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Abstract. A phenomological model is described here to study the effect of size, shape and phonon scattering on the
thermal conductivity of nanostructures. Using the classical model proposed by Guisbiers et al (Phys. Chem. Chem.
Phys. 12,7203 (2010), J. Phys. Chem. C 112,4097 (2008)) in terms of the melting temperature of nanostructures, the
expression for variation of thermal conductivity is obtained in terms of shape and size parameter. An additional term
is included in the expression of thermal conductivity to consider the impact of phonon scattering due to the surface
roughness with a decrease in size. The expression of thermal conductivity is obtained for spherical nanosolids,
nanowires and nanofilms. The thermal conductivity is found to decrease in nanostructures in comparison with the
counterpart bulk material. The values of thermal conductivity obtained from the present model are found to be close to
the available experimental data for different values of roughness parameter which verifies the suitability of the model.
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1. Introduction

The study carried out to understand the heat conduction
and thermal transport mechanism in semiconductors has
been of great scientific interest because of its world-
wide applications in thermoelectric and optoelectronic
devices [1-3]. The phenomenon of heat transport is
dominated by phonons in bulk semiconductors and
results in excellent thermal properties. The thermal
transport properties of nanomaterials are also impor-
tant to study the development of nanoscale electronic
devices. Various methods have been applied by sci-
entists to understand the physical, optical, electronic
properties of nanomaterials and the practical applica-
tions of nanodevices [4-7]. Experimental as well as
theoretical investigations are performed to study the
thermal properties of pure semiconductors, semicon-
ductor alloys and their superlattices. The efficiency of
thermoelectric modules depends on the thermoelectric
figure of merit (ZT) of its components. ZT depends
on the Seeback coefficient, electrical resistivity and
thermal conductivity. For nanostructured materials, the
reduction in thermal conductivity contributes to the
improvement in the figure of merit [8-11]. The ther-
mal conductivity in nanoscale semiconducting systems
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is found to vary with reduction in size and is found to
be smaller in nanomaterials than in the bulk form of the
same material. These studies explain that the thermal
transport properties in nanomaterials are different from
that of their bulk form due to a decrease in size and quan-
tum confinement, an increase in surface area-to-volume
ratio in nanomaterials and reduction in phonon transport
due to the scattering contribution [12—14]. Theoreti-
cal models that include the shape, size and scattering
effect are still lacking, and so there is a need for a bet-
ter theoretical model to explain the experimental results
well at room temperature. In the present work, we have
applied a phenomenological model based on classical
thermodynamics to analyse the variation in thermal con-
ductivity of nanostructures in comparison with the bulk
with respect to size [15—17]. The mathematical formu-
lation is presented in §2 and the results obtained from
the present approach are discussed in §3.

2. Mathematical formulations

Using the energy conservation law and concept of
classical thermodynamics for a nanostructure, the
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melting temperature of a nanostructure is expressed as
follows [17,18]:
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where Tiyn and Ty, o are the melting temperatures of the
nanostructure and its bulk form in Kelvin, respectively.
yL is the surface energy in the liquid phase, ys is the
surface energy in the solid phase and A Hy, o is the
melting enthalpy for the bulk material. The surface area-
to-volume ratio is represented by A/ V.

Guisbiers et al [17,18] have expressed the melting
temperature as a function of shape and size parameters
for free-standing nanostructures as follows:
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D represents the diameter of the spherical nanostructure
or size in the case of the non-spherical nanostructure,
Qshape Tepresents the shape-dependent parameter and it
isclear fromeq. (1) thatitdepends on y1, ys and A Hy oo
[19,20]. The ratio A/V is expressed as a function of
1/D.

The melting temperature of the bulk material is related
to the cohesive energy [21] as follows:

0.032
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where kg represents the Boltzmann constant.
Using eqs (2) and (3), the cohesive energy of the

nanosolid Ey,N and its bulk form E( are related as fol-
lows:

Olgh
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The melting temperature 7i, and the Debye tempera-
ture Op are related in accordance with the Lindemann
criterion of melting [22,23] as follows:

.. N2
9D:C(W> , 5)

where C is a constant.
Therefore, 6p has a square-root dependence on the
melting temperature, i.e.

