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Photonic technologies are becoming increasingly preva-
lent in our daily lives. After decades of rapid advances, light 
sources — especially lasers and light-emitting diodes — have 

become high-performance, yet low-cost and reliable components, 
driving the Internet and lighting cities. A new frontier of research 
is the development of non-classical light sources: sources that 
produce streams of photons with controllable quantum correla-
tions. A central building block, in particular, is a single-photon 
emitter (SPE) — a fundamental resource for many scalable quan-
tum information technologies1–6. The ideal on-demand SPE emits 
exactly one photon at a time into a given spatiotemporal mode, 
and all photons are identical so that if any two are sent through 
separate arms of a beam-splitter, they produce full interference 
(a signature of indistinguishability). Such SPEs play a central role 
in a range of proposed quantum computing schemes, includ-
ing linear7,8 quantum simulation9, quantum walks10 and boson 
sampling11, and precision measurement12. SPEs are also useful or 
necessary in many quantum secure communication schemes13,14 
and light flux metrology applications (such as defining the quan-
tum candela — the SI base unit of luminous intensity) that do not 
require indistinguishability15,16. 

Over the years, various processes have been studied to generate 
single photons. The first demonstration of a SPE used an atomic 
transition of sodium atoms17, though its reliability and efficiency 
were low. Today, it is possible to control cold atoms to efficiently 
produce single photons on-demand with near-identical wave pack-
ets18. Such sources, however, still require complex set-ups, and the 
loading of atoms or ions can be intermittent. The dynamics of atom-
based sources is also relatively slow, leading to very low operation 
rates. Alternatively, single photons can be generated by heralding 
one of two photons produced using a nonlinear process such as 
spontaneous parametric down-conversion19,20 or spontaneous four-
wave mixing21. To overcome the unpredictable generation times of 
heralded photons, multiplexing schemes are being developed to 
rearrange them into regular intervals, though more work is needed 
to improve the single-photon purity and efficiency of such schemes, 
which are currently limited largely by losses in switching, photon 
storage and detection.

One of the most promising types of single-photon sources 
today are solid-state SPEs based on atom-like emitters — including 
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fluorescent atomic defects and quantum dots (QDs) — which prom-
ise to combine the outstanding optical properties of atoms with the 
convenience and scalability of a solid-state host system22–25. But 
the complex mesoscopic environment of the solid state also entails 
numerous challenges, including inhomogeneous distributions that 
cause variability between photons from different emitters, and 
homogeneous linewidth broadening that gives rise to photon dis-
tinguishability from the same emitter. In addition, the extraction 
of photons, particularly from emitters in host materials with high 
refractive index, is challenging. Much research over the past decade 
has focused on mitigating these deleterious effects.

Over the past decade, efforts to engineer solid-state SPEs have 
expanded beyond the originally studied colour centres and QDs to 
include two-dimensional (2D) materials, carbon nanotubes (CNTs) 
and other solid-state host materials. A range of other source tech-
nologies are transitioning from discovery into engineering. This 
Review will identify key properties for evaluating and compar-
ing SPEs, and will summarize recent progress of ‘established’ and 
emerging SPE technologies. In particular, we discuss the SPEs’ 
photophysical properties as well as efforts towards scalable system 
integration, including electrical triggering and incorporation into 
optical resonators (metallic and dielectric). 

We will first briefly review the available and most-studied solid-
state systems, summarized in Fig. 1, and consider leading sources 
and their photophysical properties. We will then discuss impor-
tant steps towards engineering scalable devices based on solid-
state sources, with an emphasis on electrically triggered sources 
and integration of emitters with optical resonators (metallic and 
dielectric). We conclude with a discussion of challenges inherent 
to each system and highlight new research directions that are cur-
rently being explored.

Table 1 summarizes some of the most important properties of 
each system and serves as a roadmap for future studies of each 
system. It is clear that no single platform satisfies all prerequisites 
for an ideal SPE. For most applications, stable SPEs (which do not 
blink or bleach) are needed, with a high brightness and emission 
rate, as well as high single-photon purity and indistinguishability. 
The brightness of the source represents the maximum rate at which 
single photons can be emitted (or collected), while purity charac-
terizes the multiphoton emission probability. Purity is quantified 
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by the dip of the second-order autocorrelation function, g(2)(τ), 
at zero delay time, τ, while photon indistinguishability is quanti-
fied by a corresponding dip in the Hong–Ou–Mandel two-photon 
interference experiment that measures the extent of destructive 
interference between photons arriving simultaneously at a 50:50 
beam splitter. These quantities are not consistently available, espe-
cially not under comparable experimental conditions (for example 
pump power) and especially not for emerging SPE systems. As the 
field of SPEs matures, it will become important to adopt consistent 
measurement and reporting standards to aid comparisons between 
SPE systems and for informing theoretical protocols. For the pur-
pose of this Review, we have assembled the arguably most consist-
ently reported SPE metrics in Table 1.

