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Manipulating Single-Photon Emission from Point Defects in

Diamond and Silicon Carbide

Marianne Etzelmiiller Bathen * and Lasse Vines

Point defects in semiconductors are emerging as an important contender
platform for quantum technology (QT) applications, showing potential for
quantum computing, communication, and sensing. Indeed, point defects
have been employed as nuclear spins for nanoscale sensing and memory in
quantum registers, localized electron spins for quantum bits, and emitters of
single photons in quantum communication and cryptography. However, to
utilize point defects in semiconductors as single-photon sources for QT,
control over the influence of the surrounding environment on the emission
process must be first established. Recent works have revealed strong
manipulation of emission energies and intensities via coupling of point defect
wavefunctions to external factors such as electric fields, strain and photonic
devices. This review presents the state-of-the-art on manipulation, tuning, and
control of single-photon emission from point defects focusing on two leading

for read-out and secure information trans-
fer over large distances and within quantum
computer systems.[*]

To employ point defects for nanoscale
sensing,’! as spin center qubits for quan-
tum information processing!® and single-
photon emitters (SPEs) for quantum
communication,[*] several requirements
must be met. In the case of sensing, there
is some flexibility, as both the point de-
fect spin and light emission are potential
degrees of freedom to be manipulated
and detected. Quantum communication
networks and information processors, on
the other hand, set stricter conditions.[”?]
Although we will briefly touch upon the

semiconductor materials—diamond and silicon carbide.

1. Introduction

Point defects in semiconductors are versatile systems that can
trap charge carriers in highly localized quantum states. Depend-
ing on the semiconductor band gap and spin-orbit coupling
strength, certain point defects may exhibit millisecond spin co-
herence times, room temperature (RT) spin manipulation and
bright single-photon emission at RT.!! Effectively, point defects
combine all the necessary ingredients for facilitating quantum
computers and networks: i) qubits based on either photon polar-
ization or electron spin,?! ii) gate operations can be applied to iso-
lated spin systems,®! and iii) single-photon emission is available
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point defect spin degree of freedom, we
will herein mainly focus on manipulation
and control of the single-photon emission
process.

Single-photon emitters are enticing quantum objects
with application areas including cluster-state quantum
computing,®) quantum key distribution (QKD),!®!!l and
quantum repeaters.['?l The requirements for functionalizing
point defects as quantum light sources include bright emission,
low multi-photon emission probability and negligible spectral
diffusion for the emitted objects. In other words, brightness,
purity, and indistinguishability of the single-photon emission
must be established (see, e.g., refs. [4, 13] for a summary of
the concrete metrics). Emission brightness translates into a
high single-photon emission or collection rate, with required
efficiencies in excess of 50% or 90-99% for quantum key distri-
bution and optical quantum computing, respectively. In many
cases, coupling to waveguides and cavities will be necessary
to reach such a goal.l'*! High single-photon emission purity
is characterized by a low multi-photon emission probability,
that is, a low value for the second-order correlation function
g¥(r) at zero delay time. Extreme photon purities are likely
required in optical quantum repeaters and computers, in excess
of 99.9% (g'?(0) < 0.001), while QKD is more lenient. Photon
indistinguishability is verified in the Hong-Ou-Mandel two-
photon interference experiment, where identical photons always
exit the beam splitter together with a 50:50 rate.'! In sum, to
employ point defect SPEs for the production of many-photon
entangled states for, for example, quantum repeaters and linear
optical quantum computation, the key metrics for emission
efficiency, purity and indistinguishability are likely restricted
to errors well below ~1%.1*] InGaAs quantum dots is an exam-
ple system offering SPE purity and indistinguishability above
99%, albeit at a lower brightness at ~15% efficiency.'®! The
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combination of high photon extraction efficiency (85%), entan-
glement fidelity (88%) and indistinguishability (90%) was more
recently demonstrated.l'””] Comparably, ref. [18] showed
QD emission with a 57% extraction probability and
indistinguishability of 97.5%. Point defect emitters have yet
to reach this level of purity and indistinguishability.

The most studied quantum color center (in bulk semi-
conductors) is the nitrogen-vacancy (NV) center in diamond,
consisting of a substitutional nitrogen atom next to a car-
bon vacancyl!%?! The NV center is a room-temperature
single-photon emitter!?!! exhibiting millisecond spin coherence
times,!?2] and has (among other notable advances) been success-
fully employed for nanoscale biomedical imaging.[?*?*] However,
diamond suffers from challenges in large-scale wafer manufac-
turing, and fabrication of nanophotonics devices for SPE inte-
gration is difficult to scale. More recently, other materials have
emerged as strong contenders, including silicon and silicon car-
bide (SiC),I*] both having wafer-based and mature fabrication
readily available.

Semiconductor color centers are sensitive to changes in their
surroundings. Indeed, the local environment provides multi-
ple pathways toward decoherence and inhomogeneous emission
energies, in addition to opportunities for control over the de-
fect emission and quantum state. Strong coupling to strain and
charge fluctuations in the surrounding environment are impor-
tant sources for spectral diffusion of point defect emitters, and
strategies for enhancing the spectral stability include employ-
ing defects with inversion symmetry,!?*! applying external elec-
tromagnetic fields!?’! and attaining local environment control.[?8]
Indeed, indistinguishable photons have been obtained from, for
example, silicon-vacancy (SiV) centers in diamond!?! and the Si
vacancy (Vy;) in 4H-SiC.1] However, such achievements require
that the defect emitter is first identified, the full emission spec-
trum should be known, and manipulation protocols must be es-
tablished. These topics have been intensively investigated over
recent years and constitute the motivation for the present report.

In this progress report, we provide a status update on the
recent advances in manipulating single-photon emission from
point defects in semiconductors, with a particular emphasis on
how to manipulate defect emission after the luminescent cen-
ter has been identified. Single-photon emitters have been de-
tected in a broad range of semiconductor material systems, but
only a handful have been assigned to a specific defect center—
including, for example, the SiV, NV and germanium-vacancy
(GeV) centers in diamond, and the Vg, divacancy, nitrogen-
vacancy and carbon antisite-vacancy pair defects in silicon car-
bide. Herein, we will focus on materials encompassing defects
that have been identified as viable quantum contenders, namely
diamond and silicon carbide, and discuss recent theoretical and
experimental progress on controlling the defect charge-state and
emission. In this context, mapping the vibronic fine structure
and response of an SPE to external perturbation such as strain
and electromagnetic fields will be discussed. SiC and diamond
constitute the main focus, but we will briefly mention the pres-
ence of SPEs in other materials as well. The report is not intended
as an exhaustive review, and the reader is therefore directed
to other reports for further information on, for example, vari-
ous solid-state single-photon sources,[*?’! spin-based quantum
technologies in semiconductors,!>3% novel color centers*2l and
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Figure 1. Point defects in 4H-SiC. a) Schematic of various point defects in
the 4H-SiC lattice (Si atoms in blue, C atoms are orange, missing atoms
denoted by black dot), including the Sivacancy (Vg;), C vacancy (Vc), diva-
cancy (Vs;Vc or VV), carbon antisite-vacancy pair (Cg;V or CAV), nitrogen-
vacancy center (NcVs; or NV) and vanadium impurity (V). b) Energy levels
in the 4H-SiC band gap for the Vg;, V¢, VV, CAV, NV, and V defects. The
quantum compatible charge state for each defect type is highlighted by
the colored regions.

SPE material platforms,*}! SiC for quantum applications,**3°]

diamond*¢-3#! and SiCl'*l nanophotonics, and density functional
theory (DFT) calculations to study point defects for quantum
technology (QT).3%40!

The report is organized as follows. First, in Section 2, a brief
introduction to point defects in semiconductors as quantum con-
tenders will be provided, followed by a summary of the most rel-
evant host materials to be discussed herein in Section 3. There-
after, we turn to the main topics of the present report: charge-
state control and device integration are covered in Section 4, and
emission tuning in Section 5. In Section 6, we briefly summa-
rize some recent progress on coupling point defect emitters to
photonic devices, while future perspectives and conclusions are
provided in Sections 7 and 8, respectively.

