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Tunable thermal conductivity in silicon twinning superlattice nanowires
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Using nonequilibrium molecular dynamic simulations, the thermal conductivity of a set of Si phononic
metamaterial nanowires with a twinning superlattice structure has been investigated. We first show that this latter
structural modulation can yield 65% thermal-conductivity reduction compared to the straight wire case at room
temperature. Second, a purely geometry-induced minimal thermal conductivity of the phononic metamaterial is
observed at a specific period depending on the nanowire diameter. Mode analysis reveals that the the minimal
thermal conductivity arises due to the disappearance of favored atom polarization directions. The current thermal-
conductivity reduction mechanism can collaborate with the other known reduction mechanisms, such as the one
related to coating, to further reduce thermal conductivity of the metamaterial. Current studies reveal that twinning
superlattice nanowires could serve as a promising candidate for efficient thermoelectric conversion benefitting
from the large suppression in thermal transport and without deterioration of electron-transport properties when

the surface atoms are passivated.

DOLI: 10.1103/PhysRevB.90.195439

I. INTRODUCTION

Thermoelectric material, which can convert heat into
electric power and vice versa, is one of the promising
candidates for energy harvesting. The dimensionless figure
of merit ZT, measuring the conversion efficiency, depends
on the electrical conductivity, the Seebeck coefficient, and
the thermal conductivity («x). Due to its abundance in nature,
to the sum of knowledge accumulated on its properties, and
also to its environment friendly features, silicon has been
extensively studied as a thermoelectric material and ZT =1
has been achieved for Si nanowires (NWs) [1], a remarkable
accomplishment in view of the poor thermoelectric conversion
potential of the bulk counterpart. This significant progress
in the figure of merit for Si is largely attributed to the
remarkable reduction in thermal conductivity of Si NWs. Both
experimental [1-5] and theoretical [5—13] works show that
with the introduction of defects, such as surface roughness
and heterogeneous coating, the thermal conductivity of Si
NWs can be two orders of magnitude smaller than that of the
crystalline bulk one. Although this significant achievement has
been reached, it is still far from the desired efficiency of solid-
state thermoelectric devices, where ZT ~ 4 is required [14].
Consequently, new mechanisms for « reduction are greatly
needed to reach the next milestone of Si thermoelectrics.

Heterostructure superlattices (SLs) are one kind of meta-
material that has been widely studied [15-20]. It has been
shown that for a crystalline superlattice (SL), the cross-plane
thermal conductivity can be one order of magnitude smaller
than the one of bulk materials with a single component, and, in
some cases, even smaller than the value of a random alloy with
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the same elements due to the numerous interface scatterings.
On the other hand, geometric (metamaterial) SLs composed
of the same component have rarely been studied [21,22].
Nevertheless, SLs of this kind also have vital importance as
they involve nontrivial consequences on the electronic and
phonon properties of the materials.

Twinning, also known as the planar stacking fault, is one
of the most important defects in materials science and it is
most often related to mechanical properties [23,24]. Recent
experiments [25-28] show that twin planes are commonly
found in NWs with fcc structures grown in the (111) direction,
e.g., InP, SiC, GaP, Si, etc. These twin planes are distributed
periodically along the NWs and form a twinning SL NW. The
diameter and period length of these metamaterial NWs can
be controlled during the synthesis process, offering the degree
of freedoms for tuning their properties. More interestingly,
NWs with twinning SLs feature a zigzag arrangement of
periodically twinned segments with a rather uniform thickness
along the entire growth length, offering a mechanism for
shape controlling during the growth of NWs. The impact
of twinning on mechanical [23,24], electronic [29,30], and
optical properties [30] has been widely studied, while this
impact remains unexplored concerning thermal properties.
Unlike heterostructure SLs with fundamental A and B units,
where the units A and B differ either in local crystalline
structure or local composition or both, the units A and B of a
twinning SL exhibit the same local structure and composition
and they differ only by a relative rotation of the crystal
orientation, i.e., A and B are “twins” [27]. As a result, the
conventional mechanisms for SL interface scattering, such
as mass mismatch and lattice mismatch, are not applicable
and alternative phonon scattering mechanisms taking place in
twinning SLs should be investigated.

