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Abstract. The lattice thermal conductivity (LTC) of silicon nanowires (NWs) with diameters of 115, 56, 37 and 22 nm
in the temperature range of 2–300 K for different pressures ranging from 0 to 10 GPa, was calculated by employing a
modified Callaway model. Both longitudinal and transverse modes were explicitly considered within the model. A
strategy is utilized to calculate the Debye and phonon group velocity in addition to the bulk modulus and it is derivative
for different NW diameters from their related melting temperature under different pressures. The influence of the
Gruneisen parameter, surface roughness and dislocation as structurally dependent parameters are successfully exploited to
correlate the calculated values of LTC to that of the experimentally measured curves at various pressures including zero.
The respective application of the Murnghan and Clapeyron equations for pressure-dependent lattice volume and melting
temperature in the Callaway model produces results that tend to be systematically applicable by this model. The confinement and size effects of phonons and the role of pressure in the reduction of LTC are investigated. The peak value of
LTC decreases with the increase of pressure for both bulk and its nanowires.
Keywords.

1.

Lattice thermal conductivity; nanowires; Si; semiconductors; hydrostatic pressure.

Introduction

Nanoparticles are a broad class of materials that include particulate substances, which are less than 100 nm [1].Techniques
for lattice thermal conductivity (LTC) calculations have been
widely used for bulk materials in recent decades [2]. Crystalline materials come from many different structures compared with isotropic materials, and their classification
generally requires several lattice parameters and an atomic
base. In the physics of condensed matter, the calculation of Si
nanowire (NW) properties, such as lattice constant, atomic
position, mean bond length and bulk modulus with its
derivative that directly depends on pressure plays a significant
role in thermal conductivity measurements [3]. However, the
change in lattice properties with the structure change under
compressibility remains unclear although several investigations of the structure effect on crystalline Si and Ge under
pressure have been reported [4–6]. The dynamical processes of
LTC which depend strongly on pressure are difficult to calculate experimentally. The thermal conductivity under a
pressure of up to 20 GPa at 300 K was first estimated for the
most abundant material of Earth, i.e. MgO [7–9]. Their results
demonstrated that the change in LTC is not only due to the
phonon scattering by imperfection, but also to the change in
pressure. Jianhui et al [10] reported the calculations of pressure effect on the structural, vibrational and thermodynamic
properties of the chalcopyrite-type compound of AgGaS2.

In this work a theoretical calculation of LTC in the bulk
and NWs of Si at pressures of up to 10 GPa is performed.
The targets are quantitatively evaluated as follows:
(i) The consequence of phonon confinement, that causes
the phonon group velocity to decrease with the
appearance of surface strength, in addition to the
imperfections responsible for the LTC reduction of
NWs at free pressure (P = 0).
(ii) Elucidate the effect of melting temperature and unit
cell volume under pressure where they are structure
dependent under assumption that the structure of
NWs differs from that of the bulk.
The rest of this document is arranged as follows. Section 2 presents the theoretical background, including the
pressure mechanisms of Si NWs’ LTC, with a detailed
explanation of the function of the physical parameters.
Section 3 describes the pressure effects on the measurements of LTC for Si NWs.

2.
2.1

Method of calculations
Callaway model

Heat is mostly generated by acoustic phonons in semiconductors [11], and these phonons group velocities are greater
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than those of optical phonons. Mathematical models of
thermal conductivity are usually developed based on the
Boltzmann transport equation, and this is called the phenomenological theory of Callaway under a single mode
relaxation time approximation. This implies that the
various phonon scattering processes have a given total
relaxation time. The standard bulk formula for LTC (the
derivation information can be found in reference [12]) is
as follows:
Z h=
D T
K ¼ AT 3
sc dð xÞdx;
ð1Þ
0

3 K 

where A = ðKB =hÞ 2pB2 v , d(x) = x4ex (ex – 1)-2, x = 
hx/KB
T, and h and KB are the Plank and Boltzmann constants,
respectively. v and x are the angular velocity and frequency
of phonon, hD is the Debye temperature, T is the absolute
temperature, and sc is the total relaxation time. However
this formula is only applicable for measuring the LTC of
thin films and NWs [13,14].
In calculating thermal conductivity for Si NWs, Zou
and Balandin [12] used the bulk dispersion of phonon
with that of the effect of phonon confinement. The
equation corrected the phonon dispersion for NWs by
considering the variation in its non-equilibrium phonon
distribution due to its diffused boundary scattering at the
wires surface.
By considering the contribution of longitudinal and
transverse phonon, Asen-Palmer et al [15] and Morelli et al
[16] updated the Debye-Callaway models considering the
three standard phonon processes. This model provides the
total LTC which involves two terms, i.e. K = K1 ? K2.
They are expressed as follows:
Z h=
D T
3
K1 ¼ AT
sc J ð xÞdx;
0

