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Abstract. The effects of nanoscale size dependent parameters on lattice thermal
conductivity are calculated using the Debye–Callaway model including transverse
and longitudinal modes explicitly for Si nanowire with diameters of 115, 56, 37
and 22 nm. A direct method is used to calculate the group velocity for different
size nanowire from their related calculated melting point. For all diameters considered, the effects of surface roughness, defects and transverse and longitudinal
Gruneisen parameters are successfully used to correlate the calculated values of lattice thermal conductivity to that of the reported experimental curve. The obtained
fitting value for mean Gruneisen parameter has a systematic dependence on all
Si nanowire diameters changing from 0·791 for 115 nm diameter to 1·515 for the
22 nm nanowire diameter. The dependence also gave a suggested surface thickness
of about 5–6 nm. The other two parameters were found to have partially systematic
dependence for diameters 115, 56, and 37 nm for defects and 56, 37 and 22 nm
for the roughness. When the diameters go down from 115 to 22 nm, the concentration of dislocation increased from 1·16 × 1019 cm−3 to 5·20 × 1019 cm−3 while
the surface roughness P found to increase from 0·475 to 0·130 and the rms height
deviation from the surface changes by about 1·66 in this range of diameter. The
diameter dependence also indicates a strong control of surface effect in surface to
bulk ratio for the 22 nm wire diameter.
Keywords. Si nanowire; lattice thermal conductivity; Gruneisen parameter;
lattice defect; surface roughness.

1. Introduction
Determination of thermal conductivity of semiconductor nanowires plays a crucial role in
the development of a new generation of thermoelectric materials (Mahan et al 1997). First
measurements of thermal conductivity for Si nanowires have been reported by (Li et al
2003). From theoretical point of view, it is important to be able to, quantitatively calculate
lattice thermal conductivity of nanowires in a predictive fashion. In the past several decades,
techniques for calculations of lattice thermal conductivity have become wide spread for bulk
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materials (Callaway 1959; Holand 1963). The works have been based on the linearised dispersion models that involve a certain number of adjustable parameters. By taking a proper
account of the boundary scattering mechanism, researchers tried unsuccessfully to predict the
lattice thermal conductivity of nanowires compared to that of the bulk. Recently, Murphy &
Moore (2007) studied the effect of coherence between different scattering events in quasi-onedimensional systems of variable transverse dimension using a large scale numerical transverse
matrix approach to check a simple analytic model. In general, some authors were successful
in calculating lattice thermal conductivity for Si nanowires for the diameters of 115, 56 and
37 nm but none of them succeeded to obtain an accurate value for the 22 nm diameter which
can agree with experimental curve (Li 2002; Mingo 2003).
The decrease of a nanowire lattice thermal conductivity at low temperature is due to scattering from both the rough surface and modified structure defects. Rough surfaces are known
to decrease thermal conductance below the usual level (Chen et al 2005; Santamore & Cross
2001). An obvious reduction of lattice thermal conductance at sufficiently low temperature
has been observed (Lu et al 2002). Investigation on the effect of defects on lattice thermal
conductance in the nanowire structure also showed the decrease of thermal conductance at
low temperature (Chen et al 2005).
It is well-known that, when the size of a bulk material reduces to the range of nanoscale, its
structural properties become similar to that of the surface. In such a case, different unit cells are
expected for different size and shape of the surface crystalline layers. When the crystal layers
are bent to a cylindrical shape forming a nanowire or from 2D (two-dimensional) to that of
1D (one-dimensional) lattice orientation, a new shape of lattice deformation will be created.
This deforms the surface structure and that creates extra modes in the lattice vibration which
consequently can be represented by the Gruneisen parameter. Such a bend model in lattice
arrangements also acts as a lattice dislocation, which is the case for nanowire size materials.
Depending on this line of thought, the decrease of nanowire size should also represent an
increase of lattice dislocation.
Depending on the above information, the effects of modification on Gruneisen parameter,
surface roughness and lattice dislocation on the lattice thermal conductivity in Si nanowire
are investigated in this work.
2. Calculation of lattice thermal conductivity
It is well-known that, the lattice thermal conductivity is represented by
Kth =