In this work, we perform nonequilibrium molecular dynam-
ics (NEMD) simulations to calculate the thermal conductivity
of the Si metamaterial NWs with twinning SLs. We show
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that the thermal conductivity of the twinning SL. NWs can be
remarkably reduced up to 65% at room temperature compared
to their pristine counterpart. A minimum thermal conductivity
due to the geometric effect is found with a specific SL period,
which is equal to 1/3 of the diameter.

II. STRUCTURE AND SIMULATION DETAILS

Figure 1 depicts the structure formation of the twinning
SL with the diameter D and period L ,. For a close-packing
structure, there are usually three types of stacking sites with
exactly the same configuration but having a shift one from
another in a specific direction. The three stacking sites are
usually labeled as A, B, and C. The B and C sites can be
obtained from the A site with a shift of (1 4+ 3n)b, and (2 +
3n)b,, respectively, where b, is the minimum shift length, as
shown in Fig. 1(a), and n is an integer. The stacking sequence
of ABCABC in the (111) direction forms the fcc structure and
the ABABAB one forms the hcp structure. For Si having a
fcc diamond lattice, the shift between different sites is along
the (112) crystal orientation with b, = 2.217 A. The cross
section of the wire is chosen as hexagonal with the diameter D,
which is shown in Fig. 1(b). The wire first grows according
to a fcc structure, i.e., following a stacking in the ABCABC
sequence with the same shift given by the vector b, between
the neighboring layers. After several ABC periods, a stacking
fault is introduced, and instead of stacking an A layer, a B
layer is directly introduced after the C layer with a shift of b,
in the opposite direction. After the stacking fault, the stacking
sequence changes to CBACBA, which is purely symmetrical
to the previous stacking, as is shown in Fig. 1(c). As a result,
a kink is formed with the angle 6 = 109.4°.

NEMD simulations are performed by using LAMMPS
software [31] with the commonly adopted Stillinger-Weber

(C) <111><110>
_~_\{9\{UUUU
—»<110 > SVLHLO
SVVULVBO

Period o QRO
Length SIS SRASH P Po ')‘* 109:4:

PSPPI
L, PELESPs

y Npaorboef o Sieih PP s s e
g B
X Site B Twinning GOOOHGY c
) > - A0
¢ +siteC  boundaries W UUVUY A
Xl’ FOOUOGLHUYe B
C
<112> B
P A
XXX
b O
900000000 Z
000000000
00000000
0000000000
uouuoaﬁoouuuuD
9000000000
©c0o0o0o0co00000
0000000
° 000 °
XX
eovoooe X X

FIG. 1. (Color online) Schematic figure of the twinning SL stack-
ing with diameter D and period length L . (a) Three possible stacking
sites labeled with A, B, and C in closely packed structures. The
three sites are identical but are shifted in the (112) direction one
from another. (b) An example of a hexagon cross section with the
diameter D of the twinning SL NWs. (c) Stacking sequence of a Si
twinning SL NW.
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potential [32,33] describing the interactions between atoms.
The velocity Verlet algorithm with an integration time step
of 0.8 fs is used to solve the equations of motion. All
of the structures are fully relaxed at zero pressure and at
target temperatures (NPT) for 4 ns and then moved to an
NVE ensemble with fixed boundary conditions on atomic
layers at the two ends. Next to those fixed layers, with the
help of the Nosé-Hoover thermostat [34,35], several layers
of atoms were coupled to a hot and a cold bath having
temperatures Ty + A /2 and Ty — A /2, respectively, where
A =20 K in all simulations. 5 ns runs were performed to
reach the nonequilibrium steady state, and another 5 ns to
time average the local temperature 7 and the microscopic heat
flux j along the z direction. The thermal conductivity (TC)
k were then extracted from the Fourier’s law, i.e., x =
—j(dT/dz)~". All of the NWs’ thermal conductivities were
measured with the same kink leg length of 34.5 nm. Note that
all of the simulations are done with free surfaces, while in real
situations, the dangling bonds on surfaces should be passivated
by, for example, hydrogen atoms. However, the influence on
the thermal conductivity of hydrogen atom passivation remains
weak due to the reduced hydrogen mass [36]. Consequently,
only silicon atoms were considered in our simulations.