2. Point Defects as Quantum Contenders

A point defect in a semiconductor lattice, either in the form of
a vacancy, interstitial or substitutional defect, may introduce en-
ergy levels within the semiconductor band gap. These energy lev-
els represent charge-state transitions, where the defect may cap-
ture holes or electrons from the valence or conduction bands,
respectively. Example point defects are shown for the case of
4H-SiC in Figure 1a, including the Si vacancy (Vg;),[*1*? C va-
cancy (V¢),[**! divacancy (Vy; V. or VV),[*] C antisite-vacancy pair
(Cs; V. or CAV),!®] nitrogen-vacancy center (N Vy; or NV)[“l and
vanadium impurity (V).[#48]

Defects with shallow energy levels, that is, levels close to
the band edges, are termed dopants and are often intentionally
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introduced to enhance the material’'s conductivity. Dopants may
be potential quantum contenders, both alone (e.g., phospho-
rous in silicon®)) and in combination with intrinsic defects
(e.g., the NV centers in diamond(?’! and SiC[*’)). However, most
isolated dopants fall outside the scope of the present Progress
Report due to their lack of single-photon emission properties.
Deep-level defects, on the other hand, exhibit charge-state tran-
sition levels far from the band edges and can act as carrier
traps and recombination centers.[!l Intriguingly, certain deep-
level defects are promising qubit hosts, as the deep energy levels
give rise to highly localized electron (or hole) states with min-
imal interference from the surrounding environment. In other
words, the localized orbitals that arise from disturbing the crys-
talline lattice can enable trapping of charge carriers having long
spin coherence times and exhibiting single-photon emission
characteristics.

The two main features of point defects in semiconductors that
mark them as viable quantum contenders are coherent spin ma-
nipulation and single-photon emission. The spin state in ques-
tion may be that of either the nucleus (of native or impurity type)
or a charge carrier (hereafter referred to as an electron) trapped
at a defect in a certain charge state.’l Emission from point de-
fects may arise from excitations to a different charge state or to
an internal excited state.>® Single-photon emission events from
point defects usually involve the latter excitation type, while op-
tically detected charge-state transitions typically result in broad
emission lineshapes. Internal excitations are often accompanied
by a sharp zero-phonon line (ZPL) and individual photons be-
ing emitted at definite time intervals. Importantly, QT compat-
ible properties commonly manifest in only one of each defect’s
charge states. For instance, the colored regions in Figure 1b high-
light the bright and spin-active charge states of the relevant quan-
tum centers in 4H-SiC. Note that the carbon vacancy (V) in 4H-
SiC is not a quantum contender,*!! as opposed to its Si vacancy
counterpart.!>2]

Of course, point defects in semiconductors are not the
only available quantum platform. Qubit operation has been
demonstrated using properties such as electronic and nuclear
spin, charge and photon polarization. Popular implementa-
tions of these degrees of freedom include superconducting
Cooper pairs, trapped ions/atoms and quantum dots (see, e.g.,
refs. [4, 29] for an overview). Quantum dots (QDs), particularly
of the self-assembled kind, do possess color center and SPE
capabilities,!'3%3] but the process of self-assembly is accompanied
by a certain randomness in the QD shape and size distribution.
Accordingly, an ensemble of quantum dots may emit at a broad
range of different energies and intensities,|* with Fourier-limited
linewidths being reported for emission from single QDs.[%*3]
Point defects in semiconductors, on the other hand, often exist
in a more homogeneous environment. Although local environ-
mental variations do exist also in epitaxially grown material, point
defect emission is largely reproducible. For instance, ref. [28] re-
cently showed that depleting the charge environment surround-
ing divacancies (Vg V() in 4H-SiC reduced emission linewidths
down to 20 MHz, which is close to the Fourier lifetime limit of
~11 MHz.[5%] Herein, we elucidate how we can exploit the reli-
able fabrication and emission properties of bulk semiconductors
to control, manipulate and shift single-photon emission originat-
ing from semiconductor point defects.
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Figure 2. Point defects in diamond. a) Schematic of a nitrogen-vacancy
(NV) defect in the diamond lattice (N atom gray, C in brown). b) Energy
levels in the diamond band gap for the NV, Si-vacancy and Ge-vacancy de-
fects. The quantum compatible charge state for each defect type is high-
lighted by the colored regions.

3. Quantum Compatible Point Defects and Their
Host Materials

Spurred by the success of diamond and SiC, single-photon emit-
ters have been detected in several different semiconductor mate-
rials. Important material characteristics for hosting long spin co-
herence times and single-photon emission include a wide band
gap, low spin-orbit coupling and the existence of spinless nuclear
isotopes.!!l The spin state of deep-level defects may be employed
for, for example, quantum logic operations, memory and sensing,
with the emitted single photons providing complex spin-photon
interfaces and a potential for reliable spin-photon entanglement.
Although quantum spintronics with point defects is outside the
scope of the present progress report, we will here include a brief
glimpse into the rich world of spin-based QT. The reader is di-
rected to, for example, refs. [2, 30] for further details.

Note that quantum defects are commonly formed by particle
irradiation and hence randomly scattered over some distribution.
Recent alternatives to form point defects in a more deterministic
manner include proton beam writing!®’! and femtosecond laser
writing.[5859]

3.1. Diamond

Among the various solid-state qubit and SPE contenders, the NV
center in diamond (Figure 2a) is almost certainly the most stud-
ied and explored for QT. The nitrogen-vacancy complex in its
negative charge state (NV~) is a S = 1 spin center!®! and room-
temperature single-photon emitter,[?] with a ZPL wavelength of
637 nm.[%!] Charge-state transitions of the NV center and the sta-
bility range of the bright negative state are illustrated in Figure 2b.
Over the years, the electronic structure of the NV center has be-
come well understood,'*¢%6%] and recent theoretical advances in-
clude detailed calculations of the luminescence lineshapel®%]
and the effect of environmental coupling on NV~ emission.®]
The luminescence from NV~ encompasses a sharp zero-phonon
line (ZPL) and a broad phonon side-band (PSB), resulting in
a Debye-Waller factor (DWF) of only ~3-5%, necessitating
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waveguide integration or coupling to cavities for reliable utiliza-
tion of single photons emitted from the diamond color center.

The localized electron spin trapped at NV~ can be coherently
controlled, with RT spin coherence times reaching ~2 ms in 2C-
enriched nanodiamonds.!?”l Comparing to the microsecond co-
herence times of superconducting qubits, NV~ center spins are
highly stable and even suitable for quantum memory applica-
tions. However, the ZPL emission wavelength is not optimal for
integration with fiber optic technology, and therefore less attrac-
tive for, for example, spin-photon entanglement due to photon
loss over distance, making the NV center perhaps most promis-
ing for its capabilities as a highly responsive quantum sensor
with nanoscale resolution. Indeed, NV~ center spins in diamond
are sensitive to minute magnetic field variations and can fa-
cilitate nanoscale magnetometers(®” % and imaging at ambient
conditions.[?)l An important property of diamond (and SiC) in
this context is that the material is non-toxic and biocompatible,
allowing NV centers to be employed for nanoscale imaging of
biological tissue. Additionally, both the spin and luminescence
signals of point defects are sensitive to temperature,[®*7% and the
sensitivity of the localized NV~ center spin to temperature facili-
tates optically detected nanoscale thermometry.”"72]

Despite the NV center hitherto receiving the most attention,
other defect complexes in diamond have been demonstrated to
possess comparable, if not superior, properties. Indeed, both the
silicon-vacancy (SiV) and germanium-vacancy (GeV) complexes
exhibit inversion symmetry, which mark them as highly robust
toward spectral diffusion caused by stray electric fields and local
strain variations.?3] The negatively charged SiV complex (SiV~)
in diamond is a S = 1/2 center with a near-infrared (NIR) ZPL
at 738 nm,/”3l and can boast of a high Debye-Waller factor of
70%!21] compared to the NV center. Moreover, coherent localized
spin control has been demonstrated for both NV~ and Siv-,l7#
while indistinguishable photons have been obtained in the case
of SiV.[2°l However, SiV~ spin coherence times are as low as
~40 ns at 4 K7l with 10 ms spin lifetimes being attainable only
at 100 mK,[”®! representing a significant obstacle toward scal-
able operation. Interestingly, the imbalanced SiV~ electronic spin
(S = 1/2) makes the center sensitive to a phonon-mediated dy-
namic Jahn-Teller relaxation, causing limited electron spin coher-
ence times.[”’] An alternative strategy is utilizing the neutral and
spin-balanced SiV?, for which longer spin coherence times ap-
proaching 1 s, a >90% Debye-Waller factor!’”®! and coherent spin
manipulation!”®! were recently demonstrated. The GeV complex
has comparable properties to SiV, including inversion symme-
try and ~70% of the emission being channeled into the ZPL at
602 nm.®] Additionally, GeV shares the non-ideal thermal trend
of SiV spin lifetimes with spin coherence times in the ~100 ns
range at 5 K.B1 In fact, several of the group-1V color centers in
diamond exhibit single-photon emitter characteristics,®?! includ-
ing, for example, the tin-vacancy (SnV) defect with a zero-phonon
line at 619 nm and a Debye-Waller factor of ~41%.[83]

