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ABSTRACT

The divacancy in silicon carbide (SiC) is a prominent solid state defect quantum bit that bears a relatively strong fluorescence and optically
detected magnetic resonance contrast (ODMR) at room temperature. These properties exemplify it for quantum sensing of biological mole-
cules. To this end, we previously developed a top-down method to create divacancies in cubic SiC nanoparticles (NPs) as non-perturbative
ODMR biomarkers. In this process, large SiC particles are synthesized and then stain etched to form porous SiC and then ultrasonication
and filtering are applied to the solution to extract few nanometer diameter SiC NPs. We called this process no-photon exciton generation
chemistry (NPEGEC). We showed that by adding aluminum to carbon and silicon in the synthesis process of cubic SiC, one can engineer
divacancy defects in SiC NPs by NPEGEC. An alternative traditional way to introduce vacancies to the SiC lattice is irradiation. Here, we
compare the fluorescence spectra of divacancies as created by neutron irradiation in porous cubic SiC and NPEGEC technique in SiC NPs,
and the results are analyzed in detail by means of first principles calculations. We find that the irradiation technique produces a larger shift
in the fluorescence spectrum with residual background fluorescence than that for divacancies in SiC NPs, which is most likely caused by the
parasitic defects left after irradiation and annealing in the former sample. These results imply that the chemistry technique applied to
prepare divacancies in few nanometer SiC NPs may preserve the bulk-like quality of divacancy quantum bits near the surface.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0080514

I. INTRODUCTION

Solid state point defects exhibiting paramagnetic electronic
ground and an optical excited state are forefront contenders as build-
ing blocks of certain quantum technology devices.1,2 In particular,
defects in silicon carbide (SiC) are applicable as single-photon emitters
being pivotal in quantum information processing,3–7 ultrasensitive
nanosensors in magnetometry8–13 or thermometry,9,14 and quantum
bits (qubits).15,16 The divacancy (VCVSi) in SiC—consisting of a
silicon vacancy (VSi) and a neighboring carbon vacancy (VC)—is an
outstanding member of the wide palette of SiC defects. VCVSi in SiC
exhibits several desirable properties, making it a promising qubit can-
didate. In particular, its electronic structure introduces spin triplet
(S ¼ 1) ground and optically excited states.15,17–21

The corresponding optical transitions, i.e., the zero-phonon
lines (ZPLs), are around 1100 nm with relatively long-tail phonon

sideband up to 1400 nm falling into the near-infrared (NIR)
region.16,22–24 In particular, the majority of emission band fall into
the so-called second biological window25 where the absorption and
autofluorescence of water and biological molecules are minimal.
This property makes the divacancy color center in small SiC nano-
crystal desirable candidate as an ultrasensitive biomarker.26–28

We focus our attention on the cubic SiC or 3C SiC matrix
hosting the divacancy defect (see Fig. 1) because divacancy centers
were prepared in such polytype of SiC in nanocrystalline form.28 We
note that the coherence times and fluorescence properties of divacancy
quantum bits in 3C SiC are all favorable similar to their counterparts
in other polytypes of SiC;16 however, its optical properties are largely
unexplored, in particular, in porous and nanocrystalline 3C SiC
matrix. We note that the photoluminescence (PL) signal of the diva-
cancy in bulk 3C SiC can be observed at room temperature.29
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In this brief report, we study the room temperature divacancy
fluorescence spectrum from neutron-irradiated and annealed porous
SiC (p-SiC) as well as from such few nanometer diameter SiC NPs
(SiC-NP) that were created by chemistry without any invasive techni-
ques toward the crystal structure. We apply Kohn–Sham spinpolar-
ized density functional theory (DFT) calculations in 3C SiC to
analyze the data. The theory starts with the temperature-dependent
spectrum by comparing the results with the literature data in bulk
3C SiC at cryogenic temperatures. Our paper is organized as follows:
we describe the preparation of divacancy defects in porous and nano-
crystalline 3C SiC, the calculation method of the photoluminescence
line shape, and the DFT simulation parameters in Sec. II. We report
and discuss our results starting with the theoretical description and
continuing with a comparison to the experimental data in Sec. III.
Our conclusions are summarized in Sec. IV.

