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Single-photon sources are important for integrated photonics and quantum technologies, and can be used in
guantum key distribution, quantum computing, and sensing. Color centers in the solid state are a promising
candidate for the development of the next generation of single-photon sources integrated in quantum photonics
devices. They are point defects in a crystal lattice that absorb and emit light at given wavelengths and can emit

single photons with high efficiency.

color centers single-photon source integrated photonics

| 1. Introduction

Single-photon sources, i.e., physical systems offering the on-demand emission of individual photons with desired
properties, are key ingredients for current and prospective applications in integrated photonics and quantum
technologies W. In particular, the relevant properties that a single-photon source must have to enable the
realization of these technologies generally include the photostable and on-demand delivery of fully polarized single
indistinguishable photons. In addition, the ideal single-photon source is a scalable physical system operating at
room temperature and characterized by a high emission count rate and quantum efficiency. The concept of single-
photon sources originated in the late 20th century, with a significant subsequent body of work leading to their
practical implementation. In the field of quantum communication, single-photon sources serve as building blocks for
secure quantum key distribution (QKD) systems B4, They also have the potential to play a pivotal role in
quantum computing as optically addressable qubits for quantum information processing and sensing R8I, |n the
context of integrated photonics, these sources are also at the core of the development of quantum photonic circuits
that integrate quantum components with existing optical technologies [&l. Although probabilistic sources based on
approximating a quantum light emitter with attenuated lasers [ or on nonlinear photon conversion processes 1911]
have gained immediate interest for high-level experiments in laboratory environments 12I18I14] ang for selected

commercial systems, the quest for deterministic sources exhibiting a truly on-demand behavior, with negligible
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multi-photon generation probability, has steadily led to the development of several alternative approaches,
spanning cold atoms and ions 22!, quantum dots 2817 and isolated molecules 8. Among the possible platforms,
color centers in the solid state represent a viable candidate for the development of the next generation of single-
photon sources integrated in quantum photonics devices. Color centers are point defects in a crystal lattice that
absorb and emit light at given wavelengths, thus effectively acting as artificial atoms embedded in a solid-state

material.

These unique quantum systems have immense potential as single-photon sources due to their ability to emit single
photons with high efficiency, purity, and indistinguishability 121, Furthermore, their occurrence as point defects at
the solid state offers a viable path towards their native embedment in photonic circuits by micro- and
nanofabrication of the host material. For several years, the interest in color centers has been limited to a few
physical systems, among which, notably, is the nitrogen-vacancy center in diamond 2%, Due to sub-optimal
emission properties for integrated photonics, scientific research has pursued specific applications such as the
optically addressable spin properties for quantum sensing and computing. Since 2013, the landscape has changed
abruptly with the subsequent identification of a wider set of color centers and the emergence of new, previously

unexplored solid-state platforms for room-temperature-single-photon generation.

| 2. Single-Photon-Emitting Color Centers

Color centers are optically active defects that occur in the crystalline lattice structure of semiconductors and
insulators. Both intrinsic, (i.e., related only to the occurrence of vacancies, interstitials, or their combination) and
extrinsic (i.e., involving the presence of atomic impurities in the material) can result in optical transitions, depending
on their specific electronic configuration. A color center presents an atom-like nature that is embedded in the solid-
state matrix of the host material. The structure can be described by a finite number of energy levels introduced in

the forbidden gap, among which electron transitions are allowed.

The electronic structure and related photon emission of a color center are typically discussed using a simplified
model involving an excited state, a ground state, and generally a shelving state taking into account non-radiative
transition paths, e.g., weakly allowed spin-flipping transitions from the excited state to the ground state 21 or
resonant-energy-transfer processes involving neighboring lattice defects 22, Therefore, the emission dynamics can
be generally described using a two- or three-level system. The energy is delivered to the defect complex through
the optical pumping of a laser pulse, while some color centers may also emit luminescence under electrical
excitation 231, The so-called Zero Phonon Line (ZPL) indicates the emission wavelength of the emitted photons
when the radiative transition occurs between ground-state vibrational levels. Conversely, the embedment of a point
defect in a crystal lattice naturally involves the occurrence of phonon-assisted transitions. In this case, less
energetic photons are emitted, populating the region of the emission spectrum commonly indicated as the phonon
sideband. The fraction of light emitted in the ZPL with respect to the overall emission of the color center defines the
Debye-Waller factor, a reference parameter to classify the eligibility of the source for the implementation of
quantum computation schemes with matter qubits and linear optics 24. Additionally, the linewidth of the ZPL

provides a piece of benchmark information on the indistinguishability of the emitted photons. Particularly, to
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discriminate the single-photon emission from thermal or coherent light, an analysis of the emission statistics is
needed. A standard characterization technique is provided by the Hanbury-Brown and Twiss interferometer. This
experimental method is implemented by feeding the light source onto a beam splitter separating the emission into
two paths, each coupled to a single-photon-sensitive detector. Therefore, a time interferogram is obtained by
acquiring a histogram of the differences between detection event pairs at the two detectors. In fact, under proper
assumptions, the histogram of the time differences directly represents the so-called second-order autocorrelation
function, g2(t), whose value at a zero-time delay is the main criterion used to measure the non-classicality of a
source. Indeed, the emission collected from an ideal single-photon source will result in the lack of event pairs
recorded at T = 0, producing an anti-bunching signature in the g2(t) histogram. The occurrence of nonclassical
emission from an individual emitter is indeed verified when g%(0) < 0.5. The g?(t) model for a three-level system is
represented by a double-exponential function, in which the decay parameters are directly connected to the
characteristic times associated with the de-excitation of the excited state and the shelving state [22l. As a result, the
study of the second-order autocorrelation function is also a well-established procedure for evaluating the

characteristic features of the transitions involved in the optical activity of the single emitter under study.

Moreover, since high-throughput information transmission and processing are needed in the practical
implementation of quantum information processing devices such as QKD systems, the emission count rate is a key
element for evaluating the suitability of the single-photon source for a given application. The emission intensity at
saturation, meaning the maximum photon count rate when complete saturation of the emitter occurs, provides a
reliable estimate of the source’s brightness and, together with the corresponding optical power required for

excitation, represents a useful quantitative parameter for the assessment of single-photon sources’ performance.
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