So far, only InGaAs QDs offer purities in excess of 99% (whereby 
g(2)(0) < 0.01), corresponding to a 100-fold reduction in multiphoton 
emission compared with single-photon emission24–27. Most other 
systems suffer from increased multiphoton emission events with 
g(2)(0) in the range of 0.1–0.3, although many have very high emis-
sion rates of the order of 106 counts per second. Below, we discuss 
the key capabilities and limitations of the most promising systems.

Colour centres in crystals 
A wide range of crystal colour centres — fluorescent point defects — 
exist at low enough density that SPEs can be isolated (Fig. 1a). Many 

of these emitters are stable even at room temperature if the electronic 
ground and excited states are far from the host crystal’s valence and 
conduction bands. Among the most thoroughly studied SPEs are 
colour centres in diamond28. Stable room-temperature operation is 
one of the biggest advantages of these systems as it enables rapid 
characterization and thus fast research and development cycles 
used to improve the material. The nitrogen–vacancy (NV) and the 
silicon–vacancy (SiV) defects in diamond are the most studied, and 
their crystallographic and electronic structures are established28. 
These centres can occur naturally in diamond and can also be pro-
duced by ion implantation and subsequent annealing. At low tem-
perature (<5 K), the zero-phonon emission lines of both emitters are 
narrow enough to allow two-photon interference between different 
emitters, although the visibility is poor29,30 (72 ± 5% and 66 ± 10% 
for the SiV and the NV centres, respectively).

The NV centre has a non-zero electronic dipole moment that 
causes its optical frequencies to be sensitive to local strain and elec-
tric fields, which in turn contributes to homogeneous and inho-
mogeneous broadening. These can be mitigated by growing better 
diamond host material or engineering dynamical schemes to con-
trol and offset the fluctuations31. On the other hand, defects with 
an inversion symmetry such as the SiV centre in diamond are less 
susceptible to local environmental fluctuations. Indeed, multiple 
nearly identical SiV centres can be grown in the same crystal, as was 
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Figure 1 | Solid-state quantum systems emphasized in this Review. a, Defects in bulk 3D crystals and nanocrystals that emit single photons when excited 
with sub-bandgap light (illustrated with a green incoming laser beam). The insets show the most studied crystals — diamond, silicon carbide (SiC), yttrium 
aluminium garnet (YAG) and zinc oxide (ZnO). b, Emitters in 2D hosts. Single-photon emission at cryogenic temperatures was realized from localized 
excitons in several TMDCs including WSe2 and MoSe2, as shown in the confocal map (left). Room-temperature operation was realized from defects in 
monolayer hBN and few-layer flakes of hBN (right). c, Single-photon emission was recorded from excitons localized at oxygen-related defects in single-walled 
CNTs. d, Nitride QD embedded in a nanowire waveguide in order to enhance emission. e, Self-assembled InAs QDs. Both QD systems are representative 
of epitaxial (non-colloidal) QD-based SPE platforms. The InAs QDs were the first system used to demonstrate triggered SPEs. Figure reproduced with 
permission from: a(SiC), ref. 35, Nature Publishing Group; a(YAG), ref. 49, Nature Publishing Group; a(ZnO), ref. 44, American Chemical Society; b(left), 
ref. 61, OSA; b(right), ref. 56, Nature Publishing Group; c, ref. 68, Nature Publishing Group; d, ref. 85, American Chemical Society; e, ref. 74, APS.
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recently demonstrated29,32. The SiV centre also has a strong zero-
phonon line (ZPL), with ~70% of photons emitted into the ZPL. 
Emission into the ZPL is important for photon-mediated entangle-
ment of internal quantum states of multiple emitters. The brightness 
of the SiV centre in bulk diamond is, however, still low, owing to low 
quantum efficiency of the defect28. Other defects with similar sym-
metry and optical properties, for example germanium–vacancy cen-
tres33,34, are currently being investigated as promising alternatives.

An important challenge for other documented diamond col-
our centres is to reveal unambiguously the precise crystallographic 
structure, symmetry and charge state of each emitter. Several defects 
with known crystallographic structures, such as the nickel-related 
NE8 centre (ZPL ~793  nm) and the nitrogen-related H3 defect 
(ZPL ~503  nm), have been isolated at the single-defect level, but 
controlled fabrication of these defects as single sites is still missing28. 
Studies into the NV centre provide an excellent toolkit and a clear 
pathway to do so. These studies should include atomistic model-
ling to elucidate the level structure of the other atom-like defects 
in solids. These studies may also assist in identifying other NV-like 
systems with efficient optical spin readout at room temperature in 
diamond and other wide-bandgap crystal hosts. Subsequently, engi-
neering these defects could be attempted in a controlled manner.

