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Abstract: Due to their quantum nature, single-photon emitters (SPE) generate individual
photons in bursts or streams. They are paramount in emerging quantum technologies such
as quantum key distribution, quantum repeaters, and measurement-based quantum computing.
Many such systems have been reported in the last three decades, from rubidium atoms coupled
to cavities to semiconductor quantum dots and color centers implanted in waveguides. This
review article highlights different solid-state and atomic systems with on-demand and controlled
single-photon generation. We discuss and compare the performance metrics, such as purity
and indistinguishability, for these sources and evaluate their potential for different applications.
Finally, a new potential single-photon source, based on the Rydberg exciton in solid-state metal
oxide thin films, is introduced, where we discuss its promising features and unique advantages in
fabricating quantum chips for quantum photonic applications.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction
1.1. Applications of single-photon sources

Single photons are flying qubits that play crucial roles in applications such as all-optical quantum
computing [1,2], long-distance quantum communication [3,4], and cryptography [5]. They are
generally classified into two categories: probabilistic and on-demand. Probabilistic sources, such
as those based on spontaneous parametric down-conversion (SPDC), have been the most widely
used to date [6-9]. Although these sources have enabled significant achievements, including some
of the first tests of Bell inequalities [10-12], their probabilistic nature introduces considerable
overhead for large-scale experiments. Moreover, there is a negative trade-off between the purity
of the source and the probability of photon generation, which limits the source efficiency to only
a few percent.

On-demand SPEs, on the other hand, rely on spontaneous emission from quantum emitters and
can achieve near-unity photon-creation efficiency, making them attractive for scalable applications.
So far, many on-demand single-photon sources involve a single or ensemble of emitters coupled
to resonant cavities or waveguides. Therefore, creating an on-demand single-photon source
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without relying on resonant optical structures remains a major challenge. However, there are
cavity-free protocols, such as Duan-Lukin-Cirac-Zoller (DLCZ), which use heralded preparation
of collective spin excitations in atomic ensembles, later converted into photons via stimulated
Raman processes [13].

On-demand sources based on solid-state quantum emitters are desirable, as they generally
benefit from faster generation rates and ease of operation compared to their atomic counterparts.
In solid-state systems, atom-like sources can be excited using pulsed lasers to emit single
photons at GHz rates sequentially. Furthermore, spontaneous emission can be accelerated via
nanophotonics to exceed 10 GHz, which also allows directing the photons to well-defined optical
modes of cavities and fibers (cf. Sec. 3 for more information). These sources are being developed
from a variety of systems, including quantum dots, color centers in diamonds, nanostructures
such as carbon nanotubes [14], O, vacancies in Oxides such as Zinc Oxide (ZnO) [15], as well
as local defects and excitons in transition metal dichalcogenides [16—19], and two-dimensional
materials [20-23]. In addition, solid-state quantum emitters offer flexibility in terms of emission
wavelength and the generation of photonic quantum states. Different emitters have unique
energy levels that affect emission dynamics, influencing photon quality and applicability. This
enables the on-demand generation of entangled photonic states essential for quantum computing
and quantum repeaters. Some emitters even have spin states that can be monitored at room
temperature, enabling applications such as nanoscale magnetometry for biological systems
[24,25]. The emergence of new emitters could transform the quantum technology landscape and
introduce further capabilities.

This article provides a comprehensive overview of single-photon sources, with a particular
focus on solid-state platforms. It stands apart by delving into the unique contributions of Rydberg
atoms over the past two decades, highlighting their ability to map single-atomic excitations
onto photons with precise spatial and temporal modes. Additionally, it explores the emerging
potential of Rydberg excitons in solid-state systems, which could offer single-photon emitters with
performance akin to atomic systems. In addition, this article emphasizes the critical challenges
of scalability and reproducibility in solid-state photon sources, underscoring their importance for
real-world applications. Furthermore, it highlights the ongoing quest for large-scale production
of solid-state SPEs with consistent spectral and temporal characteristics, an area of growing
focus for both academic researchers and quantum technology startups. Recognizing that no
single emitter platform satisfies all criteria for an ideal single-photon source across diverse
applications, this review critically evaluates the trade-offs between performance, scalability, and
application-specific demands, shedding light on the continual exploration of new materials and
platforms.

