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ABSTRACT

Efficient silicon-based thermoelectric materials compatible
with the existent electronic technology would provide excellent
on-chip cooling opportunities. However, the high thermal
conductivity of silicon has historically limited its thermoelectric
performance. Here, we demonstrate the high potential of
silicon-based nanocomposites by fabricating silicon nanowires
with nickel silicide nanoinclusions with a scalable and
economic sintering process. Preliminary measurements of the
thermal conductivity of single nanowires from 40 to 325 K
show a reduction of the thermal conductivity of a factor of 4
compared to silicon nanowires of the same length. We
demonstrate that this reduction is probably a due to an increased
phonon scattering with the inclusions, which grow epitaxially
and form rhombohedral shapes. In order to better predict the
thermal conductivity with non-spherical shapes, we combine
ray tracing simulations and classical transport theories to
demonstrate that the thermal conductivity reduction can be
maximized by using elongated inclusion shapes (i.e. triangles
or T-shapes) with small neck sizes. The findings of this work
expand the understanding of transport phenomena in complex
nanoengineered materials and open promising optimization
paths for silicon-based thermoelectric materials.

KEYWORDS: heat transfer, low-temperature
measurements, nanowires, nanocomposites, silicide,
thermal conductivity, electroless deposition, thermometry
techniques.

NOMENCLATURE
R Resistance, Q
A area, m>
T temperature, K
I current, A
S Seebeck coefficient, VK!
L length, m
ks Boltzmann constant, m?kgs2K"!
n phonon mode
N phonon population
h reduced plank constant, m*kgs™!
f shape factor
Ji Bose-Einstein distribution
Vg phonon group velocity
D phonon density of states
d nanowire diameter
r inclusion characteristic length

Rs  boundary resistance

Greek symbols
K thermal conductivity, Wm™K!
o electrical conductivity, Sm™
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T transmission coefficient
) phonon angular frequency, rad/s
A mean free path
T relaxation time

Subscripts
NW  nanowire
D domain
U Umklapp
Imp  impurity
B boundary
L longitudinal
T transversal
m matrix
P particle
INTRODUCTION

Silicon-based nanocomposites are attractive thermoelectric
materials due to the abundance of the constituent elements, high
melting point, and compatibility with electronic and
photovoltaic technologies.[1]-[3] Bulk silicon compounds such
as higher manganese silicides (HMS), MgSi», B-FeSi,, and SiGe
present high thermoelectric figure of merit (zT) primarily
because of low thermal conductivity and high Seebeck

2
coefficient.[4]-[7] However, bulk materials zT =%T is

limited by the intrinsic interdependence of the electrical
conductivity g, Seebeck coefficient S, and thermal conductivity
k. Composite materials can overcome this limitation by
inducing phonon scattering without significantly affecting
phonon transport. Moreover, metal inclusions in a semi-
conductor matrix produce a Schottky barriers[8], [9] at the
interface, which can enhance the power factor (¢S?) by filtering
low energy electrons.[10], [11]

The contribution of the inclusions to the composite’s
effective thermal conductivity depends on the inclusion
material intrinsic thermal conductivity and the thermal
boundary resistance between the inclusion and the matrix
material.[12] Although the mechanisms that drive the thermal
boundary resistance are still not fully understood, the Diffuse
Mismatch Model (DMM)[12] has been shown to be a
reasonably good approximation for experimental values
between greatly acoustically mismatched materials,[13] and
epitaxial silicon-silicide boundaries.[14] Recent thermography
measurements have shown that the DMM might overestimate
the phonon transmission at intermediate frequencies especially
if the interface is not oxide free.[15] The inclusion distribution
and shape also affect the effective thermal conductivity.[16],
[17] Previously reported thermal conductivity analytical
expressions[18] and effective medium theories[19] (EMTs) are
derived for ellipsoidal or squared inclusions and layered
structures. However, recent advancements in nanomaterial
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Fig. 1. Process layout of the sample preparation from the initial Si wafer to a single nanowire bonded into the measurement microdevice.

synthesis show that epitaxially grown silicide inclusions in
silicon have a rhombohedral shape,[20] the thermal
conductivity of which cannot be captured by the
aforementioned expressions and EMTs.[16] This calls for an
improved method, such as the ray tracing technique, to be
incorporated into the investigation of phonon transport in
nanocomposites with non-elliptical inclusion shapes.

