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The role of pressure on lattice thermal
conductivity and its related thermodynamical
parameters in In0.53Ga0.47As nanofilms

N. A. Rauf * and M. S. Omar

Lattice thermal conductivity (LTC) for In0.53Ga0.47As alloy films, with thicknesses ranging from 10 nm to

1.4 mm, was investigated under pressures of up to 11 GPa and temperatures between 1 and 450 K,

utilizing the modified Debye–Callaway model. The effects of structural and thermodynamical para-

meters, as well as phonon interactions, on LTC were examined. The Clapeyron, Murnaghan, and Post

equations were applied to determine the pressure dependence of the melting temperature, lattice

volume, and Debye temperature, respectively. A novel derivative form of the bulk modulus, suitable

for nanomaterials, has been introduced. It was found that decreasing the film thickness increases the

Gruneisen parameter, while increasing pressure decreases it. The LTC of nanofilms is significantly

affected by their thickness and pressure strength; notably, under 11 GPa, films with a thickness of

10 nm exhibit a substantial decrease in LTC. LTCmax declines due to the greater influence of boundary

scattering compared to dislocations. These findings suggest potential applications in managing nanofilm

temperature and size, which are key to advancing nanomaterials and enhancing the efficiency of

electronic devices.

1. Introduction

In recent decades, researchers have focused on the thermal
conductivity of nanostructured materials1,2 due to its direct
relation to the efficiency of thermal dissipation. Accurate
calculation of lattice thermal conductivity is crucial for design-
ing high-quality nano-electronic3 power devices,4,5 generating
transistors,6 and thermoelectric generators. Hydrostatic pressure
serves as a principal thermodynamic variable used to accelerate
reactions, design novel structures, and define the properties of
nanostructures.7,8 Pressure is a significant factor in semiconduc-
tor behavior, meriting further study.9 The alloy In0.53Ga0.47As,
formed from InAs and GaAs, has a zinc blende structure with a
lattice parameter a(N) of 5.868 Å10 and a direct band gap, making
it suitable for high-performance photodiodes.11 Its nanofilms are
versatile, and used in devices for their radiation resistance and
durability.12 The alloy’s applications now include lasers,13

photodetectors,14 transistors,5,15 and photovoltaics,5,15 with tran-
sistors being prevalent in modern electronics like smartphones
and computers.

Pressure’s impact on thermal conductivity16 is key for under-
standing phase transitions and material properties, and is

studied both theoretically and experimentally. The process is
vital in fields such as astrophysics and geosciences. Many
authors have predicted theoretical calculations of the pressure
effect on size-dependent LTC in InAs nanowires, Si nanofilms,
and multilayer hexagonal boron nitride.17–19 Theoretical
models predict how pressure affects the lattice thermal con-
ductivity (LTC) in various nanostructures, aiding in the design
and analysis of their physical and thermal properties.7 For
In0.53Ga0.47As nanofilms, such analysis is crucial as it allows
for precise LTC calculations under pressure. However, for
validating these results, experimental data exist only for the
zero pressure LTC of In0.53Ga0.47As films (10 nm–1.4 mm),5,20

making these findings useful for overcoming experimental
challenges in other pressure ranges of up to 11 GPa, where
the challenges could range from technical and financial
constraints. The Clapeyron model, utilized in this work, is
preferred due to its broad application in analyzing phase
transitions, such as melting, because it describes how pressure
affects the melting temperature. It is now also applicable at the
nanoscale.17–19 In contrast, other used models, e.g. the DNA
melting model, are specifically designed for DNA’s thermal
denaturation, considering nucleotide sequences and hydrogen
bonds. The Clapeyron model predicts shifts in melting tem-
perature with changes in pressure along phase boundaries,
while the DNA model’s temperature is determined by the
genetic composition and stability of the DNA strands.21–24
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In this work, the size-dependent LTC for In0.53Ga0.47As
nanofilms will be determined by using the modified Debye–
Callaway model with the effects of hydrostatic pressure depend-
ing on the Murnaghan lattice parameter.25 The Clapeyron
equation for melting temperature Tm,23,24 the Gruneisen para-
meter g, which is derived from the Rice equation of measuring
shock-waves,26,27 the average phonon group velocity vave,28