Much recent work has also focused on colour centres in the 
compound semiconductors. Silicon carbide (SiC) is of particular 
interest, as its many polytypes also have a large bandgap (typically 
3–4  eV) and its nuclear spins can be spin-free (that is, a nuclear 
spin state of zero), allowing for colour-centre spin states with long 
coherence times. Of practical importance is that SiC is grown on 
an industrial scale for semiconductor applications. Consequently, 
the discovery35 of a bright room-temperature SPE in SiC, tentatively 
attributed to the positively charged carbon antisite-vacancy (CvCSi) 
defect36, was shortly followed by the first report of a pulsed room-
temperature SPE diode37. Detection and manipulation of the spin 
state of SPEs in SiC has, however, been demonstrated so far only in 
comparatively low-brightness emitters attributed to Si vacancy and 
di-vacancy defects38–42. A conclusive correlation between the emis-
sion properties, spin properties and the precise crystallographic 
structure of each defect is yet to be established, and a topic of active 
research pursued by numerous groups43.

The wide-bandgap (3.4  eV at room temperature) II–VI com-
pound semiconductor ZnO has optoelectronic properties that 
could offer additional degrees of control over incorporated SPEs, 
including piezoelectric and spintronic properties, as well as mature 
commercial growth and processing. Several types of SPE have been 
reported in ZnO, but the structural origin of these luminescent cen-
tres is controversial, and most of the emitters reported so far suffer 
from blinking and bleaching44–48. Moreover, fabrication of high-
quality, stable p-doped ZnO has remained elusive despite intense 
research efforts. This problem must be solved to enable the fabrica-
tion of ZnO p–n junctions and associated devices, a key potential 
benefit of this SPE host.

By comparison, rare-earth-ion impurities in crystals such as 
yttrium aluminium garnet (YAG) and yttrium orthosilicate (YOS) 
are well characterized and understood, with a range of proper-
ties that make them compelling candidates for SPEs49–53. These 
include narrow optical emission lines arising from transitions 
between excited states that are efficiently screened by outer-lying 
shells from the enclosing environment and hyperfine split ground 
states with very long coherence times54,55. Many of the garnet 
host materials have well-established growth protocols, driven by 
industrial applications such as solid-state laser gain materials. 
However, the excited-state lifetimes tend to be long, sometimes 
hundreds of milliseconds or more, resulting in low photon emis-
sion rates that make the detection of single ions challenging, and 
limit the maximum count rate of a practical SPE. This limitation 
has been partly circumvented in the case of Pr:YAG using a two-
step upconversion process that has the mutual benefit of accessing 
a short-lived excited state and avoiding high background levels49. 
Nonetheless, maximum reported count rates are still moderate 
(~60 × 103; see Table 1) owing in part to a multitude of competing 
relaxation pathways.

The natural linewidths of all the colour centres need to be inves-
tigated in more detail. Although several lifetime-limited linewidths 
have been demonstrated in diamond, the existence of such 
linewidths has not been demonstrated for colour centres in other 
systems. Given the complexity of dielectric environments typically 
encountered in the proximity of defects, it is important to continue 
developing emitter systems that are inherently more tolerant to 

Table 1 | Summary of photophysical properties of solid-state SPEs.

  
 
 
 

Maximum count rate 
(without a cavity, 
continuous wave) 
(counts s–1) 

Lifetime (ns) 
 
 
 

Homogeneous 
linewidth at 4 K 
 
 

Indistinguishable 
photons (IP) and 
entanglement (E)  
 

Spatial targeted 
fabrication of 
single emitters 
 

Operation 
temperature 
 
 

Integration 
of SPEs with 
dielectric cavities 
or plasmonic 
resonators

Colour centres 
in diamond

SiV: ~3 × 106 (ref. 138)*
NV: ~1 × 106 (ref. 139)†

For other sources see 
ref. 28

SiV: ~1 

NV: ~12–22
 

NV, SiV lifetime-
limited29,30

Cr-related: 4 GHz 
(ref. 140)

NV: IP, E
SiV: IP

Only for NV and 
SiV (ref. 28)

RT Dielectric: NV, 
SiV only
Plasmonics: 
NV only

Defects in SiC, 
ZnO and BN 
Rare earths in 
YAG/YOS

YAG: ~60 × 103 (ref. 141)
ZnO: ~1 × 105 (ref. 44)
SiC: ~2 × 106 (ref. 35)
BN: ~3 × 106 (ref. 56)

