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We study the optical properties of tetravalent-vanadium impurities in 4H silicon carbide. Light emission
from two crystalline sites is observed at wavelengths of 1.28 and 1.33 um, with optical lifetimes of 163
and 43 ns, respectively, which remains stable up to 50 and 20 K, respectively. Moreover, spectrally broad
photoluminescence is observed up to room temperature. Group-theory and ab initio density-functional
supercell calculations enable unequivocal site assignment and shed light on the spectral features of the
defects. Specifically, our numerical simulations indicate that the site assignment is reversed with respect to
previous assumptions. Our calculations show that vanadium in silicon carbide has highly favorable prop-
erties for the generation of single photons in the telecommunication wavelength regime. Combined with
the available electronic and nuclear degrees of freedom, vanadium presents all the ingredients required for

a highly efficient spin-photon interface.

DOI: 10.1103/PhysRevApplied.12.014015

I. INTRODUCTION

Defects in semiconductors such as silicon, diamond, and
silicon carbide (SiC) have advanced to the forefront of can-
didates for the implementation of quantum bits and sensors
as they have attractive features, such as long quantum-
coherence lifetimes and strong optical transitions [1—15].
In diamond, nitrogen-vacancy defect has attracted partic-
ular interest due to its excellent room-temperature spin
coherence, while the silicon-vacancy defect has a strong
and narrow zero-phonon-line (ZPL) emission and only a
weak phonon-assisted sideband. The luminescence of both
defects appears in the visible portion of the spectrum. For
long-distance communications and applications with opti-
cal interfaces, photonic signals in the near-infrared range
between 1.2 and 1.6 um are most desirable, since scatter-
ing losses are greatly reduced and low absorption in silica
optical fibers enables long-distance photon transmission.
Furthermore, this wavelength range lies in the range of the
biological transparency window.

SiC was recently discovered as a promising host
for quantum bits and single-photon sources based on
impurities [16]. Its large band gap (greater than 3 eV) gives
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ample room for strong transitions in the optical domain,
while both silicon and carbon are predominantly free of
nuclear spin by natural isotopic abundance. The crystal
therefore offers a quiescent magnetic environment even at
natural isotopic abundance, and can be further enhanced
by isotopic purification if needed [17]. Its crystal hard-
ness gives rise to high-frequency phonon modes that are
only modestly occupied, even at room temperature [18].
Recent study of optically active defects in silicon car-
bide revealed several defects with properties of interest
for quantum applications [19]. Earlier work focused on the
electronic properties of impurities, and included detailed
research on metallic dopants, of which several possess
optical transitions in the near-infrared region [20]. Detailed
studies of these defects have only recently resumed in
light of the emergence of quantum-enhanced applications.
For instance, the chromium lines at 1042 and 1070 nm
were examined recently, showing promise as a spin-photon
interface [21]. However, the long optical lifetime indicated
a modest optical cross section, presenting an obstacle for
efficient photonic interactions.

Vanadium (V) is one of the most-scrutinized defects in
SiC due to its amphoteric properties, which were routinely
used for compensation of impure crystals. The first optical
studies showed strong and sharp luminescence lines, as

© 2019 American Physical Society
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well as narrow ESR features with a linewidth smaller than
2 G in an ensemble measured at temperatures of 77 K
or higher [22]. This width corresponds to a spin coher-
ence lifetime of several tens of nanoseconds, enabling
coherent spin manipulation. The defect was further found
to have multiple charge states, which are of interest
for spin-to-charge conversion and nuclear-spin-memory
protection [23-25]. This mechanism furthermore enables
enhanced optical and even electrical read-out of the spin
state by spin-selective ionization, as demonstrated recently
for single nitrogen-vacancy centers in diamond [26,27].

These properties show promise for the application of
vanadium in the emerging field of quantum technolo-
gies. With growing demand for efficient single-photon
sources in the telecommunication wavelength regime, key
for the implementation of quantum cryptography proto-
cols or the generation of large entangled photon states,
vanadium in silicon carbide is of great interest as it forms
color centers emitting in the telecommunication wave-
length regime. From a technological standpoint, electrical
excitation [28,29] of color centers is also desirable. Hence
the V center in SiC creates the prospect of an electri-
cally driven single-photon-emitting diode in a host that is
a standard material in the semiconductor industry.