Debye temperature yD,29 surface energy ssl
24 and surface stress

fsl,
30 and the bulk modulus B31 with its first derivative B0

representing new values appropriate for In0.53Ga0.47As nano-
films, have been determined through a fresh derivation of the
nanomaterial form. This approach was initially utilized by
Hofmeister in 2002 for bulk materials.32 On the assumption
that the dimensions at the nanoscale do not have an impact on
impurities and electronic behavior, a size-dependent density
r31 is calculated for all the film’s thicknesses. This work
examines how the lattice thermal conductivity (LTC) of nano-
films is influenced by their thickness and the amount of
pressure they can withstand. In practical terms, these insights
could lead to more efficient thermal management in electronic
devices, as In0.53Ga0.47As is known for its semiconductor pro-
perties. The potential implications include improved perfor-
mance and reliability in high-tech applications, such as faster
processors33 and advanced sensors.33

2. Methods of calculation

The Debye–Callaway model that is modified by Asen-Palmer
et al.34 and Morelli et al.35 is used to determine the LTC in
In0.53Ga0.47As bulk (thick) and nanofilms. The model includes
both modes of one longitudinal KL and two degenerate trans-
verse (KT) phonon branches, whilst acoustic phonon branches
mostly contribute to heat conduction in semiconductors.36,37

The temperature dependence of LTC in solids can be expressed
as:35

K = KL + 2KT, (1)

KL = KL1 + KL2, (2)

KT = KT1 + KT2, (3)

where transverse and longitudinal branches are denoted by
T and L, respectively. The partial conductivity term of the
modified Debye–Callaway model can be given by KL1 and KL2,
as in the following form:35

KL1 ¼
1

3
ALT

3

ðyLD
T

0

tLCðxÞz xð Þdx; (4)

KL2 ¼
1

3
ALT

3

ðyLD
T

0

tLC xð Þ
tLN xð Þz xð Þdx

2
64

3
75
2

�
ðyLD
T

0

tLC xð Þ
tLN xð ÞtLR xð Þz xð Þdx

2
64

3
75
�1

(5)

The transverse contribution has two forms, which are as
follows:

KT1 ¼
1

3
ATT

3

ðyTD
T

0

tTCðxÞz xð Þdx; (6)

KT2 ¼
1

3
ATT

3

ðyTD
T

0

tTC xð Þ
tTN xð Þz xð Þdx

2
64

3
75
2

�
ðyTD
T

0

tTC xð Þ
tTN xð ÞtTR xð Þz xð Þdx

2
64

3
75
�1

;

(7)

ALðTÞ ¼
kB

�h

� �3
kB

2p2vL Tð Þ

� �
(8)

where z(x) = x4ex(ex � 1)�2, x ¼ �ho
kBT

, h�, kB, T, v and o are the

Planck constant (1.05457 � 10�34 J s), Boltzmann’s constant
(1.38065 � 10�23 m2 kg s�2 K�1), absolute temperature, acous-
tic phonon group velocity and phonon frequency, respectively.
The combined phonon-scattering is denoted by tC(x),38 while
tR(x) is the resistive total scattering. Furthermore, both
branches of Debye temperature are determined by yL(T)

D :35

yLðTÞD ¼ oL Tð Þp2

V

� �1
3 �hvL Tð Þ

kB

� �
; (9)

while the dispersion of phonon branches near the zone bound-
ary is ignored. The resistive scattering processes (tL(T)

R )�1 are
estimated by:20

(tL(T)
R )�1 = (tL(T)

U )�1 + (tL(T)
M )�1 + (tL(T)

b )�1 + (tL(T)
ph–e)�1 + (tL(T)