19 (ref. 49)§

1–4 (ref. 44)
1–4 (ref. 35)
~3 (ref. 56)

N/A No No RT No

Arsenide QDs ~1 × 107 (ref. 84)‡ ~1 (refs 6,84) Lifetime-limited Yes Yes 4 K Yes
Nitride QDs N/A ~0.3 (ref. 85) ~1.5 meV (ref. 85) No Yes RT Dielectric: yes

Plasmonics: no
CNTs ~3 × 103 (ref. 68) ~0.4 (ref. 68) N/A No No RT Dielectric: yes

Plasmonics: no
2D TMDCs ~3.7 × 105 (ref. 57) ~1–3 (ref. 57) N/A No No 4 K No

The reported count rates for each system can be potentially optimized by integrating with cavities or improving collection optics. *Reported from a nanodiamond on iridium. †Recorded from a nanodiamond 
positioned on a solid immersion lens. Similar values obtained by etching a bullseye grating into a diamond membrane142. In both cases emitters in bulk diamond are dimmer. ‡Count rate at the objective, which is 
directly comparable to other systems. §Realized by optical upconversion to a short-lived excited state. N/A, not available; RT, room temperature.
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stray electric fields, as well as active emitter stabilization methods 
to stabilize spectral drift31.

Two-dimensional materials 
Recently, a number of 2D materials have been shown to host 
SPEs56–63 (Fig. 1b). The 2D hosts include transition metal dichal-
cogenides (TMDCs) in which the quantum defects are ascribed 
to localized, weakly bound excitons, and hexagonal boron nitride 
(hBN) in which SPEs have been associated with defects deep within 
the bandgap. Similarly to QDs, the TMDCs only exhibit quantum 
emission at cryogenic temperatures, whereas defects in hBN give 
rise to deep states that allow SPE operation at room temperature. 
The nature of SPEs in TMDCs is yet to be clarified. The emission 
is detuned by several millielectronvolts from the exciton transition 
and often appears at the 2D flake edges. The brightness varies from 
sample to sample, and most of the lines exhibit strong Zeeman shifts 
with applied magnetic field that could potentially be used to tune 
multiple emitters to the same frequency and realize photon indistin-
guishability. Several groups are pursuing this avenue of research57–63.

Further research is required to explore limits of linewidth (for 
example through resonant excitation), photon purity and internal 
quantum efficiency of SPEs in 2D materials. Nevertheless, 2D mate-
rials offer a fascinating platform for quantum photonics. Given that 
the SPEs are embedded in a monolayer, total internal reflection can 
be avoided (which is a big problem with colour centres), and the light 
extraction efficiency can be very high. Moreover, integration with 
cavities and photonic waveguides is promising since manipulation 
of 2D materials on various substrates is now established. Another 
advantage of the defects in 2D materials is the great potential for 
coupling them to plasmonic structures. The thickness of the host 
material is particularly important for coupling to plasmonic tips or 

plasmonic gap cavities, as these require nanometre-scale proximity 
that is typically difficult for SPEs in bulk emitters in bulk crystals.

Defects in hBN are the most recent addition to the SPE library64–67 
and among the brightest SPEs reported so far56. Megahertz count 
rates at the detector have been recorded56 with a very low excitation 
power of several hundred microwatts. The majority of photons are 
emitted into the ZPL, although the ZPL wavelength can vary from 
sample to sample. Rigorous modelling along with resonant excita-
tion need to be carried out to reveal the electronic and crystallo-
graphic structure of the emitters. The natural linewidths of these 
emitters seem to be broadened by spectral diffusion, but these defi-
ciencies may be resolved using dynamic stabilization31.

Carbon nanotubes 
Semiconducting CNTs (Fig.  1c) have also been shown to host 
SPEs68–70. The biggest promise for CNTs is the potential realiza-
tion of optomechanical circuits since the CNT is a high-quality 1D 
mechanical resonator. Its mechanical properties are mostly known, 
and the growth of long CNTs is established. Another unique aspect 
of CNT SPEs is that the ZPLs can be above 1  μm in wavelength, 
potentially lowering the barrier for integration with existing tel-
ecom technologies.

