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Abstract. Epitaxial quantum dots formed by IlI-V compound semiconductors are excellent sources of non-
classical photons, creating single photons and entangled multi-photon states on demand. Their semiconductor
nature allows for a straightforward combination with mature integrated photonic technologies, leading to novel
functional devices at the single-photon level. Integrating a quantum dot into a carefully engineered photonic
cavity enables control of the radiative decay rate using the Purcell effect and the realization of photon—photon
nonlinear gates. In this review, we introduce the basis of epitaxial quantum dots and discuss their applications
as non-classical light sources. We highlight two interfaces—one between flying photons and the quantum-dot
dipole, and the other between the photons and the spin. We summarize the recent development of integrated
photonics and reconfigurable devices that have been combined with quantum dots or are suitable for hybrid
integration. Finally, we provide an outlook of employing quantum-dot platforms for practical applications in
large-scale quantum computation and the quantum Internet.
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1 Introduction

Photons are capable of carrying information over long distances.
Exploiting photons as quantum bits (qubits), quantum technol-
ogies have witnessed substantial advances in quantum networks,
quantum simulation, and computation. The quintessential mar-
riage between state-of-the-art nanofabrication techniques and
quantum optics gives birth to quantum photonics, which pro-
vides essential scalability towards practical quantum applica-
tions"™®. For decades, single-photon sources relying on the
spontaneous parametric downconversion (SPDC) process in
nonlinear optical materials have been the workhorse for pho-
tonic quantum applications®™'". The simultaneous generation
of photon pairs makes it possible to herald the generation of
one photon with the detection of the other. Despite the ease
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of operation, SPDC sources are inherently probabilistic, which
may become an obstacle when scaling to a large photon number.

Alternatively, two-level emitters can generate single photons
on demand: for every trigger, one and only one photon should be
created. Epitaxial quantum dots can be simplified as two-level
emitters">"!. They are nanoscale semiconductor heterostruc-
tures, usually of a few nanometers in height and tens of nano-
meters in diameter. Due to its nanometer size, a quantum dot
tightly confines the electrons in space, forming discrete energy
levels in the conduction and valence bands. A quantum dot thus
mimics an atom in this regard, an “artificial atom.” Every time a
conduction-band electron hops down to the valence band and
occupies an existing vacancy (a hole), the energy can be re-
leased in the form of light—a photon is created. The ability to
create a photon, or the radiative lifetime, is related to the optical
dipole moment. Since the size of a quantum dot is much larger
than that of an atom, the dipole moment is also larger. Thus,
the radiative process in a quantum dot is much faster!**
(usually on the time scale of a few hundred picoseconds). In
a given period of time, a quantum dot creates many more
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photons than an atom. In fact, the quantum dot is one of the
fastest emitters in semiconductors!.

Unlike atoms for which cooling and trapping techniques must
be employed to ensure isolation in position, quantum dots are
naturally trapped in the solid state with a fixed location. This fea-
ture allows them to be conveniently integrated into a variety of
photonic nanostructures by leveraging existing semiconductor
fabrication facilities"”. The nanofabrication feasibility makes it
possible to engineer the photonic environment of quantum dots™®,
In comparison to the case where the photons escape in all 4z solid
angles in unstructured bulk materials, photonic cavities and wave-
guides surrounding the quantum dot “funnel” the photons into a
single confined or propagating optical mode, thereby significantly
improving the collection efficiency. A quantum dot embedded in
an engineered photonic structure thus provides an almost deter-
ministic dipole—photon interface. In addition, the radiative decay
rate of the quantum dot can be enhanced by photonic cavities or
waveguides by the Purcell effect, thus increasing the brightness
and the photon coherence of the quantum dot for applications
as a single-photon source. Moreover, quantum dots are also hosts
for single spins. A trapped spin can be in the “up” state, “down”
state, or their superposition—it is a stationary quantum bit that
possesses quantum information. Coherently manipulating spin
states has allowed for a spin—photon interface. These features of
the deterministic quantum-dot system have enabled the construc-
tion of key quantum components, such as on-demand sources of
non-classical photons!*'"*, nonlinear photon—photon gates****,
generators of spin—photon entanglement”>*®, and many more. The
quantum-dot platform thus supports a broad range of applications
in quantum networks”” and quantum information processing™’..

Apart from being embedded into single-mode cavities and
waveguides for engineered light—matter interaction, quantum
dots can also be integrated with classical photonic components.
The well-developed integrated photonic technology™*® greatly
expands the scalability of quantum devices when combined with
quantum dots. The flexibility of integration makes quantum dots
more appealing compared to many other two-level emitters for
solving real-world problems where large resources and stable
operations are required; in fact, it has already led to rapid devel-
opment in quantum photonics. Great efforts have been devoted
to improving the performance of photonic devices on the mono-
lithic platform with quantum dots*”'®, Meanwhile, techniques
are being improved for the hybrid integration approach, which
brings quantum dots to different material systems™****!, For
example, quantum dots can be combined with silicon-based
photonic systems and superconducting systems, where fabrica-
tion technologies are mature, and with the lithium niobate sys-
tem, which has excellent electro-optical (EO) properties. To
construct general-purpose quantum processors, reconfigurabil-
ity of the photonic circuit can be a major asset™'. Some es-
sential functionalities, such as single-photon routing"**** and
tunable single-photon spectral filtering®**"!, have already been
integrated with quantum dots. Compared to classical photonic
circuits, quantum applications set stricter requirements for the
performance of photonic components. For example, many quan-
tum photonic applications are sensitive to optical losses. The
“no-cloning theorem” demands the insertion loss of photonic
devices to be minimized to preserve quantum information.
Another requirement lies in constructing reliable photonic de-
vices that work in a cryogenic environment, which is necessary
for quantum dots to achieve their best performance.
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Over the past two decades, epitaxial quantum dots have been
an active research field driven by the flourishing quantum pho-
tonic applications™”*”, In this review, we start by outlining the
basis of epitaxial quantum dots (including the growth methods,
band structures, photoluminescence features, noise processes,
etc.) in Section 2. We then provide an overview of epitaxial
quantum dots as high-performance sources of non-classical pho-
tons in Section 3. Apart from source applications, the determin-
istic dipole—photon interface in the quantum-dot system leads to
intriguing chiral light—matter interaction and nonlinearity at the
single-photon level, which is summarized in Section 4. Single
spin properties in quantum dots and applications enabled by the
spin—photon interface are reviewed in Section 5. The integration
of quantum dots into various photonic components opens up
new possibilities in building a multi-purpose quantum proces-
sor, where device reconfigurability is generally required. In
Section 6, we focus on the recent development of reconfigurable
quantum photonic integrated circuits (QPICs), which are com-
patible with quantum dots. Potential applications of quantum-
dot-based devices in the future quantum Internet and quantum
information processing are presented in Section 7 and Section 8,
respectively. As an outlook, foreseeable challenges in quantum-
dot technologies are summarized in Section 9, including source
efficiency, photon indistinguishability, ensemble inhomogene-
ity, scalable integration, and spin coherence. We also provide
an outlook of exciting future possibilities of quantum dots, in-
cluding exploring basic physics in quantum optics.

2 Epitaxial Quantum Dots

Quantum dots are formed spontaneously during in situ epitaxial
growth, a self-assembly process. For high-quality quantum dots,
ultrapure materials must be used in the self-assembly, where de-
fects and impurity levels are well suppressed. The self-assembly
of quantum dots usually takes place in a molecular beam epitaxy
(MBE) chamber, which offers both the requisite cleanness of
growth conditions (ultra-high vacuum) and exquisite control
of growth parameters. Exquisite growth control allows various
growth techniques to be adopted and optimized for the self-
assembly of quantum dots. Here, we focus on quantum dots
in III-V semiconductors and outline some widely used growth
methods.

Indium gallium arsenide (InGaAs) quantum dots—smaller-
bandgap In(Ga)As nanoislands surrounded by a larger-bandgap
GaAs matrix—are a highly established quantum-dot system that
has benefited from more than 20 years of development. InGaAs
quantum dots, along with some others (e.g., InAs quantum dots
in an InP matrix), can be fabricated using the Stranski—
Krastanov (SK) method. SK growth relies on a lattice mismatch
between two semiconductor materials, e.g., ~7% between GaAs
and InAs. Due to the lattice mismatch, only a few monolayers”®
(“wetting layer”) of InAs can be deposited on the GaAs surface
in a layer-by-layer fashion, after which strain relaxation occurs
and the growth continues in the form of nanoisland nucleation.
The nanoislands, capped with a GaAs layer to be protected from
oxidization and surface states, form optically active quantum
dots [Fig. 1(a)].

An alternative bottom-up approach is droplet epitaxy (DE).
In DE growth, a group III material (e.g., Ga or Al) is deposited
on the surface of the substrate creating nanodroplets®”. A
subsequent annealing process with a supply of group
V flux (e.g., As) crystallizes the nanodroplets and turns them
into nanoislands [Fig. 1(b)]. Compared with the SK method,
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nanodroplet formation in DE follows the Volmer—Weber growth
mode, irrespective of the lattice mismatch. The DE growth thus
offers a wider selection in the material chart (e.g., GaAs/
AlGaAs, GaAs/Si, and GaN/AlGaN). A larger variety of
material combinations make possible the formation of light-
emitting quantum dots in a widespread wavelength range.
The DE method can also be tailored for fabricating quantum
dots of symmetric shapes or in different substrate orientations™/,
e.g., (111)A orientation, and for removal of the wetting layer™".

Despite its flexibility, DE growth is often performed at mod-
erate temperatures (e.g., 150°C-350°C)™*", making it more prone
to defects and impurities, which can consequently lead to poor
optical qualities. The recent evolution of the DE method, local
droplet etching (LDE), overcomes this hurdle. Similar to DE
growth, the LDE method employs metal nanodroplets. After
formation, the droplets are annealed at a high substrate temper-
ature (e.g., 600°C) with a low group V flux. The annealing pro-
cess facilitates the droplet etching process, creating nanoholes

Stranski - Krastranov

(a)

Droplet epitaxy

beneath the nanodroplets™'!. These nanoholes are then filled
with the corresponding quantum-dot materials and then capped
with barrier layers [Fig. 1(c)]. GaAs quantum dots in an AlGaAs
matrix represent a system where LDE growth has been success-
fully established**",

Rapid developments in quantum applications post stringent
requirements for photons and thus the quantum dot. Although
material quality is of key importance, high-quality material itself
could not yet guarantee the quantum dot to create high-quality
photons that meet the requirements for applications.

On one hand, an exciton confined in the quantum dot
interacts with the acoustic phonons in the local environment
via deformation potential****, Such exciton—phonon interaction
results in a broad phonon sideband accompanying the
zero-phonon line™”. It also leads to phonon-induced dephasing
that broadens the spectral linewidth of the quantum dot (homo-
geneous broadening), thereby degrading the coherence of the
created photons™ .. It is essential to work with cryogenic
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Fig. 1 Quantum dot heterostructures. (a)-(c) Schematic view of quantum dots grown by the

Stranski—Krastranov mode, droplet epitaxy, and local droplet etching, respectively.

In the

Stranski—Krastranov growth mode, the formation of quantum dots is driven by strain relaxation.
Quantum dots are placed on a thin two-dimensional wetting layer and exhibit truncated pyramid
shapes®™ after capping. In droplet epitaxy, quantum dots crystallize under the flux of group V ma-
terials. The quantum-dot shape tends to be more symmetric compared to that of the Stranski-
Krastranov mode, and the wetting layer can be suppressed. For local droplet etching, quantum
dots are formed by filling shallow nanoholes. The nanoholes are etched by metal droplets (for
example, Al); during the etching process, residual materials (for example, AlAs) diffuse and nu-
cleate around the nanohole, forming a ring structure. (d) Sketch of an n-i-p diode structure hosting
a quantum dot. Quantum dot confinements in the conduction and valence bands are highlighted in
blue and orange, respectively. On application of an external gate voltage V4, the quantum dot can
be tuned into resonance with Fermi sea level, allowing an electron to tunnel into the quantum dot.
(e) Photoluminescence map on varying the external gate voltage V4 shows the locking and tuning
of the charge states. The abrupt jump from one charge state to another is a sign of a Coulomb
blockade. The shift in emission energy in each charge plateau stems from the quantum-confined
Stark effect. In this particular quantum dot, 11 charge states, from X2+ to X&-, are mapped out with
a spectrometer. (f), (g) Sketches of energy levels in the conduction band where s-, p-, d-shells
are visualized. Here, the diode structure is not taken into consideration. In (f), an electron-hole pair
is created by aboveband excitation. The electron is captured by the quantum-dot potential, enter-
ing different energy levels. When the electron is in the upper excitonic states, such as p- and
d-shells, it is unstable and relaxes to the ground state (s-shell) shortly. In the valence band, energy
levels can be complicated. For simplicity, only the heavy-hole ground state is shown. In (g), a
resonant laser is used to excite the quantum dot, creating an electron-hole pair at the ground
states. Panel reproduced with permission from: (e) Ref. [51] under a Creative Commons license

CC BY 4.0.
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temperatures such that the average thermal occupation of pho-
nons is reduced—most of the quantum-dot experiments rely on
cryostats at ~4 K for photonic applications where phonon occu-
pation is negligible.

On the other hand, noise in semiconductor devices, such as
charge noise and spin noise"?, also influences the photons emit-
ted from the quantum dot, causing a spectral fluctuation. Charge
noise arises from random electric fields induced by fluctuating
charges in the host materials. The electric field alters the fre-
quency of quantum dots via the quantum-confined Stark effect,
effectively broadening the spectral linewidth (inhomogeneous
broadening). When strong charge noise is present, the frequency
of the generated photons wobbles around (Stark effect), and the
coherence of the photons gets lost quickly (in the technical term,
photons have a short dephasing time). To suppress charge noise,
a powerful tool is the Coulomb blockade*>****, an effect that is
leveraged to control the tunneling of charge carriers at cryogenic
temperatures. For the Coulomb blockade, quantum dots are em-
bedded during growth in a vertical tunneling device where their
surrounding matrix materials are doped. Such a tunneling device
can be an n-i-p diode®"**** [Fig. 1(d)]: n-doped and p-doped
matrix materials are separated by an intrinsic region; quantum
dots reside in the intrinsic part of the diode. If the quantum dots
stay close to the n-doped matrix, the diode works as an electron
tunneling device. The specific design of the diode determines
the Fermi sea level of the electrons and holes. A schematic
band structure of an electron-tunneling n-i-p diode is shown
in Fig. 1(d). If the conduction band of the quantum dot resides
above the electron Fermi sea, the electron cannot tunnel into the
dot. The dot is thus empty. When an external voltage V,, is ap-
plied, the band structure is bent down such that the Fermi sea
can align with the lowest conduction-band level of the quantum
dot—the dot is filled with an electron. The occupied level then
blocks the tunneling of any additional electrons, a Coulomb
blockade regime. However, second-order electron tunneling,
co-tunneling, can survive. As a larger V,, further bends the band
structure, the next electron can tunnel into the dot, and another
Coulomb blockade regime starts. This effect is revealed by the
abrupt changes in the photoluminescence spectra of a quantum
dot [Fig. 1(e)]. The Coulomb blockade locks the charge state
within each charge plateau, thus suppressing the charge fluc-
tuation. The suppression of charge fluctuation manifests itself
as narrow spectral linewidths of individual quantum dot
emission. Near-lifetime-limited linewidths have been demon-
strated for both GaAs quantum dots”"*” and InGaAs quantum
dots™***! with the help of a carefully designed n-i-p diode
design at cryogenic temperatures.