K2 ¼ AT 3

Z

hD= T
0



Z
0

hD=T

sc ð x Þ
J ð xÞdð xÞ
sN ð x Þ

2

sc ð x Þ
J ð xÞdð xÞ
sN ð xÞsRðxÞ

1
:

ð2Þ

In equation 2, sR is the sum of all resistive scattering
processes, and (sc)-1 = (sN)-1 ? (sR)-1.
According to Callaway, K derived into two parts, the
longitudinal (KL) and the transvers (KT) phonon branches
that can be expressed as follows:
K ¼ K L þ 2K T :

ð3Þ

Similarly, the partial conductivity values for the longitudinal and transvers modes are derived as follows:

KL ¼ KL1 þ KL2
;
ð4Þ
KT ¼ KT1 þ KT2
where partial terms KL1 and KL2 are the standard terms of
the Debye–Callaway model, so KL1 and KL2 in equation (1)
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are expressed as
1
KL1 ¼ AL T 3
3
KL2

Z
0

hLD=T

sLc ð xÞJ ð xÞdx:

"Z L
#2
hD=T L
1
sc ð x Þ
3
J ð xÞdx
¼ AL T
3
sLN ð xÞ
0
"Z L
#1
hD=T
sLc ð xÞ
J ð xÞdx

sLN ð xÞsLR ð xÞ
0

ð5Þ

ð6Þ

Likewise, the KT1 and KT2 in equation (4) are expressed
as follows:
Z hT
D=T
1
3
sTc ð xÞJ ð xÞdx;
ð7Þ
KT1 ¼ AT T
3
0
"Z T
#2
hD=T T
1
s
ð
x
Þ
c
KT2 ¼ AT T 3
J ð xÞdx
3
sTN ð xÞ
0
"Z T
#1
hD=T
sTc ð xÞ
J ð xÞdx

;
ð8Þ
sTN ð xÞsTR ð xÞ
0

 
where AL(T) = KhB 2p2KvLBðT Þ and


2 1=3
hvLðT Þ
hLðTÞ ¼ xLðVT Þp
KB :
The LTC in semiconductor crystal is constrained by
different mechanisms of acoustic phonon scattering, such as
Phonon-phonon (three phonon) Umklapp and normal scattering rate, Phonon-impurity scattering rate, Phononboundary scattering rate, Phonon-dislocation scattering rate,
Phonon-elastic field (long range interaction) scattering rate
and Phonon-electron scattering rate [17].
2.2 Pressure effect on lattice thermal conductivity in Si
NWs
Phonon confinement is usually a modification of the phonons’ dispersion and group velocity. Given the boundary
condition of the surface nanostructure, phonons wave vector
quantizes in the direction of confinement, resulting in distinct phonon branches. Hence, the phonons group velocity
will continuously decrease compared to that of the bulk. In
addition to the two effects above, pressure has a double
effect on phonon confinement and phonons group velocity,
resulting in more decrease in the LTC mechanism. Mingo
et al [17] used total phonon dispersion relationships to
measure the LTC for Si NWs, suggesting that the lattice
structure of NWs remains similar to that of the bulk crystal.
Omar and Taha [3] have considered the effects of sizedependent parameter on the LTC in Si NWs, producing
consistent results with those of the reported experimental
data [18]. Some of the analysis techniques used in this work
were adopted from references [19,20].
In this work, LTC values in Si NWs were measured under
different pressures. The standard parameters, such as lattice
volume and lattice constant at zero pressure, were treated
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the base parameters to calculate other flexible size-dependent parameters under the applied pressure in GPa. In the
bulk state the mean bond length is the average covered by a
phonon in its wave-like pattern without any reflection or
deflection. In nanoscale, it depends on its size. In bulk state,
the mean bond length (dmean (r)) is inversely proportional to
r (NWs radius) and reaches the maximum at r = rc (critical
radius at which all atoms of the particle are on the bulk
surface) [21]. The amount of change in dmean (r) as a
function of size (r) is expressed as follows:
2 0
131=2
2ðSm ð1Þ  RA5


