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S
ilicon carbide (SiC) is a group IV wide
band gap semiconductor with out-
standing physical properties for elec-

tronic and mechanical applications.1 SiC
exists in many polytypes, with 3C being
the most popular for electronics due to
the ability to grow it epitaxially on a silicon
substrate.1 Here, 3C refers to its cubic crystal
structure that may be built from a hexago-
nal lattice in the basal plane, and three Si�C
bilayers of this hexagonal lattice can be
placed in face-centered cubic arrangement
along the (0001) direction in the hexagonal
lattice nomenclature, which corresponds to
the (111) direction in a cubic lattice (see
Figure 1a,b). Si�C bilayers can be grown
with hexagonal close-packed inclusions too,
in an ordered fashion, resulting in other
polytypes. The most studied polytypes are
4H and 6H hexagonal polytypes with large
bandgapsof 3.2 and2.9 eV, respectively, com-
pared with the 2.4 eV bandgap of 3C poly-
type. The point defects and luminescence

centers have been well characterized in the
hexagonal polytypes that are presently em-
ployed in high-power electronics. In contrast,
much less is known about the 3C polytype
in this respect. Because of the indirect band
gap, bulk SiC polytypes were once regarded
as having “weak” emission properties, even
though the first light emitting diodes (LED)
were based on this material. Quantum con-
finement effects and the formation of a direct
bandgap in SiC quantum dot nanoparticles
have led to enhanced photoluminescence2,3

where visible emission came from the 3C
polytype. This has stimulated intensive stud-
ies on their synthesis and the identification
of promising applications in electronics,
LEDs and biomedical applications such as
drug delivery and bioimaging.2�5 However,
the peak emission wavelengths of the 3C-SiC
QDs are in the UV-green spectral region
(typically between 380 to 550 nm),6�9 which
is not ideal for biomedical applications due
to the overlap with the cell autofluorescence.
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ABSTRACT The photoluminescence (PL) arising from silicon carbide nanoparti-

cles has so far been associated with the quantum confinement effect or to radiative

transitions between electronically active surface states. In this work we show that

cubic phase silicon carbide nanoparticles with diameters in the range 45�500 nm can

host other point defects responsible for photoinduced intrabandgap PL. We demon-

strate that these nanoparticles exhibit single photon emission at room temperature

with record saturation count rates of 7� 106 counts/s. The realization of nonclassical

emission from SiC nanoparticles extends their potential use from fluorescence biomarker

beads to optically active quantum elements for next generation quantum sensing and

nanophotonics. The single photon emission is related to single isolated SiC defects that give rise to states within the bandgap.
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Recently, very bright photoluminescence (PL) in
ultrapure bulk 4H-SiC has been discovered and identi-
fied with an intrinsic defect known as the carbon-
antisite vacancy pair.10 This isolated single point defect
yields the signature of single photon emission. This
result together with progress in the nanofabrication of
these materials11,12 are stimulating further studies on
intrinsic defects in their nanostructured counterparts
and in different polytypes. Moreover, several SiC de-
fects have shown the possibility of coherent optical
spin control, such as the Si-vacancy in hexagonal SiC
polytypes13 and divacancy.14,15 These defects and
other extrinsic defects based on the incorporation of
vanadium, molybdenum, and tungsten can be theore-
tically stable in few nanometers size 3C-SiC quantum
dots.6

In this paper, we study single photon emitters in
3C-SiC. This is the first demonstration of such emitters
in this polytype. SiC polytypism poses both challenges
and major advantages in terms of defect deployment
and the study of quantum systems. For the application
of SiC in quantum technologies, it is of paramount
importance to determine the physical properties of
potentially interesting defects in all technologically
advanced polytypes.14 In this paper we demonstrate
that 3C-SiC nanoparticles can host single quantum
systems based on deep defects, opening new avenues
for 3C-SiC in quantum technologies in addition to
quantum nanophotonics. We attribute the defect re-
sponsible for the single photon emission to a carbon
antisite vacancy pair, which exhibits a completely
different PL recombination mechanism compared to
its 4H counterpart.10 This identification sheds light on
an as yet poorly understood deep photoluminescent

defect in the 3C polytype. Finally, because of the
well-established methods to produce SiC QDs and
the predicted stability of many deep defects within
SiC materials of this size,6 our work further suggests
extensions to applications in bioimaging.