3.2. Silicon Carbide
Silicon carbide (SiC) is an emerging quantum platform that ben-

efits from mature fabrication on the wafer-scale. SiC exists in a
plethora of different polytypes, with 3C, 4H and 6H being the
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most prominent configurations, and where several of the poly-
types have been demonstrated to host SPEs.[}348485] The differ-
ent polytypes exhibit slightly different emitter characteristics and
therefore provide an opportunity to select the desired emission
properties based on the wide variety of defects and lattice config-
urations that are available. While 3C has a cubic structure, 4H is
hexagonal and contains both hexagonal (h) and pseudo-cubic (k)
lattice sites. Similarly, the hexagonal 6H polytype accommodates
three orientations labeled h, k; and k,. SiC has a wide band gap
(2.3 eV for 3C, 3.0 eV for 6H and 3.26 eV for 4H-SiC) and low
spin-orbit coupling, marking it as a suitable quantum material
platform.[1:86]

Among the most studied emitters in SiC we find the carbon
antisite-vacancy pair (CAV or Cg; V() emitting in the red, the sil-
icon vacancy (V) emitting in the near-infrared (NIR), and the
divacancy (VV or V; V() and the nitrogen-vacancy center (NV or
N V) that both emit at near-telecom wavelengths. See the il-
lustration in Figure 1a for example defect configurations. Impor-
tantly, the CAV, Vg;, VV and NV defects in SiC have all been iden-
tified as room-temperature single-photon emitters with coherent
spin control being demonstrated.[>>#-90]

The ultrabright AB-lines, appearing in photoluminescence
spectra of (mostly) p-type 4H-SiC at ~640-680 nm, arise from
the positively charged C; V. with a S=1/2 ground state spin
and occurring in the hh, kk, hk, and kh configurations.[91]

The V1, VI, and V2 zero-phonon lines in 4H-SiC, with
corresponding wavelengths of 861, 858, and 916 nm, have
been attributed to the negatively charged Si vacancy.[®>92-°*] Re-
cently, V1 and V2 were assigned to Vg at h and k lattice sites,
respectively, with V1’ stemming from a higher-lying excited
state of V;(h) compared to that of V1.°>%! The characteris-
tic zero-phonon lines related to Vg, V1 and V1’, are shown in
Figure 3a. The corresponding excitation for V(k), V2, has been
theorized!®”®] but not detected. Similar identification is available
for Vi; in 6H-SiC,[*! based on density functional theory calcula-
tions utilizing the A-self consistent field (A-SCF) method.[®*] Tm-
portantly, V. has a DW factor of 8-9%,18971% which is higher
than that of NV~ in diamond. The Vg, spins organize in a S =
3/2 configuration,!*#1°!l and single-photon emission (Figure 3b)
and coherent spin control (Figure 3c) can both be detected at
room temperature.>?) Millisecond spin coherence times are at-
tainable, but in that case cryogenic temperatures (~10 K) are re-
quired. Additionally, the localized spins at V; in 4H- and 6H-
SiC facilitate optically detected nanoscale thermometry!102103]
and magnetometry,[1%1%] and the Vj; has a favorable inter-
face for spin-photon entanglement that might facilitate cluster-
state quantum computing.[1%1%] However, the Vy; is metastable
with respect to transformation into the CAV in p-type 4H-SiC
material,[*1*8710%] with the transformation barrier depending on
the Fermi level in the sample.['] Therefore, Vj; is mostly studied
in n-type or intrinsic 4H (and 6H) SiC.

The neutrally charged divacancy (VV°) in 4H-SiC is a highly
stable room-temperature SPE with S=1, >1 ms spin coher-
ence times!!!'! and giving rise to at least four ZPLs named PL1-
PLA4.[8+88] They arise at 1.1-1.2 eV in 4H-SiC, are assigned to
the four different combinations of h and k lattice sites, and ex-
hibit DW factors of around 6-7%.1°09%112] The near-telecom
emission wavelengths provide a favorable spin-photon inter-
face for VV° in 3C and 4H SiC with regard to maintaining
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Figure 3. Quantum characteristics of the Si vacancy in 4H-SiC. a) Representative PL spectrum highlighting the sharp zero-phonon lines (ZPLs) originat-
ing from the negatively charged Si vacancy (V) at a hexagonal (h) lattice site in 4H-SiC: V1" and V1. The corresponding ZPL from V¢ (k), V2, appears
at 916 nm and is not shown. b) Autocorrelation measurement for a single Vs; center in 4H-SiC. c) Room-temperature coherent spin manipulation of a
single Vg; center in 4H-SiC. Panels (b) and (c) are reproduced (adapted) with permission.[?] Copyright 2015, Springer Nature.

entanglement over large distances.[*®! The favorable magneto-
optical properties,[*?] spin dynamics,[!'*115] and pathways for
decoherencel''®l of VV centers have been studied extensively, and
a recent work proposed universal coherence protection for VV
spins by hybridizing an applied microwave drive.''”] Intrigu-
ingly, divacancy defects are also suitable for high-precision mag-
netometry, and have even been successfully entangled with nu-
clear spins in SiC.[}18:119]

Similar to VV, the NV center (N Vj;) has been shown to be a
promising qubit candidate and single-photon emitter in several
SiC polytypes.[4649120121] The NV center emits at telecom wave-
lengths, in a similar range to that of the divacancy, which would
ease integration with optic fiber technologies as compared to, for
example, NV~ in diamond. Recently, coherent manipulation of
single NV center spins in 4H-SiC was demonstrated,!®] paving
the way toward future utilization of NV centers in SiC for QT.

Transition metal impurities are currently being investigated
as potential luminescent spin centers in (particularly) 4H and
6H SiC, but these efforts are still in the early stages. Identifi-
cation is underway, but accomplishing controlled manipulation
of single-photon emission will likely require additional efforts.
For that reason, transition metal impurities fall outside the scope
of the present work. Examples of potential candidates include
vanadium (indicated in Figure 1),*8122123] chromium,!12412]
molybdenum,!12*126] complexes between the carbon vacancy (V)
and niobium,!'?’] tungsten,!?®] and titanium.1?]

3.3. Other Materials

Single-photon emission has been observed to originate from
several other semiconductor materials, however, most of the
emitters have not been identified, or identification is still at
an early stage. Therefore, detailed understanding of spin- and
emission-related fine-structure, and advanced manipulation pro-
tocols, have yet to be implemented. Below, we summarize recent
progress in some promising materials for the future.

Silicon immediately arises as a potential candidate, consider-
ing the streamlined material and device fabrication processes
that are already available. Indeed, phosphorous impurities at a
Si lattice site can store a quantum state for over 30 s,!%! facili-
tating their use in a potential Kane quantum computer.*3] How-
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ever, the P impurities lack single-photon source capabilities, and
will therefore not be considered herein. Recently, however, color
centers in Si were found to emit single photons at telecom wave-
lengths, where the G center arising from the carbon-interstitial
carbon-substitutional complex was identified as a prominent SPE
candidate.[*%131] Manipulation of single-photon emission to ob-
tain indistinguishable photons, achieve emission-based quan-
tum sensing and tune emission energies may potentially result
from further investigations.

Two-dimensional materials are also of interest for SPE op-
eration and as a quantum platform,['3?] where, for example,
hexagonal boron nitride (h-BN) existing in single- or multilayer
structures has become the subject of growing attention. Im-
portantly, a broad range of bright and stable room-temperature
single-photon emitters have been detected,['**-13*] marking h-BN
as an exciting and versatile quantum platform. However, even
though both calculations!***138] and detailed experiments!!3%14]
have been performed in order to identify the color centers respon-
sible for the bright emission from 2D h-BN, secure identification
is still lacking.