Moreover, the large hyperfine Hilbert space of the
V centers’ intrinsic nuclear spin points to the realiza-
tion of solid-state quantum registers. Thus, vanadium in
silicon carbide opens a route toward photonic spin inter-
faces, which allow scalable repeat-until-success quantum-
computing schemes and the generation of photonic cluster
states [30—32]. However, many of the necessary character-
istics of V in SiC remain to be determined, particularly
regarding the details of their optical characteristics and
their electronic structure.

In this work, we report on progress in this characteriza-
tion by studying substitutional vanadium in silicon carbide
with a view toward applications in quantum information
and communication. We investigate the optical properties
of the neutral charge state, V**. This defect presents
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narrow optical emission lines in the telecommunication
window near 1300 nm, an optical decay lifetime of less
than 50 ns, and a rich level structure. The defect therefore
shows promise for quantum photonics. We first describe
its spectral features in Secs. IIB and IIC. A theoretical
picture of the defect properties is given in Sec. III. We con-
clude with an outlook for applications in photonic quantum
technologies.

II. EXPERIMENTAL RESULTS

A. Setup and materials

We examine a single-crystal 4H-SiC sample with a
homoepitaxial layer grown on an on-axis substrate [33].
The epilayer is 25 um thick and is grown with vana-
dium tetrachloride as a source of V dopant, leading to
a V-inclusion density of 2 x 10'°/cm? as measured by
secondary-ion mass spectrometry. All photoluminescence
measurements are performed with a 441-nm cw or pulsed
laser source. The fluorescence is collected through the
cryostat window with a x 100 microscope objective (Mitu-
toyo M-Plan Apo, NA 0.7). Spectra are recorded with a
grating spectrometer with a liquid-nitrogen-cooled detec-
tor, with a nominal resolution of 0.2 nm per pixel. All
wavelengths are vacuum values. The fluorescence decay
signals are recorded with a superconducting nanowire
single-photon detector (EOS 210 OS from Single Quan-
tum). The fluorescence signals from the different spectral
features are isolated with use of narrow-bandpass filters
with full widths at half maximum of approximately 15 nm.

B. Spectrum and polarization

The spectrally resolved fluorescence [Fig. 1(a)] under
blue excitation of the defects reveals three sharp lines,
a doublet at wavelengths of 1278.0 and 1279.9 nm (c3
and ;) and a smaller feature at 1334 nm (8). The dou-
blet has been attributed to the hexagonal site, and the
single line has been attributed to the quasicubic site in
4H-SiC. Our findings indicate that the correct assignment

FIG. 1. (a) Recorded spectrum of
the luminescence at selected tem-
peratures showing a 2-nm split dou-
blet associated with the hexagonal
site. (b) Power dependence of the
luminescence at 3.5 K, showing no
saturation in the measured regime.
(c) Polarization dependence of the
four different features (signals are
rescaled for clarity, and the axes are
with respect to the input field).
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FIG.2. Fluorescence decay for pulsed blue illumination measured at approximately 4 K. (a)+(d) Decay traces for filtered fluorescence
in increasing wavelength ranges around 1280, 1310, 1334, and 1360 nm, respectively. The fitted decay functions are shown as solid
lines. The dashed lines in (c),(d) display the individual fitted decay components. (¢) Detail of the low-temperature spectrum. The four
colored bands indicate the filtering bands for (a)—(d). The arrow indicates the spectral feature used for estimation of the spin-orbit

splitting in the excited state.

is likely the opposite, as discussed in Sec. III. The broad
feature between these lines near 1310 nm («p) has not been
assigned yet, but it has been hypothesized that it may cor-
respond to a low-lying vibronic mode of the defect. The
width of the « lines at temperatures below 30 K is below
the spectrometer resolution (approximately 35 GHz) and
is far smaller than their splitting of 355 GHz for tempera-
tures below 50 K. We attribute the very weak feature near
the strong « doublet, indicated in Fig. 2(e) by an arrow, to
the «; transition. Because of selection rules, this transition
and a further feature at shorter wavelength are expected to
be clearly observable only when the collection axis is per-
pendicular to the c axis (see also Sec. II). The width of the
B feature approximately matches our spectrometer resolu-
tion. Previous measurements in 64 -SiC, however, indicate
that an unresolved doublet may give rise to the observed g
linewidth [34].

