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ABSTRACT

Single photons enable the distribution of quantum information over large distances and thus play a major role in quantum technologies
such as communication and computing. Solid-state emitters are practical and efficient sources of single photons that can be manufactured
in large numbers. When combined with a spin, the resulting spin-photon interfaces can store quantum states for extended periods and
serve as the basis for quantum networks and repeaters. Among the many host materials explored over the past few decades, silicon stands
out for its advanced nanofabrication, the maturity of its integrated photonics and microelectronics, and its high isotopic purity, which leads
to exceptionally long spin coherence. These properties position silicon single-photon emitters and spin—photon interfaces among the most
promising hardware platforms for implementing quantum networks and distributed quantum information processors. This review summa-
rizes the current state of the art and open challenges toward coherent single-photon sources and scalable spin—photon interfaces based on
color centers and erbium dopants in nanophotonic silicon structures.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0326694
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I. INTRODUCTION

The quantum revolution began more than a century ago, when
Planck speculated that energy exchange between light and matter
occurs in discrete quanta, and Einstein concluded that a light beam
consists of a stream of photons. Decades later, single-photon and
photon-pair sources were used to demonstrate the wave—particle
duality and the generation of non-classical correlations and entangle-
ment." Combining such sources in multi-photon interference experi-
ments enabled the implementation of photonic quantum gates” and
quantum teleportation, which serves as a fundamental ingredient for
many quantum applications.”

Many years after these pioneering experiments, optical and near-
infrared photons remain a crucial component of quantum technology.
Such photons enable the transmission of quantum information at the
speed of light via free-space and fiber-optical channels, with negligible
decoherence even at room temperature. This is the basis for their
application in quantum communication* and quantum networking.” ”
At the same time, the high fidelity and ease of photon manipulation
with linear optical components are powerful resources for photonic
quantum computation.S !

However, the rapid propagation of light also has a downside:
it makes it difficult to store quantum states for extended periods.
Even in the lowest-loss optical fibers, quantum information
encoded in photons will be lost on a timescale of tens to hundreds
of microseconds. This can be overcome by photonic quantum
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memories'” or by spin-photon interfaces. The latter enables
hybrid approaches to distributed quantum information process-
ing, in which information is stored and processed in stationary
quantum nodes connected by photonic channels.'” The high con-
nectivity between quantum nodes in this approach offers signifi-
cant advantages for quantum error correction, potentially enabling
scalable quantum information processing hardware."*

To connect remote nodes, the quantum properties of the
photonic resource states can be encoded in either continuous vari-
ables,'”'® such as the field quadratures, or in discrete variables,
given by the number of energy quanta. In this review, we will
focus on the latter approach, specifically on the implementation of
single-photon sources and spin-photon interfaces for quantum
applications. In this context, pioneering experiments were based
on atoms trapped in a vacuum, which offer exceptional control
over optical and spin properties. High photon generation efficien-
cies have been achieved by resonator integration.” However, oper-
ating these sources places high demands on the experiments and
requires complex setups that are challenging to integrate and
deploy. Therefore, solid-state alternatives have been explored over
the last decades as a promising alternative for upscaling.'” >’ The
following sections, Sec. I A and Sec. I B, will summarize the
requirements that the corresponding systems must fulfill.

A. An ideal single-photon emitter

For the mentioned quantum applications, an ideal photon emit-
ter should facilitate the on-demand creation of a single excitation in a
perfectly defined optical field mode, as sketched in Fig. 1. In more
detail, this means it should possess the following set of properties:

@) (b) le)
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FIG. 1. Single-photon source and spin—photon interface. (a) A single-photon source
is realized by embedding a single emitter (orange) in a solid-state host (gray box
and zoom-in to the silicon lattice). After excitation, the system emits light (curly
arrows) via optical decay to the ground state. In an ideal system, all emissions occur
into a well-defined mode of the electromagnetic field, which is then coupled to a
detection setup (bottom), e.g., via optical fibers (gray). The single-photon nature of
the field is verified by autocorrelation measurements (inset) in a Hanbury-Brown
and Twiss setup. However, real emitters in bulk crystals will emit at multiple frequen-
cies (red and blue) and modes (light blue). This limitation can be overcome by
embedding the emitters into nanostructures. (b) In a spin-photon interface, the
emitters have several ground-state spin levels, e.g., | T) and | |), to facilitate long-
term storage of quantum information. Ideally, following excitation, the emitters will
only decay radiatively to a single ground state in a mode that is efficiently collected
(dark blue wavy arrow). In real devices, some photons may be lost (light blue), and
the excited state may decay non-radiatively (gray arrow). Furthermore, the emitter
may optically decay to other energy levels than its ground state |g), including other
orbital states |i) or states with excited phonon modes |g). This leads to the emis-
sion of photons at different frequencies (red curly arrows).
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. It should exhibit a high radiative efficiency, concentrated on a 7. The fabrication of the emitters should be scalable, ideally using
single transition, which for solid-state sources means a negligi- established wafer-scale manufacturing processes with high yield.
ble probability of non-radiative or phonon-assisted decays. 8. The devices should operate in a conveniently accessible temper-

. The source should emit only single photons; that is, the probabil- ature range. As coherent operation under ambient conditions
ity of simultaneously emitting multiple photons should be zero. has not been demonstrated with any solid-state emitter so far,

. All photons should be emitted in well-defined spatiotemporal this condition may need to include temperatures attainable with
and polarization modes, and the wave packet duration should widely available commercial cryogenic hardware.
balance between fast and controllable operation timescales. 9. If the single-photon source is to be integrated into a spin-pho-

. The emission should be coherent and occur at a stable, constant
frequency. This is a key requirement for implementing high-
fidelity operations between independent sources using linear

ton interface, as described in Sec. I B, the optical transition must
couple efficiently to a spin degree of freedom with long coher-
ence times.

optical elements. Tunability of such frequencies is highly desired
for multi-source operation and spectral multiplexing.

5. The emitter should not exhibit blinking or bleaching, which
would render it unavailable for photon generation during cer-
tain time intervals or after a certain usage time.

6. The emission should be at a frequency that enables transmission
over the targeted distances; for long-distance applications using
optical fibers, this translates to operation in the minimal loss
bands of the optical telecommunications window,” while for
local and datacenter-scale networks, a broader frequency range
is possible, see Fig. 2(b).

Due to the numerous requirements, implementing an ideal
single-photon source is a complex and challenging task. Therefore,
many different approaches are being explored. This includes probabil-
istic sources, such as those based on spontaneous parametric down-
conversion”' and spontaneous four-wave mixing,”” which are relatively
easy to operate and to produce. However, this does not provide access
to long-lived memories, which would then require heterogeneous inte-
gration of cold or warm ensembles of atoms or rare-earth-doped solid-
state crystals. Furthermore, the efficiency of such photon sources is fun-
damentally limited by multi-photon emission,”””" and extending them
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FIG. 2. Single-photon emitters embedded in nanophotonic silicon devices. (a) The most prominent color centers are named by letters (G, T, C, and W centers). They are
formed by specific arrangements of lattice impurities such as carbon (C), oxygen (O), and hydrogen (H), as well as interstitial silicon (Si) atoms. Their energy levels have a
significant contribution from the orbitals of the surrounding lattice sites. In contrast, erbium dopants, typically in their trivalent charge state (Er**), exhibit optical transitions
between energy levels in their partially filled inner 4f-shell, making them less sensitive to lattice perturbations. (b) The emission wavelength of the emitters shown in (a) falls
within the major telecommunication bands (O, E, S, C, and L bands; colors). Here, the transmission of light through low-loss optical fibers can still approach 10% after
100 km (gray data from Ref. 43). (c) The optical stability of the energy levels, and thus the coherence of the emitted photons, is limited by various sources of decoherence.
Charge traps at the surface and in bulk can lead to a fluctuating charge environment. In addition, fluctuating magnetic fields can arise from paramagnetic impurities and the
nuclear spin bath. Finally, coupled local and extended phonon modes, as well as external vibrations, may also reduce the coherence.
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toward the production of multi-photon entangled states is conceivable,”
but challenging. In contrast, deterministic photon sources based on sin-
gle emitters enable the simultaneous achievement of high efficiency
and high single-photon purity.

B. An ideal spin-photon interface

While such emitter-based deterministic single-photon sources
facilitate the distribution of quantum states, spin-photon interfaces
add quantum memory and deterministic processing capabilities,
thereby offering additional possibilities. As examples, spin-photon
interfaces enable the efficient generation of multi-photon entangled
states,””* and may pave the way toward quantum repeaters’’ and
networks,” as well as distributed quantum information processors."*

For these purposes, a spin-photon interface should allow ideal
single-photon generation according to the criteria in Sec. I A and ful-
fill the following additional properties:

1. An ideal spin-photon interface should enable the optical initiali-
zation and readout of a spin qubit, as well as the efficient gener-
ation of spin-photon entanglement, either by photon emission
or by spin-photon quantum gates.”

2. The device should facilitate single-shot readout of the spin state.
To this end, it may exhibit an optical transition with high cyclic-
ity, meaning the spin state is not altered upon repeated optical
excitation and decay.

3. The spin-photon interface should give access to a larger register
of several spins’”"’ with controlled interactions, allowing the
implementation of quantum gates with high fidelity. This regis-
ter should exhibit long coherence times, even when some of the
spins are excited optically.

4. Between the spins of these registers, fast, high-fidelity control
should be facilitated either all-optically or via microwave or
radio-frequency pulses in a frequency regime easily accessible to
electronic devices.

While atoms trapped in a vacuum enable the implementation of
such spin-photon interfaces,” solid-state systems may enable reduced
experimental overhead and higher qubit densities,”’ while avoiding
limited qubit lifetimes from background-gas scattering. In addition,
the coherence of nuclear spins in solids can reach the timescale of
hours,*> exceeding that of any other platform, and further
improvements will likely be possible.

The dominant limitations of the coherence time are spin-lattice
relaxation and the interaction of spins in solids with one another. Both
can be minimized by an appropriate choice of materials and operating
conditions in terms of temperature and magnetic field.”” In addition,
spin-spin interactions can be mitigated by tailored dynamical decou-
pling protocols,””” which enable enhancing the coherence of individ-
ual spin qubits by many orders of magnitude.” Finally, if sufficiently
high control fidelities can be achieved in the future, tailored quantum
error-correction protocols’ can be used to eliminate the remaining
limitations of qubit coherence in spin-photon interfaces.

This review describes how the mentioned challenges can be over-
come using color centers and erbium dopants in nanophotonic silicon
devices, as shown in Fig. 2(a). To this end, we will first explain the basic
properties of solid-state photon emitters in Sec. I1. This will be followed
by a detailed discussion of the properties of the—as of today—most
advanced silicon emitters: erbium dopants and the T, W, C, and G

REVIEW pubs.aip.org/aip/are

centers in Sec. III. While ensembles of such emitters can be used for
spectroscopic investigations and applications such as quantum memo-
ries and microwave-to-optical transducers,”’** this review will focus
on single emitters and their integration into nanophotonic devices to
enable efficient, coherent spin-photon interfaces in Sec. V. Based on
this, we will summarize recent achievements and sketch the route
toward practical scalability in Sec. V, with a focus on quantum techno-
logical applications in sensing, communication, and networking, as
well as photonic and distributed quantum information processing.
Finally, we will outline future directions in this emerging research field.

Il. SOLID-STATE SINGLE-PHOTON EMITTERS AND
SPIN-PHOTON INTERFACES

The implementation of single-photon sources and spin-photon
interfaces that fulfill all of the challenging requirements outlined in
Secs. I A and I B is still an open challenge. The following sections, Sec.
II A and Sec. II B, will summarize the key limitations encountered in
this context with solid-state systems.

A. Spectral stability of solid-state emitters

To enable coherent operation, the emitters must be isolated from
interactions with their environment. For an emitter in a solid-state host
matrix, this is a fundamental challenge, as nearby atoms or impurities
can easily perturb the emitter via electric, magnetic, or strain fields.
This leads to fluctuations of the optical and spin transition frequencies,
which are typically distinguished by their timescales. In a static-
disorder environment, the energy levels of different emitters exhibit
random vyet static shifts, an effect known as inhomogeneous broaden-
ing. Additionally, the transition frequencies may be affected by fields
that have changeover timescales that are long or short compared to the
lifetime; the former effect is known as spectral diffusion, while the latter
is referred to as homogeneous broadening or dephasing.

The three mentioned effects have different impacts on the devi-
ces’ performance as single-photon sources or spin-photon interfaces.
A moderate static disorder is typically not a major concern: On the
spin transitions, it can be overcome by dynamical decoupling,” pro-
vided single-qubit rotations with a high fidelity can be implemented.
Inhomogeneous broadening of the optical transition frequency can
also be counteracted, e.g., by frequency shifting elements™ or by
time-gated photon detection.”” As it enables spectral multiplexing*®
of up to hundreds of emitters,”” it can even be employed as a powerful
resource in quantum information processing and quantum network-
ing."”” In contrast, spectral diffusion and homogeneous broadening
beyond the lifetime-limited linewidth are always detrimental for
quantum applications. While the former can be overcome by tailored
decoupling protocols, both on the spin®® and on the optical** transi-
tions, the latter will inevitably reduce the achievable fidelity and/or
the rate of quantum operations. Therefore, it is paramount to under-
stand and control the spectral diffusion and homogeneous broaden-
ing of quantum emitters.

The dominant sources of noise encountered by photon emitters
in nanostructures are summarized in Fig. 2(c). Those include paramag-
netic impurities, charge traps, surface states, nuclear spins, strain fields,
phonons, and local vibrational modes. While some of these noise sour-
ces are encountered even in the purest bulk crystals studied to date,
others are relevant only in nanostructures, as their influence scales with
distance . As an example, the electric field E generated by a fluctuating
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charge environment (e.g., caused by trap states on the surface or in the
bulk) will scale as Echarge o 2. In comparison, the electric or magnetic
fields caused by the dipoles of paramagnetic impurities, nuclear spins,
or two-level systems will drop much faster, as Eqipole, Bdipole r=3. In
addition to these local noise sources, fluctuations in static offset fields
and vibrations that distort the crystalline environment, leading to time-
varying strain, can induce spectral instabilities and thus require control.
In the following, we will discuss the relevance of these perturbations on
the different transitions of the emitters.

We start with the spin levels, which are typically not sensitive to
electric but only to magnetic fields. Thus, their stability is mostly lim-
ited by dipolar magnetic spin-spin interactions, and the best coher-
ence can be achieved in a “magnetic vacuum,” i.e., a crystal that is free
of paramagnetic impurities and nuclear spins to the largest degree
possible. In addition, qubits with a low sensitivity to magnetic fields
will exhibit better coherence. This favors nuclear spins compared to
their electronic counterparts, as the magnetic moment of a spin scales
with its mass. Thus, nuclear-spin transitions exhibit a much weaker
magnetic-field dependence, typically by four orders of magnitude.
Even lower values can be achieved in hyperfine states, i.e., in coupled
electron-nuclear states that can exhibit a zero-first-order Zeeman
(ZEFOZ) shift under certain external fields,”””’ paving the way to
hour-long coherence even in host materials with a significant density
of fluctuating nuclear spins.*

Fluctuations in the spin-level energies can also affect the optical
emission. However, typically this is not the dominant limitation:
unlike bare spin transitions within the same orbital, optical transitions
involve different orbitals. Thus, they are easily perturbed by electric
fields, which is known as the Stark effect. While external electric fields
can be shielded efficiently, charge noise within the solid-state environ-
ment of the emitters remains a major concern. Thus, good optical
coherence is achieved only in crystals with a low concentration of
fluctuating charges, which typically requires high chemical and struc-
tural crystalline quality. However, one can try to stabilize the charge
environment by applying large static electric fields.”"””

In addition to minimizing the fluctuations, one can reduce the
sensitivity of the transitions to electric fields by using emitters that do
not exhibit a permanent electric dipole moment and thus no first-
order Stark shift.”>** This can be achieved in emitters with nonpolar
point symmetry; in silicon, this includes, e.g., the Ds; symmetry of
hexagonal and bond-centered interstitial sites, and the Ty symmetry
of tetrahedral interstitial and substitutional sites. Furthermore, in
rare-earth emitters such as erbium, owing to the shielding of the inner
4f electrons by the filled outer 5s and 5p shells, the magnitude of the
Stark coefficient is expected to be an order of magnitude weaker than
that found in color centers with the same symmetry.”

Implementing a photon source with good optical coherence thus
requires, first, emitters with minimal sensitivity to perturbations, and
second, engineering the system to minimize these perturbations. In
Sec. 111, we will describe how these two goals can be achieved with
single-photon emitters in silicon.

B. Efficient and coherent photon generation
in a single mode of the electromagnetic field

In addition to its spectral stability, a key figure of merit for
single-photon sources or spin-photon interfaces is efficiency, defined
as the optical power that couples into a given target optical mode
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relative to the total emitted power. In most practical cases, the target
mode is defined by a single-mode optical fiber or a nanophotonic
waveguide. In bulk crystals, however, the optical modes to which the
generated photons are coupled are determined solely by the emitters,
hindering efficient collection to a single-mode fiber. Furthermore,
light extraction can be hampered by total internal reflection, particu-
larly in solids with a high refractive index such as silicon, with
n ~ 3.45. Numerous approaches exist to still enable efficient photon
collection,'”"”** which will be described in detail in Sec. IT A; most of
them are based on integrating the emitter into nanostructures.

Integrating photon emitters into nanostructures can not only
improve the light extraction into a certain mode, but it also allows
modifying the optical transition rates by tailoring the photonic local
density of states (LDOS)**! p(w). In this context, one needs to con-
sider that quantum applications require efficient single-frequency
photon generation. However, the emitters may not only decay at a
rate R, to a single ground state |g) while generating photons at a spe-
cific transition frequency vy into the desired light mode; they may
also decay into different spatial modes, or to different electronic
energy levels, at rates R; and frequencies v;. In addition, the emitters
may exhibit phonon-sideband (PSB) decays at Rpgp, emitting light at
a smaller frequency while simultaneously exciting a phonon mode.
Finally, there may be non-radiative decay pathways at a rate Ryg that
reduce the overall photon emission efficiency.

