
Origin of superconductivity in boron-doped silicon carbide from first principles

Jesse Noffsinger, Feliciano Giustino, Steven G. Louie, and Marvin L. Cohen
Department of Physics, University of California-Berkeley, Berkeley, California 94720, USA

and Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
�Received 29 September 2008; revised manuscript received 30 January 2009; published 16 March 2009�

We investigate the origin of superconductivity in boron-doped silicon carbide using a first-principles ap-
proach. The strength of the electron-phonon coupling calculated for cubic SiC at the experimental doping level
suggests that the superconductivity observed in this material is phonon mediated. Analysis of the 2H-SiC,
4H-SiC, 6H-SiC, and 3C-SiC polytypes indicates that superconductivity depends on the stacking of the Si and
C layers and that the cubic polytype will exhibit the highest transition temperature. In contrast to the cases of
silicon and diamond, acoustic phonons are found to play a major role in the superconductivity of silicon
carbide.
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Silicon carbide is a promising material for a variety of
emerging applications. Its large band gap, high breakdown
field, and high melting point make it ideal for uses in high-
power devices, radiation tolerant electronics,1 and
optoelectronics.2 Besides its widespread use in devices for
harsh environments, SiC has also proven to be a promising
biocompatible material, with potential uses in implantable
sensors.3

Recently, B-doped samples of 3C-SiC were reported to
superconduct at 1.4 K.4 The superconducting properties of
semiconductors were predicted several decades ago,5 and the
discovery of superconductivity in boron-doped diamond6 and
silicon7 sparked significant interest in this research area. The
critical temperature of doped diamond has been raised above
11 K since the original discovery.8 However, diamond-based
devices are still impractical for applications.9 On the other
hand, although silicon electronics benefits from a well-
established industrial infrastructure, B-doped silicon under-
goes a phase transition to the superconducting state at the
very low temperature of 0.3 K, and the gas immersion laser
method used to achieve the required levels of doping is a
challenging technique.7 Within this framework, silicon car-
bide stands as a promising compromise between the former
two materials: �i� the infrastructure for producing SiC is al-
ready well established, and �ii� boron doping can be achieved
without major difficulties.

In this work we investigate from first principles the origin
of superconductivity in boron-doped silicon carbide. First,
we study the electron-phonon coupling strength in the cubic
polytype 3C of silicon carbide by simulating the hole doping
through a rigid-band �RB� model. Then, we consider the
electron-phonon interaction in a supercell �SC� model of the
3C-SiC to validate our results. Finally, we determine the
relative strength of the electron-phonon coupling in different
polytypes of silicon carbide. Our investigation indicates that
the total coupling strength ranges from �=0.21 to �=0.34
among all polytypes considered. Using the McMillan equa-
tion with Coulomb parameter ��=0.1,10 we obtain supercon-
ducting transition temperatures between 0.01 and 1.1 K, in
good accord with experimental data.

SiC polytypes consist of tetrahedrally bonded silicon and
carbon atoms. The structural difference among the polytypes
results from the stacking of the silicon-carbon tetrahedra

along the c axis. For example, the stacking in 2H-SiC corre-
sponds to a periodicity of two layers of Si and C �AB�, while
the stacking in 6H-SiC corresponds to a periodicity of six
layers �ABCACB�. In this work we first discuss the cubic
polytype 3C-SiC because the superconducting samples in the
experiment of Ref. 4 were reported to be primarily of the 3C
type. We then extend our investigation to the 4H-SiC and the
6H-SiC polytypes which are important for device
applications.11,12

In the original experiment of Ref. 4, 3C-SiC samples were
synthesized with a 4% concentration of boron. Structural
analysis indicated that B dopants substitutionally replaced
the C atoms. In our calculations we considered two distinct
doping levels. First, we studied 3C-SiC with a realistic boron
concentration of 3.7%. In this case we explore both a rigid-
band model �for the electronic structure, the lattice dynam-
ics, and the electron-phonon interaction: model I-RB in the
following� and a 3�3�3 supercell model �for the electronic
structure: model I-SC�. Then, we studied 3C-SiC with a B
concentration of 12.5%, substantially larger than in the origi-
nal experiment.4 In this latter case we compared again a
rigid-band model �model II-RB� with a 2�2�2 supercell
model �for which we studied the electronic structure, the
lattice dynamics, and the electron-phonon coupling: model
II-SC�. The calculations for the other polytypes were all per-
formed within the rigid-band approximation. We described
the electronic structure using the local density
approximation13,14 to density-functional theory, within a
plane-wave pseudopotential scheme.15–17 We calculated the
lattice dynamical properties using density-functional pertur-
bation theory,18 and the electron-phonon coupling parameter
using an interpolation scheme19 based on maximally local-
ized Wannier functions.20–22

