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In this paper, the heat transfer in three-dimensional nanoparticle composites is simulated using the Boltzmann

transport equation for phonon intensity. Several semiconductor materials are considered, with the emphasis

placed on Bi2Te3–Sb2Te3 nanoparticle composite, due to its high thermoelectric conversion efficiency at room

temperature. A unit-cell approach is used to model the periodic distribution of nanoparticles in the host. Both cubic

and noncubic nanoparticle composites are considered. The phonon properties are based upon the phonon dispersion

model, and the interfaces are assumed to be diffusely transmitting and reflecting. The thermal conductivity of

nanocomposites is found to exhibit the classical size effect and is also found to be dependent on the atomic percentage

of the particle. The three-dimensional nanoparticles exhibit values of thermal conductivity similar to the lower-

dimensional nanostructures such as the superlattice and nanowire. A detailed comparison of the thermal field with

the classical Fouriermodel indicates significant underprediction by the Fouriermodel in regions of high temperature

around the interface of the particle. The scattering interfacial area per unit volume is found to be a useful parameter

for comparing the values of thermal conductivity in different types of nanocomposites.

Nomenclature

A = total interfacial area
As = scattering interfacial area
a = lattice constant
C = volumetric specific heat, J=m3K
Dp = density of states per unit volume
fp = phonon distribution function
ℏ = Planck’s constant divided by 2�, 1:054 �

10�34 Js=phonon
I = phonon intensity,Wm�2sr�1

Kn = Knudsen number, �=L
k = thermal conductivity,W=mK
kx = x-direction thermal conductivity,W=mK
kz = z-direction thermal conductivity, W=mK
L = nanocomposite size, m
Lh = host size, m
Lp = particle size, m
Lx = particle length in the x direction, m
Ly = particle length in the y direction, m
Lz = particle length in the z direction, m
N� = number of discrete polar angular divisions
N� = number of discrete azimuthal angular divisions
n = normal vector
Q = heat flow, W
q = heat flux,W=m2

r = position vector
S = Seebeck coefficient, �V=K
s = phonon direction vector
T = absolute temperature, K
�T = average temperature, K
Tref = reference temperature, K
t = time, s
V = volume of the unit cell
v = average phonon group velocity, m=s

w� = quadrature weight corresponding to the polar angle
w� = quadrature weight corresponding to the azimuthal

angle
x, y, z = coordinates
x� = nondimensional x coordinate, x=LBi2Te3
y� = nondimensional y coordinate, y=LBi2Te3
z� = nondimensional z coordinate, z=LBi2Te3
� = y-direction cosine
� = polar angle, rad
� = phonon mean free path, m
� = x-direction cosine
� = z-direction cosine
� = electrical conductivity, S=m
� = frequency-independent phonon relaxation time, s
� = azimuthal angle, rad
! = phonon frequency, Hz

Subscripts

b = boundary
eq = equilibrium
h = host (Ge, GaAs, Bi2Te3)
p = nanoparticle (Si, AlAs, Sb2Te3)
x = x coordinate
y = y coordinate
z = z coordinate

I. Introduction

T HE efficiency of thermoelectric conversion for a material is
measured by the nondimensional figure of merit (ZT), defined

as ZT� �S2T=k [1]. During the last decade, advances have been
made in increasingZTusing nanostructures [2,3]. This is achieved by
reducing the phonon thermal conductivity more than the electrical
conductivity. It is found that scattering of energy carriers at interfaces
plays a key role in the reduction of thermal conductivity [4], thereby
increasing ZT. Recently, Venkatasubramanian [3] has reported
a ZT of 2.4 for Bi2Te3–Sb2Te3 superlattice. However, superlattice
grown by thin-film deposition techniques may not be suitable for
thermoelectric applications, due to its high manufacturing cost and
difficulty in scaling up for large-scale applications. Nanoparticle
composites can offer a more economical alternative to superlattice in
the quest for high-ZT materials [5]. Similar to nanowire composites,
the features that make nanoparticles attractive for thermoelectric
application are the size effect and the effect of atomic percentage. In
addition to these, nanoparticles offer greater choice in terms of their
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shape and their distribution in the host material. These remarkable
features of nanoparticle composites can be used to tailor the
mechanical, thermal, electrical, and chemical properties that are best
suited for a particular application.