;
Ddmean ðrÞ ¼ Ddmean ðrc Þ4exp@
3R rrc  1
ð9Þ
where R and Sm are the ideal gas constant and the overall
melting entropy, respectively, and rc = [3 - D] h, where
h and dmean(r) can be obtained from h = 1.429dmean (?)
[21], and dmean (r) = h - Ddmean (r), where h corresponds
approximately to the height of a monolayer of atoms on the
bulk crystal surface.
The size-dependent lattice constant (a(r)) in nanoscale at
free pressure (P = 0) for Si NWs is measured as [21]
4
ao ðr Þ ¼ pﬃﬃﬃ dmean ðr Þ:
ð10Þ
3
The size-dependent lattice volume (V(r)) for the Si-diamond structure at free pressure is determined by [3]:
V ðr Þ ¼

að r Þ 3
:
8

ð11Þ

The lattice volume which is a direct function of pressure
in solids, including its nanoscale range, that gives the
pressure effect for calculating LTC. Thus, the lattice volume under the pressure given by the Murnaghan equation of
state that satisfies a relationship between the body’s volume
and the pressure is typically expressed as [22]:
0


B0o 1=Bo
V ð pÞ ¼ V o 1 þ P
;
ð12Þ
Bo
where Vo is the body‘s volume, and V(p) is the volume
under pressure P in GPa. In general, the Murnaghan equation can be used with sufficient accuracy in the model if the
volume reduction under compression is poor, i.e. V/Vo
exceeds 90%, whilst Bo and B0 o represent the bulk modulus
and its first derivatives [4,23]. In this work, equation (12) is
modified that applicable to nanoscale size in the following
form:
0


B0 ðr Þ 1=B ðr Þ
V ð pÞ ¼ V ð r Þ 1 þ P
;
ð13Þ
Bð r Þ
where B(r) is bulk modulus in nanoscale size at free pressure (P = 0) and can be expressed as [24]
Bðr Þ ¼ qðr ÞVg2 ðr Þ;

ð14Þ
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where q(r) is the mass density of nanostate material which
is equal to [25]
qðr Þ ¼ qð1Þ

V ð 1Þ
:
V ðr Þ

ð15Þ

The value of q(?) and q(r) which represent the mass
densities of bulk Si and its NWs are provided in table 2.
V(?) and V(r) are the bulk and NWs lattice volumes at zero
pressure. In equation (13) B0 (r) is the nanoscale bulk
modulus first derivative. Magomedov [23] used the idea of
transforming the diamond structure to a body-centred
tetragonal form during the compression of silicon and germanium in their first-order phase transitions. Thus according to Magomedov [23], B0 o is expressed as follows:
B0o ðr Þp¼0 ¼

1
ða þ bÞ þ 2;
3

ð16Þ

where
b ¼ 6co  2; a ¼ 3½B0 ðPÞ  2  b at T ¼ 0
and P ¼ 0 in which b [ a C 1 are constant parameters, and
their values for bulk Si are (b = 4 and a = 2.48) [26]. The
two parameters are related to the depth and coordinate of
the minimum potential form, that is the Mie-Lennard-Jones
potential [23]. However these parameters depend strongly
on the material’s Gruneisen parameters (co Þ.
The parameter (vg(r)) in equation (14) is the group
velocity that includes both acoustic and optical phonons,
where each has one longitudinal and two transverse
polarisation branches. Thus, the mean group velocity is
calculated for all phonon polarisation types as follows
[27]:
1
1
2
¼ Lþ T:
vmean
v
v
g
g
g

ð17Þ

The melting point is connected with the Debye temperature through Landman’s formula and modified for nanoscale solids in the following form [28,29]:


Tm ðr Þ 1=2
hD ð r Þ ¼ h D ð 1 Þ
:
ð18Þ
Tm ð 1 Þ
Considering the approach of Post [30], for isotropic
system, the relation between the group velocity and the
Debye temperature can be expressed at zero pressure as:
vg ðr Þ ¼ vg ð1Þ

hD ð r Þ
:
hD ð 1 Þ

ð19Þ

The last equation enables the calculation for size
dependency of group velocity on the Debye temperature.
Tm(?) and Tm(r) are the bulk and nanosize dependent
melting temperatures at (P = 0). Tm(r) is calculated for all
NW diameters in this work by using the following relationship [28,31]:
0
1
V ðr Þ 2=3
2
ð
S