The electron wave function in a quantum dot is strongly
localized over a large number of lattice sites, where gallium,
arsenic, and indium atoms all carry nuclear spins. The nuclear
spins interact with the quantum-dot electron via a Fermi-contact
hyperfine interaction. In a mean-field approach, the interaction
is parameterized as an effective magnetic field, the Overhauser
field”. Naturally, the nuclear spins in a quantum dot are far
from fully polarized; the Overhauser field fluctuates around a
mean value®, The randomly fluctuating Overhauser field re-
sults in spin noise. Spin noise leads to dephasing of quan-
tum-dot single photons; it is also the dominant effect that
accounts for the electron-spin dephasing resulting in nanosec-
ond-long 775-time. Compared to charge noise, which could
be efficiently reduced by a diode structure and high-quality ma-
terials, suppression of spin noise is usually more difficult: it
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requires a nuclear-spin cooling technique'®***' to reduce the fluc-
tuation of the Overhauser field; a larger quantum dot size (more
atoms yield a better averaging of nuclear spins) and a homo-
geneous nuclear-spin environment™ (all atoms have a nuclear
spin of 3/2) can also mitigate the noise.

3 Non-Classical Light Sources

The quantum dot is an excellent two-level emitter that generates
pure and identical single photons at a very fast rate. To create a
single photon, the quantum dot must be prepared in an excitonic
state that contains an electron—hole pair. The excitation process
should ideally be triggered such that the photon can be created
on demand; the trigger should be fast with respect to the quan-
tum-dot lifetime, in which case, the probability to excite the
quantum dot twice within one trigger cycle is minimized (dou-
ble excitation leads to multi-photon emission events and reduces
single-photon purity">*"). Common excitation methods rely on
either current injection via electrical contacts"® ! or optical
pulses from an external laser source!"’~'*¥"%7" n the follow-
ing, we focus on optical excitation and discuss methods to create
non-classical photons.

3.1 Excitation Methods

Early optical excitation attempts use a non-resonant laser
pulse—the energy of the laser photons is high with respect
to the bandgap of the surrounding matrix material. This method
is referred to as above-band(gap) excitation: the laser excites the
matrix material, creating charge carriers; the carriers are then
randomly trapped into the quantum-dot potential and recom-
bine, resulting in photoluminescence. The spectrum in Fig. 1(e),
for instance, is recorded using above-band excitation on a spec-
trometer. Above-band excitation is rather simple to perform,
which leads to its high prevalence for quantum-dot sample char-
acterization. Notwithstanding the popularity, the coherence of
the created photons cannot be preserved in the above-band
scheme—fast carrier relaxation from upper excitonic states
results in time jittering and dephasing [Fig. 1(f)].

When the laser frequency is tuned to the exact energy of the
quantum-dot transition, resonant excitation is realized to fully
circumvent the time-jitter issue [Fig. 1(g)]. In resonant excita-
tion, no relaxation processes from the upper excitonic levels are
involved. Rabi rotations can be achieved using pulsed resonant
excitation, and photons created by the quantum dot are at the
same frequency as the excitation laser. However, this leads to
a technical challenge in the separation of quantum-dot photons
from the excitation laser. Different attempts have been made. In
the early stage, detection of the quantum-dot signal is evident by
a change in the transmission coefficients”*”*. In this case, pho-
tons generated by the quantum dot are mixed with the excitation
laser and are thus not suitable for applications such as single-
photon sources. Methods allowing to distinguish resonance
fluorescence from the laser are subsequently developed. For in-
stance, to eliminate the laser, the layouts of the excitation and
the collection paths are designed to be spatially orthogonal to
each other™"": the excitation laser is illuminated from the side
of the quantum-dot wafer, and the created photons are collected
from the top, or vice versa.

Alternatively, one can rely on a cross-polarized confocal
scheme!™: the laser is set to a certain polarization, and photons
from the quantum dot are collected in the orthogonal polariza-
tion basis. In the cross-polarization scheme, an extinction ratio
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of up to 10® has been realized”*'—the excitation laser is almost
completely eliminated. Due to the high extinction ratio,
quantum-dot-based single-photon sources can achieve high
single-photon purity.

Albeit fantastic in laser suppression, the cross-polarization
approach leads to an intrinsic loss of at least 50% in collection
efficiency due to polarization filtering. Such a loss in efficiency

demands from the technology side. Figure 2(a) sketches an
excitation concept that takes advantage of a polarized microcav-
ity™?" where the fundamental cavity mode is split into two due
to geometric birefringence. These two modes are cross-
polarized and are slightly offset in frequency. The quantum
dot can be selectively coupled to either mode (for example,
H-mode), yielding a high Purcell factor, whereas coupling to

is intolerable for practical applications in most quantum technol-
ogies. Novel excitation methods are developed to meet the

the other mode (V-mode) is weak due to detuning. The weakly
coupled cavity mode is exploited for excitation, while the
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Fig. 2 Creation of non-classical light with individual quantum dots. (a)-(d) Schemes to determin-
istically prepare a quantum dot for a high upper-level population. In (a), the preparation is mediated
by a polarized microcavity. In (b), the excitation is performed with dichromatic laser pulses.
(c) Alternating between a high and low Rabi frequency sweeps up the excited state population.
(d) In a biexciton cascade, an exciton state can be prepared on demand by combining two-photon
excitation and a stimulating pulse. (e)-(h) Microstructures and nanostructures designed to in-
crease the collection efficiency of a quantum-dot single-photon source. (e) Microlens microstruc-
ture on top of a bottom DBR. (f) Micropillar cavity where the quantum dot sits between two
monolithically grown DBR structures. (g) Tunable microcavity in which the top dielectric mirror
is free to move in all three dimensions. (h) Nanobeam waveguide that hosts quantum dots. At
the two ends of the waveguide, two grating couplers scatter the quantum dot signal (laser light)
into (from) the out-of-plane direction. (i)—(k) Using quantum dots to create entangled photons.
(i) Quantum dot embedded in a bullseye cavity as a polarization-entangled photon source.
() Quantum dot converted to a path-entangled photon source by integration into a glide plane-
symmetric photonic crystal waveguide. (k) Scheme to create and verify time—bin entangled photon
pairs from a quantum-dot biexciton cascade. Panels reproduced with permission from: (a) Ref. [20]
Springer Nature Ltd; (b) Ref. [79] Springer Nature Lid; (c) Ref. [80] APS; (d) Ref. [81] Springer
Nature Ltd; (e) Ref. [82] under a Creative Commons license CC BY 4.0; (f) Ref. [20] Springer
Nature Ltd; (g) Ref. [21] Springer Nature Ltd; (h) Ref. [83] under a Creative Commons license
CC BY 4.0; (i) Ref. [19] Springer Nature Ltd; (j) Ref. [84] APS; (k) Ref. [85] Optica.
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strongly coupled cavity mode is used to collect the quantum dot
signal. In this case, photons from quantum dots do not experi-
ence intrinsic filtering loss.

The quantum dot can also be coherently excited using a di-
chromatic pulsed laser””®*" [Fig. 2(b)] or relying on a “swing-
up” process™*” [Fig. 2(c)]. The dichromatic field consists of
two sidebands of the same envelope, which are symmetrically
detuned with respect to the quantum-dot transition. The phases
of the sidebands are locked such that the combination of the
sidebands works equivalently as a resonant pulse with a modi-
fied envelope”®*". The sideband detuning can be sufficiently
large (>100 GHz) with respect to the quantum-dot linewidth,
allowing efficient removal of the laser field using a bandpass
spectral filter. In the swing-up scheme, Rabi oscillations with
different frequencies are alternated to inverse the population
of the two-level system™*®", The different Rabi frequencies
[Fig. 2(c), red and blue] are achieved using either a frequency-
modulated off-resonant laser pulse or two pulses of different
strong detunings (the sign of detunings is the same). In the latter
case, laser pulses can be red-detuned by several THz from the
quantum-dot transition, which allows for simple and efficient
removal of the excitation laser. Moreover, by making active
use of phonons, the quantum dot can be prepared to the excited
state using a slightly off-resonant pulsed laser (blue detuned).
The process is referred to as phonon-assisted excitation”>*-;
it can be more robust compared to resonant excitation, as it is
less sensitive to the drifts in laser power and detuning.

Apart from typical two-level systems (for example, X° and
X7), the quantum dot also has a cascade four-level system,
involving the biexciton (XX), which can also be exploited
for creating non-classical light in a deterministic manner. In
the cascade system, two-photon excitation prepares the quantum
dot to the biexciton state>?!). From the biexciton state, there are
two paths decaying to the empty ground state, each through one
intermediate exciton state emitting one pair of photons. The two
decay paths are similar except for the polarization of emitted
photons and a small energy difference between the two exciton
states due to the fine-structure splitting (FSS) [Figs. 2(d) and
2(i)]. The emitted photons are in the entangled state |¥) =
(|HH) 4 €/"|VV))/+/2. Minimizing the FSS S between
the two excitons reduces the relative phase in the emitted photon
pair and can result in a maximally entangled state. Apart from
entangled photons, this cascade system can be tailored to
create coherent single photons using a stimulated preparation
scheme®™*>*¥ [Fig. 2(d)]. Shortly after populating the biexciton,
a short laser pulse resonant to one of the two XX-X transitions is
applied, selectively transferring the population from the XX
state to the X state. The exciton then decays spontaneously,
emitting a photon that is separated from the excitation lasers in
frequency [Fig. 2(d)]. The separation in frequency allows for
efficient removal of the excitation lasers using spectral filters.

3.2 Single-Photon Sources

III-V semiconductor quantum dots are embedded in matrix ma-
terials with a high refractive index. For example, the refractive
index of GaAs is around 3.5, much higher than that of air and
silica. The high refractive index hinders the collection of quan-
tum-dot photons due to total internal reflection at the material
interface—a portion of the photons are lost. The photon loss
undermines the application of quantum dots as on-demand
single-photon sources, and can lead to an error in quantum
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computational algorithms”>*. The photonic environment of a
quantum dot must be engineered to reduce photon loss. A sim-
ple method is to place a solid-immersion lens (SIL) on top of the
quantum-dot sample. Together with a high-numerical-aperture
(NA) lens, the SIL enhances collection efficiency while increas-
ing spatial resolution. The gain in collection efficiency depends
on the geometry and material parameter (for example, refractive
index) of the SILP”. Common SIL materials include ZrO, and
GaP, with refractive indices of 2.17 and 3.13 at 950 nm, respec-
tively. Combined with a moderately high-NA collection lens
(for example, NA = 0.68), hemispherical ZrO, and GaP
SILs are estimated® to increase the collection efficiency by
5 and 11 times (calculated collection efficiencies by the lens
are 4.6% and 10.1%, respectively) compared to without an
SIL (0.94%). Using 3D-nanoprinted SILs (refractive index of
1.51), the gain in collection efficiency has been experimentally
observed, which ranges from 2 to 10 depending on the SIL
geometry and the NA of the collection lens””. The gain can
be further optimized by using materials that match the refractive
index of the quantum-dot sample. This motivates the develop-
ment of a microlens®'%’, a monolithic structure with a hemi-
spherical shape [Fig. 2(e)]. The microlens can be directly
fabricated on top of the GaAs quantum-dot sample using elec-
tron-beam lithography (EBL) and a cathodoluminescence setup.
Moderately high efficiency of up to 40% has been demonstrated
using a microlens together with a micro-objective®™'®! [col-
lected by the first lens, assisted by a set of distributed Bragg
reflectors (DBRs) as a back mirror], where the purity and indis-
tinguishability of quantum-dot photons can be preserved.

To further boost the collection efficiency and achieve high
Purcell enhancement, it is preferable to couple the quantum
dot to a single optical mode. Depicted in Figs. 2(f)-2(j), current
photonic engineering enables various designs, including micro-
pillars [Fig. 2(f)], tunable open microcavities [Fig. 2(g)],
“bullseye” microcavities [circular Bragg gratings, Fig. 2(i)],
on-chip nanobeam waveguides [Fig. 2(h)], and photonic-crystal
waveguides [Fig. 2(j)], to funnel emission into the collection
fiber. The micropillar and the open cavity both use a Fabry—
Pérot-type design in a vertical layout where the quantum dot
is coupled to the fundamental optical mode. The micropillar
has a cylindrical or elliptical cylindrical shape (with a planar
footprint of several micrometers), which can be selectively fab-
ricated around a certain quantum dot*'*'""'!_ It consists of two
sets of DBRs, one above the quantum dot and the other below.
In comparison, the open microcavity is assembled with a DBR
heterostructure as the bottom mirror; for the top mirror, it is
based on a concave mirror in a fused-silica substrate. The bot-
tom DBR with quantum dots embedded is freely movable in all
directions by a nano-positioner?"'*. This tunability opens up
the possibility to bring different quantum dots into the resonance
of the microcavity mode, compensating for the randomness of
both the quantum-dot position and the emission frequency. A
cavity can also be defined using in-plane photonic nanostruc-
tures. Especially, the periodic appearance of nanoholes and
the high-refractive-index bulk material (for example, GaAs) cre-
ate a photonic crystal with a bandgap. A photonic-crystal cavity
(or waveguide) that houses quantum dots is usually formed by
removing a few (or a row of) lattices from arrays of regular re-
peating nanoholes in a nanomembrane. Consequently, the opti-
cal density states are strongly modified, and in-plane scattering
is suppressed—an in-plane optical mode can be confined in the
defect region of a photonic-crystal cavity!>'®'!, The bullseye
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cavity is a circular Bragg grating"**'""" on top of a broadband
backreflector'*'® (this can be, for example, a gold mirror or
semiconductor DBRs) [Fig. 2(i)]. The circular Bragg grating
consists of etched rings with a radial period matching the
second-order Bragg condition, scattering the emitted photons
in the upward vertical direction. Alternatively, planar wave-
guides are capable of coupling the emitted photons to a wide
bandwidth propagating optical mode. The waveguide can be
as simple as a freely suspended beam™'® of several hundred
nanometers wide [Fig. 2(h)]. Leaving out a row of holes in
the trianglar-lattice photonic crystals can also form a wave-
guide!"**** [Fig. 2(j)]. Such a photonic-crystal waveguide
can be highly dispersive, enabling the slow-light effect and en-
hanced strong light-matter interaction.