II. METHODOLOGY

A. Experimental setup

In our investigations, two types of cubic 3C SiC samples with
divacancy defects were prepared: porous, neutron-irradiated, and
annealed SiC samples labeled as p-SiC and SiC nanoparticles by
etching the porous SiC together with using other chemistry treat-
ments as explained below, which we label as SiC-NP.

Porous etching creates a nanostructured material from bulk
SiC, while neutron-irradiation and subsequent annealing can create
VCVSi defects. The used SiC source for porous etching and the
applied chemistry was described in our previous article.28 Briefly, Si
(99%, 325 mesh, Sigma Aldrich) and C [Norit A supra, surface area
(BET), 1700 m2=g] in a 1:1 ratio and 3 wt. % PTFE (polytetra-
fluoroethylene) (1 μm particle size, Sigma Aldrich) and 5 wt. % Al
powder (95%, <5 μm, Sigma Aldrich) were mixed in a ball mill for
12 h, placed into a graphite crucible, and annealed to about
1250 �C in an argon atmosphere for 8 min using an induction
furnace (Stanelco STX25-DF1, 9.5 kV, 3.5 A, 288 kHz) to prepare
SiC powder. The samples were then annealed at 650 �C in air for
10 h and etched with HNO3:H2O 1:1 and HF:HNO3:H2O 1:1:10 in

order to remove unreacted carbon, Al, and Si. According to the
XRD measurement, pure SiC powder has about 40 nm crystallite
size, and 100–200 nm particle size. The synthesized SiC powder has
a cubic polytype with hexagonal stacking faults. Al and PTFE con-
centration regulates the stacking fault concentration. These
powders also contain VSi and E centers formed during the synthe-
sis (see Ref. 28 and references therein). Aluminum can react with
SiC crystals, and the chemical reaction slowly removes Si and C
atoms from the surface of SiC. The reaction is much faster with Si
and C, and this etching reaction happens during the rapid crystal
growth. As a result, the vacancies created by etching are buried in
SiC crystals. To create nanostructured SiC with divacancies, SiC
powder was etched using no-photon exciton generation chemistry
(NPEGEC)30 as follows. 5 g of SiC was etched in a 40 ml
HF:HNO3 3:1 mixture at 180 �C using a high-pressure acid diges-
tion chamber (DAB-3, 250 ml, Berghoff GmbH). NPEGEC creates
porous SiC. The porous SiC was either neutron-irradiated
(1018 n=cm2 0.18–2.5 MeV, TRIGA Mark II Reactor, TU Vienna)
and annealed at 750 �C for 2 h to create divacancies in the nano-
structure (p-SiC) or was sonicated in DI water for 3 h then
annealed at 140 �C to create SiC-NP (see Fig. 2). To make sure that
the SiC-NP sample contains only 4–6 nm particles, after ultrasoni-
cation, the suspension was centrifuged down (BioFuge Primo,
ThermoFischer, 8000 rpm, 40 min) and the supernatant was filtered
through a 0.1 μm syringe filter, a 20 nm syringe filter (Whatman®
Anotop® 10, Sigma Aldrich), and a Pall Macrosep 100 kDa centri-
fuge filter. A Pall Macrosep, 10 kDa filter, was used to remove
species smaller than 3 nm, and, finally, the retentate was used. The
retentate was diluted with DI water and sonicated for 30 min.
These nanoparticles contain E centers according to the photolumi-
nescence (PL) and electron spin resonance (ESR) measurements.28

Annealing of the nanoparticles at 140 �C for 2 h transforms some
of these E centers into divacancies. The presence of the divacancies
was proved by PL, ESR, and optically detected magnetic resonance
(ODMR) measurements.28 Here, only fluorescence spectra are pre-
sented by comparing the data from p-SiC samples.