Where SPEs in h-BN have been attributed to point de-
fects introducing levels within the wide band gap (~6 eV),
quantum emission from 2D transition metal dichalco-
genides (TMDCs)!1#1142] is ascribed to localized, weakly bound
excitons.[*132] Unfortunately, single-photon emission in TMDCs
is restricted to cryogenic temperatures, while h-BN, SiC and
diamond facilitate RT operation of defect SPEs. Nonetheless,
quantum emitters in, for example, WSe, exhibit fascinating
properties, such as Zeeman splitting!*!] and engineering of
emitter arrays via strain fields.*3] At the time of writing, there
was no report on single-photon indistinguishability for emis-
sion from h-BN and TMDC materials, which restricts their
application potential in advanced quantum technology schemes.

Color centers that emit individual photons have been detected
in various other wide-band gap semiconductor materials, includ-
ing ZnO, ZnS, GaN, and AIN,**] but material-related challenges
complicate defect utilization for QT. Emission lineshapes from
ZnO and ZnS, for instance, are broad due to large phonon in-
volvement. The nitrides (e.g., GaN and AIN), on the other hand,
are more inclined to exhibiting narrow emission lines. For in-
stance, room-temperature single-photon emission was demon-
strated for both GaN[*+%] and wurtzite AIN films,*% and
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tentatively assigned to nitrogen vacancy and divacancy com-
plexes in the latter case. However, defect levels in AIN tend
to occur too close to the band edges to facilitate single-photon
emission.33147148] Poggible solutions have been proposed, in-
cluding alloying AIN with transition metals!**’] and application
of strain to the nitrogen vacancy.!1*?]

Notably, excitonic involvement is often found in the case
of single-photon emission. For instance, both interlayer or
indirect!! and defect-bound(**®! exciton-related single-photon
emission have been demonstrated. The former exciton type
refers to the case where the electron and hole are spatially located
in different layers, and is often studied in van der Waals struc-
tures such as TMDC bilayers. Furthermore, a recently collected
ODMR (optically detected magnetic resonance) signal was at-
tributed to bound exciton states at the SiV° center in diamond.!”®!

4. Charge-State Control and Electronic Device
Integration

Identifying the defects responsible for quantum effects such
as single-photon emission and spin manipulation is crucial for
utilizing point defects in quantum computing, communication
and sensing devices. Once identification is in place, control over
the defect formation process, thermal response and, particularly,
charge state should be established. In this section, we highlight
important progress in functionalizing point defects for quantum
applications by means of electric field application and integration
with electronic devices. Electrical control over the quantum state
constitutes a considerable advantage for current superconductor-
based electronic qubits, and will likely ease the combination
of conventional computer technology with novel quantum plat-
forms.

As discussed above, point defects may exist in several differ-
ent charge states depending on the semiconductor’s Fermi level.
However, in most cases, only one of the charge states (e.g., singly
negative for NV in diamond and V; in SiC) is quantum compati-
ble and showcasing features such as single-photon emission and
spin manipulation. This issue is illustrated by the shaded regions
in Figures 1b and 2b, which show that the quantum properties
of, for example, V; in 4H-SiC are only predominantly available
in intrinsic material. Accordingly, controlling the charge state by
other means than doping alone is crucial for ensuring optimal
emission yield and switching the qubit state ON and OFF at will.

Initially, charge-state control was achieved by optical means
via dual excitation. For the NV center in diamond, detection of
charge-state switching is simplified by the known optical sig-
nals of both the neutral and negative charge states, yielding re-
liable observation of optically induced charge-state switching be-
tween NV? and NV~.[151152] A comparable mechanism for charge-
state switching was recently found for the SnV defect in dia-
mond, where p-i-p structures were used to induce a tunable
band bending.'>3] The main quantum emitters in SiC on the
other hand, Vg, VV, CAV and NV, are each associated with only
one bright charge state. Therefore, optical responses to charge-
state switching must necessarily be detected based on changes
to the color center’s emission intensity. Using dual excitation,
charge-state control***'%] and electrometry by optical charge-
state conversion!!>®l were shown for the Si vacancy and divacancy
in 4H-SiC. Interestingly, charge-based electric field sensing using
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optical charge-state switching was subsequently demonstrated
using divacancy defects in 4H-SiC.[57]

A drawback of optically induced charge-state switching is the
lack of exact control over the Fermi level at which the charge-
state transition takes place. Indeed, this complicates verification
of and comparison with theoretically predicted charge-state tran-
sition levels®! (see, e.g., refs. [1, 41, 45, 85, 155] for theoreti-
cally predicted thermodynamic transition levels for the relevant
quantum emitters in SiC). Instead, charge-state transitions can
be induced by electrical means via defect integration with de-
vices such as Schottky barrier and p-i-n diodes. Transparent elec-
trodes such as graphene,!'®] or alternatively sample backside de-
tection of emission,[*?! simplify the preservation of the optical
detection mode.

Optically detected and electrically induced charge-state switch-
ing of color centers in SiC was first demonstrated for single di-
vacancies by biasing Ti/Au electrodes on a 120 pm thick 4H-
SiC membrane.["] An additional layer of control is provided by
knowledge of the sample Fermi level, which can be estimated
using device modeling of, for example, p-i-n and Schottky bar-
rier diodes using TCAD simulations. The former strategy was
employed for charge-state switching of single divacancies!?®! and
Si vacancies!'®! deposited within the intrinsic layer of the p-i-n
diode. Although the color centers can be optically addressed from
a variety of directions, their significant distance from the sample
surface due to the n and p layers may prove a disadvantage for
some applications. Alternatively, Schottky barrier diodes (SBDs)
can be employed as shown in ref. [42], and offer faster switching
frequencies compared to the p-i-n diode solution combined with
near-surface defect control. Other examples of charge-state con-
trol over semiconductor color centers include recent demonstra-
tions of charge-state conversion of SiV centers in single-crystal
diamond membranes,['®!] and charge-state switching of carbon
antisite-vacancy pairs in 4H-SiC as detected using electron para-
magnetic resonance (EPR).[162]

Consider the example of charge-state control over Si vacancy
(V) ensembles embedded in n-type 4H-SiC epitaxial layers as
obtained using SBDs.[*?! Figure 4a shows the V1’ emission line
originating from V¢ (h) in two cases: collected from within the
depletion region beneath the SBD (purple line), and collected
from the same sample but in a region free from the SBD-induced
electric field (gray line). Intriguingly, the V1’ emission intensity
is enhanced by almost an order of magnitude by the presence
of the SBD alone. Sequential application of a forward (reverse)
bias to the SBD was further seen to enhance (quench) the Vg
ensemble emission (see Figure 4b). Furthermore, ref. [42] com-
bined photoluminescence (PL) measurements, deep level tran-
sient spectroscopy (DLT'S) and DFT calculations to assign charge-
state transitions of Vg; to the S1 and S2 DLTS centers,['®*] and
verify theoretical predictions!*!! that the Vg;(-/2-) and Vj;(2-/3-)
transitions occur at 0.7 eV and 0.4 eV below the conduction band
edge, respectivelyl*?] (see Figure 1b). Thereby, the model explain-
ing the Vj; intensity enhancement (Figure 4a) and modulation
(Figure 4b) was constructed, and is summarized by Figure 4c
and the following. In n-type material and in the absence of SBDs,
Vg, is not the predominant charge state. Forming an SBD causes
band bending near the surface, resulting in an enhanced popu-
lation of the negatively charged V; and hence increased emis-
sion intensities.
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Figure 4. Charge-state control and device integration of quantum emitters in 4H-SiC. a) Influence of electric field from a Schottky barrier diode (SBD)
on the V1" emission line of V(). b) Charge-state switching of Vs; ensembles upon biasing the SBD. c) Influence of SBD-induced electric field on the
4H-SiC band structure and V;-related defect levels. Panels (a)—(c) are based on data from ref. [42]. d) Electrical charge-state switching of single silicon
vacancies shown by confocal scans. e-f) Optical excitation dependence of charge-state conversion, shown by bias-dependent PL intensity curves under
different excitation energies. Panels (d)—(f) are reproduced (adapted) with permission.['%%] Copyright 2019, American Chemical Society.