1.2. Organization of the review

The structure of this review is organized as follows: in Sec. 2, we begin with an overview of single-
photon emitter metrics, including aspects of efficiency, photon purity, and indistinguishability.
Section 3 examines commonly used SPEs, ranging from single atoms to excitons, which mainly
depend on single particle effects. This section also explores the integration of solid-state sources
with nanophotonic cavities and waveguides to enhance SPE characteristics. In Sec. 4, we
introduce a distinct category of single-photon sources based on Rydberg blockade, a many-body
effect emerging in Rydberg atom ensembles. We provide a brief overview of Rydberg atoms,
emphasizing the impact of strong long-range dipole-dipole interactions that facilitate deterministic
optical nonlinearity at the single-photon level, and discuss how this feature can support the
creation of efficient on-demand SPEs. In addition, we present recent advances in Rydberg
systems centered on excitons in solid-state systems. In the discussion of the properties of Rydberg
excitons and in the proposal of methods for generating SPEs, we highlight the potential of this
platform in the advancement of solid-state quantum optics and technologies. Lastly, in Sec. 5,
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we conclude the review and highlight several active research directions in the development of
single-photon sources.

2. Characterization of single-photon sources

This section outlines key metrics and features of SPEs. Purity, quantified by g?(0) through
Hanbury-Brown-Twiss setups, and indistinguishability, measured via Hong-Ou-Mandel interfer-
ence, are two other important features. Solid-state emitters face challenges from environmental
interactions, with quantum efficiency (QE) and Debye-Waller factors (DBW) serving as perfor-
mance indicators.

The on-demand sources discussed in this review generally rely on spontaneous emission from
quantum emitters having a single-exponential form (I(¢) « ¢™"), where v is the decay rate of the
emitter. y widely varies for different emitters, ranging from hundreds of kHz for cold atoms to
several gigahertz for solid-state emitters. High decay rates are generally desirable because the
emitter’s decay rate directly influences the photon generation rate. Furthermore, faster optical
emission rates help overcome adverse processes that cause dephasing or nonradiative decay
channels.

An ideal single-photon stream must be free of multi-photon states. The key metric used to
quantify the purity of an SPE is the equal-time second-order correlation function, g®(0), which
quantifies the absence of multi-photon events in a stream of photons. Hanbury-Brown-Twiss
(HBT) measurements are commonly used to characterize the purity of SPEs. As depicted in
Fig. 1(a), the setup includes a 50-50 beam splitter followed by two single-photon detectors.
Although g®(0) values below 0.5 indicate single-photon emission, an ideal source should have
g?(0) close to zero; g?(0) close to 1% can be achieved with most quantum emitters, in the
best case g®)(0) can be as low as 107>, g®(0) values slightly greater than zero are observed
due to imperfections, such as background noise, laser leakage, and multiphoton emission events
[29,30]. When investigating the purity of an SPE, it is crucial to measure g*)(0) with excitation
powers close to saturation for continuous wave excitation and close to 7— pulse excitation, i.e.,
full inversion, for pulsed measurements so that the measurements closely reflect the performance
of an on-demand SPE.

Another important feature of single-photon sources is their ability to generate identical or
indistinguishable photons. Indistinguishability is typically quantified through the Hong-Ou-
Mandel (HOM) effect; two identical photons impinging on a beam splitter will exit the beam
splitter through the same arm. Figure 1(b) shows the configuration of a HOM setup, as well as
the measurement outcomes for the case of identical photons (filed markers) and photons that
have orthogonal polarization (empty symbols). The contrast between the two measurements
reveals the indistinguishibility of generated photons. The interference visibility is defined as the

ratio of coincidence events around zero time delay (M = 1 — 2—‘1), where A|| is the number of
coincidence events when the photons entering the beamsplitter have identical polarizations and
A is the number of events when the two streams have perpendicular polarization. This metric
is particularly valuable in photonic quantum information processing as the HOM effect is the
operating principle for photonic quantum gates. HOM visibility values typically range from O to
1, with O signifying highly distinguishable photon properties (such as polarization or spectral)
and 1 indicating completely indistinguishable photons. For SPEs, typical HOM visibility values
range from 0.60 [31-33] to 0.995 [34-36].