1
Cv (ω)vg λ(ω),
3

(1)

Cv (ω) is the contribution to the specific heat per frequency interval from phonon of frequency
ω, λ(ω) is the phonon mean free path, vg is the phonon group velocity.
Following the approach used by (Asen–Palmer et al 1997) on Eq. (1), the lattice thermal
conductivity was calculated through the sum over one longitudinal (KL ) and two degenerate
transverse (KT ) phonon branches:
K = KL + 2KT ,

(2)

KL = KL1 + KL2 .

(3)

where
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The partial conductivities KL1 and KL2 are the usual Debye–Callaway terms given by:
 θL /T
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and similarly, for the transverse phonons,
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In these expressions, (τN )−1 is the scattering rate for normal phonon processes, (τR )−1 is the
sum of all resistive scattering processes, and (τC )−1 = (τN )−1 + (τR )−1 , with superscripts
L and T denoting longitudinal and transverse phonons, respectively. The quantities θL and
θT are Debye temperatures appropriate for the longitudinal and transverse phonon branches,
respectively, and
AL(T ) =

kB4
2π 2 3 vL(T )

(6)

and
x=

ω
,
kB T

(7)

here  is the Planck constant divided by 2π, kB is the Boltzmann constant, ω is the phonon
frequency, and vL(T ) are the longitudinal (transverse) acoustic phonon velocities, respectively.
The temperature dependence and the magnitude of the lattice thermal conductivity calculated using the Callaway model are dependent on the temperature and frequency dependence
of the scattering rates comprising (τN )−1 and (τR )−1 , their coefficients, Debye temperatures
and phonon velocities.
In this model, the acoustic phonon relaxation is considered as a resistive process, they
include unharmonic interaction (three-phonon Umklapp scattering,τU ), mass difference scattering (isotopes and impurity, τM ), boundary scattering τB and τN normal three phonon scattering. According to Matthiessen’s rule, the combination of relaxation times has the form:
1
1
1
1
1
=
+
+
+
.
τC
τU
τM
τB
τN

(8)

The phonon–phonon umklapp scattering rate τU for phonons of velocity v and Gruneisen
parameter γ has been suggested by (Slack & Galginaitis 1964) in the following form:
τU−1 (ω) = BU ω2 T e−θD /3T ,

(9)
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with
BU ≈

γ 2
,
Mv 2 θD

(10)

where M is the average mass of an atom in the crystal, and γ is the Gruneisen unharmonicity
parameter. Then, the umklapp scattering rate for longitudinal and transverse phonons are fixed
as (replacing ω with x), (Slack & Galginaitis 1964)
[τUL (x)]−1


=

BUL

kB


2

x 2 T 3 e−θD /3T
L

(11)

with
BUL =

γL2
MvL2 θDL

(12)

and
[τUT (x)]−1 = BUT



kB


2

x 2 T 3 e−θD /3T ,
T

(13)

with
BUT =

γT2
.
MvT2 θDT

(14)