The sum of these effects determines the rate R at which the emit-
ters decay from their optically excited state |e)

R:Rg+ZRi+RPSB+RNR- (1)
i

Here, only the first term accounts for the radiative rate of the
desired transition to the ground state. Thus, to implement an efficient
single-photon source or a spin-photon interface, one must ensure
that the first term is much larger than all the others. In bulk crystals,
this means that the emitters must exhibit negligible non-radiative
decay, i.e., high quantum efficiency (sometimes also called quantum
yield), defined as

R — Rxr
B 2
Qe R (2)

In addition, the emitters should exhibit a low Rpgp, such that
photons are only emitted at the zero-phonon line (ZPL)
Rzp = Ry + >, R;. This condition is quantified by the Debye-
Waller factor (DWF)

Rg+ SR Ry

DWEF = = .
1 — Ry Rzpr + Rpsp

®3)

Finally, the emitters should exhibit a high branching ratio, which
measures the relative strength of the radiative rate for the desired
transition compared to all others in the ZPL

R

Npr = —ZigRi . (4)

Clearly, a high branching ratio is required to achieve high con-
trast in photon interference measurements when the different ZPL
transitions exhibit different polarizations, frequencies, and/or rates.
Furthermore, in spin-photon interfaces, owing to the limitations of
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photon detectors and the finite outcoupling efficiency of typical devi-
ces, a high branching ratio is advantageous for single-shot spin read-
out, as it allows multiple excitations without altering the spin state. In
this context, it may also be sufficient to have a high cyclicity, which—
independent of the decay path—quantifies the number of optical exci-
tations before the initial spin state is lost.

In summary, the finite values of 775z, DWF, and #q in bulk crys-
tals hamper the efficiency of photon generation into a single mode.
However, tailoring the optical density of states in nanostructures
allows one to overcome this limitation, as explained in more detail in
Sec. TV. In effect, the efficiency can be boosted by suppressing the
emission rate on the undesired transitions” and/or by increasing that
on the desired transition.™

So far, most experiments have focused on the latter approach,
ie, increasing R, such that Ry >> 3. R;+ Rpsg + Ryr. This
approach leads to a reduction of the optical lifetime T; = 1/R com-
pared to the bulk value 1/Ry, which is quantified by the Purcell
enhancement factor’® Fp:

Fp = R/Ry. (5)

This definition generalizes the Purcell factor, originally defined
for resonators,”® to arbitrary photonic structures. Fp, as defined above,
can be directly determined by measurements; however, note that parts
of the literature use different definitions.

In case Fp is much larger than one, Fp - Ry > R;, Rpsp, Rxg»
such that the detrimental effects of finite branching, phonon-
sideband emission, and non-radiative decay can be overcome. Thus,
nanopatterning can significantly enhance the efficiency of single-
photon sources and spin-photon interfaces while simultaneously
accelerating their emission.

Remarkably, the resulting lifetime reduction can also relax the
requirements on the emitters’ optical coherence time T. This is a key
concern for single-photon sources and spin-photon interfaces: Only
if T, is limited by the emitter lifetime T, i.e., T, = 27T, the emitted
photons achieve optimal performance for quantum information proc-
essing. However, in solids, additional dephasing processes can
strongly reduce T,. The basic idea is thus to shorten T} by the Purcell
effect such that the Fourier limit can be attained. In other words, the
radiative linewidth (which is determined by the inverse of the emitter
lifetime) is broadened such that it becomes larger than the homoge-
neous linewidth. In the following, this will be explained in more
detail.

In the radiative decay process, the phase of the emitted light is
determined by the emitter polarization; thus, the decay rate of the
emitter polarization y, determines the optical coherence time. y, has
contributions from the desired radiative transition (in bulk at a rate
7g = Rg/2), the other decay paths y; = (R — Rg)/2, and dephasing 7
caused by energy-level fluctuations, ie., y, =y, +7; + 74 In bulk
solids, the latter is typically the largest term, such that y, =~ y,4. In this
case, the emitted light is incoherent.

In contrast, integration into nanophotonic devices can lead to a
fast radiative decay into the desired mode at a rate .. To achieve
coherent emission, one thus needs to fulfill y. = Fp - Vg > 7a- This
can be written as

C:Fp;—g>>1. (6)
d

REVIEW pubs.aip.org/aip/are

The quantity C is the cooperativity known from cavity quantum
electrodynamics. It can be calculated from the emitter-field coupling
rate g and the field decay rate at the emitter position x, which gives®

2

_ g
2Ky,

7)

Note that other publications may use the energy rather than the
field and polarization decay rates (K = 2k and I" = 2y), and/or the
vacuum Rabi frequency Q = 2¢ instead of the coupling rate; this can
give corresponding factors of 2 in the above equations.”” In Sec. IV, it
will be explained how the criterion C >> 1 can be achieved with pho-
ton emitters in nanophotonic silicon devices.

I1l. SINGLE-PHOTON EMITTERS IN SILICON

The previous chapter has summarized the challenges in develop-
ing ideal solid-state single-photon sources and spin—-photon interfa-
ces. Owing to the plethora of requirements, this remains an active
area of research. In this review, we will focus on the use of silicon as a
host for single-photon emitters toward this goal, which appears par-
ticularly promising for upscaling due to the unrivaled maturity of its
nanofabrication. While these capabilities were originally developed
for microelectronic devices, it has been realized that silicon’s high
purity and high refractive index also make it an excellent material for
on-chip light confinement in low-loss photonic devices. Meanwhile,
silicon photonic foundries offer device manufacturing as a commer-
cial service, greatly easing access to such devices for both companies
and research groups.””’

In addition to its upscaling potential, silicon can be grown
almost free of paramagnetic defects. Purification in the nuclear-spin-
free isotope 8Si can further reduce magnetic noise density. This
makes silicon an exceptional host for spin qubits, with nuclear spin
qubits reaching coherence times on the timescale of hours.”” Thus,
implementing a spin-photon interface in silicon offers unique possi-
bilities for quantum networking”*® and distributed quantum
computing.' "

Despite the mentioned advantages of silicon, the implementation
of single-photon sources and spin-photon interfaces into this mature
photonics platform has only recently emerged, as both research
groups and companies have increasingly focused on the scalability of
quantum hardware. The reason is found in the band structure of sili-
con. The indirect nature of its bandgap has so far hindered the realiza-
tion of quantum dots with promising photon emission properties. In
addition, the relatively small bandgap prevents the generation of light
in the visible range, where efficient, inexpensive, and low-noise pho-
ton detectors are available. Even in the telecommunications range,
two-photon absorption may hinder the application of high-power
optical control fields. In addition, emitters with such a low energy-
level separation may be prone to non-radiative decay via phonons or
defect states.

Despite these challenges, several emitters in silicon have been
identified that may fulfill the requirements of efficient photon sources
and spin-photon interfaces summarized in Sec. I. They fall into two
categories: dopant atoms, whose energy levels originate in their inter-
nal electronic structure, and color centers, whose orbitals have a larger
extent, allowing the wavefunctions of their eigenstates to exhibit sig-
nificant contributions from nearby atoms, including both silicon and
other impurities. An overview of the most prominent emitters, as well
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as their structure, is shown in Fig. 2(a). Their detailed properties, sim-
ilarities, and differences will be explained in Secs. IIIB and III C.
Their near-infrared emission falls between the band edge of silicon
(around 1.1 um) and the L band, as summarized in Fig. 2(c). For the
emitters presented in this review, the photon energy is well below the
host material’s bandgap, ensuring that the light is not directly
absorbed by the host material. Thus, all these emitters may serve as
the basis for efficient single-photon sources. In addition, the explora-
tion of new color centers and optically active defects in silicon is an
active field of research. Recently studied emitters include, for example,
alkali-metal-vacancy complexes,” selenium dopants,”"** carbon-
nitrozo,'en,(’j‘(”l carbon interstitial,®> and the M center.”®®’
Computational methods for identifying and understanding these
emitters and others will be briefly outlined in Sec. 111 D.

A. Silicon as host material

Implementing single-photon sources with good optical coher-
ence requires minimizing perturbing electric, magnetic, and strain
fields. To this end, one will aim at integrating the emitters into silicon
crystals with high chemical purity and structural quality. The growth
of such crystals has been optimized over decades in semiconductor
manufacturing, and comprehensive textbooks provide detailed sum-
maries.”” The most commonly used technique is Czochralski (Cz)
growth, in which the raw material is heated in a crucible, and the crys-
tal is grown by slowly pulling a seed rod from the melt. The method
achieves very high purity, with the dominant contamination being
oxygen at typical concentrations on the order of 10'® cm™>. Thus, the
average distance between oxygen atoms in such crystals is already
~ 10nm. Other common impurities are hydrogen and carbon at
slightly lower concentrations.

Even higher purity is achieved by the crucible-free float-zone
(FZ) technique. Here, contaminant atom concentrations below
10" cm™ are routinely achieved, corresponding to an average dis-
tance between impurities exceeding 100 nm. In such bulk crystals,
one can minimize strain perturbations to the embedded emitters,
enabling ensembles to emit within a narrow spectral window. The
remaining inhomogeneous linewidth depends on the strain sensitivity
of the emitters,” but is typically =< 20GHz for color centers’’ and
= 1 GHz for erbium dopants.”" This frequency range can be bridged
by optical modulators, allowing photons emitted by different sources
to be easily shifted to the same frequency.

A remaining source of broadening is the isotopic content of sili-
con. Crystals with natural abundance consist of the isotopes *Si with
92.2% abundance, *Si with 4.7%, and *°Si with 3.1%. Because of the
different weights of these isotopes, their zero-point fluctuations have
a different energy, which leads to a strain inhomogeneity in natural
abundance crystals.”” This can be strongly reduced by the growth of
isotopically purified crystals, typically in the most abundant %Si. In
crystals with extremely low defect density and isotopic impurities, a
hundredfold reduction of the inhomogeneous linewidth down to tens
of MHz has been observed with some color centers.”

So far, such outstanding spectral properties have only been
achieved in bulk crystals. The reason is that additional sources of
decoherence arise in nanofabricated devices. In particular, these
include dangling bonds, surface states, and contaminant atoms at the
interface, which are in close proximity to the emitters in the nano-
structure. Additionally, crystal damage can occur during the
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fabrication of such devices, particularly in implantation processes
commonly used for emitter integration.”"”” Here, one faces a general
difficulty: achieving a high probability of forming a single emitter in a
device with a nanoscale volume requires an emitter concentration sig-
nificantly higher than in a bulk crystal, unless one resorts to device
fabrication around previously determined emitter positions.
Introducing color centers or erbium dopants at such high concentra-
tions, however, can significantly harm the crystalline integrity and
thus the spectral properties of the emitters.

Still, to achieve the best results, one typically starts fabrication of
nanoscale devices with pure crystals, often in thin-film form. Most
experiments utilize silicon-on-insulator (SOI) wafers for this purpose,
which are commercially available in sufficient quality and purity.
They are often made using the smart-cut technique or the bond-and-
etchback method. This allows the fabrication of device layers (DLs) as
thin as 30 nm, which can serve as a seed for the growth of ultrapure
and even isotopically pure’® layers by chemical vapor deposition
(CVD) or molecular beam epitaxy (MBE). A direct comparison of
CVD-grown samples with Smart-Cut layers made from CZ silicon
and bond-and-etchback wafers from FZ silicon gave similar results,”’
which means that currently all of these techniques seem equally suited
for hosting single-photon emitters.

B. Erbium dopants

In this section, we will describe the basic properties of erbium
dopants that make them suited as single-photon emitters and spin-
photon interfaces in silicon. Erbium is a rare-earth element that occu-
pies its triply ionized state in most solid-state host materials. In this
configuration, the inner 4f shells are enclosed by fully occupied 5s and
5p electronic shells. This results in effective shielding, making elec-
trons in the 4f shell largely insensitive to electric-field noise caused by
the surrounding crystal. Therefore, the spectra of the optical emission
on transitions between 4f levels are largely independent of the host
material.”” The energy levels of the emitters are thus determined by
the free-ion Hamiltonian and are only slightly split and shifted by the
crystal field (CF). The latter is caused by the surrounding host crystal
and differs between silicon and other materials. As phonons induce
fast transitions between these CF levels, quantum devices will require
operation at cryogenic temperatures, such that only the lowest levels
in the CF manifolds of ground- and optically excited states are
occupied.

1. Energy-level scheme and spin properties

The optical transition frequency of erbium is determined by the
energy-level separation between its *I;5 /2 ground state and its Ty /2
excited state. The wavelength of this transition typically ranges
between 1530 and 1540 nm and thus falls right into the minimal loss
band of optical fibers, which is a key advantage for long-distance pho-
ton transmission. The frequency of the emitted light is around
195 THz and thus exceeds the phonon frequencies more than tenfold,
such that purely phononic relaxation plays no role, and one expects
that the optical transitions will be dominated by radiative decay at
cryogenic temperature. At higher temperatures, typically tens of
Kelvin, cross-relaxation with impurities can be observed, reducing the
lifetime of the optically excited state.”” *' Already at lower tempera-
tures, spin relaxation can dephase optical transitions. These effects
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can be used for accurate thermometry in nanoscale devices."’
However, the resulting reduction in the coherence of the emitted
light’" so far hinders quantum applications at temperatures = 8 K.

Using Er:Si for the implementation of single-photon sources or
spin—photon interfaces requires detailed knowledge of its energy lev-
els. The underlying structure, shown in Fig. 3, is very similar in all
materials and sites owing to the shielding of the inner 4f levels. At
cryogenic temperature, only the lowest CF level, Z;, of the “I;5,
ground state manifold will be populated. The temperature required
for coherent operation thus depends on the separation between Z;
and Z,, which is on the order of THz in low-symmetry sites.””

The precise ordering and separation of the CF levels depend on
the microscopic structure of the erbium sites. Heterogeneous strain in
the crystal thus leads to an inhomogeneous broadening of the optical
transitions.”” This effect can be used to selectively address many indi-
vidual erbium emitters in a nanoscale volume**** and to measure the
strain in nanoscale devices.” The inhomogeneous broadening can
also be used to increase the bandw1dth of optical quantum memories
based on rare-earth dopants'” through patterning of its absorption
profile by persistent spectral hole burning, which can be achieved in
Er:Si via its long-lived spin states.

Trivalent erbium is a Kramers dopant, meaning it has an odd
number of electrons in the 4f shell and every CF level is twofold
degenerate at zero magnetic field.”* Upon the application of a static
magnetic field B, these energy levels split due to the Zeeman effect, as
shown at the center of Fig. 3. At low fields, the splitting of the individ-
ual CF levels can be modeled by an effective spin-1/2 system®” with an
anisotropic g-factor, ie, a g tensor, as described by the spin
Hamiltonian H = 1, BgS. Here, 5 is Bohr’s magneton and § is the
spin vector that contains the three Pauli operators § = 1(6x,6y,062).

The energy-level splitting in a given magnetic ﬁeld thus depends
on the g tensor, which varies widely depending on the integration site
and its CF levels. The g tensor can be very anisotropic, with individual
principal values exceeding 16 (i.e., eight times that of free electrons)
for some sites in silicon.””** This is among the largest effective g
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FIG. 3. Level structure of erbium dopants in silicon. Erbium exhibits eight crystal
field levels (Z1, ...Zg) in the ground state manifold (*/1s2) and seven (Y4, ...Y7) in
the excited-state manifold (* l13/2). The levels are further split under an external
magnetic field, forming an effective spin-1/2 system in the lowest crystal-field lev-
els of each manifold. In addition to the electronic spin, the isotope "®’Er exhibits a
nuclear spin of 7/2, whose levels are split on the order of GHz via the hyperfine
interaction. All levels can also be further split by the superhyperfine interaction
with the nuclear spins surrounding the Er dopants (not shown). The optical transi-
tions are indicated with arrows; one often distinguishes electron-spin-preserving
(blue/green solid) and spin-flip (blue dashed) transitions. The nuclear-spin-flip tran-
sitions are not shown for simplicity.
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factors in any material, which can entail a rather large sensitivity of
the energy levels to magnetic fields. Although this might be useful for
magnetic field sensing, it can also degrade the spectral stability of opti-
cal and spin transitions when subjected to magnetic noise.

As silicon has a low abundance of nuclear spins, one still expects
and observes a spin coherence of a few tens of us for the electronic
spin in materials with natural isotopic abundance.”” In purified 24Si
hosts, milliseconds of coherence for the electronic spin can be
observed.” Further improvement is likely possible based on dynami-
cal decoupling,”® extending the coherence to the lifetime limit, which
can reach the second timescale® and is limited by the spin-lattice
interaction and flip-flop processes with paramagnetic impurities and
the nuclear spin bath.”” Thus, the lifetime depends on the host crystal
purity, the temperature, and the magnetic field. At cryogenic tempera-
tures, the Orbach and Raman processes are strongly suppressed, and
the lifetime is limited by the direct process and by flip-flop interac-
tions for large and small magnetic fields, respectively.

The large magnetic field sensitivity of optical and/or spin transi-
tions can be circumvented by applying the magnetic field in a specific
direction and strength, at which the transitions lose their B-field sensi-
tivity.S 08859 These zero-first-order-Zeeman-shift (ZEFOZ) points can
be engineered via the coupling of the electronic spin or Er to the nuclear
spin of the isotope '’ Er, which has a natural abundance of 23 %.

Even in the absence of precisely aligned fields, the eight hyper-
fine ground-state levels of the 7/2 nuclear spin (shown at the right
side of Fig. 3) can enable second-long storage of quantum informa-
tion, as demonstrated in other host materials.” In silicon, the greater
separation of the crystal fields and the lower concentration of mag-
netic noise sources may even enable coherence times much longer
than in current experiments, paving the way for spin—photon interfa-
ces with long-term quantum memory. To this end, the spin state
needs to be initialized, coherently controlled, and readout. This can
be achieved in nanophotonic resonators, as described in Sec. IV A.

2. Erbium integration into the silicon host crystal

Albeit the crystal field is only a perturbation to the free-ion
Hamiltonian, it will still determine the precise frequency of the optical
transitions of individual erbium dopants. To enable photon interfer-
ence experiments that involve different, potentially spatially separated
emitters, all dopants should emit within a narrow frequency window
that can be bridged either by optical modulators, spectral tuning via
strain or Stark effect, or by time-resolved detection.”® This requires
erbium to be reproducibly incorporated into a well-defined lattice site
with high yield.

