. 9(d), an interdigital transducer
inside a SAW cavity launches SAW phonons that couple to the
embedded QD at a rate g. When the laser is detuned by —wgsaw
from the exciton resonance, SAW modulation increases the
scattered-photon intensity at the bare exciton frequency, with the
employed g indicated by the different red color. With a gradually
decaying excitation pulse, the enhancement of the exciton occupan-
cies under SAW control first rises with oscillations and then increases
monotonically compared to the QD without SAW coupling. This
enhancement effect based on phonon interaction grows stronger as g
becomes larger.
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IV. QUANTUM LIGHT SOURCES AND QUBITS BASED
ON QDs

QDs serve as versatile platforms for quantum technologies,
intrinsically enabling deterministic single-photon emission and on-
demand entangled photon pairs with high quality. QD-confined single
exciton/spin states naturally enable the realization of matter (station-
ary) qubits. This section discusses the basic principle of QD-based fly-
ing qubits, including their performance metrics and engineering
strategies, and spin qubits, covering the all-optical initialization/
manipulation scheme and nuclear spin quantum memory.

A. Single-photon sources

Quantum light sources, which emit light with intrinsically non-
classical properties, are fundamental building blocks for quantum tech-
nologies such as quantum communication,” quantum computing,”*’
and quantum metrology.””' Among them, two representative types are
SPSs and entangled photon pair sources. The SPS emits one and only
one photon at a time, and the entangled photon pair source produces
two photons in a quantum-correlated state. Traditional photon-pair
sources based on spontaneous parametric downconversion (SPDC)
generate entangled photon pairs probabilistically.””” This inherent ran-
domness leads to a non-negligible probability of multi-photon events,
which limits their scalability in applications requiring deterministic
photon generation. In contrast, semiconductor QDs act as artificial
atoms with discrete energy levels, enabling the triggered emission of
single photons or entangled photon pairs through excitonic radiative
transitions. As a result, QD-based light sources exhibit sub-Poissonian
photon statistics and high quantum efficiency under appropriate exci-
tation conditions. The performance of single-photon sources is typi-
cally characterized by three key metrics: purity, indistinguishability,
and brightness.
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Purity reflects the degree of suppression of multiphoton events
and is typically quantified by the second-order correlation function
g (1), measured using a Hanbury Brown and Twiss (HBT) setup,’”’
as shown in Fig. 10(a). In this configuration, the PL from the QDs is
split into two paths and detected by a pair of single-photon detectors.
The second-order correlation function ¢?(7) is derived from
the coincidence histogram of detection events. For an ideal SPS,
g(0) = 0 indicates perfect antibunching and no simultaneous detec-
tion. In practice, g/?(0) < 0.5 is commonly regarded as evidence of
non-classical emission. The lower g®(0) value corresponds to the
higher purity. Figure 10(b) shows a second-order correlation measure-
ment under pulsed excitation,”* with negligible coincidence counts at
zero delay, confirming excellent single-photon purity.

Indistinguishability represents whether all the parameters of each
photon emitted by an SPS are identical. It is essential for optical quan-
tum computing because entangling operations in linear optics arise
from multi-photon interference; any residual which-path information
suppresses the interference and degrades gate fidelity.'”” The indistin-
guishability of two photons emitted by a single QD with a longer time
interval has been expected for the single-photon application with
quantum advantages,”* which demands improved exciton coherence.
The experimental setup used to measure photon indistinguishability is
the Hong-Ou-Mandel (HOM) setup,‘“ “ as shown in Fig. 10(a). Under
pulsed excitation, an unbalanced Mach-Zehnder interferometer with a
delay equal to one laser period overlaps two consecutive photons at a
50:50 beam splitter. If two photons are perfectly indistinguishable,
quantum interference causes them to coalesce and exit through the
same output port, suppressing coincidence detections and implying
that the second-order correlation function at zero time delay tends to
zero.””” The HOM visibility—and thus the indistinguishability—is
obtained by integrating the zero-delay peak of the interfering trace
(parallel polarization) and comparing it either to a non-interfering
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FIG. 10. QD-based single-photon sources (SPSs) (a) Experimental setup for characterization of single photons emitted by QDs. Hanbury Brown and Twiss (HBT) setup and
Hong-Ou-Mandel (HOM) setups are used to characterize the purity and the indistinguishability of a single photon, respectively. (b) Second-order correlation measured by HBT
setup. Obvious antibunching was observed at zero time delay. (c) Second-order correlation measured by HOM setup. The dip at zero time delay implies a high degree of indis-
tinguishability. Reproduced with permission from Nature 419, 594-597 (2002). Copyright 2002, Springer Nature.*’
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reference (cross-polarized or large delay) or to the average of the near-
est side peaks. After subtracting accidentals and correcting for splitter
imbalance and detector efficiencies, the reported visibility directly
reflects photon indistinguishability.

Brightness measures the efficiency of generating and collecting
single photons. It is related to the fluorescence quantum yield of QD
and the photon extraction efficiency, where the latter one is generally
defined as the photon collection efficiency at the first objective lens in
free-space measurement configurations to exclude the variations of the
used optical setups.'”’ High-brightness quantum light sources™***”
are essential for various quantum information applications, such as the
multi-photon interference task’*® and fault-tolerant linear optical
quantum computing,””**’ where the generation of large numbers of
indistinguishable single photons serves as the fundamental resource
for complex quantum protocols.

Simultaneously achieving high brightness, purity, and indistin-
guishability remains a significant experimental challenge. Various
approaches have been developed involving excitation schemes, device
structures, and sample growth. For instance, deterministic excitation
via resonant m-pulses enhances photon coherence and spectral purity
by avoiding uncertainties and noise from carrier relaxation.””” To
improve photon brightness, QDs are embedded into nanophotonic
structures such as micropillar cavities or PHC cavities. These structures
exploit the Purcell effect to boost spontaneous emission rates and
direct emission into specific optical modes, significantly increasing col-
lection efficiency (see Sec. V for details). Additionally, strategies like
polarization-selective cavities,”"* phase-locked dichromatic excita-
tion,”" and two-photon resonant excitation with triggering
schemes™”**” have been developed to mitigate losses associated with
conventional resonant excitation filtering.

B. Entangled photon pairs

Entangled photon pairs consist of two photons whose quantum
states, such as polarization or energy-time modes, are inseparably cor-
related, forming a quantum-entangled state. Compared with conven-
tional sources based on the probabilistic SPDC process in nonlinear
crystals, semiconductor QDs enable a deterministic generation of
polarization-entangled photon pairs via the biexciton-exciton
(XX°-X9) radiative cascade. This concept was first proposed by
Benson et al.”*® and later experimentally demonstrated in seminal
experiments.””***” A key challenge in realizing high-fidelity entangled
photon emission from QDs is the suppression of the FSS, for which
the origin has been detailed in Sec. IV A. This splitting renders the
two-photon emission paths distinguishable in frequency and polariza-
tion, thereby degrading entanglement. With the existence of energy
splitting Opgs, the emitted two-photon state can be described as
[¥) = 1/v2(|Hxxo Hxo) 4 €2554/"| V0 Vo) ), where ¢ is the emission
lifetime of XX° to X°. Ideally, if the FSS is eliminated, the time-
dependent phase vanishes, and the system recovers a maximally
entangled Bell state, typically expressed as [¢*) :%(lHXX{)on>
+ |Vxxo Vxo)). This state represents the highest degree of quantum
correlation: each individual photon is completely unpolarized when
measured alone, while joint measurements in the same polarization
basis are perfectly correlated. Consequently, the quality of the gener-
ated entanglement is quantified by the entanglement fidelity f with
respect to a target Bell state, defined as f = (¢ |p ep @), where p .,
is the two-photon density matrix reconstructed from polarization-
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resolved correlation measurements or quantum state tomography.
Therefore, minimizing the FSS is essential to maximize the fidelity and
approach the ideal limit of unity (f = 1).

For higher entanglement fidelity and deterministic excitation,
two-photon resonant excitation (TPE) is commonly used, as shown in
Fig. 11(a). This technique employs a pulse laser with photon energy
Epaser = 1/2(Exxo + Exo) to drive the two-photon transition from the
ground state to the biexciton via a virtual intermediate level. TPE
method also enables the spectral separation between scattering laser
and emission. The system then spontaneously emits a biexciton and an
exciton photons in sequence. Figure 11(b) illustrates synchronized
Rabi oscillations of the exciton and biexciton populations under
TPE.”*' This TPE excitation eliminates uncertainty from relaxation
processes, enhances temporal synchronization, and improves entangle-
ment fidelity. Moreover, as the excitation light is spectrally separated
from the emission lines, it allows efficient filtering of the excitation
background. Compared to the direct pulsed resonant excitation, pulsed
TPE could further improve the purity of the single-photon emission
by suppressing the pulse length dependent re-excitation and subse-
quent multi-photon contribution.’”’

Several tuning methods have been developed to suppress or elim-
inate FSS in QDs, including electric fields,”* magnetic fields,””* and
strain engineering.”*””"">> Among these, strain tuning is particularly
effective, as it enables simultaneous control over emission energy and
the FSS. Figure 11(c) shows a typical device configuration where a QD
membrane is bonded onto a two-dimensional piezoelectric actuator,
allowing fine adjustment of in-plane strain to achieve near-zero FSS.
This strain tuning can achieve tuning of FSS and emission wavelength
independently, as shown in Fig. 11(d). Moreover, materials such as
GaAs/AlGaAs droplet-epitaxy QDs inherently exhibit smaller
FSS,””"”" making them favorable for the direct generation of high-
fidelity entangled photon pairs. Under such tuning conditions,
polarization-resolved coincidence measurements reveal clear signa-
tures of entanglement. In addition to the conventional pair of photons
generated by two single-photon emissions shown in Fig. 11(a), the
biexciton state could also generate entangled photons through the
direct spontaneous two-photon emission directly, i.e., two photons
with the same energy, as shown in Fig. 11(e). Such two-photon emis-
sion can simultaneously achieve near-unity entanglement fidelity and
on-demand generation,”” and can be further enhanced by the nano-
photonic cavity as discussed in Sec. V.

Recently, entangled photon sources (EPS) based on semiconductor
QDs have been applied in practical applications in quantum
networks, entanglement swapping,””"">> and quantum key distribu-
tions.” By incorporating advanced photonic engineering techniques,
such as optimized broadband cavities, further improvements in emission
efficiency, entanglement fidelity, and photon indistinguishability are
expected to be achieved, which are important for quantum communica-
tion, quantum repeaters, and entanglement-based quantum computing.