R
Þ
m
 A: ð20Þ
Tm ð r Þ ¼ T m ð 1 Þ
exp@ 
V ð1Þ
3R r  1
rc
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The pressure-dependent melting point can be calculated
from the predicted Clapeyron equation [32, 33]:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n
h
 i o
u
u
2ðVl  Vs ÞP þ Vs Ks  Vl cf Kl P2
t
:
Tm ðPÞ ¼ Tmo 1 þ
DHmo

ð21Þ
where Tmo represents the melting temperature at P = 0, for
bulk state Tmo equal to Tm (?) while and for NW diameters
(r) represented by Tm(r). equations (18 and 19) are modified

Table 1. Necessary parameters used in LTC calculations for bulk
Si.
Parameter
Tmo (K)
hDT (K)
VgT (m s-1)
Vs (cm3 mol-1)
A (nm)
B (GPa)
B0 o
Kl (10-11 Pa-1)
DSvib (J mol-1 K-1)
f (J m-2)

Si

Parameter

Si

1687a
240b
5850b
12.06a
5.431a
100a
4.24a
10.0c
6.77d
3.75e

hDL (K)
VgL (m s-1)
M (g mol-1)
Q (kg m-3 9 10-3)
VL (cm3 mol-1)
KS (10-11 Pa-1)
H (nm)
DHmo (KJ mol-1)
c (J m-2)

586b
8478b
28.09a
2.329c
10.93e
1.0e
0.33581f
50.2a
0.727c

a

Ref. [35], bref.[3], cref. [36], dref. [37], eref. [18] and fref. [20].

Table 2.

Nimp (m-3)
ND (m-2)
ne (m-3)
cL
cT
P (surface roughness)
VS (cm3 mol-1)
VL (cm3 mol-1)
q (kg m3 9 103)
Bo (GPa)
B0 o
KS (10-11 Pa-1)
KL (10-11 Pa-1)
f (J m-2)
c (J m-2)
T0 mo (ko)
Svib (J K-1 mol-1)
Sm (J K-1 mol-1)
Hm (kJ mol-1)
Ref. [43].

for the pressure effect in GPa as following:
hnD ðPÞ ¼ hBD ðPÞ
vng ðPÞ
vBg ðPÞ

¼




Tmn ðPÞ 1=2
;
TmB ðPÞ

hnD ðPÞ
:
hBD ðPÞ

ð22Þ
ð23Þ

Symbols n and B are respectively used for NW and the
bulk state Si. In equation (21), VL and Vs are molar volumes
where subscripts S and L denotes solid and liquid cases of
the crystal. From values of Vs taken from reference [3] and
VL from reference [34], the following relation is obtained:
V L =V s ¼ 0:9

ð24Þ

The liquid and solid crystal compressibility values are
denoted as Kl and Ks respectively, and taken from Ref.
[34,35]. Their ratio for bulk Si presents the following
relation:
K l =K s ¼ 10:

ð25Þ

This relation is used for both bulk and NWs Si. In
equation (21), the values of c denotes the surface energy,
essentially describing a reversible work per unit area to
form a new surface, whilst f denotes the surface stress,
describing a reversible work per unit area due to elastic
deformation. c = f for solids, and c = f for liquids [36].
Thus, the c-value is an effective thermodynamic parameter
deduced according to the Gibbs–Thomson equation [37].

Relevant data used in calculating LTC for Si nanowires at various pressures.

Parameters

a

(2021) 44:201

22 nm

37 nm

56 nm

115 nm

8 9 1025a
7 9 1015a
1.9 9 1025a
0.933a
0.933a
0.850a
12.65
11.39
2.213
9.52
2.7820
10.5
0.01
2.65
1.96
1741.54
20.15
28.46
45.87

5.6 9 1025a
4 9 1016a
5 9 1023a
0.914a
0.914a
0.840a
12.39
11.15
2.260
10.11
2.76933
9.88
0.98
2.84
2.12
1721.95
20.57
28.88
47.49