Measurement of HOM interference visibility in the same way as depicted in Fig. 1(b) is
challenging as both emitters have to be identical and remain identical throughout the measurement,
making the system highly sensitive to the parameters in the environment of the two emitters. It is
only feasible with highly pure and stable quantum emitters such as atoms and ions or a limited
number of solid-state ones [36]. HOM interference visibility between photons from the same
source can also be measured using a Mach-Zehnder interferometer. This method removes the
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Fig. 1. Various measures of single-photon sources. (a) Autocorrelation function g2() of
light emitted from a single atom. The photon stream is split into two paths, and the photon
arrival times at the detectors are correlated. The absence of simultaneous detection events
at 7 = 0 indicates an antibunched photon source. (b) Indistinguishability measurement of
photons from two ions. Photons are launched into the two input ports of the beamsplitter.
Indistinguishable photons arriving at the beamsplitter simultaneously follow the same path,
resulting in a dip in the correlation between the two detectors at 7 = 0 (black circles).
In contrast, distinguishable photons lead to correlated detection events at 7 = 0 (light
rectangles). (c¢) The emission spectrum of a negatively charged NV center at two different
temperatures. The sharp peak around 637 nm corresponds to the zero—phonon line emission
of the NV center, while the broad emission on the lower wavelength side is attributed to
phonon—assisted emission events. Figures are adapted with permission from (a) J. McKeever
et al. "Deterministic Generation of Single Photons from One Atom Trapped in a Cavity"
Science 303, 1992-1994 (2004). DOI:10.1126/science.1095232 Reprinted with permission
from AAAS [26], (b) Maunz, P., Moehring, D., Olmschenk, S. et al. Quantum interference
of photon pairs from two remote trapped atomic ions. Nature Phys 3, 538-541 (2007)
Springer Nature https://doi.org/10.1038/nphys644 [27], and (c) "Diamond nanophotonics"
https://doi.org/10.3762/bjnano.3.100 © 2012 Katja Beha et al., published by Beilstein-Instiut,
distributed under the terms of the Creative Commons Attribution 2.0 Generic License,
https://creativecommons.org [28].

sensitivity to slowly varying factors, such as Coulomb noise arising from fluctuating charges
around quantum emitters.

The performance of solid-state quantum emitters is further complicated as a result of their
stronger interaction with the environment. Two further parameters characterize these emitters: the
quantum efficiency (QE) and the Debye-Waller factor (DBW). QE is the percentage of excitation
events that result in the emission of photons from the emitter. QE changes widely for different
emitters, from near-unity values for quantum dots at cryogenic temperatures to a few percent for
color centers at room temperature. For most solid-state quantum emitters, the QE is significantly
lower at room temperature, often around 50 - 70% even under the most optimal conditions due to
increased phonon-electron scattering, spectral diffusion, and thermal effects [37,38].

In the context of phonon-induced dephasing, a key parameter to consider is the comparison
between light emitted into the zero phonon line (ZPL) and the phonon sideband (PSB), as
depicted in Fig. 1(c). A common figure of merit used here is the Debye-Waller factor, which
quantifies the ratio of photons emitted into the ZPL to the total photons in the entire spectrum
[39,40], see Fig. 1(c) for a complete spectrum of a solid-state emitter including ZPL and the
incoherent part of the emission. DBW factor can vary significantly across different solid-state
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emitters. As an example, the DBW for nitrogen-vacancy centers is around 0.03-0.05, meaning
only about 3-5% of the photons are emitted without being affected by phonons, while it reaches
values close to 95% for quantum dots at cryogenic temperature [41].

3. Overview of existing emitters

In this section, we briefly review some of the most common SPEs in solid-state and atomic
systems and summarize some of their key metrics introduced in the previous section.

Single Atoms - Single-photon emission can be realized with emitters in a wide range of
geometrical scales. As summarized in Fig. 2, at the fundamental limit, single-photon emission
was first observed in resonance fluorescence from flying sodium atoms [46], which also constituted
the first observation of antibunching in photon statistics. Later, other atomic species as well as
trapped ions were used to generate single photons [47]. Generally, laser-cooled atomic emitters
benefit from very high optical coherence and spontaneous emission limited spectral shapes,
as well as near unity quantum efficiency. The main limitation for atomic sources is the long
lifetime of the excited state, typically on the order of a few microseconds for visible and near-IR
transitions, which limits the photon generation rate to a few megahertz. Various aspects of single
photon generation, such as collection efficiency and indistinguishability, were characterized and
optimized for atomic sources. For example, HOM measurements between photons from two
trapped ions achieved indistinguishability of 86% (95% when corrected for dark counts) [27]; as
shown in Fig. 1(b). Single atoms and clouds of atoms have been successfully interfaced with
the optical mode of nanophotonic cavities to achieve strong coupling [48] regime or to enhance
the strength of the interaction between photons [49,50], and achieving very efficient coupling
between atoms and nanophotonic modes is now a main practice.