The umklapp scattering rate thus depends on the transverse and longitudinal Debye temperature, phonon velocities, and Gruneisen parameters and, as such, will be different for different
phonon modes.
Since it is assumed that heat is carried only by acoustic phonons, the parameters corresponding to these modes will only be considered. However, values of Debye temperature
calculated from specific heat at low temperature is the average of all phonon modes, both
acoustic and optic, and would be too high an estimate for the acoustic modes only. The
other approach was given by (Morelli et al 2002) to calculate the Debye temperature for
each acoustic branch from acoustic mode phonon velocity. This also yields an over estimate
of Debye temperature because it neglects dispersion of the phonon branches near the zone
boundary (Morelli et al 2002). For lattice thermal conductivity, were the heat assumed to
be carried only by acoustic phonons, phonon frequencies only up to but not exceeding the
maximum frequency wmax at the zone boundary is to be considered. In this work, Debye
temperature values used are 240 K and 586 K for transverse and longitudinal when they have
been calculated from the zone boundary frequencies (Dolling & Cowley 1966).
The mode of Gruneisen parameter for Si evolve from positive to negative as the phonon
wave vector moves out word from the zone center to the zone edge (Xu et al 1991). The
longitudinal modes have γ in the range of 0·9–1·3 independent of frequency whereas the
transverse modes along {100} are in the range of 0·3–1·0 for low frequency. The model used
in this work for lattice thermal conductivity, needs the longitudinal and transverse phonon
Gruneisen parameter are to be used as adjustable parameter in the range of values mentioned
above (Morelli et al 2002). The best fit values for both longitudinal and transverse Gruneisen
parameter were found in this work to be 1·08 and 0·58 respectively.
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Mass-difference scattering arises due to the presence of atoms with a mass difference from
that of the average atomic mass in a semiconductor. However, different mass can come from
the isotopes of a particular element or impurity atoms. The relaxation rate for the massdifference scattering is calculated from the relation:
1
= Aω4 ,
τM

(15)
kT

where ω is the angular frequency ω = B x , and A is the impurity strength parameter, which
at least is the sum of two terms A = Aiso + Aimp , where Aiso being due to the scattering by
distribution of isotopes of the elements in the compound which can be calculated from:
Aiso =

Vo
M ,
4π vg3

(16)

where Vo is the lattice volume and M is the measure of the strength of the mass-difference
scattering defined as

 
Mi 2
M =
.
(17)
fi 1 −
M̄
i
Here, fi is the fractional concentration of the impurity atoms of mass Mi and M̄ = i fi Mi
is the average atomic mass and is equal to (28·0855 amu) for Si. Silicon isotopes are 92·2%
28
Si, 4·7% 29 Si and 3·1% 30 Si. Then according to Eq. (17), value of M was found to be equal
to 2·005 × 10−4 . While Aimp is the strength parameter due to scattering caused by impurities
and is given by the relation:
Aimp =

3Vo2 S 2
Nimp ,
vg3

(18)

where S is the scattering factor which usually has a value close to unity (Klemens 1955) and
Nimp is the impurity concentration. However, impurity concentration up to 1017 cm−3 has no
effect on lattice thermal conductivity in bulk crystals (Slack & Galginaitis 1964).
The phonon–boundary scattering rate is assumed independent of temperature and frequency, and can be written as
(τBL )−1 =

vL
d

(19a)

(τBT )−1 =

vT
,
d

(19b)

and

where d is the effective diameter of the sample. The value of d will be adjusted slightly in
order to fit the T 3 dependence of the thermal conductivity at the lowest temperatures. For the
experimental data used in this work as shown in figure 1, the value of d found to be equal to
5 mm.
Although normal phonon scattering is not a resistive process, the Callaway model
requires knowledge of this scattering rate in order to calculate thermal conductivity.
(Herring 1954) has suggested several forms depending on the crystal class. The approach of
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Figure 1. Temperature dependence of the calculated lattice
thermal conductivity fitted to the
experimental data taken from
Morelli et al (2002), for bulk pure
single crystal of Si.

(Asen–Palmer et al 1997) which has been used by (Morelli et al 2002) for Si is also used for
the present work. The appropriate forms for longitudinal and transverse phonons are
[τNL (ω)]−1 = BNL ω2 T 3

(20)

[τNT (ω)]−1 = BNT ωT 4 ,

(21)

and

or in terms of the dimensionless variable x,
 2
kB
[τNL (ω)]−1 = BNL
x2T 5

and
[τNT (ω)]−1


=

BNT

kB


(22)


xT 5 .