The origin of these emitters is ascribed to excitons bound by 
shallow QD-like states generated by environmental fluctuations. 
These emitters therefore operate only at cryogenic temperatures 
and are highly susceptible to blinking, bleaching and dephasing. 
Recently, room-temperature quantum emission has been observed 
from deep O-related impurity states68. These emitters, however, 
require further characterization, and an outstanding challenge 
with all CNT emitters is to increase the brightness and stability of 
the SPEs.
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Figure 2 | Electrically driven single-photon emitters. a, InAs QDs embedded in an AlAs/GaAs Bragg-stack micropillar cavity that is doped to form a p–n 
structure used to electrically excite the QDs. DBR, distributed Bragg reflector. b, An InGaN QD embedded in a p–n nanowire made of p-GaN and n-GaN, 
grown on a silicon substrate. c, First demonstration of a quantum light-emitting device made using a 2D material. The TMDC is sandwiched between hBN 
and single-layer graphene (SLG). d, Diamond quantum LED realized by exciting the neutral NV centres in a diamond p–i–n structure. e, SiC-based quantum 
LED realized by creating a p+–n– junction and exciting emitters at the interface. Figure reproduced with permission from: a, ref. 94, AIP Publishing LLC; 
b, ref. 95, Nature Publishing Group; c, ref. 96, Nature Publishing Group; d, ref. 98, Nature Publishing Group; e, ref. 37, Nature Publishing Group.
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Other 1D hosts include QD-containing nanowires. A particu-
larly interesting case is that of crystal-phase QDs, formed by modi-
fying the crystallographic structure (from zinc blende to wurtzite) 
but not the chemical composition during the nanowire growth71. 
The quantum confinement originates from the bandgap differences 
at the domain interfaces within the nanowire.

Quantum dots 
Self-assembled InAs/GaAs QDs (Fig. 1e) currently have the high-
est all-around SPE performance72–75. Emitted photons have been 
entangled to the spin degree of an additional electron loaded on the 
QD4, and two-photon entangled states have been produced using 
bi-exciton cascade76,77. Under resonant excitation, recent demon-
strations have achieved photon purity >99% (that is,  g(2)(0) < 0.01), 
and photon collection efficiency in excess of 75%24,25,76–79. In a recent 
report, over 1,000 consecutive emitted photons exhibited more than 
92% indistinguishability27. A variety of methods have been devel-
oped to increase photon extraction efficiency above 50%, including 
coupling QDs to micropillars, nanowire antennas80–82, microlenses83 
or circular Bragg grating bullseye cavities84 defined on top of a pre-
characterized dot. Moreover, strong coupling of single dots to pho-
tonic crystal cavities has been thoroughly investigated, bringing this 
platform one step closer towards integrated photonics on a single 
chip and engineering of spin/photon interfaces1,2.

The production of many-photon quantum states can, to some 
extent, be achieved by time-delaying emissions from a single QD, 
but at the loss of overall rate. To maintain a high rate of multiphoton 
state generation, a key challenge for the InAs QDs is reproducibil-
ity of the samples and growth of multiple identical dots. To better 
interface with telecom systems, there has also been noticeable pro-
gress towards infrared emitters, and two-photon interference was 
recently demonstrated from InAs/InP SPEs in the telecom spec-
trum (1,550 nm)26.

There has also been considerable progress in III-nitride QDs that 
operate even at room temperature85–87. But owing to challenges in 

growth of high-quality material and a higher emission energy of 
~3 eV, their use as a reliable SPE platform with high signal-to noise 
ratio and a relatively low g(2)(0) is yet to be demonstrated.

Finally, perovskite QDs (not included in Table  1) have been 
shown to exhibit quantum emission88 and operate at room tem-
perature. However, the emitters blink and bleach, and the reported 
count rates are low. More materials development is required to opti-
mize these emitters.

Electrically driven devices
Deployment of scalable single-photon technologies can benefit 
from electrically triggered devices integrated onto a single chip89–93. 
Figure  2 shows electrically driven quantum LEDs (QLEDs) that 
have been realized with QDs (Fig. 2a,b)94,95, 2D TMDCs96,97 (Fig. 2c) 
and defects in solids (Fig.  2d,e)37,98,99. One of the main challenges 
in QLEDs is to concentrate the electron–hole pair recombination 
current on the defect or QD of interest rather than on surround-
ing impurities. Therefore, material growth and site-specific emitter 
engineering are key to achieving working devices and technolo-
gies that are efficient and scalable. Indeed, generation of efficient 
QLEDs has been realized in the GaAs system100, which allows for 
p- and n-type doping as well as positioning of QDs. Moreover, the 
QLEDs have been combined with photonic structures such as Bragg 
reflectors or nanowires that further enhance the overall efficiency 
of the devices (Fig.  2a,b). Entanglement between emitted photon 
pairs has also been recently reported — a hallmark of scalable 
quantum technologies78.