C. Solid-state qubits based on QDs

As artificial atomic systems, QDs possess rich excitonic energy
level structures and spin degrees of freedom, enabling the construction
of solid-state qubit systems. In addition, their strong dipole interac-
tions provide a robust spin-photon interface. On one hand, optical
excitation and detection techniques enable the initialization, manipula-
tion, and readout of spin qubits. On the other hand, QDs hold great
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FIG. 11. QD-based polarization entangled photon sources (EPSs). (a) Schematic illustration of entangled photon pair generation via the biexciton—exciton radiative cascade.
Due to the presence of FSS, the biexciton and exciton exhibit linearly polarized emission peaks. Eliminating the FSS is essential for generating polarization-entangled photon
pairs. The energy difference between XX° and X° reflects the biexciton binding energy AEg. (b) Rabi oscillations of the biexciton (i) and exciton (ii) under two-photon excitation
(TPE). Reproduced with permission from Nat. Photonics 8, 224-228 (2014). Copyright 2014, Springer Nature.”' (c) Optical micrograph of the strain-tunable QD device. A
GaAs nanomembrane containing InAs QDs is integrated onto a suspended PMN-PT thin film with four actuation legs. (d) Measured FSS vs exciton wavelength under different
uniaxial stress configurations, demonstrating independent control of FSS and emission wavelength. Reproduced from Chen et al., Nat. Commun. 7, 10387 (2016); licensed
under a Creative Commons Attribution (CC BY) license.** (e) Entangled photon sources from spontaneous two-photon emission. Reproduced with permission from Nature

643, 1234-1239 (2025). Copyright 2025, Springer Nature.***

potential for achieving efficient coupling between stationary spin
qubits and flying photonic qubits, paving the way toward the realiza-
tion of multi-node quantum networks.

Figure 12(a) illustrates a common spin qubit platform.”” To fully
exploit the spin degree of freedom of a single electron in a QD, an
external magnetic field is typically applied to lift the spin-state degener-
acy and create a controllable energy level structure. Under a transverse
magnetic field (Voigt geometry), the electron spin states and the two
excited states (trion states) form a four-level A system. In this system,
all four linearly polarized transitions are allowed by optical selection
rules, enabling the implementation of Raman transitions between the
spin ground states.

Spin initialization can be achieved via optical pumping: for exam-
ple, tuning a laser resonantly to the ||) — | T/1}) transition causes
electrons to be repeatedly pumped out and spontaneously decay back
to the | T) state, resulting in high-fidelity initialization. Spin manipula-
tion is performed by applying a strong, off-resonant, circularly polar-
ized picosecond laser pulse between the spin states. This drives a
coherent Raman process between ||) and |T), effectively realizing
rotations within a two-level system. In the experiments, multiple peri-

ods of Rabi oscillations can be observed by controlling the intensity of

a single laser pulse, demonstrating the ability to rotate the electron
spin by arbitrary angles,”” as shown in the bottom panel in Fig. 12(a).
By applying two coherent pulses and varying their separation time,
Ramsey interference experiments were performed, confirming control
over the rotation axis direction. These operations are equivalent to
arbitrary rotations on the Bloch sphere. By adjusting the rotation angle
via Rabi oscillations and the rotation axis via Ramsey interference, one
can implement arbitrary single-qubit unitary operations. This estab-
lishes full SU(2) control, i.e., the ability to generate any unitary trans-
formation in the SU(2) group by tailoring the amplitude, phase, and
timing of the driving pulses, thereby coherently steering the qubit from
any initial state to any desired target state on the Bloch sphere.

Based on similar schemes, subsequent studies have demonstrated
entanglement between a single spin in a QD and an emitted photon, "
with extensions into the telecommunications band.”*”**° Furthermore,
by exploiting the long-lived states of dark excitons or hole spins,”' %"
the generation of photonic cluster states has been experimentally realized,
significantly expanding the potential of semiconductor QDs as nodes in
quantum networks.

The manipulation and fidelity of electron spin states in QDs are
inevitably significantly influenced by the surrounding nuclear spin
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FIG. 12. QD-based spin qubit and the role of nuclear spin. (a) Schematic and experimental demonstration of optical spin qubit control in a QD. A single electron spin confined
in a QD is manipulated via a stimulated Raman transition using picosecond optical pulses. Initialization and readout are performed by resonant optical pumping. Rabi oscilla-
tions between spin-up and spin-down states are observed by varying the power of the rotation Pulse, demonstrating coherent control of the qubit rotation angle. Reproduced
with permission from Nature 456, 218-221 (2008). Copyright 2008, Macmillan Publishers.**” (b) Influence of the nuclear spin on optical spin selection rules in a QD.
Reproduced with permission from Nat. Phys. 10, 725-730 (2014). Copyright 2014, Springer Nature.'® The hyperfine interaction generates an effective Overhauser field that
sets the spin quantization axis and alters the strength of allowed and spin-flip transitions. (c) Nuclear spin ensemble as a quantum register for electron spin qubits. The electron
spin couples to a polarized nuclear ensemble, enabling state transfer. Electron spin resonance (ESR) spectrum showing resolved nuclear sidebands, allowing selective access
to different nuclear species for coherent control. Reproduced from Appel et al., Nat. Phys. 21, 368-373 (2025); licensed under a Creative Commons Attribution (CC BY)

license.**

environment. On one hand, nuclear spin fluctuations induce a random
effective magnetic field (Overhauser field) on the electron spin via the
hyperfine interaction, constituting a major source of decoherence. The
quasi-static Overhauser field from nuclear spins defines a different
spin quantization axis across experimental time windows, leading to
inhomogeneous Zeeman splitting in the energy level structure, as
shown in Fig. 12(b), thereby compromising spin qubit controllability
and reproducibility."”” This intrinsic uncertainty of the environmental
magnetic field noise limits the fidelity of spin readout and manipula-
tion, particularly under zero or low external magnetic fields. Several
methods have been employed to mitigate nuclear spin effects on spin
qubits,””**° such as dynamical decoupling and using lattice-matched
QD structures. Furthermore, since holes primarily consist of atomic
p-orbitals with zero wavefunction amplitude at the atomic nuclei,
utilizing hole spins can suppress nuclear spin noise and achieve
longer coherence times." """’

Although nuclear spin fluctuations are considered a primary
mechanism for electron spin decoherence in QDs, recent experimental
studies reveal that the nuclear spin system itself can be harnessed as a
useful quantum memory resource. Recent work employed an all-
optical Raman cooling scheme to suppress nuclear spin fluctuations
well below the nuclear Zeeman energy, thereby accessing the
sideband-resolved regime for the first time.”*® Under these conditions,
they observed multiple nuclear spin sideband excitations via off-
resonant driving and demonstrated coherent driving of a single

“nuclear magnon” excitation. This showcased resonant exchange
between the electron-nuclear system, enabling the manipulation of col-
lective nuclear spin excitations. Recently, Appel et al.”>* demonstrated
a reversible quantum state transfer between the electron spin and a
nuclear spin dark state, as shown in Fig. 12(c). They utilized the
nuclear spins as a quantum register, demonstrating a complete write-
store-read cycle with a storage time of 130 us and an overall fidelity
near 70%. Combined with dynamical decoupling techniques, this time
could potentially be extended to the millisecond range. This achieve-
ment signifies the transformation of nuclear spins within the QD plat-
form from a disordered environment into a structured, controllable
quantum resource. In addition to this, nuclear spins can be used as
quantum sensors. In a recent study, individual nuclear spin excitations
were detected within a dense ensemble of approximately 80000
nuclei,”®’ underscoring their potential as a controllable resource for
future quantum technologies. These works demonstrate a controllable
pathway for converting the electron-nuclear coupling between a deco-
herence source'” and a “quantum register.”””*****"" This not only
provides new strategies for extending qubit coherence times but also
establishes the physical foundation for building flying qubit-stationary
interfaces equipped with quantum memory.

V. CAVITY QUANTUM ELECTRODYNAMICS

QDs host the quantum state of a single electron/hole or exciton
at the quantum limit, and the dipolar allowed optical transitions enable
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the coupling of the exciton to a single photon. However, a single pho-
ton in free space has very weak optical field overlap with the QD,
which limits the interaction between the exciton and the photon. By
comparison, an optical cavity can confine the photon at the micro- or
nanoscale, thereby significantly enhancing the LDOS. The interaction
between the confined photon and the exciton of QD embedded in the
cavity is therefore greatly enhanced. Depending on whether the cav-
ity-QD exchange coupling exceeds the decay rates of both the cavity
and the QD, the system operates in the strong or weak coupling
regime. Such a cavity-QD system is an ideal platform for the study of
light-matter interactions at the quantum limit, which is an important
research area in quantum photonics and quantum information proc-
essing. This chapter will introduce the fundamental theory of cQED,
the development of the cavity—-QD devices, and their applications in
quantum photonic technologies.

A. Coupling theory

We first discuss the fundamental theory of the cavity-QD cou-
pling, for which the system consists of a single QD embedded in a sin-
gle cavity supporting a single confined photonic mode. The QD is a
two-level system including the ground state G and the excited state X,
while the spontaneous emission (X — G transition) has the energy
hwy and the linewidth (decay rate) /iyx. The eigenfrequency of the
bare QD is thus written as Qx = wy + iyx/2. The photons confined
in the cavity are identical and have the energy hw, and the linewidth
(loss rate) fix, corresponding to the eigenfrequency Q. = w, + ir/2.
The state of the system can be described by the combination of the
state of QD (X /G) and the number of photons in the cavity mode N as
|X/G, N). At the weak excitation limit, the system has three allowed
states, i.e, |G, 0), |X,0), and |G, 1), corresponding to the ground state
of the system, the state with excited QD, and the state with one photon
in the cavity, respectively. Exciton-photon coupling occurs between
the state |X,0) and |G, 1), ie, (X,0/H|G,1) means the photon
is absorbed by the QD, and (G, 1|H|X,0) means the QD emits a
photon to the cavity. This interaction has the coupling strength
(exchange rate) hig. The Hamiltonian of this cavity-QD system H is
then written as

1X,0) Q& g ][IX,0)
H - . )
IG, 1) g Q| |IG1)

The two eigenfrequencies of the system Q+ = w+ + iy, /2 are then
solved as

. Qt0 [(Ox-0)
B 2 4

+g2. (2)

When the cavity and QD are at resonance wx = . = ), the ener-
gies (real part) of the eigenstates are