Provided an ideal quantum dot where photons are created
with unity intrinsic efficiency (that is, ignoring nonradiative de-
cay, blinking, state preparation infidelity, etc.), the collection ef-
ficiency 5 quantifies how well a photonic structure funnels
quantum-dot photons into a specific output mode. The effi-
ciency should be considered separately for broadband wave-
guides and for narrowband cavities. In a photonic waveguide,
the efficiency is usually characterized by the B-factor, which
quantifies the ratio of quantum-dot emission into a single-wave-
guide mode (typically, the fundamental waveguide mode, y,)
over the total decay rate (y,o =7vs+7): f=1vrs/(vs +7)=
F,/(F, + 1). Here, y is the decay rate into other modes, and
F, is the Purcell factor''”. A near-unity p-factor has been
achieved by suppressing the emission into unwanted guided
modes and radiative modes so that y in photonic-crystal wave-
guides is smaller than the radiative rate in bulk!'*""?, For the
cavity, the collection efficiency is determined not only by the
p-factor of the desired cavity mode, but also by the escaping
rate of the cavity mode 7., i.€., # = f X 1jes.. The p-factor is
further related to the cooperativity (C) or the Purcell factor
(F,) of the cavity by f =2C/(2C+ 1) = F,/(F, + 1)***".
C, F,,, and 7 are determined by three rates: the coherent cou-
pling rate (g) between the emitter and the cavity, the emitter de-
cay rate into non-cavity modes (y), and the cavity loss rate (),
which consists of the desired photon leakage rate out of the cav-
ity (Kjea) and the unwanted photon loss rate (kj), i.€., K =
Kieak T+ Kioss- The expressions read: C = F,/2 = 2¢%/(xy) and
Nese = Kieak/ (K + 7). respectively. For the cavity-based single-
photon source, taking Kjeax > Ko, g > 7, and k > y, the maxi-
mum efficiency is achieved when k., & 2¢, in which case the
cavity works in the weak coupling regime™"'"!,

The efficiency that determines the likelihood of collecting a
photon in a collection fiber 7,4 is further related to the intrinsic
quantum efficiency of the emitter, the excited-state preparation
efficiency, and the loss along the path, that is, the loss of optical
elements and due to fiber coupling. For the photonic microstruc-
tures and nanostructures mentioned above, we quote the state-
of-the-art Fy,, n, and 7., values in the content of single-photon
generation: with a micropillar cavity, F b = 18, n ~ 85%, and
Nlend = 23% have been achieved''®”; using an open microcavity,
a metric of F, = 12, n ~83%, and 5o, = 57% are currently
possible”. For in-plane structures, one obtains F, = 18,
7 ~73%, and nenq = 17% with a bullseye cavity™. In a pho-
tonic-crystal waveguide, efficiencies # ~ 84% and #eq = 7%
and Purcell factor F, = 20 are achieved independently”'".
The current 7.,y in the waveguide is limited to a maximum
of 50% due to the fact that the photons can escape from both
sides of the waveguide, which implies that it can be increased by
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terminating one side of the waveguide'?”. A high Purcell factor
F, = 43 has been achieved in a photonic-crystal cavity, albeit a
relatively low #.,q = 0.58%"*. Despite promising develop-
ments over the past decade, the efficiency of the source still
needs to be improved. To this end, it is essential to investigate
the quantum dot with near-unity intrinsic quantum efficiency,
and to reduce the loss along the way to the collection fiber.
The former points to suppressing the nonradiative decay and the
coupling to phonons. For instance, well-established InGaAs
quantum dots can have a quantum efficiency of >90%!",
The latter involves matching the out-of-plane mode profile to
that of the single-mode fiber, a smart design to mitigate loss
in semiconductors, and using highly efficient optical elements.

The other metrics for quantum-dot based single-photon
sources are the purity and indistinguishability. To spell it out,
no more than one photon should be generated at a time; the pho-
tons must be identical (indistinguishable) in all aspects. When
two pure and indistinguishable photons enter a beam splitter
from opposite ports, they coalesce and exit together in one port,
a Hong—Ou—Mandel effect. When the photons are not indistin-
guishable, they create a “mode-mismatch” error in optical quan-
tum computation and simulation algorithms"'%, The purity of
the photons is characterized by the Hanbury Brown and
Twiss (HBT) effect in an autocorrelation (¢®) experiment.
For pure single photons, the second-order autocorrelation func-
tion at the zero delay is vanishing, ¢ (0) = 0. Ideally, the
quantum dot can be treated as a two-level emitter, in which case
they create pure single photons; thus, photon purity, defined by
1 — ¢®(0), is unity. In reality, the purity of quantum-dot pho-
tons is affected by the pulse length of the excitation laser®>%?,
the excitation method, and how well the excitation laser can be
filtered from the quantum-dot photons. With short laser pulses
(for example, a couple of picoseconds in pulse width) and effi-
cient filtering of excitation laser pulses, a purity of 99.96% has
been achieved®.

Indistinguishability is directly related to the noise in the
semiconductor. Noise can be categorized by its fluctuation time
scale; the noise of different frequencies affects the capability of
a quantum dot to create identical photons within different delay
times. For example, if two photons are created faster than the
noise fluctuation, the quantum-dot environment can remain
static, and thus the photons are identical. If, however, there is
a long delay time between the creation processes of photons,
then the indistinguishability tends to be downgraded by the fluc-
tuating noise™'"'"*!, Tt is therefore hard to create a long string of
identical photons because the indistinguishability drops as the
delay time grows. It is even more challenging to create identical
photons from different quantum dots; in this case, the noise of
all frequency bandwidths matters.

Along the frequency chart, phonon dephasing is a fast noise
process'*!"! (usually in the GHz range). It affects photon indis-
tinguishability even when the creation delay is short. Charge
noise and spin noise are usually slower with respect to the
dephasing. They affect the coherence of the photons when
the creation delay is long™""”!. For instance, charge noise lies
mostly within the frequency band of 10°-~102 Hz in low-noise
quantum dots where a diode structure is implemented to sup-
press the charge noise, while spin noise can have a higher fre-
quency ~10%>-10°Hz”?. So far, photons successively created
by single quantum dots have been made almost perfectly
identical—the indistinguishability""'"*” is near 100%. For a
longer creation delay time, for example, of the order of ps,
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96% indistinguishability can be maintained using Purcell enhanced
InGaAs quantum dots”'*?. For GaAs quantum dots, 98% indistin-
guishability®” has been achieved for a similar delay time.

3.3 Entangled Photon-Pair Sources

The quantum dot can also work as a source of entangled photon
pairs. When the biexciton cascade is exploited, a polarization-
entangled photon pair is created, provided that the FSS of the
neutral exciton (S) is minimized"***"'*1 As far as the FSS is
concerned, quantum dots with symmetric shapes are favored. As
discussed in Section 2, a more symmetric morphology can be
obtained by DE and LDE growth, for instance, the typical value
of S of GaAs quantum dots is around 1-2 GHz. Figure 2(i) dem-
onstrates a GaAs quantum dot coupled to a bullseye cavity: with
Purcell enhancement (F, ~ 4), an entanglement fidelity of 83%
has been demonstrated when S = 1.2 GHz. The FSS can be fur-
ther minimized by post-growth tuning methods. The application
of multiaxial strain'**~'"*" or electric field"*' to quantum dots
allows for a near-complete erasure of the FSS, & — 0. Using
strain tuning, 98% entanglement fidelity and 97% concurrence
have been achieved'*". Here, even though the FSS is vanishing,
the limitation to concurrence (or entanglement fidelity) likely
lies in the optical excitation processes where laser induces an
energy splitting to the system by the ac Stark effect!*",
Combining the biexciton cascade system with a photonic
waveguide enables the creation of a dual-rail entanglement
source™ [Fig. 2(j)]. The entanglement is transformed from
polarization encoding to path encoding via the chiral effect.
The chiral effect provides polarization-dependent directionality
(see Section 4), guiding circularly polarized photons with oppo-
site helicity (c..) to different paths (path A or B). Likewise, the
key is a minimized FSS. The precise positioning of the quantum
dot with respect to the photonic waveguide is yet another pre-
requisite to an operational path-entangled source™.
Alternatively, the biexciton cascade can be turned into a
source of time—bin entangled photons using the simple optical
design illustrated in Fig. 2(k). The excitation is composed of
an early pulse and a late laser pulse with a relative phase ¢,
each of which creates a biexciton—exciton photon pair. The gen-
erated photon state, which reads |¥,,) = (|early)xx|early)x+
e'?r |late)xx late)x ) / /2, is analyzed by two post-selected inter-
ferometer setups™'*"". When eliminating the which-path infor-
mation in the biexciton cascade, the polarization information
can be superimposed into time—bin-entangled photons, creating
a hyperentanglement*®. The challenges are two-fold: to
minimize FSS and to maintain a stable phase of the interferom-
eters. So far, 81% (polarization) and 87% (time—bin) entangle-
ment fidelities have been achieved for hyperentanglement'*,

4 Deterministic Dipole-Photon Interface in
a Quantum Dot

A quantum dot coupled to a single optical mode offers a deter-
ministic dipole—photon interface that allows advanced quantum
functionalities, such as a chiral light-matter interaction, and
nonlinearity at the single-photon level, to be realized.

4.1 Chiral Light-Matter Interaction

A chiral dipole—photon interface is formed when the coupling
between an emitter dipole and a photon depends on the polari-
zation of the dipole (¢,.) and the propagation direction of the
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photon. It is a consequence of optical spin—orbit coupling,
when the counterpropagating photonic modes have opposite
local polarizations''”. In the ideal situation where an emitter
is coupled deterministically to a photonic mode and all
decoherence processes are suppressed, the chiral effect mani-
fests itself in two forms. First, the propagation direction of
the photons originated from an emitter dipole is locked with
the dipole polarization, i.e., a 6, /o_ dipole leads to emission
into counterpropagating optical modes. Second, the dipole in-
teracts only with the photonic mode in a specific propagation
direction. Photons from the opposite propagation direction are
not affected by the emitter dipole. The chiral dipole—photon inter-
face has promising potential in applications such as single-
photon isolators"® and single-photon circulators™**"*"; it also
provides a paradigm to investigating many-body physics in
cascaded quantum systems!*>'*,

Photonic nanostructures offer a versatile platform to imple-
ment the chiral light—matter interface because they can be en-
gineered to support only one photonic mode and can provide an
almost deterministic coupling between the mode and the emitter.
In experiments, since the local polarization of the tightly con-
fined photonic mode varies significantly as a function of posi-
tion'"*, the chiral behavior of a quantum-dot dipole strongly
depends on its spatial location in the photonic structure. This
behavior is also affected by the decoherence processes discussed
in Section 3. The degree of chirality can be characterized by the
directionality contrast (D) when considering the emission of two
orthogonal dipole transitions ¢, into a specific mode (j), de-
fined as D; = (v}, —yL)/(vs +rL) (j = L,R for left-/right-
propagating mode), where y?, is the spontaneous emission rate
into the j-mode from a ¢ dipole. Alternatively, it can be de-
scribed by the directional -factor (/R that quantifies the frac-
tion of quantum-dot emission into a photonic mode propagating
in one direction versus all other modes, which is defined as
ﬂ{«“/R = y?/R/(}/ﬁ‘ + R +7y) (i=+ for a 6. dipole). Here,
y; is the spontaneous emission rate of a ¢ dipole into unbound
modes that leak away from the photonic structure. Directionality
contrast D and the directional p-factor are related, ﬁ:Lt’Rz
[(1 & Dy r)/2]- B. Up to now, chiral interfaces involving quan-
tum dots have been demonstrated in various on-chip structures
including nanobeam waveguides"”!, waveguide crossings!** 3%,
and photonic-crystal waveguides'**'"* [Fig. 3(a)-3(c)], where
D > 90% and directional f-factor >90% have been achieved.
Recently, a single-photon isolator has been constructed with a
quantum dot coupled to a tunable open microcavity, deploying
non-reciprocal photon absorption when the system is tuned
in situ to operate at f = 0.5" [Fig. 3(d)].

It should be noted that any aforementioned photonic struc-
ture alone is completely reciprocal, and the chiral light-matter
interaction (or in the physical term, the spin-momentum locking
effect) is position dependent!'*"**'*¥! Tn contrast, a topological
photonic structure can work as a non-reciprocal device by itself
and can provide a location-independent chiral interface to a
quantum emitter. For example, a topological waveguide is
formed when two photonic structures of different topological
phases are closely placed together. A pair of counterpropagating
helical edge modes is supported at the interface. An emitter with
a o dipole at the interface, regardless of its precise spatial lo-
cation, can couple to, and only to, the edge mode that has the
same helicity with respect to the dipole (a chiral effect). Another
attractive feature is the topological protection in edge modes:
their propagation is supposed to be robust against structural
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Fig. 3 Chiral light-matter interaction. Chiral quantum-dot emission in planar photonic structures,
including (a) nanobeam waveguide, (b) waveguide crossing, and (c) photonic crystal waveguide.
(d) Single-photon isolator with a quantum dot embedded in an open cavity. Topological quantum
photonic interfaces in (e) spin-Hall photonic crystal waveguide and (f) side-coupled triangular-
shaped resonator consisting of valley-Hall photonic crystal waveguides. Panels reproduced with
permission from: (a) Ref. [109] under a Creative Commons license CC BY 4.0; (b) Ref. [135]
AIP Publishing LLC; (c) Ref. [137] Springer Nature Ltd; (d) Ref. [104] under a Creative
Commons license CC BY 4.0; (e) Ref. [139] AAAS; (f) Ref. [140] Optica.

disorders and tight bendings, which is useful for reducing back-
scattering losses or for the realization of compact devices. As
shown in Fig. 3(e), a topological photonic-crystal waveguide
is formed between two types of deformed photonic crystals with
topologically distinct properties: one with a compressed unit cell
(yellow) and the other with an expanded one (blue). Chiral
coupling of a quantum dot with helical edge modes in the wave-
guide has been observed"*!. However, since in this experiment
the photonic-crystal waveguide is designed to work at the
I'point, the coupling efficiency into the waveguide is limited
to f~ 68% due to a relatively large decay rate into the free-
space radiative mode. By moving the working point from the
I"-point to the K-point, a valley-Hall photonic-crystal waveguide
can be constructed"*", where unwanted radiation losses to free
space can be greatly suppressed. Figure 3(f) shows such a topo-
logical waveguide interfaced with a quantum dot, which dem-
onstrates an averaged directionality contrast D of 0.75.
Exploiting such a system, a compact traveling-wave resonator
in a triangular shape with a circumference of less than 17 pm
and a measured Q-factor of 4000 has been demonstrated,
where chiral interaction with the quantum dot is also observed
[Fig. 3(f)]. For more details on topological quantum photonics,
interested readers can refer to Ref. [142] for an overview of re-
cent experimental works and theoretical proposals. Topological
photonic structures offer a location-insensitive chiral interface to
quantum dots and topological protection of propagating pho-
tonic modes from backscattering loss, which can be leveraged
for constructing robust, low-loss, and compact devices for chiral
quantum photonics.

