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Abstract: The major barrier for optical quantum information technologies is the absence of reliable
single photons sources providing non-classical light states on demand which can be easily and
reliably integrated with standard processing protocols for quantum device fabrication. New methods
of generation at room temperature of single photons are therefore needed. Heralded single
photon sources are presently being sought based on different methods built on different materials.
Silicon Carbide (SiC) has the potentials to serve as the preferred material for quantum applications.
Here, we review the latest advances in single photon generation at room temperatures based on SiC.
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1. Introduction

Single photon emission by optical laser excitation has already been demonstrated for single
quantum systems as semiconductor quantum dots, atoms, ions, molecules and color centers
at cryogenic and room temperatures [1-7]. Single photon emission by electrical excitation has
some technical advantages vs. the optical excitation, and it is therefore worthy of new studies.
Electrical excitation of single photon emission was first demonstrated in 2002 with quantum dots
at cryogenic temperatures [8]. An electrically driven single photon source from a single neutral
nitrogen-vacancy (NV) center in diamond at room temperature was demonstrated in 2012 [9]. Figure 1
presents the atomic structure of an NV center in diamond and the schematic of the single photon
emitting diode of Reference [9]. The figure also presents the current vs. voltage properties of the
p-i—n junction in a log plot. The image is reprinted by permission from Reference [9], copyright 2012,
Macmillan Publishers Ltd.: Nature Photonics.

Defects in other material as silicon carbide (SiC) may be preferred to defects in diamonds.
Silicon carbide (SiC) is a very popular compound of silicon and carbon used since 1893 for a range of
applications, from simple abrasive powder to complex high endurance ceramics widely used within
the automotive, the aerospace or the defense industry. SiC is also widely used in electronic applications
such as Light Emitting Diodes (LEDs), Nano Electro Mechanical Systems (NEMS), Micro Electro
Mechanical Systems (MEMS), and general semiconductor electronics. As a quantum material, SiC
may permit the development of a completely new class of devices integrating quantum systems with
optical and spin control. The biocompatibility further enhances the potential applications in biological
sensing. SiC quantum perspectives have recently been reviewed in Reference [1].

SiC has several advantages over diamond, among which are: the possibility of fabricating
nanostructures and devices such as nanoparticles, quantum dots, nanowires, and nanopillars with
well-established protocols, and the possibility of growing SiC on silicon, which allows the easy
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integration of SiC defects in photonic circuits [10]. SiC is also more versatile as it is available in
high-quality wafers in three polytypes (3C, 4H, and 6H) hosting a wide variety of intrinsic and
extrinsic defects whose optical activity features single-spin coherent control with long spin coherence,
important for the implementation of quantum technologies [10].
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Figure 1. (a) Atomic structure of an NV center in diamond; (b) Schematic of the single photon emitting
diode; (c) Current vs. voltage properties of the p—i-n junction in a log plot. Reprinted by permission
from Reference [9], copyright 2012, Macmillan Publishers Ltd.: Nature Photonics.

This communication reports on the latest, preliminary, but significant, results that recently
appeared in the literature in single photon sources in SiC wafers. While the extension to single photon
sources in SiC nanomaterials is certainly also promising, it is not the objective of this paper to provide
a more general review of the topic. The more general subject is eventually covered in Reference [10].
Therefore, this paper only focuses on the latest developments achieved after that publication.

2. SiC Based Single Photon Sources

In principle, SiC as material for color centers starts with a disadvantage because of its indirect
bandgap, which makes non-radiative recombination via sub-gap states more efficient than the radiative
one. However, due to its broad bandgap of up to 3.3 eV in 4H polytype, SiC possesses many defects or
color centers that can be exploited as isolated systems for quantum light generation [11].