Defects in Solid-State Crystals - Defects in solid-state crystals are another class of tightly
confined SPEs. Although photoemission from these centers was known in the 1960s and used
to assess the purity and quality of crystals for electronics applications, for the first time, the
antibunching from these emitters was observed for a color center comprised of a substitutional
nitrogen atom and an adjacent carbon vacancy (NV) in diamond; see Fig. 2(b) for a sketch of the
crystal structure of an NV center [51]. The level structure of a negatively-charged NV center
is composed of triplet ground and excited states, as depicted in Fig. 2(b). The presence of a
singlet state allows initialization and readout of the spin state of the NV center. In the last decade,
antibunched photon emission from defect centers in various host materials, such as silicon carbide
[52,53], hexagonal boron nitride [54—57], and silicon nitride [58,59], and more recently silicon
[60,61] has been observed. Although NV centers are widely used in nano magnetometers [62,63],
and have had a transformational impact in this field, photon emission from color centers generally
suffers from low QE (20% in the case of NV center), strong interaction with vibrational states of
the defect center (DBW= 4%), and the relatively slow decay rate of the excited state (around 10
ns). Hence, single-photon sources based on color centers generally require Purcell enhancement
to improve their coherence properties. Furthermore, narrow spectral or temporal filtering can
be employed to increase the indistinguishability of photons from color centers. However, these
methods compromise the overall efficiency and brightness of the source. Although g(0)
on the order of a few percent can be easily achieved with color centers, the state-of-the-art
indistinguishability observed is ~ 72% for SiV centers in diamond after strong spectral and
temporal filtering [64] and ~ 66% for NV centers in diamond [31]. Integration of color centers
with photonic circuitry is an important avenue for enhancing their performance. Although
originally nanostructuring some of the host materials, e.g. diamond or SiC, was a challenging
task, nowadays photonic structures with high-quality factors can be fabricated in most of these
material systems [65—69], and color centers have been embedded in these nanostructures. The
reader is referred to Refs. [66,70] for a more focused discussion of color center QED.
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Fig. 2. A summary of on-demand single—photon emitters sorted according to the nature of
the photon emission process from the single body emitters to many—body emitters. (a) A
single Rubidium (Rb) atom trapped inside the high-finesse optical cavity works as a single
photon source with g(z) (0) of 0.02 (Reprinted with permission from M. Miicke, J. Bochmann,
C. Hahn, et al., "Generation of single photons from an atom-cavity system," Phys. Rev. A
87, 063805 (2013). Copyright (2013) by the American Physical Society) [42]. (b) Crystal
structure of a nitrogen vacancy center and its level structures. The black colored spheres
indicate a perfect diamond lattice, while the red sepher represents a nitrogen atom, and the
missing atom is indicated with a V. (c) Atomic force microscope image of a mono—layer WSe,
on a templated substrate [43]. (d) Atomic structure of a dibenzoterrylene molecule along with
its level structure adapted with permission from Lange, C.M., Daggett, E., Walther, V. et al.
Superradiant and subradiant states in lifetime-limited organic molecules through laser-induced
tuning. Nat. Phys. 20, 836-842 (2024) Springer Nature https://doi.org/10.1038/s41567-024-
02404-4 [44]. (e) Transmission electron micrograph of an as —grown InAs quantum dots,
along with processes involved in the generation of an exciton and a biexciton (TEM image
courtesy of Jean-Michel Chauveau and Arne Ludwig). (f) On-demand room-temperature
single-photon source using atomic vapors with anti-bunching as low as g(z)(0)=0.2 [45].
(g) Top: interaction potential between two highly-excited Rydberg atoms as a function of
distance (R). Bottom: Rydberg blocked in the ensemble excludes more than one Rydberg
atom in a blockade radius.

Two-dimensional Materials - Another class of solid-state quantum emitters is based on novel
two-dimensional (2D) materials. 2D materials have attracted a lot of attention for their exotic
and highly correlated electronic states. Excitons in these materials are known to have very high
recombination rates, high QEs, and strong binding energies. Although single photon emission
has been observed in different van der Walls structures [71-73], The main challenge in generating
single photons from excitons in 2D materials is creating an anharmonic trap to isolate a single
exciton. A local defect or strain can be used to isolate these excitons at a slightly different energy
than the bulk excitons [74]. Another popular approach is based on pre-patterning a substrate and
placing the exfoliated layers of TMDs on top of the pattern [43,75], or using an AFM tip to create
strain traps [76], see Fig. 2(c) for a sketch as well as an AFM image of the resulting structures.
Typically, the lifetime of these emitters is about 1 ns and g2(0) around 2% has been achieved
with these SPEs; however, the coherence and indistinguishability of the photons emitted from
these excitons are currently limited by dephasing and charge noise. Another interesting aspect of
2D-based single-photon sources is the availability of a wide range of materials that span broad
wavelengths. Although most of the work so far demonstrated SPEs in visible and near-IR regions,
single-photon emission from these excitons at the telecom band was recently demonstrated [77].


https://doi.org/10.1038/s41567-024-02404-4
https://doi.org/10.1038/s41567-024-02404-4