As silicon is a monatomic, highly symmetric crystal, one would
not expect single erbium atoms to be incorporated in many different
ways. However, it turns out that erbium is gettering in silicon, which
means that it tends to form complexes or clusters with other impurities,
including other erbium ions. The reason is that erbium prefers ioniza-
tion to the triply ionized state, which cannot isoelectrically substitute
for Si atoms in their covalently bonded tetrahedral lattice positions.
Furthermore, there is a significant size mismatch between erbium and
silicon, leading to significant lattice deformations around the emitters.
Thus, the formation of clusters can be energetically favorable.

For these reasons, it was proven difficult to incorporate erbium
into silicon during growth from the melt.”” While equilibrium con-
centrations around ~ 10'® cm™> have been achieved, the fraction of
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erbium that has been integrated into a single site in these experiments
is undisclosed owing to limitations in the measurement technique,
off-resonant excitation, which will be further discussed in Sec. 111 B 3.
Even if a high concentration of erbium is achieved in such structures,
it may still cluster together with other dopants or impurities, harming
its optical properties—in particular, the coherence.

As an alternative to reduce clustering, erbium can be incorpo-
rated into silicon using non-equilibrium techniques, such as molecu-
lar beam epitaxy (MBE), chemical vapor deposition (CVD), or ion
implantation. An integration yield exceeding 1% in the same site has
been achieved both by MBE*””' and by ion implantation.”

In the latter, the crystal damage that stems from the bom-
bardment with heavy ions needs to be repaired; otherwise, the
optical loss of photonic components is prohibitive.”” To this
end, the sample is subjected to thermal annealing. Typical
experiments anneal at temperatures of =700°C for several
minutes.”””®7%?7"%% At this temperature, most impurities in sili-
con are mobile,*® such that they can diffuse to and cluster with
the erbium dopants. Thus, a large number of erbium sites, each
with different spin and optical properties, are found in such
samples. In general, one expects that the higher the implantation
dose, annealing temperature, and impurity concentration of the
starting material, the more distinct clusters can form and the
more optical lines will be observed in spectroscopy. While the
erbium in these sites will be surrounded by different arrange-
ments of atoms and vacancies, experiments based on Rutherford
back-scattering” and channeling” still indicate that most
erbium atoms are integrated in hexagonal or tetrahedral intersti-
tial positions, which are the largest voids in the silicon lattice.

As quantum applications require dopant integration into repro-
ducible lattice sites with a high yield, later experiments focused on
using pure starting materials and avoiding annealing above 600 °C.
This led to the observation of fewer sites, reproducibly generated with
high yield in Cz, FZ, and CVD-grown samples.”' Similar results were
even achieved in samples that were commercially processed on a
multi-project wafer in a photonic foundry,” demonstrating the
potential for upscaling using established semiconductor manufactur-
ing technology. These sites were called “A” and “B” in Ref. 71 and
subsequently analyzed in detail, as described in Sec. III B 5. In these
works, the erbium concentration was kept low, around 107 cm=3 or
lower. This minimizes crystal damage and ion-ion interactions. Still,
the concentration is high enough to be achieved with standard ion-
implantation tools, and nanophotonic structures with subwavelength-
scale mode volumes will, on average, contain one or more emitters at
these reproducible sites.

3. Off-resonant and electrical excitation

Er:Si has only recently been explored in the context of
quantum information processing. However, many pioneering
experiments had already been conducted, starting in the 1990s.
Extensive reviews are provided in Kenyon,”” and Vinh et al.*’
The focus of these works was the implementation of on-chip
lasers and amplifiers, which eventually turned out difficult due
to the mentioned fluorescence quench at elevated temperatures,
preventing the realization of sufficient gain in devices at ambient
conditions. In the following, we provide a brief summary of
these works in the context of quantum applications.

REVIEW pubs.aip.org/aip/are

A common feature of all these early experiments is their mea-
surement technique: As the main goal was an electrically pumped
gain medium, the works relied on excitation of the erbium by induc-
ing excitons in the silicon layer, either electrically”™” or by off-resonant
optical excitation’*”" using a green or blue laser. Subsequently, the
emission spectrum was analyzed, typically using a Fourier-transform
spectrometer. These studies had two key findings: First, erbium incor-
porates many different lattice sites, leading to the observation of inho-
mogeneous lines with an extent of several THz, which would be far
too large for quantum applications. Second, most of the erbium did
not exhibit any fluorescence upon off-resonant excitation, which was
often referred to as the dopants not being “optically active.”

While many studies attributed this to rapid non-radiative
decays,” later studies using resonant excitation instead found that a
large fraction of the erbium is integrated in sites that cannot be opti-
cally excited by excitons.” Thus, care must be taken when extrapolat-
ing results from the early literature to quantum devices—one must
always keep in mind that experiments using off-resonant excitation
measure only a small subset of emitters that can capture excitons and
then decay radiatively. As defect states are believed to play a key role
in the excitation process, this subset will likely exhibit worse coher-
ence than Er:Si on isolated lattice sites, which thus seems better suited
for quantum applications.

4. Resonant excitation

To perform spectroscopy on sites of Er:Si, which are decoupled
from the conduction band, one needs to perform resonant spectros-
copy. However, this is not straightforward in devices fabricated by
non-equilibrium techniques, such as ion implantation. Naturally,
these structures will contain erbium only in a thin layer <2 um
below the surface. Performing absorption spectroscopy perpendicular
to this surface is thus difficult, as the long lifetime of rare-earth emit-
ters entails a small oscillator strength”” and thus a very weak absorp-
tion of thin layers.

The work of Weiss et al.”> overcame this limitation by fabricat-
ing photonic waveguides into the device layer of a silicon-on-insulator
chip, thus increasing the number of erbium emitters that can be
excited at a given laser frequency. The work established pulsed reso-
nant fluorescence spectroscopy, in which the emitters are excited by
laser pulses typically a few us in duration, and the fluorescence is
detected with single-photon detectors after the pulses are turned off.
In this way, all erbium dopants that decay radiatively can be probed,
enabling new insights into Er:Si.

A key finding was that a large fraction of the emitters can be
integrated into well-defined lattice sites with a narrow, inhomoge-
neous distribution of less than 1 GHz. This paved the way for quan-
tum applications of Er:Si. Later studies using the same technique’' or
in situ fabricated single-photon detectors’~ revealed very narrow
homogeneous linewidths in several lattice sites, down to 10 kHz, pav-
ing the way for coherent light emission.

5. Crystal field levels, optical and spin properties
of sites A and B

Even in resonant spectroscopy on the purest samples implanted
at moderate temperatures, erbium was found to integrate into several
sites, including the previously mentioned sites A and B. These two
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contain a fraction of = 1% of the emitters in high-purity starting
material and are particularly promising for quantum applications.
First, they exhibit a narrow inhomogeneous broadening in high-
purity starting material, < 0.4 GHz, which can be easily bridged by
optical modulators. Second, they feature a relatively short radiative
lifetime, 0.14 and 0.19 ms, respectively, in bulk crystals—the shortest
observed in any erbium host crystal up until now, which can in part
be attributed to the large refractive index of silicon.” Third, the emit-
ters exhibit a narrow homogeneous linewidth of ~ 10 kHz, which is
only an order of magnitude from being lifetime-limited. Finally, the
narrow linewidth is preserved up to 8 K, a temperature range that is
conveniently accessible by “He cryocoolers. The large operating tem-
perature indicates that the emitters are integrated into low-symmetry
sites with a large CF splitting AEcg, which avoids decoherence via the
Orbach process whose decay rate is o< exp(AEcg/kgT). Here, kg is
Boltzmann’s constant and T is the temperature.

The precise locations of the CF levels have been determined by
optical spectroscopy. To this end, a narrowband optical filter was
inserted in front of the single-photon detectors in pulsed resonant
fluorescence experiments.”"** A typical such measurement is shown
in Fig. 4(a). In the upper panel, the excitation laser was swept to mea-
sure the excited-state CF levels; in the lower panel, the ground-state
CF levels were determined by sweeping the filter transmission wave-
length. Based on the measured energies, the CF Hamiltonian of the
erbium dopants in site A could be reconstructed.”

In addition, measurements of the spin-flip and spin-preserving
optical transitions while rotating the direction of an external magnetic
field allowed a full reconstruction of the g-tensor of site A as depicted
in Fig. 4(b). Its Cy, symmetry was mapped to positions in the Si unit
cell that are shifted along the (100) direction from the center of the
tetrahedral interstitial position.” Site B has an even lower symmetry.
Possible positions of both sites are indicated in Fig. 4(c). Both sites are
polar, such that a non-zero linear Stark coefficient is expected. This
can enable emitter tuning by electric fields but also makes the transi-
tion frequency sensitive to charge noise and thus lowers optical coher-
ence. Future work will thus aim at quantifying the Stark coefficient
and potentially exploring other sites in Er:Si that may exhibit a non-
polar symmetry; so far, however, such sites have only been identified
in other host materials."”’

C. Color centers

Color centers are point defects or atomic impurities in solid-
state crystals, which can absorb and emit light. These impurities can
consist of a vacancy, an additional atom of the crystal or another ele-
ment, or a combination of several of these. The physical properties of
color centers resemble those of atoms and molecules, with energy lev-
els formed by orbital and spin degrees of freedom. While all color
centers emit light and can thus be used as single-photon sources, only
some of them exhibit coherent spin states that enable the implementa-
tion of spin—photon interfaces.

While early experiments in this direction used diamond as a
host material, silicon color centers have recently attracted signifi-
cant attention due to their telecom operation wavelengths and
compatibility with silicon nanofabrication, integrated photonics,
and microelectronics. The first experimental studies date back to
the 1980s, and in the last few decades, an extensive list of color
centers has been comprehensively investigated using numerous
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FIG. 4. Crystal field and magnetic properties of Er:Si in site A. (a) Crystal field
spectroscopy of site A at low temperature (2 K). (Top) A narrow filter is set to the
Y1 — Z4 transition, and the excitation laser is swept to measure the excited-state
crystal-field levels. (Bottom) The excitation laser is fixed at the Z; — Y, transition,
and the narrow filter is swept, revealing the emission to the lowest six ground-
state levels. Adapted from Gritsch et al, Phys. Rev. X 12, 041009 (2022).
Copyright 2022 Authors, licensed under a Creative Commons Attribution (CC BY)
License.”" (b) Spin properties. The sample is rotated in a magnetic field of 1.9T
such that the field angle varies from [001] to [110] and the spin-preserving and
spin-flip transitions are measured. The large number of lines indicates low site
symmetry, which is determined to be Cy, from a fit (solid and dashed lines, shown
only for one half of the symmetric spectrum) to the data. (c) Sketch of the silicon
unit cell with exemplary positions of the Er dopants according to the extracted site
symmetries of C,, (site A) and C; (site B). Thus, site A is located on the twofold
rotational axis (red dotted line) that passes through the unit-cell center, and site B
on the {110} mirror plane (shaded area). Adapted from Holzapfel et al., Adv.
Quantum Technol. 8, 2400342 (2025). Copyright 2025 Authors, licensed under a
Creative Commons Attribution (CC BY) License.*

experimental methods.””'"" A subset of these centers exhibits a
relatively strong luminescence, paving the way for experiments on
single-photon emitters.”'**'%?

While most of the observed color centers remain unexplored,m1
the so-called T, G, W, and C centers stand out, as they have been
studied in more detail and their ZPL falls into the telecom bands, as
shown in Fig. 2(c) and Table I. While the W center is a complex of
three self-interstitial atoms, the other centers contain carbon, hydro-
gen, or oxygen impurities [see Fig. 2(a)]. To create the mentioned
color centers, silicon is irradiated by electrons,'’! ions,”"'">1% or
intense laser pulses'’” ' followed by annealing to form the emitters
and to recrystallize the material. Alternatively, color centers can be
formed by molecular beam epitaxy growth of Si with added dopants
during growth.''’ The basic properties of these color centers and their
formation will be given in this section.

Appl. Phys. Rev. 13, 021341 (2026); doi: 10.1063/5.0326694
© Author(s) 2026

13, 021341-10

85 :02 :80 9202 AInrc €1


pubs.aip.org/aip/apr

Applied Physics Reviews

REVIEW pubs.aip.org/aip/are

TABLE |. Basic optical and spin properties of selected color centers (top) in silicon, compared to erbium dopants in site A (bottom). ZPL: zero-phonon line; DWF: Debye-
Waller factor; BE: bound-exciton excited state; : optical lifetime; nqg: radiative quantum efficiency; S spin state in the ground state (GS) or metastable state (MS).

Center ZPL (nm/meV) DWF BE 7 (ns) NqE S

T (*H) 1326/935 0.23 Yes ~1000 ~0.2° 1/2, GS
T (*°H) 1325/936 0.23 Yes ~4800 ~1" 1/2, GS
w 1218/1018 0.40 Yes 3-30 0.65 0

C 1571/789 0.12° Yes ~2300 ? 1, MS
G 1278/970 0.15 No ~6 <0.18 1, MS
G* 1278/970 ? ? 30 >0.5 ?
Er*t 1538/806 0.23" 142 - 10° 1 1/2,GS
*Predicted.

®Branching ratio of crystal-field transitions, no phonon sideband.

1. T center and the hydrogen atom is bonded to one of the carbons,’ '™ as

First observed''' in 1981, the T center is formed by two carbon
and one hydrogen atom with an unpaired electron in a substitutional
lattice site'' '’ [Fig. 5(a)]. Structurally, the pair of carbon atoms is
bound within a single lattice site (C-C dimer substituting a Si atom),
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FIG. 5. Basic properties of the T center. (a) Energy levels of the ground and the
two BE excited states, (b) which split under a magnetic field, giving rise to four
main optical transitions (A-D) associated with the electron and hole spins, and (c)
hyperfine transitions associated with nuclear spins. (d) Atomic configuration, show-
ing the arrangement of the two C atoms and the H atom forming the defect. (e)
Excited-state lifetime measurements of the TX; transition of different isotopic con-
figurations show a fivefold increase for deuterated T centers. Adapted from
Bergeron et al, PRX Quantum 1, 020301 (2020). Copyright 2020 Authors,
licensed under a Creative Commons Attribution (CC BY) License.'” Adapted
from Kazemi et al., Phys. Rev. Lett. 136, 053602 (2026). Copyright 2026
American Physical Society.'’

shown in Fig. 5(d).

The T center features a Cj;, symmetry, which was initially
wrongly assigned to C,,''® in 1985, later corrected''” in 1994, and
recently confirmed using the previous strain and new electric field
perturbation measurements of its optical transitions.''® This rather
low-symmetry results in 24 defect orientations and a non-zero linear
Stark effect.”"”

The ZPL of the T center is at 1326 nm (935 meV) in the telecom
O band. The optical emission originates from the decay of a bound
exciton (BE) from a delocalized valence-band state to a localized
defect state'"* [Fig. 5(b)]. In the BE excited state, the two electrons
form a singlet, and the hole states split into two doublets labeled TX0
and TX1. The lifetime of the excited state of T centers is rather long
for color centers, around""***? ~ 1 us. The optical lifetime is even five
times longer for T centers that contain deuterium rather than hydro-
gen, revealing a large isotope effect in the optical properties.'*’

The quantum efficiency of the T center is still under debate, with
extracted values ranging from >23.4%""' to estimates of 18.1% for
hydrogen-based emitters. For deuterated T centers, an improved
quantum efficiency, near unity, is predicted,'” suggesting that this
configuration may be beneficial for quantum applications. In both
configurations, the T center exhibits a DWF 193 6f 0.23. The inhomo-
geneous broadening has been measured at 37 GHz in implanted natu-
ral SOL'*” Compared to the 33 MHz reported for isotopically purified
bulk *%Si crystals,'”” the broadening is due to strain gradients intrinsic
to SOI fabrication and to implantation-induced or intrinsic defects.

In bulk, isotopically purified silicon, homogeneous linewidths of
690(10) kHz were observed, exceeding the theoretical lifetime limit of
170kHz for the T center only about fourfold.'”® Instead, measure-
ments in nanostructures and SOI found orders of magnitude larger
values, ranging from 1 to 10 GHz.'**'** Recent experiments indicate
that the resonant excitation laser is the main cause of spectral diffu-
sion, reaching linewidths of 110 MHz over a few ms when using reso-
nance check techniques.'”'”° The spectral wandering is thus
attributed to charge fluctuations at nearby defects and surfaces that
cause a Stark shift due to the center’s low C,, symmetry and are
induced by laser pulses. In addition to charge noise, a significant pho-
nonic contribution is observed via the temperature dependence of the
linewidth, saturating”)3 below 1.5 K.

Appl. Phys. Rev. 13, 021341 (2026); doi: 10.1063/5.0326694
© Author(s) 2026

13, 021341-11

85 :02 :80 9202 AInrc €1


pubs.aip.org/aip/apr

Applied Physics Reviews

The T center exhibits a spin-} ground state and an allowed spin-
conserving optical transition, ”” making it very promising as a spin—
photon interface [Fig. 5(c)]. The hyperfine interaction couples the
electronic spin to the nuclear spin of the hydrogen atom. In isotopi-
cally purified **Si bulk crystals, this has enabled the measurement of
coherence times of 2.1ms and 1.1s for electron and nuclear spins,
respectively.'”” In a thin-film photonic device, spin-echo coherence
times of 0.4, 112, and 67 ms have been reported for electron, hydro-
gen, and proximal *Si spins. This has enabled the generation of
nuclear spin entanglement with a fidelity'*” of 0.77. Recently, a route
toward utilizing the optical interface with reduced decoherence of the
hydrogen spin has been proposed.'*

To create T centers in nanophotonic devices, nearly all reported
works follow slight variations of the fabrication process described in
Ref. 74. The process consists of two stages of ion implantation and
annealing. First, C is implanted, and the crystal is annealed at 900-
1000 °C to heal the lattice. This is followed by an H implantation step,
often with a similar dose to the initial C implantation, and a second
annealing step at 400-450 °C. This process, especially the second step,
may pose stringent requirements on the annealing temperature and
time. While generating T centers with low densities has been widely
reported, achieving high concentrations is expected to be challenging
due to the tri-atomic nature of the defect,”'"* which may limit appli-
cations requiring high-density ensembles such as amplification and
lasing, photonic quantum memory, and transduction.*’ **

After creating T centers, lithography and etching are used to fab-
ricate nanophotonic structures; these processes may introduce addi-
tional defects leading to an undesired fluorescence background. Thus,
some groups also perform the second annealing step after etching.'”’
Recent experiments performed on nanoscale waveguides and resona-
tors'?H17H 128129752 il be discussed in depth in Sec. TV.

