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This perspective gives a tutorial overview of the development of solid-state
quantum emitters over the past three decades, focusing on the key
parameters that are used to assess their performance for applications in
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comprehensive review of the present state-
of-the-art, but rather to identify benchmarks
and discuss key points that have to be ad-
dressed as new materials come to the fore.

quantum photonics. Specifically, it covers single-photon purity and

indistinguishability, source brightness, and on-demand operation. The
perspective includes a brief comparison of different material systems and
concludes with a discussion of challenges that remain to be solved.

1. Introduction

A “quantum emitter” is a source that emits light with properties
that cannot be explained by classical theories. The hall-mark of
such a source is the observation of photon anti-bunching, which
was first observed in 1977 by Kimble, Dagenais, and Mandel
in a resonance fluorescence experiment on a beam of sodium
atoms.[!] The key technical step that enabled the breakthrough
was the ability to collect the photons emitted by just a single atom
within the atomic beam.

The first generation of experiments that followed ref. [1]
mainly focused on gaseous systems, and it took about 15 years for
the ideas to be transferred to the solid state. The strategy for ob-
serving quantum effects involved isolating single emitters, which
effectively act like individual “solid-state atoms”. In this way, anti-
bunching was observed for single molecules embedded within a
crystal in 1992, and then for individual color centers and semi-
conductor quantum dots in 2000.34]

In the years that followed these first experiments, quantum
emitters have been observed in a great variety of solid-state ma-
terials, and the performance of the sources has improved dra-
matically. In this perspective, I give an overview of the key pa-
rameters that characterize quantum emitters when using them
as single-photon sources. I also discuss challenges and oppor-
tunities that have emerged as the field has developed and new
material systems have become available. The aim is not to give a
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2. Characterization of Quantum
Emitters

In this section, four factors that affect
the performance of quantum emitters are
discussed, namely: single-photon purity,
photon indistinguishability, source brightness, and on-demand
operation. These topics have been previously considered in a
number of detailed review articles (see, for example,>%]) and the
discussion given here only covers basic concepts that are impor-
tant for the rest of the perspective. A discussion of different types
of materials is given in Section 3, with a comparison of their rel-
ative pros and cons in Section 4.

2.1. Single-Photon Purity

The principal parameter that characterizes a quantum emitter
is the value of the second-order correlation function gi?(r) at
7 = 0. An ideal quantum emitter has g (0) = 0 and its value is
measured in a Hanbury Brown-Twiss (HBT) experiment. The
first experiment of this type was performed in 1956 to explore
the properties of light emitted by a mercury lamp,!”! and the re-
sults enabled the classical second-order correlation function of
the 435.8 nm line to be measured. It took more than 20 years
to improve the experiments by developing better detectors and
learning how to isolate photons from single emitters to the point
that quantume-optical effects could be observed.

Figure 1 gives a schematic diagram of an HBT experiment.
The light is split by a 50:50 beam splitter and registered by two
separate single-photon detectors. The detectors are connected to
a timer, which is started when a click is registered on one of the
detectors (e.g., D1). The timer then waits until another photon
from the stream is split toward the other detector (e.g., D2) and
generates the stop click. The results are displayed as histograms
giving the number of time-binned events versus 7, the time be-
tween detector clicks. The histograms that emerge from these
experiments are directly related to gi? (r) through:

g?(r) = CN(z) 1)

where C is a normalization constant and N(z) is the number
of events where a click on detector D2 occurred at a time t+ 7
after a click on D1 at time t. Negative ¢ implies that the click
on D2 occurred before the one on D1. The normalization con-
stant is found by setting the value of g (z) equal to 1 for T — co.
This assumes that there are no correlations between the arrival
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Figure 1. Schematic of a Hanbury Brown—Twiss (HBT) experiment. D1
and D2 are single-photon detectors.

times of the photons at very long times, making all time separa-
tions equally likely. In practice, this requires that g (z) is mea-
sured out to values of 7 longer than all the internal timescales
of the emitter. As a minimum, we require measurements out to
|t| > t,, where 7, is the radiative lifetime. However, care needs
to be taken, as there can sometimes be effects occurring on much
slower timescales (e.g., blinking) that can lead to errors in deter-
mining C correctly.®]

The basic principle that underlies quantum emitters is to iso-
late a single emitter, as in the atomic-beam experiment of Kim-
ble et al. in 1977.[11 The emitter is promoted to an excited state,
and then decays through a series of optical transitions of differ-
ent frequencies. If we isolate a single emitter, there can only be
one photon emitted for each transition, and we therefore obtain
only one photon of a particular frequency each time the atom is
excited. This photon can be selected by placing a filter in the col-
lection path, as illustrated in Figure 2a. In order to emit another
photon of the same wavelength, the atom must be excited again,
and follow the same decay path. Since the excitation and emis-
sion process takes a minimum time of 7, (the radiative lifetime),
the probability of emitting two photons of the same wavelength
at the same time is very small at short time differences. This gives
rise to a dip in N(z) at 7 = 0 as shown in Figure 2b, with the width
of the dip determined by the radiative emission time. This dip is
a signature of photon anti-bunching, which is a purely quantum-
optical effect that is not compatible with classical theories of light.

Figure 2c illustrates the HBT results expected for a quantum
emitter when excited by a pulsed laser. A classical source would
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emit pulses separated by T, where 1/T is the excitation rate.
Clicks can be observed on the detectors at times separated by in-
teger multiples of T giving rise to peaks in N(r) with a width
determined by the pulse width, which is itself governed by ,.
The hallmark of the quantum emitter is the absence of the peak
at 7 = 0, showing that the pulses contain only one photon and
hence cannot give rise to coincidences at the same time.

The value of g? (0) measured in an HBT experiment is the first
parameter used to compare quantum emitters. Any source with
g?(0) < 1 qualifies as a quantum emitter, since classical emit-
ters always have g (0) > 1. (See e.g.[%)) Similarly, a source that
has gi?(0) < 0.5 qualifies as a single-photon emitter, since two-
photon sources give g (0) = 0.5. However, for most applications,
we want g% (0) to be as close to zero as possible. Reasons that can
contribute to a value of g (0) > 0 include:

1. difficulties in isolating single emitters;

difficulties in selecting single transitions;

3. refilling of the emitter by carriers from the surrounding, e.g.,
by nearby traps after the first photon has been emitted.

