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Atomistic Simulations of Heat Transport in Silicon Nanowires
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We present a series of molecular dynamics, lattice dynamics, and Boltzmann transport equation
calculations aimed at understanding heat transport in Silicon nanowires. In agreement with recent
experiments, we find that the computed thermal conductivity strongly depends on the surface structure.
It may be as high as that of bulk Si for crystalline wires, while wires with amorphous surfaces have the

smallest thermal conductivity, about 100 times lower than the bulk. Two, combined effects are responsible
for this dramatic difference: the presence, at disordered surfaces, of extended, nonpropagating modes
analogous to heat carriers in amorphous Si, together with decreased lifetimes of propagating modes.
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As the basic constituent of semiconductor electronics,
Silicon is one of the best known materials, cheap, and
readily available. It would therefore be highly desirable
to broaden its utilization to renewable energy applications.
Recently, it was proposed that Silicon, engineered at the
nanoscale, may become an efficient thermoelectric mate-
rial [1,2], unlike its bulk form [3]. Even though Silicon
nanostructures have been regarded as potential building
blocks of thermoelectric materials for several years [4],
only recently it has been possible to synthesize nanowires
(SiNW) with controlled size, growth direction, and surface
properties [5], so as to build homogeneous wafer-scale ar-
rays with high thermoelectric efficiency. Such efficiency is
defined in terms of the figure of merit ZT = K;’fi T, where
o is the electronic conductivity, S the Seebeck coefficient,
k; and «k, are the ionic and electronic thermal conductivity,
respectively, and k = k; + k,. In recent experiments [1,2]
using SiNWs, ZT = 1 has been achieved, which is about a
100-fold improvement over the value obtained for bulk
silicon. Boukai er al. [2] have identified electron-phonon
interaction as one of the main effects responsible for an
enhancement of the Seebeck coefficient of wires, and thus
for increased ZT. According to Hochbaum et al. [1], it is
instead the low ionic thermal conductivity of wires that is
mainly responsible for high ZT values. This interpretation
is consistent with the conclusions of electronic structure
calculations [6] of thin SINW (diameter d =~ 1-3 nm), that
showed that one may achieve ZT = 1 only if « is reduced
by at least 2 orders of magnitude with respect to bulk
values. Model calculations of heat transport [7-9] in
SINWs have reproduced some of the trends observed
experimentally for « as a function of size down to d =
25-30 nm. However, it is yet unknown whether size re-
duction is the main factor determining the measured value
of k, and if further decreasing the diameter of wires below
10 nm may yield higher ZT. For smaller d, atomistic
simulations [10,11] have so far given contradicting results
about the specific values of k that may be attained.

In order to gain a microscopic understanding of heat
transport in SiINWs, we have performed a series of mo-
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lecular dynamics (MD) simulations for wires with d =
1-4 nm [12]. We have used an equilibrium MD approach
[13], already successfully applied to study heat transport in
bulk systems [14—16] and nanostructures [17,18], in which
k is computed by a Green-Kubo method [19], and the
empirical force field by Tersoff is employed [20]. We
have then carried out detailed analysis of heat carrying
vibrations based on the Boltzmann Transport Equation
(BTE), and on a nonperturbative approach based on linear
response originally proposed for amorphous Silicon (a-Si)
by Allen and Feldman [21] (hereafter referred to as AF
approach). Only «; is considered, as the electronic con-
tribution, previously obtained by electronic structure cal-
culations, remains smaller than 0.1 (W/m)/K for concen-
trations of dopants up to 10'® cm™3 [6].

To probe the effects of surface morphology, we consid-
ered three types of SINW, grown along the (001) direction:
(i) ideally, H-terminated crystalline wires with round cross
section; (ii) crystalline wires with square cross section and
(2 X 1)-like reconstructed, H-terminated surfaces; and
(iii) wires with a crystalline core and amorphous surface
layers of varying thickness [1,22]. The latter models were
generated by heating crystalline wires to 2400 K (the
melting temperature of the Tersoff model is ~2500 K)
for 40 to 160 ps. The thickness of the amorphous shell
formed is proportional to the annealing time. The SiINWs
were then quenched to 1600, 1200, 600, and 300 K and
equilibrated for 160 ps at every temperature, so as to anneal
the surface and the interface between the crystalline and
the amorphous regions.

