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Evidence for near-infrared photoluminescence of nitrogen vacancy centers in 4 H-SiC
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We present evidence of near-infrared photoluminescence (PL) signature of nitrogen vacancy centers (NcVs;)™
in silicon carbide (SiC). This center exhibits an S = 1 ground state spin similar to the NV~ center in diamond.
We have performed photoluminescence excitation measurements at cryogenic temperature and demonstrated
efficient photoexcitation of distinct photoluminescence from (NcVs;)™ in 4 H-SiC. Furthermore, by correlating
the energies of measured zero phonon lines (ZPLs) with theoretical values derived from hybrid density functional
theory each of the ZPLs has been associated to the respective occupation of hexagonal (/) and quasicubic (k) lattice
sites in close analogy to neutral divacancy centers (V¢ Vs;)? in the same material. Finally, with the appropriate
choice of excitation energy we demonstrated the selective excitation of (N¢Vs;)~™ PL with no contamination by
(Vc V) PL, thereby opening the way towards the optical detection of (N V)~ electron spin resonance.

DOI: 10.1103/PhysRevB.94.060102

Paramagnetic point defects deep in wide band-gap semi-
conductors are of special interest. Well isolated from the
environment, these defects possess remarkable long spin
coherence time and have proven to be potent nanoscale
systems for solid-state quantum information processing and
sensing [1]. Among various optically active point defects the
negatively charged nitrogen vacancy (NV ™) centre in diamond
is a prominent one, exhibiting an optically detectable electron
spin S = 1 magnetic resonance with unrivaled photostability
and high quantum yield at room temperature [2]. These
spin properties have allowed diverse applications such as
entanglement [3], quantum memory [4], nanoscale nuclear
magnetic resonance imaging [5], quantum biosensing [6], and
nanoscale electric field [7], magnetic field [8], and temperature
sensing [9] (for a review, see Ref. [10]). Recently, efforts have
been directed towards the identification and engineering of
similar defects in alternative wide-band-gap semiconductors,
which are optically active in different spectral domains.

Among these materials, silicon carbide (SiC) has attracted
the greatest attention because its growth at controlled n- or
p-doping levels is mastered by semiconductor industry. It
exists in a wealth of different crystal structures with three
main polytypes: 4H, 6H (hexagonal) and 3C (cubic), that
can be grown in a highly reproducible manner. This structural
variety offers a broad range of possible point defects adapted
to the above mentioned applications [11,12], among which are
the carbon antisite-vacancy pair (Cs; V) [13-16], the silicon
monovacancy Vg [11,17-21], and the neutral divacancy
(VeVi)? [12,15,22-24]. Similar to NV~ in diamond, the
electronic ground state of (VcVsi)? in 4H-SiCis a spin triplet
(S = 1) in which magnetic resonance can be optically detected
in near-infrared light of 1.09-1.16 eV (1069-1137 nm),
with an associated zero-field splitting of D ~ 1.3 GHz [23].
Theoretical work has proposed the nitrogen vacancy (N¢Vsi)™
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center in SiC [25,26] as another optically active defect with an
electronic structure strongly resembling that of the divacancies
in silicon carbide [27] and that of NV~ center in diamond.

In the present investigation, we focus on the 4H-SiC
polytype in which there are two nonequivalent lattice sites.
Therefore, the simplest defect forms two different structures
giving rise to different photoluminescence signatures (two
ZPLs) known as V; and V; in the case of the Vg; center
[28]. For the (V¢ Vy;)° divacancy and for the (N¢Vg;)™ center,
the two adjacent defects of the pair not only differ in lattice
sites but also in orientation, organizing either in axial (hh,kk)
or in basal (hk, kh) configuration [22] as displayed in Fig. 1.
Each configuration has its own site specific zero phonon line
(ZPL), which has been labeled PL1-PL4 in previous studies
of (VCVSi)O [23]

Recently, the (N¢Vsi)~ defect has been detected
by electron paramagnetic resonance (EPR) in high energy
proton irradiated and high temperature annealed bulk 4 H-SiC.
(NcVsi)™ EPR signal was observed under thermal equilibrium
as well as under photoexcitation (photo-EPR) [27]. Like
the divacancy, the (N¢Vs)~ ground state is a A triplet
(S = 1) that can be optically polarized with high efficiency.
Moreover, the spin Hamiltonian parameters were measured to
be very close to those of the divacancy. Here we report on the
observation of distinct ZPLs that we associate to (N¢Vs;)™ by
comparison of their energies to ab initio calculations based
on hybrid DFT. These ZPLs are located in the 0.99-1.06 eV
energy range corresponding to 1170-1250 nm wavelength.
This near-infrared spectral region is well adapted to coupling
to a high quality factor photonic crystal microcavity [29] with
lower Rayleigh scattering losses than emitters in the visible
range.