Op o< (Tpm)'/? . (6)

Considering eqs (2) and (6), the Debye temperature in
nanosolids Opy is related to the Debye temperature in
bulk Opg as follows

Ogane \ /2
OpN = 9DB(1 - ﬂ) . @)

The thermal conductivity of the bulk solid material kg
is given by [24]

1

kB = ngvalo, (8)
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where C,p is the specific heat, vp is the average velocity
of the phonon and [/, is the mean-free path of the bulk
material.

The Debye temperature varies with the average
phonon velocity [25,26] according to the relation
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where 4 is the Planck’s constant, N is the Avagradro
number, V is the molar volume and kg is the Boltz-
mann’s constant.

The Debye temperature of a nanomaterial and its bulk
form are related to the average phonon velocity of a
nanoparticle vy and its bulk form vp as follows:

fon _ N
6o vp’
The mean-free path of the nanomaterial /5 and its bulk

form [, are related to the melting temperature and Debye
temperature as follows [24,27]:

(10)
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The specific heat is considered to be constant for the
bulk and nanomaterials at room temperature.

Therefore, the thermal conductivity of the nanomate-
rials and their bulk form are related as follows:
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The thermal conductivity of spherical nanosolids and
nanowires of diameter D and nanofilms of height D is
given by

k 3/2
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Equations (13)—(15) explain the thermal conductivity
variation in nanomaterials with size.

With a decrease in size in the nanomaterials, the
surface atom-to-volume ratio increases that causes
large surface scattering due to more phonon—phonon
interaction which in turn affects the heat transfer pro-
cess in nanostructures. The phonon scattering at the
interfaces varies with the surface roughness due to
a decrease in size and this leads to non-equilibrium
phonon distribution. The surface roughness and phonon
scattering suppress the conduction in nanomaterials
exponentially in comparison with their bulk form [6,
24,28]. So, a pre-term p exp(—[,/D) is included in the



Pramana — J. Phys. (2018) 91:87

expression of thermal conductivity, where p represents
the surface roughness parameter and has a value between
0 < p < 1. (l,/D) is known as the Knudsen num-
ber, where /, represents the phonon mean-free path at
room temperature and D represents the diameter of
the spherical nanoparticle and nanowire or height of
the nanofilm. The large value of p corresponds to the
smooth surface and therefore more probability of spec-
ular scattering and less diffusive scattering, whereas the
small value of p corresponds to the rough surface and
therefore more probability of diffusive scattering result-
ing in more decrease in thermal conductivity. Including
phonon scattering effect, the expressions of thermal
conductivity in spherical nanosolids, nanowires and
nanofilms with respect to the thermal conductivity of
bulk are as follows:

k 3/2
ﬁ = pexp(—lo/D) (1 - 1), (16)
k ire \3/2
o = Pexp(—lo/D) (1= =) (17)
kN . Onanofilm /2
o = PeD(—lo/ D) (1 _ T) . (18)

The shape parameter for spherical nanoparticle, cylin-
drical nanowire and cylindrical nanofilm is in the ratio
3:2:1[19].

3. Results and discussion

The model proposed in the present work considers the
effect of size on mean-free path, phonon velocity and
phonon scattering. The input values of the shape param-
eter and mean-free path are required for calculations
at room temperature and these parameters are listed in
table 1. The relative change in thermal conductivity of
Si and GaAs nanostructures with size is observed using
eqs (16)—(18) for spherical nanocrystals, nanowires and
nanofilms. The thermal conductivity is considered to
vary with D, the diameter or height of the nanostructure
along with the surface roughness parameter p. The value
of p lies between 0 < p < 1. The roughness parameter
is predicted to be 0.1, 0.4 and 0.8 for Si nanostructures.
The calculated results from the present model are shown
in figures la—1c for Si nanostructures. The roughness
parameter p is taken to be 0.1, 0.3, 0.6 and 0.9 for

Table 1. Input parameters [13,18,31].
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GaAs nanostructures and the results obtained using the
model are depicted in figures 2a—2c. The experimental
results available for Si and GaAs nanostructures are
also shown in figures 1 and 2 along with the present
calculated values for comparison. The phenomologi-
cal model predicts the thermal conductivity variation in
nanostructures with size. When the size of the nanoma-
terial decreases, the thermal conductivity decreases in
nanostructures. Also, with reduction in size, the value
of the term exp(—I,/D) decreases which corresponds
to more interface scattering and reduction in heat con-
duction and thus reduced conductivity in nanosystems.
For large values of p, the diffusive scattering is less
whereas for small values of p, there is more probability
of diffusive scattering which in turn affects the ther-
mal conductivity. So, the present model explains the
variation in thermal conductivity in nanostructures of
different size and shape along with the phonon scattering
effect on them. The shape parameters ananofiim /®sphere
are in the ratio 1/3 and dnanowire /®sphere are in the ratio
2/3[18,19].