The doublet displays a temperature-dependent lumines-
cence ratio. At 4 K, the o3 peak accounts for almost 70%
of the doublet’s luminosity, but the ratio approaches equi-
librium approximately exponentially and is near unity at
100 K, above which temperature the lines are broadened
beyond resolvability [Fig. 1(a)].

The polarization dependence of the luminescence on
excitation power is consistent with a linear behavior within
the available excitation range (3.5 mW in front of the
objective) [Fig. 1(b)]. We therefore expect that high lumi-
nosity can be achieved with significantly greater excitation
power, or for resonant driving. The origin of the slight
ellipticity in the emission is as yet unknown. Importantly,
however, the polarization dependence of the lumines-
cence displays near-identical behavior across the spectrum
[Fig. 1(c)]. There are no indications for a strong spin
dependence of the charge recapture, so it can be assumed

that the excited-state spin sublevels are populated equally
and with random phases in the excitation process.

The strength of the overall luminescence shows no dis-
cernible dependence on temperature up to 40 K, and then
decreases slowly by approximately 75% up to 310 K.

C. Fluorescence decay lifetimes

The decay traces for the two types of defect illuminated
with a pulsed blue laser are shown in Fig. 2. A portion
of the trace before the laser pulse is used to calculate the
background counts. The data for the a», o3 doublet (black
line) show very good agreement with a single-exponential
decay (blue line) with lifetime 7; = 164.2 & 1.5 ns, and a
similar fluorescence lifetime is observed for the ap feature.
This observation confirms the assignment of the op feature
to a low-lying phonon branch of the o defect. The g line
requires a double exponential,

y() = Ay exp(—t/T1) + Az exp(—t/12), (D

to reach agreement with the data. While the magnitudes
Ay and A4, of the decay components are similar, the life-
times differ significantly, with 7, = 158.5 &£ 5.1 ns and
T = 43.3 + 4.3 ns, where the error margins give the 3o
uncertainty of the measured value. A similar behavior is
observed in the spectral region around 1360 nm. These
characteristics indicate that local phonon modes give rise
to a broad phonon sideband (PSB) that extends from
the o ZPL peaks to beyond the B feature. The double-
exponential behavior around the S emission peak is then
due to the addition of «-related, phonon-assisted lumines-
cence and B ZPL photons, while at longer wavelengths it
is caused by the addition of the phonon sidebands of the
two defect types.
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FIG. 3. Measured fluorescence decay lifetime versus tempera-
ture for the slower («) and faster (8) decay processes observed
across the spectrum. The lines show fits to Eq. (2).

The decay rates show no statistically significant depen-
dence on temperature up to 20 K for the g decay channels
and up to 50 K for the « lines. At higher temperatures,
the luminescence decay accelerates significantly, as shown
in Fig. 3. No spectral dependence of the decay lifetimes
is discernible. To extract accurate values for the activation
energy, we compound the decay rates extracted from decay
traces recorded at around 1280, 1334, and 1400 nm. The
data points thus show weighted averages of decay times
extracted from traces at these points in the spectrum. We fit
the observed decay rates to a model of thermally activated,
nonradiative decay process, given by

[r ot (BN
Tiot(T) = . + . exp ks T . (2
P

We find activation energies £, of 28 &2 meV and 8 &
3 meV for the o and B branches, with thermally assisted
decay lifetimes 7, of 83 & 15 ns and 36 &+ 11 ns, respec-
tively. These processes are likely related to thermally
induced charge-transfer processes involving other impuri-
ties. Their relatively high activation energies nonetheless
underline that both defects can be expected to display
stable features at temperatures below 10 K.

ITII. THEORY AND NUMERICAL RESULTS

A. Defect model and details of calculations

Previous results showed [35] that vanadium substi-
tutes for the Si site in 4H-SiC. Since two inequivalent
substitutional sites, £ and 4, exist due to the particular
packing of Si-C bilayers along the ¢ axis in 4H-SiC,

vanadium will form two distinct color centers in 4H-SiC.
We label the two distinct configurations as vanadium (k)
and vanadium (%) accordingly. We study the electronic
structure and optical properties of these configurations by
ab initio calculations for identification of the vanadium-
related o and B emitters.