2. G center

The G center is formed by two carbon and one silicon atom,'*”
and can adopt multiple configurations. While two of its configura-
tions, called A and C, are optically dark,"** the B configuration exhib-
its photoluminescence. This configuration corresponds to a neutral
ground state in which two carbon atoms occupy substitutional sites
and are bridged by a silicon interstitial [Fig. 6(a)]. Like the T center,
the G center features C,;, symmetry."”> A unique property of the G
center is the rotational degree of freedom of the interstitial silicon
atom, as shown in Fig. 6(b).

The transition dipole of the G center is oriented along the
defect’s principal axis, as confirmed experimentally by observing its
polarization axis along either''” or [110] in confocal measurements
using (100) plane samples. Due to its rotational degree of freedom,
the emission of the G center is not purely dipolar but shows a limited
visibility'”” of 62%. The ZPL of the G center is at 1278 nm (970 meV)
in the telecom O band and was first observed'* in 1976. The rota-
tional degree of freedom of the defect splits the ZPL into six spectral
lines. Without strain, two of the lines are degenerate, leading to a
4-peak spectrum with double intensity in the central peaks,””'**'*
see Fig. 6(c). An additional distinguishing spectral feature of the G
center is the E-line, a PSB resonance arising from a local vibrational
mode of its carbon pair,"*’ see Fig. 6(e).

The G center excited-state lifetime is short compared to the T
center, below 6ns for its spin singlet ZPL transition.”””' 1 Tts
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FIG. 6. Basic properties of the G center. (a) The atomic configuration consists of
two substitutional carbon atoms (black) and an interstitial silicon atom (purple). (b)
The silicon atom can occupy different rotational degrees of freedom when seen
along the defect axis. (c) The different Si positions split the energy levels into four
lines in unstrained crystals, which can be observed in the ZPL PL spectrum. (d)
Second-order autocorrelation measurement performed on photons from a single G
center, showing a fit to a two-level system. (e) A PL spectrum from a single G cen-
ter showing its ZPL and its characteristic E-line local vibrational mode. Adapted
from Durand et al., Phys. Rev. X 14, 041071 (2024). Copyright 2024 Authors,
licensed under a Creative Commons Attribution (CC BY) License.'™

quantum efficiency is low, upper bounded'*’ by 18%, and its DWF
is'** 15%. While most measurements show stable operation, above-
band optical irradiation experiments with powers an order of magni-
tude above saturation show significant spectral shifts and deactivation
of single G centers.""’

In SOI photonic waveguides, the inhomogeneous broadening of
the G center is below 200 GHz."””'*' The homogeneous broadening
upon resonant excitation still needs to be determined. With
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off-resonant excitation, 2.8 GHz linewidths have been reported for
long timescales, which reduces to 0.4 GHz at 25ns in two-photon
interference measurements performed on photons consecutively
emitted by a G center in an SOI waveguide.'**

While the G center’s neutral ground state is a closed-shell singlet
and thus has no accessible spin, its excited-state manifold includes an
optically bright singlet and a slightly higher-lying, optically dark,
metastable triplet state (678 meV above the ground state).'”*"** This
was first reported in the 80s through optically detected magnetic reso-
nance (ODMR) measurements of ensembles,'””'*” and recently dem-
onstrated in single G centers, including their coherent spin control."*"
The observed triplet state could be used as a quantum memory; how-
ever, the storage time would be limited by the yet unknown optical
lifetime of the metastable state. It has been proposed that longer time-
scales might be accessible via a transfer of the quantum information
to a long-lived nuclear spin of the defect atoms or the lattice."”

Several procedures have been used to create G centers in silicon.
As with other carbon-related color centers in silicon, a common fabri-
cation technique involves a carbon implantation step followed by
rapid thermal annealing. Non-equilibrium processes in this procedure
are hypothesized to reduce the G center density down to the level of
single emitters.'”>'*"'*” Some experiments also used proton irradia-
tion'””'* or observed G center formation after dry etching of C-
doped silicon."”” As this is a common step in nanofabrication, it has
been hypothesized that the G centers observed in earlier works may
have been created by the etching process rather than by the combina-
tion of implantation and annealing."*° Alternative methods have
recently been reported for localized formation of G centers using
focused silicon-ion beams'”® and optical irradiation,'"” " including
formation in pre-patterned nanophotonic cavities.'””

Recent single-defect spectroscopy'”” has shown that a substantial
fraction of telecom-band emitters previously attributed to the G cen-
ter actually belong to a distinct defect family, denoted as G*, which
also exhibits a ZPL near 1.28 um but with a much broader inhomoge-
neous distribution. This confusion was first hypothesized'*>'*’ and
recently confirmed experimentally."”” There are several differences
between the emitters that allow a clear discrimination: First, G* spec-
tra do not display the characteristic ~1382 nm E-line local vibrational
mode replica of G centers."”” Second, the G* center has a longer
excited-state lifetime'*’ of 30 ns, a higher quantum efficiency'*”"**'*’
above 50%, and a broader inhomogeneous linewidth'*”*"** of 12 nm.

G* also features a purely dipolar emission with broad angular
variability that skips the C,, principal axes that would be expected for
the G center.* Open questions include the G* center atomic struc-
ture, its point group, its homogeneous broadening, and its spin prop-
erties."”” In addition, a defect named G’ has been recently observed in
MBE-grown samples, which has the same PL line shape as that of the
G center but is red-shifted by about 17 meV.""’ While the theory pre-
dicts properties similar to those of the G center, such as the availabil-
ity of an optically readable metastable triplet state, experimental
confirmation of most of these properties is needed.

Due to their relative ease of fabrication and isolation, the G and
G”" centers have been used as a testbed in many experiments on iso-
lated silicon color centers. These experiments include the first obser-
vation of isolated color centers in silicon (G*),"**'*° the
demonstration of waveguide (G)'*' and cavity integration (G* and
G),"""*? as well as strain tuning and nanoscale localization (G)."!

REVIEW pubs.aip.org/aip/are

3. Wcenter

Historically observed as the so-called W-line in irradiated or
ion-implanted Si, the microscopic structure of the W center remained
under debate for decades'** '** until it was confirmed as a silicon tri-
interstitial. Tight-binding molecular dynamics calculations'” revealed
that an extended trigonal configuration (labeled I3-V) having C; sym-
metry satisfied all the experimentally observed properties, while
advanced density functional theory (DFT) calculations confirmed its
superior stability over the other tri-interstitial cluster configura-
tions.'”° In effect, in the W center, a single defect-derived state is
located very close to the valence-band edge. In the equilibrium
neutral-charge state, this level is occupied by two electrons and reso-
nates with the valence band. Upon optical excitation, an electron is
promoted to the conduction band (or a conduction-band-like
extended state), leaving behind a tightly bound hole in what becomes
an in-gap acceptor level. The Coulomb attraction between the elec-
tron-hole pair forms a bound exciton, which then recombines to give
the observed W center photoluminescence. Symmetry analysis for I3-
V indicates an optical transition with the dipole oriented along (111).

The ZPL line of the W center is around”'”” 1218 nm
(1018 meV). It features a DWF of 40%''”'* and a quantum efficiency
of 65%,"” both larger than those of the G center and the hydrogen
(*H) T center. Its dipole orientation matches the [110]/[110] direc-
tions expected from the atomic configuration. The excited-state life-
time of the W center has been measured to range between 3 and 30 ns
for different emitters under different conditions."”*""”

Inhomogeneous broadening measurements range from narrow
ensemble linewidths”* of 150 MHz, measured in isotopically purified
288i  bulk crystals, up to 240GHz in 70nm-thick SOL.'*°
Homogeneous broadening measurements have been limited to off-
resonant excitation, reporting measurement-limited linewidths below
24GHz."™*

W centers have been fabricated via silicon-ion implantation fol-
lowed by rapid thermal annealing'*® at 1000°C for 20s. Annealing
studies suggest that lower temperatures enable higher density forma-
tion."”” In addition, localized formation has been achieved via focused
silicon-ion beam,'"® and femtosecond laser irradiation.'’”"'"*

The W center has a singlet ground state. Unlike the G and T cen-
ters, it has neither a spin-bearing ground state nor a metastable triplet
or other paramagnetic state that would be required for spin-photon
interfaces. Therefore, current interest in W centers is largely focused
on their use as single-photon emitters.''” To this end, W centers have
been integrated into photonic devices, including circular Bragg grat-
ing cavities for ensembles''” and single emitters, ™ as well as photonic
waveguides and microring resonators.'*’ In addition, using integra-
tion into p-i-n junctions, electroluminescence has been observed.'*’

4. C center

The C center is formed by a carbon-oxygen interstitial pair
(CiO;) and features the same C,;, point-group symmetry as the G and
T centers.'®>'”” They can be generated by carbon ion implantation
and rapid thermal annealing at 1000 °C for 20s, followed by high-
energy (1 MeV) proton irradiation.'®* Recently, formation via light-
ion irradiation has also been reported.'®®

The ZPL emission of the C center occurs in the telecom L
band'**'**"'** around 1571 nm (789 meV). To emit light, the defect
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captures a hole via a short-range defect potential, and then an electron
via a long-range Coulomb potential. This leads to the formation of a
hole-attractive isoelectronic bound exciton with a hydrogen-like series
of excited-state energy levels. The vibrational spectrum of the C center
was identified by local mode spectroscopy (with modes at approxi-
mately 64.5, 72.6, 138.1, and 145.3 meV).' “>'%” Its DWF has been pre-
dicted'® to be 12%, but it still needs to be measured accurately. The
excited-state lifetime of the lowest exciton transition is comparably
long, 2.3 us."”’ Inhomogeneous linewidths down to 45MHz have
been reported for isotopically purified **Si bulk crystals.””

While the ground state and most excited states of the C center
are singlet-singlet transitions, it also features a metastable triplet
excited state predicted by theory and confirmed by experi-
ments.'*'*>""% The presence of the triplet state enables an intersys-
tem crossing (ISC), which has been measured via phosphorescence
decay to the ground state at temperatures below 2 K.'”" Recent work
has demonstrated that the C center’s spin system can be accessed opti-
cally via ODMR measurements of ensembles with and without a mag-
netic field.'** Time-resolved PL measurements provided the radiative
and ISC lifetimes of 14 and 2.8 us,'”” respectively. Further experi-
ments show that the optically bright excited states decay over tens of
microseconds, while population transferred via the ISC to the triplet
state exhibits much longer non-radiative lifetimes, exceeding 1.4 ms
for m; = 0 and 10 ms for m; = *1. This pronounced lifetime con-
trast enables spin-dependent carrier trapping and thus enables
ODMR experiments.'**

D. Theoretical methods

In the previous section, Sec ITI C, we demonstrated that theo-
retical modeling has played a crucial role in identifying and char-
acterizing color centers in silicon; however, the discussion
primarily focused on experimentally determined properties of
erbium dopants and color centers. In the following, we provide a
detailed description of the theoretical frameworks used to model
such defects and show how these approaches enable the systematic
search for new color centers with properties that may be advanta-
geous compared to those identified to date.

1. Ab initio modeling of color centers

First-principles calculations, such as Kohn-Sham DFT, are the
workhorse for predicting the correct defect properties in materials for
quantum applications. For accurate calculations, a sizable part of the
crystalline environment must be taken into account. For silicon, this
means that accurate calculations typically require a cell of 512
atoms.'” First-principles many-body methods for calculating the
ground state, e.g., the random phase approximation (RPA),"”” cannot
yet be applied to such large systems except if important vertex correc-
tions are included.'”'”” For the correct simulation of materials for
quantum applications, the host material’s band structure should be
reproduced accurately, and the defect-induced electronic states must
be correctly localized. This ensures the correct calculation of charge
transition levels and excited states.

In practice, semilocal DFT (GGA) functionals, such as PBE, sig-
nificantly underestimate band gaps and over-delocalize defect states.
For instance, PBE predicts silicon’s bandgap to be =~ 0.7 eV vs the
experimental 1.1eV. The fundamental cause is that the exchange
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energy shows no derivative discontinuity at integer occupation num-
bers and is convex between two integer values.”’”'"® As a conse-
quence, both the bandgap and the localization of defect states are
severely underestimated. The state-of-the-art solution is to “climb
Jacob’s ladder” to hybrid functionals, e.g., the screened hybrid HSE06
functional (Heyd-Scuseria-Ernzerhof, with 25% nonlocal Fock
exchange) has become the main choice for solid-state defects.'”? %!
Hybrid-DFT restores much of the missing derivative discontinuity by
mixing in Hartree-Fock exchange, thereby correcting the bandgap
and improving the localization of defect orbitals. With appropriate
tuning (e.g., accounting for dielectric screening in the host), HSE06
can yield defect level positions and band gaps in excellent agreement
with many-body GW calculations.'®” '** In cases where a defect con-
tains strongly localized levels, such as transition-metal d states that
experience on-site correlation, a Hubbard-like correction can be added
on top of HSE06, commonly referred to as HSE06+V,,, to further
improve agreement with experiments."” In cases where the strongly
localized defect is a rare-earth ion with f electrons, this is a challenge for
conventional DFT and often requires beyond-DFT approaches. One
promising strategy is to use wavefunction-based embedded cluster
methods, where a finite cluster is treated with high-level many-body
techniques such as complete active space self-consistent field
(CASSCF),"™ second-order MollerPlesset perturbation theory'®” and
coupled cluster methods.'** These methodologies have been applied to
investigate optical transitions in oxides;'*” however, they have not been
used for f-electron elements in bulk Si yet.

Using a well-parameterized hybrid functional not only provides
accurate ground-state geometries but also a reliable spectrum of
single-particle states for the defect. Excited-state properties can then
be obtained without using very computationally expensive methods,
for example, by using the ASCF or constrained DFT techniques to
construct excited Slater determinants and estimate optical transition
energies."” It has been shown that ASCF with HSE06 reproduces the
results of full GW/Bethe-Salpeter equation calculations for defect
excitations.'”' Moreover, it is crucial to include multiple corrections
arising from the supercell approach. For example, for charged defects,
techniques like the Freysoldt charge correction'”” are used. In slabs,
one can choose between the methods of Freysoldt and Neugebauer'”
and that of Komsa and Pasquarello.'”* In the case of optical transi-
tions, a correction similar to the charge correction must be
applied.'”>'” In fact, the interaction between repeated charges influ-
ences not only the total energy but also the potential and, therefore,
the one-electron states as well. This influence may turn detrimental in
slab calculations (for surface defects). The self-consistent potential
correction (SCPC) method takes care of that in bulk and slab models
alike."”

Ab initio approaches now enable a complete magneto-optical
characterization of color centers. Specifically, first-principles calcula-
tions can predict ZPL energies, PSB lineshapes, fine structure from
spin-spin and spin-orbit interactions, and even spin-resonance
parameters. Their predictive power was first benchmarked in wide-
bandgap semiconductors, such as diamond, where DFT reproduces
the NV center’s electronic structure, radiative and non-radiative life-
times, and response to external perturbations.ws"% In silicon, hybrid-
DFT has reached a similar agreement with experiments for the
telecom-wavelength emitters discussed above and can resolve their
microscopic origins. For the G center, first-principles theory recently
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unambiguously identified its structure and the rovibrational spectrum
of the optical excited state coming from the rotating Si interstitial in
the complex.'”” Furthermore, the position of the metastable triplet
level was determined together with its spin-Hamiltonian parameters,
such as the zero-field splitting and the hyperfine couplings, and this
helped understand why ODMR indicates a symmetry change upon
thermal activation."”” Hybrid functional and constraint DFT likewise
describe the bound-exciton properties of the T center, predicting a
ZPL of 0.985¢eV and a microsecond radiative lifetime, close to the
experimental findings.'"* Beyond these established carbon complexes,
recent theory has also identified the single-carbon interstitial telecom
emitter in Si, confirming its bound-exciton recombination in the neu-
tral charge and identifying a metastable triplet that can serve as quan-
tum memory.”” Importantly, ab initio modeling also predicts the
impact of external perturbations on the properties of these color cen-
ters, for example, in the G center, strain changes the symmetry, splits
the optical lines, and modifies the selection rules.'’® Comparable
progress has been reported in other silicon centers, such as the W
center'”® and the neutral C center,'®” where DFT reproduces the
luminescence line shape and identifies the origin of the 0.79eV
“C-line” as the emission from the C,0; complex while predicting a sta-
ble triplet excited state enabling ODMR-based spin control.

Despite the progress made from hybrid-DFT approaches, further
methodological advances will be required to describe color centers in
silicon. In particular, color centers such as Er will likely require the
use of beyond-DFT frameworks, such as wavefunction-based and
embedding methods, to accurately capture multiplet structure and
excited-state dynamics. At the same time, the description of spin
defect properties and their dependence on strain and electric fields
remains to be determined for most of the color centers in Si.
Furthermore, understanding the ionization and non-radiative path-
ways remains an open challenge that is a critical issue in quantum-
optics protocols and in the potential photoelectrical’ readout of
defect spins. Addressing these effects theoretically can open the road
for the creation of new silicon-based quantum photonic platforms.

2. Search for new emitters

Beyond individual point defect calculations, there is a growing
trend to use high-throughput computational screening and machine
learning (ML) to discover new solid-state qubits. In these workflows,
large databases of impurity configurations and defect complexes are
generated and then filtered to target the quantum defect require-
ments, such as formation energies, stable charge state, spin multiplic-
ity, and excited-state properties, including transition dipole moment
and ZPL. Recent efforts have reached a scale of thousands of defects
across multiple hosts, including Si, SiC, and diamond.”” "
Specifically, in the work of Ivanov et al.”” high-throughput calcula-
tions for more than 50000 point defects and complexes were per-
formed in Si, SiC, and diamond, and the associated computed
properties and relaxed defect structures are publicly available in a con-
tinuously expanding database. A similar high-throughput effort has
also been performed by Davidsson et al””>** who used a first-
principles workflow to identify new spin-qubit candidates, such as a
series of “modified Vs;” vacancy complexes in 4H-SiC, NV center-like
defects in diamond, and atomic clock-like dopant-vacancy centers in
oxides. All the computed properties and corresponding structures are
available through an open database. Separate databases have also been
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created for two-dimensional (2D) materials.”’>*"” Such publicly avail-

able defect databases accelerate the discovery of new qubits by making
large-scale calculations searchable, enabling comparisons and data-
driven prioritization of the promising candidates for experimental
validation and device integration.