4.2 Single-Photon Nonlinearity

An appealing functionality of a deterministic dipole—photon in-
terface is strong optical nonlinearity. Such a nonlinear effect is
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differentiated from classical optical nonlinearity due to its sen-
sitivity at the single-photon level. Typically, photons do not in-
teract with each other because of their bosonic nature. In an
optical mode, photon—photon interaction is mediated by the
single-photon emitter (such as quantum dots). Strong photon—
photon interaction plays an indispensable role in applications
such as single-photon switches™™ '\, single-photon transistors
or photon sorters™*'*| Bell-state analyzers"*', and all-optics
quantum logic gates'**'¥"l. For example, photonic quantum
computing can be realized with deterministic one-qubit and
two-qubit gates. A controlled-phase gate is an exemplary two-
qubit gate, where a z-phase shift is acquired by the target qubit
conditioned on the state of the control. Early works usually rely
on Kerr nonlinearity to realize the controlled-phase functional-
ity. But in this scheme, a high laser power is typically required;
since Kerr nonlinearity is a third-order nonlinear effect, the con-
trolled-phase gate usually has low fidelity. Alternatively, nonli-
nearities on few- or single-photon levels can be achieved
by exploiting the intrinsic nonlinearity of a quantum emitter,
e.g., a single atom!"*"* or a quantum dot?**!#+151-153],
Quantum dots embedded in photonic nanostructures offer an
integrated approach to constructing nonlinear quantum devices.
Mimicking the prototype atomic system of cavity quantum
electrodynamics (cQED), a quantum dot strongly coupled to
a photonic-crystal cavity has demonstrated giant single-photon
nonlinearity™'>'"*! by exploiting the anharmonicity of the
Jaynes—Cummings ladder [Fig. 4(a)]. An ultrafast single-
photon switch can be realized using such a system. In the
switch, when the control pulse (consisting of a single photon)
is present, the signal photon cannot transmit through the cavity:
the control photon “switches” off the signal photon®.
Experimental results have confirmed this behavior, showing in-
creased signal reflection at a frequency detuning corresponding
to the transition from |1, +) to |2, +) [Fig. 4(a)] and a switch
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turn-on time of ~20 ps®'. An alternative approach to realizing
single-photon nonlinearity relies on coherent scattering from a
quantum dot that deterministically couples with a nanophotonic
waveguide™. When a few photons in resonance with the quan-
tum dot enter the waveguide, the single-photon component will
be reflected by the quantum dot due to destructive interference
between the scattered field and the incident field. On the con-
trary, two-photon and higher-photon components have an in-
creased chance to be transmitted, as schematically illustrated
in Fig. 4(b). The zero-delayed autocorrelation functions
g?(0) of the reflected and transmitted laser light show photon
anti-bunching [¢® (0) < 1] and bunching [¢‘* (0) > 1], respec-
tively. The statistics of the higher-photon component in the re-
flected light has been experimentally studied in a similar system,
a quantum dot coupled with a micropillar cavity!*!, where third-
order autocorrelation functions were measured using a cascaded
HBT setup. The measurement yields ¢‘®(0,0) = 0.18, much
smaller than unity, which indicates that the three-photon com-
ponent is well suppressed in the reflection [Fig. 4(c)].

The giant nonlinearity also provides a playground for the in-
vestigation of intriguing photon—photon interactions'*'*"! such
as the formation of the photon bound state!'****”'. Recently, the
few-photon scattering matrix!"** and the two-photon interaction
dynamics"*! [Fig. 4(d)] have been experimentally explored in a
coupled system composed of a quantum dot and a photonic-
crystal waveguide. In a two-color experiment, the detuning
of the control photon can efficiently shift the emitter resonance
for the signal photon on a sub-nanosecond time scale (limited by
the emitter lifetime). The ultrafast photon—photon correlation
after interaction with the quantum dot has been directly inves-
tigated using a fast optical pulse whose duration is comparable
to the quantum-dot lifetime. The HBT result maps out the

two-photon response of the system [Fig. 4(d)]. The results pro-
vide insights into emitter-mediated photon—photon interactions;
they also provide a guideline for the construction of high-quality
functional quantum nonlinear devices.

Finally, combining the chirality and nonlinearity can
enable the creation of linear combinations of N-photon bound
states*™'%! which points to a new prospect for novel quantum
applications, such as photon sorting, photon-number-resolving
detectors, and Bell measurements"*>'*"'*, The quantum-dot
induced photon—photon interaction may also lead to new oppor-
tunities for quantum simulations, for instance, by taking
into account anharmonic vibrational effects”’, and in quantum
neural networks!®!, where the emitter can act as a nonlinear
actuator.

5 Single Spins in Quantum Dots

An electron or a hole trapped in the quantum-dot potential
enables a spin degree of freedom. In the quantum dot, a large
dipole moment allows the carrier spin to be initialized, manip-
ulated, and read out all by optical means. The dipole scatters
incident light and creates single photons, establishing a link be-
tween the stationary spin and flying photons. This spin—photon
interface opens up applications in quantum communication'*"
and computation”®’,

5.1 Coherent Spin Manipulation

To fully exploit the spin degree of freedom, the quantum dot
should be placed in a magnetic field. The magnetic field lifts
the degeneracy of the spin states because of the Zeeman effect,
forming four energy levels. The strengths and selection rules of
the optical transitions in this four-level system depend on the
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Fig. 4 Single-photon nonlinearity. (a) A quantum dot strongly coupled to a photonic crystal cavity
can work as an ultrafast single-photon switch. (b) A quantum dot in a photonic crystal waveguide
works effectively as a single-photon transistor. The single-photon component gets reflected while
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applied magnetic field direction. If the magnetic field is applied
along the quantum-dot growth direction (Faraday geometry),
only the two spin-preserving transitions, |1) —|t|{}) and
[4) = [{14)), are allowed by the selection rules, when assuming
that the hole state has a pure heavy-hole character. These two
vertical transitions have circularly polarized dipoles. In practice,
the diagonal transitions are typically weakly allowed due to ei-
ther the heavy-hole-light-hole mixing or a small in-plane
Overhauser field originated from the fluctuation of nuclear

spins. When the magnetic field orthogonal to the growth direc-
tion is applied (Voigt geometry), four linearly-polarized dipoles
are all optically allowed [refer to the level diagram in Fig. 5(a)].

Spin initialization can be achieved by optically driving one
transition involving either spin ground state. The optical field
“pumps” the population from the specific spin ground state
to its spin—flip counterpart. When the driving time is sufficient
and the intrinsic spin—flip rate is small, the spin can be initialized
with close to unitary fidelity. Likewise, the spin readout can be
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Fig. 5 Spins trapped in quantum dots and a spin-photon interface. (a) Optical means to manipu-
late a single electron spin trapped in a quantum dot. With an in-plane magnetic field, the trion state
forms a four-level system. Typically, two vertical and two diagonal transitions are orthogonal in
polarization and similar in oscillator strength. The spin states, |1), |l), and their superposition,
can be initialized and read out using an optical pulse that is resonant to one of four transitions.
Employing a far detuned pulsed laser allows for coherently rotating the spin state. As a function of
the power of this rotation laser, a Rabi oscillation between two spin ground states is revealed.
(b) Scheme for cooling the nuclear spins surrounding the quantum dot, which reduces the nuclear
spin fluctuation, thereby increasing the coherence time T3 of the electron spin. (c) The principal
electron spin resonance and its four sidebands are visible when the nuclear spin ensemble is
polarized to a state with a very narrow probability distribution. By selectively choosing two-photon
detuning, a single nuclear spin can be excited from the nuclear-spin ensemble. (d) Distant spins
trapped in two quantum dots are entangled using Raman-scattered photons and an optical inter-
ferometer. Joint spin correlations in the spin basis and the rotating basis defined by the super-
position are shown in the bottom panel, yielding an average entanglement fidelity of around
62%. Orange: joint spin projection in the population basis; red: projection in the rotated basis
of a potential |¥*)-state; blue: rotated basis, potentially a |¥~)-state. Panels reproduced with per-
mission from: (a) Ref. [64] under a Creative Commons license CC BY 4.0 and Ref. [166] Springer
Nature Ltd; (b) Ref. [62] APS; (c) Ref. [63] AAAS; (d) Ref. [167] APS.
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performed by placing a laser on resonance with the transition
involving the spin state of interest. When the spin state is oc-
cupied, a photon is scattered, and vice versa. The spin readout
fidelity depends on the readout time and decoherence rates of
the spin ground state and excited state, together with the system
extraction efficiency.

Spin—qubit applications require repeatable and predictable
spin manipulation over the spin Bloch sphere. As far as spin
manipulation is concerned, decoherence is the main source of
threats. In bulk GaAs, the decoherence mechanism is directly
related to phonons via spin—orbit interaction. In a quantum
dot, spin—orbit coupling is largely suppressed because of its
nanoscale size; therefore, the spin coherence is prolonged.
Provided that the charge noise is low, the relaxation process
of an electron spin in the quantum dot is dominated by interac-
tion with nuclear spins at a low magnetic field and by the in-
teraction with phonons at a higher magnetic field”. In an
electron tunneling device (e.g., an n-i-p diode), the electron-spin
flip rate is further related to the rate of co-tunneling. To measure
how fast an electron spin flips, a simple pulse sequence can be
applied: the pulse sequence consists of an initialization pulse
and a readout pulse that are separated by a delay 7. Varying
the delay 7 and monitoring the readout signal provides the in-
formation of spin relaxation time 7';. In gated InGaAs or GaAs
quantum dots, a 7 time of several milliseconds has been
achieved!"**'®!,

Within the T, time, an electron spin can be rotated by a
strong picosecond laser that is far-red-detuned (for example,
several hundreds of GHz) from optical transitions [Fig. 5(a)].
By adding a rotation pulse between the initialization and readout
pulses in the T'; sequence and varying the rotation pulse inten-
sity, a Rabi oscillation is observed [Fig. 5(a), bottom panel].
This rotation can be understood by the ac Stark effect induced
by the strong laser''*>''"?1; the spin is rotated along a certain in-
plane axis in the Bloch sphere, usually defined as the x axis, by
an arbitrary polar angle 6. Another method to rotate the electron
spin relies on two phase-locked laser pulses, which are likewise
far-red detuned from the excited spin states. The two laser
pulses are created by a continuous-wave laser modulated by
an electro-optical modulator (EOM) with a driving microwave
signal V,, cos(w,t + ¢p,), where 2w, sets the frequency differ-
ence of the pulses, and 2¢,, sets the relative phase™'”'. Control
over the laser intensity and two-photon detuning (with respect to
the electron spin resonance ., 0 = w. — 2w,,) leads to a rota-
tion around the x axis with a predefined polar angle. The azi-
muth angle of the rotation axis can be controlled by varying the
relative phase 2¢,, between the two pulses. This method thus
provides a full SU(2) control of the electron spin''™,

5.2 Electron Spin Dephasing

The dephasing of an electron spin in a quantum dot is largely
affected by interaction with the fluctuating nuclear bath in the
surroundings. The inhomogeneous dephasing can be probed by
a Ramsey experiment™'"™'!: two 7 /2 spin-rotation pulses are
inserted into the spin initialization-readout pulse sequence; on
varying the delay between two 7 /2 pulses, the electron spin pro-
cession, equivalently, the T’ time, can be determined. In InGaAs
quantum dots, the intrinsic strain often complicates the signal ac-
quired from Ramsey interferometry, hindering the accurate mea-
surement of the T time of the electron spin. The strain results in
an inhomogeneous electric field gradient that couples with
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nuclear spins through their quadrupolar moments®, which

can lead to a departure from normal Ramsey fringes depending
on the electron spin state!®. The same effect causes the “drag-
ging” behavior''"*'™ that is, the quantum-dot resonance is
locked to a narrowband laser in the resonance fluorescence spec-
trum, complicating the determination of the exact resonance. One
can mitigate the influence of quadrupolar interaction by alternat-
ing the spin initialization of two different spin ground states,
which helps to retrieve the normal sinusoidal signature of
Ramsey fringes and a damped envelope™!. The electron-spin
T3-time of InGaAs quantum dots is characterized by the decay
time scale of the Ramsey envelope and is typically a few nano-
seconds™™'"™,

The inhomogeneous dephasing time 77 is dictated by the
quasi-static fluctuation of the Overhauser field, which can be
effectively mitigated by applying a decoupling technique!”~'*¥),
A simple decoupling scheme is the Hahn echo, which is similar
to the Ramsey with an additional z rotation pulse positioned
symmetrically between the two z/2-pulses. The z-pulse re-
verses the sign of phase acquisition during the second half of
the free evolution period and effectively refocuses the processed
spin. The Hahn echo can also be viewed as a periodic notch filter
in frequency space!"*”. With Hahn echo implemented, the homo-
geneous spin dephasing time 744" can be characterized. For
InGaAs quantum dots, the typical TH3™ of electron spin is
around one to a few ps at an appropriate magnetic field®.
Other advanced decoupling methods, for instance, the Carr—
Purcell-Meiboom-Gill (CPMG) pulse sequence, can also re-
move high-frequency noise, thereby prolonging the coherence
time even further!"8"'87154,

The electron—nuclear spin interaction also provides a useful
knob for accessing and controlling the dynamics of the nuclear-
spin bath. For example, spontaneously driving the two optical
transitions in a quantum-dot lambda system with two lasers pla-
ces the system in a “dark state,” an effect known as coherent
population trapping!"®"*"!, Deviations from the dark-state reso-
nance lead to a preferential driving of one of the two optical
transitions, setting the electron state back to the lock point
defined by the two-photon resonance. The preferential locking
into the dark state induces feedback to the nuclear ensemble by
hyperfine interaction—the nuclear-spin ensemble can be polar-
ized towards an Overhauser-field distribution of reduced vari-
ance®'®!%1  The narrowed Overhauser distribution (usually
referred to as nuclear-spin cooling) in turn leads to a longer
electron-spin T time. Figure 5(b) compares the Ramsey fringes
obtained with (red) and without (blue) an initial “dark state”
preparation stage. A tenfold increase in electron-spin 77 time
is observed (from 3 ns to 39 ns), corresponding to a reduced
variance of the nuclear spin distribution by two orders of
magnitude'®,