Fluorescence spectra were recorded at room temperature with a
Horiba Jobin-Yvon NanoLog FL3-2iHR spectrophotometer equipped
with an iHR-320 grating spectrometer and a Symphony liquid-
nitrogen cooled InGaAs CCD. A Roithner RLTMDL-785-1W-1 laser
was used for 785-nm excitation. The applied power was 250mW,
and the spot size was about 15mm. Samples were drop casted on a
Si or a quartz substrate.

B. Huang–Rhys theory of the PL spectrum

The PL emission spectrum including phonon-assisted elec-
tronic transitions were obtained by applying the Huang–Rhys
(HR)31 theory as implemented by Gali et al.,32 also inspired by a
previous study (HR) theory.33 The strength of the electron–phonon
coupling is represented by the HR factor [S(�hω)]. A detailed deriva-
tion of S can be found in Refs. 32–34. The S factor has an intimate
connection with the Debye–Waller (DW) factor (w),35,36 which is
the ratio of the ZPL intensity and the total intensity that can be
directly read from the experimental spectrum (if there are no over-
lapping spectra in the critical wavelength region). The relation
between the two is w ¼ exp(� S).

FIG. 1. (a) Lattice structure of the perfect 3C SiC. Crystal direction of h111i is
indicated. (b) Microscopic structure of the divacancy defect. The color code of
atoms is indicated. We note that the symmetry axis of divacancy is pointing
along the h111i axis of the crystal.
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We provide here the key equations to generate the fluorescence
or photoluminescence (PL) line shape. The PL spectrum [IEM(�hω)]
can be expressed as33

IEM(�hω) ¼ CEMω3μ2EG
X
n,m

cm(T)
��� Θm

ES(Q)
���Θn

GS(Q)
D E���

2
δ(Em

ES

� En
GS � �hω), (1)

where the transitions from the corresponding vibronic substates of
the excited state (ES), indexed by m, to those of the ground state
(GS) with the index n are also considered establishing the phonon
sideband (PSB) besides the ZPL. If m ¼ n ¼ 0, IEM(�hω) yields the
intensity of ZPL. In Eq. (1), μEG is the corresponding matrix
element (which is now a three component vector with the length of
μEG) of the transition dipole moment operator, μ̂EG ¼ q

P
j r̂j

defined as

μEG ¼ ΨES(ri) μ̂EGj jΨGS(ri)h i (2)

and �hω is the photon energy. The prefactor ω3 in Eq. (1) consists
of the photon density of states (DOS) causing spontaneous emis-
sion (� ω2) and the perturbing field of those photons (� ω). In
contrast, the absorption spectrum is a linear function of ω since no
spontaneous emission is involved. In Eq. (1), CEM is a constant that
depends on the materials and technicalities of the measurements.
Since CEM and μ̂EG are constants across the spectrum, we used
Eq. (3) as the PL line shape [LEM(�hω)] defined as

LEM(�hω) ¼ ω3
X
n,m

cm(T)
��� Θn

GS(Q)
���Θm

ES(Q)
D E���

2
δ(Em

ES � En
GS � �hω):

(3)

In Eqs. (1) and (3), the overlapping integral of the GS and ES
vibrational states is denoted by Θm

ES(Q) and Θn
GS(Q), respectively.

The partial HR factor of ωk vibration is associated with the overlap
integral where the sum of partial HR factors yields the total HR
factor S. These can be calculated as given below.

In the HR framework, three basic assumptions are established
as (i) normal modes, (ii) vibrational frequencies are identical in the
initial and final states, and (iii) the equilibrium configuration is
shifted by ΔY in the final state with respect to the initial nuclear
configuration. Generalized nuclear configuration weighted by
the nuclear masses (Y) can be defined as Y ¼ M

1
2X, where

X ¼ (R1, . . . , RN ) ¼ (X1, Y1, Z1, . . . , XN , YN , ZN ) is a vector
constructed by the nuclear coordinates and

M ¼

M1

M1

M1

M2

. .
.