RESULTS AND DISCUSSION

Atomic Force and Confocal Microscopy Nanoparticles Char-
acterization. Here we report the first observation of
room temperature single photon emission from SiC
nanoparticles (NPs). Two sources of SiC nanoparticles
are examined: commercial 3C-SiC nanopowders sus-
pended in ethanol and large (50�500 nm) SiC nano-
crystals (see Supporting Information) that we have
synthesized and suspended in Milli-Q both subse-
quently dried on a glass coverslip. Room temperature
confocal microscopy combined with atomic force mi-
croscope (AFM), low temperature Raman spectroscopy
and cathodo-luminescence were used to characterize
the nanoparticles. A schematic of the single photon
characterization setup is shown in Figure 1c. CW lasers
pump at 532 and 660 nm were used to excite the
samples. Further details are provided in the Methods.

The red fluorescence emission from the NPs was
sent to a spectrometer or to a Hanbury-Brown and
Twiss interferometer to measure the second order
correlation function g(2)(τ). In Figure 2e, a characteristic
g(2)(τ) of the commercial untreated NPs is shown, with
g(2)(0) < 0.5 indicating single photon emission.

We now discuss the characteristics of the single
photon emission in 3C-SiC in the two different types of
nanoparticles as well as the impact of the nanoparticle
synthesis method indicating that the source of single
emitter is a common defect. Figure 2(a,b) shows a
confocal map and an AFM map of the same area
of as-received commercial 3C-SiC NPs suspended in
ethanol and dried onto a coverslip. The confocal map
shows strong fluorescence. We observed isolated
stable PL from NPs with diameters of around 150 nm
(as shown in Figure 2c) even from as-receivedmaterial.
The as-received NPs were also electron irradiated (see
Methods) to create vacancies and their PL properties
were compared with the as-received material.

The peak of the broad-band room temperature
emission was fitted with the convolution of three
Gaussian curves indicating the presence of a peak
centered at 650 nm (see Figure 2a), here associated
with apreviously observed visible line inbulk 3C-SiC (see
Supporting Information). Because of the unresolved
spectral features, filtering is challenging, as evident in
the background PL of the g(2)(τ) curves. The peak
position of the total PL line-shape arising from the
nonirradiated NPs varies from 673 to 721 nm (see
Supporting Information). Irradiation induces a broad-
ening and a red shift of this peak, which is likely
associated with the introduction of an amorphous
fraction of the nanocrystallites, as shown by Raman

Figure 1. Stacking sequence of the 3C-SiC atoms with (a)
(101) and (b) (111) projections constructed by starting and
ending with the carbon atoms in bilayer A and bilayer C,
respectively. (c) A confocal microscope is aligned with an
atomic force microscope for the simultaneous imaging of
3C-SiC nanoparticles dried on a cover glass. Emitted light is
directed either to a spectrometer or a Hanbury-Brown and
Twiss interferometer.
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spectroscopy (see Supporting Information), which spec-
trally overlaps with the observed defect and responsible
for photobleaching.

A comparison with the single photon emission
reported from bulk 4H-SiC PL,10 is also shown in
Figure 2d, indicating that the observed emission from
3C-SiC NPs is similar, but slightly red-shifted compared
to the defect observed in bulk 4H-SiC. Presently, there
is no reference in the literature to the carbon-antisite
vacancy pair in irradiated bulk 3C-SiC.16,17

Figure 2e shows the photon correlation function
g(2)(τ) indicating single photon emission (g(2)(0) < 0.5)
in as-received (i) and irradiated samples (ii). The irra-
diated NPs were not annealed. The single photon
emission was very rarely observed in irradiated sam-
ples where instead g(2)(0) g 0.5 (ii), indicating multiple
defects and higher background.