(23)

The magnitudes BN of the normal phonon-scattering rates are reported to be used as
adjustable parameters without regarding to their dependence on the properties of a given
crystal and the general formula for phonon scattering rate coefficient is expressed as (Morelli
et al 2002),
 b
kB
γ 2 V (a+b−2)/3
BN (a, b) ≈
,
(24)

Mv a+b
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where a and b are constant adjustable parameters. Equation (24) is similar to umklapp processes, Eq. (13), except that the dependence on Debye temperature is replaced by dependence
on phonon velocity. This reflects the fact that normal processes involve mostly phonons with
low wave vector for which dispersion at the zone boundary is unimportant. In this work,
the cases (a, b) as (1,4) and (a, b) as (2,3) for longitudinal and transverse phonon scattering
respectively are considered as follows (Ositinskaya 1992):
BNL =

kB3 γL2 Vo
M2 vL5

(25)

BNT =

kB4 γT2 Vo
.
M3 vT5

(26)

and

Calculations through equations from (3) to (26) and their substitutional in Eq. (2) gave values
of lattice thermal conductivity for bulk Si as shown in figure 1 with that of the reported
experimental values.
In order to calculate lattice thermal conductivity for Si nanowires, the crystal size dependent
parameters should be taken care of. These parameters are vg , θD , P (surface roughness), γ and
lattice dislocation which is regarded as a defect impurity Nimp .
As mentioned above, the phonon group velocity vg is a function of the materials size and that
to for a low-dimensional structure it depends on a particular type of boundaries (Balandin &
Wang 1998).
When the system considered is assumed to be isotropic, the average group velocity is
proportional to the crystals characteristic Debye temperature (Post 1953; Regel & Glazov
1995). For this case it will be (Liang & Baowen Li 2006);
2h
θD ∝
π kB



3NA
4π V

1/3
(27)

vg ,

where h is Plank constant, kB is Boltzmann constant, NA is Avogadro number, and V is the
volume per atom. Equation (27) is assumed to be valid for the nanoscale size crystals and if L
is the size dimension of nanostructure, such as the diameter of nanowires or the thickness of
thin films, and the subscript B  for (D → ∞) be the corresponding bulk limit, then Eq. (27)
for both the bulk and nanowire will give the size dependence of both the phonon group velocity
and the Debye temperature in the form;
vgn
B

vg


=

θDn
 ,
θDB

(28)


where vgB is bulk group velocity, vgn is the nanowire group velocity, θDB is bulk Debye temperature and θDn is the nanowire Debye temperature.
Lindemanns proposition of melting criterion, known to be valid for small particles, which
states that a crystal melts when the root mean square displacement (MSD) of atoms in the
crystal exceeds a certain fraction of the inter-atomic distance (Lindemann 1910). From this,
the relationship between the melting point and the Debye temperature of crystals can be
determined. From the Einstein specific heat theory, the square of the characteristic temperature
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Table 1. The diameter dependence calculated values for vg , θD and Tm by using Eqs. (27, 29 and 30).
Debye temperature
θD (K)
Diameter
(nm)
Bulk
115
56
37
22

Group velocity
vg × 103 (m/sec)

Melting point
Tm (K)

θDL

θDT

vgL

vgL

1690
1658
1620
1583
1510

586
580·041
573·678
567·220
553·967

240
237·560
234·954
232·309
226·881

8·47800
8·39179
8·29974
8·20630
8·01456

5·850
5·791
5·727
5·663
5·530

is proportional to the melting point Tm of crystals as follows (Dash 1999);

θD = Const.