High-throughput defect-discovery studies typically begin from a
small set of experimentally observed centers, such as the NV center in
diamond or the T center in silicon, and translate their properties,
such as spin multiplicity, well-localized in-gap levels, and target ZPL,
into computational filters. Then, a large number of point defects and
defect complexes are generated and evaluated against these filters.
The most promising candidates are ranked for higher-accuracy calcu-
lations and, where possible, for experimental synthesis and characteri-
zation routes. This workflow is summarized in Fig. 7. For silicon,
high-throughput first-principles screening recently identified a family
of T center-like substitutional complexes, (A —C)g with
A = B, Al, Ga, In, T, which preserve the T center’s valence electron
count and are predicted to emit at telecom wavelengths. Several can-
didates offer improved radiative lifetime or reduced optical linewidth,
and feasible formation routes via carbon capture by Ag; or via hydro-
genated precursors followed by dehydrogenation were proposed.''”
Xiong et al.””" also report a first-principles-based screening of more
than 1000 charged point defects to identify viable spin-photon inter-
faces that operate at telecom wavelengths. Using the single-shot
hybrid functional (labeled as HSEOQ) to filter the spin-multiplicity,
transition dipole moment, ZPL, and electron-phonon coupling, three
interstitial defects, namely, Fe?, Tii*, and Ru?, emerged as the most
promising candidates. Similar high-throughput screening workflows
are now being extended to 2D hosts, for example, in monolayer WS,,
a substitutional-defect database enabled identification of the neutral
Cog center as a promising in-gap defect with a computed telecom
transition, which was subsequently fabricated by site-selective STM
manipulation and benchmarked by STM/STS against first-principles
predictions.””*

However, the accuracy and validation of these big-data
approaches remain an active concern. Due to computational cost,
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FIG. 7. Summary of the theory-guided defect-discovery workflow for single-photon
emitters in silicon. Ab initio theory (left), using density functional theory to compute
key parameters assisted by machine learning, is applied to individual defect candi-
dates. These descriptors enable high-throughput screening and machine-learning
prioritization (center). Candidate ion-implemented substitutional and interstitial
complexes are filtered and ranked to build a silicon defect-property database and
identify new promising color centers in Si (right). The figure is inspired by Refs.
201 and 202.
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most defect databases rely on PBE or single-shot hybrid-level calcula-
tions and necessarily make compromises on supercell size or level of
theory. As a result, predicted properties may be rather uncertain.
Moreover, search algorithms tend to focus on thermodynamically sta-
ble defects, but this strategy can overlook complex yet technologically
crucial qubits such as the G center in Si.'”” In addition, using func-
tionals such as GGA or smaller supercells in high-throughput work-
flows can yield inaccurate results for defect stability, either by
ignoring stable defects or by incorrectly predicting unstable configu-
rations as stable. This limitation is discussed in detail by Huang and
Lee,””” who showed that PBE predicts as stable the boron vacancy in
—3 charge (V3?) in hBN, whereas this stability is not reproduced with
HSE06. Meta-GGA functionals can be an alternative approach, as
they have demonstrated high accuracy in modeling quantum defects,
particularly in 4H-SiC.”'" Their performance in predicting defect for-
mation energies closely approaches that of hybrid functionals, while
they have also been reliable in identifying the defect charge states. In
addition, the r*SCAN functional has been shown to predict zero-
phonon line energies more accurately than PBE, with smaller errors
and a more consistent description of both ground- and excited-state
properties. These results highlight meta-GGA methods as a computa-
tionally efficient alternative to hybrid functionals for large-scale defect
screening.

High-throughput screening of spin defects is connected to
machine learning (ML) to prioritize candidate spin—photon interfaces
at scale. ML is now being used to speed up major computational bot-
tlenecks in these workflows, such as defect reconstruction, where
guided searches can reduce the number of first-principles relaxations.
Furthermore, ML interatomic potentials can accelerate the Huang-
Rhys and line shape calculations, making vibronic simulations for
photoluminescence sidebands and DWF more efficient. Specifically,
Mosquera-Lois et al.”'" introduced a machine-learning force field to
accelerate defect-structure searching, demonstrating its ability to pre-
dict the ground state for most neutral point defects while reducing the
number of relaxations. The same approach allows more thorough
sampling and often finds lower-energy vacancy structures that a
DFT-only search can miss, thereby improving both the speed and the
reliability of defect geometry determination. For quantum defects in
Si, this would be crucial because it could provide the correct ground
state of filtered defects, which is essential for identifying promising
color centers. In a separate work, Sharma et al.”'” presented a frame-
work that accelerates defect photoluminescence calculations by
replacing the DFT phonon-mode step with phonons from universal
machine-learning interatomic potentials while having near-DFT
accuracy for Huang-Rhys factors and PL lineshapes. Benchmarking
on a dataset of 791 color centers shows agreement with full DFT and
yields speedups exceeding an order of magnitude, allowing PL spectra
to be calculated in high-throughput defect screening.

Complete workflows using ML for selecting efficient quantum
defects have also been applied. Frey et al.”'” present a screening work-
flow that combines deep transfer learning for host selection with DFT
and ML models to predict defect properties, enabling fast exploration
of many possible point defects in 2D materials for quantum emission.
Specifically, in this work, they start from nearly 4000 two-dimensional
(2D) host structures and use graph-network transfer learning trained
on large bulk-crystal datasets to predict which hosts have properties
suitable for accommodating defects. Afterwards, they generate nearly
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10000 candidate defect structures across TMDs, hBN, and wide
bandgap 2D materials and compute the band structures and forma-
tion energies using DFT for more than 1000 defects to train ML mod-
els that use physics-informed, inexpensive descriptors. Their defect
ML stage includes a classifier for whether a defect produces a deep in-
gap level and a regressor for defect formation energies, which together
enable ranking defects by both functionality and synthetic plausibility.
Using this pipeline, they report more than 100 promising defect can-
didates and explicitly shortlist on the order of 100 deep-center defects
for quantum-emitter applications (two-level deep centers) and ~ 10
optimal engineered dopant defects for resistive switching. These
approaches can also be applied in Si as a potential future work.

IV. SINGLE EMITTERS IN NANOPHOTONIC
STRUCTURES

After summarizing the properties of single-photon emitters in
bulk silicon, we now turn to their integration into nanophotonic
structures to implement a spin-photon interface or an ideal single-
photon source for quantum applications. Such a device should allow
the on-demand creation of a single excitation in a perfectly defined
optical field mode. To achieve this with single emitters in silicon, one
has to ensure that the emitted light is efficiently collected. In addition,
one has to deal with the imperfections of the photon emitters summa-
rized in Sec. 11], in particular non-radiative and undesired radiative
decay channels (such as PSB for color centers and decay into higher
CF levels for Er), as well as fluctuations of the transition frequency
owing to the coupling to the environment.

These limitations can be overcome or at least alleviated by con-
fining the light in nanophotonic devices.”'* In this approach, silicon
patterning enables the use of interference effects to engineer the
LDOS”" at the emitter position. This can suppress the unwanted tran-
sitions and direct the emission to the desired optical mode. In addi-
tion, following Fermi’s golden rule, an enhanced LDOS leads to faster
decay, enabling lifetime-limited photon coherence even for emitters
with significant dephasing.

In this section, we summarize recent results from devices that
embed single-photon emitters in nanophotonic silicon structures. We
will further discuss the open challenges and possible solutions toward
integrated spin—photon interfaces in silicon.

A. Nanophotonic silicon devices for quantum
applications

Over the last few decades, several materials have been explored
for the fabrication of nanophotonic devices at the wafer scale, includ-
ing silicon, silicon carbide, and lithium niobate. Among these, the
manufacturing process for silicon is most advanced, owing to its
widespread use in semiconductor electronics. However, for photonic
applications, the material presents several challenges. First, owing to
the small bandgap, low-loss photonics cannot be achieved at visible
wavelengths but require operation above 1.2 um. Even there, two-
photon absorption can be significant,”"” limiting the optical power
that can be applied. Second, the large refractive index of silicon,
around 3.45 in the telecom bands, results in a high index contrast
with both vacuum and silicon dioxide or nitride claddings. As the
scattering by surface roughness scales with the index contrast,”'
propagation losses in silicon waveguides are often larger than in other
platforms. In addition, the implementation of photonic-crystal
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devices, which will be discussed in more detail in Sec. IV A, requires
feature sizes below 100nm in silicon, which is accessible with
electron-beam lithography but on the edge of what is feasible with
today’s small- to mid-scale photonic wafer production facilities rely-
ing on optical lithography.”” A third challenge of silicon is the reali-
zation of active components such as switches and modulators. While
heating and free-carrier absorption can be used in classical devices,
they cannot be applied in cryogenic quantum devices.'” Recent
approaches to overcome this obstacle include the DC Kerr effect,”'*
heterogeneous  integration ~ with other materials,” "  or
microelectromechanics.”"***

Despite these challenges, silicon is a widely used material in pho-
tonics. The fabrication of corresponding devices typically starts with
silicon-on-insulator (SOI) wafers, which are commercially available
from several suppliers. The typical device layer (DL) thicknesses are
either 0.22 um (“thin”-SOI) or 2 um (“thick”-SOI), and the buried
oxide (BOX) below the DL typically ranges from 1 to 3 um. The DL is
an ideal starting point for nanofabrication, which typically involves an
optical or electron-beam lithography step, followed by reactive-ion
etching using bromine, fluorine, or chlorine chemistry. Both thin-
and thick-SOI devices can be obtained from commercial foundries in
multi-project wafers. Available processes include spatially selective
doping for the implementation of active devices. The DL of foundry-
made devices typically resides on the BOX. Alternatively, free-
standing structures can be manufactured by selective underetching of
the BOX layer, typically in liquid or gaseous hydrofluoric acid (HF),
in some cases followed by critical-point drying (CPD) to prevent
device failure due to capillary forces. Some of these techniques have
been used in the experimental studies described below; the detailed
fabrication recipes vary between the experiments and can be found in
the corresponding references.

1. Waveguides

One of the simplest structures that allow for efficient light extrac-
tion from single-photon emitters in silicon is a one-dimensional
waveguide, which can be efficiently coupled to single-mode fibers
using either evanescent, edge, or grating couplers.””* We distinguish
three types of waveguides: ridge-, rib-, and photonic-crystal wave-
guides. A detailed explanation of these devices can be found in several
textbooks, e.g., in Ref. 225; therefore, we provide only a brief sum-
mary. All three waveguide types have been used with silicon photon
emitters, enabling a direct comparison of their properties for emitter
integration.

The simplest nanophotonic devices are ridge waveguides, also
known as strip waveguides or photonic wire waveguides. Shown in
Fig. 8(a), they are one-dimensional structures that guide light through
total internal reflection, typically with a rectangular cross section of
0.22 um thickness. This allows single-mode operation below a critical
width, such as =<0.45um at 1.55um wavelength, featuring two
guided modes with orthogonal polarization and quasi-transverse-elec-
trical (quasi-TE, often simplified as TE) and quasi-transverse-mag-
netic (quasi-TM, TM) character. The modes are non-pure TEM
because they have significant field components in the propagation
direction. The small dimensions of such waveguides result in strong
optical mode confinement, significantly modifying the LDOS, as
shown in Fig. 8(c). At the mode maximum, this enables a high f-fac-
tor, which quantifies the coupling efficiency of embedded emitters
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FIG. 8. Nanophotonic waveguides used for studying photon emitters in silicon.
Color maps of the photonic density of states and electric field profile of light guided
in rib, ridge, and photonic-crystal waveguides. The field of the quasi-TE mode in a
ridge waveguide (a) is tightly confined, leading to significant variation of the LDOS
within the cross section of the waveguide compared to a bulk crystal. (c) The
LDOS is, in turn, directly proportional to the Purcell factor, so that the lifetime of
an embedded emitter will depend on its location within the cross section. In con-
trast, the larger mode diameter in a single-mode rib waveguide (b) leads to a
homogeneous LDOS (d) that is equal to that in bulk. Adapted from Gritsch et al.,
Phys. Rev. X 12, 041009 (2022). Copyright 2022 Authors, licensed under a
Creative Commons Attribution (CC BY) License.”’ In a photonic-crystal (PhC)
waveguide, the field is confined to small regions (e). In contrast to the LDOS in rib
and ridge waveguides, the LDOS at the field maxima of a PhC waveguide (f)
shows a strong spectral dependence. This can suppress undesired optical transi-
tions while simultaneously enhancing the desired one. Adapted from Ref. 223.

into the guided mode. Due to silicon’s high refractive index, typical
devices achieve f=<0.8. In addition, the modification of the LDOS
can lead to a measurable slowdown in the decay of a significant frac-
tion of the embedded emitters in the absence of non-radiative relaxa-
tion corresponding to a Purcell factor of less than one.”' Ridge
waveguides have been used for the study of color center ensem-
bles,"****° erbium dopant ensembles,”"”>"? and single G215 and
T centers.'””'*’

Fabricating ridge waveguides is straightforward, as one only
needs to fully etch the masked DL down to the BOX. Their propaga-
tion loss is typically in the 1dB/cm range’”” and is dominated by
scattering caused by surface roughness; record values of 0.1 dB/cm
require special post-fabrication smoothing,”* which also changes the
device geometry. Compared to the other types, ridge waveguides
exhibit much smaller bend losses, even for tight turns with a radius of
only a few micrometers. This makes them suitable for dense integra-
tion and for implementing ring- or racetrack resonators with quality
factors exceeding 10°.
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The second type of device, known as rib waveguides and shown
in Fig. 8(b), is fabricated through controlled partial etching of the DL.
It can be used with thin- and thick-SOI wafers; in the latter, typical
dimensions are 2 um in both directions perpendicular to the propaga-
tion direction. Appropriately choosing the etch depth allows single-
mode operation with two guided modes of perpendicular polariza-
tion. The LDOS in such thick-SOI waveguides is not changed
compared to bulk crystals in the relevant spectral range,’' see
Fig. 8(d). Thus, the waveguide coupling of embedded emitters only
reaches f# =< 0.3. However, because of the small overlap of the guided
modes with the etched portion, scattering losses are orders of magni-
tude smaller than in ridge waveguides and negligible on a chip scale
in comparison with bend losses; this enables ring resonators with
quality factors exceeding 2 - 107 in pure silicon devices.”” Low bend
loss at tight turns can be achieved in hybrid rib-ridge waveguides,
reducing the footprint of corresponding devices.”"’

The third type of waveguides can be engineered by one-
dimensional defect modes in photonic crystals. The guided modes in
these devices exhibit a pronounced spatial variation of the electric
field distribution, as shown in Fig. 8(e). Typical devices use thin SOI,
fully etched to the BOX and then undercut to leave a suspended two-
dimensional slab.””' A periodic arrangement of holes in this slab
defines the photonic crystal. The used hole pattern determines the dis-
persion of the guided modes; this allows for a versatile tuning of the
local density of photonic states,””*” as shown in Fig. 8(f). This ena-
bles a selective suppression of undesired radiative transitions in sili-
con,” which can already improve the photon-source efficiency for
emitters with a high 7. In addition, the LDOS at the frequency of
the desired transition can be enhanced by the slow-light effect.””' This
leads to an expected Purcell enhancement for a perfectly aligned dipo-
lar two-level emitter at the field maximum of

3)%a

Fon () = G Vg

ng(m). (8)

Here, n is the refractive index, ngy(w) is the group index of the
mode that quantifies the slowdown of the guided light, and V. is the
effective mode volume per unit cell of length a. For a W1 waveguide,
formed by a single, missing row of air holes in a photonic crystal with
a hexagonal 2D lattice as shown in Fig. 8, this effective mode volume
is given as Veg/a = % With previously achieved values™' of
1g = 300 in silicon, this in turn leads to Fp 1y, =< 60. For emitters with
a finite branching ratio and non-radiative decays, this needs to be
multiplied by R, /R, i.e., the fraction of the excited-state decay in bulk
that originates from the desired radiative transitions. An additional
reduction factor ¢ < 1 is needed to account for finite polarization and
spatial overlap. Still, Fp = R, /R - Fp 1 can significantly exceed one,
which would substantially reduce the optical lifetime and enable effi-
cient light extraction from single emitters. However, compared to the
other discussed types, slow-light waveguides require more sophisti-
cated design and fabrication procedures and typically exhibit higher
losses due to mode matching and fabrication imperfections, particu-
larly when aiming for very high LDOS values.”’

2. Optical resonators

The broadband nature of the above-mentioned waveguide devi-
ces makes them well-suited for initial spectroscopy experiments and
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single-photon generation. However, in the presence of spectral insta-
bility in the emitters or significant non-radiative decay, further
increasing the LDOS to reduce the radiative lifetime is highly desir-
able to enable C > 1. This can be achieved by integrating the emitters
into optical resonators via the Purcell effect.”® At a given wavelength /
and refractive index n, the Purcell enhancement factor Fp is deter-
mined by the volume V of the resonant mode and the resonator qual-

ity factor Q
N 3
3
Fpri = P (%) % 9)

This formula assumes a two-level emitter located at the field
maximum, with its dipole moment perfectly aligned with the mode’s
electric field; it thus corresponds to an upper bound. In an actual
device, again, this number needs to be reduced by R, /R, and by a fac-
tor £ < 1 that determines the overlap of the cavity mode with the
dipole of the emitter

Fp=Fpr - & Ry/R. (10)

To maximize Fp and thus C, the resonator properties must be
optimized within the constraints imposed by the available nanofabri-
cation techniques. To this end, one may attempt to maximize Q; how-
ever, this comes at a price, as it reduces the device bandwidth.
Furthermore, high Q factors require accurate spectral tuning to
ensure resonance with the emitter. To mitigate these difficulties, one
may rather minimize V; however, the smaller the mode volume, the
more difficult it becomes to position a single emitter at the mode
maximum. In addition, including several spectrally multiplexed emit-
ters in the same silicon resonator””” is hindered at small V, as their
interactions, which spoil coherence, increase at smaller separations.
Therefore, in practice, all devices will face a trade-off between maxi-
mizing Fp and enabling robust manufacturing and operation.