N2
hwi = hwoiRe h gZ - (/ 1 K) ) (3)

and the linewidths (imaginary part) are
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for which the results are presented in Fig. 13(a). As shown, determined
by whether g(|x — y|/4 or g)|x — y|/4, the system is in the weak or
strong coupling regime. We calculate the spectra using the master
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FIG. 13. Basic features of a coupled cavity—QD system. (a) Theoretical calculations
of the eigenstates Q- when the cavity and the QD are at resonance. The upper
panel shows the linewidth .. (imaginary part), and the bottom panel shows the
energy - (real part). As the coupling strength g increases, the system evolutes
from the weak coupling regime to the strong coupling regime with the threshold
value g = |k — y|/4. (b) Normalized spectral profiles corresponding to the weak
coupling regime, including the emission from the cavity branch (purple solid line),
the QD branch (pink solid line), and the total spectrum (blue dashed line). The cav-
ity branch and the QD branch have the same energy but different linewidths. (c)
Normalized spectral profiles corresponding to the strong coupling regime. The
eigenstates are polaritons as the hybridization of the cavity and the QD (purple
lines). The distinct Rabi splitting between two polariton branches is clearly
observed. (d) Time-resolved PL spectra illustrating the Purcell effect in the weak
coupling regime. The decay rate of the QD emission is 74 = 1.3 ns when the QD is
in bulk material while 74 = 0.25ns when the QD is resonantly coupled to the cavity.
Reproduced from Gerard et al., Phys. Rev. Lett. 81, 1110-1113 (1998); licensed
under a Creative Commons Attribution (CC BY) license.””" (e) Temperature-
dependent PL spectra of the cavity-QD system in the strong coupling regime.
Dashed lines denote the temperature-dependent shift of bare QD (red) and bare
cavity (blue) without coupling. As the detuning changes, anticrossing behavior
between the two polariton branches (solid lines) as the distinct feature of strong
coupling is clearly observed. Reproduced with permission from Nature 432, 197-
200 (2004). Copyright 2004, Springer Nature.”’”
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equation theory and present typical results with k = 10y in Figs. 13(b)
and 13(c). In Fig. 13(b), we present the result with ¢ = 97/16, corre-
sponding to the weak coupling regime. As shown, the two eigenstate
branches have the same energy but different linewidths, consistent
with the prediction in Fig. 13(a). In contrast, in Fig. 13(c), we present
the result with ¢ = 9y, corresponding to the strong coupling regime.
In this case, the two eigenstate branches have the same linewidth but
different energies. This energy splitting between them is the well-
known Rabi splitting, corresponding to the Rabi oscillation in the time
domain. In recent years, some literature has also suggested that
g> (k+7y)/4 is a criterion for strong coupling. This is generally
based on the coupled harmonic oscillator model in classical mechanics,
in which the transition from weak coupling to strong coupling is a
smooth change.”””””* In contrast, in the quantum model shown in Eq.
(1), the transition between the two regimes is sharp as discussed above.
Although different conclusions arise from various models and perspec-
tives used in the analysis, we emphasize that in most experimental
works, the distinct feature for determining weak or strong coupling
remains whether the Rabi splitting is obtained or not.

The cavity loss rate k = w./Q is proportional to the inverse of
the quality factor Q. The coupling strength g for the QD under the
dipole approximation is ig = |d - E(r)|, in which d is the dipole
moment of the exciton, and E(r) is the local cavity electric field at the
position r of the QD. The coupling strength g scales inversely with
the square root of mode volume V as goc1/v/V, where
V = [€(r)|E(r)]*d*r/max[e(r)|[E(r)|*]. The Purcell factor quantifies
the enhancement of the spontaneous emission rate and is governed by
the coupling strength g. By enhancing the spontaneous emission rate
of QDs via the Purcell effect, decoherence processes can be suppressed,
while the increased extraction efficiency leads to improved brightness.
The Purcell factor at zero detuning between the cavity and the quan-
tum emitter can be expressed as””

foa ) T (i) ©

2
max |

where Z is the wavelength of cavity and quantum emitter, » is the
refractive index, and E,,,, is cavity electric field at the location of maxi-
mum electric field energy density (¢E?). From this, we can see that to
increase the Purcell factor Fp or the coupling strength g, it is necessary
to increase Q and decrease V. Additionally, Fp and g are also propor-
tional to the degree of the overlap between the QD and maximum elec-
tric field energy density, as well as overlap of the exciton polarization
and local electric field vector. Therefore, Q-factor and mode volume
are the most commonly used parameters for evaluating the perfor-
mance of cavities.”” High Q-factor, small mode volume, along with the
match of spatial position and dipole direction between the cavity and
the QD is the key to improving the coupling strength and achieving
the strong coupling regime.

The applications of weakly coupled cavity-QD systems are
mainly based on the enhancement of the spontaneous emission rate of
the QD, i.e., the Purcell effect.””® In 1998, Gérard et al.””’ experimen-
tally demonstrated the Purcell effect of QD in the cavity. As shown by
the time-resolved spectra in Fig. 13(d), QD has the decay rate of
74 = 1.3 ns in the bulk material while that of 7; = 0.25 ns when reso-
nantly coupled to the cavity, revealing a Purcell factor of 5. The appli-
cations of strong coupling mainly rely on the hybridized polaritons,
which are quasiparticles that are half-light and half-matter excitations.

pubs.aip.org/aip/are

In 2003, Yoshie et al.”’” and Reithmaier et al.””* experimentally dem-
onstrated the Rabi splitting in the cavity-QD system. As shown by the
PL spectra in Fig. 13(e), the detuning between the cavity mode and
the QD is controlled by the temperature. As the temperature increases,
the cavity-QD system evolves from detuning to resonance and then
detuning again, and PL peaks from the hybridized polariton branches
(denoted by solid lines) with the anticrossing between them are clearly
observed. Since then, the cavity—-QD system has been widely investi-
gated and improved for the study of cQED and their applications.””*

B. Photonic cavities

Optical cavities confining photons in micro or nanoscale are the
key to investigating cQED experimentally. Modern optical cavities
exhibit a rich variety of architectures tailored for enhanced light-mat-
ter interaction. The DBR cavity is a well-known and widely applied
optical cavity. It consists of a pair of one-dimensional PHCs at the top
and bottom, which serve as a pair of mirrors to confine the photons.
Micropillar cavity exemplified by GaAs/AlAs DBR structures, as
shown in Fig. 14(a), is a typical DBR cavity and has been widely
applied for III-V QDs. In the vertical direction, the periodic material
layers with certain effective refractive index form one-dimensional
PHCs at the top and bottom and reflect photons within the photonic
bandgap. The photons are confined in the middle layer where the QDs
are embedded. Other optical properties such as the resonant energy
and mode volume can be controlled by the radius of the micropillar in
the horizontal direction. The Q-factor of the micropillar cavity is
mainly determined by the roughness of the sidewall.”™ After decades
of optimization in the fabrication methods, the Q-factor of the micro-
pillar cavity has been optimized to the ultrahigh regime, e.g., the value
of around 2 x 10° has been achieved by Schneider et al.””” in 2016.

In addition to the high Q-factor, the improvements of the DBR
cavity mainly aim to achieve high controllability. For example, Tomm
et al.”’® and Ding et al.”” fabricated the open DBR cavity as schemati-
cally shown in Fig. 14(b), in which the top DBR mirror is freely mov-
able. This allows the fine alignment of the position of QD in the DBR
cavity. By evaporation of Au/Ti marks on the sample, we can precisely
get the position of QDs from the map of PL spectroscopy, and the
accuracy has been optimized to 15nm in spatial and 0.4nm in spec-
tral.”” Then the top DBR is aligned to ensure the QD is in the center
of the DBR cavity as shown in the inset in Fig. 14(b). This maximizes
the cavity-QD coupling strength because the cavity electric field has
the maximum amplitude at the center. Meanwhile, the control of QD
is also crucial for the cavity—-QD system. External electric field applied
from the top and bottom electrode gate is one of the conventional
methods to control the QD. However, in the DBR cavity, the QD is
deeply embedded in the center layer, and thereby, the electric field
introduced by electrodes at the top and bottom of the DBR cavity has
very weak effects on the QD. Somaschi et al.” solved this problem by
adding four electrodes in the horizontal direction, as schematically
shown in Fig. 14(c). In this case, the emission energy of QD is tuned
by > 0.5 meV by adding the bias voltage 1.2 V, and the cavity—QD res-
onance is precisely achieved.

Two-dimensional slab PHC cavity is another type of optical cav-
ity that has been widely applied for QDs, typically formed by introduc-
ing defects in the lattice of two-dimensional PHC. It confines photons
by the photonic bandgap in the in-plane direction while by the total
internal reflection in the out-of-plane direction. Compared to the DBR

Appl. Phys. Rev. 13, 011313 (2026); doi: 10.1063/5.0291094
Published under an exclusive license by AIP Publishing

13, 011313-21

71:6€:50 9202 Atenuge4 ¢


pubs.aip.org/aip/are

Applied Physics Reviews

(a) DBR cavity (b)

(d) HO PHC cavity ()

500 nm

(9) Bullseye cavity (h)

Controllable DBR cavity (c)

Moiré PHC cavity (f)

WGM cavity

REVIEW pubs.aip.org/aip/are

DBR cavity with gate
L

Topological PHC cavity

"G o 02

Corner. . Edge

2um

Photonic molecules

[0 0006653333005 00)
3 ] da
[0 0000008555555 9

—
a

FIG. 14. Optical cavities for the investigation of QD-based cQED. (a) Typical micropillar DBR cavity. Reproduced with permission from Appl. Phys. B 122, 19 (2016). Copyright
2016, Springer-Verlag Berlin Heidelberg.””” (b) Open cavity with movable top DBR to control the cavity modes. Reproduced with permission from Nat. Photonics 19, 387-391
(2025). Copyright 2025, Springer Nature.**” (c) DBR cavity connected to a surrounding circular frame by four one-dimensional wires to apply external electric field. Reproduced
with permission from Nat. Photonics 10, 340-345 (2016). Copyright 2016, Springer Nature.” (d) HO-type PHC cavity. Reproduced from Ota et al., Appl. Phys. Lett. 112,
093101 (2018), with the permission of AIP Publishing.* (e) Moiré PHC cavity formed by superimposing two hexagonal lattices with a relative twist angle. Reproduced from
Yan et al., Nat. Commun. 16, 4634 (2025); licensed under a Creative Commons Attribution (CC BY) license.”" (f) High order topological PHC cavity. Reproduced from Xie
et al., Laser Photonics Rev. 14, 1900425 (2020); licensed under a Creative Commons Attribution (CC BY) license.” () Highly symmetric bullseye cavity. Reproduced from
Holewa et al.,, Nat. Commun. 15, 3358 (2024); licensed under a Creative Commons Attribution (CC BY) license.”* (h) WGM cavity with non-Hermitian scattering. Reproduced
from Yang et al., Commun. Phys. 7, 13 (2024); licensed under a Creative Commons Attribution (CC BY) license.*** (i) Photonic molecule consisting of two coupled nanobeam
cavities. The new degrees of freedom including the gap d and shift s in the photonic molecule improves the controllability with the full polarization control. Reproduced from Zhu

et al,, Light Sci. Appl. 14, 114 (2025); licensed under a Creative Commons Attribution (CC BY) license.**®

cavity, PHC cavity greatly decreases the mode volume to the wave-
length scale V ~ (1/ n)3, ie, the regime of nanocavity. Moreover,
PHC nanocavity has high design flexibility and can be directly inte-
grated in the on-chip PHC circuit. Typical defect profiles of the PHC
cavity mainly include the HO, H1, and L3 cavity corresponding to the
different defect profiles.”****” For example, Fig. 14(d) shows an opti-
mized HO cavity, which means no nanohole is removed, but the two
nanoholes at the center are mainly adjusted to form the photon con-
finement with surrounding holes modified to improve the Q-factor.
Recently, the defect profiles have been further optimized for subwave-
length mode volume, such as the L4/3 cavity having V ~ 0.32(1/n)’
and the HO cavity having V ~ 0.25(1/n)’ generated from the auto-
mated optimization method.”””””" The subwavelength scale is
expected to achieve high-efficiency modulation of photons and provide
the basis for novel cavity—-QD coupling phenomena.