Although nanoparticle composites seem to be promising for
improving the thermoelectric efficiency, very little experimental or
modeling work exist on characterizing energy transport in these
materials. Because the characteristic dimensions of the nano-
structures are often smaller than the mean free path of phonons,
the conventional Fourier law of heat conduction is no longer valid
[6]. Hence, a more rigorous modeling approach employing the
Boltzmann transport equation (BTE) has to be used to describe the
thermal characteristics of nanoparticles. The previous study on
thermal transport in nanoparticles involved Monte Carlo simulation
of the BTE, in which the phonons are modeled in a stochastic
framework [7]. However, in stochastic simulations, it is more diffi-
cult to prescribe accurate boundary and interface conditions. Also, an
extension to incorporate wave effects for ultrasmall sizes is not
possible with particle-tracking methods.

The main objective of the present work is to extend the general
deterministic framework of thermal modeling of 2-D nanowire
composites [8,9] to simulate heat transport in 3-D nanoparticle
composites using the BTE. The effects of particle size and the atomic
percentage on the cubic Bi2Te3–Sb2Te3 nanoparticles are studied
and compared withGe–Si andGaAs–AlAs nanoparticles. The effect
of nanoparticle shape on thermal transport is also studied for
noncubic configurations. Comparisons between the results of BTE
and the Fourier model are made to understand the deficiency of the
phenomenological model.

II. Problem Description and Modeling

The schematic of the nanoparticle composite chosen for the
present simulations and the 3-D coordinate system used in the
simulations are shown in Fig. 1. The nanoparticle composite consists
of either cubic or noncubic nanoparticles uniformly dispersed
in a cubic host, as shown in Fig. 1a. Although, in practice, these
nanoparticles may be randomly distributed in the host, the uniform
distribution considered here offers computational simplicity. The
materials considered for the host are bismuth telluride (Bi2Te3),
germanium (Ge), and gallium arsenide (GaAs), and the corre-
sponding materials for particles are antimony telluride (Sb2Te3),
silicon (Si), and aluminum arsenide (AlAs). The nanoparticles are
assumed to be uniformly distributed inside the host material. The
heat is applied along the x and z directions. The 2-D unit-cell
approach [10] is extended to 3-D, as shown in Fig. 1b, to simulate
the effect of a single particle and the surrounding host material within
the cell.

To investigate the heat transfer in nanocomposites, the main
energy carriers in semiconductors (namely, phonons) are modeled
via the Boltzmann transport equation for the phonon intensity in the
relaxation-time approximation. The intensity of phonon radiation, I,
is defined as theflux of energyper unit time, per unit area, and per unit
solid angle in the direction s and is related to the phonon distribution
function fp�r; s; t� as [11]

I�r; s; t� � 1

4�

XZ
ℏ!vpfp�r; s; t�Dp�!�d! (1)

where r denotes the phonon position vector, ℏ is Planck’s constant
divided by 2�, ! is the phonon frequency, vp is the phonon velocity
corresponding to each polarizationmode, andDp�!� is the density of
states per unit volume. The equilibrium distribution of phonons at
temperature T is represented by the Bose–Einstein distribution [11].