Calculations are performed in the framework of Kohn-
Sham density-functional theory (DFT) by means of the
Perdew-Burke-Ernzerhof (PBE) [36] functional. We ratio-
nalize the choice of this functional in Sec. IIIB. The
vanadium (k) and (%) defects are modeled in a 576-atom
supercell. The Kohn-Sham wave functions are expressed
by plane waves with a cutoff of 420 eV, where the ions
are treated by projector-augmented-wave [37] potentials
as implemented in VASP [38]. The large supercell suffices
to apply a I" point for sampling the Brillouin zone, which
also allows us to carefully follow the degeneracy of the
defect levels in the fundamental band gap. The geometries
are relaxed by our minimizing the total energy with respect
to the coordinates of the atoms until the magnitude of the
calculated forces was smaller than 0.01 eV/A.

The excited state is calculated by the delta-self-
consistent-field method [39] so as to determine the ZPL
energy. To calculate the phonon sideband, the Huang-
Rhys approximation is used as implemented by Gali et
al. [40]. The strength of the coupling is represented by the
total Huang-Rhys factor [S(hw)]. From S(hw), the spectral
function [A(EzpL — hw)] of the photolominescence spec-
trum can be calculated. The detailed derivation of S(hw)
and A(Ezp. — hw) can be found in Refs. [40,41]. The
contribution of the ZPL emission to the total emission
containing the phonon sideband is the Debye-Waller (W)
factor, which can be read out from the experimental pho-
toluminescence spectrum and is related to the calculated
Huang-Rhys factor S by W = exp[S(hw)].

B. Test on the applied semilocal DFT functional

The HSE06 range-separated functional developed by
Heyd, Scuseria, and Ernzerhof [42] was proven to be a
powerful tool to study point defects in solids [43,44]. How-
ever, it has been shown that transition-metal defects can
introduce strongly localized orbitals (e.g., d electrons),
which is significantly different from the character of the
sp? electron bath of the host semiconductors, and HSE06
fails to simultaneously describe both states. To remedy this
issue, Ivady et al. [45] developed a technique in which
the HSEO6 functional is corrected by an orbital-dependent
term inspired by the DFT-with-the-Hubbard-U-parameter
method that is called the “HSEQ06 + V,, method.” The
additional term reads

VW=W<%—IZ>, 3)

where w represents the strength of the potential and # is the
occupation number. The value of w can be determined via
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V atom in Cs,

the generalized Koopmans theorem [46]. We perform cal-
culations to determine the potential strength, which yields
w = 2.2 eV for vanadium (k) and vanadium (%) defects,
indicating identification of the accurate functional for the
vanadium impurity in 4H-SiC. We use this functional to
test the computationally-less-costly semilocal PBE func-
tional. We find that the order of defect levels for the
two defect configurations agrees for the two methods (see
Fig. 4). Furthermore, the localization of defect wave func-
tions on vanadium atoms agrees within approximately 10%
as obtained by the two methods. We conclude that the PBE
functional can provide semiquantitative results for vana-
dium in 4H-SiC, and thus we use this DFT functional
in this context. However, this method is not expected to
provide the correct absolute value for the energy of the
excited state of the defects, for which we instead rely on
the experimental data.

C. Identification of emitters and calculated
photoluminescence spectrum

Vanadium is neutral in a wide range of doping lev-
els [47]; thus, it is assumed that the « and B emission
lines originate from the neutral vanadium defects [48]. The
observed spectral features support this model [20], which
assumes a spin doublet ground state. We consider the neu-
tral vanadium defect accordingly. Application of group
theory can be very useful in determining the electronic
structure of the defect. In Fig. 4 the defect molecular-
orbital diagram of the vanadium defect is depicted, which
assumes an interaction between the Si-vacancy orbitals and
vanadium atomic orbitals.

According to group-theory considerations the electronic
structure introduced by the neutral vanadium defect is
a1(2)a;(2)e(4)e(1) whereas the empty states are e* and
two aj. The calculations imply that all the fully occupied
states fall in the valence band and only the singly occupied
atomiclike e levels appear in the gap that constitutes the 2E
ground state. Our DFT calculations reveal that the order of
these aj and e* levels depends on the defect: e*a} and afe*
for the k and 74 sites, respectively (see Fig. 4).

FIG. 4. Defect molecular-orbital diagram
for vanadium (4) and vanadium (k) in 4H-
SiC under C;, symmetry regarding only the
crystal-field splitting. Characters of all Kohn-
Sham levels are indicated. Antibonding levels
are denoted by an asterisk. Vacg; indicates the
silicon-vacancy levels. CB, conduction band;
VB, valence band.