4. inadequate detector response times;

5. classical background emission.

N

The results of Kimble et al. in 197711 gave g (0) ~ 0.4 and were
limited by the first problem, namely the difficulty of observing
photons from just a single atom within an atomic beam. The
second problem arises when the emitter decays by a cascade of
transitions with similar frequencies, as can be the case for quan-
tum dots. The third problem is a risk for all solid-state systems,
and drives research into purer materials. The fourth is a mea-
surement artefact, and does not necessarily reflect badly on the
emitter: the anti-bunching dip cannot be resolved if the detec-
tor response time is larger than z,, and this issue becomes more
serious for the best emitters with very fast radiative lifetimes.
This will not normally be a problem now that efficient supercon-
ducting single-photon detectors are available that have response
times of & 20 ps. The final problem is especially relevant to solid-
state systems, where the quantum emitter is embedded within
a host crystal that can sometime generate classical light at the
same wavelength as the quantum emitter. If all these problems
are overcome, nearly ideal performance can be observed, with
g?(0) < 10~* measured in the best cases.!!’]
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Figure 2. a) Excitation of a single atom producing a single photon on a specific transition. In this case, the photon emitted by the 2 — 1 transition is
selected after filtering. b) Idealized histogram of the time-dependence of the number of events recorded in an HBT experiment on a quantum emitter
under CW excitation, using detectors with a response time much faster than the radiative lifetime, z,, of the emitter. c) Equivalent results for pulsed

excitation with pulse rate 1/T.
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— Both to D1 25% 50 %
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50:50 i One to D1, other to D2 50 % 0
Both to D2 25% 50 %

Figure 3. Schematic depiction of a Hong—Ou—Mandel experiment. The table gives the probabilities for the possible outcomes when single photons enter

the beam splitter via the two input ports.

2.2. Photon Indistinguishability

Some applications in quantum photonics (e.g., linear optics
quantum computation) require that the photons should be in-
distinguishable from each other. The degree of indistinguisha-
bility is measured by performing Hong-Ou-Mandel (HOM)
experiments,!'!] where two photons impinge on separate input
ports of a 50:50 beam splitter, with detectors D1 and D2 posi-
tioned at the output ports, as shown in Figure 3. There are three
possible outcomes: both photons go to detector D1, both go to D2,
or one goes to D1 and the other to D2. The table in Figure 3 gives
the probabilities for these three outcomes for two extreme cases.
If the photons are completely distinguishable, they both exit the
beam splitter with 50% probability of going either to D1 or to D2.
This gives a 50% probability of coincidence events where both de-
tectors click. On the other hand, if the photons are completely in-
distinguishable, the path amplitudes interfere, and the probabil-
ity of observing coincidences drops to zero. The degree of photon
indistinguishability V can therefore be determined by measuring
the drop in coincidence events in a HOM experiment, with ¥V = 1
implying that the photons are totally indistinguishable.

High photon indistinguishability is only obtained when de-
phasing processes are eliminated, since the interaction between
the emitter and the environment provides, in principle, a mem-
ory in the system that time-tags a specific photon. Hence V is
limited by the coherence, and is given by:

v= b 2
where T, and T, are related to each other through:

1 1 1

T v

Here, T, is the coherence time, T; is the population decay time,
and T; is the dephasing time. T, can be measured with a Michel-
son interferometer, while T; can be measured by time-resolved
photoluminescence. The ideal scenario is where the only decay
channel is radiative, so that T) = 7,, and the dephasing rate 1/ T,
is negligible. In this situation, called the Fourier limit, T, = 2z,
and V =1.

The challenge in solid-state systems is to control the environ-
ment of the emitter so that dephasing processes occur on a much
slower timescale than the radiative emission. For some emitters,
the uncontrolled charges associated either with non-resonant ex-
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citation or with defects cause dephasing by generating random
electric fields that perturb the emitter via the Stark effect. These
effects can be eliminated by embedding the emitter in a diode
that controls its electrical environment and using resonant ex-
citation to prevent generation of unwanted free carriers in the
device.l'”) Phonon scattering, however, is always an issue in solid-
state materials, and the sources generally only have high coher-
ence when operated at low temperatures. An effective approach
to mitigating against dephasing is to speed up the radiative emis-
sion using the Purcell effect (see Section 2.3) to the point that
1/T; is negligible compared to 1/27y.

2.3. Brightness

The brightness of a quantum emitter is affected by many factors
and is not defined in the same way by different authors, caus-
ing ambiguity in the literature. The National Institute of Stan-
dards and Technology (NIST) in the United States has recently
produced an internal report attempting to clarify the relevant
definitions.[**] In this Section I focus on two key factors that af-
fect the brightness, namely the speed at which photons can be
emitted and the efficiency with which they can be collected and
detected. In the next Section I discuss techniques for true on-
demand operation, which also affects the brightness by ensur-
ing that the source emits a photon with probability approaching
100% for each clock cycle.

The maximum photon emission rate is governed by its
radiative lifetime 7,. There is a great variation in 7z, between
different types of emitters, ranging from nanoseconds to mil-
liseconds. The 589 nm transition of sodium used in ref. [1])
has a lifetime of 16 ns, implying maximum photon emission
rates of ~# 10%s7!. The lifetimes of some solid-state quan-
tum emitters (e.g., molecules, quantum dots) can be faster
on account of their larger physical size, giving larger dipole
moments. However, other types of emitters can be slower if the
transitions are electric-dipole forbidden (e.g., rare-earth ions: see
Section 3.7).

The transition rate is governed by the photon density of states,
which is proportional to v? in a uniform dielectric, where v is
the frequency. All other things being equal, this implies that
the radiative lifetime increases with increasing wavelength. For
example, the typical radiative lifetime of InAs quantum dots
increases from about 1 ns at & 900 nm'* to closer to 2 ns at
1550 nm.!">] However, the lifetime is not completely fixed, as the
density of states can be engineered using optical cavities. The
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Purcell factor F, that determines the radiative enhancement in
the cavity compared to the bulk is given by (see e.g.,l)):

cavity
Wy 30(A/m) Av? 4
P7oybulk T avity T 4g2y v —v)2 + AV2 (4)
21 T ¢ ¢

where Q is the quality factor, V is the mode volume, A = ¢/v is
the vacuum wavelength, n is the refractive index of the cavity ma-
terial, v, is the cavity frequency, and Av, = v./Q is the spectral
width of the mode. The factor ¢ is the normalized dipole orienta-
tion factor defined by:

lp- E|
I el 5
£ WE G)

where p is the dipole moment of the emitter and E is the field-
profile of the cavity. £ is equal to unity when the dipole is aligned
with the polarization of the cavity and is positioned at the maxi-
mum of the field. In the ideal scenario when the emitter is exactly
in resonance with the cavity (i.e. v = v) and & = 1, the Purcell fac-
tor reduces to:

o 30u/m? ]

P Ay (©)
This implies that we can obtain enhanced emission (i.e., shorter
radiative lifetime) for high-Q cavities with small modal volumes
with dimensions comparable to the wavelength inside the crystal.