3.3 9 1025a
3.3 9 1016a
1.7 9 1023a
0.905a
0.905a
0.830a
12.26
11.04
2.283
10.42
2.76333
9.59
0.95
2.94
2.20
1711.47
20.77
29.09
48.29

1.1 9 1025a
1.1 91014a
5 9 1021a
0.896a
0.896a
0.475a
12.14
10.93
2.306
10.72
2.75733
9.32
0.93
3.04
2.28
1700.63
20.97
29.29
49.08
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csl ð1Þ ¼ 2hSvib ð1ÞHm ð1Þ=ð3Vs RÞ for bulk

ð26Þ

csl ðr Þ ¼ 2hSvib ðr ÞHm ðr Þ=ð3Vs RÞ for NWs;

ð27Þ

where Svib(?) represents the vibrational part of the
overall melting entropy (Sm(?)) of the bulk crystals.
Svib(r) is deduced by Mott‘s expression for nanoscale size
[38,39]:

201

where Sm(?) = 29.48 J K mol-1 for bulk Si [41], and the
general equation of f is obtained as follows [36,42,43].
 
fsl ð1Þ ¼ h=2 ½3Svib ð1ÞHmo ð1Þ=Ks Vs R1=2 for bulk;
 
fsl ðr Þ ¼ h=2 ½3Svib ðr ÞHmo ðr Þ=Ks Vs R1=2

ð31Þ
for NWs:

ð28Þ

ð32Þ

where a is related to the size limit of r giving that the
smallest nanocrystal is at a ¼ 2Svib ð1Þ=ð3RÞ þ 1 as
mentioned in reference [40]. Likewise, size-dependent
enthalpy Hm(r) and entropy Sm(r) are expressed as
follows:

Equations (25–32) results in constant parameters at
free pressure (P = 0) where they are used in the overall
LTC for non-zero pressure processes in bulk Si and its
NWs.

Svib ðr Þ ¼ Svib ð1Þ  ð3R=2Þða  1Þ=½ðr=rc Þ  1;

Hm ðr Þ ¼ Tm ðr Þ  Sm ðr Þ;

ð29Þ

Sm ðr Þ ¼ Sm ð1Þ  ð3R=2Þða  1Þ=½ðr  ro Þ  1:

ð30Þ

Figure 1. Variation of the rate change in volume V/Vo as a
function of pressure and compared with other theoretical data
denoted by square box for bulk Si using Murnaghan equation of
state.

2.2a Bulk modulus and lattice volume of Si bulk and NWs:
Using the formulas on 2.2 LTC is calculated as pressure
dependent parameters for both bulk and NWs of Si, having
diameters 22, 37, 56 and 115 nm. The constant parameters

Figure 3. Reversible work per unit area for both surface stress
f and surface energy of the liquid c as a function of Si NWs
diameter.

Lattice volume VP x 10-29 ( m3 )

2.15
Bulk
115nm
56nm
37nm
22nm

2.1
2.05
2
1.95
1.9
1.85
1.8
0

2

4

6

8

10

12

P (GPa)

Figure 2. Change in lattice volume with respect to the pressure
for both the bulk Si and its NWs of 22, 37, 56 and 115 nm.

Figure 4. Both overall entropy Sm and vibrational part of entropy
Svib, in addition to enthalpy Hm as a function of Si NWs diameter.

201

Page 6 of 11

used for calculation are listed in tables 1 and 2. The
required parameters related to pressures, such as bulk’s
modulus and its derivatives, are calculated by equations (14
and 16), respectively [44]. Figure 1 shows the pressuredependent of the rate change in volume V/Vo for bulk
crystalline Si as calculated by the Murnaghan equation
which is comparable with that of the reported in references
[5,6]. Figure 2 includes the pressure-dependence lattice
volume for both bulk Si and NWs obtained from the Murnaghan equation of state through bulk modulus calculations.
As seen in figure 1, the relativistic in lattice volume
under compression (V/Vo) approximately reduces to 90%
under a 10 GPa, whilst figure 2 shows the lattice volume