Using the coordinate system shown in Fig. 1c, the frequency-
independent BTE can be expressed as [12]
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where �, �, and � are the x, y, and z direction cosines, respectively,
and v is the average phonon group velocity. The solution to
BTE requires knowledge of the phonon relaxation time, group
velocity, and specific heat. A frequency-independent relaxation-time
approach, also referred to as the phonon gray medium approxi-
mation, is used in the present simulations. The effective relaxation
time � is calculated from the phonon mean free path � and average
group velocity v as � ��=v. The material properties used in the
computation are evaluated using the phonon sine-function dispersion
model proposed by Chen [13]. This model uses the frequency-
averaged specific heat and velocity to calculate the phononmean free
path and gives a more accurate estimate of the material properties,
compared with the conventional Debye model [8]. Table 1 sum-
marizes the properties of Ge, Si, GaAs, AlAs, Bi2Te3, and Sb2Te3
calculated using the dispersion model at 300 K.

The BTE for the phonon intensity is solved in conjunction with
suitable boundary and interface treatments. The treatment of
interfaces between the two materials significantly affects the thermal
characteristics of the nanocomposite. Ziman [14] proposed the
following expression for estimating the interface specularity
parameter p:

p� exp

�
� 16�3	2


2

�
(3)

where 	 is the interface roughness and 
 is the phonon wavelength.
Recently, Zhang [15] presented this expression with a �2

dependence, rather than the widely quoted �3 dependence shown
in Eq. (3). A value of p equal to zero indicates a totally diffuse
interface, and a value equal to one indicates a totally specular
interface. At room temperature, the characteristic phonon wave-
lengths for thematerials considered are approximately 8–9Å.Even if
one-monolayer roughness, 	� 4 �A, is considered, this expression
gives an interface specularity parameter p� 0, which shows that the
interfaces scatter diffusely. Hence, in the present case, the interfaces
are treated as totally diffusive, and the diffuse mismatch model
(DMM) [16] is used. This model makes an assumption that the
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a) b) c)
Fig. 1 Schematic of a) nanoparticle composite, b) unit cell, and c) 3-D coordinate system.
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phonons emerging from an interface are independent of the phonons
incident on the interface.

The top and the bottom boundaries of the unit cell are treated as
adiabatic surfaces and the remaining boundaries are modeled as
periodic, to maintain continuity of heat flow [8]. The adiabatic
condition is modeled as a specularly reflecting boundary on which
the following condition for intensity is imposed:

I�rb; s; t� � I�rb; sr; t� (4)

where sr � s � 2�s 	 n�n, n is the outward normal vector, and rb
denotes the spatial coordinates of the boundary.

III. Numerical Methodology

The first-order upwind scheme is used for the spatial discretization
of the BTE. An explicit Euler time-stepping method is used for
temporal discretization, to allow the solution to reach a steady state.
The angular discretization is performed through the decomposition
of the polar and azimuthal angles into discrete directions such that
0 
 � 
 � and 0 
 � 
 2� are discretized into N� and N� angular
points, respectively. All angular integrations are performed using
Gauss–Legendre quadratures, which discretizes the polar and
azimuthal angles and assigns suitableweights for each direction [17].
It has been shown that the use of Gauss–Legendre quadrature
successfully resolves the ray-effect problem encountered in phonon
radiative transport [18].

To accurately capture the temperature jumps across the interfaces
of the two materials, a nonuniform grid with a suitable compression
is used at all the interfaces. A detailed spatial and angular grid
resolution study is performed to test for grid independence of the
solution. It is found that a spatial grid with 128 � 128 � 128 points
and an angular decomposition with 30 � 20 points provide the best
resolution of the thermal field. A temporal resolution study has also
been performed to determine the time step that ensures accurate
transient solution.

The numerical solution to the BTE is computationally prohibitive
on a single processor, due to an excessive grid size of 128�
128 � 128 � 30 � 20. Hence, the code has been parallelized in the x
and y directions using message-passing interface communication
routines [19], and the parallel efficiency study indicates a near-linear
scaleup from 2 to 128 processors. The parallel computations incur a
CPU time per iteration of 65 s using 128 processors.