Thus, the first question in the device design is which Fp is actu-
ally required for the coherent emission of a given emitter, ie., for a
cooperativity C > 1 [see Eq. (6)]. Based on this, one may determine
the best-suited resonator geometry. To this end, different types of res-
onators can be considered. The first type is based on the rib- or ridge
waveguide structures discussed above. By simply forming a closed
loop, typical devices achieve Fp on the order of ten for small ridge
waveguide rings,”* and fewer for high-Q devices with larger mode
volumes.”””*”” With the typically observed dephasing of single-
photon emitters in nanofabricated silicon, this means C < 1.

Thus, higher values of Fp are desirable. Those can be achieved in
photonic-crystal cavities, which can achieve mode volumes on the
order of the diffraction limit around (1/n)’ with wavelength-scale
unit-cell geometries.””**”" Further reduction can be achieved using
tip effects on subwavelength-scale structures,”””*”” reaching mode
volumes on the order of 1073(//n)’ at Q ~ 10° for bow-tie-shaped
holes in pure silicon without emitters.”*’

To avoid too-close proximity to interfaces and the difficulty of
emitter positioning on such small length scales, instead of minimizing
V, one may also maximize Q in photonic-crystal resonators
with larger mode volumes. Record devices have achieved Q > 107 at
Vo~ 1.4(%)3 in pure silicon.”*' Remarkably, also photonic-crystal cav-
ities with Q values exceeding 10° can be fabricated using wafer-scale
processes,””*** paving the way for the simultaneous operation of
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many devices on independent chips, which will be further discussed
in Sec. V. Due to fabrication imperfections, this requires post-
fabrication tuning, which can be achieved by laser-driven oxidation'”
or by gas condensation at cryogenic temperatures, followed by laser-
controlled melting.”****’

To use such devices as single-photon sources, one needs to
ensure efficient in- and outcoupling of the emission. Figure 9 shows
the designs used in recent demonstrations. In Fig. 9(a), a nanobeam
photonic-crystal cavity is defined using a perturbed line of elliptical
holes.*” A section of three holes, adiabatically reduced in size, couples
the photonic-crystal cavity to the feed waveguide, which ends at a
tapered coupler for off-chip coupling. The cavity features imbalanced
reflectivities to increase the outcoupling toward the coupler side.
Similar waveguide-coupled designs have been used with single erbium
dopants®>**” and color centers,'*"'**10***

Instead of on-chip coupling, one can design the resonator such
that it preferentially emits into a free-space mode that can be collected
efficiently.”””**” Examples with embedded silicon emitters are the
two-dimensional photonic-crystal cavities'*”'*’ shown in an SEM
image in Fig. 9(b),""’ or the circular grating cavities”* schematically
depicted in Fig. 9(c). The latter structure was fabricated on top of a
previously selected individual emitter, ensuring the emitter was opti-
mally positioned within the cavity. This technique enabled emitter-
cavity integration at a comparably low emitter concentration, thereby
minimizing interactions and damage to the DL that may result from
the emitter integration process. However, its implementation requires
emitters that are bright enough to be detected in a plane layer; while
this works for bright color centers, it may be difficult with erbium
dopants.

@

FIG. 9. Emitters in nanophotonic cavities (a) Scanning electron microscopy (SEM)
picture of a free-standing photonic-crystal cavity with embedded erbium dopants.
The length of the scale bar is 3 um. Adapted from Gritsch et al., Nat. Commun.
16, 64 (2025). Copyright 2025 Authors, licensed under a Creative Commons
Attribution (CC BY) License.” (b) SEM picture of a two-dimensional photonic-crys-
tal cavity incorporating a single G center. The length of the scale bar is 2 um.
Adapted from Saggio et al., Nat. Commun. 15, 5296 (2024). Copyright 2024
Authors, licensed under a Creative Commons Attribution (CC BY) License.'** (c)
Schematic of circular-Bragg-grating cavity including a single W center in its field
maximum. Adapted from Lefaucher et al., arXiv:2501.12744 (2025). Copyright
2025 Authors, licensed under a Creative Commons Attribution (CC BY)
License.”*®
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In summary, numerous approaches toward the Purcell-
enhanced operation of single emitters in silicon have been explored.
The next section will summarize the properties of individual emitters
found in corresponding devices.

B. Single-emitter properties in nanophotonic silicon
devices

The performance of photon emitters is determined by the effi-
ciency of generating single photons that are indistinguishable in all
their degrees of freedom.”*’ In this context, nanopatterning can be a
double-edged sword. On the one hand, it allows tailoring the optical
LDOS in nanostructures, thereby enhancing light extraction efficiency
and reducing the lifetime, thus relaxing the requirements on optical
coherence for Fourier-limited emission. On the other hand, the prox-
imity of interfaces and defects introduced during nanofabrication can
also compromise the spectral stability of the emitters. Therefore,
experimental investigations are required to evaluate the performance
of single-photon emitters and spin-photon interfaces in silicon. In
the following, we will describe recent results in this context.

1. Lifetime reduction and photon extraction

After describing the different types of nanophotonic silicon reso-
nators in Sec. IV A2, we will summarize the lifetime reductions
achieved in recent experiments. An overview is provided in Table I,
along with the resonator type, mode volume, quality factor, and
observed Purcell enhancement (determined from the lifetime reduc-
tion). The table focuses on experiments that integrated single emitters
in silicon nanophotonic cavities; it does not include recent ensemble
measurements in microdisks, Bragg gratings, and ring resona-
tors, 17108234218 59 well as Mie resonators””” and submicrometer
islands.

In silicon photonic-crystal devices without embedded emitters,
Q > 107 has been achieved for mode volumes of ~ (2/n)’,”” which
would lead to a potential maximum Purcell enhancement approach-
ing Fprp ~ 10°. However, integrating color centers or erbium
dopants by implantation can significantly reduce Q. While post-
implantation annealing procedures can recover the crystalline struc-
ture, the introduced impurities and defects may remain a significant
source of loss through optical absorption. Thus, the first demonstra-
tions with color centers and erbium dopants only reached
QS 105.121,12’1,l3(],1"13,1/19,233,2/1/’1 Only reCenﬂY haS Q > 106 been
achieved with Er:Si; however, the experiment used a lower dopant
concentration in a Fabry-Pérot cavity rather than a nanophotonic
resonator. The larger mode volume resulted in a lower Fp < 3.

In comparison, Fp = 177 has been demonstrated in a nanopho-
tonic silicon resonator with Er:Si,"” as shown in Fig. 10(a). This value
was limited by the finite 1, = 0.23 and field-emitter overlap . With
color centers, the finite DWF and quantum efficiencies 7, (see Table I)
lead to a slightly lower observed Fp <61 at comparable resonator
parame‘[ers,m’130 149 see Table 1. Nevertheless, substantial lifetime
reductions have been achieved with the T, G, G*, and W centers.

In the future, the achieved Fp values may be further increased by
optimized materials and fabrication procedures. So far, the smallest V'
of resonators with embedded emitters'*"”** has reached ~ 0.2(&)3.
This may still be reduced by two orders of magnitude,”* in case single
emitters can be successfully integrated into such devices and if the
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TABLE II. Emitters in nanophotonic silicon resonators. The table summarizes recent experiments with different emitters and different resonator geometries (PhC: photonic
crystal), as described in Sec. |V A 2. The Purcell factor Fp is calculated by comparing the lifetime in the resonator I'yan, to that in bulk silicon crystals I'y,. The probability of
emitting two photons at the same time is quantified by the autocorrelation function at zero time delay g® (0). agp is the observed spectral diffusion linewidth (FWHM) of the
narrowest emitter, and # is the achieved efficiency of generating a photon on demand into a single-mode fiber.

Emitter Cavity Tpui (ns) I hano(ns) Fp Q V(i) n)3 2®(0) osp(GHz) n (%) Ref.

Er (site B) 1D PhC 186 x 10° 2400 78 73 x 10° 1.45 0.39 0.08 5 233

Er (site A) 1D PhC 142 x 10° 800 177 82 x 10° 0.83 0.019 0.014 20 82

G center 1D PhC 6 0.97 31 4.6 x 10° 0.26 0.408 17 37.5 254

2D PhC 6 7 1 3 x 10° 1 0.03 ~ 10° 143

Bragg grating 10.27 4.13 11 0.2 x 10° 0.37 255

G" center 2D PhC 53.6 6.7 29 32 x10° 0.66 0.30 6.8 30 149

T center 1D PhC 940 62 61 35 x 10° 0.5 0.0079 1.6" 32 124

1D PhC 912 168.7 5.4 6.6 x 10° 0.23 0.07 23 244

1D PhC 940 64.5 14.6 25.65 x 10° 0.0076 1.1 130

1D PhC 835.2 136.4 6.89 43 x 10° 0.172 0.024 3.8 5 121

W center Bragg grating 34 7 7.2 0.158 x 10° 0.03 21 246
“Extracted graphically.

*Power-broadened value.
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FIG. 10. Purcell-enhanced single-photon emission. The measurements are per-
formed on a single erbium dopant in a one-dimensional photonic- crystal cavity with
a mode volume of 0.83 (1/n) Y® and a quality factor of 82 x 10°. (a) The Purcell
effect reduces the lifetime of the dopant from its bulk value of 142 us to 0.8 us (blue
data and exponential fit), corresponding to a Fp = 177 — fold enhancement of the
decay rate. (b) The autocorrelation function g®)(z), measured with a single detec-
tor, exhibits clear antibunching and reaches 0.019 in the time bin corresponding to
zero delay 7. Adapted from Gritsch et al., Nat. Commun. 16, 64 (2025). Copyn%ht
2025 Authors, licensed under a Creative Commons Attribution (CC BY) License.”

resulting proximity to surfaces does not hamper the optical or even
the spin coherence of the emitters, e.g., by inducing energy transfer
from the emitter to the surface.””” This can lead to enhanced non-
radiative decay in nanostructures due to higher recombination

rates,”” which has been suggested for W centers'*

depth of 60 nm.

The lifetime reduction observed across the different silicon emit-
ters will lead to enhanced single-photon emission rates. The demon-
strated efficiency for generating a single photon in a fiber-coupled
mode on demand can thus exceed 30%. Further improvements can
be achieved by utilizing over-coupled resonators and optimizing
waveguide-to-fiber”"” or cavity-to-free-space”'” coupling designs.

In addition to its efficiency, the multi-photon probability is a key
figure of merit of single-photon sources. Table II also includes the
experimental values, which are determined by measuring the autocor-
relation function of the emitters at zero time delay. A typical measure-
ment, done with Er:Si, is shown in Fig. 10(b). The best values
achieved so far are on the order of one or a few percent. While this
unambiguously demonstrates that the experiments are performed on
single emitters, a further reduction will be required for high-fidelity
quantum information processing operations. This will likely be
achievable by device engineering after a systematic study on the sour-
ces of multi-photon emission.

integrated at a

2. Spectral stability

To utilize single-photon sources in linear-optics-based photonic
and distributed quantum information processing, they must be indis-
tinguishable in all their properties or at least exhibit a spectrally stable
emission frequency, i.e., a Fourier-limited optical coherence, such that
C > 1. In single emitters, the coherence of their ground and excited
states is directly transferred to that of the photons. As explained in
more detail in Sec. III, the coupling to the environment can lead to
random shifts of the transition frequency, leading to homogeneous
broadening and spectral diffusion of the emitter, depending on the
timescales.

While very stable emission frequencies with inhomogeneous
linewidths below 50 MHz have been observed with color centers in
isotopically purified bulk crystals,'* the spectral stability observed
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in nanophotonic devices is much worse. The spectral diffusion
of cavity-integrated color centers is on the scale of a few
GHgz. 21128019925 With resonance checks, this can be reduced
approximately tenfold,'””'* but still exceeds the lifetime limit
approximately hundredfold. The dephasing observed on short time-
scales'”>'* can be significantly smaller, which places current experi-
ments'**"*" around C ~ 0.1.

Much narrower SD values of ~ 20 MHz are found in nanopho-
tonic Er:Si,”>””” where the filled outer 5s and 5p shells shield the inner
4f electrons from electric fields. The optical coherence of single emit-
ters can even exceed microseconds in nanophotonic devices, and
20 us in 2 um thick membranes,”' exceeding those of single color
centers in nanostructures'*>'*° by more than three orders of magni-
tude. However, the cavity-enhanced emission is also tenfold slower.
Still, current Er:Si photonic-crystal cavities”*”" achieve C ~ 1.

In both color center and erbium-based devices, the observed
broadening of the homogeneous and spectral diffusion linewidths is
far too large to be explained by magnetic interactions between the
emitters and other impurities or the host’s nuclear spins. Instead, it is
attributed to electric-field noise caused by fluctuating charges at
device interfaces, by weakly bound charges associated with impurities
and defects in the material, or by accumulated charges due to electri-
cal structures on the silicon chip.”” These noise sources can be more
pronounced in nanostructures for three reasons: First, in nanoscale
devices, the emitters are necessarily in close proximity to interfaces.
Second, the fabrication processes used may cause crystal damage and
increase impurity concentrations. In particular, oxygen and hydrogen
are expected to be present in smart-cut fabricated SOI, and other
atomic species used in the nanopatterning process may diffuse into
the material. Finally, to generate single emitters in submicrometer
mode volumes, one needs a much higher emitter concentration; as a
consequence, the structural and chemical integrity of the crystal is
much worse than that of ultrapure bulk material.

Which of these charge noise sources is dominant remains an
open question and will strongly depend on the device geometry and
fabrication procedure.””' However, for all structures, some improve-
ment may be expected by two approaches. First, surface passivation
can stabilize the charge environment at the interfaces. It has been
used in photovoltaics to reduce surface recombination and Auger
effects,”>*”” in nanophotonic structures to smoothen the edges and
reduce scattering loss,”**”” and in photodetectors to suppress dark
currents.”*””*" Second, applying a strong bias field can deplete charge
traps at both interfaces and in the bulk, thereby stabilizing the charge
environment.” > In silicon nanophotonics, controlled application of
electric fields can be achieved in co-integrated diode structures
formed by localized doping. This allows stabilizing the charge state of
single-photon emitters and, potentially, their surroundings, and may
be used to tune their emission frequency.”*

Recent measurements on laser-induced dephasing have demon-
strated that the resonant pulses used to optically excite the emitters
lead to a reconfiguration of the charge environment and thus to instan-
taneous spectral diffusion.'”>'****" The exact sources and mechanisms
need further investigation to improve the spectral stability. In the
meantime, the implementation of a resonance-check pulse (Fig. 11), as
originally used with color centers in diamond,”’ can be employed to
mitigate the detrimental impact of laser-induced spectral diffusion on
long timescales. Alternatively, a Fourier-limited SD linewidth may be

REVIEW pubs.aip.org/aip/are

(a) Check W, Perturbation w. Probe w

b (1) psions

)
(W-wy)/2m (GHZ) /27 (GHZ)

FIG. 11. Laser-induced spectral diffusion. (a) Check-probe pulse sequence.
Detecting an emitted photon from a single T center in a nanophotonic cavity after
a first “check” laser pulse allows one to narrow down its emission frequency within
the spectral diffusion linewidth. The probability of detecting a photon at the same
frequency in a subsequent “probe” pulse will drop in case the emitter frequency
has changed. Inserting N perturbation pulses enables the study of their effects on
SD. (b) The linewidth y of the emitter increases with N, showing that the laser
pulses induce instantaneous spectral diffusion. The broadening can also be seen
in the line shape (c). Adapted from Zhang et al., PRX Quantum 6, 030351 (2025).
Copyright 2025 Authors, licensed under a Creative Commons Attribution (CC BY)
License.'*°

achieved by increasing the Purcell factor; the required improvement
factor is ~ 10 in Er:Si, and 100-1000 in color-center devices. With this,
the strong temporal filtering required to achieve a high visibility in the
first experiments on two-photon interference’’”'** may not be
required in the future, paving the way for distributed quantum infor-
mation processing at high rates and high fidelity.

3. Spin properties in nanophotonic spin-photon
interfaces

While Subsections IV B 1 and IV B 2 focused on the optical prop-
erties of emitters in nanophotonic silicon devices, in the following, we
will briefly summarize the spin properties of nanoscale devices, which
are central to distributed quantum information processing and quan-
tum networking. The investigation of spin qubits in silicon has a long
history. Early investigations include electron paramagnetic resonance
measurements, where, e.g., the electron spins of phosphorus donors
in silicon exhibited coherence times on the order of 100 us in bulk
samples.””" The field has grown rapidly since it was proposed that
quantum computers could be implemented using nuclear spin qubits
associated with donors in silicon.”®” Key results in this context
included the electronic high-fidelity readout of single nuclear spins”*®
and the observation of hour-long nuclear spin coherence up to room
temperature in isotopically purified material.”> The results of
these and related experiments are summarized in recent review
articles.”” %
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These previous experiments all used electronic circuits for the
control and readout of single spins in silicon. In contrast, using optical
control fields offers several advantages. First, optical frequencies offer
superior bandwidth, enabling frequency-multiplexed addressing of
hundreds of spin qubits within a few cubic micrometers.”” Second,
spin—photon interfaces allow the distribution of quantum states over
long distances using optical fibers. Third, optical fields can be con-
fined to the nanoscale, eliminating crosstalk even between closely
spaced photonic components. Finally, fast and efficient photon detec-
tors can be integrated on silicon chips*”’ to enable rapid, low-noise
spin qubit measurements via spin-to-optical conversion.””'

To this end, the spins of both single T centers' > and single
erbium dopants”” have been investigated. Integrating these emitters
into nanophotonic waveguides and resonators has improved the effi-
ciency of photon outcoupling, which has facilitated the optical read-
out of the electronic spin of single erbium dopants*” and the nuclear
spin of single T centers.'””"*” Reported state preparation and mea-
surement (SPAM) fidelities reach 0.869(8)*” for Er:Si and 0.89(6) for
T centers."”’ The achieved numbers are limited by electron-spin flips
upon optical excitation,””'*” and may be improved by devices with
higher Purcell enhancement, increased outcoupling, and higher
photon-detection efficiencies. This will be crucial to cross the fault-
tolerance threshold and thus enable upscaling.

Toward this end, long coherence times and high-fidelity spin
rotations are also required. The latter can be achieved by irradiating
microwave fields that drive the spin transitions, i.e., using the same
techniques as in electronically controlled spin qubits. All-optical
qubit control via detuned high-power laser fields in a lambda config-
uration to drive Raman transitions’”* may be considered as an alter-
native that requires lower drive powers and eliminates crosstalk.
However, this may be hampered in silicon by the laser-induced
dephasing described earlier.'*>'***"!

