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We use ab-initio calculations to predict the thermal conductivity of cubic SiC with different types
of defects. An excellent quantitative agreement with previous experimental measurements is found.
The results unveil that BC substitution has a much stronger effect than any of the other defect
types in 3C-SiC, including vacancies. This finding contradicts the prediction of the classical mass-
difference model of impurity scattering, according to which the effects of BC and NC would be
similar and much smaller than that of the C vacancy. The strikingly different behavior of the BC

defect arises from a unique pattern of resonant phonon scattering caused by the broken structural
symmetry around the B impurity.

Silicon carbide (SiC) plays a fundamental role in many
emerging technologies, ranging from biomedical sensors
to optoelectronics, power electronics and photovoltaics
[1–9]. Most notably, this material has been termed the
“linchpin to green energy” that may replace Si-based
technology in power electronics [1], owing partly to its
large lattice thermal conductivity (κ). From the many
stable polytypes of SiC [10], two of the hexagonal ones,
6H-SiC and 4H-SiC, have been extensively studied and
widely used [10–12]. In contrast, the structurally less
complex cubic polytype of SiC with zinc-blende structure
(3C-SiC) is much less well understood, despite presum-
ably having the best electronic properties [13], and, as
we will see, possibly a higher κ than the other polytypes.
This is partly due to the difficulty in synthesizing high
quality crystals, although recent improvements in 3C-SiC
growth techniques have prompted a renewed interest in
it [13].
Surprisingly, the reference measurements of κ on pure

undoped 3C-SiC are over 20 years old and little detail is
known about the quality of the samples [10, 14]. The ref-
erence value of κ for 3C phase is perplexingly lower than
that for the structurally more complex 6H phase, rais-
ing doubts about whether this is truly an intrinsic prop-
erty or just a consequence of the defective, polycrystalline
quality of the 3C-SiC samples. A very recent study [15]
has shown that structural complexity and thermal con-
ductivity are inversely correlated in the series of hexag-
onal phases of SiC, contrary to historical measurements
which could be afflicted with similar problems [10, 14].
It is then clear that to understand the conduction prop-
erties of 3C-SiC, and to harness its full potential, one
must first comprehend the way defects affect it. As we
show here, by comparing predictive ab-initio calculations
with experiments on defective samples, a richer physi-
cal picture emerges, unveiling striking differences in the
way different dopants affect κ. It also indirectly suggests
that the intrinsic κ of defect-free 3C-SiC should be much
higher than previously reported and surpass that of the
6H phase.

In this paper, we compare our results to the κ(T )
curves for doped samples of 3C-SiC [16]. We use an ab-

initio approach to quantify the phonon scattering rates
of NC substitutional defects. The predicted κ is in excel-
lent agreement with the experimental results. This then
allows us to explain the effect of codoping with N and B,
and shows that B impurities scatter phonons two orders
of magnitude more strongly overall than N or Al impuri-
ties, and as strongly as C vacancies. We identify resonant
phonon scattering as the reason for this behavior, result-
ing from distortion and broken symmetry around the B
atom. We then show this resonant scattering behavior to
be a general phenomenon that can take place for strong
enough perturbations.
κ for cubic structures can be obtained from a complete

phonon picture as explained in Refs. 17 and 18. We use
an iterative scheme to solve the full linearized Boltzmann
transport equation (BTE) and calculate the κ of 3C-SiC
as implemented in the almaBTE code [19]. Details about
the calculations are presented in the supplementary ma-
terial, which includes Refs. [17–29].
The calculated κ for defect-free single-crystal 3C-SiC

is shown as the brown dashed line in Fig. 1 and is in good
agreement with earlier calculations [30]. The value of κ at
300 K is 552 W/m/K, which is about ∼70% higher than
the experimentally reported κ (320 W/m/K) [14, 31]. It
also surpasses the experimental κ at 300 K for the 6H-
SiC phase by ∼10% [31]. Inclusion of Si and C isotope
scattering slightly lowers the calculated κ (orange dashed
line in Fig. 1), but the values remain much larger than
the experimental ones.
The calculated κ for the defective structures of 3C-SiC

are compared with experiments on polycrystalline sam-
ples from Ref. 16 in Fig. 1. The additional contribution of
the grain boundaries to the scattering rate is included in
the standard way as τ−1

jq,grain = |vjq|/Lgrain, where |vjq|
is the norm of the phonon group velocity tensor for a
phonon mode jq (j represents the phonon branch and q

the wavevector) and Lgrain is the grain size. Employing
Lgrain = 0.8 µm for all the samples yields good agreement
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FIG. 1: Calculated κ of 3C-SiC including respectively
anharmonic phonon scattering, isotope scattering, grain
boundary scattering ( Lgrain = 0.8 µm) and different
concentrations of defects [ 2.2× 1020 cm−3 NC