It is important to note that some controversy remains regard-
ing interpretation of the charge-state switching models. On one
hand, we find the band bending based model for charge-state con-
version as presented for Vg; in ref. [42] and Figure 4a—c. Other
works, such as refs. [154] and [160], invoke the influence of car-
rier capture and emission from other nearby defect centers to ex-
plain the observed emission intensity modulation characteristics.
Ref. [160] considers charge-state switching of single V; centers
embedded within the intrinsic region of 4H-SiC p-i-n diodes, as
shown in Figure 4d—f. However, as illustrated in Figure 4e and 4f,
the switching characteristics depend on the excitation energy. In-
deed, under 730 nm excitation the photon count from a single V;
center is enhanced around 0 V applied bias, while this peak was
not observed for other excitation conditions, for example, 770 nm
as shown in Figure 4f. Due to challenges in explaining this be-
havior based on band bending alone, ref. [160] discusses a poten-
tial mechanism involving capture of charge carriers emitted from
nearby V. defects by Vj;. Regardless, further work is needed to
fully understand the complex interplay between band bending,
defect charge-state transitions and photoluminescence emission.

In addition to the influence on the amount of defects that re-
side in a specific charge state, electric fields may affect the spin
state of the quantum center being probed. For instance, NV~
center spins in diamond are sensitive to electric fields,!'*! en-
abling ultrasensitive and nanoscale electric field sensing.['%°! On
the other hand, electric field noise may correspondingly cause
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spin decoherence for the same defect type.!*%! In terms of device
integration, the electrical degree of freedom has been employed
to obtain coherent control over single spins in silicon,[*”] drive
spin resonance and read-out the spin state of VVI{!%8] and vy [169]
defects in 4H-SiC electrically, and construct a single-photon emit-
ting diode in silicon carbide.'”?]

5. Emission Tuning

Having established control over the point defect’s formation,
thermal stability and charge state via integration with optoelec-
tronic devices, we now turn to direct manipulation of the single-
photon emission by external perturbations to the quantum states
of a defect emitter, resulting in altered single photon energies.
Tuning of the emission energy requires a shifting or splitting of
the defect’s energy levels, either in the ground or excited states or
both. For example, indistinguishable photons were recently ob-
tained in 4H-SiC as shown in ref. [27] by means of magnetic field
manipulation, and constitute an important end goal for emis-
sion tuning. However, this is not the only reason for manipu-
lating single-photon sources. Tuning the emission energy facili-
tates selecting the energy specifically for each individual applica-
tion, and detection of emission energy and intensity changes en-
ables excellent optics-based quantum sensors with nanoscale res-
olution. Therefore, a broad range of emitters should be studied,
and below we discuss electric fields, strain coupling and vibronic
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Figure 5. Stark tuning of emission from Si vacancies in 4H-SiC. a,b) Electrically induced shift of the V1’ line attributed to the second excited state of
Vs, (h). c) Theoretically predicted Stark shifts of the V1 emission line arising from the first excited state of V¢, (h). Panels (a)—(c) are based on data from

refs. [42] and [98], respectively.

effects as potential pathways for externally controlled single-
photon emission tuning. Other alternatives include the use of
optical pulses for suppressing spectral diffusion!!’!! and spectral
engineering of single photon emission,'”? but will not be dis-
cussed further herein.

5.1. Stark Shift of Zero-Phonon Lines

Shifting of emission wavelengths under the application of an
electric field is commonly known as the Stark effect.!'”] The Stark
shift of the zero-phonon line energy (Ep; ) follows the relation!7#

AE,, = —AuF — %Aaf‘z (1)

to second order. Here, Ay and Aa (in one dimension) are the
respective changes in dipole moment and polarizability between
the excited and ground states, and F is the local field. Strictly
linear Stark effects are usually only observed for centrosymmetric
defects.['74]

Single NV~ centers in diamond exhibit a rich variety of
Stark shifts including linear and quadratic components.['”’]
Such parabolic dependencies of AE,, on F could be ex-
plained by field-induced couplings of defect-related and crys-
talline states.['7#] Indeed, ref. [176] applied electric fields along
several axes and detected intriguing asymmetries in the NV~ cen-
ter ZPL shifts, that were attributed to an enhancement and rec-
tification of the local electric field by photoionized charge traps
in the material. Interestingly, the SiV center in diamond is a cen-
trosymmetric defect. SiV demonstrates extreme spectral stability
deriving from the inversion symmetry, and no Stark shift has
been observed, marking SiV centers as highly stable toward stray
electric fields. Chromium-based color centers in diamond, on the
other hand, display a wide-range electrical tunability of the emis-
sion energy.['”’]

For the case of 4H-SiC, Stark shifts have been demonstrated
for emission from both Vj; [“>158] and the divacancy,!?%>°! where
the divacancy appears to exhibit a quadratic Stark shift. An in-
triguing application of coupling between the excited states of
divacancy spins (in 4H-SiC) to electric fields was shown in
ref. [178]. Here, the authors demonstrated electrically driven co-
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herent quantum interference in the zero-phonon line of isolated
VV centers, showcasing simultaneous control over the optical
and spin degrees of freedom.

The negative charge state of Vj; exhibits three zero-phonon
lines: V1 and V1’ are attributed to the first and second excited
states of V(h), respectively, while V2 was assigned to V;(k).[*!
The ground and first excited states follow *A, symmetry, whereas
the second excited states order according to *E.**°] Ref. [42] re-
ported a pronounced shift for the V1’ ZPL upon application of
a bias to SBD devices along the hexagonal crystallographic axis
(0001), as illustrated in Figure 5a. The Stark effect for V1’ was of
a quadratic shape, as shown by Figure 5b. Similar behavior was
subsequently demonstrated in ref. [158], but now adding electric
fields applied along the crystallographic basal direction as well.
Here, the observation of a twofold splitting of the V1’ line nicely
accounted for the double degeneracy of the *E excited state. A
Stark shift was also reported for the V1 ZPL,['%8! where approx-
imately linear and quadratic shifts were observed when the ap-
plied field was directed along the main axis and parallel to the
basal plane, respectively.

It is interesting to quantitatively compare the stability of each
defect’s ZPL with respect to the electric field. In the case of the
NV~ center in diamond, Stark tuning of 10 GHz was obtained
in ref. [176], while no Stark shifts have so far been found for
SiV. In 4H-SiC, Stark tunabilities for VV by ~800 GHz?®! and
Vs by ~60 GHz!*?l were found. Although not directly compara-
ble because of different devices, emitter distribution and electric
field strengths, these findings indicate a greater field response
in SiC compared to that of diamond. Furthermore, we note the
seemingly greater sensitivity of VV to stray electric fields than
that for V;. On the other hand, larger Stark shifts may provide
greater ease of ensuring photon uniformity and larger emission
tunability. Emission tunability is important to select the optimal
wavelength for a particular application, and for correcting the
discrepancy in emitted photon energies due to inhomogeneous
broadening.

Next, we consider the respective changes in polarizability (Aa)
between the excited and ground states of an excited-to-ground
state transition, as outlined in Equation (1). Changes in polar-
izability, Aa’ (Aa’ = 10*°Aa/4rxe,), are generally positive and
in the 10-100 A range for quantum dots and molecules.[7%18]
The positive polarizabilities can partly be explained by excited
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states generally being more polarizable than ground states. Con-
versely, ref. [175] reported values for Aa’ between —6 x 10* A3
and 0 for NV~ in diamond. The Stark shifts of the V1’ ZPL
attributed to Vg (h) in 4H-SiC, on the other hand, correspond
to Ad’ = 4.3 % 10° A3 [?] which is more in keeping with (albeit
larger than) reported values for quantum dots and molecules.
Note that ref. [158] found a smaller polarizability change of Aa’ =
0.17 x 10* A3 for the V1’ transition.

Theoretical studies have proposed methods for computing
Stark effects on zero-phonon lines originating from defects em-
bedded in both nano-sized and bulk material based on den-
sity functional theory calculations. Previous studies (see, e.g.,
refs. [140, 181, 182]) have calculated Stark shifts for small
molecules and defects in 2D materials like h-BN, but correspond-
ing studies for point defects in solids were scarce. This may be
related to difficulties arising upon incorporation of macroscopic
electric fields!’® in the Hamiltonian, which result in singulari-
ties in the charge density that hamper the calculations. One ap-
proach for estimating differences in optical dipole moments be-
tween ground and excited defect states, and hence linear Stark
shifts to E,p;, combines density-functional perturbation theory
and the Berry-phase theory of polarization and was employed in,
for example, ref. [184]. However, this method is only applicable
for small electric fields (smaller than those applied experimen-
tally in, e.g., ref. [42]), thus leading to minute calculated shifts.
Additionally, second- and higher-order effects are challenging to
capture at that level of theory. In ref. [98], on the other hand,
Stark shifts of defect states in bulk semiconductors were eval-
uated using 3D periodic boundary conditions and periodic slabs
separated by thick vacuum layers, enabling estimates of polariz-
ability changes in addition to dipole moments.