In addition to the conventional H-series and L-series defect pro-
files, PHC cavity has been developed with other types of photon con-
finements. Figure 14(e) shows the moiré PHC cavity, which is a
combination of two PHC crystal layers with a twist angle between

them. This results in the periodic moiré superlattice and optical modes
with high Q/V ratio in theory.””” When the twist angle is “magic,”
each moiré site becomes uniform. Such moiré cavities have recently
been demonstrated to enhance the single-photon emission of the
QD.”" Topology is another method to form the cavity photonic
mode. Generally, the boundary between two PHCs with different
topology can generate edge states and confine the photons with the
topological protection.””" The line boundary usually supports the
waveguide mode, while the corner boundary supports the confined
photonic mode. Xie et al.”" achieved the lasing and Purcell effect
with the QD using the topological corner state, as shown in Fig. 14(f).
Owing to the high design flexibility of PHC cavity, we would expect
more new types of PHC cavity in the future.

The controllability of a single PHC cavity is limited by the geome-
try design, e.g., the far-field polarization of the cavity mode is usually
linear due to the breaking of rotational symmetry and is difficult to
control. Specific cavities have been developed for the circular polariza-
tion, which can be applied for the coupling with both two single exci-
ton states of the QD.”* For example, the bullseye cavity (or called
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CBG) as shown in Fig. 14(g) has the PHC structure in the radial axis
while it is uniform in the polar angle axis, resulting in highly degener-
ate modes that allow the circular polarization.”* In 2021, Fong et al.”””
achieved the circularly polarized cavity mode in an H1 PHC cavity
based on the non-Hermitian coupling between two cavity modes. The
non-Hermiticity leads to the supermode of two linearly polarized
modes with an imaginary phase shift, which means the circular polari-
zation. In 2024, Yang et al**" introduced defects with different sizes in
the whispering gallery mode (WGM) cavity, as shown in Fig. 14(h).
The well-designed defects result in the asymmetric backscattering and
the non-Hermiticity, and a controllable polarization including ellipse
states is achieved by controlling the position of defects near the excep-
tional point.

Compared to a single PHC cavity, photonic molecules consisting
of coupled cavities provide controllability in more degrees of freedom,
which greatly improves the controllability of the cavity mode. The cou-
pling between two cavities in the photonic molecule is usually
described by the coupled mode theory in the Hermitian regime, and
the coupling strength is controlled by the spatial distance between
them.””® Recently, Zhu et al.”® fabricated the photonic molecule con-
sisting of two 1D PHC nanobeam cavities with an ultra-subwavelength
gap between them, as shown in Fig. 14(i). In this photonic molecule,
the coupling between two cavities is dominated by the evanescent
wave and exhibits strong non-Hermitian features. The non-
Hermiticity allows the non-trivial phase in the supermodes, enabling
the full far-field polarization control of the cavity mode from linear to
circular polarization. These novel optical modes demonstrate the
potential of integrated optical cavities in the applications of non-trivial
quantum photonic devices.

If one aims to pursue an ultrasmall mode volume, bowtie-type
cavities can be considered.””” *”” These cavities with extreme dielectric
confinement are capable of compressing light into volumes far below
the diffraction limit. In 2022, Albrechtsen et al.””® demonstrated, for
the first time, photon confinement inside dielectrics below the diffrac-
tion limit, without intrinsic limitations on the Q-factor. However,
whether such structures can be successfully implemented in QD sys-
tems remains a question, given that the gap between the two dielectric
elements is only a few nanometers—smaller than the typical diameter
of self-assembled QDs.

Overall, to achieve the cavities with the higher Q-factor and
smaller mode volume, PHC cavities have been developed by the opti-
mization of defect profile designs and nanofabrication technologies. In
the early stage, the defect profile of the PHC cavity is usually optimized
by tuning only a few nearby nanoholes, such as the shift of two nearest
nanoholes in the L3 PHC cavity that increases the Q-factor to over 10*
for a reduced optical leakage.” Recently, automated optimization
approaches have been utilized, which can simultaneously optimize
multiple parameters of multiple nanoholes to improve the Q-factor
and maintain the small mode volume of the cavity.””" " In experi-
ments, the fabrication-induced imperfections will introduce structure
interface roughness and thereby the optical scattering or absorption
loss, degrading the cavity performance. The post-treatment after the
etching process can be employed, considering the generally used
e-beam lithography and subsequent dry etching techniques.
Conventionally, ammonia was applied to passivate the surface of opti-
cal cavities.””! In 2020, Kuruma et al.’"* developed the sulfur-based
surface passivation technique using a Na,S solution. This method
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further improves the Q-factor of PHC cavities to 1.6 x 10°. Moreover,
the alignment between the cavity field maximum and single QD in
space has been improved. Using the luminescence spectroscopy
method™”** similar to that in Fig. 14(b), along with the in situ lithog-
raphy,’”* ** the spatial mismatch between the cavity and the QD can
be suppressed to < 10 nm in recent years.

C. Quantum devices and applications

Weak Coupling: The weak coupling regime leads to the Purcell
effect of the QD. As shown in Fig. 15(a), compared to the bare QD, the
cavity modulates the local optical field, which enhances the emission
rate. This enhancement filters the background emissions such as the
phonon sideband or other nearby QDs, optimizing the spectral and
spatial profiles in the emission of the QD. The Purcell-enhanced SPS
has enabled single photons with high purity [low g (0)], high indis-
tinguishability Hyou, and high brightness. The experimental challenge
of the SPS is mainly the photon extraction efficiency and the noise that
introduces dephasing effects. In 2016, Somaschi et al.”” fabricated SPS
using the micropillar cavity with gate [discussed in Fig. 14(c)] and
improved the performance through the resonant excitation. As shown
in Fig. 15(b), they tuned the emission energy of the QD by the Stark
effect and achieved the cavity—-QD resonance. The controllable external
electric field through the gate also helps to suppress the charge noise.
Moreover, they investigated the performance of SPS using different
excitation conditions. When the excitation laser is non-resonant, the
purity is g (0) = 0.024, and the indistinguishability is Hyop ~ 70%.
In contrast, when the excitation laser is resonant to the cavity-QD sys-
tem, the purity is improved to g/ (0) = 0.0028, and the indistinguish-
ability is improved to Hyoy ~ 99.56%.

The major challenge in the resonant excitation is filtering of the
excitation laser. In free space, the filtering is usually based on the polar-
ization. The direct implementation of polarizers leads to a 50% loss of
brightness, while the utilization of polarization-diverse mode-splitting
cavities provides an effective solution to this problem.”****”*'* The
optical waveguide embedded with single QDs also enables the on-chip
routed SPS™*""*"* and other possible resonant filtering schemes. In
2020, Uppu et al."”” applied a similar method to the on-chip integrated
nanophotonic circuit. As shown in Fig. 15(c), they used a planar nano-
photonic structure consisting of two waveguide modes. The excitation
employs a higher-order mode, which will suffer losses in the subse-
quent taper section and bend. The leakage of the excitation laser into
the collection channel is theoretically calculated as ~10~* and experi-
mentally measured as ~ 10~>. The high-efficiency separation between
excitation and collection allows the on-chip resonant excitation,
enabling guided single-photon emission with high purity and high
indistinguishability as g (0) ~ 0.02 and Viom = 96%. In addition,
the coupling efficiency between the QD and the waveguide mode is
also investigated. As shown in the bottom panels in Fig. 15(c), the cou-
pling efficiency is improved to >80% when the QD is at the center of
the waveguide, and the coupling efficiency slowly decreases as the QD
position offset increases. Meanwhile, owing to the high-efficiency fil-
tering through waveguide modes, the impurity contributed by the exci-
tation laser is always <1072, However, the efficiency of filtering based
on the polarization cannot reach 100%, and the existence of re-
excitation for the cavity-QD system will degrade the purity of SPS.
Methods such as the TPE™"*"* and two-color excitation”®"*'* have
been developed to further solve these problems, as discussed in Sec. IV.
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FIG. 15. Single-photon and entangled photon sources. (a) Schematic illustration of cavity—QD SPS system. Compared to the bare QD (top), the Purcell effect in the weakly cou-
pled cavity-QD system (bottom) enhances the emission rate and improves the SPS performances. (b) Micropillar SPS. Left panel shows the emission intensity as a function of
bias and energy. The energy of exciton (X) is tuned to the resonance with the cavity mode (CM) by the Stark effect, as denoted by the dashed line. Right panel shows the corre-
ation histograms measuring the indistinguishability V05 of photons (blue) and the second-order autocorrelation of photons (red) at the low excitation power. The measure-
ment was implemented at both the non-resonant and resonant excitation conditions. The performance of SPS is greatly imEroved when the excitation laser is resonant to the
cavity-QD system. Reproduced with permission from Nat. Photonics 10, 340-345 (2016). Copyright 2016, Springer Nature.”” (c) SPSs integrated on-chip. Top left panel is the
SEM image of the fabricated device. Top right panel shows the measured and calculated transmission T, spectrum of the excitation laser, which is filtered by the polarization of
two orthogonal waveguide modes. After filtering, the transmission is around 104 — 103, Bottom panels show the calculated coupling efficiency for the waveguide mode and
expected single-photon impurity contributed by the excitation laser as a function of the offset of QD position from the waveguide center. Reproduced from Uppu et al., Nat.
Commun. 11, 3782 (2020); licensed under a Creative Commons Attribution (CC BY) license.*” (d) Entangled photon sources. Left panel shows the device structure. Right pan-
els display the reconstructed density matrix at the highest fully entangled fraction of the QD. Reproduced from Rota et al., eLight 4, 13 (2024); licensed under a Creative

Commons Attribution (CC BY) license.*”®

Overall, a good SPS should possess the following key aspects: (i)
high controllability with deterministic integration of QDs in the cavity
to maximize complete coupling between QDs and the cavity; (ii) noise
reduction and proper excitation scheme to enhance indistinguishabil-
ity and purity; and (iii) improved brightness for on-demand operation
with large Purcell enhancement and optimized resonant filtering
methods. The latest progress in open microcavity-based SPSs integra-
tes all these aspects, representing the currently best comprehensive
performance.”**”*'* Among them, in 2025, Ding et al.””’ reported
an SPS system with an system efficiency of 0.712, g (0) = 0.0205,
and Hyoy = 98.56%. For a comprehensive comparison, the parame-
ters of other high-performance SPSs are summarized in Table II. Here,
the system efficiency refers to the end-user efficiency, which includes
the total contributions from all loss channels, including the optical
path losses, device extraction efficiency and excluding the detection
efficiency of the single-photon detectors. Due to the relatively mature
growth technology and the favorable overall performance of QDs
emitting near 900 nm, representative works of reported QD-based
SPSs in this wavelength range are mainly summarized in Table II. At
the same time, progress has also been achieved in studies operating at
other wavelengths.”'”*'”***"*** For instance, a ¢/*(0) value as low as
0.012 has been realized in the telecom O-band."*’

The biexciton state XX° of the QD allows the cavity-QD system
for more possible applications. For example, XX° can directly emit two
identical photons with the cavity interaction. In 2011, Ota et al.**’
found that when the cavity has the energy o, = (wxo + wxxo)/2, the
two-photon emission is enhanced along with the suppression of one
photon emission. In 2018, Qian et al.'”” further demonstrated that
when the cavity-QD coupling increases above a threshold, such
enhancement of two-photon emission (weak coupling) will evolve to
the two-photon Rabi splitting (strong coupling), resulting in a two-
photon process. Such two-photon emission introduces the bright non-
linear radiation into the quantum photonic technologies.”** In addi-
tion to the two-photon emission, the biexciton state XXO can also emit
a pair of entangled photons mediated by X, as discussed in Sec. IV.
The Purcell effect from the cavity can also enhance the cascaded opti-
cal transitions,”*****” but the challenge is how to simultaneously
enhance both transitions with different energies wxxo and Wyo. In
2024, Rota et al.""" used a low-Q (Q ~ 100) bullseye cavity to enhance
the EPS, as shown in Fig. 15(d). Owing to the low Q-factor, the line-
width of the cavity mode is very large and results in the broadband
enhancement over tens of nm of wavelength, covering both the two
transitions having the energies wxxo and wxo. This improves the purity
and indistinguishability of the pair of photons, and thereby, improves
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TABLE II. Comparison of QD SPSs.