MN

2
66666664

3
77777775

(4)

is the mass tensor. The partial HR factor (Sk) can be calculated as
the scalar product of the normal vectors of mode k (Yk

0) and the

displacement vector of ΔY as

Sk ¼ (ΔYTYk
0)

2
: (5)

By Eq. (5), the (total) HR factor (S) can be defined as

S ¼
X3N�6

k

Sk: (6)

While the partial HR factor indicates the weight of phonon mode k
in the corresponding electronic transition, a total HR factor gives a
measure for the strength of the overall electron–phonon coupling.
Accordingly, in the case of S ¼ 0, no phonon sideband appears in
the PL spectrum, only the zero-phonon line (ZPL) representing the
electronic transition with no phonon assistance. By using the HR
factors overlapping integral of the initial and final vibrational wave-
functions describing the line shape of the spectrum can be written
as

Θm
f (Q)

���Θn
i (Q)

D E
¼

Y
k

hmkjnki, (7)

where Θm
i (Q) and Θn

f (Q) stand for the vibrational wavefunctions of
the initial and final states, respectively, mk and nk stand for the
phonon occupation of mode k in the final and initial states with
the corresponding n and m quantum numbers, respectively, and

hmkjnkij j ¼ e�Sk
Sm�n
k

(m� n)!
: (8)

At T ¼ 0 K, the lowest energy phonon state is occupied in the
electronic excited state, i.e., m ¼ 0. As the temperature raised
higher energy m phonon states is occupied. The Boltzmann distri-
bution function may be applied at a given temperature (T) for cal-
culating the occupation of the ωk phonon state, which is given by
cm(T) in Eqs. (1) and (3). By defining ε as the vibronic excited
state’s (m) energy in the electronic excited state

εm ¼ Em
ES � E0

ES (9)

and cm(T) can be given as

cm ¼
exp �εm

kBT

� �

P
m exp �εm

kBT

� � : (10)

By this way, the temperature dependent PL line shape may be
obtained. We note that all HR spectra presented in this work are
normalized.

The temperature dependent width of ZPL emission is not
incorporated in this theory. Principally, the ZPL width is associated
with the optical lifetime at T ¼ 0 K for a single divacancy defect
but may rapidly broaden at elevated temperatures for dynamic
Jahn–Teller systems in the excited state. Indeed, the 3E ES of diva-
cancy is a dynamic Jahn–Teller state similar to the NV center in
diamond, which leads to a T5 dependence for broadening the ZPL
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peak because of the Raman transition of acoustic phonons.37 As no
experimental data are available for the temperature dependent line-
width of the ZPL emission for divacancy in 3C SiC, we employ the
theory from the NV center in diamond, but the prefactor before
the T5 dependence is estimated to be two orders of magnitude
larger because SiC has much lower Debye-temperature than that of
diamond. As a consequence, the broadening of ZPL line becomes
10 meV at room temperature. This could be a rough but plausible
approximation as the two systems are very similar to each other but
with stronger temperature dependence in SiC than that in
diamond.16,20,21

C. Computational methodology

In order to obtain the temperature dependent PL spectrum,
we calculated the ground and optical excited states by means of
HSE06 range-separated hybrid functional38 accompanied by the
ΔSCF method39 in excited state calculations. The divacancy defect
was modeled in a 512-atom 3C SiC supercell. Fully relaxed geome-
tries were obtained by minimizing the interatomic forces between
using the threshold of 0.01 eV/Å. Kohn–Sham wavefunctions were
expanded in the plane wave basis set with the cutoff energy of
420 eV. In the calculations, only valence electrons were treated
explicitly, core-electrons were considered in the framework of pro-
jector augmented wave (PAW) method40 as implemented in the
Vienna Ab initio Simulation Package (VASP).41