The as-received nanoparticles under confocal in-
spection show photobleaching due to amorphous
material and the single emitter life was typically short
(a few minutes). To improve the photostability, we
performed air oxidation in a furnace at atmospheric

pressure on deposited NPs on a cover-glass for up to
3 h at 550 �C to remove amorphous material from the
surface. A remarkable increase in the photostability of
the single NP was observed and allowed us to achieve
a uniform distribution of isolated NPs on a cover-glass,
as shown in Figure 3(a,b,c), with less evidence of
agglomeration. The irradiated commercial NPs were
also studied after oxidation showing an enhanced
PL emission. Figure 3 compares confocal maps of (a)
commercial nonirradiated NPs, (b) noncommercial18

50�500 nm acid cleaned NPs, and (c) commercial
irradiated NPs. All the NPs have undergone the same
air oxidation process. In the Supporting Informationwe
show the time traces of exemplary emitters in as-
received material and oxidized material. The oxidation
process extends the life of the emitters, while emitters
in the as-received material are very short-lived and in
most cases photobleach.

In Figure 3d the effect of oxidation for 3 h at 550 �C
is shown for the PL of single emitters in (i) commercial
NPs, (ii) a single emitter in 200 nm 3C noncommercial
acid cleaned NPs, and (iii) commercial irradiated NPs.

Figure 2. (a) Confocal and (b) AFM 45 � 45 μm2 images of the same sample area corresponding to as-received SiC NPs
dispersed in ethanol before annealing. The confocal image indicates aggregation up to 800 nm. (c) 3D profile of the AFM
image and confocal PL image showing the NP around 150 nm in height associated with single photon emission in (e) (i). (d)
Typical single photon emitter PL from irradiated (ii) and as-received (i) NPs. Multipeaks Gaussian convolution fits indicate the
presence of three main emission peaks. The arrow indicates the presence of a peak at 645�650 nm, here correlated to a
similar spectral emission in the bulk material. A dominant peak at 750 nm is present. (iii) PL from a carbon antisite vacancy
pairs10 observed in 4H-SiC is shown at the same 532 nm excitation wavelength, fitted only with two Gaussian profiles. (e)
Second order photon autocorrelation of the NP from the confocal-AFM scan (a,b,c) and PL (i) and of two emitters observed in
the irradiated sample (ii) (confocal and AFM not shown). The upper plot was shifted up for clarity. Note that the data are not
corrected for the background.
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The oxidation causes the general PL line-shape to shift
to lower wavelengths resulting in peak positions to be
centered around 650 nm independent of the NP type,
(see Supporting Information for further details). These
line shapes also become narrower and typically only
require two Gaussian curves to fit the spectra, a domi-
nant peak at 650 nm and a second one 750�800 nm.
Blue-shifted PL were also observed after the oxidation
of SiC quantum dots.19

Single Photon Dynamics of the Defect. We fully charac-
terized the single emitters in 3C NPs in terms of the
emission count rate. From the photon autocorrelation
function we determined the existence of a shelving
state. We excited several single emitters at different
optical powers to determine the saturation curve given
by Φ = Φ¥Popt/(Psat þ Popt).

After oxidation, single NPs exhibited count rates
of up to 2.5 � 106 counts/s at 0.5 mW incident optical
power. For this particular center the saturation count
rate and optical saturation power are Φ¥ =7 � 106

counts/s and Psat =0.9 mW, respectively. This is ob-
tained from fitting the data in Figure 4a. This is 1 order
of magnitude higher than in bulk 4H-SiC,10 as might
be expected due to the improved photon collection
of emission from NPs, where the high refractive index
material interface induces internal reflection.20 We
studied the excitation power dependence of the
photon correlation function of single defects to deduce
the decay rates from the excited state to the metast-
able state and back to the ground state. As an example
Figure 4(b) shows the antibunching behavior of the

center with PL shown in Figure 3d(i), for two excitation
powers at 532nm. Because of thepresenceof a photon-
bunching effect (higher correlation at longer delay
times), each curve was fit with a three-level system
model, where the second-order correlation function is
expressed as the sum of two exponentials,

g(2)(τ) ¼ c � ae�τ=τ1 þ be�τ=τ2 (1)

with τ1 and τ2 being free parameters and related to
the transition rates, rij, from level (i) to level (j) by the
following equations: 1/τ1 = r12 þ r21, 1/τ2 = r31 þ
r23r12τ1.