Using the Si vacancy in 4H-SiC as a benchmark system, the
electric field dependencies of the Vg optical transitions were
estimated theoretically for V1 in ref. [184], and V1 and V2 in
ref. [98]. The result for V1 from ref. [98] is illustrated in Fig-
ure 5¢, and exhibits good qualitative agreement with the exper-
iments of ref. [158]. In the case of the V1 transition and electric
fields applied along the c-axis (0001) of 4H-SiC, a linear Stark ef-
fect with a small Ae’ and Ay =0.18 D (1 D = 3.34 x 107 Cm)
was found."™®! Theoretically, a weak non-linearity with Ao’ =
—640 A’ was estimated.|®®! However, there is a discrepancy be-
tween the computed and measured values for Ay of about a fac-
tor of 10, but the computations fall closer to the range found
for V1! (Au ~ 1to 2 D)*21%8] and NV~ in diamond (Ay in the
range —1.5 D to 1.5 D).['”’l Comparing to the calculations of
ref. [184] that yield dipole moment changes for the V1 transi-
tion of approximately 0.21 D, greater quantitative agreement in
Ay values is found, but at the expense of higher-order Stark
effects.

Discrepancies between theory and experiment may arise due
to differences between the estimated electric field used in the cal-
culations and the actual electric field strength affecting the entire
distribution of emitters being probed. Variations in polarizabil-
ity over the ensemble may also arise from differences in orienta-
tion and local environment, while differences in the excited-state
dipole are largely due to a distribution of dipole orientations rela-
tive to the applied field. From the theoretical perspective, numer-
ical instabilities caused by too small supercell or slab size and
vacuum thickness must be considered.
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Similar theoretical and experimental methodologies as dis-
cussed above have been employed for studying Stark tuning of
emitters in 2D materials, but the identities of the experimen-
tally detected emitters remain unknown, preventing compari-
son between theory and experiment. For instance, large Stark
shifts have been reported!'821#-187] and predicted!'®?! for SPEs
in h-BN, WSe,,!188] and MoS,'®] (see Table 1 for tuning param-
eters), but the lack of reliable identification of the responsible
emitters hinders utilization in quantum devices. Interestingly,
the Stark tunability appears larger in 2D materials as compared
to, for example, SiC. Another example is the recent demonstra-
tion of single-photon emission from interlayer excitons trapped
in a MoSe,/WSe, heterostructure, where large Stark tunability
for the excitons of up to 40 meV was shown.!1*!

5.2. Strain Coupling

An alternative to employing external electric fields to tune
single-photon emission energies involves utilizing local inhomo-
geneities. Strain can be applied in several ways, including me-
chanically compressing the sample and exploiting local stresses
arising during growth or processing. For example, strain fields
induced by ion tracks have been shown to cause spectral split-
ting of the zero-phonon line for NV~ centers in diamond,!'*!
and the strain-sensitive zero-field splitting of NV~ was em-
ployed to image stress and magnetism.["!] Furthermore, dy-
namic strain application to NV~ could mechanically drive coher-
ent spin transitions!**?) and mediate coupling of diamond spins
to a mechanical resonator.'*] Hence, NV centers in diamond
exhibit excellent functionalities for strain sensing, as demon-
strated recently by monitoring the ODMR signal of NV center
ensembles.%] Figure 6 illustrates the potential of NV centers to
probe local stress by spatial mapping of the full stress tensor with
sub-micrometer resolution.

A proposed application area for strain modification of de-
fect qubits is within quantum information processing (see, e.g.,
ref. [6]), to for instance coherently couple color centers,%] re-
duce spectral diffusion,['%7] and encode information in iso-
lated defect centers by energy tuning.['*] The coupling between
spin and strain has been established theoretically for both NV~
in diamond!'*® and divacancies in SiC.8*1% Indeed, strain tun-
ing via a strain gradient was used to encode information in
closely spaced NV~ centers in diamond, %! and proposed to en-
able control over optical resonance between two SiV centers in
diamond.*?]

Returning to the example of Vy; and VV emitters in SiC, strain
was early on proposed to affect emission from the Si vacancy in
4H and 6H SiC.”¥] Theory predicts that strain couples strongly
to defect energy levels in SiC. Theoretically predicted shifts in
the ZPL energy for Vg; 1 and ViV 19201 due to strain are
in the range of several meV, exceeding that achieved via Stark
tuning,12542158159]

A recent study focused on Si vacancies embedded in 6H-SiC
microparticles (see Figure 7a). As shown by the cathodolumines-
cence (CL) color maps in Figures 7b,c, significant shifts of the V1,
V2, and V3 emission lines (assigned to V; in 6H-SiC*’l) were
found depending on the emitter localization across the sample.
In Figure 7d the ZPL shifts were revealed to be up to 8-26 meV
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Table 1. Manipulation parameters of relevant materials (host) and point defect emitters, including bright charge state (q) and stable Fermi level (Ef)
range above the valence band edge Ey, spin coherence time (T,), single-photon emission ZPL energy (ZPL), emission brightness (Brightn.), emission
purity g@ (0), Debye-Waller factor (DWF), Stark tuning (Stark) and strain tuning (Strain).

Host Defectd E-range [eV] T, [ms] ZPL [nm] Brightn. [Hz] g (0) DWF (%) Stark [meV] Strain [meV]
NV~ 2.7-5.0 2 (RT)[22) 6371611 1061226] 0.11226] 3-5 0.04(176] 0.401%%]

C Siv™ 1.4-2.1082] 0.04 (4 K)[7°] 7381731 1060731 0.1173] 7021 0.3711%7]

C GeV- 1.9-2.7821 0.1 (5 K)[81 6021801 0.05(801 70 (801

SiC % 1.2-2.514142] 20 (17 K)[227] 858-916/%4] 104152] 0.251271 6-91%7] 30158] 262011

Sic Vg V2 1.2-2.3144] 64 (5 K)1117] 10781134841 105156] 006561 3615 2,528

Sic CsV¢e 1.3-2.2[4] 640-680(%7] 106(87] 0.1187]

h-BN 560-7801132] 1061228] 0.08122%] 8101341 15 1183] 65 [202]

WSe, 730-75011321 0.121204] 211230] 181204]

(c)

0.0 1.0 2.0 3.0

-10 5 Position, x (um)

5 0
Height, z (nm)

Figure 6. Stressimaging using NV centers in diamond. a—d) Stress is induced by locally implanting C; molecules, and e) the six stress tensor components
are imaged by measuring the NV sensors. Reproduced with permission.['**] Copyright 2019, American Chemical Society.

in size, and attributed to basal compressive strain of 2.3% along
the particle a-direction (1120) by geometric phase analysis (GPA)
as implemented in transmission electron microscopy (TEM).[21]
A strain coupling parameter of 1.13 eV per strain was estimated
for the largest ZPL shifts, in excellent agreement with theoretical
predictions of 1-2 eV/strain coupling constants along the basal
plane for Vg emitters in 4H-SiC.”] The same study predicted
even larger strain coupling parameters in the 6-7 eV per strain
range along the axial (0001) direction, foreshadowing larger ZPL
shifts for different sample types.

Importantly, strain-induced ZPL shifts in the 20-30 meV
rangel?®! far exceed the emission tuning of 1-3 meV achieved
by electric field modification of SiC emitters.[2842158] Thus, lo-
cal strain variations can have a potentially detrimental impact on
photon indistinguishability, with emitted energies being closely
related to local matrix variations. On the other hand, strain tuning
also arises as a promising pathway for combating spectral diffu-
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sion caused by stray electric fields from local charge variations on
single photon energies.

Considering the case of emerging materials, strain was re-
cently used to modify optical characteristics of quantum emit-
ters in h-BN.[22] Indeed, tuning magnitudes of up to 65 meV
were achieved, exceeding that shown for, for example, the Si
vacancy in SiC.21 Although reliable identification of the de-
fect emitters is missing, a recent theoretical work suggested that
the nitrogen antisite-vacancy pair (N Vy) in h-BN exhibits large
strain-coupling constants of up to 12 eV per strain?**}—double
of that predicted for Si vacancies in 4H-SiC.[”] Continuing the
consideration of 2D materials, quantum light sources in transi-
tion metal dichalcogenides (TMDCs) show intriguing responses
to strain manipulation. In ref. [143], a 2D lattice of quantum emit-
ters was constructed in atomically thin WSe, via the creation of
point-like strain perturbations. Furthermore, strain fields exerted
by a piezoelectric device were capable of tuning single-photon
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Figure 7. Strain tuning of emission from Si vacancies in 6H-SiC micropar-
ticles. a) SEM micrograph of the 6H-SiC microparticles. b,c) False cathodo-
luminescence (CL) color maps showing emitter localization. d) CL spec-
tra collected from the regions marked in (b) and (c) and revealing strain-
induced emission shifting. Reproduced with permission.[29"] Copyright
2020, American Chemical Society.
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emission energies of localized excitons in WSe, by up to
18 meV.2"] To conclude, strain emerges as a highly promis-
ing means of emitter control, with the unidentified and strain-
susceptible light sources in 2D materials being deserving of fur-
ther attention.