Purcell’s original work in 1946 considered the emission from
atoms and molecules within microwave cavities that had ~ cm
dimensions commensurate with the optical wavelength.'®! The
ability to make high-Q cavities with ~ 1pm dimensions and
smaller, as required for optical frequencies, has only become a
reality with the development of nano-fabrication techniques such
as electron-beam lithography. This is a key strength of solid-state
emitters, especially those based in semiconducting host crystals,
since they are compatible with advanced processing technologies.

The prospect of enhancing the emission rate in the cavity en-
courages intense research efforts to develop micro- and nano-
cavities with very small modal volumes and high quality factors,
building on pioneering work demonstrating a shortened lifetime
for quantum dots coupled to a micro-pillar cavity in 1998.[1 In
this way, it has been shown that the radiative lifetime of an InAs
quantum dot can be reduced from ~ 1 ns in the bulk to ~ 20 ps
by using a photonic-crystal nanocavity.'”! The much larger Pur-
cell factor in ref. [17] compared to the earlier work is related to the
smaller modal volume of the photonic-crystal nanocavity com-
pared to the micro-pillar, and also to the use of resonant exci-
tation techniques that by-pass internal relaxation processes that
can limit the emission speed.

It should be pointed out that the maximum Purcell enhance-
ment is only achieved when the emitter is tuned to resonance
with the cavity and positioned with maximal overlap with the cav-
ity field, as shown by Equation (4). Tuning to resonance was origi-
nally done by varying the temperature, with the emitter frequency
shifting faster than the cavity mode, but the more recent results
have typically used Stark tuning, exploiting the ability to fabri-
cate diode structures with the emitters in regions with voltage-
controllable DC electric fields. (See e.g. ref. [17] or [18]) The re-
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quirement of optimal positioning is not so straight-forward for
solid-state emitters that are located at random positions within a
crystal, and it is usually necessary to fabricate many devices and
search for one with an emitter at the right position. In the long
run, it is more efficient to register the position of the emitter first
and then to fabricate the cavity around it. (See e.g.['?! and further
discussion in Section 4.)

The internal quantum efficiency of the emitter is another fac-
tor that must be considered. There might be several decay paths
from the excited state, so that a particular transition would only
be obtained according to a branching ratio. This problem can be
removed by using resonant excitation methods, where the emit-
ter is promoted directly to the upper level of the transition. An-
other potential problem is that the emitter jumps randomly be-
tween bright states that emit photons and dark states that do not,
or shifts in and out of resonance with an exciting laser due to
spectral wandering. This produces an intermittent stream of pho-
tons, an effect known as blinking.!?’! These blinking effects can
be minimized by controlling the environment of the emitter.

The brightness of a source is also determined by the photon
collection efficiency.?!l Emitters in uniform dielectrics emit over
the whole 47 solid angle, which makes it impossible to collect all
the photons using a single lens. Moreover, with solid-state sys-
tems there is the additional problem that the emitter is embed-
ded within a host crystal that has a high refractive index, which
means that most of the photons are trapped within the crystal by
total-internal reflection. Cavities can help here too, as the pho-
tons are preferentially emitted into the cavity mode rather than
into 4z solid angle, as in the bulk, and can thus funnel the pho-
tons into the collection optics. The parameter of interest is the
p-factor that quantifies the fraction of photons emitted into the
mode. This is clearly related to the Purcell factor since the latter
determines the emission rate to the cavity mode. In fact, the two
parameters are related to each other, with:

p= ()

Hence a large Purcell factor gives a large f-factor approaching
the optimal value of unity. By designing cavities with asymmetric
end-mirror reflectivities, so that photons can be coupled out pref-
erentially on one side, and using the Purcell effect to enhance the
p-factor, the collection efficiency can be greatly enhanced com-
pared to the bulk, thus overcoming the photon collection prob-
lem. In this way, coupling efficiencies into an optical fibre ap-
proaching unity have been achieved.[??]

2.4. On-Demand Operation

An ideal quantum emitter behaves as a deterministic single-
photon source that emits exactly one photon on-demand in re-
sponse to a pump pulse. This contrasts with probabilistic single-
photon sources based on heralded down-conversion and atten-
uated lasers, which rely on the low probability for multi-photon
emission when 7, the average photon number per pulse, is small,
i.e. n < 1. This is an inevitable consequence of the underlying
Poissonian photon statistics of these sources, and forces them
to operate with n ~ 0.1, which means that a particular time bin
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Figure 4. a) Schematic of a pumping scheme for collecting resonance fluorescence from a quantum emitter. An x-polarized pump laser is fed to the
sample via a non-polarizing beam splitter (BS) with a small reflection and high transmission coefficient. Scattered pump light and the single photons
pass through BS toward a polarizing beam splitter (PBS) that rejects the pump. The sample is orientated with the emitter’s dipole at 45° to the x-axis,
so that the photons it emits can pass through the polarizer with 50% probability. b) Level scheme for two-photon pumping of the biexciton state.
Aw = (wy — w,x) is the frequency splitting between the exciton |X) and biexciton |2X) transitions, and the pump frequency is set at the midpoint with

o, = (wx + wyx)/2.

might contain a photon only with ~ 10% probability. By contrast,
an ideal on-demand source emits exactly one photon with 100%
probability for each pulse, and solid-state quantum emitters can
operate in this regime when coherent-control methods are used.