To understand this effect, it is illustrative to derive the
electronic structure from that of the vanadium defect in 3C-
SiC exhibiting T,; symmetry. Accordingly, vanadium atom
introduces a doubly degenerate e level in the band gap and
a triply degenerate #5 level resonant with the conduction-
band edge. Under the Cj, crystal field of the defect in
4H-SiC, the 1, state splits into a doubly degenerate e level
and a nondegenerate a; level. The energy order of these
states can be determined only by closer inspection of the
defect environment [see Fig. 5(b)].According to the cal-
culations, the e* state exhibits negligible extension along
the c axis, whereas the aj state (d..-like orbital) is sensi-
tive to the environment along the ¢ axis. Because of the
crystal structure of 4H-SiC, the a; state is more confined
along the z-direction in the (k) configuration than in the
(h) configuration [dashed lines in Fig. 5(a)]. The stronger
confinement at the k site over the % site pushes up the
empty a} level for vanadium (k) with respect to that for
vanadium (%), whereas the corresponding e* levels are the
same.

These differences have considerable consequences for
the nature of the photoluminescence from these defects.
The emission comes from the 2E excited state at the £ site,
whereas it comes from 24, at the / site. This influences the
fine structure of the excited state and the polarization of
the emitted photons. Furthermore, the ZPL energy should
be larger for the (k) configuration than for the (%) configu-
ration if we assume the same Stokes shift in the emission
process.

PBE DFT calculations result in ZPL energy of 0.845 eV
at the k site and 0.785 eV at the 4 site. Here we ignored
the spin-orbit splitting and used static Jahn-Teller distorted
structures in the total-energy calculations. The absolute
values of the calculated ZPL energies are within 0.1 eV.
More importantly though, the calculated ZPL-energy dif-
ference with this simple method is 0.06 eV, which is close
to the experimental value of 0.04 eV. These results strongly
imply that @ and § emitters are the vanadium defects at the
k and & sites, respectively, in contrast to the assumptions in
the literature [22].

014015-5
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FIG. 5.

SIxe 9

(b)

4H-Vs;(K)

(a) Defect models of vanadium (%) and (k) depicted in the same supercell in an orthographic view. Isosurfaces—using the

same isovalue—of spin densities are illustrated for both defects. Dashed lines illustrate the distances of the nearest-neighbor atoms in
the z direction as the origin of the potential confinement along the ¢ axis. (b) Splitting of the #, level under C3,, symmetry. Both possible
energy orderings of the splitting are depicted with the assignment of the corresponding vanadium defects in 4H-SiC. CB, conduction

band; VB, valence band.

Examination of the PSB of the vanadium emitters is
of great importance as, on the one hand, it gives further
insight into the optical properties of the defects and, on the
other hand, it presents pathways for off-resonant excitation.
The average W factor of the two defects can be evaluated
directly from the measurement and is 34%. We can fur-
ther calculate limits on the W factors of the two defects
by partitioning the spectrum at the 8 PSB, which yields
31% < Wy < 60% and Wg > 10%. To gain further under-
standing of the phononic properties of the two emitters, we
construct a numerically optimized spectrum to match the
observed photoluminescence (see Fig. 6).Guided by the ab
initio model, we assume that the 8 defect has no significant
PSB emission with phonon energies less than approxi-
mately 20 meV. We furthermore impose the condition that
the PSB emission is zero for phonon energies greater than
200 meV. We then construct a summed spectrum from five

Gaussian sidebands of the form
§— Ag\>
— ) 4
|: < «/J_ o ) :| ( )

Each sideband is then turned into a weighted doublet to
account for the a and «3 emission by appropriate adjust-
ment of the factors Ay and [, to match the observed
1.47-meV splitting and strengths in the o« ZPL. The
remaining PSB luminescence is mostly assigned to the
defect, aside from a prominent set of features near the o
phonon-energy band. A summary of the assigned photo-
luminescence features in Fig. 6 is shown in Table 1. The
calculated spectrum allows us to refine our estimates to
Wy ~ 39% and Wy ~ 22%.