III. RESULTS AND DISCUSSIONS

Figure 2(a) represents the thermal conductivities of the Si
twinning SL NWs as a function of period L, and specified
diameter D at 300 K. The thermal conductivities of the pristine
NWs having the same diameters and lengths are also calculated
and are summarized in Table I. Note that the length-dependent
thermal conductivity in nanostructures has been extensively
reported [7,37,38]. In this study, we focus on the relative
reduction of thermal conductivity by the twinning rather than
the absolute value or the length effect on thermal conductivity.
As aresult, we fix the length of the simulated NWs to 34.5 nm
and consider TC as a function of SL period, temperature, and
diameter of the NWs.

As is shown in Fig. 2(a), the thermal conductivities of the
NWs with twinning SL are largely decreased compared to
the one of the pristine NW. The reduction rate is comparable
to one of the facet engineered nanowires [39]. A first guess
regarding the thermal-conductivity reduction may arise from
two reasons, i.e., the zigzag geometric effect and the twinning
boundary scattering. To check the relative contribution of
these two aspects, we calculated the thermal conductivities
of the bulk Si twinning SLs by applying periodic boundary
conditions in the x and y directions and compared them with
the one of the silicon bulk material. With the periodic boundary
condition in the x and y directions, the geometric effect is
eliminated and we can purely focus on the scattering by the
twinning boundaries. Surprisingly, regardless of the number
of boundaries, the results show no difference with the value of
the perfect bulk, indicating no impact on heat transfer from the
twinning boundaries. All of the thermal-conductivity reduction
in the SL. NWs hence arises from the induced geometric
effect, i.e., from the zigzag configuration. This can actually be
observed directly from the temperature profile (not shown) for
both bulk materials and nanowire SLs, where no temperature
jump is observable around the twinning boundaries. The
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FIG. 2. (Color online) (a) Thermal conductivities of the twinning
SL NWs as a function of the period for different diameters at
300 K. A minimum thermal conductivity appears at different period
lengths for different diameters. (b) Period length L, and shift
length L; corresponding to the minimum thermal conductivity vs
the diameter. Lp and L, are linked together with the relation
Ly =1L,/2 x cot(0/2).

reason may be found from the fact that each atomic layer
is actually identical and the stacking sequence of ABCABC
and ABCACB does not alter the force between the neighboring
layers. Consequently, the atomic motion can be effectively
transferred through the twinning boundaries.

When the diameter remains invariant, the increase in
the SL period leads the thermal conductivity to decrease
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first, reaching a minimum value, and then progressively
to increase. The minimum thermal conductivity observed
here seems similar to that observed in the heterostructure
SLs [15-18]. However, the mechanism taking place in the
twinning SL NWs completely differs from the one observed
in heterostructure SL. In this latter situation, the minimum
thermal conductivity is attributed to the interplay between
the phonon coherence and the interface scattering. For the
twinning SL NWs, the twinning boundary has no impact
on heat transfer, and thermal-conductivity change is fully
ascribed to the twinning-induced zigzag geometric effect as we
discussed. This can be further confirmed from the diameter-
dependent SL period corresponding to the minimum thermal
conductivity, as displayed in Fig. 2(b). This figure clearly
shows that the period length, corresponding to the minimal
thermal conductivity, varies with the diameter according to
the relationship L, = 0.95D. In Fig. 1(c), we also defined
the shift length L, representing the total length shift in the
kink direction within one period. L, and L; are linked with a
simple relation, i.e., Ly = L, /2 x cot(6/2) with 6 = 109.4°.
As aresult, the L, value corresponding to the minimal thermal
conductivity is a function of the diameter and can be simply
expressed as Ly = D /3, whichis also shown in Fig. 2(b). It has
been experimentally demonstrated that twinning boundaries
have almost no effect on the electrical conductivity [40]. In
twinning SL nanowires, electrical conductivity also remains
at a high value in comparison with the one of the pristine
structure if the surface atoms are passivated, for example, with
hydrogen atoms [41]. As a result, the thermoelectric figure of
merit of Si can be notably enhanced with the twinning SL NWs
thanks to the significant thermal-conductivity decrease without
significant deterioration of electron-transport properties.