IV. Results and Discussion

The parameters that have been varied to study their effect on the
thermal characteristics of the nanoparticle composite are the particle
size, atomic percentage (AP), and the particle aspect ratio (AR). The
atomic percentage of the nanoparticle is related to the volumetric
percentage (VP) and the lattice constant a as [8]

AP � VP

�VP� �1 � VP��ap=ah��
(5)

For the cubic nanoparticle composite, VP� L3
p=L

3
h, where Lp and

Lh are the lengths of the particle and host, respectively. AR is defined
as the ratio of nanoparticle length in the z direction to its length in the
x direction: Lz=Lx.

The phonon intensity obtained from solving the BTE is then used
to determine the heat flux, temperature distribution, and thermal
conductivities. At nanoscales, the temperature, as such, has no
physical meaning except that it is an indicator of the local energy
density of the system. The effective temperature is obtained from
phonon intensity as

T�x; y; z� � 1

Chvh
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X
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where w� and w� are the weights associated with the polar and
azimuthal directions, respectively. The heat fluxes in the x and z
directions (namely, qx and qz) are related to the intensity through the
relations

qx�x; y; z� �
X
N�

X
N�

I�x; y; z; �; ���w�w� (7)

qz�x; y; z� �
X
N�

X
N�

I�x; y; z; �; ���w�w� (8)

For the noncubic nanoparticle composite, the effective thermal
conductivities in the x direction, kx, and in the z direction, kz, can be
defined as

kx �
QxLx

LyLz� �T�x� 0� � �T�x� Lh��
;

kz �
QzLz

LxLy� �T�z� 0� � �T�z� Lh��

(9)

where Qx and Qz are the heat flow in the x and z directions,
respectively. �T is the area-averaged temperature at the boundary. For
the cubic nanoparticle composite, k� kx � ky, due to symmetries in
geometry and heat flow for all three coordinate directions.

A. Validation of the BTE Solver

To validate the three-dimensional BTE solver, two cases are
considered. First, the 3-D steady-state heat transfer in Ge–Si
nanowire composite is examined, and the resulting thermal
conductivity along the wire axis, kz, is compared with the analytical
solution of Prasher [20]. In the BTE simulations, the nanowires have
a square cross section of the same equivalent diameter as the
cylindrical wires used in the analytical study. Figure 2a shows the
effect of the volumetric percentage on thermal conductivity for
different wire sizes ranging from 20 to 1000 nm. The predicted
thermal conductivity is found to be in good agreement with the
analytical solution for different wire sizes. For the smallest wire
size of 20 nm, the thermal conductivity decreases with increasing
volumetric percentage, due to the increase in the scattering of
phonons from the Ge–Si interfaces. However, for a wire size of
1000 nm, the thermal conductivity of the nanocomposite increases
with volumetric percentage of Si. This is due to the material
properties of Ge–Si nanocomposite, in which the bulk thermal
conductivity of Si equal to 145 W=mK is higher than that of Ge,
which is equal to 60 W=mK. The second validation case involves
comparison of BTE results for thermal conductivity of Ge–Si
nanoparticle composite with the results of Monte Carlo (MC)
simulation by Jeng et al [7]. Figure 2b shows the effect of atomic
percentage on thermal conductivity of nanoparticle composites for
both BTE and MC simulations. For all three particle sizes of 10, 50,
and 200 nm, k shows a decreasing trend with increasing atomic
percentage of Si. The thermal conductivity predicted from our
simulation is in good agreement with the MC simulations. These
results highlight the capability of our 3-D code used to solve for
energy transport in nanoparticle composites. The BTE code is thus
applied to simulate phonon transport in both cubic and noncubic
nanoparticle composite configurations.

