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In the past century, technology was transformed by the first quan-
tum revolution, where utilization of some aspects of quantum 
mechanics—such as energy quantization or wave–particle dual-

ity—enabled technologies ranging from semiconductor devices 
to lasers. We are at the threshold of a second quantum revolution, 
where new technologies will make use of previously untapped fea-
tures of quantum mechanics, such as superposition, entanglement 
and quantum measurement1. Photonics—the generation, process-
ing and detection of light—is a product of the first quantum revolu-
tion and, despite its name, until now has not exploited any features 
associated with photons, the individual particles of light.

Quantum photonics requires quantum light fields such as squeezed 
light2, single photons or entangled photons. It promises to enable sig-
nificant capabilities in: communication, for example, quantum key 
distribution3 and tamper-proof voting protocols4; metrology and imag-
ing, yielding devices with resolution and precision better than allowed 
by the quantum noise limit5,6; and quantum simulation and computa-
tion7,8. In the applications that require entanglement, such as quantum 
computation9,10, a linear increase in hardware resources has the same 
effect as an exponential increase in conventional approaches11.

For quantum photonics to realize its potential, three technolo-
gies are necessary: efficient, fast, photon counters12, linear and non-
linear photonic circuits13,14, and single-photon sources. While recent 
years have seen significant progress in photonic detection and linear 
circuits, a significant roadblock to further progress has been the lack 
of scalable photon sources.

The ideal single-photon source
Three properties are important to describe an ideal single-photon 
source. Depending on the scientific community, these three prop-
erties have been given different names but the important features 
behind them remain the same: a single-photon source should pro-
duce light pulses with no more than one photon, in a pure quantum 
state and as efficiently as possible.
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Single photons are a fundamental element of most quantum optical technologies. The ideal single-photon source is an 
on-demand, deterministic, single-photon source delivering light pulses in a well-defined polarization and spatiotemporal 
mode, and containing exactly one photon. In addition, for many applications, there is a quantum advantage if the single 
photons are indistinguishable in all their degrees of freedom. Single-photon sources based on parametric down-conversion 
are currently used, and while excellent in many ways, scaling to large quantum optical systems remains challenging. In 
2000, semiconductor quantum dots were shown to emit single photons, opening a path towards integrated single-photon 
sources. Here, we review the progress achieved in the past few years, and discuss remaining challenges. The latest quantum 
dot-based single-photon sources are edging closer to the ideal single-photon source, and have opened new possibilities for 
quantum technologies.

Single-photon purity. A light pulse can be decomposed as an ensem-
ble of plane wave modes, where each mode is a quantized harmonic 
oscillator with defined polarization ε, spatial frequency k, and fre-
quency ω = ck, where c is the speed of light. The photon wavepacket is  
 
 
 
 
The number state of each mode—or Fock state—written as |n〉k,ε, 
corresponds to a pure state with exactly n photons in the mode. A 
single-photon light field is built exclusively on single-photon Fock 
states |1〉k,ε, with a total photon number of one15. The fact that the 
field does not contain more than one photon can be characterized 
by the second-order intensity correlation function g(2)(0) measured 
using a Hanbury Brown and Twiss experiment (Box 1). A light field 
with no more than one photon leads to g(2)(0) = 0  whereas a laser 
field gives g(2)(0) = 1.  g(2)(0) is often used to characterize the single-
photon purity of the source. A high single-photon purity guarantees 
the security of quantum communications16 and minimizes errors in 
quantum computation and simulation17–20.

Indistinguishability. For many applications, the photons must 
be indistinguishable. Quantum technologies require effective 
photon–photon interactions to implement two-photon quantum 
gates, where the state of one photon is determined by the state 
of a second one. Such entangling gates are key elements in quan-
tum algorithms or in quantum repeaters for long-distance quan-
tum communication. The effective two-photon interaction can be 
engineered using the quantum interference of two single-photon 
wavepackets that cannot be distinguished from one another by 
any measurement (Box  1). This condition is reached when each 
wavepacket is a pure quantum state, with defined complex coef-
ficients ck,ε,n, not a statistical mixture. The indistinguishability is 
characterized by the mean photon wavepacket overlap M, which 
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can be measured through  Hong–Ou–Mandel (HOM) interfer-
ence21: the two light pulses are sent to the two inputs of a beam-
splitter, with one detector at each output. If the two light pulses 
are in the same pure quantum state, they exit the beamsplitter 
together, and only one detector senses the photons. The HOM vis-
ibility VHOM of the quantum interference is determined through 
the second-order correlations between the detectors, yielding the 
indistinguishability M (Box 1). Perfect indistinguishability is char-
acterized by M = 1.

Brightness. Finally, a deterministic single-photon source should 
deliver light pulses with no vacuum component, |0>. This property 

is very fragile as any optical loss leads to a vacuum component. 
How close a source is to deterministic operation thus depends on 
where the single photon probability is measured: at the output of 
the source, at the output of an optical fibre, on a detector, and so on. 
As a result, the efficiency or brightness of a single-photon source 
has not been defined in a uniform way among various communities. 
Many figures of merit are used, including count rates on a detector, 
collected photons per second and brightness at the first lens. The 
appropriate choice depends on perspective, and comparisons can 
be challenging.

A good measure is the probability ℬ that each light pulse con-
tains a single photon: ℬ = 1 for a deterministic single-photon source. 

Measuring the single-photon purity. A simple way to test 
whether a light field has no more than one photon is to perform 
the Hanbury Brown and Twiss experiment189. The case of pulsed 
light—that is, on-demand sources—is discussed here. The light 
field is sent to a beamsplitter and two single-photon detectors D1 
and D2 measure each output (panel a). The detector outputs are 
sent to correlation electronics that measure the time delay between 
coincident detection events, that is, events where both detectors 
fire. An example of such detection coincidences is presented in 
Fig. 1f as a function of time delay. Correlations are observed at mul-
tiples of the source repetition time, corresponding to coincidences 
for photons emitted in different pulses. The area of the peak at zero 
delay—where a coincidence only arises if more than one photon 
was present in the light pulse—provides information on the single-
photon purity. In detail, the second-order correlation function is  
 
 
 
where ni(t) is the number of counts (n) detected on Di at time t. 
So measuring g(2)(0) then gives access to the single-photon purity: 
if p(n) is the n-photon number probability190, g(2)(0) ≈ 2p(2)/p(1)2 
for p(1)  >>  p(2)  >>  p(n  >  2). For an ideal single-photon source, 
p(2) = 0 and g(2)(0) = 0. Note that this experiment, based on detec-
tion events, does not give access to the vacuum component of 
the field p(0): this characteristic of the source is discussed in the 
brightness section of the main text.