(0.45%), 8× 1020 cm−3 NC (1.63%), 6.6× 1020

cm−3 NC (1.3%), 2.6× 1020 cm−3 BC (0.5%), and
1.32× 1021 cm−3 NC (2.7%), 1.23× 1021 cm−3 BC

(2.5%)]. The experiments are from Morelli et al. [14]
and Ivanova et al. [16].
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FIG. 2: 3C-SiC κ variation with defect concentration
for AlSi, NC, VacC and BC defects. The low value of κ
associated to BC defect is related to its anisotropic
lattice relaxation seen in the inset (and in the
supplementary information). The changes in the
nearest-neighbour interatomic distances are directly
proportional to the bond width variations shown in the
inset.

with experiment.
The black filled triangles in Fig. 1 are the experimental

measurements on the polycrystalline bulk sample with-
out any dopant [16]. The other experimental results are
for the N-doped, and N-and-B-codoped n-type samples
in Ref. 16. The case of N-only doping demonstrates the

predictive power of the ab-initio approach. As N in SiC
can be considered as a shallow donor [32–34] and each
dopant contributes one electron per defect atom, the con-
centrations of NC defects can be expected to be the same
as the carrier concentration. Using the carrier concen-
trations for different N-doped 3C-SiC samples reported
in Ref. 16 yields excellent agreement between the calcu-
lated and the experimental κ for the whole temperature
range in Fig. 1 (blue lines and symbols). This confirms
the reliability of the ab-initio approach.

The case of B and N codoping is considered next. B
substitutes for C in 3C-SiC when it is grown in Si-rich
conditions [35–37]. The fact that the undoped samples
in Ref. 16 are n-type with a reasonably high carrier con-
centration (≈ 1017cm−3) would indicate the formation
of vacancies at C sites and in turn Si-rich growth condi-
tions [38]. Due to codoping, the carrier concentrations
given in Ref. 16 correspond to the difference between
the donor and acceptor concentrations, and thus they do
not uniquely determine the defect densities. In this case,
we determine the individual defect densities by keeping
the difference in concentrations equal to the experimen-
tal carrier concentration. The calculation matches the
whole temperature dependent experimental curve only if
the individual concentrations are 1.3% and 0.5% for NC

and BC respectively (Fig. 1: upper green line and circles).
The relative concentrations of the other codoped sample
were similarly derived yielding 2.7% and 2.5% of NC and
BC defects respectively (lower green line and circle in
Fig. 1). Our calculations capture the correct experimen-
tal trend of a big reduction in κ seen when BC defects,
even in smaller concentrations than NC, are introduced
in the samples (Fig. 1). This evidences the much stronger
phonon scattering strength induced by BC defects. Fur-
thermore, Fig. 2 shows the dependence of κ on impu-
rity concentration, and confirms the anomalously large
scattering from BC defects. Such a behavior of the BC

defects seems the only possible explanation of the very
low κ (42 W/m/K and 19 W/m/K at 300 K) measured
for the codoped samples. Otherwise, to achieve the same
low thermal conductivities by N-doping alone would re-
quire the NC concentrations in excess of 20%, which are
obviously unrealistic.

A look at the phonon scattering rates in Fig. 3(b) pro-
vides more clues for boron’s atypical behavior. Scatter-
ing by substitutional impurities comes from two sources:
the mass difference between the impurity atom and the
one it replaces, and the local change in the interatomic
force constants (IFCs) around the impurity in response to
structural relaxation and modified chemical environment.
In cases like Ge impurities in Si, the mass term dominates
because Si and Ge have similar chemical bonding proper-
ties but very different masses [39, 40]. The other extreme
is the case of vacancies, where the host atom is absent
and the only contribution comes from IFC differences.
The B-induced scattering rates in Fig. 3(b) are a striking
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FIG. 3: (a) Phonon density of states (DOS) of SiC and
(b) scattering rates of phonons from different defects
(with concentration of 1020 cm−3), isotopes and
phonon-phonon interaction at 300 K.

two orders of magnitude larger than the N-induced ones,
and they are comparable to those of the C vacancy. This
is surprising because the absolute value of the mass dif-
ference between B and C is nearly the same as between N
and C. A calculation including only mass difference, and
neglecting IFC differences does indeed predict very sim-
ilar scattering rates for B and N impurities (Fig. S1 of
supplementary material.) Therefore the large scattering
rates for B must come from the different changes in IFCs.
However, scattering by Al substitutionals is not nearly as
large as that of B, despite both species belonging to the
same column in the periodic table, which might lead one
to expect similar chemical bonding properties.