Tm
MV 2/3

1/2
,

(29)

where M is the molecular mass. By dividing the left and right hand side of Eq. (29) applicable
to a nanowire and bulk, the proportional relation gives (Liang & Baowen Li 2006),
(θDn )2
Tmn
=
,

TmB 
(θDB )2

(30)



where TmB is the melting temperature for the bulk and for Si is equal to 1685 K and Tmn for
a nanowire. In the nanoscale range, relation (30) gives a size dependent Debye temperature
θDn calculated from the samples melting point. The size dependent melting point is calculated
from the relation (Zhang et al 2001):


Tmn
2(Sm − R)
= exp −
,
(31)
TmB 
3R(rn /rc − 1)
where Sm is the bulk overall melting entropy and R is the ideal gas constant, and for Si they are
equal to 30 J mol−1 K−1 and 8·31 J mol−1 K−1 , respectively (Lindemann 1910), rc denotes a
critical radius at which all atoms of the particle are located on the bulk surface and rn is the
nanowire radius. For low-dimensional crystals, it is clear that rc in Eq. (31) depends on the
structure dimension d: where d = 0 for a nanocrystal, 1 for nanowires and 2 for thin films
(Zhang et al 2001). For a nanoparticle, rn has the usual meaning of radius. For a nanowire,
rn is taken to be its radius. For a thin film, rn denotes its half thickness. In short, the relationship
between d and rc is given by (Wen et al 2000),
rc = (3 − d)ao ,

(32)

where ao is the diameter of a spherical volume occupied by a crystal lattice and its value is


equal to 0·3338 nm for Si (Zhang et al 2001). Values for TmB , θDn and vgB calculated through
equations from 28 to 32 are given in table 1, and they are used in the present calculation.
For pure crystals in the range of liquid helium (T < 10 K), lattice thermal conductivity
is limited by scattering of phonons at the crystal surface which is called boundary scattering
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(Wen et al 2000). In this region, thermal conductivity is proportional to T 3 and depends linearly
on the sample dimensions when the surface scattering is strictly diffuse (Wen et al 2000:
Casimir 1938). In such cases, Eq. (1) for thermal conductivity approaches K = 13 CV vB LC ,
where LC is the so-called ‘Casimir length’. For a circular cylinder with radius R, this length
is equal to LC = 2R while for a square or rectangular cross-section with side lengths a and b,
LC = 1·12LG , and LG = (ab)0·5 . The relevant relaxation rate as a cylindrical sample size
with radius R becomes [in analogy to Eq. (18)]:
1
vL(T )
vL(T )
.
=
=
LE
2R
τB

(33)

There is a finite sample length effect resulting in a decrease of K which can be approximated
by defining an effective mean free path L1E = L1C + 1l , where l denotes the length of the sample
in the direction of the heat flow (Berman 1976; Vandersande 1977) which is 4μ (Li 2002).
In this case the relaxation rate for boundary scattering τB−1 can be written in a general form,
including the size correction discussed before:


1
1
1
vi
+
.
(34)
(l) =
= vL(T )
LE
L
l
τB
There is also Partial specularity of the phonon scattering at the sample surfaces which can
decrease the effect of boundary scattering. The sample then appears to have larger dimensions
than it actually has (Berman et al 1953; Thacher 1967). The relaxation rate is then rewritten
in the form


1
1 (1 − P ) 1
+
.
(35)
(l, P ) = vL(T )
LC (1 + P )
l
τB
The expression for the effective mean free path LE (or the relaxation rate τB−1 ) used for the
description of the K(T ) curves may encompass various effects and has the form

LE (l, P ) =

1 (1 − P ) 1
+
LC (1 + P )
l

−1
.

(36)