In this work, we have fabricated Si nanowires with nickel
silicide inclusions (Si-NiSi, NWs) and present thermal
conductivity measurements of a single wire. Since the nickel
self-propagates through the silicon wires when sufficient heat
is applied, the resulting inclusions are epitaxially grown and
with a rhombohedral shape. In order to better predict the
thermal conductivity of such structure, we use Monte Carlo ray
tracing simulations to compare the thermal conductivity given
by different inclusion shapes and the parameters that affect it.
The results presented here show that efficient silicon-based
thermoelectrics can be achieved by engineering silicide
inclusions and open new exiting paths of investigation.

SAMPLE PREPARATION
The nanowire preparation process layout is schematized in
Fig. 1. The main steps are metal assisted chemical etching

(MACE) to create a silicon nanowire forest with controlled
dimensions, electroless deposition of nickel, annealing of the
sample, etching of the residual nickel for 30 minutes, dispersion
of the nanowires into a TEM grid, and manipulation of a single
wire using a SEM omniprobe to place it in the microdevice.

Si NW Forest Fabrication

We follow the procedure detailed by Hochbaum et al. [21]
to fabricate a large scale Si NW forest. Briefly, a Si wafer is
cleaned by immersing it successively and during 10 minutes in
an acetone, IPA, and DI water. This wafer in then placed in 500
ml of aqueous solution of 0.02M AgNO; and 5M Hydrofluoric
Acid, which etches the silicon randomly and creates a nanowire
forest. The mechanism driving the MACE of silicon is
described in detail in the literature,[22] being the main factors
driving the nanowire diameter, in order of importance, the HF
concentration, the Ag concentration, and the reaction
temperature.[23] The diameter of the wires obtained using the
above conditions ranges between 20 and 250 nm, while the
length depends on the etching time. We achieve 50 pm in 5 h.
The wafer is then placed in a nitric acid solution for 30 minutes
and transferred to a clean nitric acid solution for another 30

Fig. 2, (4) Connection schematics to the microdevice. (B) Top-view SEM image of the measured sample of 14.1 um long and 170 nm of
diameter. (C) EDS mapping of the measured sample including Pt (yellow), Ni (blue), and Si (red). The measured inclusion density is 30 %.



minutes to remove the silver particles. Then, the wafer is placed
in IPA for 1 h.
Ni-SiNi NW Fabrication

To create the NiSi, inclusions, we first use electroless
deposition to randomly deposit nanometric nickel particles in
the Si NW forest. To deposit in a small area that fits in a
scintillation vial, we mix 25 mg of Ni(COD), with 5 ml of
toluene in an oxygen free atmosphere. For bigger containers to
fit larger pieces, use enough toluene to submerge the wafer
while maintaining the Ni(COD), concentration. We seal the vial
and place it in a hot plate at 70 °C for 1 h. The wafer piece is
then placed in a tube furnace at 650 °C for 1 h in inert
atmosphere and cooled down convectively. Any potential
residual nickel is etched away using commercial nickel etchant.
Sample Preparation

The wafer piece with Si-NiSi, NW forest is placed in a
scintillation vial with IPA and sonicated for 10 minutes to
disperse the wires. A couple of drops of IPA with dispersed
wires are placed in a TEM grid and transferred to the SEM
(Quanta) to be examined. When we locate a wire of the desired
dimensions and that is in the right position, we use the
Omniprobe to transfer it to the microdevice used for thermal
conductivity measurements and bonded using platinum
deposition. The sample reported in this study can be seen in Fig.
2 bonded to the microdevice.

