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Efficient phonon blocking in SiC antiphase superlattice nanowires
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and Ecole Centrale Paris, Grande Voie des Vignes, 92295 Châtenay-Malabry, France
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The high thermal conductivity of SiC prevents the improvement of its thermoelectric figure of merit, although
excellent power factor has been achieved. Here we propose a different type of SiC superlattice, i.e., antiphase
superlattice (APSL) nanowires (NWs), composed of only SiC components but with different stacking sequences.
Our molecular dynamics simulations show that the thermal conductivity of period modulated APSL NWs can
be significantly reduced by up to a factor of two at room temperature compared to the one of pristine NWs. The
phonon density of states reveals that new vibrational modes emerge on the interfaces due to the formation of Si-Si
and C-C bonds. We identify the increased phonon interfacial scattering as the predominant factor that hinders
the thermal transport along the wires with period Lp > 6 nm. Phonon coherent transport is also observed in the
structures with period Lp < 6 nm, which leads to a minimum thermal conductivity at the period of 6 nm. These
results provide clear guidelines to design structures with minimal thermal conductivity and possibly promote SiC
as a competitive thermoelectric material.
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I. INTRODUCTION

Silicon carbide (SiC) is a broadly used and available
semiconductor with a wide electronic band gap and a highly
saturated electron drift velocity. It also presents excellent
mechanical and physical/chemical properties such as excel-
lent strength, hardness, corrosion resistance, and oxidation
resistance, which make SiC an excellent candidate for high-
temperature, high-power, and high-frequency devices [1–5].
For example, SiC is widely used in high-temperature/high-
voltage semiconductor electronics due to its high breakdown
voltage and excellent physical stability at high temperatures
[1]. Nanometer-scale SiC resonators are also capable of
yielding substantially higher frequencies than GaAs and Si
resonators [2]. With the incorporation of randomly oriented
single-crystal SiC nanowires (NWs) in a SiC matrix, the
fracture toughness and flexural strengths of the composites
double [3].

Recently, the thermoelectric properties of SiC have also
been studied and it has been shown that doped SiC can be a
potential thermoelectric candidate at high temperature [4–9].
The efficiency of a thermoelectric material is characterized
by the dimensionless figure of merit ZT = S2σ

κ
T , where S

represents the Seebeck coefficient and σ and κ refer to the
electrical and thermal conductivities, respectively. Kim et al.
[5,6] found that the thermoelectric properties of SiC could
be significantly tuned by the effect of diluent gases and the
chemical vapor deposition temperatures. Ivanova et al. [7]
found that heavy nitrogen-doped SiC has a high-power factor
S2σ value of 1.7 × 10−3 W/(m K2) in the temperature range
from 1400 to 1600 K. With the doping of Si3N4, Kitagawa et al.
[8] found that the power factor of SiC increased dramatically
at high temperatures, benefiting from the increase of both the
Seebeck coefficient and electrical conductivity. By means of
thermal plasma physical vapor deposition, 300-μm-thick SiC
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films doped by nitrogen were fabricated by Wang et al. [9] and
the corresponding power factor reached as high as 1.0 × 10−3

W/(m K2) at 973 K. Although the above-mentioned studies
show that SiC has a good power factor at high temperatures,
its figure of merit is small due to the fatal shortcomings of a
fairly large thermal conductivity ∼100W/(m K) even though
at high temperatures. As a result, to make SiC a competitive
thermoelectric material, it is crucial to block phonon transport
at least by one order of magnitude.

In the past decade, several studies have proven superlattices
(SLs) to be efficient in blocking phonon transport. The cross-
plane thermal conductivity of a crystalline SL can be one
order of magnitude smaller than the values of bulk materials
with a single component and in some cases even smaller
than the value of a random alloy with the same components
due to interfacial scattering [10–19]. However, most of the
previous studies were focused on the heterostructure SLs,
where materials on the two sides of the interfaces are different.
As a result, mass mismatch and lattice mismatch are usually
regarded as the main phonon scattering mechanisms at the
interfaces.