21 Photon-bunching at longer delay times in
singlemolecules,22 color centers in diamond23 and bulk
silicon carbide10 has been associatedwith the presence
of a long-livedmetastable state. By fitting the g(2)(τ), the
time constant τ1,2 are obtained at different excitation
powers. We used a linear fitting of τ1,2

�1 plotted versus

the optical power. We extrapolate the spontaneous
emission lifetimeof theexcited statedecay to theground
state at zero incident power, τ1

0 = 2.04 ( 0.08 ns. This
term accounts for both radiative and nonradiative
decay of higher energy states to the excited state due
to the nonresonant excitation. This particular single
emissionwas observed in an oxidized sample. The same
linear fitting of τ2

�1 provides the lifetime of the non-
radiative emission of the excited state to the ground
state via the metastable state shelving, this lifetime is
estimated to be 775 ( 162 ns (Figure 4c), albeit with a
20% associated uncertainty. The residual high uncer-
tainty in the metastable dynamics can be due to some
instrumental artifact in the presence of the high count

Figure 3. 100� 100 μm2 confocal scan of the same concentration 1mg/5mL of SiC NP after a 3 h oxidation at 550 �C for (a) as-
received commercial NPs, (b) acid cleaned,18 (c) commercial irradiated NPs at 1� 1017 e/cm2. (d) PL of single emitters after the
3 h oxidation at 550 �C for (i) as-received commercial NPs, (ii) acid cleaned, (iii) commercial irradiated NPs at 1� 1017 e/cm2.
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rate or to somenoise in thedata due to fastblinkingover
the same time scale.

The estimated typical spontaneous emission life-
time of the as-received NPs single photon emission
without undergoing oxidation is (3.3( 0.2) ns, indicat-
ing that oxidation could introduce nonradiative chan-
nels on the excited state decay. The irradiated NPs
without annealing show a shorter lifetime of ∼0.8 ns,
possibly indicating the presence of surface quenching
effects introduced by irradiation. An increased lifetime
of up to (5.3 ( 0.2) ns was observed in oxidized and
acid cleaned samples, but more statistics correlating
size effects of the nanoparticles with the lifetime
distribution are needed to fully determine the origin
of this variation and is beyond the scope of the present
work.24 An example of photon-correlation from differ-
ent types of nanoparticles at 100 μW excitation power
is shown in the Supporting Information. In Table 1 a
summary of the measured lifetimes is provided.

We measured the PL polarization by changing
the excitation laser polarization and the PL emission
polarization at a fixed excitation laser polarization
(Figure 4d). The PL of single emitters is partially polar-
ized in excitation and emission indicating the presence
of more than one dipole. The degree of the polariza-
tions are Imin/Imax = 0.27, 0.56 for the emission and
excitation, respectively. For a unique determination
of the dipole orientation in the laboratory reference
frame, radial polarization should be used; however,
from the linear polarization we can estimate the angles
between the combined dipoles orthogonal axis and

the optic axis of the experimental setup to be θ =
cos�1((Imin)/(Imax))

1/2 = (58 ( 1)�, (41 ( 1.5)� for emis-
sion and excitation, respectively. For the azimuthal
angle of the dipoles orthogonal axis orientation
the linear polarization is ambiguous to 180� rotation;
however, from the minimum of the PL we deduce that
φ = 144 ( 1�, 155 ( 1� for emission and excitation.

