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ABSTRACT

We present a combined experimental and numerical investigation of phonon transport in multiphase nanostructured silicon. The sample
was synthesized by high-pressure torsion with a nominal pressure of 24 GPa. Based on the x-ray diffraction measurement, we have identified
the existence of three phases of silicon in the sample: Si-I, Si-III, and Si-XII, with volume fractions of 66%, 25%, and 9% and average grain
sizes of 25, 14, and 11 nm, respectively. The measured thermal conductivities of the sample in the temperature range of 150-330 K are on
the order of 5 W/(m K) and exhibit weak temperature dependence. Avmultiscalermodeling thatiincorporatesifirst=principlesilatticerdynamics;
the Monte Carlo ray-tracing method, and effective medium theory was used to understand the mechanism of phonon transport in multi-
phasemnanostructuredssiliconrasiwellvasitherweakrtemperaturerdependencen We found that the thermal conductivity of single-phase nano-
structured silicon decreases with decreasing average grain size and is about an order of magnitude lower than the corresponding bulk
counterpart when the average grain size is O(10 nm). The weak temperature-dependent thermal conductivity in the nanostructured silicon
is attributed to the strong elastic phonon-boundary scattering at the grain boundary. The thermal conductivity predicted from the multi-
scale modeling matches reasonably well with the measurement. This work provides insights into phonon transport in multiphase nanostruc-
tured materials and suggests that the effective thermal conductivity of nanostructured silicon from high-pressure torsion can be further
reduced by increasing the volume fractions of the Si-IIT and Si-XII phases.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0037775

I. INTRODUCTION

The ability to effectively reduce a material’s thermal conduc-

nano-porous material' > are about one or two orders of magnitude
lower than the bulk counterpart. However, the above-mentioned

tivity while keeping its electrical properties unchanged is the ulti-
mate goal for thermoelectric materials.'” Due to the relative
difference in the mean free paths (MFPs) of electrons and
phonons, introducing nanostructures can effectively scatter phonon
while affecting less to the electron transport.” There are numerous
examples that are in line with this idea in recent years, and it has
been shown to be an efficient way to reduce the lattice thermal
conductivity.”™® For example, the thermal conductivities of
nanostructured materials like superlattice,(”lo nanowire,'’ and

materials are usually expensive and are difficult to scale up.

On the other hand, materials with intrinsically low thermal
conductivities are also important for thermoelectric applica-
tions.'>'* In addition to the conventional materials from the peri-
odic tables, allotropes of the common elements can exhibit low
intrinsic thermal conductivity. Those allotropes, which are often
found in the group 14 elements, usually have a large unit cell struc-
ture and strong anharmonicity.”” For example, diamond has the
largest thermal conductivity in the bulk phase, while its allotrope
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amorphous carbon has a thermal conductivity of 0.2-2.2 W/(m K)
at room temperature depending on the synthesis method.'® Silicon
(Si) also has many allotropes other than the commonly seen
diamond phase (referred to as Si-I phase). Under high pressure, it
can also form the body-centered cubic (BCS8, referred to as Si-III)
phase and rhombohedral (R8, referred to as Si-XII) phase as well as
many other intermediate phases.'” Those allotrope phases can be
obtained physically by high pressure compression'® or chemically
by colloidal synthesis.'” Zhang et al. have recently shown that the
thermal conductivity of the phase-pure Si-III is 1-2 orders of mag-
nitude lower than the Si-I phase, which is very attractive for appli-
cations that require low thermal conductivity like thermoelectrics.'®
Inspired by the low intrinsic thermal conductivity of the allotropes,
a nontrivial question is whether we can further reduce its thermal
conductivity by introducing nanostructures.

Severe plastic deformation from high-pressure torsion is an
ideal way to achieve this goal.'” During the high-pressure torsion
ultra-fine nanograins that are down to the nanometer scale will be
formed in the silicon sample.”’ Moreover, multiple metastable
phases have been identified during the high-pressure torsion.”"* It
has been shown that such a nanograined structure has a large
impact on the electrical resistance and mechanical strength.”*
However, the thermal properties of such nanostructured materials
formed by high-pressure torsion are less explored.¢Therexistencerof
multiple metastable phases also adds complexity to the heat trans-
fer process, and a good model to understand and predict its
thermalvpropertiesiisistillimissing®Based on the time-domain ther-
moreflectance measurement, Harish et al. have shown that the
thermal conductivity of nanostructured silicon by high-pressure
torsion is reduced from the 142 W/(m K) in the single crystal to
7.6 W/(m K).”” However, it is still unclear why the thermal conduc-
tivity of the sample that underwent 10 torsion cycles (smaller grain
size) is larger than that of 0 torsion cycles (larger grain size).”” It is
also interesting to know how the volume fractions of different
phases and temperature affect the thermal transport.