In wide-bandgap systems, including diamond and silicon car-
bide, charge injection has so far resulted in increased background 
emission due to high defect concentration, and therefore reduced 
signal-to-noise ratio of the sources. A unique challenge for electri-
cal driving concerns the control of the charge state, which greatly 
changes the emission spectrum in colour centres (whereas the shift 
between excitons and trions in QDs is typically smaller). While the 
negatively charged NV centre is of interest to the quantum photonic 
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up to 65% of the NV emission to be channelled into the cavity mode. l, cavity length; NA, numerical aperture. Figure reproduced with permission from: 
a, ref. 107, American Chemical Society; b, ref. 108, American Chemical Society; c, ref. 109, Nature Publishing Group; d, ref. 110, APS; e, ref. 111, APS.
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community, only the neutral NV centre can be driven electrically. 
Electrical pumping of other colour centres — such as diamond Xe 
centres101 or SiV centres102 — appears promising.

Finally, 2D TMDCs provide another promising platform for 
QLED systems, as p–n junctions can now be fabricated in a wide 
range of homo- and heterojunctions, sheet conductivity can be 
high, and current could be injected with extremely high spatial res-
olution, at least in the out-of-plane dimension. In addition, charge 
control of individual shallow defects in hBN/graphene heterostruc-
tures using a high-resolution scanning tunnelling microscope has 
recently been shown103. This result opens interesting perspectives 
towards voltage-controlled emission from SPEs in hBN.

Integrated systems
In many applications, it is beneficial to integrate SPEs on-chip with 
other photonic devices, including photonic cavities, filters, wave-
guides, resonators and detectors. The integrated systems enable 
light guidance on a chip, enhancement of emission rates by modi-
fication of spontaneous emission, and efficient photonic interfaces 
to atom-like emitters in the strong Purcell and strong-coupling 
regimes1,2,6,104. Two broad approaches have been investigated to inte-
grate quantum emitters and photonic integrated circuits (PICs): 
either a hybrid approach105,106 whereby the SPE is heterogeneously 

integrated with a PIC made of a different material, or a homoge-
neous approach in which the SPE is monolithically grown in the 
PIC device1,73. Each approach offers advantages and disadvantages. 
In the following, we focus only on the hybrid approach as it offers 
more flexibility for realizing the final device. We note that colloidal 
QDs have been used in much of the proof-of-concept work done 
so far because they are relatively easy to fabricate and manipulate. 
Experiments to date have found unstable optical emission, however, 
and therefore we do not include them among the most promising 
SPEs in this Review.

Figure 3 summarizes several key experiments on hybrid integra-
tion of SPEs into cavities and waveguides. Figure 3a and b shows 
single colloidal CdSe/ZnS QDs coupled to a dielectric slot wave-
guide and a plasmonic gap cavity, respectively107,108. The latter results 
in a large emission rate enhancement of up to ~1,900 (ref. 108). 
Figure 3c shows a CNT that hosts a quantum emitter coupled to a 
nanobeam cavity in a low mode volume silicon photonic crystal that 
results in an emission enhancement, and a theoretical Purcell value 
of ~300 (ref. 109). Figure 3d and e shows examples of fibre-based 
cavities, realized with QDs110 and nanodiamonds111, respectively. 
Although such architectures are not easy to fabricate, they offer an 
interesting advantage in that the emission is directed into an optical 
fibre and can be easily integrated with other photonic components.
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While the results presented in Fig. 3 are promising, there are sev-
eral difficulties in assembling these hybrid nanophotonic systems. 
(1) The dipole orientation of the SPE within the solid-state parti-
cle is unknown, and once manipulated into a cavity, it is unlikely 
to experience the strongest electromagnetic field. (2) The SPEs are 
never located precisely in the ‘middle’ of the foreign particle, which 
poses limitations on the cavity design. (3) The actual placement of 
the particle in the strongest cavity field is often challenging. (4) The 
particles containing the SPEs scatter light, which degrades the cav-
ity resonances and adds loss channels. The recently discovered SPEs 
in 2D materials may solve these problems, as the optical dipole is 
typically in-plane, aiding angular alignment, and the atomic thin-
ness of the host material causes only minimal perturbations to the 
waveguide or cavity mode. Indeed, initial experiments on coupling 
exciton transitions of 2D materials to optical cavities are encourag-
ing112. With improved control over lateral engineering of SPEs in 
these materials, high-precision deterministic coupling to cavities 
should become achievable.