Wavelength Purcell System
Cavity type (nm) Q-factor factor g(z) (0)  Indistinguishability efficiency Specialized techniques
Open cavity537 885 8400 17 (2) 0.0205 (6) 0.9856 (13) 0.712 (18) Shaping system
Open cavity"'° 915 8054 9 0.044 (2) 0.922 (4) 0.129 Strain tuning
Circular Bragg grating”'” 1545 183 6.7 (6) 0.057 (4) e e p-shell pumping
Micropillar™* 906 7540 6.6 0.002 (1) 0.926 (4) 0.03 (2) TPE with stimulating lasers
Micropillar*'® 925 4000 e 0.046 (1) 0.909 (4) 0.107 Phonon-assisted excitation
Open cavity ™ 920 12600 12 0.021(1) 0.975 (5) 0.575 (30) Gated QDs
Microring*"” 900 e 2 0.115 (1) e 0.0078  Carry orbital angular momentum
Circular Bragg grating"”’ 1300 130 4.0(7) 0.0115(2) e 0.014 p-shell pumping
Elliptical micropillar’*! 897 5016 178 0.025(5) 0.975 (6) 0.237 Polarization-orthogonal
Elliptical Bragg grating™** 890 181 15.7 0.009 (3) 0.951 (5) 0.215 excitation—collection
Circular Bragg grating”* 772 150 3.5 0.001 (1) 0.901 (3) 0.082 n-pulse TPE
Micropillar™’ 900 1000 . 0.012 (1) 0.962 (6) 0.055 Two-color excitation
H1 cavity™ 915 765  43(2) 0.026 (7) 0.939 (33) . n-pulse excitation, on-chip
Micropillar25 925 12000 7.6  0.0028 (12) 0.9956 (45) 0.012° Electrically controlled
Micropillar**’ 898 6124 6.3 (4) 0.009 (2) 0.985 (4) 0.138 n-pulse excitation

This value was obtained using a SPAD characterized by a detection efficiency of 0.4.

the entanglement up to 96 %. Therefore, for EPSs, a high cavity
Q-factor is not required. If the cavity exhibits an excessively high
Q-factor, it can no longer provide simultaneous enhancement of the
two transitions. In practice, a Q-factor of approximately ~10% is
appropriate for EPSs and sufficient to achieve Purcell enhancement.
Other applications of the weakly coupled cavity-QD system
mainly focus on the enhanced quantum state manipulation based on
the Purcell effect. The quantum state of the QD can be driven by the
pulsed resonant excitation laser, as discussed in the context of
Sec. V C. In 2013, Carter et al."”’ used the L3 PHC cavity under reso-
nant excitation. The optical initialization and readout processes of the
QD spin are realized, where the Purcell effect from the cavity mode
greatly enhances the rate of these two processes. The device structure
and the Ramsey fringe of the cavity coupled QD system relating the
pulse power are shown by the Fig. 16(a). In 2023, Antoniadis et al.*’’
used the Purcell effect to improve the collection efficiency of photons
and shorten the readout time of QD spin to 3ns, as shown in
Fig. 16(b). Owing to the rapid readout time, errors resulting from
measurement-induced back-action were suppressed. This readout time
is also below the spin relaxation and dephasing times, and thereby sup-
pressing the noise from these two effects. The fidelity of the quantum
state operation is improved to 95.2 %. In 2024, Mehdi et al.*”” further
used such Purcell enhancement to suppress the noise from experimen-
tal fluctuations such as birefringence. Combined with the external
magnetic field, the enhanced light-matter interaction allows most con-
ditional rotations in the Poincaré sphere with a control both in longi-
tude and latitude, as shown in Fig. 16(c). Specifically, by tuning the
laser frequency and the magnetic field strength, the two electron spin
states can be selectively addressed, thereby enabling precise control
over the polarization state of the output light. These works reveal that
even in the weak coupling regime, the Purcell effect can enhance the
rate of quantum operations and allow for high-fidelity state manipula-
tion on the QD, which is crucial to apply the spin-photon interfaces

for quantum information processing. In addition, the cavity—-QD sys-
tem also enables the study of novel single-photon emission carrying
with orbital angular momentum"'” and degenerated cavity modes fea-
turing skyrmionic characteristics recently."”

Strong coupling: The investigation of strongly coupled cavity-
QD system imposes stringent requirements on both cavity quality and
light-matter coupling strength. Achieving this regime necessitates pre-
cise spectral tuning with a large spatial overlap between the QD dipole
and cavity field maximum. To date, distinct Rabi splitting has been
widely observed in the cavity-QD system based on micro-disk cav-
ity,””” DBR-based cavity"'”""" and photonic crystal cavity."” """ In
2006, Hennessy et al."”" investigated the cavity-QD system involving
only a single cavity and a single QD verified by AFM spectroscopy and
time-correlation spectroscopy. As shown in Fig. 17(a), the AFM image
shows that there is only one QD at the nearly central position in the L3
PHC cavity. The central position corresponds to the antinode of the
cavity electric field, which enhances the cavity—-QD coupling strength.
Moreover, they performed the time-resolved measurements to further
probe the underpinning physics. When the cavity and QD are off reso-
nance, photon emission from the cavity mode and the QD is anti-
correlated at the level of single quanta. This demonstrates that even
when off-resonance, the cavity mode is driven solely by the QD despite
the energy mismatch, and there is no other nearby QD within the cav-
ity mode volume. In such a system, the Rabi splitting is clearly
observed as shown in the right panel in Fig. 17(a). When the cavity is
tuned to resonance, the lifetime of the QD reduces by a factor of 145,
and the generated photon exhibits the antibunching feature with
g?(0) decreased by half compared to the off-resonant case. These
results clearly demonstrate that the strongly coupled cavity-QD sys-
tem is in the quantum regime, providing the basis for the applications
in quantum photonic technologies.

The coupling strength g is a key parameter of the cavity-QD sys-
tem that determines the coherence time and fidelity of the spin-
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FIG. 16. Quantum state manipulation enhanced by the Purcell effect. (a) Quantum control of a spin qubit. Top panel shows the device architecture. Bottom panel displays the
fitted amplitude of Ramsey interference fringes as a function of pulse power. The operation rate is enhanced by the Purcell effect. Reproduced with permission from Nat.
Photonics 7, 329-334 (2013). Copyright 2013, Springer Nature Limited.**” (b) Single-shot readout of a QD spin. Owing to the resonant cavity mode, the readout time is short-
ened to 3ns. This is faster than the relaxation and dephasing times, resulting in a high fidelity of 95.2 %. Reproduced from Antoniadis et al., Nat. Commun. 14, 3977 (2023);
licensed under a Creative Commons Attribution (CC BY) license.*”' (c) Quantum state control in the Poincaré sphere. Combining the cavity enhancement and the external
magnetic field, the spin state of the QD can be controlled arbitrarily in the Poincaré sphere, including the left and right circular polarization (R and L), the horizontal and vertical

linear polarization (H and V), and the diazgonal and antidiagonal polarization (D and A). Reproduced from Mehdi et al., Nat. Commun. 15, 598 (2024); licensed under a Creative

Commons Attribution (CC BY) license.’

photon interface. Increasing the coupling strength g accelerates the
energy exchange between the photon and exciton, enhancing the gate
speed and reducing the effects of decoherence processes. Because the
interface operation occurs faster than the system dissipation, the quan-
tum information is transferred before being lost due to cavity decay or
decoherence, thereby improving the fidelity. As mentioned above, g
influences the Purcell factor, thus affecting the performance of SPSs.
Photon blockade, single-photon switches, transistors, and many non-
classical effects also have strength proportional to g. Furthermore, a
larger g value improves tolerance to spectral detuning and device
imperfections, thereby enhancing the robustness and scalability of
solid-state quantum photonic systems. Thus, the control and enhance-
ment of g are long-standing topics for the cavity-QD system. One
potential method is to increase the number of excitons or cavity modes.
For example, in 2018, Ota et al.”*’ used the HO cavity for the coupling
with the QD. Owing to the fact that the HO cavity has two degenerate
cavity modes that can couple to different polarization states of QD, the
cavity-QD coupling strength g is theoretically enhanced by a factor of
/2 and experimentally reaches the value of 165 ueV. However, the
enhancement of g between a single QD and a single cavity mode
remains a challenge. For example, in 2009 and 2010, Reitzenstein
et al.**® and Faraon et al.""’ controlled the cavity-QD coupling using
the external magnetic and electric fields, respectively. As the magnetic
field or electric field increases, the dipole moment of the exciton in the
QD decreases, along with the decreasing coupling strength g to the cav-
ity mode. These methods enable the changing from the strong coupling
regime to the weak coupling regime but cannot enhance the coupling
strength g. To solve this problem, in 2019, Qian et al.*” investigated
the cavity—-QD system by applying the p-shell excitons.

As shown in Fig. 17(b), the emission spectrum of the ensemble of
QDs involves three peaks, corresponding to the s-shell, p-shell, and

d-shell excitons with the peak energy from low to high, respectively.
The s-shell exciton has a small wavefunction extent that follows the
dipole approximation, i.e., the local cavity electric field is approxi-
mately uniform. In this regime, the cavity-QD coupling strength g is
separately determined by the amplitude of the local cavity electric field
E(r) and the dipole moment of the exciton d as fig = |d - E(r)| as dis-
cussed above. Thus, the decrease in the dipole moment results in the
decrease in g, as reported by Reitzenstein et al.*** and Faraon et al.**’
In contrast, the p-shell exciton has a large wavefunction extent in spa-
tial.“** As such, the local cavity electric field E(r) is no longer uniform
when the exciton is at different positions. In this nonlocal regime, the
coupling strength g is determined by the intertwining of cavity and dot
degrees of freedom as fig = [y(r)E(r)dr, in which y(r) is the center-
of-mass wavefunction of the p-shell exciton.*’ The dependence of the
coupling strength g on the exciton wavefunction extent (dipole
moment) is presented as the gray line in the bottom left panel in
Fig. 17(b). As the exciton wavefunction extent (dipole moment) is
decreased by the magnetic field, g for the s-shell exciton follows the
prediction of the dipole approximation and monotonically decreases,
but g for the p-shell exciton shows a non-trivial tendency along with a
maximum g as the wavefunction extent changes. In experiments, the
external magnetic field is applied in a Faraday configuration to shrink
the exciton wavefunction extent, and the experimentally observed cou-
pling strength g perfectly agrees with the theoretical prediction. With
the magnetic field of 3.5T, the maximum g of 210 ueV is achieved,
which is also the largest value ever reported for the coupling between
the PHC cavity and the QD. These results indicate that the new exci-
tonic states are the key to further exploring and developing the physics
of the QD-based cQED.