In the excited state electronic structure, a strong electron–
phonon coupling may emerge (see Sec. III A), which can be
described as the Jahn–Teller (JT) effect.42 Accordingly, the symme-
try will be reduced from C3v to C1h by coupling with phonons in
order to split the corresponding e level, lifting the degeneracy in
total energy. In the calculation of the emission spectrum, we use
static JT distorted geometries, exhibiting the lowest total energy.
For the vibrational modes, we calculated the dynamical matrix in
the ground state containing the second order derivatives of the
total energy by means of the Perdew–Burke–Ernzerhof (PBE)43

functional.
For the analysis of the phonon sideband, we applied the

inverse participation ratio (IPR) for quantifying the localization of
quasilocal phonon modes33,44 defined as

IPRk ¼ N
P

i u
4
iP

u2ið Þ2 , (11)

where ui is the vector displacement amplitude of the ith atom in
the kth phonon mode and N is the number of atoms in the super-
cell, that is, N ¼ 512 in our case. Consequently, the IPR falls in the
region of [1, N]. When all atoms participating in a phonon mode
possess equal amplitudes in their motion, the IPR is equal to the
number of atoms vibrating in a certain phonon mode.

III. RESULTS AND DISCUSSION

The PL line shape of divacancy in 3C SiC depends on the
intricate details of the electronic structure of the defect in the
ground state and the excited state electronic configurations as well
as the change in the geometry upon illumination. Materials

imperfections such as strain caused by either the presence of other
nearby point defects or the surface for shallow lying divacancy
defects may shift and broaden the PL spectrum, which cause inho-
mogeneous broadening in the PL spectrum recorded for the
ensemble of divacancy defects. In high quality chemical vapor
deposited (CVD) 3C SiC layers, the strain is present less, although,
typically, 3C SiC is grown on top of the silicon substrate and the
lattice mismatch between the substrate and 3C SiC layers may
affect the PL spectrum of divacancy at a deeper region in the host
crystal far from the interface.

In first principles simulations, one can study the intrinsic
nature of the emission of an isolated defect. However, the concen-
tration of divacancy defect in a 512-atom supercell is still much
higher than that in experiments but the strain field generated by
the defect decays at the Wigner–Seitz boundaries of the 512-atom
supercell; thus, it may be taken as nearly isolated in a perfect 3C
SiC environment. Therefore, we apply the strategy that we first
analyze the electronic structure and PL line shape from first princi-
ples (Sec. III A) and compare the results to the highest quality PL
spectrum of divacancy in CVD-grown 3C SiC layers at low temper-
ature from Ref. 16 (Sec. III B), which is a reference PL spectrum of
divacancy in 3C SiC. Here, we extend the simulation toward ele-
vated temperatures critical for biomarker applications. Finally, we
report our experimental PL spectra on neutron irradiated porous
3C SiC and nanocrystalline 3C SiC NPs at room temperature by
analyzing the change in the spectrum with respect to the reference
PL spectrum and its implication on the preparation of quantum
sensors (Sec. III C).

A. Electronic structure

The divacancy defect introduces an a1 and a degenerate e level
to the bandgap (2.29 eV) as depicted in Fig. 3. In the ground state,
the lower-in-energy non-degenerate a1 level is fully occupied by
two electrons, while the double degenerate e level is occupied by
two electrons with parallel spins, establishing the 3A2 spin triplet
state. The optical excited state is formed by promoting an electron
in the minority spin channel from the a1 level to the degenerate e
level, yielding the a1(1)e(3) electronic configuration providing the
many-body wavefunction of 3E. However, the fractional occupation
of the e level may give rise to electron–phonon coupling described
by the JT effect. In this way, the symmetry described by the C3v

point group will be reduced to C1h symmetry lifting the degeneracy
of the e level resulting in non-degenerate levels of a0 and a00. The
PL spectrum is calculated in the distorted geometry in the elec-
tronic excited state, which then includes the contribution of e
phonons in the phonon sideband.45