Alternatively, fluctuation in the nuclear ensemble can be re-
duced by driving the electron-spin resonance using Raman ro-
tation pulses (created by the EOM and the microwave source)
together with a repump laser'®'”!. This cooling configuration is
analogous to the Raman cooling of atomic motions™
For InGaAs quantum dots where intrinsic strain is present,
the quadrupolar coupling between electron and nuclear spins
allows for optically induced nuclear-spin flips, I,</1, £ 1
and [,<], 2. In addition to the I -preserving transition,
the spin-flipping process can be viewed as four sidebands
[Fig. 5(c)]. The first pair of sidebands (/,<>1, = 1) takes place
at a slower rate (typically 10 times smaller’”"") compared to the
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I,-preserving transition; the contribution of the second side-
bands (I,<1, £2) to the cooling is negligible due to even
slower rates. The Raman pulses that drive the electron-spin
resonance thus connect three transitions, which are the main
resonance |1,1.) —|l.I,) and its two sidebands |1,1,)—
[4,1, £ 1). Note that the sidebands can either increase or de-
crease the mean nuclear-spin number by one. Since the elec-
tron-spin resonance is sensitive to the total Overhauser shift
2A.1,, the three transitions have different detunings with respect
to the Raman laser. As a result, the laser preferably drives one
transition over the others, and the corresponding absorption
rates depend on the nuclear-spin polarization /.. This I, depend-
ence is akin to the Doppler-induced velocity-dependent absorp-
tion rate in Raman cooling of atoms. The repump laser resets the
electron-spin ||, 1,) — |1,1), allowing the cooling process to
repeat. Preferable absorption of one of the sidebands leads to
polarization of the nuclear spin towards a stable point set by
the two-photon detuning J, effectively narrowing the nuclear-
spin probability distribution. Using Raman cooling'®, a reduced
Overhauser fluctuation of around 7 MHz (variance) has been
achieved, corresponding to a 775 value of above 100 ns. When
the nuclear-spin fluctuation is smaller than the nuclear
Zeeman energy, the sideband transitions can be resolved by prob-
ing the electron-spin resonance at different two-photon detun-
ings, as is visible in Fig. 5(c), top panel. When the nuclear
spins in the ensemble are homogeneous, selectively driving
one sideband (which results in a single nuclear-spin flip changing
the polarization by one or two quanta) enables the creation of
collective excitation of a large number of nuclear spins. Such
an interface between nuclear spins and electron spins is poten-
tially interesting for implementing nuclear-spin-based quantum
memory and computation!?'~'%%,

5.3 Entanglement between Remote Spins

With repeatable and controllable spin manipulation, the single
spins in quantum dots can be employed as qubits for quantum
applications. A hallmark of a qubit, in comparison to classical
bits, is that it can not only be in a superposition of zero and one,
but also be entangled with each other. In Fig. 5(d), the entan-
glement between two trapped spins in separate quantum dots is
illustrated. In the illustrated scheme, each quantum dot is first
prepared in a specific spin ground state!"®"'**. A weak laser
resonant with this ground state is applied independently to
each quantum dot, creating a Raman photon with very small
probability e. The Raman photons are routed from the two quan-
tum dots to a 50:50 beam splitter via a Mach—Zehnder interfer-
ometer (MZI) whose phase is locked to erase the “which-
path” information. Upon a click on one of the single-photon de-
tectors after the beam splitter, a Bell state, |¥) = (|Talg)*
e8| 1A 15))/+/2, can be created between two spins (from dif-
ferent quantum dots, QD4 and QDg). Here, A¢ represents the
relative phase accumulated in the two paths of the interferom-
eter, which can be continuously monitored and adjusted in the
present scheme [Fig. 5(d)]. Similar measurement has been per-
formed using single holes trapped in distant quantum dots"*",
For either electron spins or hole spins, only modest entangle-
ment fidelity has been achieved, between 55% and 62%. The
limitations include a nonzero probability of simultaneous
spin-flipping (resulting in two-photon creation and destroying
the entanglement, a fundamental limit of the scheme), non-
perfect photon indistinguishability from the two quantum dots,
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spin-state dephasing, and other errors such as spin initialization
fidelity. Despite the challenges, encouraging improvements
have been made recently, for example, on photon indistinguish-
ability and using local decoupling sequences to prolong the spin
coherence, and on the photon collection efficiency. Thus, we
expect fast-rate spin entanglement with high fidelity to be fea-
sible in the very near future.

6 Reconfigurable Quantum Photonic
Platforms

Quantum dots are naturally compatible with the well-established
integrated photonics industry due to their semiconductor nature,
which provides scalability and flexibility for multitudinous
quantum photonic applications'**”, Many high-performance
components in classical photonics can be directly leveraged
and interfaced with quantum dots, either monolithically or
through hybrid integration, to realize complex quantum func-
tionalities. Such readily available resources lead to a rapidly
evolving research field on QPICs"™"'*!,

Reconfigurability of photonic components is one of the key
features required by numerous quantum information processing
devices. As a representative example, fast photon routers, to-
gether with highly efficient single-photon sources, are required
by the all-photonic quantum-repeater protocol”. Quantum
simulation, such as boson sampling, typically requires a spa-
tially parallel N-photon source, which can be generated by de-
multiplexing the single-photon chain with fast and efficient
photonic switches™*'"'%! Circuits for linear optical quantum
computation typically consist of a regular mesh of beam splitters
and phase shifters, and require reconfigurability at both the sin-
gle-component level for arbitrary unitary qubit operations and
the mesh level for fully programmable QPIC architectures, such
as implementing adjustable feedback loops”"'****”, Moreover,
active feed-forward of the detection results is often exploited
in quantum computing, communication, and teleportation,
which requires, again, ultrafast photonic switches™". In this
sense, the realization of a fast and efficient single-photon router
represents a major step towards reconfigurable photonic circuits
for practical quantum applications. Here, we use integrated pho-
ton routers as an example of reconfigurable QPIC and review
their recent advances.

A photonic switch (router), can be realized in various con-
figurations and through different tuning mechanisms. The basic
architecture, together with the material platforms, eventually de-
termines the performance of the device (e.g., footprint, insertion
loss, splitting ratio, tuning speed, and power consumption). We
start our discussion with basic switch architectures, highlighting
recent progress in quantum-dot-integrated photonic switch de-
vices (shown in Fig. 6), summarize the performance of the state-
of-the-art photonic switches in Table 1, and provide an overview
of the pros and cons of various photonic switch approaches
based on the material platforms and integration techniques.

6.1 Mach-Zehnder-Interferometer Switch

The most prevalent configuration of a photonic router uses a
Mach—Zehnder interferometer (MZI) with tunable phase
shifters on its arms. The tunability is usually realized by the
thermo-optic (TO) effect introduced by on-chip heater elec-
trodes, which can be implemented on many material platforms.
Figure 6(a) shows a QPIC of such switches and additional phase
shifters consisting of silicon oxynitride (SiON) waveguides,
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Fig. 6 Recent advances in reconfigurable quantum circuits. (a)-(d) Quantum dots integrated
with single-photon routers. (a) An array of quantum dots in an electric diode structure (electrolu-
minescence) is bonded and butt-coupled to a thermo-optically tunable silicon oxynitride QPIC
consisting of phase shifters and switches in the form of MZIs. (b), (c) Monolithic integration of
quantum dots with photonic switches on GaAs platform. The switch is realized by an electro-
optically tunable MZI in (b) and a compact directional coupler (DC) reconfigured by a nano-
opto-mechanical system (NOEMS) in (c). (d) Hybrid integration of quantum dots grown in a
nanowire with thermo-optically tunable SiN microring filters/switches. (e)-(h) Hybrid quantum pho-
tonic platforms, where quantum dots are integrated with (e) LiNbO3; waveguide and (f) Si wave-
guide using the pick-and-place method, with (g) GaAs waveguide using the transfer-printing
method, and (h) SiN waveguide using wafer bonding. (i)-(l) State-of-the-art switches and modu-
lators in general. (i) Cryogenic-compatible reconfigurable LiNbO5 switch of gigahertz bandwidth
integrated with on-chip single-photon detector. (j) Cryogenic-compatible piezo-optomechanical
MZI switches on a hybrid AIN-SiN platform. (k) Reconfigurable NOEMS switch consisting of
SiN DCs and integrated with cryogenic single-photon detector. (l) Large-scale and broadband
NOEMS-actuated Si digital (or on—off) switches based on vertical waveguide couplers. Panels
reproduced with permission from: (a) Ref. [33] AIP Publishing LLC; (b) Ref. [202] Optica;
(c) Ref. [34] Optica; (d) Ref. [32] under a Creative Commons license CC BY 4.0; (e) Ref. [203]
AIP Publishing LLC; (f) Ref. [204] ACS; (g) Ref. [205] Optica; (h) Ref. [206] under a Creative
Commons license CC BY 4.0; (i) Ref. [207] under a Creative Commons license CC BY 4.0;
() Ref. [208] Springer Nature Ltd; (k) Ref. [209] under a Creative Commons license CC BY
4.0; () Ref. [210] Optica.

which is combined with quantum-dot arrays by direct chip-to-
chip bonding™. The advantage of TO switches is their
extremely low optical loss, which is a key figure of merit for
quantum applications”**'"*'*,. However, the operation speed
of TO switches is relatively slow (from ps to ms”'*). The slow
operation speed can hinder their usage in applications that re-
quire fast reconfigurability, such as demultiplexing of single
photons and the feed-forward control of QPIC.
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Operation speed can be significantly improved to GHz
switching rate when exploiting the Pockels effect, i.e., the
first-order electro-optic (EO) effect. The Pockels effect occurs
only in non-centrosymmetric materials such as GaAs™™ and
lithium niobate (LiNbO;)®"* but in general not silicon-family
materials (e.g., Si, SiO,, and SiN). Figure 6(b) shows an EO
switch based on MZI on the GaAs platform™; the switch
can be monolithically integrated with quantum dots, allowing
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fast switching in the MHz range. The insertion loss of such a
switch is very high, i.e., ~10dB, resulting mainly from high-
level doping. In recent years, LiNbO5-based integrated photon-
ics has witnessed a rapid development due to thin-film technol-
ogy breakthroughs. Waveguide propagation loss of 6 dB/cm at
the visible™"' (2.7 dB/m at the telecom'®'®*'"!) wavelengths and
MZI modulator operation bandwidths of up to 100 GHz>'**®
have been demonstrated. Integration of telecom InAs/InP quan-
tum dots to the LiNbO; platform has been achieved using the
pick-and-place assembling method™, as shown in Fig. 6(e). A
LiNbO; switch integrated with two single-photon detectors on
the same chip has demonstrated a switching bandwidth of
1 GHz and a propagation loss of ~0.2dB/cm at a cryogenic
temperature™” [Fig. 6(i)]. It is worth noting that at cryogenic
temperatures, the EO coefficient of LiNbO; is reduced, and
therefore switching requires an actuation voltage that is typically
10%-50% higher®' compared to room temperature operation. A
multifunctional thin-film LiNbOj; processor has also been devel-
oped, which has demonstrated high-speed (GHz) on-chip de-
multiplexing and four-mode universal photonic interference
of single photons emitted from a quantum dot"**!, Tt is foresee-
able that quantum-dot-integrated GHz photonic switches on the
LiNbO; platform are within reach, and will provide a major
asset for integrated quantum applications.

Recently, a piezo-optomechanical MZI switch on an AIN-
SiN hybrid wafer has been demonstrated [Fig. 6(j)]**'. On ap-
plication of voltage, the piezoelectric effect in the lower AIN
layer induces strain. The strain is transferred to the upper
SiN waveguide and changes both the material refractive index
and the geometry of the waveguide. Cryogenic characterization
of such a switch device shows a modulation speed of
>100MHz, which is larger than that of TO switches and
GaAs-based EO devices. In the demonstration, a rather long

path length for each MZI arm (~1 cm) and a relatively large ac-
tuation voltage (~20 V) are required due to the weak piezoelec-
tric effect. A proof-of-principle SU(4) programmable circuit
consisting of six such piezo-optomechanical MZIs is optically
characterized in this work, showing promise for scaling up.

6.2 Directional-Coupler Switch

A photon switch can be implemented with a nano-opto-
mechanical system (NOEMS) approach™?. Figure 6(c) shows
a planar single-photon router monolithically integrated with
quantum dots on a GaAs platform™. The router is equivalently
a tunable directional coupler (DC) that consists of two sus-
pended parallel waveguides placed close to each other. The
gap between waveguides is sub-wavelength, which can be tuned
mechanically by the electrostatic force generated from the ap-
plied voltage. The tuning of the gap changes the coupling
strength and thus the ratio of photons in the two output ports.
The NOEMS switch is compact and low-loss; it consumes little
power and operates in the ps time scale (Table 1): it is a prom-
ising platform for applications such as on-chip demultiplexing
of single photons and the large-scale reconfigurable circuits re-
quired by photonic quantum computation. Alternatively, the in-
plane DC can also be actuated in the vertical direction™’, as
shown in Fig. 6(k). The vertical motion of the DC consisting
of SiN waveguides is realized using a pair of vertical capacitors,
with NbTiN as the upper electrode and Si substrate as the lower
electrode. The router is monolithically integrated with two
NbTiN single-photon detectors, and demonstrates cryogenic op-
eration with a splitting ratio of 28 dB and an operation speed of
around MHz. However, an actuation voltage of several hundred
volts is required for the switching, making it difficult to be com-
patible with on-chip driving and controlling electric circuits.

Table 1 State-of-the-Art Performance of a Photonic Switch in Various Material Platforms.

Loss Index Switching ~ Splitting  Modulation Insertion Power Integration
Platform (dB/m)? Contrast® Mechanism Ratio Bandwidth Loss (dB) Footprint Consumption  with QDs
GaAs 108200 40%!21 NOEMS®4 23 dB >1MHz 0.67 5pm x 30 pm <50 nwW* Monolithic
Pockels®?? 3.3 dB 2.8 MHz 10 L ~ 400 pm - Monolithic
LINbOg 2.7%16271  pgo,l222 Pockels? 30 dB 45 GHz 0.5 L~20mm 2.6 pW' No
(100 GHz) (L ~5mm)
Si 2678 40%P# TORM 66.3 dB 130 kHz - L ~200pm° 01 W No
NOEMS®E# 70 dB 2.5 MHz 0.7 110pm x 110 pm 42 pW No
SigNs  0.045F% 24922 TOR™ 12.8 dB - 0.13° L~6.5mm° - No
NOEMSPl 28 dB ~MHz - 22.2pmx 80 pm <8.5fwW¢ No
Strain?%®! 30 dB 120 MHz 35 <1.3mmx0.6mm’ 6 nW¢ No
(SiN-AIN)
SiON 41227] 2.55%" TOR 17 dB - 21 - 0.52 W? Wafer-
(tunable) bonding
Silica  0.08%%8  0.45% TOR - - 0.1 - 0.8 W* No

“Best values.

*Power required for 2z phase shift.

°Estimated from paper.

IStatic power consumption, i.e., “holding power”.