Vol. 15, No. 4/1 Apr 2025/ Optical Materials Express 632

= B
{ g

Organic Molecules - On a slightly larger scale, isolated dye molecules, typically composed
of less than 100 atoms, are also known to produce single photons. Some of the well-studied
molecules include dibenzantanthrene (DBAT) and dibenzoterrylene (DBT). They are generally
embedded in organic host matrices to protect them from photobleaching and environmental noise
[78,79]. These molecules generally possess simple two-level electronic structures, accompanied
by additional transitions involving vibrational states of the molecule; see Fig. 2(d) for the level
structure and the atomic composition of the DBT molecule. The QE of these molecules is the
subject of ongoing debate and values from 35% to 70% are suggested for these emitters [80,81].
HOM indistinguishability measurements between photons emitted from the same molecule
typically result in indistinguishability of 40-50% [82,83], while similar indistinguishability
between photons generated from separate DBT molecules has been observed under pulsed
excitation [84]. Interestingly, the resonance frequency of molecules can be tuned by applying
strain [85], electric fields [86], or laser pulses [87], which has enabled the observation of
superradiant emission from molecules [44,86,88,89]. Different strategies have been used
to improve the optics of these color centers by embedding them in hollow-core fibers [90],
waveguides [91,92], and microcavities [93].

Quamtum Dots - Quantum dots (QD)s based on III-V materials are arguably the most mature
solid-state platform for SPEs. Much larger than the platforms discussed so far, composed of
10° atoms, quantum dots benefit from the excellent quantum efficiency, QE>0.95%. They are
typically an island of small bandgap material such as indium arsenide (InAs) embedded in a
matrix of larger bandgap material (e.g., gallium arsenide (GaAs), Indium Phosphide (InP) [94],
Aluminum Nitride (AIN) [95]); Fig. 2(e) shows a transmission electron micrograph (TEM)
image of an as-grown quantum dot. Quantum dots measure around 10 nm in width and a few
nanometers in height. The small size of the quantum dot leads to strong Coulomb interactions
between the electron and hole that form excitons, as well as a strong interaction between two
excitons causing an anharmonic energy level diagram; the right panel of Fig. 2(e) illustrates the
energy level of a single exciton and a biexciton in a quantum dot. The energy difference between
the emission from the biexciton and the single-exciton levels forms the basis for single-photon
generation in quantum dots. Although the first demonstrations of single-photon emission from
quantum dots date back to the early 2000s [96-98], significant progress has been made on these
emitters in the last decade. For example, very high indistinguishability (up to 98%) has been
observed for photons generated from the same QD [34,35,99], with collection efficiencies in a
single-mode fiber reaching up to 70% [99,100]. Another exciting development in QDs has been
the demonstration of very high indistinguishability (>90%) between separate sources without
any Purcell enhancement [36]. The main open challenge for QDs lies in their random growth
position as well as their relatively large inhomogeneous broadening on the same chip. These
challenges can be addressed by pre-characterization and selection of quantum dots [101-103], as
well as the use of electrical or local strain to tune them to resonance [104].

Atomic Ensembles - At the yet larger scale, ensembles of cold (p ~ 103 um™3) and thermal
(p ~ 102 um=3) atoms have been used successfully to create efficient, on-demand SPEs; Fig. 2(f).
Although this is the densest platform of all, the interatomic spacing is still large enough that
atom-atom interaction and many-body quantum effects are not relevant. Atomic ensemble
SPEs have the same strength as individual-atom SPEs, such as being identical emitters and
hence creating high purity and highly indistinguishable single photons. In addition, the source
brightness is enhanced by a factor of N, i.e. the number of atoms, and the collection efficiency
is improved due to the directional emission from the ensemble. Besides, the platform offers
a seamless interface with built-in atomic quantum memories for single photons [105]. One
common scheme is through DLCZ protocol in a A-type three-level system, which typically is
comprised of two ground-state hyperfine (|g12)), and an excited state |e) [13]. The protocol starts
with optical pumping to shelve all atoms in |g;), followed by a weak off-resonant coherent write
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beam to promote one atom to |¢). The atom can be transferred to |g;) either via spontaneous
decay or via another beam leading to electromagnetically-induced transparency (EIT). That
way, the cloud becomes projected into a coherent spin state (limited by the coherence of the
ground-state hyperfine levels), storing one excitation. When needed, the spin excitation can be
transferred into a single photon by time-reversing the process. Using this technique in the last two
decades, SPEs in cold Cs clouds with a purity of 0.24 [106], cold Rb cloud with g®(0) ~ 0.14
[107,108], thermal Rb vapor with g(z)(O) ~ 0.3 [45,109], have been reported. Four-wave mixing
(FWM) is another common scheme extensively used in both cold and thermal atomic vapors to
create single photons [110-113].

4. Single-photons based on Rydberg super-atoms

Single-photon sources based on Rydberg atoms leverage the unique properties of Rydberg
states, such as strong dipole-dipole interactions and long lifetimes, to enable precise photon
generation. These systems use single-atomic excitations to produce photons with well-defined
spatial and temporal profiles, making them highly controllable and ideal for quantum networking
and communication. Rydberg-based photon sources excel in producing indistinguishable photons
with minimal dephasing, offering a promising alternative to conventional quantum emitters.