B. Simulated temperature-dependent PL spectrum

In this section, we report the PL spectrum of the divacancy
defect in 3C SiC. First, we discuss the T ¼ 0 K case depicted in
Fig. 4 as obtained from DFT calculations. We note that we do not
include here any inhomogeneous broadening, thus the simulated
spectrum refers to the ideal case when all the defects are well iso-
lated in a perfect 3C SiC environment. The calculated ZPL is
located at 1.14 eV (1087.6 nm), while the corresponding experi-
mental value is at 1.12 eV (1107.0 nm)16 demonstrating the
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accuracy of the HSE06 functional in these calculations. We note
that ZPL energy in 3C SiC is close to those of VCVSi configurations
in 4H SiC, varying from 1.10 eV to 1.15 eV.46,29 In Fig. 4, the simu-
lated ZPL energy is aligned to the experimental value for the sake
of direct comparison of the simulated and observed phonon side-
band. The calculated HR factor S ¼ 2:71 yields a DW factor of
w ¼ 0:07 which is a higher value than that for the divacancy
defects in 4H SiC.34 Indeed, low-temperature PL experiments
confirm these results as w ¼ 0:073+ 0:003 have been observed
for divacancy in 3C SiC and lower w values were detected for
divacancy configurations in 4H SiC.16

We note that the simulation does not include the long wave-
length phonons because of the finite size of the supercell, which
requires an embedding method (e.g., Ref. 33); therefore, the S factor is
a bit underestimated. The missing low wavelength phonons in the
simulation lead to an artificial gap between the ZPL peak and the

FIG. 3. Single particle spectrum of (a) ground and (b) excited states. Electron
spins are represented by black arrows, the reminiscent hole after the optical
excitation is depicted as a gray arrow.

FIG. 4. Photoluminescence spectrum of divacancy in bulk 3C SiC. Black curve
is an experimental spectrum (Exp.) recorded at near cryogenic temperature as
reported in Ref. 16. Red curve (DFT) is the simulated HR emission spectrum at
T ¼ 0 K from DFT calculations. Energy of the phonon modes localized on the 3
� Si atoms around VC falls in the � 18–40 meV region (green shaded area),
while that of the 3 � C atoms around VSi falls into the � 35–120 meV region
(orange shaded area).

FIG. 2. Schematic diagram about the preparation of the cubic 3C SiC samples with divacancies.
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onset of phonon sideband (PSB). Furthermore, the relatively sharp
peaks in PSB might be smoothened when the effect of the low wave-
length phonons could be added to the simulation. This could affect
the simulated PL spectrum too at elevated temperatures in terms of
the appearance of the ZPL peak. We applied 3meV gaussian broaden-
ing around all peaks in the phonon sideband to mitigate this problem.
Despite the shortcomings of the finite supercell size mentioned above,
the agreement between the experimental and the simulated PL spectra
is very good, thus our approach is well established for analyzing the
structure of PSB.

The PL spectrum of divacancy consists of a sharp ZPL with
several longer wavelength (or smaller energy) peaks in the phonon
sideband at T = 0 K temperature. The ZPL and the onset of PSB are
separated by a �15 meV gap and the broadening of the PSB is
about 250 meV (about 300 nm). As we noted above the separation
between the ZPL peak and the onset of PSB is an artifact of the
supercell size, which may also affect the position associated with
the quasilocal phonon modes in the PL spectrum. We find a rich
set of phonon-assisted optical transitions mainly related to
the phonons localized on the 3 � C atoms around the VSi and the
3 � Si atoms around the VC (cf. Fig. 1). Our IPR analysis implies
that in the phonon energy region of �18–40 meV (shift of
20–42 nm with respect to ZPL) the phonon modes mostly localized
on the 3 � Si atoms with the IPR of �1–5, while phonon modes
with energy falling in the �35–120 meV (shift of 36–133 nm with
respect to ZPL) region are mainly localized on the 3 � C atoms
with similar IPR in the simulated spectrum which appears at about
10 nm shorter wavelength in the experimental spectrum. The stron-
gest feature in the simulated PSB appears between 1160 and
1170 meV (1060–1069 nm), i.e., in the intersection of the 3 � C
and 3 � Si phonon mode region (cf. Fig. 4) demonstrating that
phonon modes localized on both 3 � C and 3 � Si atoms contrib-
ute to this feature, resulting at least twice as large amplitude as any
other peaks in the PSB.