Measuring the photon indistinguishability. The mean wavepacket 
overlap of two light wavepackets can be measured through the 
Hong–Ou–Mandel experiment21. When two indistinguishable 
photon wavepackets, described by the same pure quantum state, 
are sent to the two inputs of a beamsplitter with perfect spatial and 
temporal overlap, a quantum interference process takes place. The 

probability amplitudes of the events ‘both photons transmitted’ and 
‘both photons reflected’ interfere destructively due to the relations 
between the reflection and transmission coefficients of the beam-
splitter. As a result, both light wavepackets scatter into the same 
output. This bunching or coalescence can be measured by the vis-
ibility of the quantum interference VHOM and is directly linked to 
the photon wavepacket overlap M. The second-order coincidence 
count C|| is measured between two detectors located on two outputs 
(panel b). For normalization, the light pulse in one input arm can be 
made maximally distinguishable by varying a degree of freedom—
commonly the pulse arrival time at the beamsplitter or polarization, 
cancelling the quantum interference effect, yielding a coincidence 
count C⊥. The HOM visibility is VHOM = (C⊥ − C||)/C⊥. The coinci-
dence counts are integrated over the entire pulse temporal duration, 
as any temporal post-selection artificially increases VHOM. The indis-
tinguishability is given by M = VHOM((R2 + T2)/2RT) where T = 1 − R 
and R and T are the beamsplitter intensity reflectivity and transmis-
sion coefficients, respectively, and when R = T = 0.5, the VHOM vis-
ibility is simply the indistinguishability M.

Sources with imperfect single-photon purity, g(2)>0, yield 
VHOM  <  1 since the additional photon terms give coincidences 
in both C|| and C⊥. In QD single-photon sources, the indistin-
guishability and single-photon purity can be independently con-
trolled. It is therefore common to extract an indistinguishability 
M* corrected from the imperfect single-photon purity when g(2)

(0) << 1: it characterizes the wavepacket overlap for all degrees of 
freedom other than photon number and is given by M* = M + g(2)

(0). Making such a distinction allows a more precise diagnosis of 
what limits performance when developing single-photon sources. 
Note that for quantum optics experiments and applications, the 
indistinguishability M remains the relevant figure of merit, which 
requires both highly indistinguishable photons and high single-
photon purity.

Box 1 | Characterizing a single-photon source.
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If p(n)is the n-photon number probability (see Box 1), then ℬ = p(1) 
for p(1) >> p(n > 1). We use this metric here as it allows compari-
son of systems independent of the pulsed-operation rate or detector 
efficiency. Together with the source repetition rate, the transmission 
of the optical network and detector efficiencies, ℬ determines the 
speed of quantum communications or computation protocols. For 
many practical implementations, an important figure is the bright-
ness measured at the output of a single mode fibre, ℬSMF.

The lower the brightness of a single-photon source, the poorer 
the system scaling. For instance, in the generation of n-manifold 
single photons, the probability scales with brightness to the power 
n. The lack of scalable single-photon sources has become one of the 
major roadblocks in the development of quantum photonics. This 
can be clearly seen in the measured photon production rates in the 
literature, which drop seven orders of magnitude between mega-
hertz rates22 for n = 1, to 0.1 Hz rates23 for n = 5, motivating many 
groups to fabricate inherently deterministic—and hence scalable—
single-photon sources.

Finally, depending on the application, various modal properties 
are desired. Some applications, such as quantum key distribution, 
can use a single source emitting single photons into orthogonal tem-
poral modes within the same spatial mode. Others, such as quan-
tum metrology, require a manifold single-photon source, with n 
orthogonal spatial modes, each containing a single photon within 

the same temporal mode. The latter can be achieved by either using 
multiple single-photon sources or by demultiplexing a single source.

Single-photon sources
The most common single-photon sources are based on nonlinear 
frequency conversion or on the spontaneous emission of single 
quantum emitters.

Spontaneous parametric down-conversion source. To date, the 
best-performing and most widely used sources have been based 
on nonlinear frequency conversion24. As such, they represent the 
benchmark for any new single-photon source technology. They are 
robust and operate at, or near, room temperature using frequency 
conversion, specifically down-conversion in a χ(2) media such as non-
linear crystals25,26 (Fig. 1a), or a χ(3) media such as glass, dilute atomic 
gases or silicon27,28. Here, χ(2) and χ(3) are the 2nd and 3rd  order sus-
ceptibilities of the medium, respectively. Pairs of down-converted 
photons are produced at a linear rate in the pump field intensity—
a process known as spontaneous parametric down-conversion 
(SPDC). The process is non-deterministic: photon pairs are gener-
ated at random times. However, the conditions can be set so that the 
photons in the two down-converted modes are non-degenerate—in 
frequency, polarization or spatial mode—ensuring that they can be 
subsequently split deterministically. In such cases, the photons in 
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Figure 1 | Spontaneous parametric down-conversion (SPDC) and QD-based single-photon sources. a, Schematic of a SPDC source: a pulsed laser 
is sent to interact with a nonlinear crystal. The crystal temperature and angle are adjusted to obtain the phase-matching condition. Photon pairs are 
generated: one, the idler, can be used to herald the other, the signal. b, Measured g(2)(0) for a SPDC source as a function of brightness. The inset shows the 
measurement scheme: the correlation measurement on the signal is conditioned on the detection of a heralding event on the idler. c, Measured VHOM for 
a SPDC source as a function of brightness. The inset shows the measurement scheme: pairs of photons from the same down-conversion pairs are sent on 
the beamsplitter. d, Transmission electron microscopy of a single self-assembled InGaAs quantum dot. e, Schematic of the radiative cascade of carriers in 
a QD: electrons and holes created in the barrier relax in the QD through carrier collisions or interaction with phonons (grey arrows). Once in the QD, the 
carriers radiatively recombine by successively emitting photons in a cascade. The last two emitted photons in a neutral exciton cascade are emitted at 
different wavelengths (λXX, λX) because of Coulomb interaction. A single photon is emitted at each wavelength. f, Example of a Hanbury Brown and Twiss 
measurement (coincidence counts) obtained under pulsed excitation on the bright single-photon source reported in ref. 118. The data are plotted on a 
logarithmic scale and show, when normalized, that g(2)(0) = 0.0056±0.0011. Panels adapted from: b,c, ref. 33, Macmillan Publishers Ltd; f, ref. 118, OSA.
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one mode are sent to a detector, and a detection event heralds with 
high probability the presence of the twin photon in the other mode. 
With appropriate frequency and spatial filtering, SPDC sources have 
been shown to provide pure, highly indistinguishable, single pho-
tons, and can also produce polarization-entangled photon pairs29. 
Down-conversion efficiency has been constantly improved30—by 
seven orders of magnitude in just over a decade—and implementa-
tions have moved from bulk25,26 to integrated optics31.

A critical issue in down-conversion is the fact that the probabil-
ity of creating n pairs scales with pump intensity to the nth power. 
Although the heralding process removes the zero photon-pair com-
ponent of the field, it does not alter the probability of generating 
more than one pair. Increasing the power thus greatly increases the 
probability of heralding an event that has multiple photons, lead-
ing to increased g(2)(0) with pump intensity, and decreased utility 
in applications32. Figure  1b,c shows the single-photon purity and 
HOM visibility measured on a heralded SPDC source as a function 
of brightness, defined here as the generation probability for a single 
pair. The g(2)(0) rapidly deteriorates with the brightness, reaching 
0.2 for a source that contains only one pair every 20 pulses. Similarly, 
Fig. 1c presents the HOM visibility measured when sending the two 
photons from the same pair-generation event on a beamsplitter. 
Close to unity visibility can be observed, but this decreases signifi-
cantly with brightness because of multi-pair events34.