At the mesoscopic scale, Rydberg atoms are the largest quantum particles with unique exotic
features such as interaction ranges exceeding tens of pum, as depicted in Fig. 2(g). Rydberg atoms
have valence electrons that are highly excited and far from the nucleus, with a large principal
quantum number n. Compared to ground-states, Rydberg states exhibit amplified characteristics,
such as huge electric dipole moments and long-range interactions. The most striking features of
Rydberg atoms stem from the spatial extent of the electron wavefunction. The average spatial
footprint of the wavefunction scales as n2. The first direct consequence of this property is that
the wavefunction overlap between the ground state and a high-lying Rydberg state becomes
increasingly small as n increases. This leads to longer lifetimes (narrower absorption lines) for
Rydberg states that are typically scaled as n>. On the other hand, the overlap between Rydberg
states with the same or similar principal quantum number becomes increasingly large, resulting
in the transition dipole moment to scale as n*. These large dipole moments allow for significant
interactions with weak electromagnetic fields. Using static electric or magnetic fields, lasers, or
microwaves, these interactions can be finely tuned, making Rydberg atoms particularly effective
for creating a controllable testbed to study quantum many-body phenomena.

The increasing transition dipole moment of Rydberg states enables the Rydberg-Rydberg
interaction through the dipole-dipole interaction o n*/R3 and another process known as the
van der Waals interaction scaling as n'' /RS, for R being the inter-atomic separation [115]. As
depicted in the top panel of Fig. 2(g), when one atom is excited to the Rydberg state, it shifts the
energy levels of all nearby atoms off-resonance. This effect, known as the Rydberg blockade,
creates conditional dynamics that are highly desirable for quantum information processing. As a
result, if two atoms are located within the blockade radius R, they cannot both be simultaneously
excited to Rydberg states.

In a volume with radius R, containing N atoms, the singly-excited state emerges where all the
atoms within this volume collectively share a single atomic excitation (see the lower panel of
Fig. 2(g)), formally described as

1 N
W) = ﬁ; 1g182. - 7. . -gN) » (1)

where k indicates the excited atom in the Rydberg state.
This highly entangled state is called superatom. In other words, an ensemble of atoms in the
blockaded volume can be viewed as an effective two-level Rydberg superatom. In an ordinary
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non-linear medium, the optical response scales linearly with the density as atoms are independent.
However, because of dipolar interactions, the optical response becomes proportional to the
number of atoms in a blockade volume, in a Rydberg ensemble leading to a non-linear scaling with
density. Using this unique feature, there have been several theoretical proposals and experimental
demonstrations of high-purity on-demand SPEs in Rydberg ensembles [116,117].

Recent experiments have demonstrated the generation of a many-body excitation with no more
than one Rydberg atom within a mesoscopic ensemble of ultracold atoms when the principal
quantum number exceeds 70 [118]. In [114], and as depicted in Fig. 3, the authors have used
a cold atomic cloud of 8’Rb in an optical dipole trap followed by a two—photon transition to
excite the atom to the Rydberg state with n = 139 (cf. Fig. 3(b) for a detailed experimental
scheme showing the excitation beams and their temporal sequences). At this highly—excited level,
Ry = 60 um is larger than the size of the cloud in both the plane and the direction of propagation.
At the end of the storage time, the Rydberg excitation can be emitted as a single photon via a
coherent pulse, as shown in Fig. 3(c) top panel. Using this scheme, the authors demonstrated
a single—photon source with g = 5 x 107 as depicted in the zoomed-in plot in the bottom

panel of Fig. 3(c), same-source photon distinguishability of 0.980, and an average photon rate of
118 x 10%s71.
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Fig. 3. Single-photon source based on Rydberg super-atom. (a) Level diagram and laser
excitation scheme for creating Rydberg atoms. (b) The experimental setup with two excitation
beams and the Rydberg cloud creates single photons following the pulsing sequence in the
top-right corner. The output light passes through a polarizing beamsplitter (PBS) to separate
the emitted photons based on the polarization followed by an acousto-optic modulator
(AOM) to suppress photons during the write period. The polarization and temporally-filtered
photons were sent to a beamsplitter (BS) followed by two polarization-maintaining fibers
(PMF) for further spatial mode filtering before photon purity measurements through HBT.
(c) The top panel shows the g(z)(O) measurements clearly showing the suppression of the
two-photon events at zero delays. The lower panel shows the zoomed-in auto-correlation
signal close to zero highlighting the high purity of the SPE. Adapted with permission from
[114] © Optica Publishing Group.