Bull. Mater. Sci.
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V according to its origin value (Vo at P = 0 GPa) for bulk
Si. vs. pressure in GPa for bulk Si and its nanowires, The net
reduction at 10 GPa is varying approximately between
0.1 nm3 and 1 nm3.
2.2b Effect of pressure on LTC in Si NWs: The compression
effect due to pressure on LTC is the lattice volume calculated by the famous Murnaghan equation [22]. Second, the
melting temperature is solved by Clapeyron’s predicted
equation [33]. In addition to the two factors mentioned,
group velocity and Debye temperature also have an
important role in the Debye–Callaway model. The parameters used in the calculations of LTC in this work are listed
in table 2.
Investigations of the size dependence on pressure in the
overall processes of LTC as the temperature dependent of Si
NWs are presented in this section. c and f have an important
thermodynamic property, particularly for determining
functions Tm(r) and Tm(p), as they respectively deduced
from equations (26 and 30). Figure 3 shows the increase of
reversible work per unit area with a Si NWs diameter.
Equations (27, 28 and 29) are used to calculate entropy
and enthalpy for bulk and NWs, respectively, and the results
are shown in figure 4.

Figure 6. Solid and liquid compressibilities Ks and KL for Si
NWs as a function of Si NWs diameter.

Figure 5. (a) Mass density q(r) as a function of Si NWs
diameter. (b) Bulk modulus for bulk Si and its NWs as a function
of their diameter. (c) The bulk modulus first derivative for Si bulk
and its NWs as a function of their diameter.

Figure 7.

Both solid and liquid molar volumes for Si NWs.

Bull. Mater. Sci.
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The nanosize dependence of mass density q(r) for Si
NWs is shown in figure 5a. Given that the density is directly
related to lattice volume which consequently leads to the

Figure 8. Lattice thermal conductivity vs. temperature of bulk
Si. The dotes and solid lines represent the experimental data and
the theoretical fit (black line at normal pressure) and others at
different pressure starting from 0 to 10 GPa.

change in bulk modulus Bo(r), then according to equation
(14) the bulk modulus for Si NWs are calculated depending
on their density, the results are shown in figure 5b.
According to Magomedov [23] the nanosize dependence of
bulk modulus first derivative B0 o(r) is calculated, and the
results are shown in figure 5c.
The compression of Si induces first-order phase transitions during which the diamond structure transforms to the
body-centred tetragonal form. On this basis, the Si NWs
solid compressibility is calculated by 1/B for both bulk and
NWs Si. According to equation 25, the KL values are 10
times higher than that of Ks since KL is dependent on the
change in fluid density or phase transition, whilst Ks is
dependent on the change in lattice volume. Their values
decrease with increasing NWs diameter as shown in figure 6. All values related to Si NWs that are calculated at
normal pressure are listed in table 2.
Magomedov’s equation, is used to determine the first
derivative bulk modulus (Bo0 (r)) that is used to find the rate
change in lattice volume under pressure. The solid molar
volume Vs at normal pressure which is for bulk Si reported
in reference [42] is equal to (Vo 9 Nave) where Nave is

(b)

3

16

LTC ( W.m-1.K -1 ) x101

∆LTC ( W.m-1.K-1 ) x 103

(a)

∆LTC=LTC0 - LTC10
LTC0 at 0 GPa & LTC10 at 10 GPa

2

1

0
0

100

200

300

400

500

8

4

0

600

0

LTCmax ( W. m-1. K-1 ) x 103

LTCmax ( W. m-1. K-1 ) x 102

(d)

30

20

10

0
17

19

2

4

6

8

10

12

P ( GPa )

40

15

LTC of Bulk Si change with Pressure
at T=300Ko

12

T (K)

(c)

201

21

Tpeak point ( K )

23

25

4

3

2

1

LTCmax = ( -0.2757 P + 3.536 ) x 103

0
-1

1

3

5

P ( GPa )

7

9

11

Figure 9. Effective mechanisms on LTC for bulk Si under pressure: (a) the critical effect in the change of LTC at the pressure range
from 0 to 10 GPa. (b) The pressure-dependent LTC at T = 300 K. (c) The peak point LTC vs. its temperature. (d) Peak point LTC vs.
pressure.
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Figure 10. Lattice thermal conductivity as a function of temperature for silicon nanowires at different pressures starting with zero
GPa carrying blue solid line fitted to experimental data (dot points) goes down to yellow line at 10 GPa for Si NWs diameters: (a) 22
(b) 37 (c) 56 and (d) 115 nm.

Avogadro’s number, whilst liquid molar volume VL is given
by equation (24). The nanosize dependence of solid and
liquid molar volumes are shown in figure 7, which allows
the comparison between the two. Their values for all Si
NWs are listed in table 2.