Figure 1 shows a comparison between the band structures
of 3.7% B-doped 3C-SiC calculated within the rigid-band
model, I-RB, and within the supercell model, I-SC. In both
cases, the doping has the effect of lowering the Fermi level
below the top of the valence band. As a result, a small mul-
tisheet Fermi surface emerges around the center of the Bril-
louin zone. Importantly, the dopants do not introduce local-
ized states in the band gap. The close similarity between the
electronic bands of model I-RB and model I-SC around the
Fermi level provides a justification for the use of the rigid-
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band approximation to describe the electronic structure of
B-doped SiC. This finding is analogous to what had already
been observed in the case of B-doped diamond.23,24 Our re-
sults are consistent with previous experimental work on SiC
showing that the Mott metal-to-insulator transition occurs at
a hole-doping concentration of 1021 cm−3.25 In fact, the dop-
ant concentration considered here, corresponding to a hole
concentration of 2�1021 cm−3, clearly lies within the metal-
lic regime, consistent with Fig. 1.

Figure 2 shows the phonon dispersions calculated for pris-
tine and for hole-doped 3C-SiC. In the case of pristine
3C-SiC, the calculated phonon dispersions are in good agree-
ment with the experimental data of Ref. 26. In particular, we
find a splitting of 23 meV between the longitudinal optical
�LO� and the transverse optical �TO� phonons at the � point,
in accord with the measured value of 21 meV. In order to
discuss the lattice dynamics of B-doped SiC, we first present
our results for model I-RB and then extend our discussion
using models II-RB and II-SC. In model I-RB, upon doping
the LO-TO splitting is closed by the metallic screening and
the optical phonons become degenerate at the zone center.
From pristine to hole-doped SiC the TO mode at � is soft-
ened by 5.5 meV and the LO mode by 26.5 meV, similar to
the cases of boron-doped diamond27 and silicon.7 The disper-
sions throughout the rest of the Brillouin zone are only
weakly affected by the doping. This is also similar to the
case of boron-doped diamond where the optical phonons are
softened only if their wave vector is smaller than �2kF �kF is
the average radius of the Fermi surface in reciprocal
space�.24,28 In Refs. 23 and 24 it was pointed out that
B-doped diamond exhibits partially localized vibrational
modes associated with the dopant. These modes give rise to
a nondispersive feature below the optical branches24 and can-
not be described by a rigid-band model. In order to check for
the existence of those modes in the case of SiC, we unfolded
the phonon dispersions of supercell model II-SC into the
Brillouin zone of pristine SiC following Ref. 24. Figure 2
indicates that the acoustic modes of the II-RB and II-SC
models align closely. The branch splitting at zone edges
arises from the impurity potential in the heavily doped su-
percell. As in the case of boron-doped diamond, the optical

modes exhibit a nondispersive feature below the optical
branches, which is associated with localized motion around
the boron atoms. However, in contrast to the case of B-doped
diamond, the impurity branch has negligible contribution to
the total electron-phonon coupling �cf. the Eliashberg spec-
tral function in Fig. 2�d��. This finding indicates that a rigid-
band model is appropriate to describe the electron-phonon
interaction in B-doped SiC.

Figure 3 shows the Eliashberg spectral function �2F���
for model I-RB, calculated using Eq. �7� of Ref. 19. The
Eliashberg function exhibits two sharp peaks at the energies
of 92 and 106 meV, associated with the Van Hove singulari-
ties in the phonon dispersion relations �cf. Fig. 2�. In addition
to the optical peaks, a broad, although less-pronounced, fea-
ture appears in the acoustic energy range. Interestingly, the
coupling of electrons to the acoustic phonons is negligible
above 40 meV despite the nonvanishing vibrational density
of states �Fig. 2�c��. This can be understood by considering
that the wave vector of acoustic phonons with energy in ex-
cess of 40 meV is larger than �2kF �cf. Fig. 2�a��; hence,
they cannot promote electronic transitions within the Fermi
surface. At variance with this finding, in the heavily doped
case �model II-SC� there is some noticeable contribution of
high-energy acoustic phonons to the Eliashberg function,
corresponding to a wider Fermi surface �Fig. 2�d��.