Coherent control techniques were first developed for nuclear
magnetic resonance (NMR) experiments. The system is excited
by an electromagnetic pulse that is resonant with the transition
frequency and has a duration T, that is shorter than the co-
herence time T,. NMR transitions typically occur in the radio-
frequency (¥ MHz) range, and the coherence times of the nu-
clei involved are often in the ps range, or longer. This makes
it relatively straightforward to satisfy the condition T, < T,.
However, for solid-state quantum emitters operating at optical
frequencies, we need to control the electrons, which have much
shorter coherence times due, for example, to their strong inter-
action with phonons. This means that very short pulses in the
picosecond or femtosecond range from ultrafast lasers have to
be used.

The effect of an ultrashort resonant laser pulse in the coherent-
control regime is determined by the Bloch-vector rotation angle
©. For a laser pulse with a time-varying electric field amplitude
&,(t), the rotation angle is given by

0= /_ ~ Qg () dt (8)

©

where Qg (t) is the time-varying Rabi frequency:

Qg (t) =

. ©)

H12€0(t) ‘

with p,, being the transition dipole moment. The case of a #-
pulse where ® = r is of special interest. These pulses determin-
istically promote the system from the ground state to the excited
state, thus providing a method to generate a photon for every
pulse excitation cycle. This deterministic state preparation is the
preferred method for on-demand single-photon sources in which
the system produces a photon in response to a trigger pulse with
probability approaching 100%.
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Despite the benefits, the use of resonant z-pulse excitation
methods does present some technical challenges that make it dif-
ficult to implement in the field. The problem is that the photon
that is emitted has the same frequency as the laser pulse, and
hence has to be carefully separated. The standard way to do this is
to use polarization optics. We pump using one polarization (e.g.,
x) and only collect light with the opposite polarization (i.e., y) with
a polarizer in the collection path to block the scattered laser pho-
tons, as shown in Figure 4a. This works if the emitter dipole is
orientated at 45° to the x and y axes, so that the driving field has
a component parallel to the dipole, and the emitting dipole has a
component along the collection polarization. The need to resolve
the x-polarized pump laser along the 45° direction is not a prob-
lem, as we can just double the power to get the same pumping
field, but the 45° orientation of the emitter dipole relative to the
y-polarized collection path is an issue, as it means that we lose
half the photons that are emitted.

An ingenious method to get around this problem is to use an
elliptical cavity with two oppositely polarized cavity modes with
slightly different frequencies.[?’! The emitter is in resonance
with the y-polarized cavity, which enhances the emission prob-
ability for y-polarized photons through the Purcell effect, and
can be pumped via the off-resonance x-polarized cavity mode.
The coupling of the laser through the off-resonant cavity mode
is therefore relatively weak, but this is not a problem, as the
laser power can simply be turned up. The key here is to pump
the quantum emitter via the x mode, but all the photons are
emitted into the y mode due to the Purcell effect, giving very
high emission probability.

The need to separate the pump laser from the emitted photon
has prompted research to develop methods in which the excita-
tion frequency is not exactly resonant with the transition. A com-
mon approach is to pump the system to the biexciton state by
two-photon excitation, as shown in Figure 4. The interaction be-
tween the excitons leads to a frequency splitting Aw = wy — w,x
between the exciton |X) and biexciton |2X) transitions, where
hAw is the biexciton binding energy. The two-photon transition
occurs at @, = (wy + ®,x)/2, and can easily be filtered out. This
leads to high purity single-photon emission on both the exciton
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and biexciton transitions, with g (0) < 10~ reported using this
method (see e.g.!1”). Other non-resonant approaches for deter-
ministic population of the excited state include:

a) phonon sideband pumping, where @, = wy + Q, where hQ is
the energy of an acoustic phonon, typically a few meV;[24%]

b) dichromatic pumping with two pulses detuned symmetrically
on either side of the exciton such that 0w, = wy + A and w, =
Wy — A;[ZG]

¢) dichromatic pumping by the SUPER method (Swing-UP of
quantum EmitteR population), where both pulses are red-
detuned from the transition.[?’]

The price that is paid for using detuned pulses is that higher
powers have to be used to invert the population. This is not an
issue for proof-of-principle experiments, but could eventually be-
come important for multi-emitter systems in which power bud-
gets have to be considered. There could also be a trade-off be-
tween excitation power and g (0), for example due to increasing
background emission, leading to a reduction in the single-photon
purity at the higher pump powers.

3. Quantum-Emitter Materials

3.1. Overview

The need for single-photon sources in photonic quantum tech-
nologies motivates research to improve established materials and
to develop new ones.[?!! In comparing different platforms, con-
sideration has to be taken of the four features discussed in Sec-
tion 2, namely: single-photon purity, photon indistinguishability,
brightness, and on-demand operation. However, these are not the
only factors that have to be considered, and two other important
ones are the wavelength and the operating temperature.

The wavelength that is required is determined by the applica-
tion. Emitters optimized for optical fibre systems are of particular
interest. Short-range local area networks tend to operate in the
near infrared spectral region around 900 nm, while long-range
systems work in the telecom O-band (1260-1360 nm) and C-band
(1530-1565 nm) wavelength ranges. Emitters that are optimized
for spectral regions where atmospheric losses are low are also of
particular interest for free-space quantum channels (e.g., to satel-
lites). Visible quantum emitters can be used in this application,
while near infrared wavelengths (e.g., C-band) benefit from lower
atmospheric losses and reduced background from the Sun.[*!

Quantum emitters generally work best at cryogenic tempera-
tures. This is acceptable for laboratory demonstrations, but wide-
scale deployment will require operation at higher temperatures.
The target is to achieve room temperature operation, but a com-
promise solution is to reach temperatures that are accessible with
miniature cryocoolers.

In the subsections that follow, a brief survey of different mate-
rial systems is given, with a summary in Table 1. More detailed
performance indicators for some specific single-photon sources
are given in Table 2. The table includes results at both cryogenic
temperatures and room temperature, and the radiative lifetime
7, is included, as this is the parameter that ultimately limits the
count rate that can be achieved. Note that all the results in Table 2
for a specific source are obtained at the same time. This is an im-
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portant consideration, as there is often a trade-off between perfor-
mance parameters such as the single-photon purity and the de-
tected count rate, with better values of g? (0) generally obtained
at low excitation levels where the detected count rate is lower.
Thus it might be possible to achieve world-best results for single-
photon purity or indistinguishability at low powers, but the per-
formance achieved when operating under z-pulse excitation or at
saturation can be much worse.