To explain the large thermal-conductivity decrease as well
as the minimal thermal conductivities, we performed the
normal-mode polarization calculations. For a given mode A,
the o (x, y, or z) Cartesian component of a unit polarization
vector e;, ; of an atom i is defined as [42]
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The normal-mode eigenvector components ¢&;, ; and their

corresponding eigenfrequencies w, are obtained by solving

the lattice dynamics equation,

W3 igs = Z Dia, jgEjp 1 s (2)
B
where ®;, jg is the harmonic force constant, which is cal-
culated from the second derivative of the Stillinger-Weber
potential used in MD simulations.
Figure 3 depicts the longitudinal acoustic (LA)-mode
polarization vectors of each atom projected on the Y-Z

TABLE I. Thermal conductivities of pristine NWs and twinning SL NWs with different diameters at 300 K. The resulting reductions in

percentage are reported in the last line.

Diameter (nm) 2 4 6 8 10
Pristine NW « (W/m K) 18.4 £0.15 19.4 £0.17 21.0£0.10 22.7£0.08 245 £0.11
SL minimum « (W/m K) 6.5+£0.22 7.7+£0.20 9.9 +0.15 11.3 +£0.10 125+ 0.12
Maximum reduction (%) 64.7 60.3 53.0 50.0 49.0
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FIG. 3. (Color online) Y-Z components of the LA-mode vectors around the frequency 4.0 cm™' for (a) the straight, (b) L, = 1.25 nm,
(¢) L, = 1.9 nm, and (d) L, = 10.6 nm NWs with 2 nm in diameter. The color represents the number of modes and the maximum value has
been normalized to 1. The corresponding structures are schematically indicated in each panel.

plane for the straight and the twinning SLs with different
periods. The polarization vectors are calculated for the NWs
of 2 nm in diameter and around the 4.0 cm™' frequency.
The corresponding structures are also schematically shown
in each panel. For the straight NW, the normal modes possess
well-defined polarization vectors, as indicated by the dashed
arrow in Fig. 3(a), where all of the atoms show a unit
polarization vector component near 1 in the z direction and
almost zero in the x and y directions. This indicates that all
of the atoms vibrate along the z direction. This is, of course,
favorable for phonon transport. When the NW grows with
twinning of small periods, the LA modes for some of the
atoms start to have a small y component but still predominate
in the z direction, as indicated by the arrow in Fig. 3(b). Those
atoms with a small y component are typically the atoms around
the kinks.

When the SL period increases to the length corresponding to
the minimum thermal conductivity [Fig. 3(c)], the polarization
vectors significantly broaden in the y direction and no
clear preferential orientation appears. The polarization vectors
homogeneously distributed on the arc range from —0.4 to 0.4
in the y direction and from 0.91 to 1.0 in the 7 direction. Atomic
vibrations hence have scattered directions, yielding a hindered
phonon transport and a decrease of the thermal conductivity
compared to shorter period cases. With further elongation of
the period, the atomic polarization vectors continue to broaden