The numerical temperature-dependent emission spectrum is
shown in Fig. 5. The emission spectrum was calculated at the tem-
peratures of T ¼ {0, 150, 300, 450, 600} K. Amplitudes of sharp
features in the PSB decrease by elevating the temperature and
at 450 K they become almost entirely smeared in our simulation.

The missing long wavelength phonons in the simulation will not
broaden the spectrum around the ZPL peak which is an artifact of
the supercell size. In experiments, the ZPL peak becomes almost
invisible due to the broadening of the long wavelengths phonon
bands. Nevertheless, the overall temperature broadening of the PL
spectrum, in particular, the long wavelength tail, should be well
described by our simulations.

We further note that the absorption spectrum is basically the
mirror image of the PL, reflected horizontally about the wavelength
of the ZPL. This means that, by increasing the temperature, transi-
tion probability at lower than ZPL energies also increases providing
the possibility of optical excitation at a longer wavelength than ZPL
energies, i.e., anti-Stokes excitation, that has been observed for
Si-vacancy in 4H SiC.47

C. Room-temperature PL emission spectrum in porous
and nanocrystalline cubic SiC

As divacancy consists of nearby Si-vacancy and C-vacancy,
the obvious method to form this defect is to irradiate SiC crystal
for kicking out the Si and C atoms from their crystalline positions
and then apply annealing to create them (e.g., Ref. 24). In this
process, the irradiation species should have enough energy to kick
out the heavy silicon atoms besides the light carbon atoms. By
appropriate annealing temperature, the vacancies start to migrate
and form complexes with each other where the simplest complex is
the divacancy. However, not all the vacancies join in the process or
they may form even larger complexes,24 thus parasitic defects of
vacancy clusters, interstitial clusters, and antisite complexes may
coexist with divacancies by creating strain fields around the target
divacancy defects. This will affect the PL spectrum, and if they are
paramagnetic, then the spin properties of divacancies may be dete-
riorated. As a consequence, the PL spectrum for the ensemble of
divacancies is an indicator about the possible overall performance
of these divacancy qubits when referenced to the PL spectrum of
divacancy in high quality cubic SiC or single defect measurements.

High quality formation of divacancies in SiC should attempt
to avoid irradiation techniques. This scenario is not impossible by
recognizing the fact that divacancies were observed in so-called
high-purity semi-insulating (HPSI) 4H SiC (e.g., Ref. 15) which
were grown by the hot wall CVD process far from the equilibrium
process. On the other hand, high temperature growth of 3C SiC is
not likely as high temperature prefers the formation of hexagonal
SiC. However, our group has recently discovered that if Si-deficient
3C SiC is formed by adding aluminum or boron precursor in the
growth process and surface carbon vacancy is introduced to the 3C
SiC NPs by the etching process, then very low temperature anneal-
ing is able to transform these defects to divacancy complex because
of the very short distance between the vacancies in few nanometer
SiC NPs.28 Thus, divacancies can be formed without the use of any
strongly invasive irradiation techniques. On the other hand, the
surface itself with 1–2 nm distance can also represent a strain field
toward the divacancies that can influence its PL spectrum. Again,
ensemble measurements on the PL spectrum of divacancies in this
sample may reveal the quality of divacancy quantum bits.