Investigation of the Defect Origin via Cathode-Luminescence
and Ensemble Spectroscopy. We now discuss the origin of
the observed single photon emission in the NPs in
relation to previous PL studies on deep defects in
3C-SiC.25,26 The complete identification of this defect
is complicated by the presence of surface states on the
NPs. Moreover, no evidence of this sub-bandgap PL
emission in NPs is reported in the literature. Since our
3C NPs are large, quantum confinement effect due to
size do not occur and the PL should be comparable to
the bulk counterpart. Studies of background defects in
3C-SiC have been conducted on epitaxial layers grown
on silicon substrates.27,28 PL in 3C-SiC films epitaxially

TABLE 1. Comparison of the Lifetime of the Excited and

Metastable State of Single Defects for Different Nano-

particles Treatment at 100 μW Excitation Powera

material τ1 (ns) τ2 (ns)

oxidized 2.1 ( 0.1 283 ( 85
as-received 3.3 ( 0.2 309 ( 62
oxidized and acid cleaned 5.3 ( 0.2 305 ( 60

a As expected, only the excited state should be affected by the NPs treatment
process.

Figure 4. (a) Saturation curvewith 2.5� 106 counts/s at 500μW, and a saturation count rate of 7� 106 counts/s at a saturation
excitation pump of 800 μW. (b) Second order background uncorrected photon autocorrelation at 50 and 500 μW excitation
power indicating the presence of a third-level metastable state. (c) Estimation of the spontaneous emission lifetime of the
excited state and of the nonradiative emission via themetastable state obtained from a linear fitting of τ1,2

�1 parameters and
by its zero optical power intersection. (d) Single defect PL emission polarization (bottom curve in red) at fixed excitation laser
polarization and PL obtained by varying the excitation beam polarization (upper curve in black).
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grown on Si substrates was previously reported.25,28

PL lines induced by irradiationwere observedmainly in
the photon energy range below 2.0 eV. A common PL
line at 628 nm (1.973 eV) has been found in 3C-SiC and
is associated with the DI center, common in all poly-
types, found in irradiated and in as-grown material.
This defect has ahigh thermal stability (to above1400K),
and its luminescence has been associated with the
transition from the conduction band edge to a defect
level lying ∼0.3 eV above the valence band edge
introduced by the silicon antisite.29,30 A dominant PL
line (ZPL) at 648 nm (1.913 eV), the so-called E center,
has been observed in 3C-SiC irradiated with electrons.25

This E-center has been attributed to silicon vacancies.
However, PL associated with silicon vacancies in 4H
and 6H-SiC polytypes occurs in the near-IR throwing
doubt on this assignment.31 In fact, a radiation-induced
PLbandwith a zero-phonon line at 1106nm (1.121 eV)32

has been observed in bulk 3C-SiC and also related to
a silicon vacancy. We consider the assignment of the
E-line with a particular defect in more detail in the next
section.

The single photon emission observed here can be
associated with the E-line found in the bulk material.
However, since we observed the PL in NPs, we should
exclude the possibility that this emission is associated
with the recombination at defects residing at the
interface between SiC and the native surface oxide
or even associated with the oxide itself, as type I
quantum well PL was observed in 3C core�shell
nanowires.33 To study this possibility we performed
cathodo-luminescence (CL) measurements at room

and low temperatures on the irradiated and unirra-
diated samples, as described in the Methods. In
Figure 5(a,b) we show the CL spectra of irradiated
and nonirradiated NPs at various temperatures fit by
multiple Gaussian profiles. Two prominent peaks are
present. The first corresponds to above bandgap en-
ergy 415�434 nm (2.86�2.99 eV) where the bandgap
of bulk 3C-SiC is 2.39 eV corresponding to a wave-
length of 519 nm. This peak could be associated with
the presence of oxide defects or nanometric inclusions
of other polytypes such as 6H, the latter very unlikely
as X-ray diffraction data did not show any sign of
polytype inclusions either in the as-received or in the
synthesized samples. The second peak at 645 nm is
associated with a SiC defect, and is likely responsible
for the single photon emission. This peak is more
evident in the irradiated sample. For example, the CL
intensity of the 645 nm emission at �135 �C is en-
hanced by more than 50% with respect to the same
peak in the unirradiated sample. Moreover, the CL
intensity at 645 nm tends to increase at lower tem-
peratures. The observation of the dominant peak at
645 nm in irradiated NPs CL, suggests its correlation
with the E-line, also observed in irradiated bulk
3C-SiC27 using CL. Our CL also indicates the presence
of silicon oxide defects in our irradiated and nonirra-
diated NPs, as oxide-related defect PL has been found
previously using CL at 2.55 and 2.85 eV.33 Figure 5c
shows there is some dependence of the 645 nm emis-
sion with temperature (at room temperature the peak
is red-shifted), while we observed an intensity reduc-
tion of the CL for the red emission line at lower