METHODOLOGY

Thermal Conductivity Measurements

The sample dimensions are measured using high resolution
SEM (Magellan) imaging and its composition is measured
using EDS parterning as seen in Fig. 2. The measuring circuit
is detailed in Fig. 3 and the procedure has been described in

detail in the literature.[21], [24] Briefly, a microdevice with two
suspended membranes is used to measure the thermal
conductivity of the wire by heating one membrane up and
measuring the resulting temperature rise in the other (sensing)
membrane. The sample is bonded using wire bonding
(WestBond) and placed in a high-vacuum cryostat (JANIS
VPF-800) that allows temperatures down to 4 K. We use a lock-
in amplifier (SR830) to accurately measure the resistance of the
membranes and its change with applied current. A power
supply is used to significantly increase the temperature of the
heating membrane up to 25 K. An accurate measurement of the
resistance change with temperature is crucial for the
measurement of the thermal conductivity [25], [26]. To
precisely measure how the resistance of the membranes
changes with temperature, we use a Lake Shore 330 to control
the temperature of the vacuum chamber within 30 mK and a
radiation shield to minimize radiation losses.

Modeling

We perform Monte-Carlo ray tracing to capture the impact
of inclusion shapes seen in Fig. 3 on the phonon mean free path
due to boundary scattering at the inclusion interfaces, Ag.[16],
[27] Briefly, we combine Landauer formalism[28], [29] and
kinetic theory[30] to convert the frequency-dependent phonon
transmission coefficient (7' (w)) given by ray tracing
simulations to A as

_3Ly(T(w))

B=" 47 7
where Lp is the simulation length and f is the shape factor
detailed in Table 1. The thermal conductivity is then computed
as
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that is used in the results section to refer to each geometry.
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We use full phonon dispersion relations by taking a
quadratic fit of the experimental data for each acoustical branch
of Si [31] NiSip[32]. The different phonon scattering
mechanisms are combined via Matthiessen’s rule under
relaxation time approximation, in which A =tv and 77! =
T, + 745" + Timp, Where the subscripts denote phonon-
boundary, -Umklapp, and -impurity scattering, respectively.
We wuse the expressions of relaxation time detailed
previously[27] to compute Umklapp and impurity scatterings,
u

= Pw?Texp (— C?) and Tj,, = C;w*, where
= 1.53x 10792, €y = 144K, and C; = 2.54 X 1075 5%,

The impurity scattermg parameter corresponds to a 1015 cm™3
boron-doped silicon with an electrical conductivity of 5.84 +
1.3S/m.[27] Boundary scattering includes scattering with

inclusions and, in the case of nanowires, longitudinal and
4

which are 771!

transversal scattering, which can be estimated as Az} = pr—
g NW

and Agh = respectively. Phonons are introduced into the

3
2anw’
simulation with a random frequency according to the phonon
population distribution at each temperature. Different
approaches are used throughout the literature to compute the
thermal boundary resistance;[33] in this study, we use the
DMM because diffuse scattering is more likely to occur above
10 K for the studied material-pairs and it has been seen to be a
good approximation between silicon and silicide epitaxial
interfaces.[13]-[15]

Table 1. Shape factor used for geometries 1 to 5

Diamonds
1.14

Squares Circles
1.1 1.03

Hexagons
1.06

Triangles
1.19

2
According to the DMM, the phonon p(rO{)ability to get
transmitted from material 4 to B upon collision with a
boundary is computed as[33]-[35]

YnvigNip(®wT)
YnviaNia+3nviBNip’

tap(w) =

where N = fppD is the phonon population at each frequency.
Using the quadratic fit to the complete phonon dispersion
relation, we can overcome the Debye approximation and obtain
more accurate results.[30], [34], [35] Note that the transmission
coefficient t4z does not depend on the temperature if both
materials 4 and B are at the same temperature. After the
collision, a new direction is randomly assigned within the
resulting material.[33]

EXPERIMENTAL RESULTS

Two measurement cycles between 325 and 40 K were
performed on the sample shown in Fig. 2. In each cycle we
performed 5 measurements to obtain the average thermal
conductivity at each temperature. As seen in Fig. 4, the thermal
conductivity of the Si-NiSi NWs is much lower than that of a
Si NW with similar dimensions. In order to include the effect
of the NiSi inclusions, we start by using Hasselman and
Johnson effective medium theory to compute the effective
thermal conductivity of the composite material