Unless it is specifically engineered away, the photons from down-
conversion are frequency entangled. This does not affect the HOM 
visibility between photons from the same pair. However, it sig-
nificantly reduces the visibility between photons from successively 
generated photon pairs32, hence degrading the utility of the pho-
tons in applications35. Recent years have seen substantial progress 
in engineering frequency-uncorrelated SPDC sources36,37. This is a 
necessary step in multiplexing sources38 to increase overall source 
efficiency, an idea first proposed in 2002. Multiplexing was dem-
onstrated in 2016: with four photons, achieving a two-fold increase 
in single-photon output probability without introducing additional 
multi-photon noise, but yielding 69±3.4% HOM visibility in the 
multiplexed photons39; and with eight photons, achieving 1.5–1.8-
fold brightness increases over the mean of the non-multiplexed 
sources, but with no indistinguishability measurements of the mul-
tiplexed photons40.

Single-emitter based sources. The spontaneous emission from a 
two-level system is inherently single-photon like. Early demonstra-
tions of single-photon emission were based on atoms41, ions42 and 
molecules43, and followed by demonstrations with artificial atoms 
in a solid-state environment. Unlike attenuated lasers or SPDC 
sources, the brightness of these sources can be intrinsically decou-
pled from the single-photon purity.

Solid-state systems offer a diverse catalogue of single-photon 
sources. Scalability and integration are obvious advantages, while 
decoherence due to coupling to the solid-state environment is 
often an issue. Epitaxial semiconductor quantum dots (QDs) have 
been widely investigated in the past decade, with a large variety of 
materials, such as InGaAs for near infrared emission44, GaAs for 
emission in the red spectral range45, and II–VI telluride or selenide 
based QDs46,47, as well as nitride based III–V QDs48, for emission 
in the green to ultraviolet spectral range. Depending on the band-
gap, single-photon emission is achieved at temperatures ranging 
from cryogenic to room temperature. Colloidal QDs offer bright, 
room-temperature single-photon emission49, recently with reduced 
blinking phenomena50. The nitrogen-vacancy centre, a complex 
defect in diamond with a stable spin-triplet ground-state, gener-
ates single photons; however, it is hampered by phonon coupling 
and only a small fraction of the light is emitted in the zero-phonon 
line even at cryogenic temperatures. This fraction can be strongly 
increased by coupling nitrogen vacancies to microcavities51–53. 

Other single-photon emitters have recently emerged, such as the 
silicon-vacancy complex in diamond, rare-earth atomic dopants54 
and defects in two-dimensional monolayer materials55–58. For an 
overview of these solid-state photon emitters, we refer to a recent 
review paper59. Here, we focus on the substantial progress made by 
the epitaxial QD community—mostly using InGaAs-based QDs—
for which the single-photon sources have recently reached very high 
performance levels. For the first time, these sources outperform the 
long-used SPDC sources, and open new perspectives for quantum 
optical technologies.

Basics of QD-based single-photon sources
At present, the best-performing QD-based single-photon sources 
are made using III–V semiconductors. III–V QDs have large optical 
dipoles, resulting in a large coupling with confined or guided opti-
cal modes, a key feature in obtaining bright sources. We review the 
physics at play in III–V QDs, as well as the highly mature technolo-
gies that have been developed to fabricate state-of-the-art single-
photon sources. Similar physics and technological approaches can 
benefit the development of single-photon sources using other quan-
tum emitters and materials.

QD growth. Self-assembled epitaxial QD growth is briefly described 
here for InAs-based QDs in GaAs. InAs and GaAs are covalently 
bonded direct-bandgap semiconductors, where the bandgap ener-
gies are Eg(InAs) = 0.43 eV and Eg(GaAs) = 1.52 eV at 4 K. The 7% 
lattice-constant mismatch between GaAs and InAs precludes the 
typical epitaxial planar-crystal growth process. When more than 1.7 
monolayers of InAs is deposited on GaAs, a planar layer forms—
called the wetting layer—that is biaxially compressed to the GaAs 
lattice. As crystal growth proceeds, the accumulated strain energy 
increases, a transition occurs and the total energy is minimized by 
creating InAs islands60–62. By stopping the growth right after this 
transition, the islands are typically 10–30 nm lateral size in the in-
plane directions and 2–5 nm out of plane63–65 (Fig. 1d). When further 
covered with epitaxial GaAs, three-dimensional quantum confine-
ment shifts the lowest optical transitions in the 900–1,000 nm wave-
length range at 4 K (refs 66,67). The transitions can be brought to 
1.3 μm for large QDs covered in InGaAs. InGaAs QDs naturally 
have a slight asymmetry in their in-plane shape. Other QD growth 
techniques, such as droplet epitaxy68, can be used to obtain higher 
symmetry QDs69.

Randomness. As strain-driven and droplet QDs are naturally 
formed, they have random spatial positions. Light emission from 
an ensemble is inhomogeneously broadened because of QD size 
fluctuations and local environmental variations, but the QDs have 
close to unity quantum efficiency and low dephasing when they are 
far from processed interfaces. Ordering of QDs by crystal growth 
on lithographic patterned samples has been extensively investi-
gated70–72 with continuous improvements, but the proximity to pre-
viously processed surfaces still diminishes the quantum efficiency 
and coherence of emitted photons. Reduction of the QD inhomo-
geneous distribution is desired for the development of identical sin-
gle-photon sources. Growing two QDs of exactly the same energy 
within the radiative linewidth remains out of reach—considering 
the QD nanometre scale, especially in the vertical direction—with 
the lowest inhomogeneous broadening being still in the nanometre 
range73. Yet, this inhomogeneous broadening can be overcome by 
applying strain or electrical fields that can tune individual states to 
a common frequency74–77.

Energy levels. The strong quantum confinement in QDs leads to 
discrete energy levels for both electrons and holes. Carrier locali-
zation and Coulomb and exchange interactions lead to excitonic 
many-body states. Pauli exclusion leads to a ground-state manifold 
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consisting of: two optically bright excitons |X〉—one electron and 
one hole with projection of the total angular momentum along the 
growth axis Jz = ±1; two lower-energy dark excitons, Jz = ±2; a sin-
gle bright biexciton, |XX〉—two electrons and two holes; and two 
charged excitons known as trions—single excitons containing either 
an excess electron |X−〉 or hole |X+〉. Anisotropic exchange results in 
a mixing of the Jz = ±1 states, leading to two split, linearly polarized 
neutral-excitonic optical transitions, while the circular polarization 
remains for the charged ones.