“Calculated as An = (N2, — N2,4)/(2N24), and ngq is set to Ngio, = 1.45 for all cases for ease of comparison.

cla

'Operating at 70 Gbit/s.
9Size of an SU(2) unit with two additional phase shifters included.
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This is due to both a relatively large electrode gap and the fact
that cantilevers are designed to be rather stiff such that they can
restore to their original state after switching operations.

Actuative NOEMS switches have also been realized by ver-
tical couplers on the silicon-on-insulator (SOI) platform. As
shown in the inset of Fig. 6(1), a suspended adiabatic waveguide
bend can be brought down in close proximity to a lower wave-
guide crossing to route the optical path™”. Intriguingly, this
switch operates in a digital “on—off” mode with mechanical
stoppers, in comparison to the analog operation mode of the lat-
eral couplers in Figs. 6(c) and 6(k). A digital switch scheme has
several advantages: (1) no precise control of the applied voltage
is required, and (2) the extinction ratio is high, e.g., 60 dB in
this case. On the other hand, a digital switch cannot realize
the arbitrary splitting ratio required by unitary quantum opera-
tion. Furthermore, the device requires a high turn-on voltage of
42 V, which is challenging for integrated operations. Other spec-
ifications of the switch are summarized in Table 1. The device is
based on SOI platform. Wafer-scale integration of a 240 x 240
switch-array has been demonstrated in a later work>*", overcom-
ing the die size limit and showing great promise for constructing
large-scale quantum information processing chips.

6.3 Microresonator-Based Switch

There are also other architectures to realize an on-chip photonic
router. TO-tunable SiN microring resonators have been ex-
ploited to filter and demultiplex single photons from InP nano-
wire quantum-dot emitters, which are transferred to the oxide
substrate and enclosed in the SiN waveguide, as shown in
Fig. 6(d). It is later demonstrated that the microring can also
be reconfigured by replacing the silicon substrate with a piezo-
electric crystal, which, similar to the device in Fig. 6(j), requires
a high driving voltage (here, >100 V)**!. With the compactness
of using a resonator for switching, the working bandwidth is
intrinsically narrow when compared with the MZI or the DC
architecture.

6.4 State-of-the-Art Switches: Material Platforms and
Hybrid Integration

State-of-the-art photonic switches (including several works
mentioned above) in various material platforms and their major
figures of merit are summarized in Table 1. Typically, a material
platform with a high-refractive-index contrast is advantageous
for constructing compact devices, but suffers more from scatter-
ing loss at the rough material interface resulting from non-ideal
nanofabrication. The footprint and transmission loss of photonic
waveguides, together with the excessive loss induced by active
tuning, determine the insertion loss of the switch. Low-index-
contrast materials, such as SiO, and SiON, naturally have low
waveguide loss. Especially, the index contrast of a silica wave-
guide is similar to that of a commercial single-mode fiber, and
the waveguides are typically formed using a direct-laser-writing
technique, avoiding the sidewall/surface roughness from com-
monly used semiconductor etching processes, at the expense of
a relatively bulky device. GaAs, Si, LiNbO;, and Si;N, plat-
forms offer high-index contrasts in the range of 20%-50% (val-
ues also depend on the cladding material), which offers tight
mode confinement capability and a greatly reduced footprint
of the switch. Considerable efforts have been devoted in these
platforms to lowering the propagation loss to only a few
dB/m (Table 1), and state-of-the-art ultra-low-loss SisN, with
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propagation loss of 0.045 dB/m has been demonstrated®*'. The
tuning mechanism also contributes to the insertion loss of the
photonic router, and plays a major role in its operation speed
(or modulation bandwidth) and power consumption. Here,
we focus on low-loss reconfiguration technologies exploiting
TO, NOEMS, Pockels, or strain effects: in general, TO tuning
introduces almost no additional loss to the photonic switch, but
the power consumption is usually large (mW level), and the tun-
ing speed is relatively slow (usually in the kHz regime);
NOEMS switches work in the MHz regime and consume very
little power, which can reach the fW-nW level, due to the almost
zero power usage in the “holding” state; switches relying on the
Pockels effect offer the largest bandwidth, up to tens or hun-
dreds of GHz, with modest power consumption. Strain-tunable
routers have typically a MHz-GHz bandwidth, and require a
high actuation voltage (tens to hundreds of volts). The splitting
ratio of the switch characterizes how well the photons can be
completely routed from one port to another, which, together
with stochastic errors and losses, eventually affects the fidelity
of the target quantum state™**",

Among various material platforms, the (Al)GaAs system is
undoubtedly an attractive platform for quantum applications, as
it naturally holds quantum dots and is compatible with on-chip
detectors. Monolithic integration of quantum dots with pro-
grammable QPIC and single-photon detectors has been
achieved on the (Al)GaAs system™?, significantly reducing fab-
rication complexity and improving scalability. Monolithic inte-
gration also avoids any coupling loss between different
materials, which is usually the dominant source of loss for a
quantum photonic device on a hybrid platform. Additionally,
(Al)GaAs has a large Pockels coefficient of d = 119 pm/V™?,
nearly three times that of LiNbO; (d = 30 pm/V"***), Together
with the tight mode confinement offered by its large index con-
trast (see Table 1), (A1) GaAs materials can be exploited to build
compact and fast photon switches. Despite the advantages, the
(Al)GaAs system is a less developed (e.g., nanofabrication tech-
nology, circuit complexities, and foundry compatibility) pho-
tonic platform compared to the silicon platform for both
classical™' and quantum applications™>%, The waveguide
transmission loss is typically large, usually in the range of tens
of dB/cm and even hundreds of dB/cm in doped diode mem-
branes that usually hold the best-performance quantum dots™*?,
hindering scalability on the (Al)GaAs platform. Extensive re-
search efforts have been devoted to reducing the waveguide loss
induced by fabrication. Using an advanced post-fabrication sur-
face treatment, a high quality factor of 6 x 10° has been dem-
onstrated in a GaAs microdisk cavity™”, equivalent to low
propagation loss of around 10 dB/m. Significant advancement
has been achieved to improve the Q factor of the AlGaAs mi-
croring resonator to 3.52 x 10° on an AlGaAs-on-insulator plat-
form through a systematic optimization of the material growth
and fabrication processes, which is equivalent to a waveguide
propagation loss of 17 dB/m™7**, These values are approach-
ing those in state-of-the-art Si and LiNbO; waveguides
(Table 1). Compared to monolithic integration, a single-photon
source of a GaAs waveguide cavity containing quantum dots
and a QPIC of an undoped GaAs waveguide have been fabri-
cated separately and integrated, as shown in Fig. 6(g), which
may provide a loss-efficient scheme for building quantum
circuits on the same material platform.

Hybrid integration of quantum dots into other material
platforms offers a flexible modular approach to building the
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reconfigurable QPIC, which is promising to exploit the advan-
tage of different material platforms®**>%**! Hybrid integra-
tion of quantum-dot emitters into photonic nanostructures on
Si[204,240—242], Si3N4[32¢206.243,244]’ SiON[227], GaAS[ZOS], LiNbO3[203],
and SiC™*?***! platforms has been demonstrated. Figures 6(e)—
6(h) represent some examples of hybrid integration into various
material platforms exploiting three commonly used integration
technologies: III-V quantum dots embedded in nanowave-
guides have been integrated onto LiNbO; [Fig. 6(e)] and
Si [Fig. 6(f)] waveguides through the pick-and-place approach,
onto glass-cladded GaAs waveguides through the transfer-print-
ing approach [Fig. 6(g)], and onto SizN, waveguides through
the wafer-bonding approach [Fig. 6(h)]. The first two ap-
proaches allow for separate preparations of single-photon
sources and photonic circuits, which are subsequently “as-
sembled” together. These approaches offer great flexibility in
fabrication and the possibility to preselect high-performance
photon sources before integration, but reducing the coupling
loss from the misalignment of different structures can be chal-
lenging. The pick-and-place method offers more versatility in
nanostructures that can be assembled, while the transfer-printing
scheme allows arrays of sources to be integrated into the circuit
chip using a single transfer stamp and in a single operation. In
contrast, the wafer-bonding approach first bonds the III-V thin
film to another material platform, and then the source and circuit
structures are defined in sequential nanofabrication steps (e.g.,
EBL and dry etching). Such a “top-down” technique provides
significant scalability and restricts the alignment error between
multilayers within the EBL overlay accuracy (typically
< 20nm). Interested readers may refer to Refs. [5,6] for a more
comprehensive review of hybrid integration technology.
Comparing the state-of-the-art switches on these non-
(Al)GaAs platforms in Table 1, hybrid integration with LiNbO3
offers moderate mode confinement, and MZI-based switches
consisting of cm-long waveguides with very low-aspect-ratio
waveguides are typically designed for high-speed modulators
with extremely high bandwidths, e.g., of 100 GHz, exploiting
the large Pockels effect. Si offers mode-confinement ability sim-
ilar to GaAs, and large-scale TO or NOMES switch arrays with
extremely high splitting ratios (60—70 dB) have been achieved
due to mature silicon photonic technologies. Similarly, TO and
NOMES switches have also been realized on the Si;N, plat-
form, with typically a larger footprint due to the moderate mode
confinement of SisN,. Due to the ultra-low loss SisN, wave-
guide, a TO-MZI switch of length > 3mm can still achieve
a device insertion loss of only 0.06 dB"'?. As mentioned above,
photon switches relying on strain tuning in a hybrid SiN-AIN
have also been achieved, improving the device operation speed
to 120 MHz. Apart from materials listed in Table 1, AINPZ2#
and SiCP*****1 have emerged as contenders for integrated
quantum photonics. Both AIN® and SiC®*'*? feature a large
transparent window and a large Pockels coefficient, holding
great promise for constructing reconfigurable quantum photonic
devices that are compatible with quantum dot emitters.

7 Quantum Dots for Quantum Networks

The quantum Internet is a revolutionary technology: it provides
communications whose security is guaranteed by the laws of
quantum mechanics; it enables applications that are inaccessible
using existing “classical” networks. A full-blown quantum
Internet is envisioned to contain three essential hardwares—
quantum end nodes, quantum channels, and quantum
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repeaters—and other functional modules. The best-known
functionality of the quantum Internet is quantum key distribu-
tion**8 (QKD), where a secure encryption key can be shared
between two distant users. Early QKD protocols (such as BB84)
rely on, and only on, the preparations and measurements of
single-photon states. Benefiting from the fast radiative decay
rate, single photons created by quantum dots have been used
for the demonstration of QKD™**%! In practice, QKD has been
made commercially available for short distances; however, single
photons are replaced by decoy states”*?**! (attenuated lasers) for
ease of applications in most cases. Going beyond the QKD,
entanglement should be distributed among different quantum
nodes, where each node is preferably equipped with a quantum
memory. Key functionalities enabled in this stage include device-
independent QKD™'! and, if quantum memories are success-
fully employed, blind quantum computation® and advanced
cryptographic tasks™!. Proof-of-principle demonstrations in
this stage have recently been realized, such as loophole-free tests
of the Bell inequality, quantum teleportation, and the entangle-
ment distribution on a couple of quantum nodes"***""!, Most
current attempts employ either color centers in diamond or
atomic systems as quantum nodes. Despite the different tech-
niques involved, the two platforms both possess a long-lived
matter qubit (memory) and an interface to optical photons.

Quantum dots are an emerging platform to achieve the func-
tionality of a quantum node. Early demonstration of entangle-
ment between distant qubits notwithstanding, the development
of quantum-dot-based network nodes remains in its beginning
phase. The improvement in essence is a longer coherence time
of the quantum-dot matter qubit (spins). Exciting results were
achieved recently: the T -time reaches hundreds of nanoseconds
when a nuclear-spin bath is cooled with an active-feedback al-
gorithm”?; using a dynamics decoupling sequence, i.e., CPMG
pulse sequence, the coherence of an electron spin has been pre-
served for beyond 100 ps"® on the novel GaAs quantum-dot
platform. Compared to other candidates, the advantages of
quantum dots lie mainly in their brilliant interface to photons.
Quantum dots interact with optical photons at a much higher
rate compared to color centers and atoms; they can work not
only as bright emitters of single photons but also as an efficient
generator of photonic Bell states. Below, we highlight the ad-
vance of quantum-dot development from a quantum-network
perspective and address the potential of the platform.

Figure 7(a) displays a photonic version of entanglement swap-
ping using GaAs quantum dots. In their demonstrations”’**",
two entangled pairs of photons are created using the biexci-
ton-to-exciton (XX-X) cascade of the quantum dot; the entangle-
ment takes the form |¥) = (|HxHxx) + |VxVxx))/~/2 when
the FSS is vanishingly small. One photon from each pair, for
example, the photon created by exciton relaxation, is sent to a
50:50 beam splitter to perform a partial Bell-state measurement
(BSM). Provided that the photons from two quantum dots are
perfectly indistinguishable, joint detection at the two beam
splitter outputs projects the entanglement into a Bell state be-
tween the two XX photons. In practice, the decay from biexciton
to exciton states is a random process that occurs spontaneously
within a period characterized by the biexciton lifetime. The
randomness of the decay process induces an intrinsic timing
jitter”””. The indistinguishability of photons is limited by the in-
trinsic timing jitter of the cascade system (lifetime ratio between
XX and X states) and the noise in the semiconductor. The existing
attempts thus have achieved entanglement fidelity just above the
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classical threshold after swapping. Photon indistinguishability
can be improved by adding selective Purcell enhancement on
the XX emission”**"®!, which mitigates the intrinsic dephasing
effects of the cascade system and modifies the lifetime ratio be-
tween XX and X states, and by adding electronic gating®'"?,
which reduces charge noise.

The entangled photon pairs created by quantum dots are also
valuable resources for quantum cryptography*”"-!  espe-
cially because the entanglement creation process can be deter-
ministic, the entanglement fidelity can be near-unity, and
multi-photon error is typically low. In recent demonstrations,
one photon from the entangled pair is distributed to a close-
by station; the other one is sent to a remote station several
hundreds of meters apart via either free-space transmission or
low-loss fibers. Using BBM92 or E91-like protocols, a quantum
key can be established between two stations harnessing the en-
tanglement. An original of the sent message and encrypted
and decrypted versions using the BBM92 QKD are shown in
Fig. 7(b). The demonstrated quantum bit error rate is as low as
2% (BBM92), whereas a raw key rate of around 500 bit/s and

Bell parameter of S =~ 2.6 have been achieved (E91)*"**"’\. The
error rate is expected to be suppressed further when the FSS in
the biexciton cascade is reduced to zero. The QKD performance
should also be boosted by photonic engineering, which in-
creases both the entanglement fidelity of the source by Purcell
enhancement and the collection efficiency (thereby increasing
the key rate).