In this study, we systematically explore the thermal transport
in nanostructured silicon by combining the experimental
measurements and multiscale modeling. The nanostructured
multiphase silicon is first synthesized by high-pressure torsion.
The phase composition, volume fraction, and the mean grain size
distribution are then extracted from the x-ray diffraction (XRD)
measurement, while the temperature-dependent thermal conduc-
tivities are measured by the laser flash method. First-principles
lattice dynamics are carried out to understand thermal transport
and the phonon mean free path distributions in the bulk allo-
tropes phase (Si-I, Si-III, and Si-XII), and the effective thermal
conductivity of the nanostructured phase with different grain
sizes are calculated from the Monte Carlo ray-tracing simula-
tions. We also apply the effective medium theory to predict the
thermal conductivities of the multiphase nanostructured materi-
als, and the results agree reasonably well with the measured value
in the temperature range of 150-330 K. We reveal that the weak
temperature dependence of thermal conductivity of the nano-
structured silicon is attributed to the strong phonon scattering at
the grain boundary. We also discuss the possibility to further
reduce the thermal conductivity of the multiphase nanostruc-
tured silicon.

ARTICLE scitation.org/journalljap

Il. METHODOLOGY

A. Sample preparation and thermal conductivity
measurement

To prepare nanocrystal silicon, a single crystalline p-type Si
wafer with a resistivity of >1000 £ cm was subjected to the high-
pressure torsion process. Tungsten carbide anvils with a hole of
0.25mm in depth and 5mm in diameter were used for high-
pressure torsion processing. The Si wafers were cut into disks with
a diameter of 5mm. The thickness of the sample was measured
using an optical microscope. Two disks were then placed into the
shallow hole at the center of the anvils and then loaded at 490 kN
at room temperature. Under this loading condition, nominal pres-
sure was estimated to be ~24 GPa. The torsional shear strain was
applied by rotating the lower anvil with respect to the upper anvil
at a speed of 1 rpm and the sample underwent plastic deformation.
After the rotation, the sample was unloaded to ambient pressure
and returned to the elastic regime. The loading and unloading
times were ~7 s and ~2 s, respectively.”' The sample after the high-
pressure torsion process is mechanically stable and can be polished
to a mirror-like surface.”’ Details of the sample preparation and the
high-pressure torsion facility have been described elsewhere.”"”°
The XRD measurements were performed using RIGAKU SmartLab
with Cu K-o radiation. Rietveld analysis using a crushed sample
with random textures was carried out in order to estimate the
volume fractions of the Si-I and the metastable phases. The
thermal conductivity of the sample is calculated by the following
formula:

= acp, (1)

where « is the thermal diffusivity, ¢ is the heat capacity, and p is
the density. The thermal diffusivity o was measured using the laser
flash method (LFA457, NETZCH) and the heat capacity values are
taken from the literature.”” The density was calculated according to
the lattice constant and the volume fractions of each allotropes
phase (Si-I, Si-III, and Si-XII). During the laser flash measurement,
the top and bottom surfaces of the sample were coated with graph-
ite powder and were irradiated with a pulsed laser. The time-
dependent temperature profile of the sample was measured by a
refractive index detector and was used to extract the thermal diffu-
sivity. The thermal conductivity was measured in the temperature
range of 150-330 K with an increment of 20 K. The temperature
was controlled by selectively turning on/off the inflow of liquid
nitrogen.

B. Thermal conductivity calculation

The bulk thermal conductivities of three metastable phases of
silicon are calculated by anharmonic lattice dynamics with the force
constants obtained from first-principles using the Quantum
Espresso”’ and ALAMODE packages.”” The finite-difference super-
cell method was to obtain the harmonic and cubic force constants.
To extract the force constants, a 4 x 4 x 4 supercell was used for Si-I
while a 2 x 2 x 2 supercell was used for Si-III and Si-XII due to their
larger unit cell structure. The Perdew-Burke-Ernzerhof exchange-
correlation function was used for the force constant calculations.
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A 2 x2x2 k-mesh was used for the first-principles calculations with
the kinetic energy cutoff of 60 Ry and charge density cutoff of
400 Ry.