The antiphase (AP) boundary/domain, in which the atoms
are configured in the opposite order compared to the one of
the perfect lattice, has been directly observed by experiments
on many types of materials, such as GaN [20], Fe3Al [21],
SiC [22,23], and Fe3O4 [24]. The peculiar properties and
promising perspective in the nanoelectronic design of domain
boundaries have recently created interest in this intriguing
and challenging research subject. As one kind of domain
boundary, the AP domain attracts interest for both fundamental
science and possible practical applications. For instance, the
presence of an AP boundary in Fe3O4 films will induce a
strong crystallographic direction dependence on the low-field
magnetoresistance behavior [24]. Antiphase boundaries in
antiferroelectrics with a π phase shift of the order parameter
exhibit polarity, implying the existence of local ferroelectricity
[25] in the antiferroelectric material. The impact of the AP
domain on electronic properties has been investigated [24,25],
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however, its influence on thermal properties is still unknown.
Many materials possess translational AP boundaries; as a
result, it is possible to fabricate SLs with the AP domain.
In fact, an alternating AP domain has been locally found very
recently in GeTe nanowires synthesized via vapor-liquid-solid
process by Nukala et al. [26]. This type of SL is interesting
for both electronic and thermal properties as the material
on the two sides of the interfaces are composed by exactly
the same elements but with atoms configured in the opposite
order. Consequently, the conventional continuum models for
SL properties, such as the effective mass model, are not
applicable [27]. In APSLs, the configuration of lattices is
very different from heterostructure SLs because no lattice
mismatch and mass mismatch are involved. So it could
be very interesting to study the fundamental phenomena
in the aspect of heat transfer, such as minimum thermal
conductivity, phonon interface scattering, and phonon co-
herence, which are commonly observed in heterostructure
SLs.

In this paper we propose a different type of SiC SL
nanowire: the APSL nanowire for potential thermoelectric
applications. Thermal conductivities of SiC APSL nanowires
with different periods are systematically studied with equi-
librium molecular dynamics. It is found that the thermal
conductivity of SiC APSLs can be significantly decreased, of-
fering a possibility to increase the thermoelectric performance
of SiC.

II. STRUCTURE AND SIMULATIONS

SiC exhibits a variety of stable lattice structure and
stacking fault polytypes, such as 2H , 3C, 4H , and 6H . These
structures differ only in the stacking order along the 〈111〉
crystallographic direction. In this work we choose SiC with a
3C structure as our reference system. In the 3C structures, an
{111} atomic layer contains one layer of Si and one layer of
C atoms and the coordinates of the Si/C layer can be obtained
from the C/Si layer with a shift of

√
3

4 a in the 〈111〉 direction,
where a is the lattice parameter. So in a perfect SiC lattice,
the arrangement of Si and C atoms in the 〈111〉 direction
can be either SiCSiC or CSiCSi. Now if the lattice stacks
according to the SiCSiC sequence and changes at a given plane
to the CSiCSi sequence, then an antiphase boundary is formed.
If this stacking sequence changes periodically, an antiphase
superlattice can be generated with C-C and Si-Si bonded
interfaces as shown in Fig. 1(a). The cross section of APSL
nanowires in the current study has been chosen as a hexagonal
shape and with the diameter D = 3 nm as depicted in
Fig. 1(b).

The thermal conductivities are calculated by equilibrium
molecular dynamic (EMD) simulations with the LAMMPS

code [28]. The interaction between atoms is described with
the empirical Tersoff potential [29]. The equation of motion
is solved with the velocity Verlet algorithm and a short
integration time step of 0.15 fs is used. Periodic boundary
conditions are applied in all directions but with a vacuum
surrounded in the x and y directions to allow for the definition
of free surfaces. The minimum length of the NWs in all
the simulations is 18.2 nm, which is long enough to avoid
the size effect on thermal conductivity. All the structures

FIG. 1. (Color online) Schematics of the SiC APSLs: (a) a SL
with two periods along the z direction showing the stacking sequence
of Si and C atoms and the Si-Si and C-C bonded interfaces and (b)
an example of a hexagonal cross section of APSL nanowires.

are fully relaxed in the isothermal-isobaric ensemble (NPT)
corresponding to the target temperature and zero pressure for
1.5 ns with the coupling to a Nosé-Hoover thermostat [30,31]
and in the canonical ensemble (NVT) for 1 ns. We then relax
the system in the microcanonical ensemble (NVE) for 1 ns
before collecting the data. Heat flux along the wire direction z

is then recorded every 60 time steps (9 fs) for another 1 ns in the
NVE ensemble. Thermal conductivity is calculated according
to the Green-Kubo formula [32] with the averaging over 24
ensembles obtained by setting different initial random velocity
distributions.