Table II lists the calculated Huang-Rhys S and the
derived W factors, as well as the calculated radiative
lifetime t,9. Comparison of the calculated radiative life-
time with the measured photoluminescence lifetime yields
an estimate of the radiative efficiency n;,q4. A lower limit

j=10

1
1) =1 Y ———exp
o NJjTmo

for the total efficiency of the ZPL transition, 1y, iS then
calculated as the product of 7.4 and the estimated W
factors.

The difference in the experimentally deduced and theo-
retical W factors may arise from the sharp phonon peaks
in the observed photoluminescence spectra, which are not
reproduced by our simulations. These cannot be accounted
for by Huang-Rhys theory, and may be due to an Herzberg-
Teller mechanism [49]. In particular, the very sharp 8
feature marked Xg in Fig. 6 cannot be assigned to a

B Phonon Energy (meV)

- 0 20 40 60 80 100 120 140
Vv, ) "4c, (4C+V), ) ) )
‘ V, 3| |@c+v), 4c,
0
=
3
£
S
§2] 0 50 100 150
g Phonon energy (meV)
O
(@)
0 50 100 150
a Phonon energy (meV)
1280 1330 1380 1430 1480 1530

Wavelength (nm)

FIG. 6. Detail of the phonon sideband, with assignments
extracted from the ab initio defect models. The purple line shows
a fit to the features with energy below 64 meV that are assumed
to originate solely from the o defect. The blue (red) shaded area
is assigned to the « (8) line. The inset shows the fitted & phonon
energy (purple line) compared with the extrapolated and shifted
B features (red line, unscaled; gray line, scaled to equal ZPL
intensity). The lines are smoothed and interpolated for clarity.
The dashed segment is the overlayed 4C, and (4C + V),, portion
of the recorded PSB.
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TABLE I. Summary of the observed photoluminescence features with phonon energy and corresponding absorption wavelengths
according to the defect assignment shown in Fig. 6. The calculated absorption-feature wavelengths are given in the column “Aps
(calc.).”
o phonon Energy (meV) Aabs (calc.) (nm) B phonon Energy (meV) Aabs (calc.) (nm)
Vg 22 1252 Vg 29 1295
4C, 89 1173 PP 45 1275
4C+ V), 98 1163 (4C+V)p 69 1244

4Cg 89 1219

particular oscillatory mode. This feature, however, has a
strong absorption cross section far from resonance (A =
1275 nm) from the 8 ZPL (1334 nm), which will be of
benefit for photon-source applications. Similarly, the 4C,
feature is expected to have a corresponding absorption fea-
ture near 1173 nm, and may even enable state-selective
driving of the defect since the oy and o3 components are
at least partially resolved. As the energy gap is smaller in
the (4) configuration than in the (k) configuration, the non-
radiative lifetime of the (%) configuration can be expected
to be shorter. Its radiative lifetime is also shorter than that
of the (k) configuration. It is conceivable that the more-
delocalized excited wave function is responsible for this
feature. We furthermore note that the use of blue exci-
tation may lead to nonradiative recombination pathways
that are excluded when resonant excitation is used. It
is therefore possible that a photoluminescence-excitation
experiment may reveal longer excited-state lifetimes than
those observed here, yielding higher transition efficiencies.

D. Quantum optical properties

While V in SiC shares some features with the silicon
vacancy in diamond [6,7], there are important differences
beyond the beneficial optical frequency. As shown in
Figs. 7(a) and 7(b), the spin-orbit (SO) splitting for the
hexagonal (k) site is comparable to the silicon-vacancy
SO splitting in diamond, while the cubic (k) site shows
a ground-state SO splitting which is more than ten times
larger [50]. The ground state is seated deeply within the
band gap, enabling strong localization of the electron wave
function. This points to long spin coherence lifetimes,
which have indeed been observed in ensembles [22]. The
o defect at the cubic site is particularly promising for
spin-based applications as its large ground-state splitting
will likely permit longer coherence times at moderate

TABLE II.

cryogenic temperatures. Furthermore, together with the
relatively large nuclear magnetic moment of 'V (S =
7/2, gy = 1.4711y), the strong localization of the elec-
tron wave function enables a significantly larger hyper-
fine coupling frequency (4, = 235 MHz) than the ESR
linewidth [20,51]. The hyperfine octet furthermore offers
a large Hilbert space for quantum-information storage and
manipulation [52,53]. Very recently demonstrated pro-
tocols for nuclear spin control with the silicon-vacancy
color center in diamond indicate that defects of this
type can serve as an interface for long-lived nuclear-spin
qubits [54].