Radiative cascade. Under non-resonant excitation to either the 
GaAs bulk or the wetting layer, carriers rapidly diffuse to the QD 
states through carrier collisions and optical phonon emission. Under 
strong excitation, the QD is filled with carriers and a radiative cas-
cade takes place: a single photon is emitted during the decay from 
the |XX〉 state to either of two bright |X〉 states, and another photon 
is emitted from the |X〉 to the QD ground state78,79 (Fig. 1e). Because 
of the strong Coulomb interaction between carriers, the wavelength 
of the optical transition of |XX〉 → |X〉 differs from that of |X〉 → |0〉 
by typically a few nanometres. Spectral filtering of a single emission 
line is used to obtain a single-photon source. Non-resonant excita-
tion is experimentally convenient as the excitation laser is easy to 
separate from the single-photon emission. However, as discussed 
below, it limits source performances in terms of indistinguishabil-
ity. While more challenging, direct resonant excitation of the |X〉 
state80,81, as well as resonant excitation of the |XX〉 state through a 
two-photon absorption process82, have been demonstrated and are 
now used to obtain high indistinguishability83,84.

Single-photon emission. The emission from a single epitaxial QD 
was isolated in 199466,67 and single-photon emission was demon-
strated in 2000 through second-order photon correlation g(2)(0) 
measurements44 (Box  1). First demonstrations were done under 
optical pumping, followed later by electrical pumping85. Obtaining 
low g(2)(0) under non-resonant pulsed excitation requires that for 
a given pulse, no carriers are captured and recombine in the QD 
after a first exciton emission. This requires that relaxation into 
the QD and the radiative cascade leading to the exciton recom-
bination occur on a longer timescale than the decay time of the 
population of initially created carriers86,87. Low values of g(2)(0) can 
be more systematically obtained using direct excitation into an 
excited state of the QD. Under strictly resonant excitation, such 
considerations no longer apply and values of g(2)(0) below 1% have 
been reported33,83,88–90.

Single entangled photon-pair generation. QDs can also gen-
erate polarization-entangled photon-pairs: the radiative decay 
of |XX〉 occurs through two paths to either of the two bright |X〉 
states, after which the |X〉 states radiatively decay to the ground 
state78,79. In an ideal QD, the two |X〉 states are energy degenerate 
and the bifurcated cascade provides no which-path information, 
so that a polarization-entangled two-photon state is emitted69,91–93. 
However, anisotropic exchange usually leads to |X〉 energy split-
ting, restoring which-path information and diminishing entan-
glement. This energy splitting can be minimized by precisely 
controlling the QD shape during the growth94. Moreover, various 
fields—electrical74, magnetic95, strain96 and optical97—applied to 
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Figure 2 | Indistinguishability of QD-based single-photon sources. a, Schematic of one type of HOM measurement performed on a single-photon source: 
two photons emitted by the same QD with a 2 ns delay are sent to a Mach–Zehnder interferometer with a 2 ns delay in one arm. b, First demonstration of 
indistinguishable photons from a QD100. The figure shows the histogram of coincidences at the output of the setup presented in a. Five peaks are observed 
for repetition rate of the laser due to the different possible paths followed by the first and second photons. The strongly reduced area of the peak at zero 
delay demonstrates an indistinguishability of around 80%. c, Linewidth of an exciton (red) and charged exciton (blue) line for varying acquisition times. 
The radiative limited linewidth is indicated by the dotted horizontal line, showing the negligible effect of charge and spin noise for timescales below 10 μs. 
d, Calculated HOM visibility VHOM and coupling to a cavity mode β as a function of the Purcell factor showing the compromise between high efficiency 
and high indistinguishability for a non-resonant QD excitation. Panels a and b reproduced from ref. 100, Macmillan Publishers Ltd. Panels adapted from: 
c, ref. 117, Macmillan Publishers Ltd; d, ref. 99, APS.
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the QD can cancel this splitting and Bell inequality violations are 
routinely reported96,98.

Indistinguishability
The ability to generate a pure quantum state of light is measured 
by performing a HOM measurement (see Box  1): single-photon 
wavepackets successively generated by the same emitter with a time 
delay of Δt are temporally overlapped on a beamsplitter. Since the 
emitter is point like, the spatial coherence is decoupled from the 
temporal one: one can make sure that the photon wavepackets share 
the same spatial mode, for instance by coupling the photons to an 
optical fibre or by placing the emitter at the focus of a parabolic mir-
ror. The latter case allows a decomposition on co-linear plane-waves 
to be considered and the single-photon state can be written as:  
 
 
 
 
 
where the coefficients cω  depend only on the frequency ω, and the 
wavevectors |ψ〉 are collinear, and:
 
 
 
 
 
The quantum interference takes place when all the cω  are the same 
for all photon wavepackets as described in ref. 15. In practice, the 
coupling of the exciton to the solid-state environment leads to pure 
dephasing, resulting in a partial mixture of the state99. The first 
HOM measurements on QD sources were reported in 2001 with 
indistinguishabilities M  in the 70–80% range100 (Fig. 2a,b). Since 
then, the community has conducted in-depth studies of what limits 
the indistinguishability, identifying various phenomena: fluctuating 
charges in the emitter vicinity; vibration of the crystal, that is, phon-
ons; and time jitter in the carrier creation process. We briefly review 
these, and how to minimize their effects.

Pure dephasing. The total dephasing rate of an optical transition is 
given by γ = (γdec/2) + γ*, where γdec is the population decay rate (due 
to radiative or non-radiative processes) and γ* is the pure dephasing 
rate induced by the solid-state environment (phonons, charge noise, 
and so on). The indistinguishability is given by M = γsp/(γsp + 2γ*), 
where γsp is the spontaneous emission rate. A typical example of 
such pure dephasing is the one induced by the phonon bath: virtual 
transitions involving two phonons of the same energy, one absorbed 
and one emitted but with different wavevectors, contribute to a 
temperature-dependent pure dephasing101–104. Fluctuating charges 
around the QD can also create a fluctuating electric field modifying 
the transition frequency through the confined Stark effect. Similarly, 
randomly oriented nuclear spins create a fluctuating magnetic field 
at the QD location, resulting in spin noise that can exceed the charge 
noise for the negatively charged exciton transition105. When the 
timescale of these fluctuations is faster than the temporal duration 
of the wavepacket, it leads to pure dephasing106. A solution to mini-
mize the effect of pure dephasing is to increase γsp, by coupling the 
QD to a cavity mode in the regime of the Purcell effect. This tool has 
proven efficient to maintain a high indistinguishability107,108.

Phonon sidebands. The interaction between the electrons and pho-
nons also gives rise to phonon-assisted emission processes, where a 
photon is emitted while an acoustic phonon is absorbed or emitted. 
The QD emission spectrum thus consists of a narrow line (the zero-
phonon line) on top of a broad emission, typically a few nanometres 
for InGaAs QDs (the phonon sideband)109,110. Such broad incoherent 
emission limits the indistinguishability of the emitted photon and 

can represent 10% of the emission for InGaAs QDs at 4 K. Spectral 
filtering of the QD zero-phonon line is sometimes used to obtain 
high indistinguishability104. However, inserting the QD in a cavity 
to accelerate the emission into the zero-phonon line can strongly 
reduce the phonon sideband emission without filtering108,111. 