3.2. Epitaxial Quantum Dots

At present, the best results for on-demand single-photon sources
have been obtained using epitaxial semiconductor quantum dots
(QDs). (See ref. [31] or [90] for reviews.) This is because of the
availability of advanced semiconductor technology that enables
growth of samples with very high purity and the fabrication of
highly sophisticated nano-photonic devices.

Much of the work has focused on (In,Ga)As/GaAs devices that
emit around 900 nm and have a radiative lifetime of about 1 ns.
With resonant excitation techniques (see Section 2.4) it is pos-
sible to promote the QD to the upper level of the desired tran-
sition with near unity efficiency, leading to optimal on-demand
operation, with values of ¥ approaching unity.°!! The indistin-
guishability remains high for photons separated by long times
compared to the pulse separation (13 ns), but eventually drops off
on microsecond timescales due to spectral diffusion associated
with charge fluctuations in the vicinity of the QD.?! The charge
state of the quantum dot can be stabilized by embedding the QDs
within diode structures with controlled gating. The depletion of
the carriers reduces intermittency (i.e., blinking) associated with
random charging and discharging of nearby traps,®’! and also
leads to transform-limited linewidths.'”) Purcell enhancement
of a very high quality gated quantum dot has facilitated neg-
ligible drop-off in the indistinguishability for photons emitted
with ~ 1ps time separation.['®! The photon collection problem
has been overcome by embedding the QDs inside nano-cavities
that funnel all the photons to a specific optical channel with high
efficiency. The nano-cavity can also be used to speed up the emis-
sion via the Purcell effect, thereby improving the brightness. Very
large Purcell factors are possible for small nano-cavities with high
quality factors, and this has been shown to improve the coherence
of a QD source to the Fourier limit even in devices with average
electrical properties.!”]

By combining all of these techniques, the QDs approximate
very well to ideal deterministic single-photon sources, surpass-
ing all other rival technologies. (See e.g. refs. [18, 32-34]) The
first row in Table 2 lists the results achieved in ref. [18], which
represents the present state-of-the-art for an on-demand single-
photon source excited by z-pulses in terms of end-to-end efhi-
ciency and detected count rate combined with very good single-
photon purity and HOM visibility. Comparable results, albeit
with lower end-to-end efficiency, have been reported for In-
GaAs/GaAs QD devices that are now available commercially and
have been implemented in a single-photon-based quantum com-
puting platform.[*¥]

The (In,Ga)As/GaAs sources emitting at about 900 nm are
well suited for local-area networks, but longer wavelengths are
needed at larger distances. The emission wavelength depends on
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Table 1. Representative list of material systems for solid-state emitters and their emission wavelengths. The references give a flavor of some of the
relevant recent work, or are review articles. The single-photon purity g{?) (0) is the best value reported in the references cited. More detailed performance
indicators for some of the emitters are given in Table 2. UV: ultraviolet, NIR: near infrared; TMDC: transition-metal dichalcogenide.

Material system Material details Wavelength range g (0) References
Epitaxial quantum dots (InGa)As/GaAs 900 - 1300 nm 0.000095 [30-34]
InAs/InP telecom C-band 0.0032 [15, 35, 36]
InAs/GaAs on metamorphic buffer telecom C-band 0.003 [37, 38
GaAs/AlGaAs ~ 780 nm 0.000075 [10, 39]
nitrides: GaN/AIN, InGaN/GaN UV-visible 0.05 [31, 40, 41]
Colloidal quantum dots 11-VI semiconductor visible, NIR 0.01 [42-44]
InP visible, NIR 0.03 [45, 46]
perovskite visible 0.019 [47, 48]
Molecular polyaromatic hydrocarbons visible, NIR < 0.03 [49-51]
carbon nanotubes telecom O-band 0.02 [52, 53]
Color centers diamond: NV (nitrogen vacancy) 637 nm 0.21 [54, 55]
diamond: SiV (silicon vacancy) 738 nm 0.0168 [56, 57]
diamond: GeV (germanium vacancy) 602 nm 0.06 [58-60]
diamond: PbV (lead vacancy) 552 nm 0.2 [61]
diamond: SnV (tin vacancy) 619 nm 0.09 [62, 63]
silicon 1100 — 1550 nm 0.20 [64, 65]
silicon carbide 1000 — 1400 nm 0.05 [66, 67]
silicon nitride 550 - 750 nm 0.12 [68]
hexagonal boron nitride (hBN) visible 0.01 [69, 70]
2D materials TMDCs: WS,, WSe,, MoSe, NIR 0.002 [71-74]
TMDCs: MoTe, 1080 — 1550 nm 0.058 [75]
Rare earth ions Nd** 880 nm 0.09 [76]
Yb** 980 nm 0.26 [77-79]
Er’* 1550 nm 0.018 80, 81]

the size of the QD and the strain within it, both of which can be  energy due to the lattice constant mismatch builds up as the QDs
controlled to some extent by the growth conditions. In this way, it  get larger, and it is impractical to push InAs/GaAs beyond the O-
has been possible to extend the wavelength to the telecom O-band ~ band, making it necessary to follow different approaches to reach
around 1300 nm,[*>*! and a plug&play quantum key distribu-  the telecom C-band around 1550 nm. One option is to use InP as
tion (QKD) testbed has been developed.””] However, the strain  the host material.['>336989] The lattice-mismatch between InAs

Table 2. Performance indicators for pulsed single-photon sources using solid-state quantum emitters. The results are all obtained under the same
operating conditions unless stated otherwise. The count rate is the measured value without allowing for the imperfect detector efficiency. g (0): HBT
measurement, indicating the single-photon purity; z,: radiative lifetime; V: HOM visibility; QD: quantum dot; DBT: dibenzoterrylene single molecule.