A critical challenge emerges, however, when scaling the net-
work from a point-to-point connection to a multi-user intercon-
nect that involves more than one quantum dot (nodes). For
example, when performing entanglement swapping between re-
mote nodes, photons from separate quantum dots (acting as
quantum nodes) must be indistinguishable. This condition is
stringent when considering the semiconductor nature of
quantum dots. It requires that the cascade system in different
quantum dots should have the same energy levels and a near-
zero FSS; however, different quantum dots are naturally differ-
ent in their shapes and sizes. It also requires that dephasing
channels such as charge noise must be suppressed in quantum
dots; however, charge noise is uncorrelated in separate quantum
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Fig. 7 Applications of quantum dots in quantum networks. (a) Entanglement swapping between
two photonic entangled pairs created by quantum-dot biexciton cascade. (b) Quantum cryptog-
raphy is performed using quantum-dot entangled photons and the BBM92 protocol. The key is
distributed between two buildings that are 350 m apart over a fiber link. (c) Scheme of device-
independent QKD that relies on single-photon sources and central heralding instead of entangled
photon-pair generation. The scheme promises great improvement in attainable key rates and com-
munication distances. (d) Single photons created by two separate quantum dots remain indistin-
guishable. In a Hong-Ou-Mandel-type experiment performed with photons from two separate
qguantum dots, the coincidence events in the zero-delayed peak account for around 7% compared
to that in the classical case, equivalently, Hong-Ou-Mandel visibility of 93%. (e) Emission spec-
trum and radiative time measurements of a quantum dot close to telecom C-band. (f) Sending
photon emission from a GaAs quantum dot through a rubidium vapor cell shows clear absorption
at the rubidium D, line. Panels reproduced with permission from: (a) Ref. [274] APS; (b) Ref. [280]
Chinese Laser Press; (c) Ref. [282] under a Creative Commons license CC BY 4.0; (d) Ref. [57]
Springer Nature Ltd; (e) Ref. [283] under a Creative Commons license CC BY 4.0; (f) Ref. [284]
Springer Nature Ltd.
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dots—the noise must be suppressed to a low level at all frequen-
cies and for all quantum dots, which is a very demanding task.

Although it remains challenging, exciting progress has been
revealed. It is shown that the width of quantum-dot-ensemble
emission can be controlled to as narrow as ~1.5 nm (inhomo-
geneous ensemble broadening) using the droplet etching
method™, increasing the possibility to find quantum dots
with similar energy levels. Post-growth frequency tuning tech-
niques are also readily available, which rely on either external
strain™*®'>2%=2%1 o electric field®"*"*"** though further efforts
are needed to verify whether the frequency tuning techniques
are compatible with near-zero FSS™". A recent advance has
also seen indistinguishable photons to be created between sep-
arate quantum dots””*****¥ [Fig. 7(d)]. In this case™", a negative
trion state is employed in each quantum dot. The two GaAs
quantum dots are housed in different cryostats separated by a
few meters and are tuned into resonance by external electric
fields. Interfering one photon from one quantum dot and another
photon from the other dot on a 50:50 beam splitter, 93% Hong—
Ou-Mandel visibility has been achieved. The result shows that
the noise can be very well suppressed in GaAs droplet quantum
dots and the photons of different origins can be made identical.
The key is a carefully designed n-i-p diode structure and ultra-
clean materials®'*. For entanglement swapping involving the
biexciton cascade, achieving identical photons from separate
quantum dots could be more challenging. Additional require-
ments are minimizing the FSS and the internal timing jitters.

The ability to create identical photons from remote quantum
dots also opens up the possibilities of all-photonic approaches to
quantum networks, once the efficiency from each quantum dot
can be further boosted. Figure 7(c) illustrates a device-indepen-
dent QKD scheme that replaces the parametric photon-pair gen-
eration (e.g., SPDC) by single photons****", The scheme relies
on heralding processes in linear optical circuits™” (which con-
tain a beam splitter of transmittance 7 and a detention setup
a, b). Two parties, Alice and Bob, are both equipped with a pair
of on-demand single-photon sources; in the pair, one generates
an H-polarized photon, and the other one simultaneously gen-
erates a V-polarized photon. The transmittance 7 is low, such
that after impinging on separate beam splitters, there is a neg-
ligible probability that more than two photons travel to the cen-
tral heralding station (c). In the central station, a partial BSM is
performed conditioned on the detection of orthogonally polar-
ized photons (based on the Hong—Ou—Mandel effect), which
thereby entangles the remaining photons between Alice and
Bob. The two parties, Alice and Bob, then apply their choice
of measurements using their polarization analyzer (a, b). The
advantage of the scheme is that to the leading order, the trans-
mission loss, which scales exponentially with distance, affects
only the heralding rate but not the violation of the Bell inequal-
ity*>*%1, Therefore, the scheme allows for key distribution over
alonger distance at a positive rate. For practical implementation,
the ability to create identical photons from different quantum
dots must be combined with a collection efficiency close to
unity (e.g., eng > 80%). Increasing the efficiency of quantum-
dot-based single-photon sources to a near-unity level is a very
active field of study lately™®.

To further mitigate the transmission loss in optical fibers, sin-
gle photons at telecom wavelengths are desirable. The prevalent
approach is to combine the downconversion process in a peri-
odically poled lithium niobate (PPLN) waveguide with the sin-
gle photons created by quantum dots™***%1, This is a mature
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technology: an end-to-end conversion efficiency of ~50% has
been achieved®***?; due to a large signal-to-noise ratio, the
quality of quantum-dot photons (purity and indistinguishability)
can be preserved. PPLN waveguides are, however, centimeters
long, and not compatible with nanophotonic fabrication proc-
esses. There have been growing efforts in developing fully
on-chip frequency conversion techniques, most of which focus
on silicon-based waveguides and resonators. On the silicon-
based platform, a theoretically noiseless third-order nonlinear
effect, four-wave mixing Bragg scattering process®”>"", is ex-
ploited. Internal conversion efficiencies of 5%—15% have been
demonstrated in the silicon waveguides””** and 12%-60% in
micro-resonators”*>>%", where the limitation is mainly the phase
mismatch. An alternative approach is to develop high-quality
quantum dots directly at telecom wavelengths!®-'07172283-308-310]
In this approach, losses due to wavelength conversion can be
circumvented. In Fig. 7(e), a quantum dot emitting around
the telecom C-band is presented. Such a quantum dot is made
of InAs by the droplet method on an InP substrate!®2**'%*!!l_ By
tailoring the growth process, InAs quantum dots on a GaAs sub-
strate can also emit at the telecom O-band or C-band®**!.
These telecom quantum dots create single photons and en-
tangled photon pairs just like their shorter-wavelength counter-
part; fine-structure erasure™ and electron-spin manipulation!
have also been demonstrated. Moving forward requires improv-
ing the optical qualities of telecom quantum dots—one way is to
implement the charge control by electric gating”"l.

At the deep-red spectrum, GaAs quantum dots have the ad-
vantage that their emission wavelength can match the optical
transitions of rubidium atoms. The matching allows for equip-
ping quantum dots with a rubidium quantum memory, for ex-
ample, in a quantum-node application. Early attempts at
interfacing the two systems have been made, where a warm
vapor of rubidium-85 atoms slows down photon propagation
when the photon wavelength is resonant to the rubidium tran-
sitions®*1%3"% [Fig. 7(f)]. In parallel, the rubidium quantum
memory that suits storing quantum-dot photons is also under
development”'*>'%1, These memories employ electromagneti-
cally induced transparency to store external single photons at
room temperatures. The state-of-the-art memory”'® can store
single photons of 370 MHz linewidth at 795 nm (created by
a y® nonlinear crystal rather than using a deterministic quan-
tum-dot source) with an end-to-end efficiency of 1.1% and a
signal-to-noise ratio of 10.8. To store photons from quantum
dots, the memory bandwidth has to match the quantum-dot line-
width (~600 MHz), and the collection efficiency of the source
needs to be improved.

8 Quantum Dots for Quantum Information
Processing

Encoding information in polarization, time—bin, or spatial-mode
degree of freedom of photons, photonic quantum computers and
simulators can be implemented by sending them through linear
optical circuits.

To date, photon-based quantum information processing has
been limited to building analog quantum simulators for specific
tasks. For example, boson sampling”'”' represents a milestone
for the demonstration of quantum advantage. Photonic boson
sampling”'®' describes a sampling task of the photon distribution
of identical photons after multiple mutual interferences. When
the photon number is large, it becomes a problem that is hard for
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classical computers with reasonable computational power to re-
solve (a photon number of ~50 has been frequently mentioned
as a threshold™***'""!). Proof-of-concept boson sampling experi-
ments have been demonstrated using single-photon sources
that rely on SPDC”**! and also quantum dots!"'****3%],
Using a single quantum dot in a micropillar cavity and demul-
tiplexing, a boson sampling experiment has been demonstrated
involving up to 20 single photons'''®!, as shown in Fig. 8(a). On
a slightly different note, the proposal of Gaussian boson sam-
pling™*® has recently attracted experimental interest. A quantum
advantage was demonstrated using a Gaussian boson sampler
with 50 input photon states”*”. The demonstration was shortly
followed by larger versions involving more photons®****,
There, single photons are replaced by Gaussian squeezed states
as non-classical resources. The replacement is often considered
to make experimental realization simpler, partially due to the
fact that the overall efficiency of single-photon sources remains
not optimal. With the improvements in efficiency and photon
quality of quantum-dot single-photon sources!*'*?* single-
photon boson sampling beyond the quantum advantage thresh-
old may very soon become feasible.

Simulating quantum systems on classical computers is inher-
ently inefficient. Instead, by mapping the time evolution of a
quantum system directly to the propagation of single photons
in linear optical circuits, quantum simulations can be naturally
performed with linear quantum photonics and require only
modest resources. By far, simulation of vibration dynamics
of four-atom molecules using single photons has been experi-
mentally demonstrated using an SPDC single-photon source™”!
[Fig. 8(b)]. By exploiting reconfigurable photonic circuits, a
variational quantum eigensolver that is designed to solve

molecular ground-state energy has also been experimentally
realized using SPDC probabilistic single photons™". This
algorithm uses iterative classical optimization to reduce the
hardware requirements for coherent quantum evolution. The de-
velopment of quantum simulation beyond the classical simula-
tion capability will have a significant impact on quantum
chemistry® and drug discovery”*. To scale up these simula-
tions, it can be beneficial to explore quantum-dot-based sin-
gle-photon sources to increase efficiency. Another interesting
opportunity is the quantum optical neural network, which can
be trained to perform a range of quantum information processing
tasks with limited hardware resources"®. For that, the giant sin-
gle-photon nonlinearity provided by the quantum dot can be used
as a major asset for constructing the nonlinear actuation layer.

Apart from task-specific analog quantum simulation, single
photons are also valuable resources for the implementation of
universal quantum computing. In photonic quantum computing,
approaches generally fall into two categories. One relies on
quantum gates and quantum teleportation to construct a quan-
tum circuit model; the other one takes advantage of entangle-
ment and local measurements, and thus is often termed as
measurement-based quantum computing.

In the gate-based scheme, the main difficulty lies in realizing
high-fidelity two-photon gates since photons only very weakly
interact with each other. Here, a prominent example is the Knill-
Laflamme-Milburn (KLM) protocol**, which uses solely linear
optical elements and projective measurements to construct
single-photon and two-photon gates***>**%1, However, the two-
photon gates constructed in this manner are intrinsically non-
deterministic; the large resources required by such a probabilistic
scheme appear practically daunting. With the advances in
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Fig. 8 Quantum dot for quantum information processing. (a) Boson sampling with 20 highly in-
distinguishable single photons as input towards demonstration of quantum advantage. The spa-
tially parallel photons are generated from a demultiplexed InGaAs quantum dot embedded in a
micropillar cavity. (b) Quantum simulation of four-atom molecular vibration dynamics with four sin-
gle photons, and proof-of-concept experiment with single photons produced from spontaneous
parametric downconversion sources. (c) Heralded non-destructive Bell-state generation from four
distinguishable single photons, which are demultiplexed from a quantum-dot single-photon source
similar to (a). (d) Deterministic generation of time-bin entangled photons by coherently manipu-
lating the hole—spin of a quantum dot in a photonic crystal waveguide. (e) Proposal for determin-
istic generation of a 2D photonic cluster state by routing time-delayed 1D cluster generated from a
quantum dot back to itself. (f) Proposal for direct 2D cluster state generation with coupled quantum
dots. Panels reproduced with permission from: (a) Ref. [118] APS; (b) Ref. [330] Springer Nature
Ltd; (c) Ref. [337] APS; (d) Ref. [338] APS; (e) Ref. [339] NAS; (f) Ref. [340] APS.
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quantum-dot technology, the strong photon—photon interaction
mediated by the quantum dot at the single-photon level**'4¢147!
can offer the nonlinearity for constructing two-photon gates in
a deterministic way®*',

Measurement-based quantum computing can date back to the
proposal of a “one-way quantum computer”**?', First, a large-
scale entangled photon state is prepared as a generic resource,
such as a two-dimensional (2D) cluster state. Then, the compu-
tation is implemented through single-qubit measurements on the
entangled state®****. The protocol is appealing for the realiza-
tion of photonic quantum computing and is generally consid-
ered to be more resource efficient in comparison to the KLM
protocol. Compared to the gate-based scheme, where the key
is to realize a large number of high-fidelity photon gates, the
challenge of measurement-based quantum computing lies in
the generation of the percolated cluster state. So far, small-scale
linear cluster states have been created on various platforms,
for example, using photon pairs from parametric downconver-
sion****346 and using atomic systems such as Rydberg supera-
toms and single atoms in a cavity****!,

As bright and efficient photon sources, quantum dots are also
employed to create this valuable entanglement resource. On one
hand, the cluster state can be generated using photonic qubits
and linear optical elements. For example, a four-photon cluster
state is shown™"' by demultiplexing quantum-dot photons and
feeding the photons into a series of entangling gates (an entan-
gling gate can be as simple as a polarizing beam splitter).
Likewise, in a smart design, one can rely on only a single en-
tangling gate and a fiber loop to sequentially generate the linear
cluster state: a cluster state of up to four photons has been
achieved using a quantum dot in a micropillar as the source®"",
However, the cluster state generated by a polarizing beam split-
ter is in a probabilistic way, which often means that it needs to
be detected (thus destroyed) to confirm the entanglement. It is of
great practical interest to generate cluster states in a heralded
way. An event-ready Bell state has been demonstrated using
a nondestructive entangling gate, where heralding is made pos-
sible, and a demultiplexed quantum-dot photon source, as
shown in Fig. 8(c)**”. The scheme can be expanded to create
a three-photon Greenberger—Horne—Zeilinger state in a heralded
manner when scaling to six single-photon inputs'.