Table 1 Material properties calculated using phonon

sine-function dispersion model

Material k, W=mK C � 106, J=m3K v, m=s �, Å

Ge 60 0.87 1042 1986
Si 145.6 0.93 1804 2604
GaAs 43.6 0.88 1024 1453
AlAs 86.4 0.88 1246 2364
Bi2Te3 1.1 0.5 212 310
Sb2Te3 0.9 0.53 200 254
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B. Thermal Characteristics of Cubic Nanoparticle Composites

The steady-state heat transport simulations are performed for the
cubic Sb2Te3 nanoparticle suspended in Bi2Te3 host material. The
nature of phonon transport is characterized by a nondimensional ratio
of phonon mean free path to the particle size, called the Knudsen
number Kn. Kn� 1 indicates ballistic limit and Kn� 1 indicates
the Fourier limit. Figure 3a showsT � Tref temperature contours for a
Knudsen number of 10 with heat transport in both the x and z
directions. The reference temperature Tref � 300 K. The same
temperature difference is applied in both directions, leading to a heat
flux ratio qx=qz of 1. The temperature contours show nonlinearity in
the temperature distribution both inside the particle and in the host,
due to significant phonon scattering at the interfaces between the two
materials. The contours are clustered near the interfaces, where the
interface scattering dominates the interior scattering of phonons.

To better understand the effects of scattering from the particle
interfaces, the temperature profiles are shown at two different y

locations, as seen in Fig. 3b. In the x–y plane, these are at midway,
y� � 0:5, and through the top interface at y� � 0:79. The tem-
perature jumps occurring at the interface between the host and the
particle can be attributed to interface thermal resistance, which has
also been observed for the superlattice and nanowire composites
[8,18]. To compare the effect of the Knudsen number on the tem-
perature, its profile for the ballistic case ofKn� 10 is comparedwith
the transitional (Kn� 1) and Fourier (Kn� 0:1) cases. For the case
ofKn� 10, the left interface has a higher temperature, and the right
interface has a lower temperature than the boundary temperatures,
resulting in a change in the sign of temperature gradient along
the x direction. Similar results were obtained by Yang and Chen [18]
and by Pattamatta and Madnia [8] in the ballistic limit for Ge–Si
and Bi2Te3–Sb2Te3 nanowire composites, respectively. However,
this is not observed for the lower-Knudsen-number cases, in which
ballistic effects are less pronounced. The temperature profiles in the
y–z plane corresponding to heat flow in the z direction also show a
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similar trend to that in the x direction, due to the cubic nature of the
nanoparticle and due to uniform heat fluxes in both of these
directions.

The variation of effective thermal conductivity k of the cubic
Bi2Te3–Sb2Te3 nanoparticle composite with the particle size for
atomic percentages of 0.2 and 0.8 is shown in Fig. 4a. As a reference,
the thermal conductivities for Bi2Te3–Sb2Te3 superlattice and
Bi2Te3–Sb2Te3 nanowire are also shown on the this figure. The
thermal conductivity decreases with decreasing particle size. This is
attributed to the increase in phonon scattering at the interfaces of the
nanoparticle, due to ballistic effects with decreasing particle size
[18]. The dependence of thermal conductivity on particle size is
called the classical size effect. For AP� 0:2, the values of thermal
conductivity of the cubic nanoparticle composite are close to those of
superlattice and nanowire composites. For larger sizes, the thermal
conductivities of the nanoparticle, nanowire, and superlattice
composites approach their respective bulk values, the bulk value
of nanoparticle composite being higher than the nanowire and
superlattice composites. However, for the case of AP� 0:8, for
larger particle sizes, the thermal conductivity of the nanoparticle
composite is lower than the nanowire and superlattice composites.
For particle sizes less than 25 Å, the phonon wavelength of 9 Å
becomes comparable with the dimension of the nanoparticle and
wave effects may need to be considered. The wave effects were
observed in the experiment of Venkatasubramanian [21] for
Bi2Te3–Sb2Te3 superlattice, when the superlattice period thickness
was smaller than 25 Å. Figure 4a also shows that for a given particle
size, the thermal conductivity corresponding to AP� 0:8 is lower
than that ofAP� 0:2, due to an increase in ballistic effects in the host
for AP� 0:8.