4.1. Solid-state Rydberg excitons

Rydberg excitons are highly excited electronic states in semiconductors, analogous to Rydberg
atoms. These excitons feature large radii and enhanced dipole-dipole interactions, enabling strong
coupling with light and other excitons. Rydberg excitons inherit many of the desirable properties
of their atomic counterparts, including long coherence times and highly tunable interactions, while
benefiting from the scalability and integration potential of solid-state platforms. Despite their
promise, challenges such as maintaining coherence and minimizing environmental interactions
must be addressed to unlock their full potential in quantum technologies.
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The bound states of electron-hole pairs in semiconductors exhibit qualities similar to those
of hydrogen-like atoms. In particular, excitons in semiconductors with relatively high binding
energy have high-lying bound states governed by the physics of Rydberg states [115,122].
The semiconductor cuprous oxide (Cu,0) is well known for its relatively high binding energy
~ 100 meV and as a candidate for observation of Rydberg excitons [123,124]. Despite decades-
long interest in Cu, O and its electro-optical properties, the observation of high-lying Rydberg
states and Rydberg-induced non-linearity remained unexplored until 2014 when Kazimierczuk
et al. observed the Rydberg state of excitons up 25P (with the average wavefunction radius of
~ 1pm) in Cu,O through resonant laser absorption spectroscopy [125]. Figure 4(a) shows a slab
of Cu,O (top panel) with the relevant non-resonant photoluminescence signal with the phonon
replica range (left bottom panel) and the Rydberg exciton range (right bottom panel) highlighting
levels up to 8P [119]. The dependence of the observed optical density on the laser power and
the Rydberg exciton state, as shown in Fig. 4(b), indicated a strong dipole-dipole interaction
that points to the Rydberg blockade effect where the presence of an excited Rydberg exciton
can prevent a secondary excitation by moving other Rydberg excitons out of resonance for the
probing laser [125]. This stems from the relatively large spread of the excitonic wavefunction, i.e.
over an equivalent of thousands of the lattice constant.
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Fig. 4. Rydberg Excitons in solid-state crystal. (a) The top panel shows a polished Cu, O
slab and its relevant photoluminescence signal in the phonon replica and Rydberg region in
the bottom left and right panels, respectively. Reprinted with permission by the American
Physical Society [119]. (b) The absorption coeflicient of Rydberg excitons in CuyO slab
as a function of pump power (exciton density) indicates the interaction effect. Reprinted
with permission by the American Physical Society [120]. (c) Emission rate and (d) purity
of the emitted single photon, as a function of driving Rabi frequency Q' for a Cu,O slab
with the thickness of L = 4 um (blue circles) and L = 6 um (red diamonds) for the quantum
principal number n = 24, based on the method developed in [121].

Such a strong non-linearity motivates the application of Rydberg excitons in quantum and non-
linear optics. Advances in Rydberg atoms have already led to the development of Rydberg-based
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RF sensors [126], quantum simulators [127,128], and single-photon sources [114]. Rydberg
excitons in Cu; O demonstrate remarkable properties [ 129] that could potentially enable solid-state
sensors [130,131], quantum non-linear optics [132], quantum simulators [133,134], and single
photon sources [121]. Synthesizing high-quality samples and electro-optical microstructures
will be essential to demonstrate these practical applications. Examining the feasibility of these
potential applications is often the first step.

In [121], the authors explored the effectiveness of the Rydberg blockade effect in copper
oxide to generate single photons. This includes estimating the single- and double-excitation
probabilities under a range of pump intensities and other parameters such as crystal size, principal
quantum number, and detuning. The excitonic wavefunction, its energy, and the transition dipole
moments should remain unaffected down to crystal thicknesses of 4um. This can be confirmed
by showing that the effects of crystal size are limited in excitonic states [121,134]. In terms
of emission rate (brightness of such sources) and purity, the results (depicted in Fig. 4) are
promising, particularly the Rydberg blockade effect, derived from continuous wave driving of an
effective two-level system. The steady-state solution to the exciton population is given by

Q'/4
Aw? + (T2/4+Q72)2)°

Pee(t — inf) = (@)

where Aw is detuning between the pump laser and the resonant frequency of the exciton, Q' VNQ
is the effective Rabi frequency, and I is the spontaneous emission rate. Addressing and isolating
a single Rydberg exciton may be challenging, and the collective enhancement that is expected
from an ensemble of excitons may be eliminated. However, one should account for the probability
that the excitation of more than one exciton will affect the purity of the emission from such a
source. In fact, in the absence of exciton-exciton interaction (nonlinearity in the optical response),
the emission statistics will be the same as the driving field (Poissonian distribution). The
Rydberg-Rydberg interaction and in particular the Rydberg blockade effect are necessary to create
a high-purity single-photon source from such a system. To estimate the purity of such a source,
one is required to calculate the probability of doubly excited states |2) = X [g1. . .7i. . .17. . .gn),
in addition to the collective single excitation probability for |1) = > ;|g1. . .r;...gn) which is
given by Eq. (2).