Applications of SPEs
System-level demands on quantum light sources are far more strin-
gent than for their classical counterparts, as reflected for example in 
the extremely high internal and extraction efficiency requirements 
in Table  2. For instance, most quantum key distribution (QKD) 
systems are nowadays run with attenuated laser sources, and can 
operate with a mean photon number per pulse of <n> ≈ 0.5 (using 
recently introduced decoy-state protocols113,114 to counter the pho-
ton-number splitting side-channel attack). An ideal SPE could push 
this to <n> = 1. Thus, to make SPEs worthwhile on the sender side 
(Alice), the efficiency from the source to the fibre, including all state 
preparation (for example polarization encoding), should be at least 
0.5. Recent results demonstrated QKD with triggered SPEs over 
more than 120 km in fibres (Fig. 4a)115. The raw and secure key rates 
at 100  km were ~80  and 28 bits per second, respectively, realized 
with true pure SPEs (g(2)(0) ≈ 10–3). But this rate is still 1–2 orders of 
magnitude slower than attenuated-laser QKD, pointing to the need 
for improvements in the source brightness and extraction efficien-
cies for SPEs to become competitive for QKD113,115.

While QKD does not need — but could benefit from — SPEs, 
other applications require them. One important area is in the pro-
duction of many-photon entangled states. For instance, heralded 
two-photon Bell states can be produced using linear optics and four 
single photons. Heralded Bell states are useful for certain types of 
quantum repeater protocols using atomic memories116. SPEs are 
also central resources for producing cluster states for all-optical 
quantum repeaters117, although the latter is likely to require photon 
source efficiencies over 0.99 to keep the number of required sources 
manageable118. Fault-tolerant quantum computing imposes simi-
lar efficiency requirements on the source88,119, as well as near-unity 
indistinguishability and probably very high photon purity, although 
the effect of multiphoton emissions on gate fidelities has not yet 

been thoroughly analysed8. Encouragingly, theoretical work on per-
colation-based generation of photonic cluster states shows signifi-
cant loss tolerance. Even the best theoretical protocols, however, call 
for at least thousands of photons per encoded quantum bit, so many 
identical sources will need to work together efficiently, probably on 
PICs. A more forgiving application could be boson sampling and 
photonic quantum walks9,120, which promise to beat today’s classical 
computers at specialized tasks with more than ~40 photons; these 
applications can also tolerate lower indistinguishability121.

Two-qubit logic gates and quantum-state teleportation 
(Fig. 4b,c)122,123 represent operational primitives of photonic quan-
tum information processing. A post-selected optical quantum-
controlled NOT (CNOT) gate (analogous to a logic NOT gate) was 
recently demonstrated with indistinguishable SPEs (Fig.  4b). A 
heralded CNOT gate together with feed-forward and single-qubit 
rotation produces a universal set gate for quantum computing7,117,118. 
Finally, Fig. 4d illustrates the recently proposed concept of an all-
optical quantum repeater for long-haul quantum cryptographic 
links. Quantum repeaters are analogous to amplifiers in classical 
channels117. They are proposed to be inserted between distant quan-
tum nodes to generate a shared secret key to compensate for the 
losses in the channel118. Based on recent resource-cost analysis118, 
millions of high-performance SPEs would be needed per repeater 
node to produce the required cluster states needed to beat the lim-
its of repeaterless QKD. Additional theoretical work is needed to 
elucidate requirements on photon purity and indistinguishability, 
although errors in both will probably need to be much below 1%.

The early discovery of QD SPEs and their continued refinement 
has allowed these systems to lead the way in key quantum optics 
demonstrations, including CNOT gates and spin-photon entangle-
ment experiments. However, the applications of atom-like defects 
in solids have grown in recent years far beyond single-photon 
emission. For example, defects in wide-bandgap systems (such as 
NV centres in diamond) have emerged as excellent systems for 
nanoscale sensing124 and long-range electron-spin entanglement125, 
while rare-earth-ion systems are being engineered as promising 
quantum memories for quantum repeaters.

Conclusions and outlook
SPEs have been, and remain, of central importance in many quan-
tum optics applications. The basic physics of two-level optical sys-
tems is well established, but coaxing solid-state emitter systems, 
with their often complex mesoscopic environment, to simply fit 
such simple models has not been possible. Instead, the challenges 
of developing ‘ideal’ single-photon sources have prompted success-
ful research that has greatly elucidated physical processes in open 
quantum systems and advanced our understanding on quantum–
classical boundaries. These research efforts have also led to pleas-
ant surprises — for instance, that the apparent ‘nuisance’ of emitter 
electron spins coupling to nearby nuclei actually allows controllable 
access of ancilla nuclear spins and related research activities. 

Table 2 | Summary of source requirements for different applications.