DC )�1,
(10)

where tU, tM, tb, tph–e, and tDC are the umklapp, impurity,
boundary, phonon–electron, and dislocation scattering, respec-
tively. Accordingly, the combined phonon scattering process
(tL(T)

C )�1 is as follows:

(tL(T)
C )�1 = (tL(T)

N )�1 + (tL(T)
R )�1. (11)

The detailed phonon scattering processes are as follows:

2.1 Umklapp scattering

This mechanism involves phonons colliding and transferring
momentum to the crystal lattice, resulting in thermal resis-
tance. It becomes more prominent at elevated temperatures
and higher phonon frequencies, which is given by:35,39

tLðTÞU

h i�1
¼ �hðgLðTÞÞ2

MðvLðTÞÞ2yL Tð Þ
D

kB

�h

� �2

x2T3e
�

yL Tð Þ
D
3T

� �
(12)

where (gL(T)) represents the longitudinal (transverse) Gruneisen
parameters, and their values are given by gL(N) = 0.3 and
gT(N) = 0.22. These values were determined by fitting theoretical
LTC to the experimental data from the bulk state of In0.53Ga0.47As.

2.2 Normal scattering

Normal phonon scattering involves phonons being deflected by
interactions that preserve their wave vector and net momentum.
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This scattering type is often overlooked compared to umklapp
processes, and is computed based on:35,39

ðtLNÞ�1 ¼
kB

3ðgLÞ2V
M�h2ðvLÞ5 ðo

LÞ2T3; (13)

ðtTNÞ�1 ¼
kB

4ðgTÞ2V
M�h3ðvTÞ5o

TT4: (14)

2.3 Boundary scattering

The surfaces and interfaces of nanofilms play a crucial role in
phonon scattering. Phonons can be reflected or absorbed at
these boundaries, according to:

tLðTÞb

h i�1
¼ vLðTÞ

l
: (15)

2.4 Defect scattering

The presence of defects in the lattice can scatter phonons,
affecting LTC. The strength of this scattering is contingent
upon the material’s dispersion curves. The Rayleigh scattering
theorem elucidates the interactions between high-frequency
phonons and three distinct defect types: impurities (foreign
atoms), isotopes, and alloy disorder parameters:40,41

ðtLðTÞM Þ�1 ¼ 3V2S2

pðvLðTÞÞ3Nimpo4 þ VG
4pðvLðTÞÞ3o

4 þ A� o4: (16)

(Nimp) represents the concentration of impurities, while (S)
denotes the scattering factor, typically around the value of 1.
The term for alloy scattering defined at which phonons scatter
with the alloy is comparable to the rate of phonon-isotope
scattering. The parameter (A) signifies the alloy parameter,
which quantifies the intensity of the alloy’s scattering effect,42

and is calculated by ALðTÞ ¼
VG

4pðvLðTÞÞ3

� �
, representing the

strength of the mass difference interaction, which for
In0.53Ga0.47As, is calculated as follows:43

GIn0:53Ga0:47As ¼ 2
1� Xð ÞMIn

2GIn þ XMGa
2GGa

1� Xð ÞMIn þ XMGa þMAsð Þ2

" #
: (17)

2.5 Phonon–electron scattering

In semiconductors and other materials with free electrons,
interactions between phonons and electrons can scatter pho-
nons, influencing LTC. Zou and Balandin suggested a method
for calculating the rate at which phonons scatter with
electrons:44

tL Tð Þ
ph�eðxÞ

h i�1
¼ NeE

2x

rðvLðTÞÞ2�h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pm�ðvLðTÞÞ2

2kBT

s
exp �

m� vL Tð Þ� �2
2kBT

 !
:

(18)

Ne represents the density of electrons in the conduction band,
E denotes the deformation potential with an approximate value
of �7.79 eV,45 m* symbolizes the effective mass of an electron,

which is (0.041 � me)46 for In0.53Ga0.47As, where me is the
resting mass of an electron, and r stands for the mass density.