The steady-state solution to the dynamics of two driven and interacting Rydberg excitons gives

_ NQYT? Y 3)
P22y=id) = ONQ T2 T +2Y
where N is the effective number of excitons that are addressable, ¥ = V? élzv/ 7 and V;; = 33 is the

dipole-dipole interaction between two Rydberg excitons at a distance of Rjj. The total probablhty

of double excitation is then given by P, = %, p2,2,. This allows one to evaluate expected

purity as g?(0) = P 52 as demonstrated in Fig. 4(d) These preliminary evaluations motivate

further development of microstructures [135—-137] and other semiconductors with high binding
energy [138,139] for novel photon sources with the potential for high rates, high purity, and
photonic integration for scalability.

5. Outlook

The lifetime and quantum efficiency of the Single-photon emitters are critical parameters that
define their scope and applications. Figure 5 compares the lifetime and n = QE x DBW for
different quantum emitters. As is evident, shorter lifetimes on the left side of the graph are
typical of more extended emitters, such as excitons, while localized emitters mostly populate the
right side of the graph. Generally, color centers and other highly confined emitters suffer from
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stronger interaction with phononic modes, which lower their DBW and, as a result, their 7, while
the strong confinement of the color centers enables them to operate near room temperature.
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Fig. 5. Solid State SPE. Color center (CC), molecules, Quantum Dot (QD), and Transition
Metal Dichalcogenide (TMD) are highlighted. The comparison is based on the QE, DBW,
and Lifetime metric for a heuristic comparison based on applications, limitations, and
material properties from a quantum optical perspective. An important consideration of
nanophotonic coupling is also depicted, which causes modulation of certain measured
properties of the SPE. Emitters such as YAG/YOS [140], MoS; with sulfur vacancies [141]
and WSe, [142] are also highlighted.

Rydberg atoms (excitons), on the other hand, offer a novel approach based on the blockade
effect to limit the number of emitted photons. As this quantum many-body effect allows only
one excitation in large ensembles of tens of um?, Rydberg-based SPEs often provide high-purity
identical photons. Although the repetition rates of Rydberg atomic systems are typically low,
Rydberg excitons have a promising perspective to solve this bottleneck. These properties would
likely put Rydberg exciton SPEs based on the top right part of Fig. 5.

At present, no single-photon emitter stands out as universally ideal; each type has unique
strengths and limitations. Moreover, the definition of an "ideal" source is application-dependent.
For instance, in basic quantum key distribution networks, the coherence of the single-photon
source is less crucial, whereas scalability and room temperature operation are more significant,
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and as a result, SPEs based on color centers are well-suited for such applications. On the other
hand, for applications such as fusion-based optical quantum computing where the fidelity of
fusion operations is heavily based on photon indistinguishability [143], quantum dot-based SPEs
might be a more favorable option.

Although the discussion in this review focused on the performance metrics of bare SPEs,
integrating quantum emitters in engineered photonic environments is a proven strategy to enhance
their metrics. The distinct advantage of solid-state sources is their inherent compatibility
and integration with nanophotonic structures. Almost all emitters considered here have been
successfully embedded in nanostructures, resulting in major improvements in collection efficiency
and quantum efficiency. For example, coupling quantum dots to microcavity modes [34,99] and
photonic crystal waveguides [35,144,145] has enhanced collection efficiencies, with the current
record coupling efficiency of 57% for the generation of a single photon from a QD coupled to a
microcavity mode to a single-mode fiber [99]. Nanophotonic cavities have also been successfully
used to improve the quantum efficiency and DBW of various color centers. Key achievements
include increasing the quantum efficiency of SiV to 90% [146], enhancing the Debye-Waller factor
of the NV center to 40% through Fabry-Pérot cavities [147], and observing the superradiance of
SiC color centers with strong Purcell enhancement [69]. For further details, the reader is referred
to focussed reviews on the photonic integration of various SPEs [66,148—150].

Despite several advantages, solid-state systems present challenges in controlling the emitter
environment, such as the ultrafast dephasing caused by charge and spin noise, which is more severe
for emitters close to the surface. Overcoming these obstacles requires a deeper understanding of
the emitter physics and, likely, the development of improved cavity designs. Scalable quantum
photonics with narrow linewidth resonant structures introduce further complexities. First, the
need to independently tune both the emitter and the cavity doubles the complexity of parameter
control. A greater challenge lies in simultaneously achieving spectral alignment among multiple
SPEs and ensuring uniform decay rates. These two requirements appear to be competing
requirements to a certain degree. Parametric processes based on Rydberg excitons can offer
distinct advantages [130].
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