 Photon purity g(2)(0) Indistinguishability Efficiency η Repetition rate
Quantum key distribution <0.1 Not critical, but consecutive 

photons must be uncorrelated
>0.5* >GHz

Cluster-state 
quantum computing

<0.001 (more study needed on 
many-photon errors)

>0.99 >0.99 for reasonable 
resources

Ideally GHz to avoid long buffers, 
maximize experiment frequency

All-optical 
quantum repeater

<0.001 >0.99 >0.99 >GHz

Bell-state sources for 
memory-based repeaters

<0.01 >0.9 >0.9 Ideally GHz

*To be competitive against attenuated laser quantum key distribution with decoy state.
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Rapid progress in a range of SPE technologies has greatly 
improved key metrics — photon purity, efficiency and indistin-
guishability — as well as important practical matters including 
reproducibility, wavelength and electrical pumping. SPEs are now 
close to improving on state-of-the-art technologies, including 
photon-number-squeezed light sources for intensity standards or 
boson sampling and related applications. With sufficient overall 
internal and external photon efficiency, single-photon sources stand 
to become competitive for quantum communications — as sources 
for QKD and for augmenting quantum repeaters based on matter-
based long-lived memories. Finally, when the key performance met-
rics of efficiency, indistinguishability and purity have errors below 
1% or so, one may expect SPEs to enable scalable production of 
many-photon entangled states for advanced applications including 
all-optical repeaters and quantum repeating in linear optics.

Reaching the performance requirements for these applications 
requires continued basic research as well as engineering of already 
established systems. The crystallographic and electronic level struc-
ture of most of the current defects is still under debate. Rigorous 
atomistic modelling along with established spectroscopic, electron 
spin resonance and ion implantation studies is needed. The tremen-
dous improvements in growth of arsenide-based systems can be 
extended to the increasingly important optoelectronic material sys-
tem of III-nitrides, with a particular focus on reducing inhomoge-
neous broadening through improved material growth and methods 
for control of individual SPEs, particularly in attempts to grow iden-
tical QDs. After the discovery of a whole new class of SPEs in 2D 

materials with unique optical and material properties, experimental 
and theoretical work are needed to elucidate the photophysics, crys-
tallographic and electronic properties, and methods of production. 
Growth of alternating layers promises multicolour SPEs on a chip, 
and recent progress in 2D-material electrical contacts promises 
high-performance electrically driven SPE devices. Thorough opti-
cal studies are needed, however, to understand the possible limits 
to efficiency, indistinguishability and photon purity. Ultimately, 
whereas miniaturization of electronic devices will reach the level of 
single charges, miniaturization of photonic and optoelectronic com-
ponents will require manipulation of SPEs in a microscopic solid-
state environment.

Among other promising applications in which SPEs can play a 
central role is quantum optomechanics, which may revolutionize 
today’s sensing technologies126. Cooling an optomechanical reso-
nator to its ground state has been demonstrated, and interfacing 
mechanical motion with spins and single photons is an exciting new 
direction of research. One promising avenue is to explore strain to 
mediate coupling between optical and mechanical resonances in 
a monolithic integrated device127–129. The mature nanofabrication 
capabilities of diamond or silicon carbide are promising for such 
devices (Fig. 5a)130–133.

Another promising direction includes single-photon-level ‘tran-
sistors’ (Fig. 5b). Such advances will enable explorations of quantum 
nonlinearities and open the path for discoveries of new physical 
phenomena. Indeed, a single-photon transistor has been realized 
with trapped rubidium atoms134 and single molecules135, but is yet 
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Figure 5 | Future applications of solid-state single emitters. a, Optomechanics with single photons. Coupling between single photons and single 
mechanical oscillations. Experiments of this type are already under way. b, Schematic illustration of a single-photon transistor. Such a device has been 
proposed and realized using Rydberg states in an ultracold Rb gas as well as single molecules. An analogous device is yet to be demonstrated using solid-
state defect-based emitters. c, On-chip integrated quantum memory and quantum circuitry. Although such a memory has been realized with atomic 
vapour, and individual quantum memories have been demonstrated with both NV centres and QDs, on-chip integration is yet to be achieved. Figure 
courtesy of D. Lake and P. Barclay, Univ. of Calgary (a); R. Johne and A. Fiore, Eindhoven Univ. Technology (c).
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to be realized in the solid state136,137. Finally, many proposals for 
cluster-state production would benefit greatly from an electrically 
triggered source of entangled photons that are guided and stored 
on a single chip (Fig. 5c). The required toolkit is in place, primar-
ily because a vast library of SPEs has already been established. It is 
therefore the right time to dedicate resources to scalability, optimi-
zation and applicability of these emitters to real devices.

Received 29 June 2016; accepted 18 August 2016; 
published online 29 September 2016
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