5.3. Vibronic Effects

Quantum emitters couple to lattice vibrations, resulting in broad
phonon side-bands (PSBs) accompanying the sharp zero-phonon
lines (ZPLs). The Debye-Waller factor representing the amount
of emission channeled into the ZPL varies from 3-5% for NV~
in diamond and 7-9% for Vg, and VV in SiC, to around 70%
for the centrosymmetric SiV and GeV centers in diamond. In
comparison, single-photon emitters in, for example, h-BN have
been reported to exhibit DWFs of up to 81%.['**] An example PL
spectrum showcasing the interplay between sharp ZPLs (V1/, V1
and V2) and broad and overlapping phonon replicas is shown in
Figure 8a for V; in n-type 4H-SiC. Understanding the coupling
of a quantum emitter to lattice vibrations is thus important to
fully identify a defect’s fingerprint, but also to maintain control
over the emission process and combat the detrimental influence
of electron-phonon coupling on photon indistinguishability.

Theoretical studies based on DFT calculations have been uti-
lized to predict and understand vibronic coupling to defect states.
A convenient approach to estimate vibrational energies and
Franck-Condon relaxation energies is using configuration coor-
dinate (CC) diagrams,?*2%] ag shown schematically in Figure 8b.
In the case of strong electron-phonon coupling, such as the case
for optical charge-state transitions in materials like ZnO, defect-
induced local vibrational modes (LVMs) are sufficient to com-
pute defect-related photoluminescence lineshapes.[2%l However,
the quantum emitters discussed herein more frequently exhibit
weak or intermediate electron-phonon coupling, exhibiting sharp
ZPLs and a spectrum of phonon satellites. In that case, bulk
phonons must also be incorporated to estimate the full emission
spectrum including phonon replicas.

The full emission spectra from SPEs in diamond were com-
puted and compared to experiment in ref. [65] for NV~, and
ref. [82] for SiV and GeV. Recent theoretical works have per-
formed comparable studies for Si vacancy emitters in 4H-SiC,
by computing photoluminescence lineshapes,!?”’] estimating the
geometry and energy of local vibrational modes (LVMs),[207:208]
and discussing the effect of vibronic states on the temperature
and strain dependence of V; qubits.[”! For instance, refs. [207,
208] evaluated the closest local vibrational modes of the V1
and V2 centers at least ~35 meV away from the relevant zero-
phonon lines.

An intriguing outcome of electron-phonon coupling was ex-
amined and utilized in ref. [209], where a surface-acoustic wave
(SAW) resonator was coupled to a superconducting qubit, and
the qubit was used to control quantum states in the mechanical
resonator. Indeed, the qubits then offer control over mechanical
degrees of freedom by coupling to phonon modes. A potential
application area for such devices would be to couple stationary
qubits to flying ones in the form of phonons. Coupling of spins
to mechanics has been shown for, for example, the NV center in
diamond, via coherent control?!%! and mechanical driving[!*?) of
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Figure 8. Vibronic effects and single-photon emission. a) Example pho-
toluminescence (PL) spectrum from a proton-irradiated 4H-SiC sample
illustrating the broad phonon side-bands surrounding the V1’, V1 and V2
zero-phonon lines of V¢.. Based on data from ref. [42]. b) Conceptual con-
figuration coordinate (CC) diagram for a defect-related transition.

the electron spin localized at NV~. As mentioned above, strain
can drive electron spins, and SAW devices are capable of gen-
erating the necessary dynamic strain. Indeed, ref. [211] demon-
strated acoustically driven spin transitions for divacancy defect
ensembles in 4H-SiC via both uniaxial and shear strains, as ap-
plied using a Gaussian SAW phonon resonator.

6. Coupling to Photonic Devices

Photonic devices can enhance the directionality and emission
rate of single-photon emission from quantum defects embedded
within the device. Herein, we discuss two types of photonic de-
vices: passive devices (e.g., waveguides) that augment the collec-
tion efficiency by directionalizing the emission, and active de-
vices that enhance the emission rate of the color center (e.g.,
cavities via the Purcell effect). See, e.g., ref. [32] for a more de-
tailed discussion.
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Above, we have discussed integration of quantum emitters
in opto-electronic devices such as SBDs, p-i-n diodes and light
emitting diodes (LEDs), which has been accomplished for SPEs
in both diamond(?'2215] and 4H-SiC.12842159160.169216] The opto-
electronic devices employ electric fields to, for example, stimu-
late light emission, enhance or diminish emission intensity, and
shift the emission energy. Waveguide devices, on the other hand,
aim to directionalize the emission in order to ensure maximum
collection. In SiC, solid immersion lenses (SILs) that are milled
into the substrate and contain one or more quantum emitters
have become popular,[>2] and strategies for large-scale fabrication
have been proposed.'”] Figure 9a illustrates a SIL milled into a
4H-SiC wafer (top) and single Vj; defects embedded therein (bot-
tom), demonstrating the potential of the SIL platform for detect-
ing isolated emitters. Alternatively, suspended waveguides!?!8]
or arrays of nanopillars containing single emission centers?!°]
provide similar capabilities but promise greater ease of fabrica-
tion, while ref. [220] demonstrated depressed-cladding waveg-
uides written by femtosecond laser in 6H-SiC. The nanopillar
waveguide platform is depicted in Figure 9b,c, while the nanopil-
lar array and the single emitters they contain are shown in Fig-
ure 9d. Furthermore, ref. [201] discusses the potential of utilizing
naturally formed 6H-SiC microcrystals and their individual mor-
phologies for waveguiding purposes, and SiC nanoparticles!??!]
could be employed in a similar context. In the case of diamond,
the quest for ensuring high-yield emission recently reached an
important milestone, via fabrication of diamond waveguide ar-
rays containing highly coherent color centers (SiV and GeV) on
a photonic integrated circuit.[???]

Cavities couple to the emitter and enhance the emission rate
via the Purcell effect. Indeed, cavity coupling is capable of alter-
ing the density of final states, meaning that emitters coupled to
cavity modes can exhibit both enhanced emission brightness and
alarger portion of emission channeled into the zero-phonon line
(i-e., larger Debye-Waller factor). For instance, single SiV emitters
in diamond were coupled to monolithic optical cavities, result-
ing in 10-fold lifetime reduction and an enhancement in emis-
sion intensity by a factor of 42.1223] SiV centers already exhibit
DW factors around 70%, but in the case of NV centers in dia-
mond, cavity coupling enhanced the emission intensity and in-
creased the ZPL branching ratio from 3-5% to around 25%,122*)
and later the ZPL transition rate was enhanced by a factor
of 70.12%]

Table 1 summarizes key parameters for prominent quantum
emitters discussed herein: the NV, SiV and GeV centers in di-
amond, Vg, VV and CAV in SiC, and unidentified emitters in
h-BN and WSe,. Brightness is a key specification for function-
alization of SPEs for, fo example, optical quantum computers
and quantum repeaters, and is quoted in Table 1. Emitter bright-
ness has been shown to exceed 10° kCounts s~* for several de-
fect candidates, but is restricted to one or two orders of mag-
nitude lower values in the case of VV and Vg; in SiC. Impor-
tantly, although the solitary Vj; in SiC exhibits a relatively low
count rate of 3-5 kCounts s71, the fluorescence brightness can
be enhanced to 40-50 kCounts s~ using, for example, solid im-
mersion lenses.[>?! In comparison, self-assembled InGaAs quan-
tum dots have been shown to reach brightness levels exceeding
107 Hz with simultaneous single-photon emission purity values
of g?(0) ~ 0.01.231
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Figure 9. Coupling of quantum emitters to photonic devices in 4H-SiC. a) Solid-immersion lens (top) and localized Vs; emitters embedded therein
(bottom). b,c) Array of nanopillar waveguides, and d) focused emission from single Vg; centers embedded within the array of nanopillars. Panel (a)
is reproduced with permission.[®2l Copyright 2015, Springer Nature. Panels (b)—(d) are reproduced with permission!2'®! Copyright 2017, American

Chemical Society.