To investigate the photoluminescence (PL) signature of
(N¢Vsi)™ centers in SiC, we used the same sample as the one
investigated by photo-EPR in Ref. [27]. Briefly, this sample
is a 300-um-thick n-type 4H-SiC slab (nitrogen doped at
concentration 2 x 10'7 ¢cm™3) irradiated with high energy
protons at 10'° ¢cm~2 fluence. At 12 MeV, the protons cross
the sample to full extent and introduce defects in both the
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FIG. 1. Orientation of defect pairs (here N¢Vs;) in 4 H-SiC. The
pairs are surrounded by dashed ovals. (a) kk / hh axial pairs. (b) kh / hk
basal pairs. Empty sites are represented by dashed circles. In the case
of divacancies V¢ Vyg;, the neighboring N sites in the ovals become
also empty.

carbon and silicon sublattices, mainly monovacancies and
carbon split interstitials (CC)¢ [27]. To generate (N¢Vsi)™
centers the sample has been subsequently annealed at 900 °C
under vacuum, showing the characteristic nitrogen-related
EPR spectra afterwards . We first investigated the PL intensity
at room temperature at different sample locations, by raster
scanning a laser beam focused onto the sample. We used three
different excitation laser wavelengths (405, 532, and 633 nm),
and a near-infrared-optimized imaging spectrograph equipped
with a liquid-nitrogen cooled InGaAs photodiode array. In
all cases we observed a broad emission spectra, but centered
on 1.23 eV (1012 nm) for 633 nm excitation, and 0.97 eV
(1281 nm) for 405 and 532 nm excitations (see Supplemental
Material [30]). The PL intensity from the sample was
uniform, which is in agreement with the homogeneous proton
irradiation.

We then studied the PL at cryogenic temperatures. The
sample was mounted on the cold finger of a helium-flow
cryostat with optical access and cooled down to about 10 K. We
used a tunable titanium-sapphire laser in a pseudocontinuous
wave mode. The laser was focused onto the sample with a
microscope objective (magnification x32, numerical aperture
0.6), and the PL collected through the same objective was fil-
tered from the remaining pump light by a long-pass filter (cut-
off at 1.165 eV) before being sent to the imaging spectrograph.
Figure 2(a) shows the photoluminescence excitation (PLE)
spectral map obtained when we varied the excitation energy
in the 1.734-1.240 eV (715-1000 nm) range. Figure 2(b)
displays the PL spectra at 1.653 and 1.240 eV excitation
wavelengths. The ZPLs of the divacancies (Ve Vi) labeled
PL1-PL4 and already identified in previous work [23] can
be detected at E.xc = 1.653 eV excitation energy and almost
totally disappear at Ee. = 1.240 eV. For Eq . < 1.653 eV,
distinct ZPLs labeled PLX1-PLX6 appear in the 0.99-1.06 eV
energy range (spectral range 1170-1250 nm) which were not
reported in previous studies. At lower energy, one can identify
the /B lines of substitutional vanadium ions (ng) [31]. We
did not observe the Si vacancy V1/V2 lines, which are expected
in the 1.459-1.348 eV energy range. This confirms the general
finding that Si vacancies are annealed out for temperatures
above 750°C [32].
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FIG. 2. Cryogenic temperature (10 K) PLE of a proton irradiated,
high temperature annealed 4 H-SiC sample. (a) PLE intensity map
taken with 17 meV-increment excitation; broadband background
(from phonon sidebands) was subtracted. The inclined dashed line
is superimposed on the Raman LO line. (b) PL spectra at 1.653 eV
and 1.240 eV excitation energies, indicated by vertical dashed
lines in (a). In addition to the divacancy ZPLs (PL1-PL4), new
ZPLs (PLX1-PLX6) are observed (vanadium-related ZPLs marked
with V*).

In order to associate some of these ZPLs (PLX1-PLX6)
to the previously observed EPR-active (NcVs;)™ defects [27],
we relied on three complementary pieces of information: (i)
the comparison of the relative positions of the PLX1-PLX6
lines to those of (VcVs;)? PL1-PL4 ZPLs; (ii) the variation
of intensity of each ZPL with the excitation wavelength;
and (iii) a DFT total energy calculation of NV center ZPL
energies for the four crystallographic configurations. We have
analyzed and plotted in Fig. 3 PLX1-PLX6 and vanadium V*+
line intensities for excitation energies varying in the 1.734—
1.240 eV range. We observe over the whole spectral range
explored that the intensities of PLX5 and PLX6 superimpose
well like those of the vanadium (V*t) /8 lines. From the
literature we found that PLX5-PLX6 are within ~3 meV
in energy to the two ZPLs of the UD-1 defect (reported at
1.0596 and 1.0586 eV in 4 H-SiC [33]). Since UD-1 appeared
after doping with tungsten, it was related to this impurity in
substitutional position (Wsg;). Although our sample was not
intentionally doped with tungsten, this element could come
from crucibles or furnace components and may have diffused
inside the sample during the annealing process. Therefore, we
are left with the four, still unidentified, PLX1-PLX4 lines.