The applications of strongly coupled cavity—-QD systems are
mainly based on the coherent coupling, i.e., the quantum information
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FIG. 17. Cavity-QD strong coupling and applications. (a) The system with a single cavity and a single QD verified by AFM spectroscopy and time-correlation spectroscopy.
Left panels shows the spatial distribution of the cavity electric field in the L3 PHC cavity, as well as the position of QD detected by the AFM spectroscopy. Right panels display
the distinct anticrossing behavior in the strong coupling regime. Reproduced with permission from Nature 445, 896-899 (2007).Copyright 2007, Springer Nature.”** (b)
Enhanced coupling strength through p-shell exciton. Left top panel presents the spectra of ensemble QDs at high excitation power, in which the multiple peaks corresponding
to multiple energy levels of the QD. Left bottom panel shows that due to the large wavefunction extent, the p-shell-exciton—photon coupling is beyond the dipole approximation.
As the wavefunction extent shrinks, the coupling strength is first enhanced and the suppressed. The maximum coupling strength g between the cavity and the p-shell exciton is
210 peV, and the corresponding raw PL spectra are shown in the right panel. Reproduced from Qian et al., Phys. Rev. Lett. 122, 087401 (2019); licensed under a Creative
Commons Attribution (CC BY) license.*** (c) A QD-photon cNOT operation. Upper panel illustrate the cNOT operation. Lower panel presents the measured state probabilities
P, for QDs in excited and ground state configurations. Reproduced with permission from Nat. Photonics 7, 373-377 (2013). Copyright 2013, Springer Nature.**® (d) All-
optical switching via spin control. Left panel shows the schematic of the working principle of the single-photon switch and transistor. In the first step, a gate photon controls the
state of the spin. In the second step, the spin determines the polarization of the signal field. Right panel displays the conditional transmittance as a function of delay time ¢
between spin rotation pulses, with (orange circles) and without (blue circles) gate field detecting. Reproduced from Sun et al., Science 361, 57-60 (2018); licensed under a
Creative Commons Attribution (CC BY) license.**" (e) Spin-dependent cavity reflectivity within a charge tunable device. The resonant reflection spectrum of the cavity dot sys-
tem in the thermal equilibrium condition (to‘P panel) and pure spin down condition (bottom panel). Reproduced with permission from Nano Lett. 19, 7072-7077 (2019).
Copyright 2019, American Chemical Society.”**
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exchanging at the spin-photon interface, where the spin is controlled
through optical, magnetic-field, or electrical tuning schemes, enabling
conditional manipulation of both the spin state and the photonic
polarization. For example, Kim et al."** demonstrated a cNOT quan-
tum gate through the strongly coupled cavity—-QD system. They found
that the reflectivity of a photon emitted to the cavity is determined by
the polarization of the photon and the state of the QD. As shown in
Fig. 17(c), when the QD is in the ground state, the polarization of the
incident photon is preserved. In contrast, the polarization of the inci-
dent photon is rotated when the QD is in the excited state. By using
the pump-probe setup, they achieved a cNOT gate based on the polari-
zation of the incident photon. Based on the same principle, Sun
et al”” introduced a third gate pulse between the pump and probe
pulse and achieved the single-photon switch, as shown in Fig. 17(d).
Similar to the weak coupling system, experimental fluctuations such as
charge noise are the major challenge in the applications of strong

coupling systems. In 2019, Luo et al.** investigated the strong cou-
pling between the cavity and the negatively charged state of the QD.
They found that when the system is in the thermal equilibrium state,
the random charging from nearby impurities leads to instability in the
charge state and causes poor contrast in the cavity reflectivity, as
shown in Fig. 17(e). They used a diode structure to deterministically
charge the QD and initialize the spin through optical pumping. This
results in a strong spin-dependent modulation of the cavity reflectivity,
corresponding to a cooperativity of 12 in contrast to the value of 2
reported previously.””*** Further suppression of these noises would
be an important topic in the study of the cavity-QD coupling system,
where the surface passivation offers a viable path.”**” In addition, the
anharmonic energy levels of Jaynes-Cumming ladders in the strongly
coupled system enable the non-classical photon generation including
the photon blockade and the photon-induced tunneling"”> *** and
ultra-fast optical switching, ™
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VI. ON-CHIP INTEGRATION

With the rapid progress of quantum information technology, the
significant miniaturization of quantum devices has become an urgent
requirement.””” Achieving on-chip integration of QD-based photonic
devices has emerged as a critical technological pathway for construct-
ing scalable quantum photonic systems. A complete on-chip quantum
optical circuit encompasses quantum light sources, waveguides, beam
splitters, phase shifters, filtering and selection devices, detectors, and
other essential components.””* While such comprehensive integration
remains an ideal and ultimate objective, the integration of individual
components is progressing steadily, and there have also been some
attempts at small-scale on-chip integration for specific applications.*””
This chapter will first introduce work related to on-chip waveguides,
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then introduce some on-chip integration technologies and current
progress.

A. Nanophotonic waveguides

Waveguides can connect different QDs through the photons
propagating in the waveguide modes, which are the basic components
of a scalable integrated optical quantum network exploiting the quan-
tum interface.”® As shown in Fig. 18(a), multiple kinds of waveguides
in the 2D slab PHC, enabling dispersion engineering with various geo-
metric parameters, have been developed, including the W1 waveguide,
the glide-plane waveguide, and the valley-Hall waveguide. In addition,
a simple nanobeam without any nanostructures is also a kind of wave-
guide, confining photons through total internal reflection, like the
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FIG. 18. Nanophotonic waveguides coupled with QDs exhibiting chiral and slow light features. (a) Schematic of the waveguide structures, including the bare nanobeam wave-
guide, the W1 PHC waveguide, and the valley-Hall (VH) PHC waveguide. (b)-(d) Waveguides with chirality. (b) Demonstration of chiral effects in the nanobeam system. Top
panel shows the SEM image of the waveguide-QD device. Middle panel shows the case when the QD is at center. In this case, no chirality is observed. Bottom panels show
the case when the QD is near the top edge. In this case, the right circular emission propagates right, and the left circular polarized emission propagates left, showing the chiral
behavior. Reproduced from Coles et al., Nat. Commun. 7, 11183 (2016); licensed under a Creative Commons Attribution (CC BY) license.”*” (c) Chiral router based on coupled
waveguides. Top and bottom panels correspond to the cases where the QD located in the +x direction (left panel) and —x direction gright panel) off-center are excited.
Reproduced from Xiao et al., Laser Photonics Rev. 15, 2100009 (2021); licensed under a Creative Commons Attribution (CC BY) license.”" (d) Chiral behavior based on ellip-
tical polarizations. Top panel is the simulation results for circular and elliptical polarization emitter within the waveguide structure. Bottom panel denotes the effective area of the
QD that exhibits the chirality. As shown, the effective area for the elliptical polarization (light gray area) based chirality is much larger compared to that for the circular polariza-
tion (darkest area) based chirality. Reproduced from Lang et al., Phys. Rev. Lett. 128, 073602 (2022); licensed under a Creative Commons Attribution (CC BY) license.*” (e)
SEM image of a topological valley waveguide and the normalized Stokes parameter S3 of the non-trivial waveguide mode indicating the effective region for chiral interaction.
Reproduced from Mehrabad ef al., Optica 7, 1690 (2020); licensed under a Creative Commons Attribution (CC BY) license.**” (f) Slow-light W1 PHC waveguide. Top panel
shows that the back reflection in the finite structure alters the group velocity, which should vanish in the infinite structure. The perfectly matched tapers can suppress the back
reflection and improve the slow light mode. Bottom panel shows the optimized W1 PHC waveguide with tapers. Reproduced from Faggiani et al., Optica 4, 393 (2017); licensed
under a Creative Commons Attribution (CC BY) license.”** (g) Purcell effect of the QD coupled with the slow-light waveguide mode. Top panels is the schematic of the sample.
Bottom panel shows the time-resolved spectra for the QD in bulk material (green), the QD in the waveguide (black) and the system response function (blue). A Purcell factor of
20 is observed. Reproduced from Siampour et al., npj Quantum Inf. 9, 15 (2023); licensed under a Creative Commons Attribution (CC BY) license. "™
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conventional fiber. The f3,,,-factor represents one of the critical param-
eters for characterizing waveguide properties. It is defined as the ratio
of QD spontaneous emission power coupled into a specific waveguide
mode I',, to the total spontaneous emission power @'y, yielding
Bug = Tug/Ttor> thereby quantifying the coupling efficiency between
the QD and the waveguide mode. A f8,,,-factor equal to unity indicates
that all spontaneous emission is channeled into the selected waveguide
mode"'l(ﬁ,'l(»é;

Recently, chiral waveguides are attracting growing interest for
their spin-momentum locking photon transport,”****"? i.e,, they pro-
vide unidirectional photon emission from circularly polarized single
photons from the QD with resultant in-plane transfer of matter-qubit
information.””~*”* The chirality of the waveguide stems from the
strong structural confinement of the light field that results in transverse
photon spin. In 2016, Coles et al*®’ demonstrated the local chiral
behavior in a simple nanobeam waveguide. As shown in Fig. 18(b), the
different positions in the waveguide have different chirality. When the
QD is at the center of the waveguide, no chirality is observed in the
emission directions. In contrast, when the QD is at the top edge of the
waveguide, the left/right propagating modes have different local polar-
izations that couple to the QD. The left circular polarization emission
from the QD will propagate left, while the right circular polarization
emission from the QD will propagate right, showing the chiral
waveguide-QD coupling behavior."”* In 2021, Xiao et al.*®" extended
the system from the single waveguide to the coupled waveguides with
four output channels and achieved the deterministic chiral routing of
photons. As shown in Fig. 18(c), depending on the different QD posi-
tions relative to each waveguide center, the routing of circularly polar-
ized photons from the QDs can be adjusted. The chiral behaviors with
quantum emitters typically require a perfect circular dipole located at
certain positions of the waveguide exhibiting high local chirality. In
2022, Lang et al.** studied the circular polarization-based unidirec-
tional emission to the elliptical polarization base. As shown in
Fig. 18(d), the elliptical dipoles increase the size of the area suitable for
chiral interactions and simultaneously increase the coupling
efficiencies.