The phonon coherence is investigated by computing the
spectrum of the phonon coherence length [16]. For each
frequency, the phonon spatial coherence length lc(ω) repre-
sents the spatial extension of the associated thermal phonon
wave packets. To compute this quantity, the mutual coherence
function is first evaluated by a time and spatial correlation of
the velocity field for all unit cells composing the crystal lattice.
A time Fourier transform of the mutual coherence function
gives the cross-spectral density function, which contains the
spatial correlation of atomic motion for each frequency present
in the simulated system. The degree of coherence is finally
deduced and its spatial decay determines the phonon coherence
length. A complete description of the metric is reported
elsewhere [16].

III. RESULTS AND DISCUSSION

The thermal conductivity of APSL NWs 3 nm in diameter is
depicted as a function of period length in Fig. 2(a). Similar to
heterostructure SLs, a minimum thermal conductivity is found
around the period Lp = 6 nm. It is interesting to note that for
a large set of SLs, the minimum thermal conductivity is found
to appear at the period between 3 and 8 nm [16,19,33–41].
Compared to pristine NWs, the thermal conductivity of period-
modulated APSL NWs is notably reduced as revealed by the di-
amonds in Fig. 2(a). The maximum reduction around the ther-
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FIG. 2. (Color online) Thermal conductivity of APSL NWs with
a diameter of 3 nm. (a) κ as a function of period length Lp at
300 K (blue circles). Triangles correspond to thermal conductivities
calculated with Eq. (1) and the dashed line denotes the thermal
conductivity of a pristine NW with the same cross section. All these
conductivity data refer to the left coordinate axis. Green diamonds,
corresponding to the relative thermal conductivity decrease with
respect to the one of pristine NWs, refer to the right coordinate
axis. (b) κ as a function of temperature for pristine and APSLs with
specified periods.

mal conductivity minimum can reach 52%, which corresponds
to only 2.6% of the bulk SiC value at 300 K [42]. With the
increase in temperature, the thermal conductivity of the pristine
NW decreases by a large amount due to the umklapp scattering
process while remaining almost the same for period-modulated
APSL NWs as shown in Fig. 2(b). The latter behavior is
due to the predominance of the interfacial scattering over the
phonon-phonon scattering [19]. Due to the weak temperature
dependence of the thermal conductivity of APSL, the rela-
tive κ suppression decreases with the increase of temperature.
However, even at 800 K, the maximum thermal conductivity
reduction can reach 33%, corresponding to about 6% of the
bulk value [42]. This large thermal conductivity suppression
may be beneficial to the thermoelectric performance of SiC in

0 1 2 3 4
−1

−0.5

0

0.5

1

Frequency (THz)

lo
g 10

(l c(ω
)/

L p)

L
p
 = 1.51 nm

L
p
 = 3.02 nm

L
p
 = 6.04 nm

L
p
 = 13.6 nm

L
p
 = 36.24 nm

FIG. 3. (Color online) Spectrum of log10[lc(ω)/Lp] for different
period length Lp . For Lp < 6 nm, the phonon transport is coherent
and impacted by wave effects, as the coherence length is larger than
Lp . For larger periods, the wave packets have a spatial extension
smaller than Lp , leading to a particlelike transport.

the form of APSL NWs especially if the electronic properties
improve with increasing temperature.

The minimum thermal conductivity originates from the
interplay between the phonon wave effect and phonon particle
behavior [10]. To check that the minimal thermal conductivity
corresponds to a transition from a coherent to an incoherent
regime of transport, we have computed the phonon coherence
length for different period lengths. For each frequency, the
associated wave packet has a coherent transport when its
coherence length lc(ω) is greater than Lp. In the contrary
case, the interfacial scattering plays a very important role
in the transport process. In Fig. 3 the logarithm of the ratio
between lc(ω) and Lp allows us to determine whether or
not the transport is coherent. When log10[lc(ω)/Lp] > 0, the
wave packet is delocalized over several periods of the SL
and it originates from the normal modes of the SL. When
log10[lc(ω)/Lp] < 0, the wave packet is confined in a single
period.