3.
3.1

Analysis of results
Pressure effects on LTC of bulk Si

Figure 8 shows the temperature dependence of LTC at
pressures ranging from 0 to 10 GPa, where the dots and the
blue solid line represent the experimental data [23]. The
theoretical fitting curve to the experimental data and the
curves due to the pressure effect are calculated according to
the Debye–Callaway methods. The left quadrant ranges
from the Gaussian curve, shows the boundary-scattering by
phonons which represents the lowest temperature range of
0–10 K. The Umklapp-scattering is predominant in the
temperature range of T [ 300 K that is, at the low right
quadrant whilst above this region before reaching the peak,
the Umklapp processes are shared by a normal phonon
scattering. The third part shows the peaks that represent the

scattering of phonons by the boundary and lattice defects. In
the range of phonon-boundary scattering that occurs at very
low temperature, all transition phonons are concentered and
independent on temperature and frequency. The mean free
path of phonons at this range can be written in the form
TB(L,T) = V(L,T)/d, where d is the effective diameter of the
sample. The values of d are adjusted slightly to fit the T3
dependence of the thermal conductivity at this temperature
range, which is equal to 4.06 mm. This value decreases with
increasing pressure that affects the boundary scattering
rates. However, pressure also increases the dislocation
phonon scattering rates in the form of elastic field scattering
that includes screw, edge and mixed dislocation, the phenomena accurate for both longitudinal and transverse modes
of the relaxation rate. Each step of pressure increase leads to
a reduction in the sample diameters (D) of approximately
0.027% from the origin value which is consistent to the
report in reference [4]. Pressure is assumed to be applied in
all directions of the sample, so that the sample shrink
homogeneously. Values of D decreases from 4.06 mm at
normal pressure to approximately 3.94835 mm at P = 10
GPa, this compression reduces the bond length d which
consequently affects the decrease in LTC as shown in
figure 8.
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Figure 11. (a) Maximum LTC value change with the pressure. (b) The change in LTCmax from 0 to 10 GPa as a function of silicon
NWs diameter. (c) (DLTCmax/DT) dependence on Si NWs diameter. (d) (DLTCmax/DP) dependence on Si NWs diameter.

At a very low temperature in which phonons have very
long waves, LTC is affected slightly by pressures due to the
slight change in size as shown in figure 9a. This
figure presents the change in LTC due to the pressure at the
entire temperature range. The maximum effect is at the peak
positions, indicating that the increase in lattice imperfection
is mainly dislocations. However, the minimum values of
DLTC occurred at low and high temperatures is due to the
limitation effect of pressure on both sample and lattice size,
respectively, compared to that of the peak position.
Figure 9b presents the liner dependence of LTC on pressure
at fixed temperatures. The decrease of the LTC peak positions’ temperature and the theme values with the application
of pressure shown in figure 9c and d are related to the
increase in lattice defects scattering.
In the third quadrant of the LTC diagram in figure 8, both
Umklapp and normal phonon scatterings are predominant,
i.e., they control the processes up to 100 K, that gives a
weak effect of pressure on these types of scattering as
shown in figure 9a.

3.2

Pressure effects on LTC in Si NWs

The same method of calculating LTC for bulk Si in this
work is used for NWs having diameters 22, 37, 56, and

115 nm, considering that all parameters mentioned in section 2 with the Gruneisen parameter, surface roughness,
impurity concentration and lattice dislocation density are
fixed to achieve the best fit with the experimental data [17]
as shown in figure 10a–d. In this work, in addition to the
Callaway method, Murnaghan [22] and Clapeyron [33]
equations are used for calculating the pressure effect on
LTC.
At low temperature, the boundary and phonon-electron
scattering rates have a significant effect on LTC. In this
range of temperature, LTC is highly dependent on temperature which is nearly related to T3. The results in this
work indicate that LTC decreases at medium temperature
for Si NWs due to the of 0 to 10 GPa, this is because at
moderate temperature, both impurity and dislocation
relaxation rates are mostly affecting LTC of NWs. Thus, the
decrease in NWs diameters obtains a maximum value of
LTC at higher temperature compared with large diameters.
For example, at T [ 300 K, 22 nm Si NW gives maximum
values of LTC as shown in figure 10a, whilst the LTC
decreases at this temperature for the other NWs of 37, 56
and 115 nm, that could be explained according to melting
temperature. However, both decrease in the size and the
increase in pressure, reduces melting temperature of the
sample and accelerates the overall LTC processes. At a very
high temperature, T [ 300 K, the most dominant scattering