ﬁ_@_) ("_p % )
Keff_(Km 8 1) ¢+ (24 +1

N K,Rg K K, Kk R
fm (1+ 25 _ ”>¢>+( S B+1)
where the inclusion den51ty is determmed using EDS and image
processing to be around 30 %, and the nickel silicide thermal
conductivity is assumed to not change significantly from the

10.3 Wm'K! value reported at room temperature.[36]
However, the effective approach still predicts a much larger
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Fig. 5. (A) Ray tracing results with the different geometries detailed in Fig 3 for Si nanoporous structures. (B) Effective thermal conductivity
with 25% nickel silicide inclusions and the indicated geometries. Geometries that require a smaller neck size to maintain the inclusion density

result in lower thermal conductivities.

thermal conductivity than the experimental results. We have to
reduce the average boundary scattering to only 25 nm to reach
the measured thermal conductivity values. The increased
scattering might be due to two contributions. The first
contribution might come from the NW roughness. Several
studies in the literature have presented reduced thermal
conductivity of Si NWs prepared with MACE and have
correlated the reduced thermal conductivity to surface
roughness of the NW.[21], [24], [37] The second contribution
to the thermal conductivity reduction comes from the
inclusions, which block the path of the phonons and increase
the boundary scattering. In order to better predict the thermal
conductivity given non-spherical inclusions, we perform Monte
Carlo ray tracing simulations in the next section to understand
the implications of different inclusion shapes.

In addition, we observe a descending trend above room
temperature that cannot be explained with the current
framework, where the boundary scattering dominates the
thermal transport and saturates the thermal conductivity (see
orange line in Fig. 4). Possibly, electron-phonon coupling at the
interface causes extra scattering or NiSi, thermal conductivity
starts to decrease, but further measurements at higher
temperatures and different inclusion densities are needed to
confirm these hypotheses.

SIMULATION RESULTS

We first analyze the effect of different inclusion shapes in a
silicon nanoporous media using the results given by ray tracing.
In order to isolate the effect of the inclusion shape on the
probability for a phonon to get transmitted, we look into the
product of the boundary mean free path and the shape factor.
As seen in Fig. 5 and previously noted by different authors,[16],
[38] the boundary mean free path tends to decrease with
decreasing neck size. However, as seen in the results from
geometries 4 to 8, which have all a neck size around 29 nm, the
elongation of the shape (length in the flux direction) and the
blockage of possible transmission paths seems to further

increase the boundary mean free path. We are currently
investigating how the different parameters drive the boundary
mean free path reduction.

We also show the resulting effective thermal conductivity
with 25% nickel silicide inclusions and geometries 1 to 5. The
shape factor, which is computed by solving the Fourier equation
with each geometry, is detailed in Table 1. As indicated by the
results in Fig 5A, geometries such as triangles and hexagons
result in a lower thermal conductivity. Indeed, the thermal
conductivity reduction is significant, especially around 200 K,
despite the constant inclusion density. However, since the
inclusions in our samples have different sizes, a detailed
simulation including different inclusion sizes might be
necessary to obtain an accurate prediction for each sample.

CONCLUSIONS

We fabricated Si NWs with random nickel silicide
inclusions as promising thermoelectric materials. Preliminary
data shows a thermal conductivity reduction of a factor of 4
compared to Si NWs with the same dimensions. This NWs are
also an ideal scenario to study the electron-phonon coupling at
the interface and its dependence on temperature. Our modeling
shows that an increased phonon boundary scattering is
necessary for the NWs to reach such low thermal conductivity
values, which is provided by the inclusions. We have shown
that rhombohedral shapes are contributing to the reduction of
the phonon boundary mean free path, but due to the random
nature of the inclusions, a detailed study of each sample might
be necessary to before discarding other possible scattering
mechanisms.
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