Quantum emitter Wavelength Temperature Clock rate Count rate g2 (0) 7, % Ref.
nm K MHz MHz ns
(InGa)As/GaAs QD 920 4.2 762 170 0.021 0.048 9 97.5% [18]
InAs/InP QD 1533 4 302 0.005 0.34 35% 82]
CsPbBr; colloidal nanocrystal 531 3.9 80 0.019 0.23 56% [48]
DBT in anthracene 783.5 3 25 0.052 0.008 4.0 78% [83]
DBT in anthracene 785 300 80 0.5 0.029 3.6 [84]
SiV in diamond 739 300 1 0.0037 0.04 3429 [85]
Color center in hBN 436 4 80 0.0012 0.14 1.9 56% [86]
Color center in hBN 645 300 40 0.51 0.08 9 39 [87]
WSe, 2D material 807.3 4.2 5 0.067 0.17 ~ 1008 [88]

3 z-pulse excitation; P)The actual count rate was 1.7 MHz, but this was measured after attenuating the photon stream by a factor of 9.9 to prevent detector saturation;
9Purcell enhanced; 9 Measured at 40 MHz; ©The accepted value is around 1.7 ns. See, for example,[®]; ) Measured at 10 MHz; © Estimated by the author from the
published HBT data.
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and InP is smaller than with GaAs, and so larger QDs can form,
leading to longer emission wavelengths. Another possibility is to
deposit a metamorphic InGaAs layer on top of a GaAs substrate
and grow the QDs on InGaAs rather than on GaAs, again to
reduce the strain.?738) In this way, single-photon distribution in
a metropolitan fibre network using QD sources operating at the
C-band has been demonstrated(1%! as well as QKD over a 79 km
fibre link.'!) The second row in Table 2 gives representative
state-of-the-art performance figures for the C-band QD single-
photon sources.®2] While excellent single-photon purity has
been demonstrated, the raw HOM visibility remains lower than
for the ~ 900 nm QDs. Significant progress is being made to
improve V,[1%%] and the recent results in ref. [36] demonstrate that
very high visibility can be achieved by post-selection techniques.

Shorter wavelength QDs based on the GaAs/AlGaAs system
are also being developed for coupling to Rb atomic quantum
memories at 780 nm. These QDs have shown excellent proper-
ties both in terms of their transform-limited linewidth*) and
photon indistinguishability.'®! The QDs can also be tuned to
the SiV transition at ~ 737 nm, allowing further possibilities
for hybrid devices.['% For still shorter wavelengths in the visi-
ble and UV range, nitride quantum dots have been developed,
for example GaN/AIN and InGaN/GaN.!***1] Since these nitride
quantum dots have large confinement energies, the excitons re-
main stable at higher temperatures, and single-photon emission
at 350 K has been reported for a GaN QD formed near the tip of
a nanowire.!!%]

3.3. Colloidal Quantum Dots

Colloidal quantum dots are now routinely used in classical pho-
tonic applications such as displays. However, their use as single-
photon sources is not so well developed, despite the fact that they
preceded epitaxial QDs for the observation of anti-bunching.[]
One of the issues is the problem of blinking,'%! but major
progress has been made with the development of core-shell II-VI
QDs, especially when the QDs are coupled to nanocavities.!'”’]
In this way, single-photon emission over a wide range of wave-
lengths spanning the visible to the near infrared has been re-
ported up to room temperature (see e.g., refs. [42, 43]), and recent
work includes the integration of colloidal QDs with nanopho-
tonic circuits.[*4]

Most research on colloidal QDs focuses on I1-VI materials, but
other types of quantum dots are coming to the fore. InP QDs con-
taining no heavy metals are attractive due to their lack of long-
term environmental issues,[**%] while perovskite QDs are de-
veloping rapidly.[1®®! For example, bright single-photon emission
has been reported for a perovskite QD at room temperature,[*’]
and the Hong—-Ou-Mandel visibility achieved in another QD was
56% at 3.9 K.[*8] (See third row in Table 2.)

3.4. Molecular Systems
The first demonstration of quantum emission for a solid-state

material was made in 1992 on a single pentacene molecule em-
bedded within a p-terphenyl crystal,[? and pulsed single-photon
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emission at room temperature was demonstrated as early as
2000.11%9 Single-photon emission has now been observed for a
wide range of molecular materials spanning the visible and near
infrared spectral range.>>! Table 2 includes some recent results
for the DBT (dibenzoterrylene) molecule in anthracene at both
cryogenic and room temperatures.

In the most recent work, a photon indistinguishability of
52% has been determined at 4.7 K,['' while molecular single-
photon sources have been integrated within photonic circuits!'!!!
and implemented in a QKD system.®*] Meanwhile, the con-
trolled introduction of aryl defects by chemical methods has
led to much progress on single-photon emission from carbon
nanotubes.’2>3] The emission wavelength is in the telecom O-
band range around 1300 nm, making them compatible with sili-
con nano-cavities and hence Purcell enhancement,''?] while re-
cent room-temperature results demonstrate high indistinguisha-
bility at a wavelength close to the C-band.[!?]

3.5. Color Centers

Quantum emission has been observed for a great variety of color
centers. (See ref. [114] for a recent review.) These are present in
most crystals, and the observation of quantum emission requires
a low density of defects so that only one of them lies within the
excitation area. The defects emit at photon energies within the
bandgap of the host, allowing a wide range of wavelengths to be
reached depending on the type of color center.

Early work focussed mainly on defects in diamond (see e.g.,
ref. [115]), where the nitrogen-vacancy (NV) defect emitting at
637 nm received much attention. This defect suffers from strong
phonon coupling, which means that only about 3% of the pho-
tons are emitted on the zero-phonon line (ZPL), and the radia-
tive lifetime is relatively long (=~ 30 ns). As a consequence, other
types of defect have been investigated, such as the silicon-vacancy
(SiV) center that emits round 738 nm and has more than 70% of
its emission in the ZPL.1"1%I The SiV center has a shorter lifetime
(~ 2 ns) than NV, which allows higher single-photon rates,!!’!
and its inversion symmetry makes it relatively immune to ran-
dom electrostatic fluctuations, leading to high coherence and
hence high photon indistinguishability.[®"]

Other centers such as the germanium vacancy (GeV) emitting
around 602 nm, 8> the tin vacancy (SnV) at about 620 nm!6>118]
and the lead vacancy (PbV) emitting at about 552 nm!(®! are also
showing considerable promise. Transform-limited emission has
been demonstrated for some of these, with a HOM indistin-
guishability of 63% and quantum control demonstrated for the
SnV center at 3.6 K[! while the PbV center is relatively ro-
bust to temperature.['2] Moreover, the use of cavities to enhance
the emission via the Purcell effect has been shown to give larger
ZPL fractions and shorter radiative lifetimes,>>°762121] while the
use of nanowires and plasmonic enhancement are also highly
beneficial.[5456.60]

The experience and understanding of color centers in diamond
has burgeoned a whole field of research into quantum emitters
in other wide-gap crystals such as silicon carbide (SiC), silicon
nitride (Si;N,), and hexagonal boron nitride (hBN). The first
two are widely used in the electronics and photonics industries
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and hence have mature technologies that can produce advanced
devices. SiC hosts many color centers in its various polymorphs,
some of which emit at technologically important telecom wave-
lengths in the near infrared,[°®¢’] while silicon nitride has bright
defects that emit in the visible spectral range .8l hBN is a layered
structure that is compatible with strain-engineered quantum
emitters in 2D-materials. (See Section 3.6 below.) However, it
can host color-center single-photon sources in its own right that
typically emit in the visible spectral region.[*7%] A photon indis-
tinguishability of 56% has recently been determined for a 436 nm
emitter at 4 K, with a value of 90% predicted to be in reach by
using Purcell enhancement, while good photon count rates with
acceptable g (0) values at room temperature have been reported
at 645 nm. (See results from refs. [86] and [87] in Table 2.)