2.6 Dislocation scattering

The rate at which phonons scatter off dislocations, considering
a dimensionless parameter for short-range interactions, is
determined based on ref. 40 and 41:

tL Tð Þ
DC ðxÞ

� ��1
¼ ZND

V0

4
3

vLðTÞð Þ2
kBT

�h

� �3

x3: (19)

In this context, Z represents the weight factor, which is assigned
a value of 0.55, and ND denotes the total concentration of
dislocations, encompassing both edge and screw types. Factors
influencing phonon scattering: several factors can significantly
affect phonon scattering processes in nanofilms:47 in nano-
films, the aforementioned scattering processes can lead to a
reduction in LTC compared to bulk materials. This is attributed
to the increased surface-to-volume ratio, which amplifies the
impact of surface scattering mechanisms. Additionally, con-
finement effects can alter the phonon spectrum, leading to
changes in LTC. An understanding of these processes and their
dependencies is crucial for the design of materials with tailored
thermal properties.

2.7 Nanofilm dependencies: pressure and size factors

The aforementioned principle can be used when there is no
pressure. Considering pressure, which is an important para-
meter and affects most properties of solids, the model can be
applied to the effect of pressure on LTC in In0.53Ga0.47As thick
and nanofilms of up to 11 GPa, with modifications of other
thermophysical properties, including melting temperature. The
bulk solid’s melting temperature, Tm(r,P), dependent on pres-
sure, is calculated using the Clapeyron equation:23,24,48

Tm r;Pð Þ¼Tm0ðrÞ

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

2 VlðrÞ�VsðrÞð ÞPþ VsðrÞKsðrÞ�VlðrÞ
sslðrÞ
fslðrÞ

� �
KlðrÞ

� �
P2

HmðrÞ

vuuut
:

(20)

The Clapeyron equation, in its simplified form (first-order
approximation) as a function of size and pressure, allows for
easier calculations and can still provide a general understand-
ing of phase behavior, which is useful for nanofilms, calculat-
ing the melting temperature.23,24 Tm0, using variables: molar
volume Vs and Vl, for solid and liquid states, respectively. Here,
Vs is the product of the zero-pressure lattice volume V and
Avogadro’s number NA,23 while Vl is 90% of Vs. Compressibility
Ks, and Kl are defined as (Ks = 1/B), where B is the bulk modulus,
and Kl is typically ten times Ks, and Hm is the melting enthalpy.
Surface energy ssl and stress fsl are critical thermodynamic
parameters (Table 1), particularly for calculating Tm(P).

The bulk (thick film in this work) structure surface energy ssl

in eqn (20) is calculated according to the Gibbs–Thomson

equation:24 ssl 1ð Þ ¼
2hSvib 1ð ÞHm 1ð Þ

3Vs 1ð ÞR
, and for nanosized
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films, it is modified to:

ssl rð Þ ¼
2hSvib rð ÞHm rð Þ

3Vs rð ÞR
; (21)

where (N) and (r) denote both bulk state (the thick film) and
nanofilms, h is the first solid surface monolayer and calculated
from the relation h = 1.429dmean(N),49 and Svib is the material’s
vibrational entropy obtained from Svib = Sm � R.29 dmean(N) is
the mean bond length, and it is dependent on the thickness,
where Sm(N) and R are the melting entropy and the gas
constant, respectively. Sm = Hm/Tm,29 where Hm is the melting
enthalpy, and for a tetrahedral compound semiconductor it is
calculated from this relation:50 Hm(N) = �10�5Tm

2(N) +
0.059Tm(N) � 21.33. Its modification for nanosize-dependent
solids can be expressed as:

Hm(r) = �10�5Tm
2(r) + 0.059Tm(r) � 21.33. (22)

The intrinsic surface stress fsl in eqn (20) is the pressure effect
on the surface creating a lattice contraction and it is a reversible
work per unit area, which is calculated according to:30

fsl 1ð Þ ¼
h

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Svib 1ð ÞHm 1ð Þ

Ks 1ð Þ � Vs 1ð Þ � R

s
, for nanofilms, the form

is modified to:

fsl rð Þ ¼
h

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Svib rð ÞHm rð Þ

Ks rð Þ � Vs rð Þ � R

s
: (23)