Figure 1a shows the variation in thermal conductivity
of Si nanoparticles of different diameters with respect to
their bulk form kn/kp at room temperature for rough-
ness parameter p = 0.1, 0.4 and 0.8. For a small value
of p, there is more reduction in thermal conductivity as
it corresponds to much rougher surface while a larger
value of p (p — < 1), corresponds to smoother surface
and a less decrease in thermal conductivity. Also, the
thermal conductivity decreases with decrease in diame-
ter or height (thickness) of the nanostructure as shown
in the figure. Figure 1b shows the relative change in
thermal conductivity with diameter for Si nanowires.
The experimental data [29] available for Si nanowires
at 300 K are found to be close to the predicted val-
ues of thermal conductivity from the present model for
p = 0.4. Figure 1c shows the relative change in ther-
mal conductivity kn/kp of Si nanofilms with size and
the results are compared with the available experimental
data [9,30] at room temperature. Good agreement of the
present calculated results for p = 0.8 is observed with
the available previous results [9,30] for Si nanofilms
along the plane of the semiconductor.

Figures 2a and 2b show the relative change in thermal
conductivity with diameter of GaAs spherical nanopar-
ticles and nanowires at room temperature for roughness

No. Semiconductor lo (nm) Osphere (nm) Onanowire (NIM) Qnanofilm (M) kg (W/mK)
1 Si 41 1.16 0.78 0.39 148
2 GaAs 5.8 1.60 1.08 0.54 46
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Figure 1. (a) Relative variation in thermal conductivity
kn/ kg with diameter D in Si spherical nanoparticles, (b) rela-
tive variation in thermal conductivity kn/ kg with diameter D
in Si cylindrical nanowires and (c) relative variation in ther-
mal conductivity kn/kp with thickness D in Si nanofilms.

parameter p = 0.1,0.3,0.6 and 0.9. Figure 2¢ shows the
calculated results for GaAs nanofilms and the results are
compared with the available experimental results [4,31].
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Figure 2. (a) Relative variation in thermal conductivity
kn/ kg with diameter D in GaAs spherical nanoparticles, (b)
relative variation in thermal conductivity kxn/ kg with diame-
ter D in GaAs cylindrical nanowires and (c) relative variation
in thermal conductivity kn/kp with thickness D in GaAs
nanofilms.

The open circles are experimental results [4] of thermal
conductivity variation for GaAs/AlAs superlattices
with thickness of 10-100 nm along the plane. The
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present predicted results for p = 0.6 are close to the
experimental data [4]. The triangles represent the
experimental data [31] of thermal conductivity varia-
tion for GaAs/AlAs superlattices having thickness in
the range 5-45 nm in perpendicular direction to its
plane. The experimental results [31] are found to be in
close agreement with the present calculated results for
p = 0.3. The thermal conductivity is found to be least
in spherical nanoparticles, whereas the thermal conduc-
tivity of nanofilms is more than that of the nanowires. It
is thus evident from the results that the thermal conduc-
tivity is reduced in nanostructures in comparison with
the counterpart bulk material at room temperature. Good
consistency between the present calculated results and
the available experimental values supports the suitabil-
ity of the present model theory.

4. Conclusion

The theoretical model proposed in the present study
can explain the variation in thermal conductivity in
nanostructured semiconductors with reduction in size
and surface scattering. It is important to mention here
that both the size and shape influence the heat conduc-
tion mechanism of the nanostructure. From the overall
analysis, it is noted that the thermal conductivity of
nanofilms is more than that of the nanowires and spher-
ical nanoparticles. As the present model successfully
explains the variation in thermal conductivity in nanos-
tructures with size, it may be useful for researchers
engaged in exploring the thermal transport properties
of nanoscale materials.
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