An important application for these defects will be the
interaction with photons, which can be enhanced in a pho-
tonic crystal [55,56] in SiC, or in a Fabry-Perot optical
resonator. In such devices the photon collection can be
strongly enhanced. Furthermore, spin read-out by state-
dependent reflectivity can reach high fidelity and can be
made nondestructive. Silicon carbide membranes have
been shown to retain extremely high strength even for sub-
micrometer thickness [57]. Furthermore, it has been shown
that the SiC surface can be polished to subangstrom rough-
ness [58]. From our measurements we estimate 7y ~
8.9% for the transition efficiency of the « doublet, and thus
we can calculate the cooperativity that can be achieved in
a Fabry-Perot resonator:

€= =" ngltF, (5)

which is proportional to the relation of the optical cross
sections of the emitter o and the beam waist oc. The
factor f; = (Lyac + nsicLsic)/ (Lvac + n&icLsic) accounts
for the modification of the electric field strength in a het-
erogeneous cavity partially filled with SiC with refractive
index nsic and path length Lgic. The refractive index of the

Summary of measured and calculated radiative properties for the (%) and (k) configurations of V** in 4H-SiC. (th.)

and (expt.) indicate calculated and measured values, respectively. TNr, Nrad, and 1y are extracted from the preceding measured and

calculated values.

Site S (th.) W factor (th.) W factor Trad (th.) (ns) Tiot (€Xpt.) (ns) ™R (n8) Nrad (%0) Mot (%0)
k 0.66 0.52 0.39 704 71 =163 212 23 8.9
h 0.79 0.45 0.22 277 T, =43 47 15 33
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FIG. 7. Level structure with tentative assignment from group

theory, simulation, previous work [50], and measurement. (a) «
lines originating from the cubic (k) site. The weak-luminescence
feature at slightly lower energy than the «,, a3 doublet allows us
to estimate the SO splittings as shown (see Fig. 2). Dashed and
straight arrows represent the polarization of the photons parallel
to the c axis (r or z transition) and perpendicular to the ¢ axis (o
or x-y plane), respectively, in the optical transition. (b) S lines
originating from the hexagonal (/) site.

vacuum air is set to 1, and the corresponding path length
is denoted by Ly,.. The term is found by integrating over
the mode volume [59] of the optical cavity, assuming an
antireflection (AR) coating on the inner surface and small
beam expansion. The cavity finesse F' in Eq. (5) is propor-
tional to the photon round-trip number, and hence accounts
for the enhancement due to the optical resonator.

Here or = 3)1%/2m is the ideal optical cross section
of the emitter, while oc = erzc is the cross section of
the cavity mode with the 1/¢* intensity radius we =
VA [La(Re — Lg)]Y* in the paraxial approximation.
Ly = Ly, + Lsic/nsic is the effective path length for the
Gaussian beam, once again under the approximation of
paraxial propagation and a thin SiC layer compared with
the Rayleigh length. The field within the AR coating is
neglected. We choose Ly, = 1.05 um and Lgijc = 0.6 um.
Silicon microcavities provide an ideal platform for this
endeavor given their scalability, supreme surface quality,
and transparency in the telecommunication band [60—62].

The finesse for such a device is given by F = 27 /(T +
liot), Where oy = Ay + T + A, + S, + €, contains all
undesired loss channels, including the absorption losses
in the output mirror 4; and the transmission, scatter-
ing, and absorption of the second mirror 73, A4,, and S,.
The losses in the cavity will most likely be dominated
by scattering at the SiC surfaces, £, ~ (4mnsico/A)> +
2[(nsic — 1)2mo /1), where the two terms give the loss
at the external mirror and at the internal interface, respec-
tively. Assuming a roughness of o = 0.1 nm on both
faces of the SiC membrane, £, = 7.8 ppm. This value
allows us to calculate the achievable cooperativity C and
Purcell factor P = 2C + 1. With current, published val-
ues (169-um radius of curvature, 7y = 7, = 5 ppm, 4| =
Ay =1 ppm, S; =2 ppm [63]), we find an attainable

cooperativity C of 134. This value is promising for opti-
cally interfaced qubit networks [30] since it delivers near-
unity cavity reflection for quantum-state read-out [64],
even when the cavity contrast is maximized (7] — £y,
C = 87). This cooperativity furthermore corresponds to a
significant reduction of the excited-state lifetime to 6.5 ns.
The value is calculated from 1/t = P/tzpL + 1/7Tpse +
1/tnR, Where Tzpp = Traq/ W and tpsg = Tpag/(1 — W). The
Purcell-enhanced relaxation into the cavity on the ZPL
is then given by np = 2C/(2C + 1/n4), while the frac-
tion of these photons that exit the output mirror is
nr = T1/(T1 + Lior).