In principle, Eq. (36) enables us to calculate P from the sample geometry (Casimir length)
and from the effective mean free path LE , determined from the low temperature range in
which K(T ) has the dependence of T 3 and then P varies from zero to one. Whenever
P > 0, partial specular reflection occurs (e.g. P = 0·5 corresponds to a phonon mean free
path of three times the geometrical Casimir length with an average of two boundary reflections; P = 0·75 yields (seven-fold length and six-fold reflections)). It has been found that,
the determination of P using Eq. (36) is hampered by the following (Slack & Galginaitis
1964): (a) the temperature range of validity of the T 3 law is rather limited in most samples
studied, (b) the influence of isotopic scattering extends down to the lowest temperatures.
Hence, the parameters P , γ and Nimp have been determined by a variation method accounting for boundary and isotopic scattering. For this purpose, we replace (1/τB = vB /LE )
in the integrals {Eqs. (3 and 4)} by Eq. (36), where now τB is a function of P and l.
The thermal conductivity is then calculated for different values of P below maximum K
and finally, the value of P which yields the best fit is chosen for each nanowire diameter
sample.
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Figure 2. Temperature dependence of the calculated lattice
thermal conductivity for Si nanowire using the effects of boundary
scattering with the modified group
velocity in comparison with that
of the experimental curve taken
from Li (2002).

It is well-known that when a bulk single crystal is reduced to a 1D which is a nanowire,
then, the lattices forming the wires cross-section area are deviated from their periodicity.
The degree of the lattice deviation is inversely proportional to the diameter of the nanowire.
A large deviation is expected for smaller diameters. However, the lattice deviation acts as a
dislocation from lattice periodicity point of view, and thus dislocation scattering is expected
which is denoted by Nimp as the impurity concentration in Eq. (18). The lattice volume, in
this case will be position dependent. This new non periodic lattice arrangement creates an
extra unharmonic lattice vibration which is represented by the Gruneisen parameter γ . In this
work, attempts have been made to use all the three size dependent parameters P , N and γ to
correlate the calculated lattice thermal conductivity to that of the corresponding experimental
curves shown in figure 2. Throughout the method of trial and error, using the MATHCAD
12 program, the values of P , Nimp and γ were adjusted such that the best fit for calculated
lattice thermal conductivity to the experimental curves were obtained as shown in figure 3.
The diameter dependence of the fitting parameters Nimp , P and γ (L, T ) and γ (total) are
shown in figures 4, 5, 6, 7 and 8 respectively.
3. Analysis of results
Figure 2 is the experimental curves of lattice thermal conductivities of individual single
crystalline intrinsic Si nanowires with diameters of 115, 56, 37 and 22 nm and length of 4μ
have been measured using a microfabricated suspended device over a temperature range of 20–
320 K (Li 2002). The nanowires have been synthesized by the vapor–liquid–solid method in
which Au clusters has been used as a solvent at high temperature (Li 2002). All the nanowires
reported as single crystalline and were grown along the {111} direction (Li 2002). To obtain
figure 2, all parameter values used for calculating lattice thermal conductivity for bulk Si
shown in figure 1 are also used for Si nanowires except νg and θD , where they are recalculated
values for all diameters used. A large deviation between the calculated and experimental (see
figure 2) indicates the existence of other size dependent parameters such as P , Nimp and γ
where their explanations are given in the following section.
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Figure 3. Temperature dependence of the calculated lattice
thermal conductivity for Si nanowire using the effects of boundary scattering, modified group
velocity as well as the size dependent parameters of lattice dislocation Nimp . Surface roughness P
and the Gruneisen parameter γ in
comparison with the experimental
curve taken from Li (2002).

3.1 Dislocations
When a bulk crystal reduces to a nanoscale size, nanowire in this case, the lattice periodicity
is unaffected in the direction of the length of the wire (Z direction for example). In the wires
cross-section (xy plane), a geometrical disturbance is expected to occur. First, the periodicity
of the lattice from wire cross-section center increases in a systematic form from the minimum
inter-atomic bonding which is mostly for the bulk to that of the maximum bonding length at the
surface. In the center of the wire cross-section the bonding length is for the bulk (like a rode)
which is for Si crystal is equal to 0·235 nm (Omar 2007), then it increases with decreasing
the wire diameter D, and at the surface it becomes equal to 0·667 nm (Zhang et al 2001).
Lattice arrangements of successive circular layers at the wire cross-section will be deformed

Figure 4. The impurity concentration (dislocation) versus Si
nanowire diameter.
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Figure 5. The surface roughness
versus Si nanowire diameter.