Time jitter induced by the excitation. While experimentally 
convenient, the creation of high-energy carriers (Fig.  1e) limits 
the indistinguishability, especially at high excitation powers. The 
radiative cascade leading to the exciton state results in a tem-
poral uncertainty on the photon emission86 and a reduction of 
the indistinguishability when increasing the excitation power112 
(Fig. 3c). Even at low power, when a single exciton is created, the 
scattering time of the carriers to the QD ground state limits the 
indistinguishability; a limitation that is even more relevant when 
accelerating the exciton spontaneous emission using a cavity99 
(Fig. 2d). Such considerations have led to strictly resonant pump-
ing schemes. The experimental challenge is then to remove the 
excitation laser light from the emission: this can be done by spa-
tially decoupling the excitation from collection80,81,113 or by using a 
crossed polarization configuration83,88,114,115.

Spectral diffusion. When the charge and spin fluctuations occur 
on a timescale exceeding the radiative lifetime, they lead to spectral 
wandering of the emission energy from one photon to the other: 
the indistinguishability depends on the time delay Δt between 
emitted photons. Charge noise can be more prominent in light 
extraction structures such as microcavities and nanowires, because 
of free surfaces and associated surface states112,116. In high-quality 
bulk samples—with a very low density of traps—noise spectra 
reveal that charge noise dominates at low frequency (typically up 
to 10 Hz) while spin noise dominates at higher frequency (typically 
below 10  kHz)105. Linewidth measurements obtained by scanning 
a laser across the QD transition at various frequencies show radia-
tively limited linewidths above 50 kHz (ref. 117) (Fig. 2c), so highly 
indistinguishable photons could be obtained for delays as large as 
Δt = 20 μs.

With a clear understanding of these phenomena and the devel-
opment of mitigation techniques, near-unity indistinguishable pho-
tons are now reproducibly demonstrated with InGaAs QDs. In 2013, 
near-unity indistinguishability was first obtained under strictly 
resonant pulsed excitation, at 4.2 K, filtering the zero-phonon line, 
with an indistinguishability corrected from g(2)(0) (see Box  1) of 
M* = 0.97±0.002 (ref. 83). A temporal shaping for the resonant exci-
tation pulse to reach rapid-adiabatic passage brought this value to 
M* = 0.995±0.007 (ref. 88). In 2016, high indistinguishabilities were 
reported for single QDs in cavities33,89 for delays up to Δt = 14.7 μs 
(refs 118,119). As explained below, these cavities also allow for high 
extraction efficiency.

Bright QD single-photon sources
Because of the high refractive index of GaAs, ns  ≈  3.5, the light 
emitted by a QD exits the semiconductor with a probability of only 
¼ns

2 ≈ 2% from one facet. A high brightness at the output of the 
device—that is, at the first lens ℬlens (Fig. 3a)—is thus the very first 
challenge that the community has addressed120.

Brightness at the first lens. High brightness at the first lens can be 
obtained by engineering the electromagnetic vacuum field around the 
QD in an optical cavity or waveguide121 to control the emission rate 
and pattern. The spontaneous emission rate can be enhanced into a 
target optical mode122, suppressed in all others123, or both. This leads to 
a preferential emission into a target mode with probability β = Γmode/
(Γmode + Γothers), where Γmode (Γothers) is the emission rate into the target 
mode (all other modes). The probability of collecting a photon from 
the target mode into an optical lens is denoted ηlens and the probability 

cω  |1〉ω,ε|ψ〉 =
ω
∑

ωk = uc |cω |
2 = 1

ω
∑
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of each photon being collected at the first lens is thus the extraction 
efficiency βηlens. It is a figure of merit for the photonic structure.

Naturally, the brightness also depends on the probability that 
the QD emits a photon. Ideally, the QD is initialized in a well-
defined state with probability pstate close to unity at saturation power. 
However, if traps are in the QD vicinity, or if the QD is inserted 
in a gated structure, blinking of the QD can be observed between 
a charged and neutral exciton state, reducing the saturation value 
for pstate. Finally, the radiative emission probability is described by 
the quantum efficiency ηQE of the transition, which can be reduced 
because of processed surfaces.

Overall, the brightness at the first lens is ℬlens = βηlenspstateηQE. After 
a decade of fundamental studies and technological developments, 
various photonic structures such as cavities and waveguides have 
been used to achieve ℬlens ≈ 60–80%.

Cavity-based sources. First demonstrated for atoms124, the control 
of spontaneous emission of QDs was demonstrated in the late 90s and 
early 2000s with small mode-volume cavities fabricated using III–V 
semiconductor processing techniques. Acceleration of spontaneous 
emission was first demonstrated for QD ensembles122 and then for 

single QDs in micropillar120,125, microdisk126 and photonic-crystal 
cavities127, eventually reaching the strong-coupling regime128–130. The 
QD–cavity coupling is characterized by the light matter interaction 
g ∝ √(f/V) where f is the optical transition oscillator strength and V 
is the cavity mode effective volume. In the weak-coupling regime, 
the emission rate into the cavity mode is Γmode = 4g2/κ with κ the 
photon escape rate outside the cavity, inversely proportional to the 
mode quality factor Q. The Purcell factor FP = Γmode/γ scales as Q/V 
and characterizes the acceleration of the spontaneous emission into 
the cavity mode with respect to emission rate in bulk γ (ref. 131).

Bright sources have been obtained using micropillar cavities 
where the optical field is confined vertically by two distributed 
Bragg mirrors and laterally by the high refractive index contrast. 
The mode volume is of the order of few λ3 and the quality factor can 
reach values132,133 of a few 105. In such cavities, the emission rate in 
other modes is roughly unchanged122 so that β ≈ FP/(FP + 1). Lateral 
confinement can also be obtained through controlled lateral oxida-
tion leading to a low refractive index layer134. For micropillars with 
typical lateral size around 2–4 μm, the fundamental mode radia-
tion pattern is highly directive and can be collected with a stand-
ard numerical aperture around 0.5. ηlens is then given by the ratio 
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Figure 3 | Extracting single photons. a, Schematic of a QD-based experiment: the QD is inserted in a cryostat typically operating between 4 and 30 K. 
The QD emission is collected through a microscope objective that also allows focusing of the excitation laser. The positions where the brightness at the 
first lens and the fibered brightness are measured are indicated. b, Schematic of a pillar microcavity used to collect single photons. A QD located at the 
centre of the pillar cavity experiences an enhanced spontaneous emission rate by a factor FP. The extraction into the first lens is given by the product 
βηlens (see text). c, Demonstration of bright sources of indistinguishable photons reported in ref. 112. The indistinguishability of the source is plotted as a 
function of brightness for three excitation conditions: red, excited state excitation; green, wetting layer excitation; blue, two-colour excitation (see text for 
more details). The dependence of the brightness on the excitation power P is indicated by the black line (right scale), where Psat is the saturation power. 
d, Schematic of an etched tapered nanowire deposited on a gold mirror embedding a QD. The tapering angle α is precisely adjusted to allow an efficient 
collection into the first lens and a dielectric layer is inserted between the nanowire and the mirror to limit losses. rm is the lower mirror reflectivity and 
HE11 refers to the guided mode. e, Scanning electron microscopy of a circular Bragg grating bulls-eye cavities and a simulated intensity map of the electric 
field, E. The scale bar represents 200 nm. f, Calculated extraction efficiency of a microlens structure as a function of the first lens numerical aperture for 
various lens base widths. Panels adapted from: c, ref. 112, Macmillan Publishers Ltd; f, ref. 160, Macmillan Publishers Ltd. Panels reproduced from: d, ref. 147, 
Macmillan Publishers Ltd; e, ref. 158, Macmillan Publishers Ltd.
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of the cavity-photon escape rate towards the top, normalized to the 
total escape rate—including losses to the substrate and sidewalls — 
ηlens = κtop/(κtop + κloss) (Fig. 3b).