Figure 5. CL spectra at different temperatures of the (a) irradiated and (b) nonirradiated NPs at an acceleration of 2 kV and a
current of 74nA. The spectra show twoor threedominantpeaks, thepeak at 645nm indicatedwith (*) corresponds to thehere
studied single photondefect emission. (c) Dominant peak and the defect of interest peak versus the temperature. The band-to
band energy of 3C and 6H polytype are shown as well as the energy region where SiO2-related CL peaks are expected. (d)
Ensemble PL at 80 K of 3C-SiC as-received and irradiated NPs compared to irradiated 3C bulk SiC. * indicates a ZPL attributed
to 648 nm E-line.25
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temperatures. We found similar properties for the
carbon antisite-vacancy complex in bulk 4H-SiC.10

Therefore, the oxide is not believed to be responsible
for this defect since the oxide CL peaks are at shorter
wavelengths. In addition, the oxidation process is
believed to improve the photostability of the defects
by possibly trapping charge carriers similarly to core�
shell quantum dots.

To fully correlate the observed single photon
emission in NPs to the E-line defect and to determine
the effectiveness of the irradiation on the NPs, we
performed ensemble spectroscopy measurement at
room and at 80 K on electron damaged bulk 3C
material and NPs. Both DI and E lines were produced
in the bulk 3C-SiC sample (see Supporting Information).
Figure 5d shows the PL in untreated and irradiated NPs
at 80 K, compared to the irradiated PL in our bulk
material. The PL observed in the untreated NPs at 80K
shows the presence of sharp ZPLs at 648 nm (E-line).
The irradiated NPs present some spectral structure
indicating the possible presence of ZPLs at 80K.

From this study we conclude that the single defect
observed is an intrabandgap defect in 3C-SiC corre-
lated to the E-line (centered at 644�645 nm) as clearly
observed from PL and CL of as-received and enhanced
by electron irradiation. In light of the disagreements in
the literature as to the origin of the E-line in 3C-SiC, we
use advanced modeling of various candidate defects
in the next section to identify the responsible defect.

Defect Density Functional Theory Modeling. To identify
the E-line in 3C-SiC, we performed spin-polarized
density functional theory (DFT) plane wave supercell
calculations to confirm the origin of the E-line PL. The
details about the methodology are described in the
Methods. We considered two candidate defects: the
isolated Si-vacancy (due to the previous assignment)
and its counterpart,17 the carbon antisite-vacancy pair
in bulk 3C-SiC (this can be conceptually formed by
moving an adjacent C atom into the Si vacancy). The
Si-vacancy has Td symmetry in 3C-SiC where the defect
introduces a fully occupied a1 level and a partially
occupied t2 triple degenerate level in the bandgap.
The a1 level is only visible in the bandgap in the spin
minority channel. In the neutral charge state the t2 level
is occupied by two electrons while it is occupied by
three electrons in its negative charge state. The spin
state of the defect was previously discussed in the
literature.34,35 Here we applied S = 1 spin state for the
neutral charge state, which may cause about 0.1 eV
inaccuracy in its total energy. A doubly negative charge
state may be possible if the t2 level is occupied by
four electrons (S = 1). Accordingly, the calculated
acceptor (0|�) and (�|2�) charge transition levels are
at EV þ1.5 eV and EV þ2.2 eV, respectively, where EV
is the valence band maximum. We also calculated
the excitation energy of the single negatively charged
Si-vacancy where the excited state was formed by