Topological waveguides, a recent hot topic, enable high transmis-
sion across sharp bends, which are critical building blocks for the low-
loss photonic circuits. Waveguides exploiting the topological valley
Hall effect and spin Hall effect’”” are both studied with QD embedded
devices."”*"°*"” Fig. 18(e) presents a topological valley waveguide of
bearded interface where the chiral interaction with single QDs was
observed.””” The local high chirality area can be indicated by the nor-
malized Stokes parameter S;, and S; = *1 denotes the perfect circular
polarization of the local waveguide photonic modes.

The support of slow light mode is a special feature of PHC wave-
guide, which leads to a dense LDOS and permits strong light-matter
interaction for a broader spectral region."*”**' This is generally
because for the periodic structure, the group velocity vanishes near the
band edges along with the diverging density of states. In 2017, Faggiani
et al.*** optimized the slow light mode in the PHC waveguide with
inserted taper structures. As shown in Fig. 18(f), the major challenge of
slow light mode in the experiment is that finite periodic structure
introduces back reflections and alters the energy level structure. Thus,
the group velocity does not entirely vanish. They developed the per-
fectly matched boundaries (tapers) to suppress the back reflection and
improved the group index from 4 to 1000 (group velocity is 10~ of
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light speed in vacuum). In 2023, Siampour et al."”” coupled the slow

light mode to the QD and demonstrated the Purcell effect. As shown
in Fig. 18(g), the structure is a modified W1 PHC cavity, which is also
called a glide-plane PHC waveguide. The group index of 100 results in
an observed large Purcell factor of 20. With further design and optimi-
zation of the structure, we could expect a waveguide-QD coupling sys-
tem with a high f,,.-factor, a high Purcell factor, and chiral routing
with low propagation loss, therefore enabling a high efficiency on-chip
quantum light source. In addition, the single-photon nonlinearity has
also been explored based on the QD-waveguide platform,*** ***

B. Integration technologies

Monolithic integration: GaAs/AlGaAs quantum photonic cir-
cuits provide a natural platform for full on-chip integration of III-V
QDs."”" The superior material compatibility of monolithic integration
offers high lattice matching and excellent interface quality, enabling
the fabrication and integration of key photonic devices, including
quantum light sources, waveguides, beam splitters, and phase modula-
tors on a single chip. The coupling between the cavity and waveguide
is a basic on-chip unit. Figure 19(a) shows an example of the integra-
tion of an SPS and a waveguide.*” It is achieved by a monolithic ring
cavity with a DBR ridge waveguide. The coupling between waveguides
provides the basis of a beam splitter and a logic gate. Li et al.*** and
Schnauber et al.*” applied the multimode interference (MMI) coupler
for the beam splitter, as shown by the schematic and the SEM image in
Fig. 19(b). MMI relies on the self-imaging effect, whereby single-mode
outputs can be achieved by simply positioning them at the self-
imaging locations.””” This approach offers several advantages: it
requires low fabrication precision, exhibits broadband characteristics,
demonstrates polarization and wavelength insensitivity, and enables
various splitting ratios and quantities.”” However, it suffers from dis-
advantages such as large footprint requirements, output imbalance,
and excess loss.””* In contrast, evanescent couplers (directional cou-
plers) utilize evanescent wave coupling, such as the device made by
Dusanowski et al.**” shown in Fig. 19(c). The evanescent couplers
offer advantages that include a compact footprint facilitating high-
density integration with simple structures, flexibility in the splitting
ratio, and low back-scattering losses.””” Their splitting ratio is signifi-
cantly influenced by the air gap size and length of the coupler,”
necessitating high fabrication precision. They also show a narrow
bandwidth characteristic and are sensitive to polarization.
Additionally, evanescent couplers may introduce losses because of four
bending sections.*””

By combining the integration of different cavities and waveguides
shown in Figs. 19(a)-19(c), we can realize fully on-chip integrated
quantum photonic circuits, as shown in Fig. 19(d). Such circuits
encompass quantum light sources, operators, and detectors.””’ The
major challenge in the on-chip quantum photonic circuit is the ran-
dom nature of QD growth. The randomness in spatial distribution and
optical spectra of self-assembled QDs leads to non-deterministic cou-
pling. With the development of QD positioning technologies, in situ
lithography is employed to achieve deterministic integration of one or
two QDs, such as the devices in Figs. 19(a)-19(c). In the future, the
QD site-controlled growth and deterministic manufacturing techni-
ques mentioned above constitute the principal solutions to this
challenge.
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FIG. 19. On-chip integration technologies for QDs. (a) Integration of cavity-QD SPS with the waveguide. Reproduced with permission from Nano Lett. 20, 6357-6363 (2020).
Copyright 2020, American Chemical Society.** (b) Integration of two QDs in waveguides with MMI beam splitter (coupler). Upper panel shows the schematic of the device.
Bottom Panel shows the SEM image of the MMI coupler. Reproduced with permission from ACS Photonics 10, 2846-2853 (2023). Copyright 2023, American Chemical
Society.““® (c) Integration of two QDs in waveguides with evanescent coupler. (d) Schematic of all-GaAs on-chip photonic circuit integrating SPSs, beam splitters, phase
shifters, and detectors. Reproduced with permission from ACS Photonics 10, 2941-2947 (2023). Copyright 2023, American Chemical Society.”*" () Heterogeneous integration
of GaAs and SizNs waveguides. Top panel shows the schematic and false-color SEM image of device. Bottom panel shows false-color SEM image of the waveguide.
Reproduced from Davanc et al., Nat. Commun. 8, 889 (2017); licensed under a Creative Commons Attribution (CC BY) license.**” (f) Transfer printing process for heteroge-
neous integration. Top panels show the pick-up and place-down processes of the nanobeam cavity with embedded QD. Bottom left panel shows the image of integrated device.
Bottom right panel shows that the SPS after heterogeneous integration still exhibits antibunching. Reproduced from Katsumi et al., Optica 5, 691 (2018); licensed under a
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Heterogeneous integration: Heterogeneous integration techni-
ques are necessary because the optimal materials to fabricate different
devices are mostly different. For example, silicon photonics platforms
provide a critical pathway for large-scale quantum photonic inte-
grated circuits through their compatibility with complementary
metal-oxide semiconductor (CMOS) fabrication processes and inher-
ent cost advantages.'”® Heterogeneous integration combines III-V
QD light sources with silicon-based photonic devices, creating an
architecture where ITII-V chips generate high-quality quantum light
while the silicon platform handles optical routing, processing, and
detection functions. Silicon waveguides possess high refractive index
contrast, enabling compact photonic device designs and low-loss
optical transmission. SizN4 represents one of the most prevalent
silicon-based materials, offering broadband optical transparency, tun-
able dispersion properties, ultra-low propagation losses and relatively
high Kerr nonlinearities."*****"" The primary challenge in hybrid
integration lies in addressing refractive index mismatch and mode
matching issues between dissimilar materials. This is typically

g) Integration of QDs with suoperconducting nanowire single-photon detectors (SNSPD). Reproduced with permission from

488,500-503 504

accomplished through tapered couplers, grating couplers
or evanescent couplers”’”””” to enhance coupling efficiency. Such
platforms are particularly well-suited for constructing large-scale
quantum computing and quantum communication systems, capable
of integrating hundreds to thousands of photonic devices on a single
chip.

Current heterogeneous integration techniques for QDs include
heterogeneous epitaxial growth, wafer bonding, pick-and-place, and
adhesive bonding. Heterogeneous epitaxial growth involves the direct
growth of III-V QDs on silicon substrates.”"*"" > This approach
offers relatively simple processing, enables monolithic integration, pro-
vides excellent electrical and thermal contact, and is suitable for large-
scale production. However, due to lattice mismatch, extensive buffer
layers are typically required, which not only compromises crystal qual-
ity but also results in QDs being positioned too far from the boundary,
thereby affecting coupling efficiency with the circuit. Furthermore, dif-
ferences in thermal expansion coefficients introduce stress that can
cause unintended effects.
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Wafer bonding technology bonds a III-V QD device wafer to a
silicon-based wafer through surface activation, cleaning and high-
temperature treatment, and then etches the structure on the III-V
device after the bonding."***"**"**%” This method can employ either
direct bonding or indirect bonding through intermediate layers (such
as silicon oxide). This technology can maintain the high quality of
III-V materials and avoid lattice mismatch issues associated with het-
erogeneous epitaxial growth, reducing losses due to the distance of
QDs to the circuit surface. Current bonding process is relatively
mature and allows for large area bonding. The uncertainty in structural
positioning can be improved through site-controlled growth and
lithography techniques. Figure 19(¢) demonstrates the integrated cir-
cuit following wafer bonding, where GaAs devices are integrated onto
SizN, waveguides."” The disadvantages of wafer bonding include the
requirement for high-precision surface treatment, sensitivity of bond-
ing strength to environmental conditions, relatively high process com-
plexity, and potential interface defects that may affect device
performance. Additionally, since the bonding step occurs after CMOS
fabrication, the high temperatures required by the process may cause
some damage to CMOS components. In 2025, Wang et al.”'’ inte-
grated QD waveguide arrays with low-loss lithium niobate (LN) pho-
tonic circuits through wafer bonding technology, incorporating 20
deterministic SPS to achieve a nearly complete on-chip circuit. By
leveraging the piezoelectric properties of thin-film LN, a circuit-
compatible strain tuning technique was introduced, enabling on-chip
localized spectral tuning of individual QD emission.

Pick-and-place techniques enable the relocation of pre-fabricated
II-V QD devices from their native growth substrates to target silicon-
based substrates. This method offers the advantage of preserving the
original high quality of devices. Compared to wafer bonding technol-
ogy, it facilitates the transfer of more complex structures and enables
selective integration. Transfer printing is a subset of pick-and-place
techniques, where rubber stamps, such as polydimethylsiloxane
(PDMS), are used to facilitate the transfer process.'™ "' ' Figure
19(f) illustrates the process of transferring suspended nanobeams using
the rubber stamp and shows a visible microscope image."*’ The mea-
surement of the second-order coherence function indicates good
purity of single photons generated with the integration system.
However, the transfer accuracy of rubber stamp methods is inherently
limited, with challenges in controlling both relative positioning and
orientation. Due to these constraints, this approach is more suitable
for small-scale devices and may introduce interface contamination
during the transfer process. For example, Larocque et al.”'® used a rub-
ber stamp for heterogeneous integration of multiple InAs/InP micro-
chips containing high-brightness infrared semiconductor QD SPS into
advanced silicon-on-insulator photonic integrated circuits, demon-
strating scalable emission wavelength programmability with single
emitter resolution. In a broader context, pick-and-place techniques
also encompass the direct transfer of pre-fabricated III-V structures to
silicon-based substrates.”’>”"”*"” This method uses precise manipula-
tion of probe tips to relocate structures, achieving accuracy typically at
the sub-micrometer level. For instance, in 2022, Chanana et al.’"’
employed pick-and-place techniques to achieve heterogeneous integra-
tion of III-V SPS onto SizN, waveguides, leading to a significant
reduction in coupling loss.