Diamond hosts centrosymmetric SPEs (e.g., SiV and GeV) that
facilitate high ZPL branching ratios even in the absence of cav-
ities and resonators. However, as discussed above, spin coher-
ence times in the ms range are only available at temperatures be-
low 1 K in the case of SiV and GeV. Defects in SiC, on the other
hand, combine higher-temperature operation with ZPL branch-
ing ratios exceeding that of NV~ in diamond. Regardless, cou-
pling of SiC emitters to resonators and cavities!**?] is likely nec-
essary in order to realize quantum repeaters, due to the relatively
low Debye-Waller factors below 10%. Purcell enhancement via
cavity coupling was demonstrated for V; 233231 and VVIZ] in
4H-SiC, resulting in drastically augmented DW factors of ~50%
for V; 23 and ~75% for Vg; V..12%%] Comparing SiC and diamond,
cavities were found to enhance the diamond NV and SiV defect
emission by up to 70 times, while enhancement of up to a fac-
tor of 120 was demonstrated in SiC for Vy; and VV.??] Indeed,
this observation indicates the advantage of SiC over diamond in
terms of fabrication maturity.

An important factor in terms of integration with photonic de-
vices is related to device fabrication. A more detailed comparison
between diamond and SiC fabrication technologies is available
in, for example, refs. [14, 32], but we will include a short discus-
sion herein. Several material properties mark the differences be-
tween SiC and diamond. The larger band gap of diamond enables
a greater transparency window, but doping of SiC is more mature
than for diamond, ensuring ease of fabrication of, for example,
p-i-n and MOS devices. Passive photonic devices (e.g., solid im-
mersion lenses and nanopillars) can be scalably manufactured
and are capable of enhancing collection efficiencies in both dia-
mond and SiC (see, e.g., refs. [217, 219)). Fabrication of microres-
onators is available in both SiC and diamond with comparable
quality,!*22%] while photonic crystal nanocavities can be created
with larger variety and quality in SiC because of the more versatile
thin-film platform.[?34239] Importantly, nanostructures can have
a detrimental impact on spectral stability and broaden emission
linewidths, an effect that is less pronounced for centrosymmetric
defects!™—which are not available in, for example, 4H-SiC. Sur-
face passivation could be an approach to mitigate spectral diffu-
sion caused by device integration, but further research is needed
to control the response of the different defects.

For alternative material platforms, several recent advances
highlight the promise of additional point defect hosts besides
diamond and SiC. For instance, Purcell enhancement of spon-
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taneous emission rates for SPEs in GaAsN (related to individ-
ual nitrogen luminescence centers) was achieved by fabrication
of 2D crystal slabs, resulting in a Purcell factor of 6.3.12#1 Color
centers in 2D h-BN have been coupled to an optical fiber, yield-
ing 10% coupling efficiencies and exemplifying a fully fiber inte-
grated system.[?*!] Furthermore, emitters hosted by h-BN have
been successfully coupled to cavities!?*?! and Purcell enhance-
ment was shown for emitters in WSe, with a factor of ~16,124
heralding a new era in quantum photonics with 2D materials.

7. Perspective on Emitter Manipulation

The wide range of quantum compatible properties summarized
in Table 1 indicates that the choice of emitter could end up
strongly depending on the application. For instance, single-
photon emission purity (as characterized by g®(0)) may vary
strongly between different materials, and even between dif-
ferent color centers within the same material platform (e.g.,
SiC). As mentioned above, point defect emitters have still not
reached purity levels exceeding 99% (g?(0) < 0.01), which have
been demonstrated for, for example, InGaAs quantum dots.[*¢]
Thus, understanding the electronic structure of each point de-
fect emitter and the mechanism behind decoherence and spec-
tral broadening, in addition to developing methods for enhanc-
ing or suppressing the various interactions with the defect’s
environment—that is, via SPE tuning—is vital for the success-
ful integration of point defect based color centers with quan-
tum technologies.

Comparing the various point defect candidates (see Table 1),
diamond holds one major advantage over the other materials:
the presence of centrosymmetry, enabling defect centers with in-
version symmetry such as SiV and GeV. Importantly, as shown
for SiV,[2%] these defect emitters can facilitate indistinguishable
photon emission with 70% of emission being channeled into the
ZPL. Moreover, inversion symmetry is associated with greater
stability toward external perturbations such as electric fields and
strain, a trend that is supported by the parameters in Table 1.
Unfortunately, spin coherence times for SiV and GeV are low
(in contrast to that for NV), impeding combined utilization as
optically controlled spin qubits. Therefore, diamond emitters re-
main the frontrunner on account of the potential for inversion
symmetry, but both Vg; and VV in SiC are stronger candidates
for spin-photon entanglement than, for example, SiV and GeV,
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while simultaneously challenging the NV center in terms of SPE
parameters. In fact, the emission from diamond color centers in
the visible range is not ideally compatible with fiber optic technol-
ogy, in contrast to the divacancy and NV emission in SiC at tele-
com wavelengths. Additionally, it should be noted that the greater
potential for single-photon emission tunability may prove an ad-
vantage for host materials such as SiC, h-BN and WSe,.

Control of point defect emission will be essential for success-
ful utilization in quantum sensors and communication tech-
nologies. Charge-state identification is the first step along the
way, as optimal emission yield can only be achieved after the sta-
bility range of the bright state is obtained. In this respect, the
centrosymmetric defects in diamond (SiV and GeV) are at a slight
disadvantage compared to, for example, NV~ and the SiC defects,
having a smaller Fermi level range where the negative charge
state is stable (although there have been investigations into utiliz-
ing the neutral configurations instead). However, to exploit this
knowledge to enhance and control emission as exemplified in
refs. [28,42,160], the ability to manipulate energy band bending
is beneficial. Indeed, the charge-depleted environment in SiC p-
i-n diodes was even shown to reduce spectral diffusion toward
the lifetime limit.[?®] The varied doping protocols and ease of fab-
rication for SiC, as compared to diamond and the 2D materi-
als, point toward more straightforward managing of the emitter
charge state and environment.

Tuning of single-photon emission is a tool for combating spec-
tral diffusion, encoding information in the optical transitions
of point defects and attuning the photon energy to specific ap-
plications. A common trend for SiC and diamond seems to be
that strain tuning yields larger emission modulation than that
induced by the electric field (see Table 1), while one of the 2D
materials (WSe,) deviates from this pattern. Interestingly, even
though the centrosymmetric SiV center in diamond has so far
been found unresponsive to Stark shifts, the SiV™ ZPL is still
sensitive to strain. Undoubtedly, several aspects of the complex
interplay between quantum emitters and their surroundings re-
main uncharted. Both important sources for spectral diffusion
and optimal cavity coupling strategies must likely be identified
to approach the required brightness, purity and indistinguisha-
bility parameters for utilization of point defect SPEs in quantum
communication applications.

8. Concluding Remarks

To summarize, recent progress related to manipulation of point
defects in semiconductors used as single-photon sources for
quantum computing, communication and sensing applications
is discussed, with a particular emphasis on silicon carbide. Dia-
mond has been a popular color center host for several decades,
but silicon carbide is emerging as a front runner due to its
tantalizing combination of low spin-orbit and moderate electron-
phonon coupling with advanced and mature fabrication and pro-
cessing. With charge-state control and indistinguishable single-
photon emission being established, combined with the recent
achievement of 4H-silicon-carbide-on-insulator resonators, SiC
emitters are poised for strategic device integration.

Further work in several areas is needed for the successful uti-
lization of point defect SPEs in quantum devices. For instance,
the intriguing interplay between temperature, spin coherence,
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phonon interactions and coupling to cavity devices should be
further explored, enabling advanced sensing devices and long-
range communication. Moreover, although single-photon emis-
sion tuning via external manipulation (e.g., magnetic, electric,
and strain fields) has been shown, studies on the combined in-
fluence of these effects and their relative strengths remain scarce.
Finally, several promising materials such as Si and h-BN are on
the verge of successful defect identification and charge-state con-
trol toward SPE and qubit utilization, which would place these
new contenders firmly in the race for quantum applications.
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