Brightness was not evaluated in early QD microcavity struc-
tures125,135 until ℬlens ≈ 38% was reported in 2007 with oxidized cavi-
ties136, followed by similar performances in electrically controlled 
micropillar structures137. In 2013, with a deterministic device fab-
rication where QDs with pstate ≈ 1 were positioned at the centre of 
micropillar cavities, brightnesses at the first lens between ℬlens ≈ 55% 
and ℬlens ≈ 79% were reported on several devices. To maximize the 
outcoupling efficiency, the planar cavity quality factor, determining 
κtop and the pillar size governing κloss were chosen to obtain ηlens > 0.90. 
High brightness was combined with M* = (0.5±0.05)–(0.92±0.1). M 
was shown to decrease with brightness under non-resonant excita-
tion, due to increased time jitter and charge noise. Quasi-resonant 
excitation in a QD excited state showed brightness-independent 
M* ≈ 0.5, limited by charge noise. A two-colour excitation scheme, 
combining a very low power non-resonant excitation with the 
pulsed quasi-resonant excitation demonstrated M*  ≈  0.92±0.1 at 
ℬlens =  52±5% (Fig.  3c). Similar performances were obtained in a 
strong Purcell effect regime138 where βηlens ≈ 0.9 using an adiabatic 
cavity design139, allowing a higher repetition rate.

Photonic-crystal cavities have also been extensively stud-
ied127,128,140. Compared with micropillar cavities, photonic-crystal 
cavities provide strong optical confinement with V ≈ 0.1–0.3λ3 as 
well as inhibition of spontaneous emission into the other modes 
with Γothers  ≈  0.1γ leading to near unity β. Photonic-crystal struc-
tures are mostly studied for fully integrated approaches for on-chip 
optical manipulation with integrated sources. One challenge is to 
efficiently couple the cavity mode to an integrated waveguide—
equivalent to ηlens for the free-space approach—with low off-chip 
losses. Engineering the free-space mode profile of a photonic-crystal 

cavity can also be done with ℬlens ≈ 34%   recently demonstrated with 
some indistinguishability141.

When using a cavity to collect single photons, the detuning 
between the QD and the cavity resonance must be adjusted. This 
can be achieved by adjusting the temperature as the electronic 
bandgap (determining the QD resonance) and the refractive index 
(determining the cavity resonance) have different dependences129,130. 
However, increasing the temperature favours phonon-assisted 
decoherence and is detrimental to indistinguishability104. A better 
solution consists in applying an electric field and tuning the QD 
transition through the confined d.c. Stark effect142,143. Oxidation-
based cavity structures inspired from laser technologies are well 
suited for defining electrical contacts136. For micropillars, two 
approaches have proven successful: define an annular contact on 
top of micropillars144 or connect the pillar to a bigger frame through 
one-dimensional ridges145.

Waveguide-based sources. Efficient collection can also be obtained 
with single-mode waveguides defined either in plane or out of 
plane146–151. Developed simultaneously for defects in diamond152 and 
self-assembled QDs146,147, this approach relies on spontaneous-emis-
sion inhibition in all modes except one153, typically with Γothers ≈ 0.1γ. 
Explored with both for photonic crystal-based waveguides146,149,151 
and nanowires147,148 (off-chip), with β exceeding 0.9 (refs 146,153). 
In the former, enhanced spontaneous-emission rate can also be 
reached using slow modes146,154. To collect photons in one direc-
tion only, half-waveguides are defined with photonic crystals and 
a metallic mirror spaced by a dielectric layer added at the end of 
nanowires147. For off-chip collection, ηlens is optimized by minimiz-
ing diffraction at the nanowire end through progressive tapering 
(needle shape in Fig. 3d). In 2010, Claudon and co-workers dem-
onstrated ℬlens ≈ 72% for top-down processed tapered nanowires147 

Table 1 | Characteristics of QD-based single-photon sources.

Reference 
 

Photonic 
structure 

Lifetime (ns) 
 

Spectral 
filtering 

Non-resonant excitation 
Unpolarized brightness

Resonant excitation 
Polarized brightness

ℬlens g(2)(0) M/M* ℬlens g(2)(0) M/M*
147 Tapered 

nanowire
2.4 No 0.72±0.09 <0.008 – – – –

155 Nano-
trumpet

0.82 No 0.75±0.10 0.31
0.25*

112 Micropillar 0.265–0.270 Yes 0.79±0.08
0.53±0.05

0.05 0.55±0.05†

0.92±0.10†
– – –

138 Adiabatic 
pillar

0.14±0.04 Yes 0.74±0.05 0.10
±0.03

0.75±0.05† – – –

160 Microlens ~1 No 0.23±0.03 <0.01* 0.80±0.07†

158 Bulls-eye 
cavities

0.52 No 0.48±0.05 0.009±0.005 –

141 Photonic 
crystal 
cavities

1.61 Yes 0.443±0.021 0.04±0.05 0.13±0.02†

33 Connected 
pillar

0.08–0.12 Yes 0.65±0.07 0.024±0.007 0.74±0.07
0.78±0.07†

0.154±0.015 0.0028±0.0012 0.989±0.004
0.9956±0.0045†

89 Micropillar 0.084 Yes – – – 0.33‡ 0.009±0.002 0.959±003
0.978±0.004† 

90 Micropillar 0.168
±0.005

Yes – – – 0.37±0.02 0.0092±0.0004 0.73±0.01†

This table highlights state-of-the-art results for bright single-photon sources using various photonic structures for efficient collection (second column). For each study, we indicate the brightness at the first lens, 
g(2)(0) and indistinguishability at saturation. The inverse of the photon lifetime (third column) gives an upper bound to maximum repetition rate at which the source can be operated. Two types of operations are 
considered: non-resonant excitation where the given brightness is unpolarized, and resonant excitation where the brightness is polarized. We also indicate whether the device provides spectral selection in the 
operation without additional filtering. ’No’ means that an additional spectral filtering is necessary. In this case, the indicated brightness does not include the losses related to this necessary spectral selection. 
Uncertainties have been listed where included in the original paper. *Background-corrected values. †g(2)(0)-corrected values, M*. ‡This value is deduced considering that the crossed polarization collection scheme 
reduces the reported stated brightness of 66% by a factor of two.
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with a numerical aperture of 0.7. Later, bottom-up grown nanow-
ires148 showed ℬlens ≈ 42%. More recently, reversed tapering leading 

to nano-trumpet shapes was shown to be more robust to nanofab-
rication uncertainties and allowed ℬlens  ≈  76% (ref.  155). Because 
enhancement of the spontaneous emission rate is small and QDs 
are close to etched surfaces, the indistinguishability is still limited.