The effective thermal conductivity of nanostructured silicon
can be expressed as

ke =33 | COm@Am@o @

where Ci(@), vs(w), and A,.q(w) are the heat capacity, the group
velocity, and the effective mean free path of the phonon mode with
frequency @ and branch s, respectively. Assuming that the main
scattering processes are the phonon-phonon scattering and
phonon-boundary scattering and they are independent events, the
effective phonon mean free path in the nanostructures can be
obtained from Matthiessen’s rule as™’

As,eff(w)71 = As,pp(w)71 + As,bdy(w)il) (3)

where A, (w) is the bulk phonon mean free path accounting for
phonon-phonon scattering obtained from the first-principles cal-
culations. Agpay(®@) is the phonon mean free path considering the
phonon-boundary scattering process and can be obtained from the
Monte Carlo ray-tracing methods as’’

3 /2
Aopdy = ELJ 712(0) cos 0 sin 04 6, (4)
0

where 71,(6) is the phonon transmission across the entire nano-
structured material with incident angle 6 and length L. This trans-
mission is obtained from the Monte Carlo ray-tracing simulations,
in which the phonon transmission probability ¢ of a phonon to
pass through an internal grain boundary was required as the input.
The diffusive mismatch model (DMM) is used to evaluate the
phonon transmission probability t of internal boundaries. Since the
internal boundaries are formed by materials of the same species, a
transmission probability of 0.5 was used for all phonon modes and
the direction after scattering is taken to be fully diffuse.”” In the
Results section, we also compared the difference between the DMM
(which assumes a constant transmission for all phonon modes) and
the frequency-dependent transmission probability model in pre-
dicting the effective thermal conductivity of the nanostructured
materials.

The average MFP that is weighted by the thermal conductivity
of each mode is an important parameter to quantify the length
scale of the heat carriers in crystals and can be calculated as

1
>0 3 vawAfo

A= U3 .
Zw 5 CwVwAu)

(©)

The effective medium theory was used to calculate the thermal con-
ductivity of the nanostructured silicon that was made of Si-I, Si-III,
and Si-XII phases. Four different models, parallel model, serial
model, Maxwell model, and Bruggeman model were used for com-
parison.”” The corresponding formula to calculate the effective

ARTICLE scitation.org/journalljap

TABLE I. Effective medium models used to predict the effective thermal conductivity
of nanostructured silicon.

Model name Effective thermal conductivity

Keff = Z piki
i q-1
W=hﬂ

N
Ki—Kep \ _
ZP!’ (K'{+2K'eff) =0

i=1

N
Z K=k ke —k1
= pi Kit+2K, ke +2k1

Parallel model

Serial model

Bruggeman model

Maxwell model

thermal conductivity that contains N ingredients are summarized
in Table I, in which p; and x; are the volume fraction and the
thermal conductivity of species i, respectively, and x4 is the effec-
tive thermal conductivity of the composited material. The parallel
model and the serial model are two of the simplest models and are
used to estimate the upper and lower bounds of the effective
thermal conductivity. The Maxwell model assumes that the inclu-
sions are spatially separated and mutually independent. Therefore,
it is typically valid for low volume fraction of the filler (<25%).”*
The Bruggeman model is derived based on a differential approach,
and it is in general more suitable for high filler volume fractions.”
In this work, the volume fractions of the metastable Si-III and
Si-XII phases are 25% and 9%, respectively. Therefore, it is reason-
able to apply those models to predict the effective thermal conduc-
tivity. We note that the thermal resistance at the grain surfaces
inside each constituent phase are included in the Monte Carlo
ray-tracing simulations, while thermal resistance at the grain
surface between different constituent phases are neglected in the
effective medium models. There are two reasons for not including
the thermal boundaries resistance between different phases in the
effective medium models: (1) the domain size of each constituent
phase is much larger than the size of the nanograins inside
each phase.”” Thus, the number of grain boundaries between the
same phases is much larger than those of boundaries between dif-
ferent phases.”” (2) The current effective medium models that
included the thermal boundary resistance are limited to two-
phase composites, and it is nontrivial to extend it into three-phase
composites.””’