FIG. 1. �Color online� �a� Band structure of 3.7% B-doped
3C-SiC: model I-RB �solid blue lines� and model I-SC �dashed red
lines�. The zero of energy is set to the top of the valence bands, and
the Fermi level is indicated by the horizontal line. �b� Electronic
density of 3.7% B-doped 3C-SiC: model I-RB �solid blue line� and
model I-SC �dashed red line�. The density of states at the Fermi
level is similar in the two models �0.18 states/eV/cell in model I-RB
and 0.23 states/eV/cell in model I-SC�. In the supercell model we
do not find impurity states within the band gap.

FIG. 2. �Color online� �a� Phonon dispersions of pristine
�dashed red lines� and B-doped �solid blue lines� 3C-SiC along the
� and the 	 directions of the Brillouin zone. The vertical �green�
lines indicate the average Fermi surface diameter. Open circles are
experimental data �Ref. 26�. �b� Phonon dispersions for heavily
B-doped 3C-SiC: model II-RB �solid blue lines� and model II-SC
�green points, after folding into the Brillouin zone of pristine SiC,
following Ref. 24�. �c� Phonon density of states for model I-RB. �d�
The Eliashberg spectral function for 12.5% B-doped 3C-SiC �model
II-SC�. The nondispersive branch around 80 meV in �b� does not
contribute to the Eliashberg spectral function.
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The first reciprocal energy moment of the Eliashberg
spectral function provides the electron-phonon coupling pa-
rameter �=2��−1�2F���. For model I-RB of 3.7% B-doped
3C-SiC we find a coupling parameter of �=0.34. The cou-
pling of the electrons to the acoustic phonons accounts for
70% of the total coupling strength. This result is qualitatively
different from the cases of B-doped diamond and silicon,
where the coupling to the acoustic modes accounts for less
than 25% of the total electron-phonon coupling strength, as
found by integrating the spectral functions of Refs. 24 and
29. Furthermore, we find that the Eliashberg function of
B-doped 3C-SiC can be reproduced quite accurately by tak-
ing the electron-phonon matrix element g constant and equal
to 95 meV �dashed line in Fig. 3�. This indicates that super-
conductivity in SiC is dominated by the geometry of the
Fermi surface and by the vibrational density of states, as
opposed to the coupling of electrons to specific vibrational
modes as is the case in diamond.23,24 A band-by-band decom-
position of the coupling parameter reveals indeed that intra-
band scattering processes within the largest Fermi surface of
3C-SiC �Ref. 30� are favored by the peculiar nesting features
of this surface and provide the dominant contribution to the
pairing. This mechanism has not been observed for B-doped
diamond.31

The superconducting transition temperature correspond-
ing to the calculated electron-phonon coupling parameter is
obtained using the modified McMillan equation.10 The aver-
age logarithmic phonon frequency �Eq. �14.2� of Ref. 32� is
�log=63 meV, considerably smaller than the one calculated
for B-doped diamond in Ref. 24 �125 meV�. The relatively
small logarithmic frequency results from the large contribu-
tion of the acoustic phonons in SiC, which enhances the
weight of the Eliashberg function in the low-frequency
range. Depending on the choice of the Coulomb parameter
��, the calculated superconducting transition temperature
varies between 0.09 ���=0.15� and 1.1 K ���=0.1�. The
latter value compares favorably with the measured transition
temperature of 1.4 K. These results indicate that the experi-

mentally observed superconductivity in SiC can be explained
with an electron-phonon coupling mechanism.

In order to validate our results based on the rigid-band
model I-RB, we performed additional calculations for the
heavily doped rigid-band �II-RB� and supercell �II-SC� mod-
els of B-doped SiC. In these latter models we consider a very
large boron concentration of 12.5% �not yet achieved in ex-
periment� in order to compare the rigid-band approach and
the supercell approach in a limiting situation The electron-
phonon coupling parameter was found to be �II-RB=0.44 for
model II-RB and �II-SC=0.46 for model II-SC. Inspection of
the Eliashberg function for models II-RB and II-SC reveals
no significant differences in the sources of coupling for these
two models. The close agreement between the rigid-band and
the supercell calculations provides an a posteriori justifica-
tion for our choice of modeling 3.7% B-doped 3C-SiC
within a rigid-band approximation. Interestingly, the super-
conducting transition temperatures of heavily doped models
II-RB �5.1 K for ��=0.1� and II-SC �6.3 K for ��=0.1� are
found to be above the boiling point of liquid helium. This
result bears potential implications for practical uses of super-
conducting SiC.