in the y direction with a small fraction of interchanges between
LA modes and transverse acoustic (TA) modes indicated by the
y component near to the unity. This outcome agrees with the
findings of Jiang et al. [9]. However, two preferred orientations
of the polarization vectors can be clearly observed in Fig. 3(d),
which for sure will increase the thermal conductivity compared
to the homogeneously distributed cases. The two preferred
orientations have their y and z components (y,z) around
(£0.52, 0.81). It can be easily calculated that these two
preferred directions are along the two legs of kink, respectively.
It follows that most of the atoms vibrate along the two legs.
It can be shown that the atoms having the two preferred
directions are located in the middle of the legs. Those latter
also contribute to 60%—70% of the atom polarization vectors
for the NWs with L, = 10.6 nm. This percentage increases
with the increase of period length, which agrees well with
the increase of thermal conductivities when period length is
increased beyond the minimum thermal-conductivity period.
Alternatively, the minimum thermal conductivities can
be explained with a more intuitive geometric analysis. As
shown in the structures of Fig. 3, phonons can propagate
straightforwardly along the wire direction in the pristine NWs,
leading to a thermal conductivity labeled as «;, which should
be proportional to the cross-section area of the straight part.
However, for the twinning SL. NWs with long periods, phonons
have to go along the legs, as shown by the dash-dotted arrow in
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Fig. 3(d), in order to propagate from one side to the other side.
The thermal conductivity resulting from this zigzag phonon
propagation is labeled as k. k;, should be proportional to the
period length and should saturate to k; when L ,, is long enough.
When the shift length L; (defined in Fig. 1) is larger than the
diameter, one has x; = 0 and the thermal conductivity of the
wire is only composed of the heat flux involved in «;,. However,
in the cases when L; is smaller than the diameter, phonons
can propagate in both ways, as illustrated schematically by
the arrows in Figs. 3(b) and 3(c), i.e., k = kg + k. Starting
from Ly = D, with the decrease of period, x; decreases and
ks increases from zero since the cross section of the straight
part (noted by the red lines) enlarges progressively from zero.
So there is a competition between «; and «; with the variation
of the period, which finally results in the minimal thermal
conductivity. This also interprets the diameter dependence of
the minimum thermal conductivity as a function of period
length. Therefore, the geometrical-period-dependent thermal
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FIG. 4. (Color online) Phonon-dispersion relation of (a) the pris-
tine NW with D =2 nm and (b) the twinning SL phononic
metamaterial NW with L, = 3.1 nm, D =2 nm; (c) and (d) are
the corresponding 0 < @ < 3 THz of (a) and (b), respectively.
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conductivity of twinning SLs enables the control of heat
transport and thermoelectric conversion efficiency by changing
only the geometric properties of such phononic metamaterials.

To know more about the vibrational properties of the
twinning SL phononic metamaterial NW, we investigated the
dispersion relation and compared it with that of pristine NWs
(Fig. 4). The dispersion curve is calculated by solving the
lattice dynamical equation [Eq. (2)] with the force constant
matrix obtained from the LAMMPS software [31] based on the
finite displacement method. The dispersion of both pristine
and twinned NWs contains four acoustic branches, namely,
one longitudinal, two transverse, and one torsion polarization
branch. As the twinning SL NWs contain many more atoms
in a period, their dispersion curve has many more branches.
However, most of the branches are flat bands, giving smaller
group velocities compared to the pristine structure. This is
more clearly shown in the zoom-in plot in Figs. 4(c) and 4(d).
More interestingly, the acoustic phonon frequency goes up
to the optical phonon range, and no band gap between the
acoustic and optical phonon branches is observed. However,
for the twinning SL phononic NW with L, =3.1 nm, a
small gap between the optical and acoustic branches appears,
giving a phononic band-gap effect. The small group velocity
of the twinning SL phononic metamaterial NWs hinders heat
transfer, which can be identified more intuitively from the
transmission function in Fig. 5 obtained from the Green’s-
function calculations [43].

As clearly shown in Fig. 5, the transmission function of the
twinning SL NW with L, = 3.1 nm is much smaller than the
value of the pristine NW, although many more branches are
contained in the twinning S NWs, indicating a decrease of
group velocity to a large extent. Especially for the phonons
below 7 THz, the transmission is decreased by a factor of
3. Since the phonons in this frequency range carry most of
the heat, the thermal transport in the twinning SL NWs is very
hindered. The large group velocity suppression originates from
the disappearance of a favored polarization direction and it is
the immediate cause of thermal-conductivity reduction. The
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FIG. 5. (Color online) Phonon-transmission functions calculated
with the phonon Green’s function vary with the frequency.
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FIG. 6. (Color online) Temperature-dependent thermal conduc-
tivity of the pristine and twinning SL NWs with different periods
and a diameter of 4 nm. The corresponding solid lines are fitted with
Eq. 3).

transmission function also clearly shows the band gap between
the acoustic and optical modes of the twinning SL NWs.