Figure 4b shows the effect of atomic percentage on the thermal
conductivity of Bi2Te3–Sb2Te3, Ge–Si, and GaAs–AlAs nano-
composites. The atomic percentage is varied from 0.1 to 0.9, keeping
the particle Knudsen number fixed at 10. For a given particle size,
increasing the atomic percentage results in a decrease in the size of
the host. This results in higher phonon interface scattering and hence
a decrease of thermal conductivity. The thermal conductivity values
for the Bi2Te3–Sb2Te3 nanoparticle composite is similar to the
superlattice and nanowire composites. The Ge–Si and GaAs–AlAs
nanoparticle composites show similar atomic percentage effects, but
their thermal conductivities are approximately 2 orders of magnitude
higher than that ofBi2Te3–Sb2Te3. This highlights the importance of
using Bi2Te3–Sb2Te3 nanostructures for efficient thermoelectric
applications.

C. Thermal Characteristics of Noncubic Nanoparticle Composites

Noncubic nanoparticle composites can be used to effectively
control the thermoelectric properties in different directions of the
nanocomposite. The effective thermal conductivity for these
nanocomposites is nonisotropic and is a function of the direction of
heat transport. In this section, the effect of a varying AR of the
nanoparticle on the temperature profiles and thermal conductivity is
studied. The nanoparticle is assumed to have a square cross section
such that Lx � Ly in the x–y plane. For a given atomic percentage,
the value of the aspect ratio is limited, abovewhich the particle length
Lz becomes larger than the size of the host. For AP of 0.2 and 0.8, the
maximum AR approaches 2 and 1.1, respectively.

Figure 5a shows the effect of varying the aspect ratio on tem-
perature profiles of Bi2Te3–Sb2Te3 nanoparticle composite. The
profiles are plotted as a function of the location along the z axis at
y� � 0:5. It is observed that for a fixed atomic percentage, increasing
the aspect ratio moves the location of the peak temperature jumps
closer to the boundaries of the host. Also, the temperature jumps
are smaller at the interfaces for higher-aspect-ratio nanoparticles.
Figure 5b shows the effect of aspect ratio on kx and kz for atomic
percentages of 0.2 and 0.8. The abscissa on the bottom and the
ordinate on the left side of the figure correspond to an AP of 0.2, and
the top abscissa and ordinate on the right side correspond to an AP of
0.8. For both atomic percentages, kx decreases, whereas kz increases
with increasing aspect ratio. This can be attributed to an increase in
phonon interfacial scattering in the y–z plane. By increasing the
aspect ratio of the nanoparticle, kx is found to reduce by 23 and 30%,
corresponding to the atomic percentages of 0.2 and 0.8, respectively.

Figure 6 shows the effect of particle size and atomic percentage on
the thermal conductivities for the highest aspect ratios. From Fig. 6a,
it is seen that for very small particle sizes, corresponding to the
ballistic limit, the values of kx and kz are close to the thermal con-
ductivity of the cubic nanoparticle composite. With increasing
particle size, kx is lower and kz is higher than the thermal conductivity
of the cubic nanoparticle composite. The thermal conductivity value
for the Bi2Te3–Sb2Te3 nanoparticle composite corresponding to
AP� 0:8 is lower than that of AP� 0:2. Figure 6b shows the effect
of atomic percentage on thermal conductivity for different nano-
particle composite materials. Similar to that of the cubic nanoparticle
composite, kx and kz for the noncubic nanoparticle composite also
decrease with increasing atomic percentage. The relative difference
between the thermal conductivity values for the cubic and noncubic
Bi2Te3–Sb2Te3 nanoparticle composites is larger than theGe–Si and
GaAs–AlAs nanocomposites.
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To highlight the limitations of the classical Fourier model when
applied to heat transport in nanoparticle composites, comparison
is made between the BTE and Fourier results shown in Fig. 7.
Figures 7a and 7c show the relative percentage differences between
the BTE and Fourier temperature prediction for the Bi2Te3–Sb2Te3
noncubic nanoparticle composite plotted in the x–y and x–z planes,
respectively. The relative percentage difference is expressed as
�TBTE � TFourier� � 100=TBTE. The positive values indicate under-
prediction by the Fourier model. The regions near the interface of the
two materials, where the maxima and minima in the temperatures
occur, show the maximum differences between the two models. The
Fourier model underpredicts regions of maximum temperature by as
much as 50% and overpredicts the regions of minimum temperature
by 30%. This is consistent with the results of nanoscale silicon on
insulator, in which the regions of peak phonon temperatures or hot
spots are significantly underestimated in the Fourier solution [22].
Figures 7b and 7d show the percentage difference in x-direction heat
fluxes between the BTE and Fourier models for the two planes. The