promoting an electron either from the a1 level or the
valence band edge to the t2 level in the spin minority
channel. The latter process has lower energy at 2.2 eV
which basically agrees with the calculated (�|2�)
charge transition level. This is about 0.3 eV larger than
the measured ZPL energy of the E-line at ∼1.913 eV
(or 648 nm) that is outside the expected uncertainty of
the applied methodology (see Methods). The carbon
antisite-vacancy pair has C3v symmetry in 3C-SiC lattice
(see Figure 6b). Because of the relatively small bandgap
of 3C-SiC, the double positive charge state and the
single positive charge state of the defect play a role.
The neutral charge state is only marginally stable in
highly n-type doped 3C-SiC. In the (2þ) charge state
the a1 level localized on the dangling bond of the
carbon antisite is empty while it is singly occupied in
(þ) charge state. The calculated (2þ|þ) charge transi-
tion level is at 1.95 eV which is very close to the ZPL
energy of the E-line. Thus, the PL signal can be under-
stood as the recombination of the singly occupied a1
defect level and the hole in the valence band edge (see
Figure 6a). Indeed, the carbon antisite-vacancy pair has
a (2þ) charge state under typical measurement condi-
tions according to our calculations, and the electron
from the valence band edge can be excited to the
empty a1 defect level of the defect. We note that this is
a distinct process than the one proposed for the case of
the single photon sources observed in 4H-SiC10 which
may be understood by the large bandgap difference
between the host 3C-SiC (2.4 eV) and 4H-SiC (3.2 eV).

Figure 6. (a) Schematic diagram about the a1 defect level in
the bandgap introducedby the carbon antisite-vacancy pair
in its double positive charge state. After exciting an electron
from the valence band edge to the defect level, the recom-
bination of the electron occupying this a1 defect level and
the hole left in the valence band edge is responsible for
the PL of the single photon emission. (b) Cartoon of the
carbon antisite-vacancy pair defect in 3C-SiC. The defect
state is localized on the carbon antisite part of the defect,
which is close to a sp2 orbital (orange lobe) pointing along
the CSi�VC axis parallel to the (111) direction of the lattice
with exhibiting C3v symmetry. The CSi atom relaxes strongly
outward from its lattice site and forms almost a planar
configuration with the three nearest neighbor carbon
atoms.
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CONCLUSIONS

In summary, our study shows for the first time that
3C-SiC nanoparticles can host defects yielding single
photon emission. We observed this single photon
emission in commercial and noncommercial SiC NDs,
without and with electron irradiation. We observed an
enhanced PL from irradiated samples and the occur-
rence of more than one defect in irradiated NPs as per
single photon correlation measurements. CL measure-
ments revealed an enhanced intensity of the corre-
sponding defect peak in the irradiated sample. Upon
annealing in air at 550 �C we observed an increased
photostability in the as-received commercial and acid
cleaned in-house synthesized NPs. The sub-bandgap
emission in conjunction with the CL data indicate that
the single photon PL is a deep defect in SiC correlated
to previously observed emission in bulk 3C-SiC known
as the E-line. Its observation in SiC NPs produced
with different synthesis types indicates that it is a
common defect. From irradiated bulk 3C-SiC material
PLmeasurements, a room temperature broad emission

centered at 750 nm is observed with a ZPL at 648 nm
becoming apparent at low temperatures. Because of
the conflicting assignments of this defect in the litera-
ture, we performed modeling of both the silicon
vacancy and carbon-antisite vacancy pair. Our ab initio
simulation indicates that the defect associatedwith the
E-line is the carbon-antisite vacancy pair, which exhibits
a completely different recombination mechanism from
its 4H counterpart. The observed brightness and easy
availability in this material of stable, very bright single
defects constitute a relevant advance in the observa-
tion of single photon emitters in wide-bandgap semi-
conductorNPs, with thepossibility of incorporation into
SiC QDs. In addition, this work signifies the first ob-
servation of a single defect in 3C-SiC, which is presently
a relevant polytype for the fabrication of photonics
crystal cavities and high-Q optical microdisks.36�38 The
integration of the described single defects into these
photonic devices and other hybrid systems39 may also
be a promising way to realize a range of future devices
with quantum functionalities.