In Ref. [27] it has been established by photo-EPR measure-
ments and comparative DFT calculations that the electronic
structure of the (NcVs;)™ centers closely resembles that of
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FIG. 3. Intensities of individual ZPLs observed in Fig. 2 by PLE
(10 K) as given by the amplitudes of the Gaussian functions used
to fit each ZPL. Intensities of (a) vanadium defect-related ZPLs and
PLX5/6 ZPL (potentially related to tungsten impurities), (b) distinct
ZPLs which we attribute to NV centers in 4 H-SiC, and (c) divacancy
axial and basal pairs.

the (VcVsi)? centers in 4H-SiC. Hence, in analogy to the
divacancies, four NV-related ZPLs for the four different pair
orientations are expected, providing a possible explanation
for the remaining PLX1-PLX4 lines. Note that this scenario
is also in line with the reappearance of both photo-EPR
and PL signals at excitation energy larger than 2.3 eV
(see Ref. [27] and the Supplemental Material [30]). Indeed,
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following Ref. [27], we propose that this effect is due to
indirect, e.g., hole-assisted, excitation requiring higher energy
excitation, which explains why PL and photo-EPR signals are
weak in the intermediate 1.6-2.1 eV excitation energy range.
The attribution of the PLX1-PLX4 lines to the (N¢V§;) ™ center
is further supported by DFT total energy calculations for the
ZPL transition energies which we have performed with the
QUANTUM ESPRESSO package [34] following exactly the same
approach as in Ref. [27]. To model divacancy and nitrogen
vacancy centers in 4H-SiC, we used supercells of hexagonal
shape containing up to 432 atoms, standard norm conserving
pseudopotentials, and a plane-wave basis with 50 Ry energy
cutoff. First, all defect structures have been fully relaxed for
the 3 A»-like ground states as well as for the * E-like excited
states using shifted 2 x 2 x 2 Monkhorst-Pack k-point sam-
plings and the spin-polarized Perdew-Burke-Ernzerhof (PBE)
functional [35]. In order to obtain accurate transition energies
for the defect states relaxed this way, we performed total energy
calculations with the gap-correcting Heyd-Scuseria-Ernzerhof
(HSE) hybrid functional [36].

The calculated adiabatic transition energies for the
(CE — 3 A»)-like internal transitions and different defect pair
orientations are compiled in Table I. For both the divacancy and
the (N¢Vsi)~ defects, and for each orientation, we obtain good
agreement between calculated and measured energies. The
calculation yield slightly underestimated splittings between
the ZPL originating from the two basal pairs hk and kh.
Furthermore, the quasidegeneracies of the “axial” ZPL lines
are less pronounced in the calculation. We attribute these
discrepancies to uncertainties in the calculation, e.g., still not
perfectly converging results with cell size.

Considering all observations and arguments together, we
have converging evidence supporting the attribution of the
axial (hh and kk) pairs to PLX1/PLX2 (0.998-0.999 eV)
double peak, and the basal hk and kh configurations to PLX3
(1.014 eV) and PLX4 (1.051 eV), respectively. Following
this assignment, the energy order of the PL associated to the
different configurations appears identical to the one currently
accepted for the divacancy (VeVsi)? ZPLs [23], and displayed
as PL1-PL4 in Fig. 4. This analogy is in agreement with
very similar EPR signatures resulting from nearly identical
magnetization densities, as previously established in Ref. [27]
and illustrated again in Figs. 4(a) and 4(c). This analogy
is also found in the charge transfer associated with the
ZPL emission as shown in Fig. 5. In a one-particle picture
the *E — 3 A, transition of the axial pairs is related to an

TABLEI Comparison between experimental ZPL energies for the divacancies and the NV~ pair (axial hh/ kk and basal hk / kh orientations)
in 4H-SiC with transition energies calculated within DFT using the HSEO06 hybrid functional. Former experimental data for the divacancies

from Ref. [23] are also given.