201

Page 10 of 11

(b)

1

22 nm
37 nm
56 nm
115 nm

∆LTCmax / LTCmax

0.8

0.6

0.4

0.2

∆LTCmax / LTCmax =Aexp(-Br)+C

0.6

0.4

best fit
0.2

data

0

0

0

0

2

4

6

8

10

12

20

40

14

(d)

60

60

80

100

120

140

r ( nm )

P ( GPa )

(c)

(2021) 44:201

1

0.8

∆LTCmax / LTCmax

(a)

Bull. Mater. Sci.

190

22nm
40

37 nm

30

56 nm

170

P= 0 GPa

Tpeak point (K)

LTC T=300K ( W. K-1.m-1 )

50

115nm

20

150

P= 10 GPa

130

10
0
1.85

Tpeak point = 29.866ln( L) + 139.12
R² = 0.9997
1.95

2.05

2.15

VP x 10-29 ( m3 )

110
0.5

1.5

2.5

3.5

4.5

Sample length L ( μm )
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point LTC temperature as a function of sample length for 115 nm diameter.

rate is Umklapp processing and the effect of increase in
pressure on the overall LTC processes has become very
weak and thus ignored.
LTC in general is affected by three parameters, i.e. sample
size, defects and lattice vibration. Given that the change in
size in the case of diameter due to pressure does not exceed
0.03%, hence its effects is smaller than the defects.
Accordingly lattice spacing is a function of size, then its
effects are also as small as those for the very low and high
temperatures as indicated in figure 10. Then defects are
controlling the processes, particularly dislocations due to
both the size effect and pressure that changes *50% of LTC
at its maximum value of zero pressure (figure 11a). For a
115 nm Si NWs, the net reduction in LTC peak values
(LTCmax) is *18 W m-1 K-1. The LTC values for the
pressure ranging from 0 to 10 GPa, and for 56 and 37 nm are
approximately equal to 14 and 9 W m-1 K-1, respectively,
whilst it is only 3 W m-1 K-1 for the 22 nm. Thus indicating
the net change in LTCmax values decrease with the decrease
in size of Si NWs diameter with that of increasing applied
pressure as indicated in figure 11a and b.

According to figure 11c, the net change in peak point
LTC to that of related temperature (DLTCmax/DTpeak point) is
dependent on the NWs diameters which as an exponential
function relation given by (2.1315 exp (0.019 r)) r. However, figure 11d shows the decrease on DLTCmax/DP values
with increase in Si NWs diameter in a logarithmic relation
given by (-0.574 ln (r) ? 1.2787).
In conclusion, figure 12 explains that the change in peak
point of LTC at low T is due to the pressure effect on
sample size, its shrinkage with the increase of pressure, that
limits the phonon scattering to a shorten wave length. The
same principle could occur for phonons scattering by a
lattice at high temperatures.
Figure 12a presents the increase in the reduced DLTCmax
with pressure, it refers to increase in the concentration of
the lattice dislocation in NWs and change inversely with the
diameters as shown in figure 12b, having an empirical
LTCmax ¼ A exp (-B r)?C, where constants A,
relation of DLTC
max
B and C are 2.550578, 0.076972 and 0.473215733,
respectively. The lattice compression at high temperature
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may increase lattice phonon scattering, that consequently
lowers LTC. Figure 12c relates LTC at high temperature
(300 K) to that of lattice volume under the effect of pressure. At low temperatures, the peak point region, boundary
scattering will have a substantial shrinking to control LTC
with that of defects, the phenomenon can be observed
through the sample size effect (due to pressure) on peak
position temperature as shown in figure 12d.
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4.

Conclusions

Centred on the Clapeyron and Murnaghan equations,
Debye–Callaway model is an effective method for calculating LTC for non-zero pressure in Si bulk and its NWs, for
calculating the pressure effect of LTC on Si bulk and NWs.
The change in the LTC peak position (LTCmax) for bulk
and NWs to a lower temperature with the increasing pressure refers to the increase in lattice dislocations and sample
size reduction. The boundary scattering at a very low
temperature does not exhibit a substantial decrease in LTC
processes with increase in the strain, while it affects lowering the peak point temperature.
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