The spin coherence of the mentioned photon emitters in silicon
has been investigated using Ramsey and spin-echo experiments, which
allow determining the dephasing time T; and the echo time Ttahn,
respectively. In isotopically purified material, ensembles of both T cen-
ters in bulk crystals'”” and erbium dopant ensembles in nanoscale
devices””” exhibited Tin, = 1 ms for the electron spin at small mag-
netic bias fields of 10 mT and cryogenic temperatures < 0.3 K.

The integration of these emitters into nanostructured devices may
increase the magnetic-field noise. As an example, experiments with
electrically controlled spins found paramagnetic impurities at interfa-
ces.”’”**° Similarly, implantation-induced crystal damage may lead to
the formation of paramagnetic impurities. In effect, in the first single-
emitter experiments'”’ in a photonic-crystal cavity using isotopically
purified SOI, the coherence of T center electronic spins decreased by
roughly an order of magnitude to Tijn, = 0.27 ms at 1.6 K and 0.1°T.
In silicon with natural isotopic abundance, Ty, = 0.05ms for the
electronic spin of single erbium dopants™ and 0.4 ms with single T
centers. These values are close to the expectation”’” based on the cou-
pling to the slowly fluctuating bath of °Si nuclear spins.

Interactions with nuclear spins and paramagnetic impurities can be
dynamically decoupled by suitable microwave pulse sequences.” With
this, a strong increase in the spin coherence time T, >> Tijh, can be
expected, up to the limit imposed by the spin lifetime T, < 2T in case
the pulses exhibit a high fidelity. The first experiments with T centers
achieved T, = 1 ms for the electron spin, limited by the pulse fidelity."*

2
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In samples with a concentration of resonant spins, dynamical
decoupling requires tailored sequences to simultaneously eliminate
the detrimental effects of disorder, magnetic-field noise, and spin-
spin interactions.”” However, perfect decoupling of the latter is not
possible for spins with anisotropic g-tensors,”” including Er:Si,”
which may set a limit on the usable emitter concentrations.

In low-concentration samples, the spin lifetime will not be lim-
ited by spin-spin interactions but by spin-lattice relaxation.
Depending on the temperature and magnetic field, phononic relaxa-
tion via the direct, Raman, or Orbach processes can dominate.”
Lifetimes exceeding tens of seconds have been achieved at small fields
and ultralow temperatures in nanoscale silicon devices.””” In contrast,
experiments on T centers in nanophotonic devices'*'*’ have shown
decreased lifetimes compared to bulk values of >1 s,'% which was
attributed to laser-induced spin flips.

Spin-lattice relaxation is determined by the phonon density of
states. In silicon nanobeams, this has been measured and calculated
for thermal transports;zw’lm based on this, no lifetime improvements
are expected in common devices. However, longer lifetimes can be
expected in nanostructures with a tailored DOS that exhibits a
bandgap at the spin transition frequencies. This effect has recently
been demonstrated with color centers in diamond;”®! adapting it to
silicon devices may pave the way for coherent operation at signifi-
cantly elevated temperatures.

Nuclear spins of the defects or proximal ?’Si atoms may be
used as qubit registers. Recent experiments'~’ have demonstrated
the entanglement of the H and C spins of a T center in a nanopho-
tonic waveguide with 77% fidelity, using techniques pioneered in
earlier experiments with color centers in diamond.”””’ In such a
nuclear spin register, one may store quantum information for lon-
ger times because of the negligible coupling of nuclear spins to pho-
nons and their weaker magnetic moments, which are approximately
four orders of magnitude smaller than those of electronic spins.
With nuclear spins of donors in silicon, coherence times exceeding
44's have been measured at 1.7 K.”** The hydrogen nuclear spins
associated with cavity-coupled T centers in isotopically purified
samples, however, only reached 0.22s in the first experiments.'”’
Nevertheless, such coherence times are already promising for the
implementation of distributed quantum information processing. A
first experiment in this direction was the entanglement of individu-
ally addressed T centers in nanophotonic cavities, although with
limited entanglement fidelity (0.6) and rate (20 mHz) arising from
broadened homogeneous linewidths and limited cavity enhance-
ment."”’ These values will need to be improved for distributed
quantum information processing. For this, it will be required that
the nuclear spin coherence be preserved upon optical excitation.
This may be achieved using T centers, as concluded from a recent
investigation of their hyperfine interaction.'**

In summary, spin control has been achieved with both the T
center and erbium dopants. Future experiments should aim at
improving the state preparation and measurement fidelity. In addi-
tion, improving the optical coherence of the corresponding spin—pho-
ton interfaces is paramount to enabling high-rate, high-fidelity
entanglement between remote single-photon emitters.

V. PRACTICAL SCALABILITY

The previous chapter has summarized the physical properties of
single emitters and spin—photon interfaces in silicon. In the following,
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we describe their potential for upscaling and the potential limitations
that need to be overcome to this end.

A. Application-driven requirements

Solid-state emitters underpin a wide range of quantum technolo-
gies, including sensing, communication, networking, and information
processing. While these applications share common hardware ele-
ments—optical transitions, spin degrees of freedom, and photonic
interfaces—they impose fundamentally different system-level require-
ments. Understanding these requirements is essential for evaluating
which performance metrics are critical for scalability, independent of
the specific emitter and experimental implementation.

1. Quantum sensing

Quantum sensing describes the use of a quantum system or quan-
tum phenomena to perform measurements of a physical quantity.”****
It has reached a high level of maturity in photonic, atomic, and solid-
state platforms, with applications ranging from biophysics™” to funda-
mental physics research, including the exploration of novel constituents
of matter.”* Solid-state quantum sensors are typically based on the
spin of color centers such as nitrogen-vacancy centers in diamond™*’ or
emitters in van der Waals materials,”** where single-emitter sensitivity
and robustness at room temperature are well established. In these and
related systems, the key challenge for quantum sensing is not single-
emitter performance but scalability: increasing spatial coverage, paral-
lelism, and integration while maintaining sensitivity.

While many different solid-state platforms are being explored,
silicon-based systems may offer a complementary pathway toward
scalable sensing architectures. Dense arrays of emitters integrated
with photonic routing and low-loss microwave structures would
enable parallel, spatially resolved measurements and on-chip signal
processing. Clearly, optical coherence or deterministic photon-
mediated interactions may be less critical in such applications.
Instead, the key requirements are reproducible emitter formation, sta-
ble spin control, and scalable readout. In this context, a key limitation
of the emitters discussed in this article is that long spin coherence
times require cryogenic conditions. Instead, operating at elevated
temperatures would be favorable for practical or biological applica-
tions.”* With the currently known emitters, this is only possible in
case optical properties are used instead of spin states. A first example
based on Er:Si is temperature measurements in silicon nanostructures
up to ambient temperature.”’ However, this relied on fluorescence
changes rather than quantum coherence.

However, the requirement of room-temperature operation can
be—and likely has to be—dropped when targeting the second key
open challenge of quantum sensing: The use of large entangled states
to push sensor sensitivity to its ultimate limits. Here, the vision is to
leverage advances in quantum information science to define and
advance the frontiers of measurement physics, opening new possibili-
ties for both applied and fundamental physics.”** Implementing such
systems, including distributed measurement approaches, puts strin-
gent demands on the qubits’ coherence. The detailed requirements
will depend on the specific application and protocol but will be very
similar to those encountered in quantum information processing,
which will be discussed in the following subsections, Subsec. V A 2,
Subsec. V A 3, and Subsec. V A 4.

REVIEW pubs.aip.org/aip/are

2. Quantum communication and networking

A major goal of quantum communications is the distribution of
a secret key between remote parties.””” However, there are also many
other applications that become feasible once entangled states can be
shared between distant users in a quantum internet.” To achieve prac-
tical rates in such a system, the two key requirements are low optical
loss and massive multiplexing, enabled via photonic integration.

Owing to their operation in the telecommunications frequency
bands (see Fig. 2), silicon emitters are perfectly suited to achieve low
loss over both fiber- and free-space channels”’ and are compatible
with existing classical communication infrastructure. However, the
residual absorption in optical fibers will still limit the distance over
which direct communication is feasible to a few hundred kilometers.
This limitation can be overcome by quantum repeaters.”
Corresponding first- and second-generation devices”’ require long-
term storage and processing capabilities, which are readily available in
silicon spin-photon interfaces that allow the combination of station-
ary memory and flying communication qubits.

Because of the mentioned losses, entanglement generation over
long distances is inherently probabilistic. Thus, scalability relies
heavily on parallelism rather than determinism, and spectral, spatial,
and temporal multiplexing of many emitters is required to overcome
low success probabilities and achieve practical entanglement distribu-
tion rates. In this context, it may be noted that compared to quantum
dots,” the typical timescales for photon emission in silicon devices
are significantly longer. However, with frequency rather than time-
domain multiplexing, this will not affect the achievable communica-
tion rates, which are typically limited by the signaling time,” i.e., the
time required to transmit photons rather than generate them. First-
and second-generation quantum repeater architectures will exhibit
nodes at least tens of kilometers apart—at a distance where photon
loss dominates system inefficiency and imperfections. This corre-
sponds to signaling times exceeding 0.1 ms. All devices discussed in
this review emit photons on much shorter timescales. Thus, a very
strong Purcell enhancement may not be required and unnecessarily
raise the complexity of qubit control.

Instead, key system-level performance metrics include spectral
stability over the timescale of photon emission, spin-photon entan-
glement fidelity, memory coherence during repeated remote entangle-
ment attempts, and efficient coupling to photonic components.
Importantly, moderate efficiencies of the spin-photon interfaces can
be sufficient when combined with massive multiplexing, as unsuccess-
ful attempts can be repeated without introducing logical errors.
Furthermore, devices targeted at secret-key distribution or remote
entanglement can tolerate significant error rates in remote operations
when high-fidelity local ones are available for entanglement distilla-
tion.”” Still, achieving practical rates will strongly benefit from high-
efficiency, high-fidelity remote entanglement.””"

3. Distributed quantum computing

Distributed quantum computing architectures are closely related
to the goals and techniques of quantum networks described above.
The key idea is to connect separated quantum processors by photonic
links." Compared to monolithic architectures, the increased connec-
tivity can improve the system resilience and enable error-correction
protocols with significantly relaxed requirements.”” Again, the
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emitters in such systems play a dual role as sources of single photons
and as optically interfaced quantum memories that store and process
quantum information locally before distributing it across the network.
This hybrid functionality simultaneously requires optical coherence,
long-lived spin states, and reproducible integration with photonic and
microwave control infrastructure. Scalability in this regime favors
modular architectures, where identical nodes can be fabricated, char-
acterized, and interconnected, rather than monolithically scaled sys-
tems that rely on uniform global control. With this, implementing
large-scale computations will still place high demands on efficiency,
fidelity, and rate. In addition, it will require very large numbers of
qubits, which poses severe engineering challenges, including crosstalk
mitigation and thermal management for cryogenic operation.

Because the distances between nodes in modular computing sys-
tems will be much shorter than those in a quantum repeater, photon
emission times are more relevant in this application. The clock speed
of current and envisioned quantum computing architectures may lie
in the range of approximately 100 s, corresponding to node separa-
tions up to 25 m of optical fiber. This timescale can be achieved with
all emitters discussed in this review, at least with moderate, realistic
increases in the Purcell factors (cf. Table II). Again, increasing the
emission rate below = 10 ns will not enable higher clock rates owing
to the signaling time; instead, it would only unnecessarily complicate
controlling the optical qubit.

As an alternative, distributed quantum computers may also be
implemented by optically linking quantum processors operating at
microwave frequencies, such as quantum dots’' or superconducting
qubits. To this end, efficient microwave-to-optical converters are
required, and different hardware platforms are being explored.”””
Among them, spin-bearing photon emitters have been proposed to
simultaneously offer high efficiency and a large-enough bandwidth.*"***
To implement corresponding transducers, one requires microwave and
optical resonators with high quality factors, as well as low inhomoge-
neous broadening of both optical and spin transitions. Currently, the
measured values for erbium dopants*”" or T centers™ suggest that fur-
ther improvements will be required to enable efficient transducers.

4. Photonic quantum computing

In addition to the hybrid spin—photon devices described above,
quantum computers can also be realized in all-photonic platforms,””
which require only efficient sources and linear optical elements, ideally
on-chip and with low loss. While current experiments often use non-
linear optical elements to generate the required photons, this approach
incurs significant overhead. Instead, using single-photon emitters
would dramatically reduce the number of required components, pro-
vided they achieve a very high degree of photon indistinguishability,
placing stringent demands on single-photon purity, spectral stability,
lifetime control, and emitter tunability. A recent study found that sili-
con waveguides may be too lossy to realize all-photonic processors
based on heralded sources and probabilistic fusion.'’ However, imple-
menting deterministic single-photon generation and quantum gates
using matter-mediated photon interactions””* can alleviate the strin-
gent loss requirements. Thus, waveguide losses can be reduced, which
may facilitate exceeding error-correction thresholds.'’

In the context of all-optical quantum computing, maximizing
the emission rate seems desirable when considering only clock speed.
However, if the emission happens on too fast timescales, resonant
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optical excitation requires ultrashort pulses and thus becomes techni-
cally more challenging. Also, it demands higher powers, which may
entail laser-induced dephasing, as observed with T centers'>>'%° and
Er dopants.25 ! Furthermore, two-photon emission is difficult to avoid
with fast emitters,””” hampering fidelity. In summary, photonic quan-
tum computers will likely aim for emission timescales of several nano-
seconds, which are compatible with on-chip Er:Si quantum
memories,”” potentially offering further scaling advantages: While in
principle, photonic quantum computing architectures do not require
spin—photon interfaces for memory and local processing, in practice,
the resource overhead can be significantly reduced if they can be inte-
grated into future devices. Again, corresponding approaches will
require very high efficiencies and fidelities.

B. Position of silicon-based platforms

Silicon-based platforms occupy a unique position across the men-
tioned applications. Silicon offers unmatched maturity in nanofabrica-
tion, foundry-scale photonics, and low-loss microwave integration,
enabling large-scale and reproducible device architectures. These
strengths are particularly relevant for multiplexed quantum network
nodes, scalable quantum processors, and chip-scale sensing systems. At
the same time, the high purity of silicon crystals has enabled long spin
coherence times, up to several hours for nuclear spins in electrically
controlled dopants™ and several seconds for the electronic spin transi-
tions in isotopically purified bulk crystals.”” This has paved the way to
high-fidelity spin control, with two-qubit gates above the threshold of
common error-correction codes.””” Initial experiments with T cen-
ters'””"”" and erbium dopants®**" observed somewhat shorter coher-
ence; nevertheless, this is not expected to pose a limitation to the
targeted applications.

In contrast, silicon’s relatively narrow bandgap and complex
defect landscape may impose constraints on the achievable optical
coherence and spectral stability that must be addressed to meet
application-driven requirements. In the following, we will examine
how these constraints manifest at the emitter and materials level and
how different classes of silicon-based quantum emitters navigate the
resulting trade-offs.

While multiplexed quantum sensing may not put hard require-
ments on the optical properties, the other mentioned applications
require coherent photon emission, spectral reproducibility, and strong
light-matter interaction to enable high efficiency and fidelity in
remote entanglement. Quantitatively, one needs to achieve spin—pho-
ton interfaces with C > 1, which is still an open challenge in silicon.
With T centers, the limited reported cooperativities of C < 0.1'**'*
so far hamper the rate and fidelity of remote entanglement.'”’ With
Er:Si, C ~ 1 has been demonstrated,””*”" mainly enabled by the nar-
rower homogeneous linewidth.”"”* Clearly, in both systems, further
improvements of C will be required for many applications.

Rather than being constrained by a single universal bottleneck,
different silicon-based emitters may face distinct limitations, leading
to complementary scaling pathways. For Er:Si, to further improve C,
one will likely target stronger Purcell enhancement, as this would
simultaneously reduce the lifetime from the current =<1 us, which
would limit the repetition rate in distributed quantum computing
operations. To increase Fp, one will likely first try to enhance the reso-
nator’s Q. Recent measurements suggest that a tenfold improvement
should be feasible without being limited by absorption losses.””’
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Unfortunately, increasing Q reduces the operating bandwidth; thus,
active resonator tuning will become increasingly relevant in Er:Si.
Instead of increasing Q, a reduction of V may also be considered.
However, with the current emitter-integration procedure based on
implantation, most devices with mode volumes below (1/n)* would
not contain a single dopant in the preferred sites. Post-selection would
be possible, but inefficient. Thus, improving the integration yield will
likely be a key target of future research.

For color centers with their faster emission, one will likely aim to
minimize the dephasing to achieve high values of C. Clearly, this
would also benefit Er:Si. Recent measurements in both platforms sug-
gest that dephasing is dominated by laser-induced charge
noise.'”'***”! Thus, one may try to find an emitter with a symmetry
that leads to a small sensitivity to electric and, possibly, magnetic
fields, see Sec. 1. However, all color centers described in this review
and erbium dopants in all sites of known symmetry”"* belong to
polar point groups, which entails a non-zero Stark shift. Reducing
their dephasing will thus require stabilizing their charge environment.
This may be achieved by optimizing materials and the nanofabrica-
tion procedure, as well as by surface passivation. Alternatively, or in
addition, strong electric fields may be applied to the emitters, e.g.,
using integrated diode structures, as pioneered with quantum dot
devices”' and color centers in other materials.”” The improvements
possible in silicon devices still require experimental investigation.

C. Strategies for upscaling

So far, all experiments on single-photon emitters in silicon have
been performed on isolated emitters in a single device. However, most
of the applications mentioned in Sec. V A require control over a large
number of emitters—the larger, the better. This is possible by spatial
and spectral multiplexing, which will be discussed in the following.

1. Spectral multiplexing

In a spectral-multiplexing strategy, instead of separating emitters
in space, multiple emitters are operated in the same device. To still
control them individually, one can exploit the inhomogeneous distri-
bution of their optical transition frequencies, which can exceed the

REVIEW pubs.aip.org/aip/are

SD linewidth of individual emitters. In this case, resonant laser excita-
tion of one emitter may not significantly disturb the others, enabling
parallel control with high fidelity.

In principle, this approach can be applied to both color centers
and erbium dopants. In other materials, hundreds of emitters have
been spectrally resolved in the same resonator,” and parallel spin
readout and control™® as well as multiplexed entanglement genera-
tion" have been demonstrated.