Adhesive bonding is relatively simple and precise in operation,
directly using adhesives to integrate two components together. There
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are multiple types of adhesives available. The first type employs poly-
mers such as benzocyclobutene (BCB), where the two devices are
aligned and then subjected to heating and pressure, causing the liquid
adhesive to transform into a rigid solid phase for integration.””””’
The second type utilizes optical adhesives that are cured through ultra-
violet light exposure.””* Adhesive bonding has relatively low equip-
ment requirements, making it suitable for rapid prototyping, and
imposes less stringent requirements on substrate surface quality.
However, the bonding strength is limited, and it may introduce addi-
tional thermal and electrical resistance. The thermal stability of optical
adhesives also needs to be considered.

Hybrid quantum systems: Heterogeneous integration technol-
ogy enables the fabrication of a single device by combining different
materials. Unlike the direct fabrication of a single device from more
than one material, we can also integrate multiple devices made of dis-
tinct materials into a system to form a hybrid system. As discussed
above, a complete quantum optical circuit typically comprises quan-
tum emitters, waveguides, single-photon detectors, and other process-
ing components. Leveraging the strengths of different material
platforms enables the realization of efficient hybrid quantum systems,
such as the hybrid integration of III-V QDs with superconducting
nanowire single-photon detectors (SNSPDs). Various approaches have
been developed to integrate components from different material plat-
forms into a single-photonic system, among which photonic wire
bonding (PWB) is a representative example. Photonic wire bonding
represents an emerging three-dimensional integration technology
that interconnects optical devices across different chips via polymer
waveguides fabricated through direct-write two-photon lithogra-
phy."””7*>"** The flexible nature of these waveguides confers high
integration flexibility and forms three-dimensional connections. PWB
imposes minimal requirements on substrate materials and eliminates
the need for elevated temperatures, rendering it well-suited for hybrid
systems. Nevertheless, this integration approach is characterized by rel-
atively elevated optical losses, necessitating stringent process precision,
and is presently limited primarily to optical interconnections rather
than electrical integration applications.

The integration of single-photon detectors into circuits consti-
tutes the final step of on-chip integration. Superconducting nanowire
single-photon detectors are particularly compelling owing to their high
detection efficiency, sub-50 ps timing jitter, and nanosecond reset
times. Najafi et al.”>> employed pick-and-place methodology to inte-
grate multiple SNSPDs into on-chip circuits, marking the first demon-
stration of on-chip photon correlation measurements of non-classical
light. The system detection efficiency for four simultaneously operating
SNSPDs was projected to achieve 14%-52%, substantially surpassing
the < 1% efficiency reported in prior investigations.””*”*” An alterna-
tive approach involves the direct growth of SNSPDs on GaAs interfa-
ces via direct current magnetron sputtering.””* Reithmaier et al.’”’
utilized this methodology to integrate SNSPDs with QDs, achieving
detection through evanescent coupling mechanisms. The incorpora-
tion of an AIN buffer layer mitigates lattice mismatch, thereby yielding
enhanced critical temperature, critical current density, and reduced
residual resistivity.””’ Furthermore, the implementation of a double-
helix Archimedean spiral geometry serves to reduce critical current
requirements.””' These technologies result in diminished dark count
rates, enhanced detection efficiency, and reduced timing jitter.
Schwartz et al."” leveraged these methodologies to integrate SNSPDs
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with QDs, successfully realizing on-chip HBT experiments, with the
experimental apparatus illustrated in Fig. 19(g). These achievements
demonstrate the critical progression of SNSPD technology from initial
on-chip integration, through on-chip integration with QDs, to the
achievement of complete on-chip HBT measurements.

Vil. SUMMARY AND OUTLOOK

In summary, ITI-V QDs have been investigated and optimized
for quantum technologies over the past few decades. The excitons and
their coupling to the nanophotonic systems have been enhanced and
utilized to achieve the quantum light sources and spin-photon interfa-
ces. Preliminary theoretical and experimental investigations have been
carried out on QD applications in quantum communication and quan-
tum computing, encompassing long-distance qubit transmission,’*”
quantum random number generation,”””** quantum repeaters,””
quantum key distribution,”*>*’ and boson sampling.”*' It is worth
noting that quantum key distribution has successfully demonstrated
high-rate intercity transmission over distances reaching 79km™"
and the longest distance through telecom fiber reached 175km,”’
thereby establishing the significant potential of QDs in quantum com-
munication technologies. Meanwhile, we would expect more optimiza-
tions and breakthroughs in applications based on QDs in the future.
Figure 20 illustrates the outlook on future developments in QD
research. The inner areas represent the four general directions of cur-
rent research in QDs, starting from the most basic QD growth,
through the realization of quantum light sources and spin/exciton-
photon interfaces, to integrated optics based on application needs. The
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outer part delineates potential future research directions, with color
saturation serving as an indicator of implementation complexity.

III-V QDs are most commonly grown by MBE using the SK
method and DE method. To date, QDs at the visible and NIR wave-
length range have been optimized with the best single-photon emission
performance compared to other kinds of quantum sources. There are
three main challenges in the future applications in large-scale quantum
devices. First, the emission wavelength of QDs in the wafer needs to be
identical, i.e., the homogeneity of QDs needs to be improved. Second,
the QDs need to be deterministically grown at designed positions, i.e.,
site-controlled growth. Third, the photon wavelength needs to shift to
the telecom bands while preserving high optical emission quality to
suppress the photon loss in the network. Much effort has been
reported to improve these three properties. However, simultaneously
achieving these three goals while maintaining the high quality of QDs,
including negligible FSS, high brightness, and suppressed non-
radiative decay rate, has not been realized yet. For GaN QDs, which
are currently the candidates for room-temperature applications, the
main challenge is that increasing temperature enhances exciton-pho-
non interactions, thereby reducing brightness, broadening the emis-
sion linewidth, and accelerating decoherence. Furthermore, GaN
quantum dots are difficult to implement in the telecom wavelength
range. This requires further exploration in both the material and the
method.

The quantum light source is one of the major applications of III-
V QDs. The weakly coupled cavity-QD system is the center of the
quantum light source, in which the Purcell effect from the cavity

FIG. 20. Summary and outlook of IlI-V
QDs in quantum technologies, mainly
including the QD growth methods, the
quantum light sources, the spin/exciton—
photon interfaces, and the integrated
quantum photonics.
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improves the purity, indistinguishability, and brightness of the single
photons emitted from the QD. The manipulation of the exciton prop-
erties is fundamental to improving the performance of the cavity-QD
system. The external electric and magnetic fields are applied to manip-
ulate the emission energy and the polarization to match those of the
cavity mode. The strain is applied to improve the symmetry of the QD
and suppress the FSS, which is the key to the fidelity of entangled pho-
tons. Compared to the static strain, the periodic strain (acoustic wave)
introduces dynamic and high-frequency manipulation of the QD
emission. This enables scalable on-chip quantum communication pro-
tocols. Combining manipulations in multiple degrees of freedom is a
potential method to further improve the performance of the quantum
light source in the future. Most quantum light sources are based on the
optical excitation of the QD, which raises challenges in the miniaturi-
zation and integration on-chip. In contrast, in recent years, little pro-
gress has been reported in the electrical excitation of the quantum light
source.'””'”® However, electrical excitation is necessary for on-chip
integration and the real “plug-and-play” devices.”** >** This is a major
challenge for the development of the quantum light source in the
future.

The strongly coupled cavity-QD system provides the spin/exci-
ton—photon interface with the on-chip integrability. The coupling
strength is the most important parameter, which directly determines
the fidelity and operation speed of the quantum interface. For the con-
ventional s-shell exciton in the III-V QD with the size ~20nm, the
coupling strength to a typical L3 PHC cavity is ~50 ueV, which is
enough to achieve the Rabi splitting in the strong coupling regime.
When the coupling strength increases to ~100 peV, the two-photon
Rabi splitting occurs between the biexciton state and two photons, pro-
moting the quantum interface to the two-photon nonlinear regime.
Moreover, when we introduce the p-shell exciton to couple to the cav-
ity, the exciton—photon coupling enters the nonlocal regime, and the
coupling strength is tuned to 210 peV at maximum through the mag-
neto wavefunction control. In addition to the increase in the coupling
strength, the suppression of the decoherence process is also crucial to
improve the fidelity. Particularly, the nanophotonic cavity structures
near the QD will introduce additional surface states, which increase
the dephasing rate and emission linewidth of the exciton. Such deco-
herence effects are far from fully explored, and further investigations
would be an important topic in the future study.

The QD embedded in solid-state nanophotonic cavities is the
basic building block in the on-chip integrated quantum photonic devi-
ces. In this scheme, the coupling efficiency between the QD and the
cavity, as well as the coupling efficiency between the cavity—-QD system
and the waveguide, plays key roles in improving the performance.
Waveguides supporting the chirality, topology, and slow light mode
have been developed to achieve novel functionalities such as the unidi-
rectional router, robust propagation, and the Purcell effect for the
embedded QD. The coupling efficiency in the monolithic integration,
i.e., the QD, the cavity, and the waveguides are all III-V materials, has
been optimized to above 50 %. However, waveguides based on III-V
materials introduce the relatively large photon loss rate, and therefore,
the heterogeneous integration of III-V QD devices into high-
performance silicon-based platforms and SNSPD systems is necessary
to achieve the low-loss on-chip devices. Integration effectiveness is pri-
marily constrained by efficiency limitations, requiring improvement of
heterogeneous integration technologies to minimize inter-material
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signal losses. In addition, the scalability is another challenge for the
devices based on QDs. Till now, there are only small-scale attempts at
on-chip integration including two QDs, and achieving on-chip coher-
ent integration of more than three QDs simultaneously remains a chal-
lenge. On one hand, we need to improve the QD growth method as
discussed above, toward the generating of identical QDs at selective
positions. On the other hand, the on-chip integration technology still
needs to be optimized toward the high efficiency, high controllability,
and low additional dephasing. Leveraging mature heterogeneous inte-
gration techniques for the co-design of QDs, waveguides, and SNSPDs
is essential to enhance efficiency and scalability, aiming to build large-
scale on-chip hybrid quantum systems capable of handling complex
computations. Notably, successful demonstration of HBT experiments
on-chip with QDs and SNSPDs has already been demonstrated.*”
Future development in all these technologies is expected to achieve the
quantum photonic network with large-scale on-chip integration.
Furthermore, the excitonic/electronic transitions are the funda-
mental emission processes in various kinds of semiconductors.
Therefore, the excitonic manipulation, the spin-photon interface, and
the cQED discussed in this review would also help the study and appli-
cation of other semiconductor emitters. For example, the magneto
spectroscopy has been applied to control the exciton energy and probe
the excitonic properties such as colloidal QDs, color centers, and 2D
materials.”*® The manipulation through strain and acoustic waves has
shown better effects in 2D materials, since the atomically thin structure
is more sensitive to the deformations.””””*" The Purcell effect has
been applied to enhance the optoelectronic coupling for various pur-
pose such as improving the luminescence efficiency of perovskites.””'
The nonlocal exciton-photon coupling beyond the dipole approxima-
tion has been applied to control the exciton-photon coupling between
the cavity and the free exciton in the 2D materials.””” Therefore, the
development of QD-based nanophotonics and quantum photonic
technologies will also bring insights to the investigation of other opto-
electronic materials and different quantum photonic systems.
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