METHODS
SiC faceted spherical nanoparticles with an average particle

size of 45�55 nm and purchased from Nanostructured &
Amorphous Materials, Inc., were synthesized by plasma CVD
andmay have up to a 15% amorphous content. Other larger SiC
NPs were synthesized from Silicon (Across, 365 mesh) and
graphite powder according to the procedure described in
ref 18. The latter were suspended in water and treated using
a mixture of hydrofluoric acid (HF) and nitric acid (HNO3) at
elevated temperature. Some of the commercial NPs were also
irradiated with 2 MeV electrons to a fluence of 1 � 1017 e/cm2.
The samples were held at temperatures below 80 �C during
irradiation in a nitrogen ambient. After irradiation, no anneal
was performed. The nanoparticles were mixed with pure etha-
nol in a concentration of 1 mg/5 mL, sonicated for 20 min and
drop-dry on plasma etched cover-glass. The larger nanoparti-
cles dispersed in Milli-Q were spin coated on a clean cover glass
to achieve a homogeneous distribution of well dispersed NPs.
Similar irradiation procedures were used to create the defects in
bulk 3C-SiC epilayers.
The sample image was simultaneously measured with a

confocal scanning fluorescence microscope (100� oil immer-
sion objective lens, NA 1.4), excited with a 532 nm CW diode
pumped solid-state laser, and a commercial atomic forcemicro-
scope (AFM). A spectrometer with a cooled CCD was used to
record the photoluminescence (PL) and a Hanbury-Brown and
Twiss (HBT) interferometer with single-photon-sensitive ava-
lanche photodiodes was used to measure the photon statistics.
Photon counting and correlation were carried out using a time-
correlated single photon-counting (TCSPC) module. Another
confocal systemwas usedwithmultiple excitationwavelengths.
The PL from NPs was collected using a sharp edge high optical
density and low fluorescence Semrock long pass filter, without
the use of any additional bandpass filter, allowing themaximum
photon transmission.
A Renishaw InVia Micro-Raman Spectrometer equipped with

a Linkam stage for temperature control was used for the
ensemble PL measurements. A 532 nm laser was directed
through a 20� long working distance objective with a 0.4 NA
onto the sample. The laser power at the sample was approxi-
mately 0.5 mW.

Cathodo-luminescence measurements were performed at
room and low temperature (80 K) using an FEI Quanta environ-
mental SEM equipped with a liquid nitrogen cooling stage.
A parabolic mirror (Gatan) directed light through an ex-situ
focusing lens onto a 600 nm optical fiber coupled to a spectro-
photometer (OceanOptics QE65000) with a bandpass of 6.5 nm.
Density functional theory plane wave supercell calculations

were applied to identify the E-line in 3C-SiC. We modeled the
defect in a 512-atom simple cubic supercell. The Γ-point was
sufficiently convergent to map the Brillouin-zone in this large
supercell. We applied the nonlocal screened hybrid density
functional of Heyd-Scuseria-Ernzerhof with a mixing parameter
of Hartree�Fock exchange of 0.25 and the screening parameter
of 0.2 1/Å.40 The geometry of the defects was optimized to find
the minimum energy of the system until the quantummechan-
ical forces on the atoms were less than 0.01 eV/Å. We applied
the 2/3 of the monopole term of the Makov-Payne correction
for the total energy of charged supercells.41 This methodology
provides accurate charge transition levels for deep defects
within 0.1 eV in Group-IV semiconductors.42 The excitation
energy was calculated by the ΔSCF method.43 We used a plane
wave basis set to describe the valence electrons with a projector
augmented wave method.44 We use a kinetic energy cutoff
of 420 eV in the expansion of plane waves as implemented in
VASP code.45
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