Figure 1 shows the ratio between the computed ther-
mal conductivity of bulk Si and SiNWs, as a function
of the diameter. The most notable features are the dra-
matic dependence of « on surface structure, and its 10- and
100-fold reduction in the case of square cross sections, and
of rough, amorphized surface layers, respectively. No defi-
nite trend of « as a function of size is observed, except for a
clear increase up to bulk values for pristine, crystalline
wires with d = 1 nm. Large values of « in very thin wires
were reported also in Ref. [10], and reflect the tendency of
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FIG. 1 (color online). Ratio between the thermal conductivity
of bulk silicon and that of thin silicon nanowires at room
temperature, as a function of the diameter (a), and of the
thickness of the amorphous shell for the 3 nm thick wire with
crystalline core-amorphous shell structure (b), as obtained in our
atomistic simulations. In panel (a), filled circles refer to crystal-
line nanowires, squares to nanowires with square cross section,
and empty circles to crystalline core-amorphous shell wires.
Filled triangles refer to BTE calculations, and the empty one
is the result of combining BTE with the Allen-Feldman theory
for core-shell SINW. In our calculation, surface amorphization is
controlled by the duration of thermal annealing cycles applied to
crystalline wires at a temperature close to the melting tempera-
ture of bulk Si. The dashed line in (b) indicates the thermal
conductivity of amorphous silicon. In panel (c), a core-shell
SiNW with a diameter of 3 nm is sketched.

the system to approach the conditions of an ideal one-
dimensional heat conductor, for which « is known to
diverge with system size [23]. Our results show that at
variance with heat transport in thicker SINW (d > 50 nm),
in thin wires, phonon confinement through dimensionality
reduction [7,8] does not necessarily lead to low values of «;
on the contrary, long wavelength modes present in quasi-
one-dimensional systems may give rise to values of «
comparable to those of bulk Si. Therefore, a theory of
heat conduction which approximates the phonon mean
free path by wire diameter [8] is not predictive in the
size range considered here.

Figure 1(b) reports the dependence of the thermal con-
ductivity of core-shell SINWs with d = 3 nm, as a func-
tion of the thickness of the amorphous shell. It is seen that
the formation of a disordered surface as thin as two atomic
layers is sufficient to reduce « by an order of magnitude
with respect to that of crystalline wires with the same d.
Additional amorphization reduces « further, and eventu-
ally its value approaches that of bulk a-Si. It is interesting
to note that the presence of an amorphous shell as thin as
0.6 nm makes « drop to values that may prove to be
appealing for thermoelectric applications, provided the
electronic conductivity and power factor of the crystalline

core are not significantly altered by the presence of the
amorphous shell layer [24]. Even though calculations on
pure crystalline and rough wires have shown that the
electronic conductivity is very sensitive to surface passi-
vation and disorder [6,25,26], experiments on a-SiO, pas-
sivated SINW indicate that the power factor is much less
sensitive to surface roughness than « [1]. Explicit calcu-
lation of S and o in core-shell SINW will be necessary to
draw definite conclusions.