Recently, bright room temperature single photon emission has been identified in bulk 4H-SiC and
3C-SiC nanoparticles [2]. This single photon emission was produced by the radiative recombination
of the positively charged state of the carbon anti site vacancy pairs Cs;Vc. The neutral defect has
been shown to possess a high spin ground state in 4H-5iC, indicating the possibility for the coherent
manipulation of the electron spin as a solid state quantum bit by optical excitation of this defect
at telecom wavelengths [12]. Such effects are not limited to the three most common SiC polytypes,
as recent research revealed uniaxially oriented silicon vacancy-related centers with S = 3/2 in a
rhombic 15R-5iC crystalline matrix, that exhibit unique features such as optical spin alignment up to
temperatures around 250 °C [13].

6H-5iC single p-n junction LEDs have been proven to be functional for an ensemble of deep level
defects within the material bandgap, the silicon vacancy, and a common highly thermally stable color
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center in all SiC poly types, the D1 center, attributed to a SicCg; antisite [14]. Other paramagnetic
defects responsible for emission at longer wavelengths have also been identified. These advances
make the material attractive for electrically driven devices providing room temperature quantum
light sources [11]. Such paramagnetic defects in 4H- and 6H-SiC were recently demonstrated to be
strongly coupled to 2Si nuclear spins. With a 99% + 1% degree of nuclear polarization at room
temperature and an effective nuclear temperature of 5 pK, they have applications in SiC-based
quantum memories [15]. Moreover, optical and microwave techniques similar to those used with
diamond nitrogen-vacancy qubits, have been used to study the spin-1 ground state of the neutral
carbon-silicon divacancy in 4H-SiC, which could be optically controlled at 20 to 300 K temperature,
and also optically active defect spin states near telecommunication wavelengths, which, combined
with industrial-scale crystal growth and advanced microfabrication techniques, and spin coherence
properties comparable to the nitrogen-vacancy center can be used in a variety of photonic and quantum
information applications [16].

In order to build effective quantum memory systems, one way is to achieve all-optical control of
spin ensembles, and transfer the quantum states between spins and photons via coherent population
trapping. Such direct all-optical addressing through magneto-spectroscopy has been recently reported
in basal plane-oriented divacancy spins in 4H-5iC, in which the spin triplet structure of ground and
excited states have been used to tune the transition dipole moments between spin levels, showing
coherent population trapping along particular crystal axes [17].

SiC bulk material also shows promising results for room temperature electrical quantum sources
in the visible and possibly in the infrared [18], although low temperatures of around 40 K may
be necessary. Coherent control at room temperature of a single defect spin from single silicon
vacancies in SiC has finally been demonstrated by characterizing photoluminescence and optical
spin polarization [19]. Bulk SiC is also attractive for bio-applications as an in vivo luminescent marker,
and for sensing magnetic field and temperature. To this end, recently, SiC nanocrystals were fabricated
with sizes between 600 nm and 60 nm, and neutron irradiation was used to create silicon vacancies
that showed near infrared photoluminescence and detectable room-temperature spin resonances [20].

The latest observations [21] of single defect systems with electrically controlled quantum
functionalities further strengthen the position of SiC as the candidate for the preferred quantum
material. Reference [21] demonstrates the fabrication of bright room temperature single photon
emitting diodes having fully polarized output, superior photon statistics, and stability in continuous
and pulsed modes, all at room temperature. Figure 2 presents a scheme of the confocal setup used to
characterize the single-photon emitters of Reference [21]. The figure also presents the current vs. voltage
properties of the diode, the electroluminescence (EL) map of the edge region of a device, the room
temperature EL spectrum and the background corrected anti-bunching traces with ¢@(t = 0) < 0.1.
The image is reprinted by permission from Reference [21], copyright 2015, Macmillan Publishers Ltd.:
Nature Communications.

The practicality of the single photon emission is enhanced by the electrical rather than the optical
pumping. The high active n-type concentration is created by ion implantation. In Reference [21], the
single photon emitters in the visible spectral range are integrated into 4H-5iC and 6H-5iC p+n and n+p
junction diodes. These single photon emitting diodes are fabricated by applying well developed CMOS
(Complementary Metal Oxide Semiconductor) compatible processes including photolithography, ion
implantation and annealing. The quantum nature of the single defect is proven by the photon
anti-bunching measurements. The emitters are shown to have high emission rates, be fully polarized
and operate with high stability at room temperature.