Another rapidly developing field is the study of color centers
in silicon, which has obvious interest on account of the domi-
nance of silicon in electronics and its widespread use in advanced
photonics. Since the bandgap of silicon is 1.1 eV, these color
centers emit at wavelengths longer than 1100 nm in spectral re-
gions that include the telecom O- and C-bands around 1300 and
1550 nm,[%+%5] and their emission can be enhanced by using op-
tical nanocavities.['??]

3.6. 2D Materials

The research field of graphene-like layered 2D materials is
highly active at present, with very rapid progress being made for
transition-metal dichalcogenide (TMDC) monolayers following
the independent observation of quantum emitters by four dif-
ferent research groups in 2015. (See refs. [74, 123-126] for re-
cent reviews.) In these materials the quantum emitter is formed
when excitons are trapped in quantum-dot-like potential minima
caused by strain. The most widely studied materials are WS,,
WSe, and MoSe,, with emission at near-infrared wavelengths,
while MoTe, has been shown to emit down into the telecom O-
and C-band range.”®) Biexciton states as in Figure 4b have been
clearly identified, with cascaded single-photon emission on both
the 2X — X and X — 0 transitions demonstrated for WSe,.'?’]
Good g?(0) values have been achieved, and a strain-engineered
WSe, source emitting at 807 nm was recently implemented in
a QKD test system.l1?8] (See bottom row in Table 2 for perfor-
mance indicators.) Meanwhile a very high first-lens brightness of
65% has been reported with g (0) = 4.7% by coupling the TMDC
monolayer to an open cavity, although the HOM visibility was low
due to the unstabilized environment.'?!

The connection between the strain potential and the quan-
tum emitter provides a natural mechanism for strain-engineered
devices. The wavelength can be tuned by varying the strain,[*"]
while the location of the emitter can be determined by laying the
2D material over pre-patterned substrates that create localized
strain points. In this way it has been possible to demonstrate site
control of the quantum emitter,3!] enabling accurate position-
ing relative to a cavity, thereby optimizing the coupling efficiency
and hence the Purcell enhancement.[**?] Tt has also been possible
to make large arrays of quantum emitters,['*3] including those of
MoTe, emitting at telecom wavelengths.[134]

Hexagonal boron nitride (hBN) is rapidly emerging as a very
promising material in the context of quantum emitters. (See ref.
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[124] for a review.) Progress on color-center quantum emitters in
hBN crystals was noted in Section 3.5, but hBN is also a layered
2D material, and quantum emitters can be induced by strain just
as for TMDC:s. In this way, arrays of emitters have been demon-
strated on patterned substrates, with g?(0) values below 0.5 at
room temperature.!135:136]

3.7. Rare Earths

Rare-earth ions from elements 57-70 are widely used in classical
photonics, for example in solid-state lasers, phosphors, and fibre-
based optical amplifiers. The ions are doped into the host mate-
rial, and individual quantum emitters are isolated by using low
doping levels. They could be considered as a type of color center,
but they differ from the ones considered in Section 3.5 on account
of the 4f nature of the active electronic states. Moreover, many of
the color centers considered in Section 3.5 involve vacancy-based
defects, whereas the rare-earth emitters involve the deliberate in-
troduction of dopant impurities.

The optical transitions that are used in rare-earth-ion quan-
tum emitters take place between different angular momentum
states derived from the 4f orbitals. These f — f transitions are for-
bidden by electric-dipole selection rules, and therefore have low
probabilities with correspondingly long radiative lifetimes. The
long lifetimes are advantageous for developing quantum memo-
ries, but inevitably lead to low brightness. Much of the research
with these materials is therefore focused around enhancing the
emission by using the Purcell effect in nano-cavities.['*”138] In
this way, anti-bunching has been observed for several different
ions in a variety of hosts, for example: Nd’* in YVO, emitting
at 880 nm!”*) and Yb’" emitting around 980 nm in LiNbO,,””]
YVO,,[”8 and optical fibre.[”’!

The Er** ion is receiving considerable attention on account
of its telecom-compatible transitions around 1550 nm. Purcell-
enhanced anti-bunching has been observed in several wide-gap
insulators such as LiNbO,,[® CawO,,®! and YSO,[1*] while a
78-fold enhancement of an Er’* single emitter has recently been
reported in a silicon nanobeam cavity.!140]

4, Discussion

A major issue that holds back wide-scale deployment of solid-
state quantum emitters is the operating temperature. In general,
all of the solid-state quantum emitters work best at low tempera-
tures. Indeed, the nearly ideal results for the InAs/GaAs QDs are
only obtained with the sample held atliquid helium temperatures
(~ 4 K), as phonon scattering degrades the performance as the
temperature increases. In this context, the wide-gap GaN quan-
tum dots are more robust to temperature,!'®! and some of the
color-center sources can give good results even at room temper-
ature. (See e.g., refs. [54, 66, 68]). Hexagonal boron nitride (hBN)
and colloidal QDs can also work well at room temperature (see
e.g., refs. [42, 141]), although none of these room-temperature re-
sults match the performance demonstrated for the InAs QDs at
cryogenic temperatures, especially as regards the photon indis-
tinguishability.