Fourier model underestimates the heat flux throughout the nano-
composite by as much as 100%. In the x–y plane, the percentage
difference varies between 85 to 100%, whereas in the x–z plane, it
varies between 70 to 100%.

The thermal conductivity of the Bi2Te3–Sb2Te3 nanoparticle
composites for different cases are plotted as a function of the total
interfacial area per unit volume, A=V, and scattering interfacial area
per unit volume, As=V, in Figs. 8a and 8b, respectively. Table 2
describes the cases for Bi2Te3–Sb2Te3 nanocomposites shown in
Fig. 8.

The cases shown include the effect of atomic percentage for
Kn� 10 and size effect for AP� 0:2 and 0.8. Figure 8 shows a
better collapse of the thermal conductivity data plotted as a function
of the scattering interfacial area per unit volume as comparedwith the
total interfacial area per unit volume. This can be attributed to the fact
that the cross-sectional area normal to heat flow is the main
contributor to phonon scattering and change in thermal conductivity.
A power-law fit through the data in Fig. 8a follows the relationship
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k� 0:0067�A=V��0:911 and in Fig. 8b follows the relationship
k� 0:0063�As=V��0:6824.

V. Conclusions

The heat transfer across nanoparticle composites is studied by
solving the 3-D Boltzmann transport equation (BTE) for phonon
intensity in the relaxation-time approximation. Emphasis is placed
upon the Bi2Te3–Sb2Te3 nanoparticle composite configuration, due
to its relative importance for room-temperature thermoelectric
applications. The BTE results are compared with the existing
analytical solution for Ge–Si nanowire composite and with the
Monte Carlo simulation for Ge–Si nanoparticle composite. Both
cubic and noncubic Bi2Te3–Sb2Te3 nanoparticle composites are
modeled and compared with the Ge–Si and GaAs–AlAs nano-
composites. The phononmean free path, group velocity, and specific
heat are calculated from the phonon sine-function dispersion
model. A 3-D unit cell is selected with periodic boundaries, and
the interfaces are treated as totally diffusive using the DMM. The
resulting temperature profiles in the ballistic limit show jumps at
the interfaces due to interface thermal resistance. This leads to a
decrease in thermal conductivity with a decrease in size and an
increase in atomic percentage of the particle. The temperature
profiles in the z direction for the noncubic nanoparticle composites
show decreasing interfacial jumps with increasing aspect ratio of the
nanoparticle. The thermal conductivity of the cubic nanoparticle
composite exhibits significant size effect and atomic percentage
dependency that are comparable with the superlattice and nanowire
composite configurations. In addition, the noncubic nanoparticle
composite shows directional dependency of thermal conductivity,
wherein the thermal conductivity along the x direction, kx, is reduced
below the value of a cubic nanoparticle composite. This direc-
tionality in thermal conductivity can help in tailoring thermo-
electric properties. A comparison of the BTE solution is made with
the solution of heat conduction using Fourier’s law. The Fourier
solution is found to have significant deviation by as much as 50% in
the temperature-profile prediction. The heatflux is underpredicted by
Fourier law by up to 100% near the boundaries of the nanoparticle
composite. The scattering interfacial area per unit volume is found
to be a useful parameter for comparing the values of thermal
conductivity in different types of nanocomposites.
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