Fig. 4 shows the norm of the changes in the on-site
IFC submatrices. Since translation symmetry imposes a
set of linear constraints on each row of the IFC matrix,
the change in the onsite terms probes the overall change
in the IFCs related to each atom. The results shown in
the figure confirm that the largest changes happen in the
case of the vacancy. On the other hand, the BC defect
shows a rather large asymmetry in the first-neighbor shell
which may explain the increased scattering. To be able
to analyze the contribution to scattering from this asym-
metry, we define a symmetric perturbation matrix Vsym

containing only the part of the total perturbation ma-
trix V (see details in supplementary material) calculated
by averagingV over the four space-group operations that
just permute the four nearest-neighbors of the defect cen-
tre. Hence, V can be split as a sum of this symmetric
term plus an asymmetric term containing the remainder
of the total perturbation: V = Vsym +Vasym. Figures
2 and 3 show the variation of κ with defect concentra-
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FIG. 4: Frobenius-norm of the changes in the on-site
IFC submatrices of the atoms (i) around the defects
with respect to the perfect 3C-SiC structure as a
function of the distance of the atoms from the defect
centre (d).

tion and the phonon-defect scattering rates induced by
the artificial defect represented by Vsym. Likewise, the
norm of the changes in the on-site IFC submatrices due
to Vsym is shown in Fig. 4. It can be seen that the sym-
metrization process does indeed bring the values more
in line with those corresponding to the symmetric per-
turbations NC and AlSi. Accordingly, the symmetrized
BC perturbation yields thermal conductivities very sim-
ilar to those from AlSi impurities, and much larger than
those for the same concentration of true BC impurities,
as shown in Fig. 2.

The asymmetry in IFCs is caused by an asymmetry
in the relaxed structure of the BC defect. While both
N and Al lead to relaxations around the impurity main-
taining tetrahedral (Td) symmetry, the relaxation around
B breaks the symmetry and the impurity gets closer
to three of its four nearest-neighbors showing threefold
(C3v) symmetry (Fig. 2(inset); see also Ref. 37.) The
asymmetrical relaxed structure of the BC defect is a man-
ifestation of the complex chemistry of boron [41]. Some
insight into the different chemical behaviors of N and B
with respect to Si can be gained from a look at their bi-
nary compounds. While the most stable silicon nitride is
Si3N4, with a relatively simple structure, silicon borides
have stoichiometries from SiB3 to SiB40 and very com-
plex unit cells with hundreds of atoms [42, 43]. The stoi-
chiometry and the structure of silicon borides suggest an
affinity of B for low coordination with Si. Thus, relaxing
of B defect atom away from one of its four neighbor-
ing atoms in 3C-SiC can be interpreted as its movement
towards lower coordination. This type of relaxation is
however not uncommon for extrinsic defect in tetrahe-
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FIG. 5: (a) Trace of the imaginary part of the scattering
T matrix for different impurities, showing a resonance
for B and vacancy. (b) Scattering cross section (σ) for
the LA mode at an angular frequency of 33 rad/ps, as a
function of scattering strength for different impurities.
Similar resonance peaks for BC defect are also seen for
transverse acoustic (TA) phonon modes at ∼33 rad/ps
(see Fig. S4 in supplementary material).

dral semiconductors, and can arise in the context of DX
centers.

Although the above reasoning shows that symmetry
breaking affects the perturbation for BC impurities, this
does not yet explain its exceptionally large effect on κ. To
understand it, let us take another look at the scattering
rates and the phonon density of states (DOS) of SiC in
Fig. 3. The scattering rates for BC display a prominent
peak at about 33 rad/ps. A similarly large peak is ob-
served for the vacancy at slightly higher frequency. Such
peak is notably smaller or almost absent for the AlSi and
NC defects. The rates for the symmetrized BC impurity
are also shown (BC sym), displaying much smaller values
and a much lower peak than the original BC perturbation.
This peak is the signature of resonant scattering. Reso-
nances are quasi-bound states in the continuum of prop-

agating states. They are infinitely extended, but have a
large probability around the localized perturbation that
causes them. They manifest themselves as peaks in the
phonon scattering cross section (σ) of the scatterer near
the frequency of the resonance. The Green’s function
approach that we use to compute defect scattering rates
accounts for the full scattering to all orders, so it per-
fectly captures the effect of resonances, which would not
appear in truncated perturbative approaches.