As shown in Fig. 3, the coherence length is greater than
Lp for frequency lower than 3.5 THz for small periods.
This implies that the atoms located on the two sides of the
interface vibrate in phase. As the SL period becomes smaller
than the wave-packet coherence length, the phonon wave
effect, i.e., interferences appear, it corresponds to the band
folding of the Brillouin zone, which explains the reduction of
thermal conductivity when increasing Lp. As the period length
increases, the ratio between lc(ω) and Lp decreases. Here
Lp = 6 nm corresponds to the transition from the coherent
to the incoherent regime. When the period is larger than the
extension of the wave packet, interface scattering appears. As
a result, thermal conductivity increases monotonically with
period as the interface density decreases. We can expect a
saturation when the period reaches the bulk mean free path. It is
worth noting that the coherence spectrum has a small frequency
cutoff about 3.5 THz compared to the natural cutoff of the
vibrational density of states [Figs. 5(a)–5(c)]. Interestingly,
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FIG. 4. (Color online) Temperature profile along the z direction
obtained from nonequilibrium molecular dynamics simulations for
APSL NWs with periods Lp = 3, 6, and 18.1 nm, respectively. The
arrows indicate the position of interfaces.

this coherence spectrum cutoff corresponds to the frequency
beyond which the averaged group velocity becomes almost
zero, as shown in the insert of Fig. 6.

To further characterize the coherent phonon transport
at short periods, we performed nonequilibrium molecular
dynamics simulations for APSL NWs with a total wire length
of 18.2 nm of different periods. The temperature profile along
the wires is reported in Fig. 4, which shows that the temperature
profile is linear along the z direction for the small-period case
(Lp = 3 nm). No temperature drop is observed across the
interfaces, indicating that no resistance arises from a local
scattering. With the increase of the period, a temperature drop
at the interfaces starts to emerge.

Note that there are two kinds of interfaces in APSL NWs
as depicted in Fig. 1, i.e., interfaces linked with C-C bonds,
marked as a C-C interface type, and interfaces linked with Si-Si
bonds, marked as a Si-Si interface type. The measured Kapiza
resistance R for the two interfaces are RC-C = (4.7 ± 0.4) ×
10−10 m2 K/W and RSi-Si = (3.6 ± 0.4) × 10−10 m2 K/W,
respectively. Considering the analogy between the thermal and
the electrical resistance, the total thermal resistance equivalent

to one period would be [43] Rtot = Rpris + RSi-Si + RC-C =
Lp/κpris + RSi-Si + RC-C, where Rpris and κpris refer to the
thermal resistance and conductivity of the pristine NW,
respectively. Consequently, the thermal conductivity of the
SLs κSL can be cast as

κSL = Lp

Rtot
= Lp

Lp/κpris + RSi-Si + RC-C
. (1)

Substituting the obtained thermal conductivity of the pristine
NW and the Kapiza resistances into Eq. (1), we can calculate
the thermal conductivity for long-period APSL NWs and the
results are reported in Fig. 2(a) with triangles. The obtained
thermal conductivities agree well with EMD simulation
results.

To check the vibrational properties of the interface atoms,
vibrational density of states (VDOS) of three regions, i.e., the
C-C interface region, the Si-Si interface region, and the Si-C
region far from both interfaces, which are highlighted in Fig. 1
with red boxes, have been calculated. In the three regions,
atomic velocities of four atomic layers including two layers of
Si and two layers of C atoms are recorded every 1.5 fs during
t0 = 75 ps. The VDOS ρDOS is then numerically computed
by decomposing the time correlation function of the atomic
velocities into the Fourier space as

ρDOS(ω) = 1

kBt0T

∑

i

mi |vi(ω)|2. (2)

No window function has been applied during the Fourier
transform of the velocities in Eq. (2). The total VDOS is
presented in Fig. 5(a), which reveals that the VDOSs of the
two interface atoms are quite different from the atoms far from
interfaces. For the Si-C region, the VDOS has a shape similar
to that of bulk 3C SiC lattices, where it shows three typical
peaks separated by two gaps. The three peaks correspond to the
acoustic phonon modes, transverse optical phonon modes, and
longitudinal optical phonon modes, respectively. In the Si-Si
interfaces, those three peaks remain while new properties also
appear. Around 5 THz, two strong peaks emerged, which can
be identified as Si atom vibrational modes as shown in the Si
partial DOS depicted in Fig. 5(c). These new peaks are also
observed in the diameter-modulated SiC NWs interfaces [43].
Besides the low-frequency peaks, new modes are also observed
in the two gaps around 22 and 30 THz. These new gap modes
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FIG. 5. (Color online) Vibrational density of states obtained with Eq. (2) for the Si-C region, the Si-Si region, and the C-C region with
period Lp = 18.1 nm: (a) total VDOS in the three regions, (b) VDOS projected on C atoms in the three regions, and (c) VDOS projected on
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FIG. 6. (Color online) Phonon group velocity vg calculated with
Eq. (3) of a pristine NW and an APSL NW with Lp = 1.5 nm. The
diameter is chosen as D = 2 nm in order to reduce the number of
atoms in the unit cell.