To represent the two scenarios, we used two batches of
samples. First, we created porous 3C SiC and irradiated with

FIG. 5. Calculated temperature-dependent HR emission spectrum of divacancy
in bulk 3C SiC at temperatures of 0 K (black line), 150 K (red line), 300 K (blue
line), 450 K (magenta line), and 600 K (green line).
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neutrons (p-SiC). This porous SiC is built up from ca. 5 nm inter-
connected SiC NPs, very similar to the nanoparticles described
later, but the material can be handled as bulk SiC. The advantage
of neutron species compared to other ones like ions is that the
whole porous sample is uniformly exposed to the irradiation to
form vacancies. Second, we created divacancies in few nanometer
3C SiC NPs (SiC-NP) by means of chemistry. The details of the
preparation of the two types of samples were given in the
Methodology section. Finally, room temperature PL spectrum was
recorded for both samples in our experiments because they should
operate at room temperature as ODMR biomarkers.

The PL spectrum of porous 3C SiC is plotted in Fig. 6(a). We
found background emission of other defects with a local maximum
intensity at about 950 nm, which has some overlap with the PL
signal of divacancies around the position of the ZPL peak (invisible
in the experiment at room temperature). In our paper, we focus on
the analysis of the divacancies’ PL spectrum, which may have low
overlap at the highest intensity in PSB. By comparing this spectrum
with the reference PL spectrum in Fig. 4, a shift is visible in the
emission spectrum. In order to quantify it, we took the simulation
spectrum at room temperature (Fig. 5) and then shifted the entire
spectrum in the energy region to closely reproduce the

experimental spectrum taken from the porous SiC [see Fig. 6(b)].
We obtain +44 nm (�38:41 meV) redshift.

The PL spectrum of 3C SiC NPs is plotted in Fig. 7. Here, we
have no overlap from other defects as expected from the nature of the
creation of the defect. We applied the same fitting procedure on the
simulated PL spectrum as explained above for that of porous SiC. We
obtain �8 nm (þ7:30 meV) blueshift in this process.

Room temperature PL signals in the p-SiC samples as well as
SiC-NP samples could be observed. We note that hexagonal inclusions
or stacking faults in these materials may play a role in the room tem-
perature stability of the divacancies’ PL signals similar to the case of
PL5 and PL6 centers in 4H SiC,15 where stacking faults stabilize their
room temperature magneto-optical signals.48,49 We find that the shift
parameter in the simulated room temperature PL spectrum of the
SiC-NP samples is favorable over that of the p-SiC samples, and no
residual fluorescence is observable. This implies that our chemistry
process may produce higher quality divacancy quantum bits in ultra-
small 3C SiC NPs than those from traditional irradiation techniques.

IV. SUMMARY

We analyzed the PL spectrum of divacancies in 3C SiC. We
find that the Debye–Waller factor is indeed favorable (about 7%)
over that of other divacancy configurations in 4H SiC as the previ-
ous experimental data implied.16 We identified the origin of the
highest intensity in the phonon sideband which is an overlap of the
motion of the nearest neighbor carbon and silicon atoms around
the vacancies. Our analysis indicates that the ZPL linewidth broad-
ens more at elevated temperatures than that of the NV center in
diamond. By having relatively good accuracy in the simulated PL
spectrum, we applied this to interpret the PL spectrum of divacan-
cies recorded in neutron irradiated porous 3C SiC and in few nano-
meter diameter 3C SiC NPs. We find that the chemistry method
produces less residual defects besides divacancies than irradiation
techniques with annealing do, which implies that high quality diva-
cancy quantum bits may be created by the chemistry method.
Nevertheless, further studies are needed to strengthen this conclu-
sion, and the spin properties should be explored in detail in few
nanometer 3C SiC NPs.

FIG. 6. (a) Room-temperature PL spectrum of the porous SiC (p-SiC) sample.
Fluorescence at shorter wavelengths from residual defects is visible with a tail
of the spectrum overlapping with the PL signal of divacancy. (b)
Room-temperature PL spectra as obtained by DFT calculations (red curve) and
experiments for the porous SiC sample (black curve). Both spectra are normal-
ized for the sake of comparison.

FIG. 7. Room-temperature PL spectra as obtained by DFT calculations (red
curve) and experiments for the SiC-NP sample (black curve). Both spectra are
normalized for the sake of comparison.
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