Ill. RESULTS AND DISCUSSION
A. Phase composition and grain size distribution

Complex phase transition will occur during severe plastic
deformation. In addition to the initial diamond cubic phase (Si-I),
the metastable body-centered cubic BC8 (Si-III) and rhombohedral
R8 (Si-XII) phases were also formed during severe plastic deforma-
tion.”! The XRD image of the sample is shown in Fig. 1. Other
than the conventional peaks of the diamond cubic Si-I, there are
additional peaks at angles of 33°, 52°, and 92°, which are attributed
to the metastable Si-III and Si-XII phases. Note that the XRD
peaks for the Si-III and the Si-XII phases are similar but are still
slightly different and thus are able to be separated during post-
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FIG. 1. XRD profile of the samples under ten revolutions of high-pressure tor-
sions. The XRD peaks for the Si-lll and the Si-XIl phases are similar but are
slightly different.

processing. The average grain size of each phase can be determined
from the broadening of the XRD peaks as

KA
=, (6)
B cos 6

where D is the mean size of each phase, 4 is the x-ray wavelength,
and S is the full width at half maximum (FWHM) of the peaks.
The volume fraction of each phase is determined from relative
intensity ratio of those peaks. The compositions and grain sizes
obtained by Rietveld analysis are summarized in Table II. The
volume fractions for Si-I, Si-III, and Si-XII are 66%, 25%, and 9%,
while their average grain sizes are 25, 14, and 11 nm, respectively.
For comparison, the average grain size in the as-grown silicon thin
film is 9.1 nm,” and the grain size is in the range of 5-20 nm in
the dc hot press processed sample.”

B. Bulk thermal properties

Figure 2(a) shows the bulk phonon properties in three phases
of silicon obtained from first-principles calculations. The Si-III
phase has the largest thermal conductivity in the temperature range

TABLE II. The volume fractions and the average grain sizes obtained from the XRD
profile. The uncertainties in the fitting processes to extract the volume fraction and
the grain size are less than 5%.

Phase Vol. fraction (%) Grain size (nm)
Si-1 66 25
Si-II1 25 14
Si-XI1 9 11

ARTICLE scitation.org/journalljap

of 150-330K, followed by the Si-XII phase and the Si-III phase.
The available thermal conductivities from the experimental mea-
surement are also shown in Fig. 2(a) for comparison.'>*’ The cal-
culated thermal conductivities are slightly lower than the
experimentally measured values, whichtmayrberduentorlimitations
in the accuracy of the pseudopotential used in this study. For both
phases, the thermal conductivity decays monotonically with
increasing temperature, which is the typical behavior of crystalline
materials. As the temperature increases, more phonons are popu-
lated, which leads to stronger phonon-phonon scattering and
shorter relaxation time.

We note that the thermal conductivities of Si-IIT and Si-XII
phases are about one order of magnitude smaller than that of the
Si-I phase, while the difference in density is less than 10%. The Si-I
phase takes a diamond-like crystal structure with two atoms in the
primitive unit cell. On the other hand, the Si-III phase takes a
body-centered cubic structure with eight atoms in the unit cell, and
the Si-XII phase takes a rhombohedral structure with eight atoms
in the unit cell. The complex unit cell structures giving rise to
larger phase space for phonon scattering as well as the strong
anharmonicity are the main reasons for the lower thermal conduc-
tivity in the Si-III and Si-XII phases.

Figure 2(b) shows the weighted average MFP A calculated
from Eq. (5) in the three different phases of silicon at the tempera-
ture range of 150-330 K. The Si-I phase has the largest weighted
average MFPs that are in the range of 2000-10 000 nm, followed by
the Si-XII phase and the Si-III phase. Similar to the thermal conduc-
tivity, the weighted average MFPs in the Si-III and Si-XII phases are
also an order of magnitude smaller than that in the Si-I phase.
However, even in the Si-III phase, the average MFP is about 200 nm
at room temperature, suggesting a large room for reducing the
thermal conductivity by introducing phonon-boundary scattering.

Figure 3 shows the normalized cumulative thermal conductivi-
ties with respect to phonon MFPs at a temperature of 300 K. In the
Si-I phase, phonons with MFPs less than 2130 nm (56.2 nm) con-
tribute to 80% (20%) of the total thermal conductivity, while in
Si-III phase, the cutoff MFP for 80% (20%) of the thermal conduc-
tivity is 145nm (9.2nm), and in the Si-XII phase, it is 594 nm
(17.1 nm). In both phases, the MFPs of the dominant heat-carrying
phonons span a wide range of spectrum. From the MFP accumula-
tion function, it is expected that a smaller gain size is required for
the Si-IIT phase than the SI-I phase to achieve the same percentage
of reduction in the thermal conductivity.