are produced by the C atom vibrations, shown in Fig. 5(b).
In the C-C bonding interface regions, the VDOS changed
remarkably compared to the one in the Si-C region. The main
feature of the VDOS is that it shows a long tail above the cutoff
frequency of 35 THz, which is due to the much stiffer C-C
interactions. A quantitative calculation on the second deriva-
tive of the two-body part of the Tersoff potential around the
equilibrium position provides a force constant K = 387 N/m
for the Si-C bond, which is almost half of the C-C bond value
of 664 N/m. This strong coupling makes the vibration of
both Si and C atoms complex and shows long tails above the
usual cutoff frequency [Figs. 5(b) and 5(c)]. However, those
high-frequency modes are localized on the C-C bond inter-
face atoms and do not carry heat. This can be identified from the
VDOS of atoms located next to the C-C interface regions (not
shown), showing that the long tail is suppressed dramatically
and almost has the same cutoff as that of the Si-C region. The
localization of those high-frequency modes is also supported
by the group-velocity calculations (Fig. 6), where almost zero
group velocities are obtained for the modes above 35 THz.
Compared to the C-C region, the VDOS of the Si-Si region
matches more with the VDOS in the Si-C region. This explains
the lower Kapiza resistance in the Si-Si interface than in the
C-C one.

To elucidate the origin of the thermal conductivity decrease
of APSL NWs compared to the one of pristine NWs, the
phonon group velocity vg for pristine NW and APSL NW
with Lp = 1.5 nm is calculated based on lattice dynamics as

follows [44,45]:

vg = ∂ω

∂k
= − Im(aλuHDRu)

ω|u|2 , (3)

where λ = exp(ika), k and a are the wave vector and the
unit cell length, respectively, DR denotes the mass normalized
coupling force constant matrix between adjacent unit cells,
the superscript H denotes the conjugate transpose, and ω-u are
frequency-eigenvector pairs, which are obtained by solving
the atomic equation of motion D(k)u = ω2u, with D(k) being
the atomic mass normalized dynamic matrix.

The phonon group-velocity variations with frequency for
pristine and APSL NWs having a period length Lp = 1.5 nm
and a diameter D = 2 nm are depicted in Fig. 6. This figure
shows that the APSL NW group velocity is dramatically
decreased compared to that of the pristine NW. This trend
is especially clear in the frequency range of 3–10 THz, where
these phonons carry most of the heat in the pristine NW.
The averaged phonon group velocity of the APSL is only
30%–50% of the value of pristine NWs in this frequency
range. We infer that the strong decrease of group velocity
finally leads to the significant thermal conductivity reduction in
APSL NWs. We also note that the group velocity above 35 THz
is almost zero, indicating that these frequency modes do not
contribute to heat transfer. This also support the argument that
the high-frequency modes above the cutoff frequency of bulk
SiC only localizes on the C-C interfacial region.

IV. CONCLUSION

The thermal conductivity of a different type of superlattice,
APSL NWs, has been simulated with equilibrium molecular
dynamics. A minimal thermal conductivity is found for a
period of about 6 nm. The calculation of the phonon coherence
length validates the interplay between the phonon wave effect
and phonon particle effect when the period changes around the
minimal thermal conductivity period. Thermal conductivity of
period-modulated APSL NWs is largely suppressed compared
to that of the pristine NW. The maximum conductivity reduc-
tion can be as high as 52% at 300 K, while increasing the tem-
perature reduces the suppression percentage. Due to the forma-
tion of new Si-Si bonds and C-C bonds on interfaces, new vi-
brational states are observed for interface atoms. The origin of
the large thermal conductivity reduction is investigated by the
phonon group-velocity calculations, indicating that the phonon
group velocity is greatly decreased for APSL NWs compared
to that of the pristine NW. The significant reduction of thermal
conductivity of SiC NWs may help to improve the thermoelec-
tric performance of SiC, where the high thermal conductivity
is the main hurdle for increasing the figure of merit.
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