The bulk modulus B for the bulk value is calculated from B(N)
= vave

2(N) r(N), and its nanosize-dependent modification is:31

B(r) = vave
2(r) r(r) (24)

Additionally, the average phonon group velocity for the bulk

state is vave 1ð Þ ¼
vL 1ð Þ
� ��3þ2 vT 1ð Þ

� ��3
3

" #�1
3

,51 and its nano-

sized modification is as in the following:

vave rð Þ ¼
vL rð Þ
� ��3þ2 vT rð Þ

� ��3
3

" #�1
3

; (25)

where vL and vT are the longitudinal and transverse phonon
group velocities, respectively. At the nanoscale, the deflection
or reflection of phonons depends strongly on the size.

The mean bond length dmean(N) at high temperature is an
average distance for a phonon. Its change according to the
nanosize scale Ddmean(r) is given by:49

Ddmean rð Þ ¼ Ddmean rcð Þ exp
�2 Sm 1ð Þ � Rð Þ

3R
r

rc
� 1

� �
0
BB@

1
CCA

2
664

3
775
1=2

; (26)

where r is half of the nanofilm thickness, and rc is the critical
radius at which the material melts at zero Kelvin and calculated
by rc = (3 � D)h, where D is 0, 1, 2 and 3 for nanoparticles,
nanowires, nanofilms and the bulk state (thick films), respec-
tively. For nanofilms, rc = h, Ddmean(rc) in eqn (26), which is the
maximum increase in the mean bond length calculated from:49

Ddmean(rc) = h � dmean(N), and then for nanofilms, the size-
dependent mean bond length dmean(r) is calculated according
to the relation:

dmean(r) = h � Ddmean(r). (27)

The nanosize-dependent lattice parameter a(r) is calculated

from the relation: a rð Þ ¼ 4ffiffiffi
3
p dmean rð Þ.49 Accordingly, the lattice

volumes for both bulk and nanosize dependence of cubic
zinc blende shape structures including In0.53Ga0.47As are

calculated from relations V 1ð Þ ¼ að1Þ3
8

and V rð Þ ¼ aðrÞ3
8

,

respectively.52,53 The nanostructure mass density r(r) is calcu-
lated from the size-dependent lattice volume V(r) of a nanofilm

according to r rð Þ ¼ r 1ð ÞVð1Þ
VðrÞ ,31 where r(N) and V(N) are the

mass density and lattice volume for the bulk value. The bulk

density is given by r 1ð Þ ¼ M

V 1ð Þ, where the average atomic

mass M for In0.53Ga0.47As can be calculated as:43

M ¼ 1� Xð ÞMIn þ XMGa þ YMAs

1� Xð Þ þ X þ Y
: (28)

Hence, Y = 1 and X = 0.47, and the average atomic masses for In, Ga,
and As are abbreviated as MIn, MGa, and MAs, respectively. These are
calculated from the relation mave ¼

P
i

ciMi; where ci is the natural

abundance of the isotope composition and Mi is the ith isotope
atomic mass, with values of 60.107%, 39.89%, 4.33%, 95.67%, and
100% for 69Ga, 71Ga, 113In, 115In, and 75As, respectively.35 Accord-
ingly, their average atomic mass is equal to 139.95 � 10�27 kg. The
size-dependent melting temperature Tm0(r) is given by:

Tm0ðrÞ ¼ Tm0ð1Þ
VðrÞ
Vð1Þ

� �2=3

exp
�2 Sm 1ð Þ � Rð Þ

3R
r

rc
� 1

� �
0
BB@

1
CCA; (29)

where for In0.53Ga0.47As, Tm0(N) is 1373.15 K.54 According to
eqn (20), the dependence of both bulk state, the thick film in this
case, and nanosize melting temperature on pressure is calculated as
shown in Fig. 3 (Fig. 3–11 in Appendix A).