On the other hand, linear cluster states can also be generated
deterministically; this can be done, for example, through re-
peated excitation of a quantum dot mediated by the spin".
A three-photon polarization-encoded cluster state has been gen-
erated experimentally by exploiting the dark-exciton spin'**.
This demonstration follows the method originally proposed
by Lindner and Rudolph™": at near-zero magnetic field, a quan-
tum dot can have a two-fold degenerated excited state (e.g.,
biexciton) and also a ground state (e.g., dark exciton); depend-
ing on the ground state, the two different radiative transitions
have different polarizations due to the optical selection rule.
From the excited state, the system decays and creates a spin—
photon entangled state (entanglement between the spin state
and photon polarization). Repeating this process yields a linear
Greenberger—Horne—Zeilinger state. For a cluster state, an addi-
tional Hadamard-like operation is inserted between each photon
creation. The Hadamard operation, based on the original pro-
posal, is implemented in the experiment as a precisely timed
free procession process of the spin to bring the spin population
to a balanced superposition. The dark-exciton approach has a
limited entanglement length and photon indistinguishability

Photonics Insights

RO7-21

due to the spin procession and a short lifetime. Recently, single
carrier spins (electron spins or hole spins) instead of dark ex-
citons were adopted as the entangler, where improved photon
indistinguishability and a higher entanglement generation rate
have been achieved”****. A multi-photon entanglement scheme
has been proposed that encodes photons from a quantum dot in
time bins rather than polarization®>**", The time—bin entangle-
ment scheme allows a strong magnetic field to be applied, thus
enabling coherent control of the spin ground state. This scheme
exploits a naturally built-in spin—echo protocol, which mitigates
the dephasing caused by nuclear-spin fluctuation. A spin—
photon Bell state between a quantum-dot hole spin and the
emitted photon has been experimentally demonstrated in a
quantum-dot integrated into a photonic-crystal waveguide as
shown in Fig. 8(d), and photon indistinguishability of 95%
and fidelity of 68%"** have been extracted from the measure-
ments. Once the spin rotation fidelity and spin coherence time
can be improved, generating a chain of linear cluster states can
become feasible by repeating the scheme multiple times.

The current status of cluster state generation>***** suggests
that one practical way towards building a multi-photon en-
tangled state for noise-intermediate-scale quantum (NISQ)
applications might be to first generate a large number of small-
sized cluster states with existing technologies, such as a three-
photon Greenberger—Horne—Zeilinger state, and then connect
them through linear fusion gates™” to form a large-scale cluster
state. Again, the probabilistic nature of the fusion operation in-
dicates the need for a large number of ancillary photons. In the
long run, quantum dots hosting spins might provide alternative
opportunities for generating high-dimensional photonic cluster
states deterministically through time-delayed feedback of a one-
dimensional (1D) photonic cluster or direct 2D cluster genera-
tion from coupled emitters, as schematically shown in Figs. 8(e)
and &(f), respectively. A quantum dot deterministically coupled
to a chiral 1D waveguide provides an ideal platform for physical
realization of the first scheme [Fig. 8(e)]. With a single-sided
mirror implementing the feedback, the 1D photonic cluster state
generated by the quantum dot can be coupled back to the emitter,
which entangles the delayed photon with the newly generated
photon in the second dimension™!, In contrast, coupled quantum
dots can act as a source for direct 2D cluster state generation*****®
[Fig. 8(f)], through repeated procedures of spin procession, inter-
dot controlled-Z (CZ) operation, and pulse excitation followed by
trion decay that produces photons. The coupled quantum dots can
be created through coherent electronic tunnel coupling™® or op-

tical dipole—dipole interaction™,

9 Challenges and Outlook

Over the past decade, the development of epitaxial quantum
dots has been flourishing. It has been made possible to create
single photons from a quantum dot with an ultrafast rate and
high efficiency, making the platform a winning candidate for
single-photon generation to date. The noise in two leading
quantum-dot systems (i.e., InGaAs quantum dots and GaAs
quantum dots) has been suppressed to a very low level, facili-
tating the realization of high indistinguishability among the
created photons. Single spins in quantum dots are coherently
manipulated using optical means, a route to achieving a fast
and deterministic interface between photons and a stationary
qubit. Photon pairs from the biexciton cascade reveal entangle-
ment with high fidelity, owing to minimized FSS and small
time jittering. Integration of high-quality quantum dots to
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on-chip nanophotonic structures expands the scalability and
reconfigurability of quantum photonic devices, opening up pos-
sibilities to harness high-quality single photons for integrated
quantum photonics. Moreover, the growth of quantum dots
has been improved. The wavelength coverage of epitaxial quan-
tum dots has been extended towards both deep-red wavelengths
and telecom wavelengths.

Quantum-dot technologies are now at a stage that is close to
deployment in practical implementations in the quantum
Internet and quantum information processing. For the quantum
Internet, quantum dots are appealing as quantum nodes due to
their versatility in the photon creation process. They are also
interconnectable: photons created from one quantum dot can
be indistinguishable with respect to photons from another quan-
tum dot far apart®”!. In a hybrid approach, quantum dots can be
equipped with a quantum memory that, for example, can be an
ensemble of rubidium atoms"*'*!. For photon-based quantum in-
formation processing, quantum dots are viewed as elementary
factories for fundamental photonic resources. A single demul-
tiplexed quantum dot or a few quantum dots together can be
employed for the efficient creation of a large number of indis-
tinguishable photons. The photons can then be injected into a
large matrix of interferometers to perform boson sampling''®!
and, more generally, quantum simulations. Using linear optical
components or relying on the spin degree of freedom, 1D cluster
states have been generated using quantum dots™***%, Multiple
small-sized 1D cluster states can be connected via an optical
fusion gate to form a large-scale higher-dimensional cluster
state, which is the computational resource for measurement-
based quantum computing. Generation of the resource state
allows quantum computing to be performed by measuring en-
tangled photons one by one in a specific order. Moreover, cluster
states can be exploited to construct an all-photonic quantum
repeater. The all-photonic scheme exempts the need for quan-
tum memory, making the requirements less stringent compared
to the conventional one®%=%,

Moving further along, several challenges remain to be re-
solved. One challenge is to achieve near-unity collection effi-
ciency. Using pulsed excitation methods, photons can be
collected by a collection lens (high NA) with near-unity effi-
ciency when the quantum dot is embedded in an engineered
photonic structure. Despite significant improvements, transmis-
sion losses in the collection optical path from the lens to an
outcoupling fiber have not been minimized. The losses of
free-space optics and from the mode mismatch between the
free-space mode and fiber mode contribute to a large part of
the reduced end-to-end efficiency, the highest value of which
is currently around 60%. To reduce losses, it is highly desirable
to exploit an optical fiber directly as the collection component to
get rid of bulk optics. For planar single-photon sources such as
those integrated with on-chip photonic waveguides, evanescent
fiber coupling can reach an almost unity efficiency theoretically.
However, the difficulties in realizing reliable alignment hinder
its practical implementation®®**!, Instead, surface grating cou-
plers (sometimes with DBRs or metal films underneath to fur-
ther boost efficiency)”®! and edge couplers, e.g., inversed
waveguide taper™®, are typically adopted for robust chip-to-
fiber coupling, through which the on-chip guided modes are en-
larged to match the fiber modes. For photon sources based on
the vertical Fabry—Pérot-cavity approach that emits photons out-
of-plane, the implementation of cavity-to-fiber coupling re-
quires tailoring the emission NA to fit that of the fiber for
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high-efficiency collection. For example, specifically designed
surface nanostructures can efficiently converge the emitted
beams”**%!, Alternatively, an engineered fiber tip might be in-
corporated directly as the top mirror for the open-cavity-type
source”!. The end goal is a “plug-and-play” source chip with
both excitation and collection paths efficiently and reliably
packaged with standard optical fibers"***%!,

Most single-photon-based quantum technologies require
photons to be indistinguishable such that they exhibit quantum
interference on a beam splitting unit. The requirement has partly
been met by quantum dots: within 1 ps, the indistinguishability
of photons created by a single quantum dot can be maintained at
above 96%. While the pulsed excitation laser commonly has a
repetition rate of ~80 MHz, the 1 ps period translates to a stream
of 80 indistinguishable photons. Although it is possible to in-
crease the repetition rate of the laser, many applications demand
single-photon sources to create identical photons continuously.
There are hints that this can be achieved if one manages to sup-
press the noise in quantum dots to a very low level. In a recent
experiment, two quantum dots were tuned into resonance, and
photons created by them were demonstrated with a mutual indis-
tinguishability of 93%. Assuming the low-noise quantum dots in
that experiment are identical, the result suggests that one quan-
tum dot can continuously create photons of at least 93% indis-
tinguishability. The experiment was done in a bulk sample,
which means that the engineering of photonic environments is
unfortunately lacking. If enhancing the radiative decay rate by
a Purcell factor of 10, the continuously emitted photons are ex-
pected to be identical with indistinguishability of above 99%.

An impediment to large-scale applications involving quan-
tum dots is the ensemble inhomogeneity. As it is usually linked
to photon indistinguishability, having the same energy level in
different quantum dots is highly desirable. However, quantum
dots randomly nucleate on the substrate surface during growth,
acquiring different shapes, sizes, and alloy compositions, which
leads to a spread in emission energy. Several attempts have been
made to mitigate inhomogeneity during growth. For example,
many groups have tried to produce highly ordered quantum dots
in a predefined grid using site-controlled approaches®’*- ",
Upon successful implementation, the site-controlled approach
can both resolve the random positioning issue of conventional
quantum dots and lead to a reduced variance of ensemble emis-
sion energy””. The single-dot properties using site-controlled
approaches remain to be improved with respect to state-of-
the-art conventional quantum dots. It also needs to be verified
whether site-controlled approaches induce additional noise to
quantum dots. After the growth process, nano-positioning tech-
niques can be adapted to deterministically create photonic struc-
tures around the preselected quantum dots®®*"*>"1 Frequency
tuning methods based on electric or strain fields have been
widely used to control the emission frequency. It is possible
to fabricate contact pads surrounding a specific quantum dot;
on applying an electric field, the emission frequency of different
quantum dots can be controlled independently even when the
quantum dots reside on the same sample. Combining the
site-controlled approach with independent frequency tuning
can be a potential solution to the ensemble inhomogeneity issue.

For large-scale quantum applications, chip-sized functional
elements are generally preferred over bulky free-space elements.
The challenge lies in efficiently navigating photons from quan-
tum dots to an on-chip processor and efficiently combining dif-
ferent functional modules in one device. To this end, planar
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nanostructures containing quantum dots on the chip can work as
an interface between a quantum-dot-based photon emitter and
other on-chip function modules. Some components can be in-
tegrated directly into the chip that contains quantum dots in a
monolithic way. For example, tunable switches have been de-
veloped on the GaAs platform™, and there are ongoing efforts
to minimize the transmission losses of GaAs waveguides'”. For
more complicated processing tasks requiring a large number of
processing units, e.g., an array of reconfigurable beam splitters
and phase shifters, hybrid integration with other better-devel-
oped material platforms may be preferred. Here, the coupling
loss between different material platforms needs to be minimized
by designing low-loss and position-tolerant mode converters. In
addition, the insertion loss of each photonic processing compo-
nent has to be carefully optimized so that the overall large-scale
processing chip works with acceptable efficiency. Other con-
cerns include fabrication compatibility for different on-chip
components and design of reconfigurable photonic circuits
for a general-purpose quantum processor.

The spin degree of freedom in quantum dots has become a
recent research hot spot. Exploiting the deterministic spin—
photon interface in a quantum dot coupled to a photonic struc-
ture, it is possible to turn the quantum dot into a cluster-state
“machine gun.” Experimental demonstrations can, for example,
rely on hole spins of InGaAs quantum dots due to the long co-
herence time"**®, and a time—bin entanglement protocol™®. In
practice, the achieved entanglement fidelity (for a Bell state,
~68%) is currently limited by imperfect single-qubit rotation.
Moreover, the quantum dot resides in an electron tunneling de-
vice such that the control of hole—spin states is not ideal. It
might be worth investigating the photonic and spin properties
of a hole-tunneling device, in which quantum dots are placed
closer to the p-doped layer*******%, Electron spins in GaAs
quantum dots have revealed longer coherence times when im-
plementing the decoupling sequence. When the nuclear spins
are “cooled” in advance'**"?, the electron-spin rotation fidelity
can be improved to near unity. The noise in GaAs quantum dots
can be suppressed, and highly indistinguishable photons have
been generated. Combining the coherent GaAs electron spin,
the spin cooling technique, and photonic engineering to boost
efficiency can make GaAs quantum dots a promising alternative
to generate photonic cluster states.

Quantum dots have been continuously employed to explore
intriguing concepts in semiconductor physics and quantum
optics. For instance, quadrature squeezing and photon
antibunching—two seemingly completely unrelated effects—
are observed spontaneously in the resonance fluorescence from
a quantum dot™®'!, It was later verified that intensity squeezing
also manifests itself in the resonance fluorescence” (using
quantum dots embedded in micropillars). In addition to squeez-
ing, other quantum optical phenomena (such as Autler—Townes
splitting™**!, Mollow triplet™!, doubly dressed spectrum™®", and
Fock-state generation™*') have also been shown using quantum-
dot photons. Quantum dots thus provide a versatile playground
for fundamental quantum optical research.

Coulomb interactions between electrons result in the Auger
process™***"! and radiative Auger process™®***!. The radiative
Auger process exists in both photon emission and absorption,
in analogy to a Raman transition. Exploiting the radiative
Auger process might facilitate control of different orbital
states and performing THz spectroscopy using optics in the
near-visible range™. Excitons have a dominantly heavy-hole
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character in self-assembled InGaAs quantum dots and GaAs
quantum dots. When applying tensile stress to initially
“strain-free” GaAs quantum dots, the exciton ground state can
be switched from a heavy-hole state to a light-hole state™">%,
Unlike the heavy-hole state where the dipole forms with a con-
duction-band electron lying mostly in the plane perpendicular to
the quantization axis, the axial dipole moment of the light-hole
state is usually much larger compared to the in-plane compo-
nent. Applying uniaxial strain can also flip the quantization axis
of GaAs quantum dots, creating heavy-hole and light-hole ex-
citons with the quantization axis perpendicular to the growth
direction®¥, Light-hole excitons are interesting since they have
the potential to realize fast hole-spin control with the micro-
wave field™* and are suitable for applications as on-chip photon
sources. Leveraging strain engineering thus opens new possibil-
ities for quantum-dot photonics. It might be worth investigating
the spin properties of light-hole excitons. Finally, quantum dots
as bright quantum emitters have been coupled to mechanical
resonators such as cantilevers®®®, nanowire resonators?®"’**%!
and membrane resonators”*'. Actuating the mechanical system
can lead to modification (e.g., broadening) of the optical spec-
trum of the quantum dot, verifying the coupling of the two sys-
tems™’*’!. Likewise, optical excitation of a quantum dot can
also induce a mechanical motion to the resonator'*”’’. In existing
hybrid systems, the mechanical resonator oscillates in the MHz
regime. In the future, coupling quantum dots to GHz mechanical
mode can lead to applications in the resolved sideband regime.
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