with regard of their lattice periodicity by transferring from the expected surface plane {112}
to another which is {211} (Li 2002; Lee & Rudd 2007) at their truncate. However, truncate
makes an intersection angle between the two planes where it increases as the wire diameter
decreases. Both assumed suggestions causes increase in the degree of dislocation with the
decrease of wires diameter. It is well-known that the surface thickness for a certain material
is constant and is in the range of about 5 nm. Then, the change of materials size should only
be represented by the change of the bulk part of the system. According to this approach,
the properties related to the surface will remain constant while the ones belong to the bulk

Figure 6. Longitudinal Gruneisen parameter versus Si nanowire
diameter.
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Figure 7. Transverse Gruneisen
parameter versus Si nanowire
diameter.

change in accordance to its percentage surface to bulk ratio. In this case, for a large diameter
nanowire, the bulk properties are controlling the dependence of Nimp versus D curve down
to the diameter 37 nm as shown in figure 4. For a diameter below 37 nm, the 22 nm in this
work, the bulk participation is small which give a large surface to bulk ratio and then in this
case, the surface effect will control the physical properties of the wire. The concentration of
lattice dislocation found to change from 1·16 × 1019 cm−3 for 115 nm to 5·20 × 1019 cm−3
for the 22 nm wire diameter.

Figure 8. Total Gruneisen parameter versus Si nanowire diameter and
the extension to approaching zero
diameter according to the empirical
relation obtained from the dependence.
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3.2 Surface roughness
The important of surface preparation on the magnitude of K(T ) near and below Kmax for bulk
crystals has been investigated in some details (Asen–Palmer et al 1997). The theory of Ziman
(1956) and Sofer (1967) enables researchers to describe the influence of various degree of
surface polishing on the temperature dependence of K(T ) in samples with a given geometry
and mass. However, the specularity factor P , is sufficient to account for effects resulting from
the surface roughness. It is well-known that the enhancement of K due to specular reflection
is considerably larger at lower temperature than the higher ones. It is also known that the
higher the boundary limited thermal conductivity, the lower the temperature below which T 3
law is valid. For the case of nanoscale size materials such as nanowires, this phenomenon
controls K(T ) for temperatures much higher than that of the bulk.
If the sample surface assumed to have specular reflectivity or P = 1 before the surface
has been bent (for the bulk case), then for a nanowire, the bend assumption model which is
mentioned in the lattice dislocation explanation, is applicable to define the state of the surface.
Figure 5 shows roughness versus diameter dependence for the four diameters 115, 56, 37 and
22 nm giving roughness values in the range of 0·475 ≥ P ≥ 0·13. In highly polished samples
the problem of phonon reflections are possible to be described according to the explanation
given by Ziman (1960) and Sofer (1967). They gave the specularity factor dependence on the
phonon wave vector k to be as
 = exp[−(2kη
 cos )2 ],
P (k)

(37)