Other approaches. Metallic-dielectric structures such as Tamm-
confined modes156 or silver-based nanocavities157 have been devel-
oped, although collection is ultimately limited by metallic losses. 
Circular Bragg-grating bulls-eye cavities deterministically etched 
around a targeted QD in a GaAs suspended membrane (Fig.  3e) 
show strong field confinement158, a broadband enhancement of 
spontaneous emission, FP = 3 and ℬlens ≈ 48%. Microlenses etched 
in the semiconductor on top of a QD159,160 show photon extraction 
similar to a solid-immersion lens without the Purcell effect. A mir-
ror below the microlens increases the emission towards the top 
(Fig. 3f) showing ℬlens ≈ 23% with a Bragg mirror.

Table  1 summarizes the current state of the art for brightness 
at the first lens for both non-resonant excitation (with the excita-
tion laser wavelengths detuned from the QD emission) and strictly 
resonant excitation. A brightness in the first lens close to 80% has 
now been repeatedly demonstrated112,147,155,161 combined with a high 
degree of indistinguishability of approximately 75% for pillar-based 
cavities33,112,138 limited by time jitter induced by the charge capture99. 
Resonant excitation on pillar cavities showed near-unity indistin-
guishability with M* > 0.98 (refs 33,89; see Fig. 4a). So far, this was 
obtained with resonant excitation exciting the cavity from the top 
and the excitation laser light being suppressed in a crossed-polar-
ization configuration. Thus, the single photon presents a linear 
polarization, and the brightness is limited to half the extraction effi-
ciency. To go beyond this limitation, side excitation schemes could 
be implemented to separate the excitation from collection113.

Beyond the brightness at the first lens. A useful brightness for 
an end-user is typically desired at the output of a single mode fibre 
(SMF). ℬSMF depends on ℬlens as well as on the coupling efficiency 
into the fibre. In many structures discussed above—pillar cavities162, 
microlenses160, nanowires150,155—the mode profile has a good over-
lap with the mode of a SMF. To date, there have been only a few 
results addressing the fibered brightness118,119. A high single-photon 
purity—g(2)(0) ≈ 0.028—was demonstrated for ℬSMF = 0.14, yielding 
more than 3.6×106 counts per second on a silicon avalanche pho-
ton detector, and corresponding to ~107 photons per second from 
a 82 MHz excitation rate118. Similar figures were also obtained for 
resonantly excited micropillars, with 1.6×106 counts per second 
measured for very high indistinguishability119. Most recently, a 
record value of ℬSMF = 0.37 (Fig. 4b) for an indistinguishability above 
0.9 was reported (Fig. 4c)163. Note that a high single-photon purity, 
g(2)(0) ≈ 0.055 and ℬSMF = 0.058 were also obtained for InAs/InP QDs 
sources operating at 1.55 μm (ref. 164).

Built-in spectral filtering. For non-resonant excitation, high 
brightness is obtained at saturation power where pstate ≈ 1. The QD 
emits a cascade of photons and a single photon is obtained only 
through spectral filtering one emission line over several separated in 
wavelength by a few nanometres. High-quality-factor microcavities 
provide simultaneously an efficient photon collection and the nec-
essary spectral filtering of the transition of interest118. Nanowires, 
photonic-crystal waveguides, bulls-eye cavities or microlenses pro-
vide spectrally broad photon extraction which—while beneficial for 
some applications—requires narrow-band filters after the device. 
The built-in spectral filtering of the device is indicated in Table 1.

Operation rate. Finally, the temporal duration of the photon 
wavepacket puts an upper bound on the source operation rate. 
Nanowires have a temporal duration of the photon wavepacket 
of 2–4  ns, while high-Purcell-factor cavities generate highly 
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Figure 4 | State of play. a, HOM measurement obtained under resonant 
fluorescence showing the total suppression of the zero delay peak for 
parallel polarized photons (measurement scheme similar to Fig. 2b, but 
here only the centre five peaks are shown). The indistinguishability is 
M* = 0.995±0.0045 for a brightness at the first lens of 16% for polarized light 
— measurement was obtained on a deterministically coupled connected-
pillar cavity. b, Count rate detected at the output of a single mode fibre 
(blue) and corresponding count rate corrected from the detector dead time 
(red) as a function of the excitation power. The 9 MHz count rate obtained 
at π pulse under 76 MHz excitation rate, corrected from the 32% avalanche 
photodetector (APD) efficiency, corresponds to ℬSMF = 0.37. c, Study of the 
photon indistinguishability as a function of the emission–time separation of 
the photon showing the generation of highly indistinguishable photons over 
long temporal separations (measurements obtained on a randomly fabricated 
QD pillar-cavity device). Panel a adapted from ref. 33, Macmillan Publishers 
Ltd. Panels b and c reproduced from ref. 163, Macmillan Publishers Ltd.
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indistinguishable photons with lifetime below 0.1 ns (Table 1). With 
a similar brightness at the first lens, cavity-based approaches allow 
a maximum operation rate around 1–2 GHz, more than an order of 
magnitude higher than waveguide-based devices.

Deterministic device fabrication
As the community has reproducibly demonstrated the potential of 
QDs for efficient quantum light generation, the technological chal-
lenges for large-scale use need to be addressed. Close to unity quantum 
efficiency and indistinguishability have all been obtained with self-
assembled QDs. Their random location has been a barrier for posi-
tioning in photonic structures. Moreover, for cavity-based devices, 
the QD optical transition must match the cavity resonance, yet QD 
ensembles are inhomogeneously spectrally broadened by around 
20–70 nm for cavity linewidths below 1 nm. Without control of both 
the spatial and spectral position of the QD, the success rate for the 
fabrication of microcavity QD sources is small, ~10–3–10–4. However, 
high-yield fabrication methods are now becoming available.

The position of QDs can be controlled through sophisticated 
growth techniques using pre-pattern substrates70–72. These tech-
niques have successfully been used to position QDs in cavities 
with nanometre accuracy71,73,165. Site-controlled growth of QDs in 
nanowires can be achieved, allowing a deterministic positioning at 
the centre of the waveguide148. In both cases, the indistinguishability 
of the emitted photons has so far remained limited.