C. Thermal properties in hanostructured silicon

Next, we look at the thermal transport in nanostructured
silicon. The temperature-dependent thermal conductivity in nano-
grain silicon with average grain sizes of 500 nm and 20 nm are
shown in Figs. 4(a) and 4(b). The temperature dependence of
thermal conductivity is weaker in the nanocrystalline phase, com-
pared with the single-crystal phase as shown in Fig. 2(a), suggesting
a non-intrinsic event limiting the phonon relaxation time. As
shown in Fig. 2(b), the dominant phonon MFP in the bulk phase is
much larger than the average grain size considered here. Therefore,
phonon grain boundary scattering is the dominant mechanism to
reduce the mean free path. Note that the phonon-boundary
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FIG. 2. Temperature-dependent (a) thermal conductivity and (b) weighted average mean free path in different phases of silicon. The experimentally measured thermal

conductivities of Si-I*’ and Si-lil phases'® are also shown in (a) for comparison.

scattering is a temperature independent process when assuming
elastic scattering, which should be reasonable for silicon at room
temperature. Therefore, the overall temperature dependence is weak
in the nanostructured silicon compared to the bulk silicon.

The effective thermal conductivities of nanostructured silicon
at various grain sizes are shown in Fig. 4(c). The thermal conduc-
tivity decreases monotonically with decreasing average grain size.
Average grain sizes of 620, 142, and 328 nm are required for the
thermal conductivity of the Si-I, Si-III, and Si-XII phases to be

Lo H/// |

594 nm

T =300K

2130 nm

Si-I, 126 W/mK
Si-Ill, 14 W/mK
Si-XIl, 19 W/mK |

Normalized TC (a.u.)

102 103 10

Mean Free Path (nm)

107

FIG. 3. Phonon mean free path distribution in single-crystal silicon allotropes.

reduced by half. We also calculated the weighted average MFP in
nanostructured silicon at different grain sizes and the results are
shown in Fig. 4(d). As expected, the weighted average MFP also
increases monotonically with the grain size.

The spectral distribution of thermal conductivity as a function
of the effective MFP in Si-I silicon at different grain sizes is shown
in Fig. 5. In general, reducing the grain size shifts the overall thermal
conductivity spectra to the lower mean free path. Taking the 50 nm
grain as an example, due to the strong phonon-boundary scattering,
the effective MFPs are limited to a narrow range of 5-40 nm, and
the major contribution to thermal conductivity comes from phonons
with effective MFP of 10-25 nm. The phonon modes with effective
MFPs less than 5nm are mainly optical modes and have negligible
contribution to the thermal conductivity even for the smallest grain
size of 20 nm considered here

Other than the DMM, recent works also suggest that the
phonon transmission at the grain boundary can be frequency
dependent, and an empirical frequency-dependent transmission
model has been proposed, which takes the form of"'

1

tHw) = ———,
(@) YOI 00y + 1

™

where t(w) is the transmission of phonon with frequency @ and y
is a parameter that depends on the characteristics of the interface.
In this study, we empirically chose the value of y so that the effec-
tive thermal conductivity of the nanostructured silicon agrees with
that based on the DMM. We then evaluated how this frequency-
dependent transmission model will affect the distribution in the
thermal conductivity spectrum in the nanostructured material. The
thermal conductivity spectrum with respect to the effective MFP
calculated from the DMM and the frequency-dependent transmis-
sion model are shown in Fig. 6. For both models, phonons with
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FIG. 4. Temperature-dependent thermal conductivity in nanostructured silicon for average grain sizes of (a) 500 nm and (b) 20 nm. (c) Dependence of the thermal conduc-
tivity on the average grain size. (d) The weighted average mean free path (MFP) in nanostructured silicon at different grain sizes.