Figure 6 illustrates the temperature-dependent thermal
conductivity of the pristine and twinning SL NWs of 4 nm
in diameter and 34.5 nm in length. Due to the anharmonic
effect, the thermal conductivity of the pristine NWs decreases
quickly with the increase of temperature. However, for the
twinning SL NWs, the thermal conductivities only decrease
slightly when the temperature increases from 300 to 800 K,
showing a weak dependence on the temperature. This trend
appears because the phonon mean-free path in the twinning
SL NWs is much smaller than in the pristine NWs and leads
to weak temperature dependences for thermal conductivities
in twinning SL NWs.

The phonon lifetime is commonly given by the Matheis-
sen’s rule, expressing the total inverse lifetime as the sum of the
inverse lifetimes corresponding to each scattering mechanism.
For the structures discussed here, only anharmonic and
boundary scattering take place. Consequently, the total lifetime
T can be cast as 1/t =1/, + 1/1,, where 7, and t, are
lifetimes of the boundary scattering and of the anharmonic
scattering, respectively. The anharmonic scattering lifetime
averaged over the frequency can be approximated as [44,45]
17! = BTe /T, with T being the absolute temperature, and
C = 137.3 K and B are constants. Using the averaged specific-
heat capacity C, and the group velocity v,, the relaxation
time k can be expressed as xk = Cuvgr. From this latter
expression, it follows that x = C,vg/(1/7, + BTe™"73/T),
Leta = c+§r,, and b = Ciz’f Considering a and b as fitting
parameters, the following equation can be used to fit the
temperature-dependent thermal conductivities of different
structures:

1
K= ————
a—+ bTe1373/T

In Fig. 6, the corresponding solid lines are fitted with
Eq. (3). The temperature-dependent thermal conductivity «
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FIG. 7. (Color online) Thermal-conductivity variation with the
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Si NWs and the Si core in the core-shell NWs.

for all structures can be well fitted with the same constant
b = 6.7 x 107>, which characterizes the anharmonic effect.
The parameter a related to the lifetime of the boundary
scattering takes the values of 0.04, 0.08, 0.092, and 0.103 for
the pristine and the twinning SLs corresponding to the periods
12.5, 8.8, and 3.1 nm, respectively. These values indicate a
continuous decrease of the relaxation time due to boundary
scattering for these structures.

To investigate whether the present thermal-conductivity
reduction mechanism can collaborate with other well-known
mechanisms, we coated Si twinning SL NWs (D =4 nm)
with one- or two-Ge-atom-thick layers, forming the core-shell
twinning SL NWs. Mixed parameters for Si-Ge were based on
the Stillinger-Weber potential according to Refs. [33,46].

The effect of the Ge atom coating on the thermal
conductivities for the Si twinning SL NWs with different
periods is illustrated in Fig. 7. As a comparison, the thermal
conductivities of the Si twinning SL NWs without coating are
also presented in the figure. Note that the diameters of the pure
Si SL NWs and the Si core in the core-shell structures are the
same. As can be seen from the figure, Ge coating still has a
large impact on the thermal conductivities of Si twinning SL
NWs, especially for small periods. With the Ge coating, the
period corresponding to the minimum thermal conductivity
does not change and the maximum reduction can reach almost
20% for only two atom layers of Ge coating. The thermal
conductivity of the core-shell twinning SLs decreases with the
increase of coating thickness at short periods while it almost
does not change with coating thickness at large periods. The
reduction of thermal conductivity by Ge coating is attributed
to the increase of the boundary scattering rate, which further
shortens the phonon mean-free path.

IV. CONCLUSIONS

The thermal conductivity of Si twinning SL phononic
NWs has been investigated with different periods,
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diameters, and temperatures by using NEMD simulations. It
is demonstrated that the thermal conductivity can be reduced
by 65% at room temperature compared to the straight NW
case. Pure geometry-induced minimal thermal conductivity
of the phononics is observed with the variation of the SL
period. The corresponding periods are diameter dependent
and almost equal to the diameter of the NW. A mode

PHYSICAL REVIEW B 90, 195439 (2014)

analysis shows that the minimal thermal conductivity is due
to the loss of preferential orientation of the polarization
vectors induced by the kink. The considered mechanism of
geometry-induced reduction of thermal conductivity in twin-
ning superlattices can be complemented by other known mech-
anisms to further reduce thermal conductivity in phononic
metamaterials.
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