Hereafter, we aim at elucidating the effects induced by
surface amorphization by using a parameter-free model.
We note that theories of heat transport in rough wires in the
quantum regime have been developed; however, they have
been either restricted to low temperatures and coherent
processes [27], or they require fit of empirical parameters
[28,29]. In a recent work on Carbon Nanotubes [18], we
have shown that an approach based on the BTE, in which
phonon relaxation times are computed directly from MD
simulations, yields results for the thermal conductivity in
excellent agreement with MD. In addition, such an ap-
proach allows one to analyze in detail the contribution
(k;) to k of each phonon mode. Within the single mode
relaxation time approximation [30], k; is given by

ki(q) = Ci(q)vi(q)7:(q), (1)

where v;(q) and 7;(q) are the group velocities and the
lifetimes of the phonon mode with momentum q, respec-
tively. C;(q) is the specific heat per unit volume of each
vibrational state, using the Bose-Einstein statistics. Results
from the BTE are shown in Fig. 1 by the full triangles,
where it is seen that good agreement with MD is obtained
for crystalline wires (BTE results obtained using the
Boltzmann or Bose-Einstein statistics for C; differ by
less than 2% at T = 300 K). BTE results are however
substantially smaller (more than 50%) than MD values
for core-shell wires, and we will show below that in the
latter case, specific treatment of heat carriers in the pres-
ence of atomic disorder is required [21,31], in order to
understand the main contributions to .

The average lifetimes 7 of the vibrational modes of
several SiNWs are shown in Fig. 2(a). Lifetimes are com-
puted as the decay exponent of the modes amplitude auto-
correlation function obtained from equilibrium MD in the
microcanonical ensemble. While in bulk systems the pho-
non lifetimes scale as 1/ ?, here different behaviors are
observed, depending on the surface structure. Shape and
surface geometry do not significantly affect the magnitude
of 7 of crystalline wires, over the entire frequency range. In
particular, several vibrational modes with long lifetimes
are present in the low frequency part of the spectrum in
both round and square crystalline SiNW. Therefore, life-
time values may not be responsible for the 10-fold differ-
ence in « of crystalline wires with different cross sections.
These variations are instead determined by the group ve-
locities [Fig. 2(b)] that, in square wires, due to the presence
of surface defects (e.g., kink) are on average significantly
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FIG. 2 (color online). Computed relaxation times (a) and
group velocities (b) of the vibrational modes of a 1.1 nm crys-
talline nanowire (black), 1.2 nm square cross section nanorod
(red), and a 3 nm core-shell nanowire with 1 nm thick amor-
phous shell (green). Solid lines indicate the fitting of 7 to 1/w®.

smaller than in pristine, crystalline wires. The presence of
residual surface defects in square nanorods is indeed the
main cause for the observed reduction of the group veloc-
ities and thus for the drop of . On the other hand, vibra-
tional lifetimes in core-shell nanowires are on average 1
order of magnitude lower than those of their crystalline
counterpart. However, given the linear dependence of « on
7, the computed relaxation times do not fully account for
the observed drop of « in the presence of surface disorder.

We note that Eq. (1) may be used to compute the con-
tribution to k only of propagating vibrational modes. Yet,
in disordered systems, e.g., a-Si and a-SiO,, most of the
vibrational modes do not have a well defined polarization
and cannot be properly assigned a group velocity.
Although such modes do not propagate as phonons in
crystals, they are in general extended, they may have finite
diffusivity, and thus carry heat [31].

Figure 3(a) shows the participation ratios computed for
vibrational modes of core-shell SINWs with d = 3 nm
and different thicknesses (7) of the surface amorphous
layer. The graphs show that even in the case of heavily
amorphized SINW (f ~ 1 nm), vibrational modes do not
undergo significant localization. Only high-frequency (v >
530 cm™!) optical modes are localized on less than 100
atoms, while an analysis of the polarization vectors (not
shown) and the direct calculation of group velocities shows
that modes with frequency (v) >70 cm™! do not propa-
gate. These properties closely resemble those of the vibra-
tional modes of a-Si [31,32], for which a mobility edge
was identified at 570 cm!; in addition, the modes be-
tween 50 cm ™! and 570 cm ™! were found to have a dif-
fusive, nonpropagating character. In the case of core-shell
SiNW, we can separate the contribution to the total vibra-
tional density of state of the amorphous and the crystalline
regions [see Fig. 3(b)]. The two components of the power
spectrum nearly overlap at low frequency (<50 cm™!) but
differ significantly elsewhere. While the crystalline core
displays an intense peak corresponding to optical modes at
500 cm~!, the amorphous shell contributes a larger
amount of modes in the range between 50 and 180 cm ™!,
and these have a marked diffusive character.