To benefit from the high optical quality of self-assembled QDs, 
defining a photonic structure around randomly positioned QDs was 
pioneered in 2005. The QD position was measured through scan-
ning electron microscopy imaging using metallic marks that were 
used to process a photonic-crystal cavity around the QD (Fig. 5a)166. 
The cavity resonance was then brought close to the QD resonance 
by multiple digital etching steps. The method was further improved 
to reach the strong coupling regime167. In 2008, another technique 
was proposed based on a cryogenic photolithography performed 
on a planar cavity embedding randomly positioned QDs. The QD 
positions are measured optically by imaging their emission pumped 
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Figure 5 | Deterministic device fabrication. a, First demonstration of the positioning of a single QD in a photonic-crystal cavity. The technique is based on 
measuring the QD position with respect to marks through atomic force or scanning electron microscopy, then constructing the cavity around it through 
processing. b, Left: schematic of the in situ lithography168 technique, which allows a micropillar cavity to be constructed around a QD. The QD position 
is measured through mapping the emission intensity and a cavity is exposed in a photoresist centred on the QD with a green laser line. Right: scanning 
electron microscopy image of four connected pillar cavities33 each embedded with a QD within 50 nm from the pillar centre. c, Principle of e-beam in situ 
lithography, which defines a microlens on top of a QD. The QD position is measured by monitoring the cathodoluminescence signal. The lens shape 
is obtained in the lithography process. PMMA stands for poly(methyl methacrylate) and is an electronic resist. d, Schematic of cavities based on a 
movable micro-mirror defined at the end of a fibre. The cavity is formed through a second Bragg mirror grown below the QD layer. The sample is precisely 
positioned below the micro-mirror and the cavity length is tuned to match the QD resonance. r is the reflectivity of the mirror, R is the radius of curvature 
and Leff is the effective cavity length. Panels reproduced from: a, ref. 166, AAAS; d, ref. 175, AIP. Panel c adapted from ref. 160, Macmillan Publishers Ltd.
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with a laser and a second laser line, aligned to the first, is used to 
define a pattern precisely centred on the QD (Fig. 5b)168. Adopted 
by several groups90,169,170, the technique was used to define pillar QD 
devices both in the weak168 and strong-coupling regime171. It was 
improved to fabricate pillar devices with an electrical bias for fine-
tuning of the QD cavity spectral resonance145 with pillars connected 
through ridges to a large mesa where an electrical contact is defined.

Emission scanning approaches have also been used to measure 
the QD position with respect to metallic marks, or to define marks 
using cryogenic in situ lithography158,172,173. Photonic-crystal173 or 
bulls-eye158 cavities are then defined through e-beam lithography 
aligned to the marks. An in situ e-beam lithography has also been 
developed, where cryogenic cathodoluminescence is used to meas-
ure the QD position at low electron dose, and the resist is exposed 
at high dose to define microlenses centred on QDs159,160 (Fig. 5c).

A different approach—first demonstrated with rubidium 
atoms174—is based on a cavity with one external mirror formed 
at the end of an optical fibre, and one epitaxial distributed Bragg 
reflector (DBR) mirror on which a partial cavity region containing 
QDs is formed (Fig. 5d). The cavity resonance is tunable by adjust-
ing the fibre–semiconductor distance, and QD emission is directly 
coupled into the fibre175,176. Because of mode-matching issues, this 
approach has been extended to a flat silica external mirror177.

State of play and future challenges
There have been roughly two and a half decades of research and 
development of III–V QD structures for optical applications. The 
initial period of the early 1990s to 2000 focused on fundamental 
crystal growth, cavity quantum electrodynamics with QD ensem-
bles, and initial single-emitter measurements. In the past decade, 
deep understanding of the physics at play and the coupling to 
photonic structures improved the source indistinguishability and 
brightness. The result is a new generation of bright sources of pure 
and indistinguishable single photons. Especially because of their 
unprecedented brightness, these single-photon sources are expected 
to enable a new generation of fundamental research in quantum 
optics and quantum engineering.

For applications in some areas, such as short-distance quantum 
communication, quantum metrology178 or quantum imaging179, that 
rely on single-photon purity but not on indistinguishability, single-
photon sources with an external brightness in the 80% range are 
now available using QDs in nanowires147,148, nano-trumpets155 or 
micropillar cavities33,89,90,112. Using deterministic processing, pillar 
cavity devices can now be fabricated with a very high yield90,112,145,168.

When indistinguishable single photons are required, SPDC 
sources provide heralded single photons with a high degree of indis-
tinguishability, but at the cost of a brightness limited to typically 
2% (Fig. 1b,c). QD devices can now deliver single-photon sources 
with near unity indistinguishability, high single-photon purity — 
g(2)(0)  <  2%—and a brightness in the 15–30% range33,89. This was 
obtained by combining high acceleration of spontaneous emission, 
FP  >  10, to limit dephasing107 and resonant excitation to suppress 
the time jitter99. High brightness at the output of a single mode fibre 
has recently been demonstrated showing the full potential of the 
developed device89,118,163.

One way to take advantage of recent progress is to use single pho-
tons successively generated by a bright QD source and actively spatially 
route the photons into different optical paths—demultiplexing—pro-
vided that photons remain indistinguishable even if generated at long 
time delays. Many experiments have tested the indistinguishability of 
photons generated a few nanoseconds apart. However, spectral diffu-
sion at longer delays can reduce the spectral overlap of photons emit-
ted at different times. The indistinguishability of QDs in microlenses 
rapidly decreases for delays as short as Δt = 20 ns (ref. 104). However, 
micropillar devices have shown highly indistinguishable photons 
(>90%) over microsecond timescales118,119 (Fig. 4c).

Very recently, using either passive, inefficient demultiplexing 
based on beamsplitters or efficient active demultiplexing, QD-based 
sources have been used to implement three- to five-photon boson 
sampling measurements much faster that their SPDC counterpart 
implementation. The achieved rates are between one180 (for three 
photons) and five (for five photons) orders of magnitude higher 
than current heralded multi-photon sources based on SPDC163. 

Future steps should ensure the full scalability of QD-based sin-
gle-photon sources for quantum technologies. An important step is 
the generation of indistinguishable photons from distant sources. 
First demonstrations of quantum interference between two photons 
generated by distinct QDs have been reported in 2010  for non-
resonantly excited QDs using controlled strain77 or electrical bias181 
to tune the two QDs. More recently, such quantum interference 
was reported for bright single-photon sources138. In these studies, 
the indistinguishability for two sources was mostly limited by the 
single-source indistinguishability. However, using strictly resonant 
excitation, the quantum interference for photons from two QDs was 
shown to reach high visibility182, around 82%. Thus, we expect that 
a high degree of indistinguishability will be achieved for resonantly 
driven remote bright single-photon sources.

State-of-the-art single-photon sources now operate in the 900–
970 nm range based on the very mature growth of InGaAs/GaAs 
self-assembled QDs. Developing sources at shorter wavelengths 
will allow QDs devices to be integrated with atomic-based quan-
tum devices to access long-lifetime atomic memories. Recently, 
single photons emitted by GaAs/AlAs QDs grown by droplet 
epitaxy have been coupled to an atomic-vapour memory183. For 
long-distance applications, high-quality single photons at telecom 
wavelengths will be necessary. A bright single-photon source 
(ℬlens ≈ 36%) has recently been obtained at 1.3 μm, yet with lim-
ited indistinguishability184. Single-photon sources have also been 
reported at 1.55 μm, leading to demonstration of quantum key 
distribution over up to 120 km (refs  164,185). An alternative is 
to fabricate the best single-photon source at one wavelength and 
frequency convert the single photon to the desired wavelength. 
Efficient frequency conversion has been demonstrated at various 
wavelengths including 1.55 μm (refs 186–188) and was also used 
to erase the energy difference between two QDs187. High external-
conversion efficiencies, above 40%, have been demonstrated using 
bulk PPLN (periodically poled lithium niobate) nonlinear crys-
tals187 and frequency-conversion devices have now been developed 
in an integrated semiconductor platform28.
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