effective MFP in the range of 10-25 nm have the dominant contri-

bution to thermal conductivity. We note, however, that the largest 12+ === 500 nm A :
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MFP with a noticeable contribution to thermal conductivity is ——~ 200 nm n ’
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as the direct Monte Carlo simulations.”* Here, we combine the
Monte Carlo ray-tracing and the effective medium theory to
predict the effective thermal conductivity of the multiphase nano-
structured silicon. The effective thermal conductivity of each con-
stituent phase is taken from the ray-tracing simulation. The
thermal conductivity of each nanostructured silicon as a function
of temperature is shown in Fig. 7(a). The thermal conductivities of
each constituent phase are 10.5, 2.6, and 1.5 W/(m K) with minor
temperature dependence.
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The measured thermal conductivity of multiphase nanostruc-
tured silicon as well as the prediction from the different effective
medium models at the temperature range of 150-330 K are shown
in Fig. 7(b). Note that the average grain size here is in the range of
11-25 nm, which is much smaller than the dominant mean free
path in the bulk phase as shown in Fig. 2(b). Therefore, the weak
temperature dependence found here again is because the phonon-
boundary scattering is the dominant factor that limits the phonon
MEFP. The slightly positive temperature dependence of the mea-
sured thermal conductivity could be caused by the amorphization
at the grain boundaries™ or by the nanostructuring induced modi-
fication in the effective Debye temperature.”

The measured thermal conductivities fall within the prediction
of the serial model and the Bruggeman model but are lower than
the parallel model and the Maxwell model. Note that in the real
samples, other factors like voids and impurities as well as the elec-
trons can also affect the thermal transport, while those factors are
excluded in our model. We first look at the contribution of the free
electron to thermal conductivity. The experimentally measured
electrical conductivities are in the range of 300-600 S/m. From the
Wiedemann-Franz law, § = LT, where L is the Lorenz number and
equals 2.44x10"*W QK™ the contribution of electron to
thermal transport should be less than 0.01 W/(m K). Therefore, the
thermal transport is dominated by phonons. Based on previous
experimental measurements, the porosity ratio in the sample from
high-pressure torsion should be less than 10%.”*° The reduction
of the thermal conductivity for a given porosity depends on the
average pore size but considering a range of average pore size from
100 nm to 1um, the reduction should not be more than 40%."
Therefore, even by taking into consideration the porosity effect in
the sample, the measured thermal conductivity would not be larger
than that obtained by the parallel model and remains well within
the modeled range of thermal conductivities.

Giving the low thermal conductivity of the Si-III and the
Si-XII phases, we also expected that one way to further reduce the

Thermal Conductivity (W/mK)
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FIG. 7. (a) Thermal conductivity of three nanostructured silicon with the average grain size from experimental measurements. (b) The effective thermal conductivity of the

multiphase nanostructured silicon at different temperatures.
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thermal conductivity is to increase the volume fraction of those two
phases. While complete transmission from the Si-I phase to the
SI-III requires a pressure as high as 10 GPa,'® a recent study has
shown that it is possible to synthesize the Si-IIT phase nanoparticle
crystal at ambient pressure by the colloidal synthesis routine, which
is promising for further reduction of the thermal conductivity of
the nanostructure material.'” In terms of thermoelectric applica-
tions, the electrical conductivity and the Seebeck coefficient are
other two equally important parameters and thus it is worth to
know how they would be affected by the high-pressure torsion.
Previous studies have shown that the electrical conductivities of
both the normal sample (10 S/m) and the heavily doped sample
(10*S/m) will be increased by one or two orders of magnitudes
after the initial compression process, and both of them return to a
value of ~ 10° S/m after ten revolutions of high-pressure torsion.”’
The impact of the high-pressure torsion on the Seebeck coefficient
is left for future investigations.

IV. SUMMARY

In summary, we have combined the experimental and numeri-
cal techniques to systematically investigate the thermal transport
in multiphase nanostructured silicon in the temperature range of
150-330 K. Based on the XRD measurements, we have identified
the phase compositions and volume fractions of the Si-I, Si-III, and
Si-XII silicon fabricated from high-pressure torsion. The effective
thermal conductivities of each constituent phase as a function of
grain size and temperature are calculated from the Monte Carlo
ray-tracing method with inputs from first-principles calculations.
The thermal conductivity of the multiphase nanostructured silicon
from the effective medium models exhibits a weak temperature
dependence in the temperature range considered here as a conse-
quence of strong phonon-boundary scattering in the constituent
phases. The measured thermal conductivity falls within the values
obtained by the effective medium models. Our simulations suggest
that the thermal conductivity of the nanostructured silicon can be
further reduced by increasing the volume fraction of the Si-III and
Si-XII phases.
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