@ '

05

1

CSt~1 nm

0 100 200 300 400 500

viem]

(b) 02 : ;

-~ amorphous
— orystal

01

v-DOS (arb. units)

o
=
o

=

=

0 100 200 300 400 500 800

viem]

FIG. 3. (a) Participation ratio (p;) of the vibrational modes of
crystalline and core-shell nanowires with 3 nm diameter and
different thickness of the amorphous layer. p; is defined as
pit =NY,[X ¢ n()eq, ()], where e, ,(i) is the component
of the eigenmode i relative to the coordinate « of the atom n, and
indicates the fraction of atoms participating in a given mode.
(b) Decomposition of the vibrational density of states into the
contribution from the crystalline (solid line) and the amorphous
(dashed line) region of the core-shell wire with 1 nm thick
amorphous layer.

The contribution «; to « of diffusive, nonpropagating
modes was computed using the AF theory [21,31] success-
fully applied to a-Si [31,33], where k; = C;D; and the
mode diffusivity is given by

V2
D; = 25 Y [l DP8(w; — ;). @

2
I w; i

Here, (i|J.|;) is the z component of the heat flux operator
projected on the i and j vibrational eigenstates. In core-
shell SiNWs, group velocities are essentially zero for
frequencies v = 70 cm™!, but the modes at higher fre-
quency have a finite diffusivity (Fig. 4), thus providing a
substantial contribution to thermal transport.

In order to quantitatively model the thermal conductivity
of core-shell SINW, we have treated the propagating pho-
non modes up to 70 cm~! by using the BTE, while we
employed Eq. (2) to compute the contribution to « of
diffusive modes. The calculation is not particularly sensi-
tive to the choice of the crossover frequency between
propagating and diffusive regimes, as in the range between
50 and 80 cm™!, D ~ v?7, and modes may be properly
described by either model. The results obtained in this way
are in excellent agreement with those of MD simulations
(see Fig. 4): phonon modes account for about half of the
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FIG. 4 (color online). Diffusivity of the vibrational modes of a
core-shell SINW with 3 nm diameter and a-Si thickness of 1 nm,
computed using the model by Allen and Feldman [21] (lower
panel). Thermal conductivity of the same core-shell SINW
computed combining the contribution from the Boltzmann trans-
port equation (BTE) for the modes with frequency lower than
70 cm™! (indicated by the vertical line) and the model by Allen
and Feldman (AF) for the modes with frequency higher than
70 cm™! (upper panel).

computed value of « and diffusive but nonpropagating
vibrations account for the other half.

In conclusion, we have shown that the thermal conduc-
tivity of thin SINWs (d = 4 nm) is insensitive to variations
of the diameter. Size reduction and phonon confinement do
not necessarily lead to low values of «; on the contrary, in
some cases, k increases as a function of size, due to the
presence of long wavelength phonons with very long mean
free paths. Values of the ionic thermal conductivity 10 and
100 times lower than in bulk Si may be attained by tailor-
ing the surface structure of the wires. For example, a small
amount of disorder in the surface reconstruction of square
SiNWs is sufficient to substantially flatten phonon disper-
sion curves and lead to a 10-fold decrease in «. In a-Si
coated SiNWs, a 100-fold drop of k may be achieved, due
to a decrease of propagating mode lifetimes at the
crystalline-amorphous interface, combined with the pres-
ence of non propagating, diffusive modes similar to those
found in a-Si. Our results are fully consistent with the
experiment reported in Ref. [1] and provide a microscopic
explanation for the values of thermal conductivity mea-
sured for so called rough wires. Finally, we note that based
on our results, we expect alloying at the interface, e.g., of
Si with Ge, to further decrease the thermal conductivity of
semiconducting wires.
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No. WI911NF-06-1-0175.
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