where η is the rms height deviation in the surface and is the angle of phonon incidence,
since the temperature gradient is along the length of the sample. For a specular reflection
 = 1 regardless of values of k and . Since the
from a plane surface, η = 0 and then P (k)
temperature gradient along the length of the sample expected to be the same for bulk and
nanowire, the effects of and k in Eq. (36), are also expected to be the same as long as both
are a function of temperature, and their values should be < 90◦ and k > 0.
According to this equation, values of P should represent the rms height deviation η from
the nanowire surface. In this case, as values of P decrease, values of η increase in accordance.
This assumption can be explained as follows. According to the assumption made by (Lee &
Rudd 2007), the nanowire surface is constructed from intersection of crystal plains forming
an internal angle between them such as β. For a large nanometer diameter, number of planes
forming wires surface are large and then their internal angles are also large, while for a
small diameter nanowire, the number of these planes are smaller and produces a smaller
internal angles. If we plot a circle tangent to the internal surface planes, then the difference
between the circle radius and the head of the angle is the rms deviation from the wires
surface. However, smaller internal angles will give a higher rms deviation from the wires
surface, which is represented by η. For bulk state (D = ∞), β is 180◦ , and that gives η = 0
which represents a specular reflection as originally assumed for this case in the present work.
However, β = 90◦ for a nanowire having D = 1·39 nm (Lee & Rudd 2007) where in this
case the circle assumption above give η ≈ 13 D. According to Eq. (37), the shape of the curve
indicated in figure 5, will give an increased values of η 1·66 when the nanowire diameter goes
down from 115 nm to 22 nm.
3.3 Gruneisen parameter
When a crystal size reduces to a nanoscale range, the surface to bulk ratio will begin to
dominate the mechanical properties of the material. It is well-known that the surface bonding
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length is much larger than bonds belong to the bulk material (Zhang et al 2001). As mentioned before, the mean bonding length for a nanoscale range material increases according
to the increase of surface to bulk ratio. For a nanowire shape, as in the present work, the
diameter can be regarded as a parameter to describe the materials structure. In this case, the
decrease of the diameter D should correspond to the increase of mean bonding length and
consequently it means the increase of the volume per atom. Such a conclusion can be used to
correlate the Gruneisen parameter γ versus D diagram (see figure 8). Since the inter-atomic
force in crystals are usually weak for large lattice displacements, the Gruneisen parameter will have positive values for all phonon modes, which means proportional to the crystal
lattice volume V . For such assumption the increase of lattice volume should consequently
be a function of the wire diameter D. The best fit dependence of γ versus D in figure 8,
gives the empirical relation of γ = 5·1076D −0·3927 (D in nm). According to this relation, a
strong control of surface effect will take place at diameters down from 10 to 12 nm as shown
in figure 8, which means a surface thickness of about 5 to 6 nm. However, a similar surface thickness has been reported for thin films of metrahedral amorphous carbon (Liu et al
1999).
Lee & Rudd (2007) and (Omino et al 2005) reported the decrease of young’s modulus in the
direction of crystal planes {001} and {110} as the wires diameter decease with respect to that
of the bulk Young’s modulus, while for the direction belongs to the crystal plane {111} the
dependence is opposite to that. For both cases, the dependence on wire diameter will become
more sensitive as the wire diameter decreases. However, for most binary compounds from
groups III–V and II–VI, the Gruneisen parameter has been reported to increase as a function
of Bulk modulus (Iwanaga et al 2000). Then, for certain nanowire diameters, the increase
of bulk modulus should correspond to the increase of γ . Since in general, the bulk modulus
is equal to three times of that of Young’s modulus, γ should have the same proportional
dependence on Young’s modulus. In this case, the diameter dependence of γ (see figure 8) has
the same shape as that for the dependence reported for Young’s modulus versus Si nanowires
diameter along the crystal plane {111} (Lee & Rudd 2007).
In general, Young’s modulus is dependent on the planes forming the wires surface. Since
the direction of the length for Si nanowires investigated in this work is {111} (Li 2002),
the planes forming the wires surface are expected be {112} and {211} and their truncations.
Therefore, the dependence mentioned above and the information from reference (Liang et al
2005), the Gruneisen parameter dependence on diameter in this work should correspond to
the nanowire surface plane.

4. Conclusions
The temperature dependence of lattice thermal conductivity for the nanowire diameters from
115 to 22 nm indicates that the system used in the present calculation is perfectly applicable
to all Si nanowire diameters down to 37 nm while it partially works for the 22 nm diameter
wire. The dependence of surface roughness and defects on the wire diameter indicate a strong
control of surface in the surface to bulk ratio for the 22 nm Si nanowire diameter. Results of
the three parameters P , Nimp and γ in the correlation between theoretical and experimental
curves of lattice thermal conductivity in nanowires for all the diameters presented in this work
indicate the significance of size dependent parameters.
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