In silicon, the inhomogeneous broadening of most emitters is
below 10 GHz, enabling optical connections by photon interference
with temporally resolved detection. However, the spectral diffusion
observed with individual color centers so far is of the same order of
magnitude (see Table II), which may hamper a clear spectral separa-
tion of multiple emitters. In contrast, the narrower SD linewidth of
erbium dopants allows resolving around ten emitters in a single nano-
photonic resonator, all located within a subwavelength-scale mode
volume, see Fig. 12(a).

In such nanophotonic resonators, the multiplexing capacity is
limited by two aspects: First, their high Q factor restricts the opera-
tional bandwidth unless a fast-tuning mechanism is implemented.
Second, confining many emitters in a small volume requires a high
density, which can spoil the SD linewidth and increase laser-induced
spectral diffusion.”” Quantifying the limitations imposed by these
considerations will need further experimental work.

2. Spatial multiplexing

The second strategy for the parallel operation of many emitters
is spatial multiplexing. Here, one would simply place many identical
devices next to one another on the same chip. In addition, photonic
links between the devices can enable operating several of them in par-
allel, potentially in different and even in remote cryostats. This
approach requires a high yield with minimal fluctuations across devi-
ces and thus clearly benefits from the maturity of silicon nanofabrica-
tion. Still, the resonance frequency of nanophotonic cavities exhibits
typical frequency fluctuations in the range of < THz. This can be
overcome by several approaches. First, several resonators can be
attached to a single feed waveguide,'** increasing the likelihood that
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FIG. 12. Spectral and spatial multiplexing. (a) Spectral multiplexing. Pulsed resonant fluorescence spectroscopy is performed on a nanophotonic resonator with embedded
erbium dopants. When scanning the excitation laser detuning, many distinct peaks are observed, each originating from a single emitter. The spectral diffusion linewidth of
the dopants is much smaller than their emission frequency spread, enabling the spectrally selective excitation of individual emitters in the same device. Adapted from
Gritsch et al., Nat. Commun. 16, 64 (2025). Copyright 2025 Authors, licensed under a Creative Commons Attribution (CC BY) License.” (b) Spatial multiplexing is enabled
by full-wafer photonic-crystal fabrication in an optimized 300 mm foundry process. A silicon wafer contains 64 complete reticles, each comprising millions of inverse-
designed PhC cavities with free-space outcoupling. Adapted from Panuski et al., arXiv:2204.10302 (2022). Copyright 2022 Authors, licensed under a Creative Commons

Attribution (CC BY) License.”*®
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at least one operates at the desired frequency. Second, post-
fabrication oxidation can be used to tune the resonators; this can be
performed in a spatially selective way by laser heating, even at the
wafer scale.””” Similarly, laser-induced heating can be used to selec-
tively evaporate gas previously condensed on the resonators to tune
their frequency.”” Other approaches for cavity tuning may also be
enabled in future devices, either through mechanical actuation or by
hybrid integration of electro-optical materials.

With this, thousands of devices may be operated on each pho-
tonic chip, as shown in Fig. 12(b). However, several engineering chal-
lenges arise when aiming at such large qubit numbers. For example,
one needs to consider the finite cooling power of cryogenic systems,
with typical values of several watts at 4K that drop to < 0.1 mW at
0.1 K. For coherent resonant optical driving of a single emitter, one
needs to avoid significant decay during excitation pulses that would
lead to two-photon emission.””” This requires pulse durations about
three orders of magnitude shorter than the lifetime. Owing to the qua-
dratic scaling of the required power with Rabi frequency, correspond-
ing pulses will contain ~ 10° photons, and thus an energy around
10713 J. Assuming that most of this light is absorbed, at a clock cycle
of 10 MHz, 10° qubits can be repeatedly excited at 4 K, but only 100
at 0.1 K. Thus, one may prefer systems that enable higher operating
temperatures.

The above estimate does not include the heat load from optical
fiber connections, which will be negligible for on-chip routing and
processing with only a small number of fiber interconnects. Systems
that employ spin-photon interfaces will incur additional heat load
from operations used to control the spin states. To minimize the
required currents and thus to minimize heating, one may use super-
conducting transmission lines on the samples, as pioneered in other
quantum systems”"”*’" and recently implemented with T centers.'”’
In addition, resonant designs can be used to minimize the currents
required on the leads. In this case, microwave heating may be domi-
nated by dielectric losses in the SOI materials stack; this still needs to
be quantified for samples containing photon emitters to estimate the
resulting heating. In addition, a certain thermal load will result from
the heat conduction of the wires; this can be minimized by optical
pulse delivery, as studied previously in superconducting quantum
systems.:’“Z

Another engineering challenge in microwave control is crosstalk
between adjacent lines. Mitigation strategies include magnetic field
gradients’' and combining microwave pulses with optical Stark
shifts.** While all-optical spin qubit control’”’ may be considered, in
silicon, this may be impeded by the recently observed laser-induced
spectral diffusion and spin mixing.*”'*>'*>*"! In addition to the heat
load incurred in spin control, other challenges arise when aiming for
very large qubit numbers. These will be discussed in the following
subsections, Subsec. V C 3 and Subsec. V C 4.

3. Deterministic emitter generation

To implement systems with a large number of qubits, it is highly
desirable to have a deterministic process in which each fabricated
device contains a well-controlled number of emitters. However, previ-
ous approaches relied on ion implantation followed by global anneal-
ing. In this stochastic process, each device independently acquires a
random number of emitters with a given probability. When spectral
multiplexing is used, this may not be problematic. However, if the
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architecture requires exactly one emitter per device, the resulting
Poissonian distribution would limit the yield ~ 37%. If a specific
emitter orientation is required, this number would be reduced even
further, potentially becoming prohibitively small.

A potential way to overcome this limitation is post-fabrication
control over emitter formation, enabled by spatially selective laser
annealing, as shown in Fig. 13. Rather than relying on random activa-
tion, this approach enables emitters to be created, modified, or
removed' """ with high spatial selectivity. Importantly, the process
does not create new atoms; instead, it locally reconfigures a preexist-
ing dopant or defect reservoir.

Local laser annealing has been demonstrated to controllably cre-
ate G center ensembles at predefined locations in silicon, paving the
way for pre-patterning of large arrays of nanophotonic cavities fol-
lowed by the incorporation of single or precisely counted emitters in
each device.'””'"**"* Beyond spatial control, laser-based approaches
also offer a means to mitigate inhomogeneous broadening that arises
from variations in local strain and defect environments.'”>'"” For
upscaling, one would set up a closed-loop workflow that combines
laser annealing with automated optical and/or cryogenic characteriza-
tion. Thus, arrays are first mapped to determine emitter occupancy,
and the laser is then used to activate empty sites or remove excess
emitters.

Laser annealing may also find applications in systematic materi-
als studies, particularly for emitter classes where the microscopic for-
mation pathways remain poorly understood. As an example, a wide
variety of lattice sites and charge configurations have been reported
for erbium in silicon,”"”*”**** and the conditions required to repro-
ducibly form optically coherent, potentially inversion-symmetric sites
remain an active area of research. In this context, localized laser
annealing provides a powerful experimental tool: by enabling site-
resolved activation under controlled conditions, it allows large data-
sets to be acquired across a single chip, facilitating statistical studies of
site formation, optical coherence, and spectral stability as a function
of local processing parameters. Such high-throughput, spatially
resolved exploration of annealing conditions is difficult with global

fs laser pulse
(higher intensity)

1 laser pulse
(lower intensity)

FIG. 13. Artistic representation of the femtosecond laser irradiation approach to
locally write and erase color centers in SOI. Insets: Atomic structure of the laser-
written color centers. Main figure: Depending on its intensity, a femtosecond laser
pulse locally forms (left) or erases (right) quantum emitters. Top right corner: a
photoluminescence hyperspectral scan with laser pulse irradiation spots. Adapted
from Jhuria et al, Nat. Commun. 15, 4497 (2024). Copyright 2024 Authors,
licensed under a Creative Commons Attribution (CC BY) License.'"’
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thermal treatments and is currently lacking for erbium and many
color centers in silicon.

The described deterministic strategies can be combined with
modern foundry-scale nanophotonic platforms. Silicon photonic cavi-
ties with precisely engineered geometries and Q/V > 10° can be fab-
ricated at the wafer scale.”’” By combining this large-scale photonic
infrastructure with spatially resolved emitter activation and trimming,
deterministic generation bridges the gap between materials-level con-
trol and system-level integration.

4, Static frequency offsets and emitter tuning

In the spatial multiplexing described above, static frequency off-
sets between emitters are undesired. Also, other applications, in par-
ticular microwave-to-telecom transduction,””” would require a strong
reduction of the inhomogeneous linewidth. In nanophotonic silicon
devices, the broadening is dominated by strain gradients. Those can
originate from thermal expansion mismatches between the device
layer and the surrounding materials, from crystalline defects gener-
ated during device fabrication and emitter formation, and from the
different masses of the naturally occurring silicon isotopes, which lead
to different zero-point fluctuation energies. With color centers, this
produces ensemble linewidths of = 10 GHz, and = 400 MHz for the
shielded electrons in the 4f orbitals of erbium dopants.

Thus, in all silicon emitters, the inhomogeneous linewidth
exceeds the lifetime limit by many orders of magnitude, even in devi-
ces with the strongest Purcell enhancement. However, in bulk crystals
with exceptional chemical and isotopical purity, linewidths of tens of
megahertz have been achieved with color centers.” '’ Whether com-
parable values can be observed in nanostructured devices with their
additional broadening mechanisms (outlined in Fig. 2) remains a
topic for future investigation.

In case the inhomogeneous linewidth cannot be narrowed
down, the detrimental effects of the random frequency distribution of
the emitters can be counteracted by time-resolved detection*” or by
frequency shifting either the light or the emitters. In practice, the last
option may be most convenient. To this end, one may use controlled
strain, as demonstrated with a single G center using microelectrome-
chanical actuation,'”" see Fig. 14. Alternatively, one can apply an elec-
tric field when the Stark coefficient is non-zero, which is the case for
all emitters detailed in this review. Corresponding measurements
have been performed on G center ensembles in diode structures,”®”
and T center ensembles in bulk crystals between electrodes.’” A pre-
cise determination of the Stark coefficient would need the exact value
of the applied electric field at the emitter position, which cannot be
measured directly. Nevertheless, for the T center, a magnitude of the
linear Stark coefficient between 3.5 and 7.5 kHzmV~" and quadratic
Stark coefficients up to 0.123 Hzm? V=2 have been determined.’””
Theoretical calculations deviate from this result,”’® which may hint at
local field corrections from polarizable impurities.

With Er:Si, the Stark coefficient for two single dopants in
unknown sites in electrically controlled devices has been estimated””
as 0.1 kHzm V™. This is similar to observations in other materials in
which erbium dopants are integrated in sites of polar symmetry.”
Compared to T centers, the value is approximately two orders of mag-
nitude smaller due to the mentioned shielding of the inner 4f elec-
trons. The Stark coefficient of Er:Si in the reproducible sites A and B
still has to be measured.

REVIEW pubs.aip.org/aip/are

intensity
|
|
"
i

wavelength

b)

c
£
3 4000 A
c
-}
o
© 2000 1

6000 - i

0
1277.2 1277.4 1277.6 1278.6 1278.8 1279.0 1279.2 1279.4
Wavelength (nm)

FIG. 14. Strain tuning of a single silicon color center. (a) A ridge waveguide
(orange bar) with a photonic-crystal mirror on one end (holes) contains single G
centers (left inset). It is freely suspended in a cryogenic vacuum. Application of an
electric field to the device’s electrodes (red) causes mechanical bending (white
arrow), inducing strain at the emitter position. This leads to a tuning of the optical
transition frequencies (bottom insets) with the applied voltage. (b) Experimentally
observed shift of the optical emission frequencies of a single G center. Adapted
from Buzzi et al., Nat. Commun. 16(1), 8829 (2025). Copyright 2025 Authors,
licensed under a Creative Commons Attribution (CC BY) License. '’

Given the observed Stark coefficients for both color centers and
erbium dopants, the achievable tuning range with on-chip electrodes
should be sufficient to tune two emitters to resonance, independent of
their original frequencies within the inhomogeneous distribution.
This paves the way for indistinguishable photon generation if the con-
dition C > 1 can be satisfied, enabling photonic quantum informa-
tion processing.

D. Scalable systems integration

Once deterministic arrays of emitters can be realized by multi-
plexing, deterministic integration, and frequency tuning, the prerequi-
sites for a scalable quantum architecture may be fulfilled. Upscaling
will then rely on efficient integration with photonic structures for
both on-chip processing and off-chip connectivity. Previous experi-
ments demonstrated the integration of color centers in diamond into
hybrid photonic circuits.””” "' Transferring these techniques to sili-
con photon emitters has the advantage that key functionalities can be
realized in a single materials platform. In addition, their operating
wavelengths in the telecom bands enable direct, low-loss interfacing
with optical fibers and seamless compatibility with existing photonic
infrastructure. This makes fibers not merely an output channel but a
core architectural element for scalable quantum systems.

At the chip level, nanophotonic resonators provide an interface
between localized emitters and guided optical modes. Free-space
optics remains a versatile complementary approach, particularly for
parallel excitation and readout when emitters share the same fre-
quency bin.”'" Alternatively, efficient off-chip couplers can be
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implemented without incurring prohibitive loss. Edge and grating
couplers enable efficient transfer to standard single-mode fibers, while
fiber arrays allow many optical channels to be addressed in parallel
with high mechanical stability.

System-level demonstrations of packaged, multichannel
cryogenic quantum memory modules,”****” illustrate that large
numbers of emitters or qubits can be simultaneously controlled
and readout within compact cryogenic environments when
fiber-based interfaces are used. Routing photons off-chip also
reduces reliance on cryogenic optical switching, which remains
technologically challenging due to optical loss, power dissipa-
tion, and control complexity.

Beyond static coupling, dynamic control of the emitter—photon
interface can further enhance scalability. Microelectromechanical
approaches have been used to modulate the coupling between spin
qubits and photonic modes, enabling tunable interaction strengths
and offering additional flexibility for optimizing entanglement rates
and network performance.”"’

While the mentioned techniques can all be implemented in
nanophotonic silicon circuits, hybrid integration strategies can extend
these capabilities by combining silicon with other material platforms,
such as silicon nitride, diamond, or two-dimensional materials. This
allows the incorporation of additional functionality, including on-
chip frequency conversion, filtering, nonlinear optical processing,
active photon routing, and resonator tuning while preserving fiber
compatibility, as shown in Fig. 15.

Overall, the integration of deterministic telecom emitters with
silicon nanophotonics and fiber-based interconnects represents a cen-
tral strength of the platform. By leveraging low-loss fibers for local,
chip-scale, and long-range connectivity, telecom emitters in silicon
naturally support modular, high-connectivity architectures that span
atom-atom, chip—chip, and node-node links. This fiber-native
approach enables scalable quantum communication, networking, and
distributed quantum information processing while avoiding many of
the scaling challenges associated with purely on-chip routing and
cryogenic optical switching.

Tunable spin-photon
or single-photon emitters

Microwave
spin control

Excitation
laser input
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VI. SUMMARY AND OUTLOOK

Once the wonder material that enabled the information era, sili-
con is now emerging as a key material for the quantum information
era. Complementary to all-electronic approaches,”’ recent works have
explored photon emitters and spin-photon interfaces, whose connec-
tivity opens new possibilities. In this review, we have summarized the
state of the art in this young research field and identified Er dopants
and T, G, W, and C centers as promising building blocks for future
quantum technologies. We have described their optical and spin
properties and summarized recent technological developments
toward their integration into nanophotonic waveguides and cavities,
localized formation, multiplexing, spectral tuning, and entanglement
generation.

To enable upscaling to the large qubit numbers required for
quantum applications, further improvements in the emitter properties
are needed. We expect that future work will focus on (i) investigating
the remaining unknowns in the properties of the known emitters; (ii)
exploring whether new, yet-undiscovered emitters offer improved
performance; (iii) achieving larger cooperativities by reducing the
emitter dephasing and further improving the resonators; and (iv) inte-
grating emitters into functional nanophotonic circuits featuring exci-
tation, routing, modulation, multiplexing, filtering, spin driving, and
detection.

Even partial achievement of these goals will soon enable the
demonstration of high-rate, high-fidelity optically mediated
entanglement between remote spins. This will pave the way for
fully functional quantum repeaters and, thus, global quantum net-
works.” Further improvements of the system parameters will be
required for quantum error correction, enabling scalable distrib-
uted quantum information processing between spins.'* In addi-
tion, novel approaches to all-photonic on-chip quantum
information processing'”"'' may come within reach in case high-
cooperativity systems can be implemented. This includes the
deterministic generation of Schrddinger cat states,”' ’'” photonic
cluster states,””®”'*’"" and other many-photon entangled
states.”’* Combining these approaches with spin-photon interfaces

Spectral
Reconfigurable linear optics filters

Single-photon
detectors

Fiber out
to network
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FIG. 15. On-chip multichannel cryogenic-compatible optical components. Top: Schematic of a hybrid quantum photonic integrated circuit for the generation, manipulation,
and detection of quantum light. Bottom: Individual modules (left to right): Single-photon emitters are coupled to low-loss photonic waveguides. Combining phase shifters and
directional couplers enables arbitrary linear optical quantum operations. Optical nonlinearities, enhanced by resonators, allow nonlinear photonic operations. Spin—photon
interfaces enable nonlinear processing operations. Spectral filtering, combined with efficient on-chip detectors, allows single-photon measurements, eliminating the need for
off-chip coupling. Reproduced with permission from Kim et al., Optica 7, 291 (2020). Copyright 2020 Optical Society of America under the terms of the OSA Open Access
Publishing Agreement.””
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enables the chip-based implementation of nondestructive photon
detectors,”’® or deterministic photon-photon quantum gates.””*
Finally, spin-photon interfaces with large qubit numbers will enable
numerous applications in quantum simulation’'” and metrology.”"*

Thus, the maturity of silicon photonics and microelectronics, the
exquisite quality of its isotopic purification, and the emission wave-
length of embedded emitters position silicon as one of the most
promising materials for the second quantum revolution. We expect
that overcoming the remaining challenges will deliver on these prom-
ises and put silicon at the core of a wide variety of future quantum
technologies.
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