The peak brightness of such a source is given by max-
imizing 2Cn7 by choosing T — £y, where the excited-
state lifetime is 9.8 ns and the output efficiency (output
probability per excitation) is 47%. Repetition rates on
the order of tens of megahertz are therefore possi-
ble while maintaining good efficiency. The highest out-
put efficiency of the coupled emitter-cavity system is
instead found by maximizing the product np x 57, and
i5 Tmax = (1 — /2%  1)/x, with x = 27 (710/ i) (C/F).
For high efficiency, this simplifies to 1 — /2/x =1 —
(Twe/Nwoth) A/ Lrothsic /31, Which underlines the advantage
of a longer wavelength and the importance of the mode
waist and branching ratio. Optimizing the output trans-
mission for photon-collection efficiency with 7 (opt) =
\/ thot + 4 bt C/F yields an emission probability per
excitation of 70%, while maintaining a comparatively
short excited-state lifetime of 28.5 ns. A further reduc-
tion of the mirror dimensions [65—68] could conceivably
lead to output-efficiency values exceeding 90%. These val-
ues indicate that V in SiC may serve as a fast and highly
efficient cavity-enhanced single-photon source, with per-
formance at or beyond the state of the art [69]. The avail-
ability of spin degrees of freedom furthermore provides a
path toward the generation of entangled photon states for
quantum computation and communication at a wavelength
compatible with silicon photonics and long-haul optical
fiber networks [32,70].

IV. DISCUSSION

The optical properties of the vanadium defects studied
indicate that they are strong candidates for photonic appli-
cations. The recorded spectrum is in agreement with the
literature. However, our ab initio simulations suggest that
the site assignment of the two defects should be reversed:
the « lines originate from the cubic site, while the 8
lines are emitted from the hexagonal site. The fluorescence
decay is remarkably fast for an intrashell 3d transition.

The double-exponential decay recorded in the spectral
region of the 8 line most likely results from the sum of
phonon-assisted « luminescence and a faster optical tran-
sition in the B defect. Taken together, the shorter lifetime
and the lower fluorescence count rate could be caused by
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stronger nonradiative or phonon-assisted decay processes
for the g defect, but the lower count rate could also be due
to a reduced recombination efficiency in the excited state,
since the electron wave function is more strongly localized
at this site.

Future theoretical efforts should be on deepening our
understanding of the spin-orbit structure and of the pos-
sible Herzberg-Teller features in the PSB. Resonant spec-
troscopy will be required to shed further light on the nature
of the decay processes, including nonradiative decay chan-
nels and thermally enhanced decay rates.

Both sites present a rich level structure that will enable
coherent optical manipulation and spin-selective optical
transitions, in turn leading to applications in quantum
communication and computation [30,71—73]. These mech-
anisms can be further enhanced by placing the defects into
optical microcavities, where the long wavelength will be
beneficial in reducing losses due to scattering. Further-
more, the transitions both lie in the transparency window
of silicon, opening the possibility of integration with pho-
tonic, mechanical, and electronic structures in the most-
developed semiconductor platform [61,74]. Furthermore,
the emission lies in the second biological window, and may
therefore be of interest for in vivo bioimaging.

In summary, we study the luminescence of neutral
substitutional vanadium centers in 4H-SiC. Temperature-
and time-dependent measurements allow us to shed light
on previously unassigned features of the spectrum, and
reveal attractive features, including a small inhomoge-
neous linewidth and fast optical transitions. The char-
acteristics of the vanadium centers studied herein are
reminiscent of the molybdenum defect in SiC and the
silicon-vacancy complex in diamond [6,7,12], but at tech-
nologically practical wavelengths in the telecommunica-
tion O band, and favorable spin properties. The centers
therefore merit further examination for applications in
quantum technology.
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