A direct way to identify resonant scattering is via the
scattering T matrix (see the expression in supplemen-
tary), which is fundamentally related to the cross section
[23, 44]. Prominent peaks in the imaginary part of the
trace of the scattering T matrix, shown in Fig. 5(a), cor-
respond to resonances. In Fig. 5(a), these resonances are
much easier to identify than from the cloud of scattering
rate points in Fig. 3. The figure clearly displays large
resonances for BC and C vacancies (VacC), but neither
for the symmetrized BC nor for NC and AlSi.

According to scattering theory, as the intensity of
the localized perturbation grows stronger, increasingly
sharper resonances start to develop at the lower fre-
quency spectrum [45]. In the present case, this would
imply that resonances might show up for impurities other
than BC or C vacancies, if only their perturbations were
stronger. To verify this, we have artificially multiplied
the perturbation by a constant factor α, and re-calculated
σ for a longitudinal acoustic (LA) phonon of frequency
33 rad/ps (the resonant frequency for BC defect), as a
function of α. The value α = 1 corresponds to the true
perturbation. Fig. 5(b) confirms that for sufficiently large
α, every impurity is able to develop resonant scattering.
Fig. 5(b) suggests the qualitative concept of an effective
native “strength” of the defect: the BC and C vacancy
defects are associated to a larger strength, manifested as
a larger cross section at small α and an earlier onset of
the resonance with increase in α. This strength is the
result of a complex interplay involving the magnitude of
the different changes in IFCs and their symmetry. In the
BC case, the broken symmetry due to Td to C3v tran-
sition leads to a visibly enhanced strength with respect
to the symmetrized case, seen in Fig. 5(b), despite the
overall change in the perturbation matrices in Fig 4, not
being drastic. Similar strong effects of Td to C3v symme-
try transition for extrinsic defects in tetrahedral semicon-
ductors are also seen for charge carrier scattering[46, 47].

These results have significant implications on SiC in-
dustry. B doped SiC has shown promising results in
photovoltaics, power electronics and many more applica-
tions [48–52]. However, the drastic thermal conductivity
reduction associated to B doping can affect device effi-
ciency and lifetime. Thus, balancing the improvement
of electronic and luminescent properties with the detri-
mental effects on thermal conductivity is an important
factor to consider when selecting the right dopants for
these applications.
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In conclusion, BC substitutional impurities in cubic
SiC scatter phonons much more strongly than NC or
AlSi impurities, and comparably to C vacancies. For N
impurities to reduce κ as much as B impurities do, the
concentration of the former has to be roughly 30 times
larger than that of the latter. This could not have been
guessed from mass difference considerations. It emerges
from ab-initio calculations, which are clearly supported
by previous experimental measurements. This striking
behavior is caused by the symmetry transition from Td

to C3v around the B impurity upon relaxation, which
leads to strong resonant scattering of acoustic phonons
in the angular frequency range between 33 and 50 rad/ps.
If only the symmetric part of the perturbation is kept,
the resonance disappears and the calculated effect be-
comes similar to that of Al substitutionals, thus showing
a significant impact of defect induced symmetry break-
ing on thermal conductivity of SiC. However, symmetry
breaking by itself is not a sufficient condition, as seen in
the case of N defects in diamond [44], where lattice dis-
tortions do not lead to resonant scattering. Furthermore,
the calculations presented suggest that single-crystalline,
defect-free cubic SiC can achieve a thermal conductivity
about 1.7 times higher than the largest reported mea-
sured value on this polytype, and above those of other
polytypes.

The results shown here point at a general phenomenon,
whereby lattice distortions induced by defects showing
Td to C3v transition in different tetrahedrally bonded
semiconductors [46, 53] may develop into a phonon res-
onance and lead to enhanced scattering. This should be
relevant to many rapidly evolving technologies. In com-
plex semiconductors there will usually be several possible
doping scenarios for reaching a desired carrier concentra-
tion, and the sensitivity of the phonon scattering to the
specific defect thus opens up an important new route in
semiconductor design.
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