Divacancy (V¢ Vs;)° NV pair (Nc V)~
Defect DFT Expt. Expt. [23] DFT Expt.
orientation €eV) (eV) (ZPL) (eV) (eV) (eV) (ZPL)
kk 1.05 1.095 (PL1) 1.09 0.97 0.998 (PLX1)
hh 1.06 1.095 (PL2) 1.10 0.99 0.999 (PLX2)
hk 1.08 1.119 (PL3) 1.12 1.00 1.014 (PLX3)
kh 1.10 1.150 (PL4) 1.15 1.02 1.051 (PLX4)
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FIG. 4. ZPL assignment to axial and basal configurations of
(NcVsi)™ and analogy with the divacancy (VcVg)°. (a),(c) DFT-
calculated magnetization densities for the axial (hh) divacancy and
NV~ center, respectively (view along the hexagonal ¢ axis) [27],
showing strong similarity. (b) Divacancy PL.1-PL4 association to the
different configurations, as already established [23] (1.409 eV excita-
tion). (d) Zoom on Fig. 2(b) PL spectra (PLX1-PLX4 lines) excited
at 1.240 eV and tentatively associated to (NcVs;)~ configurations
(based on the DFT-calculated transition energies; see Table I).
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FIG. 5. Charge transfer associated with the 3£ — 3 A, transition
of the axial N¢ Vg; pairs (C3, symmetry). (a) Optical excitation (green
arrow), PL (red), and ZPL (dashed, orange arrow) processes. (b)
One-particle schematics: from the e-like highest energy occupied
molecular orbital of the * E excited state a spin-down electron goes
back into the a;-like hole (ground state configuration), giving rise to
the ZPL emission. VB/CB: valence/conduction band. (c), (d) Spatial
distribution of the e-like and a;-like orbitals for the axial (hh) pair.
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internal transition within the spin-down channel, whereby
an electron from the e-like level falls back into the a;-like
level. Figures 5(c) and 5(d) show the DFT calculated density
distributions of the corresponding orbitals. Besides the small
p-like contribution to the a; orbital at the N site, the charge
transfer is predominantly reflected in symmetry: whereas
the a;-like orbital provides a nearly rotationally symmetric
distribution, the excited e orbital consists of three dangling
bonds, well separated by three nodal planes. For both sets of
pairs, N¢Vs; centers as well as V¢ Vg; divacancies, the ZPL
energies of the basal configurations are calculated to be slightly
higher than the axial ones. This can be rationalized by the lower
C1;, symmetry of the basal pairs. As a consequence, in the case
of the axial pairs each of the twofold degenerate e orbitals [see
Fig. 5(b)] splits into nondegenerate a’ and a” levels, both
slightly more distant from the a; level, but predominantly
localized at one and two carbon dangling bonds, respectively.
This splitting opens two different excitation channels separated
by about 50 meV. However, we use a nonresonant excitation
which is followed by nonradiative relaxation into the lower
energy excited state (with occupied a” level), eventually
leading to a single ZPL observed in emission for each pair.

Finally, we compared the PLE intensities of divacancy and
NV centers. Figure 3(c) shows the intensity of PL1-PL4
ZPLs for the divacancy. We observe that they follow the
same trend with increasing energy as expected from a given
defect, and that there exists an optimal excitation energy at
1.409 eV [corresponding PL spectrum shown in Fig. 4(a)].
Moreover, the PL signal is significantly reduced at 1.240 eV.
In comparison, (N¢Vs;i)™ center-attributed lines PLX1-PLX4
intensities continuously increase in the excitation wavelength
range explored. Moreover, these PLE measurements indicate
that at 1.240 eV excitation energy we selectively suppress
the underlying divacancy PL. This finding provides crucial
leverage for optical detection of the magnetic resonance of the
(N¢Vsi)™ in SiC, which has been so far challenging due to the
overlap of NV ZPLs with divacancy phonon sidebands.

To conclude, cryogenic PLE spectroscopy on intentionally
nitrogen-doped and proton irradiated 4H-SiC samples
revealed the presence of a series of six distinct ZPLs in the
energy range between 0.99 and 1.06 eV, in addition to the
known four ZPLs of the (VcVg;)? divacancy (PL1-PL4).
Based on the comparison between PLE data and DFT
calculations we were able to attribute four of these ZPLs
(PLX1-PLX4) to different site orientations of the (NcVs;)™
defect pair. Moreover, the largest (NcVs;)~™ ZPL intensity
was observed at the smallest excitation energy of the tunable
laser. At this 1.24 eV energy the divacancy emission is
almost suppressed and therefore does not contribute to
nitrogen-vacancy PL background. These results constitute a
crucial step towards the optical detection and manipulation
of the ground state electron spin of the (N¢Vs;)™ center in
4H-SiC. The technologically mature SiC material should
facilitate similar applications as those of NV~ in diamond.
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