The fact that some solid-state emitters are compatible with
advanced photonic technologies and hence can be embed-
ded within high quality-factor nano-cavities and slow-light
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waveguides!*>1*®] could provide a route to overcoming the tem-
perature issue. The shortening of the radiative lifetime by the
Purcell effect makes the emitter less susceptible to dephasing!*”!
and the most recent studies suggest that this could preserve the
optimal performance to higher temperatures,!'** possibly within
the range of miniature cryo-coolers.[*”1*] In fact, the use of the
cavity is a win-win situation: it speeds up the emission, improves
the collection efficiency and mitigates against decoherence. The
only drawback is that it does restrict the bandwidth, but the small
modal volumes that are possible mean that the Q factor does not
have to be especially large to achieve usable Purcell factors. Cir-
cular Bragg grating (bullseye) cavity designs show considerable
promise here, as there combine very good collection efficiency
with reasonable Purcell factors over moderate bandwidths.[146:147]

The compatibility of solid-state emitters with advanced tech-
nologies has other benefits. An electrically-pumped single-
photon light-emitting diode was demonstrated as early as
20021181 and much progress has been made since then.!'**] How-
ever, electrical excitation is notideal, as timing jitter is introduced
by the process of capturing the carriers into the quantum emitter,
and the large number of free charges in the device can introduce
noise and dephasing. These problems can be avoided by using
resonant optical excitation techniques that pump the electrons
directly to the relevant excited state, thereby removing the car-
rier relaxation time, and also limiting the creation of unwanted
charge carriers. Resonant pumping also allows on-demand oper-
ation. (See Section 2.4.)

Scalability is an issue that has to be addressed for large-scale
photonic quantum computing. The great drawback of the InAs
quantum-dot sources is that the QDs are formed by random epi-
taxial growth, which leads to inhomogeneity in their size and
shape, and hence emission wavelength. Other types of sources
such as diamond vacancy centers are clearly better in this re-
spect, as the emission wavelength should be the same for all emit-
ters. However, even these have inhomogeneity at the microscopic
scale due to local environmental variations and have to be tuned
to bring two emitters to exact resonance.['>%)

A successful work-around for the spectral inhomogeneity of
self-organized quantum dots has been developed based on de-
multiplexing. This exploits the fact that the QDs can emit long
chains of highly indistinguishable photons,!!33] which makes it
feasible to turn a stream of single photons produced at a clock-
rate of f into a stream of N photons atrate f /N. In this way, boson
sampling tests with 20 photons have been performed!*!] as well
as measurements of multi-photon indistinguishability.[52!

Another type of inhomogeneity relates to the position of the
emitter, which is also random for self-organized growth. Site-
control methods can be used for quantum dots (see e.g., ref.
[153]), while ion-implantation techniques can be used to po-
sition vacancy defects in diamond,> and strain engineering
can be used for 2D materials.”>1%] In the case of the InAs
QDs, much progress has been made in limiting the effects of
spatial inhomogeneity by using in-situ lithography,['5¢157] and
15 deterministically-fabricated single-photon sources have been
bench-marked with a spread of wavelengths within the range ac-
cessible by Stark tuning.[58]

For some types of quantum emitters, the issue of stability re-
mains pertinent. The harder inorganic materials can be very ro-
bust, and the InAs quantum dot source used in the author’s lab-
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oratory for ref. [17] worked almost continuously under intense
excitation for five years. However, organic materials can degrade
due to oxidation, and colloidal QD sources suffer from blinking
due to random surface charges. The development of core-shell
colloidal QDs has greatly improved the stability,1%! but further
work is still needed.

In recent years there has been much interest in integrating
quantum emitters into photonic circuits.!'>! The InAs quantum
dots are leading the way with advanced functionality demon-
strated in ITI-V photonic circuits (see e.g., ref. [160]) along with
hybrid integration into other platforms such as Si;N,[!%!] and
LiNDO;,.['®2] However, other materials (e.g., colloidal QDs,!*] sin-
gle molecules,[''"] TMDCs!'%]) are also progressing rapidly, and
the discovery of quantum emitters within the photonic platform
material itself — e.g., in Si;N,, SiC and silicon: see Section 3.5
— clearly opens many opportunities.

One issue that arises when integrating the emitter into pho-
tonic circuits is the difficulty in implementing coherent pumping
schemes. In these schemes the resonant or near-resonant pump
laser has to be separated from the emitter’s photons (see Sec-
tion 2.4), and this can be particularly challenging in on-chip ge-
ometries. One successful method for in-plane resonant pumping
is to couple the single photons to a different waveguide mode to
the pump laser in a dual-mode device.[164165]

As a final point, it is worth mentioning that some of the quan-
tum emitters discussed in this perspective can trap single elec-
trons or holes and can hence be used as spin qubits. For example,
the NV~ and SiV™ centers in diamond have been extensively stud-
ied, but there are many other possibilities as well.[1*] Some of the
charged defects in hBN look especially promising,[19-17% while
the discovery of single spins in silicon T-centers opens possibil-
ities for long-lived quantum memories for telecom-wavelength
photons.[®]

5. Conclusion

The research field of solid-state emitters has made tremendous
progress in the past three decades since the first results in 1992.
Table 1 shows that a wide range of wavelengths is available, open-
ing up a great variety of applications. Compared to the rival ap-
proach based on heralded down-conversion, the great advantage
of quantum emitters is that they can operate deterministically
(see Section 2.4). They can also be very fast, and III-V QD sources
are the best single photon-sources available at present, giving
nearly ideal performance at low temperatures. The award of the
2023 Nobel Prize for Chemistry for the discovery of quantum dots
raises hopes that QD single-photon sources can be commercial-
ized. In fact, I1I-V QD sources are now available from several
companies,!*’! but these are costly systems that are only being
used in research laboratories at present. Other material systems
are not at the same level of maturity, but some of them are mak-
ing very rapid progress.

The rapid progress in the sources means that applications
in quantum photonics are becoming more widespread. A re-
view of work done with semiconductor quantum dots in quan-
tum communications may be found in ref. [172] and several
examples of the use of solid-state quantum emitters in QKD
and quantum random-number generation systems have been
cited in this perspective.[#+97100.101.128] Bogon sampling tests with

© 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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as many as 20 photons from a quantum-dot source have been
implemented(*>! and one of the commercial companies men-
tioned in ref. [171] has launched a quantum-computing platform
based on their devices.**l The generation of entangled photons
from solid-state quantum emitters opens further applications
such as super-resolved optical phase measurements!!”3] and bilo-
cality demonstrations.!'’*] A great deal has been achieved, but
there is still much to do.
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