After discussing the mechanism of superconductivity in
3C-SiC, we now extend our investigation to the 4H-SiC and
6H-SiC polytypes which are of interest for applications and
to the 2H-SiC polytype for completeness. For each of these
polytypes the valence-band maximum occurs at the zone
center, and the B doping gives rise to a multisheet Fermi
surface around � of similar topology. Our calculations indi-
cate that the electron-phonon coupling in polytypes 2H-SiC,
3C-SiC, 4H-SiC, and 6H-SiC occurs in the range of �
=0.21–0.34 for comparable levels of doping �Table I�. The
electron-phonon coupling strength associated with the opti-
cal modes is very similar for all of the polytypes ��
=0.07–0.10�. This is consistent with the fact that optical
phonons around the zone center correspond to bond-
stretching vibrations which are sensitive to the short-range
structure, which is the same in all polytypes. In contrast, the
coupling to low-energy acoustic phonons exhibits a larger
variation ��=0.12–0.23� and is enhanced in 3C-SiC. We as-
sign this variation to the differences in the shape of the Fermi

TABLE I. Electron-phonon interaction strength in various poly-
types of 3.7% doped SiC. We show the total coupling strength
��tot�, as well as the contributions arising from the acoustic ��ac�
and the optical ��opt� phonons. The superconducting transition tem-
perature �Tc in kelvin� is estimated using the McMillan formula
with a Coulomb parameter ��=0.1. The calculations on the hexago-
nal polytypes have been performed using a rigid-band model. The
accuracy in the calculated coupling parameters �tot is the same
across different polytypes, while the Tc values depend exponentially
on �tot and are shown purely for comparison purposes.

3C 2H 4H 6H

�ac 0.24 0.15 0.12 0.14

�opt 0.10 0.09 0.09 0.07

�tot 0.34 0.24 0.21 0.21

Tc �K� 1 0.01 0.001 0.001
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FIG. 3. �Color online� Eliashberg function �2F��� for model
I-RB of 3.7% B-doped 3C-SiC �solid blue line�. We also show the
Eliashberg function obtained using a constant electron-phonon ma-
trix element g=95 meV for comparison �dashed green line�. �Inset�
Comparison between the Eliashberg functions of B-doped SiC
�solid blue line, model I-RB�, diamond �dashed red line, from Ref.
24�, and silicon �dotted black line, from Ref. 29�. The contribution
of the acoustic phonons to the electron-phonon coupling parameter
is significant in SiC, whereas it is small or negligible in diamond
and silicon.
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surfaces among the polytypes �some leading to a more pro-
nounced nesting�.

Recently, a metal-insulator transition has been observed in
Al-doped SiC,25 raising the question as to whether electron
doping of SiC could be a more convenient strategy to in-
crease its superconducting transition temperature. In order to
address this question we have calculated the electron-phonon
coupling parameter of Al-doped SiC within the rigid-band
approximation. The coupling parameter is found to be
smaller than in B-doped SiC for comparative levels of dop-
ing ��=0.15 for 5% Al doping and �=0.29 for 15% Al dop-
ing�, indicating that hole doping is more advantageous in
view of optimizing superconductivity in SiC.

In conclusion, we investigated the origin of superconduc-
tivity in boron-doped silicon carbide from first principles by
considering a large set of structural models. We find that
superconductivity arises from conventional phonon-mediated
pairing. The transition temperature ranges from 1.1 �for a B
concentration of 3.7%� to 6.3 K �12.5%�. In contrast to the

related B-doped Si and diamond systems, acoustic phonons
and Fermi surface nesting play a prominent role in the su-
perconductivity of SiC. Our study suggests that heavily
doped cubic SiC may be a potential candidate for technologi-
cal uses of superconducting semiconductors.

Note added. Recently, another theoretical work investigat-
ing the superconductivity in doped SiC was published.35 Our
results and conclusions are in agreement with those pre-
sented in that work.
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