Reference [22] shows the opportunity to create silicon vacancies in a nuclear reactor while
controlling their density within an accuracy down to a single vacancy level. The isolated silicon
vacancy from this latter demonstration of manufacturability is then used as a near-infrared photostable
single-photon emitter with the vacancy spins being manipulated by using optically detected magnetic
resonance (ODMR) methods.
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Figure 2. (a) Schematic of the confocal setup used to characterize the single-photon emitters;
(b) Current-Voltage curve of the diode; (c) electroluminescence (EL) map of the edge region of
a device; (d) room temperature EL spectrum; (e) background corrected anti-bunching traces with
g(z)(T =0) < 0.1. Reprinted by permission from Reference [21], copyright 2015, Macmillan Publishers
Ltd.: Nature Communications.

Figure 3 is the generation of silicon vacancy Vs; defects in ultrapure 4H-SiC samples by neutron
irradiation from Reference [22]. The image is reprinted by permission from Reference [22], copyright
2015, Macmillan Publishers Ltd.: Nature Communications. The control of spin center density in
ultrapure SiC is obtained by neutron irradiation over eight orders of magnitude, from below 10°
to above 10'® cm™3. A fully photostable, room-temperature, near infrared single photon emitter
is isolated for a low irradiation dose with no bleaching after 10'* excitation cycles. The work
demonstrates the possibility of on demand engineering optically active spins in technologically
friendly, biocompatible materials.
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Figure 3. (a) scheme of the 4H-SiC with the single VSi defect; (b—d) confocal microscopy scans
10 x 10 um? for different neutron irradiation doses respectively =1 x 10" em™2,n =1 x 10" cm—2
and n =5 x 101 cm~2; (e) confocal microscopy scan 50 x 50 pum? for n =1 x 10° em~2; (f) concentration
of single photon emitters vs. the irradiation dose. Reprinted by permission from Reference [22],
copyright 2015, Macmillan Publishers Ltd.: Nature Communications.
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Vs defects in 4H-SiC have also recently been characterized by room-temperature ODMR to find a
strong magnetic field dependence of the spin echo properties, useful in magnetometry applications.
The spin echo decay time was up to 80 pus at 68 mT, with a strong field-dependent spin echo
modulation attributed to the interaction with nuclear spins [23]. It was also recently observed that
4H- and 6H-SiC crystals can contain separately addressable spin-3/2 centers which are not affected by
nonaxial strain fluctuations. For some of them, the axial crystal field was almost independent from
temperature, which is useful for vector magnetometry. For others, the zero-field splitting showed a
very high room-temperature thermal shift of 1.1 MHz/K, making them attractive for thermometry
applications [24].

Other than with magnetic fields, the defect spin can also be coherently driven with alternating
electric fields, permitting spatially confined spin control and the imaging of electric fields at GHz
frequencies. Electrically-driven ODMR (EODMR) offers the possibility to control the electron spins in
a dense array in a scalable way [25].

3. Conclusions

The achievements in References [21,22] demonstrate that SiC is the perfect material for integration
between active single defects of quantum systems and existing device technologies operating at
room temperature.

By integrating electron spin-states and single photons in monolithic and nanostructured SiC
devices, novel imaging and sensing modalities that combine several quantum degrees of freedom,
namely optical, spin and mechanical, may therefore be developed to enhance the sensitivity of
conventional devices from the classical domain to the quantum domain.

As the SiC devices benefit from an unprecedented sensitivity due to the integration, control and
coupling of inherent single spin and single optical quantum modes with electrical and mechanical
modalities intrinsic of the device, it is now a certainty that SiC is gaining momentum for atomic-scale
spintronics and quantum technologies.
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