At the nanoscale, the Debye temperature, denoted as yD,
is key to understanding atomic vibrations in lattice structures.

Table 1 Parameters are obtained through equations stated in the text for
both the bulk and nanofilms of In0.53Ga0.47As

Material
parameters

Thick films
1.4 mm (bulk)

Nanofilm thickness

70 nm 30 nm 20 nm 10 nm

B (GPa) 58.0666 56.8123 55.1463 53.6953 49.383
Vs (cm3 mol�1) 15.215 15.3861 15.6263 15.8417 16.5187
Ks (10�12 Pa�1) 17.2216 17.6018 18.1335 18.6263 20.2499
B0 1.986 1.99026 1.99606 2.00129 2.01785
vave (m s�1) 3237.18 3220.51 3197.6 3176.93 3111.11
gave 0.159678 0.1617 0.1646 0.1673 0.1755
Kl (10�12 Pa�1) 172.216 176.018 181.335 186.263 202.499
r (kg m�3) 5541.07 5477.65 5393.45 5320.11 5102.06
Vl (cm3 mol�1) 13.693 13.8475 14.0637 14.2576 14.8669
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It is calculated using Lindemann’s formula: yDðrÞ ¼

yD 1ð Þ
Tm rð Þ
Tm 1ð Þ

	 
1
2
. This formula also applies to the pressure

dependence of yD for both bulk and nanosize materials:29

yDðr;PÞ ¼ yDðr;1Þ
Tm r;Pð Þ
Tmðr;1Þ

	 
1
2
: (30)

Fig. 4 shows the nanosize Debye temperature–pressure depen-
dence of In0.53Ga0.47As. Phonon group velocity in nanofilms
(v(r)) is derived from Debye temperature yD(r) proportionality:

v rð Þ ¼ v 1ð Þ yD rð Þ
yD 1ð Þ

,28 with v(N) being 4260 m s�1 for long-

itudinal and 2981 m s�1 for transverse branches.55 This
relationship is modified for pressure dependence (Fig. 5):

v r;Pð Þ ¼ vðr;1Þ yD r;Pð Þ
yDðr;1Þ

(31)

These calculations are also utilized for zero-pressure size-
dependent parameters for both thick (bulk state) and nanofilm
thicknesses, as detailed in Tables 1 and 2.

Lattice contraction in bulk (thick film) and nanosizes, due to
pressure aP(r,N), is described by the Murnaghan equation:25

aP r;1ð Þ ¼ aðr;1Þ 1þ P
B0ðr;1Þ
Bðr;1Þ

� �	 
 1
3B0ðr;1Þ

(32)

For In0.53Ga0.47As semiconductor nanofilms and bulk thick-
ness, a(r,N) is the zero-pressure lattice parameter, and
(aP(r,N)) is the pressured lattice parameter, while B0 determines
the first derivative of the bulk modulus. This investigation
uses the Murnaghan equation to find that lattice parameter
density, and volume decrease with increasing pressure.
Changes in pressure affect the size, shape, and bulk modulus
(B) of nanoscale solids, indicating material resistance and
hardness.56,57 The formula for the first derivative of the bulk
modulus for cubic materials at ambient pressure is specified:32

B0 ¼ 5

3
þ 2B

P
vave

@vave
@PP
ðvaveÞ2

. When pressure derivatives are equal,

the first derivative of the bulk modulus is given by the free-volume

equation:32 B0 ¼ 5

3
þ 2gth, for gth = gave. In this work, the first

derivatives of the bulk moduli for bulk thickness and its

corresponding nanoscales are derived as follows:

B0ðr;1Þ ¼ 5

3
þ 2gaveðr;1Þ: (33)

Then according to eqn (32), the bulk and nanoscale lattice
parameter and volume dependence on pressure are as shown in
Fig. 6. The average Gruneisen parameter gave in eqn (33) is
influenced by nanoscale size and pressure, calculated as:

gave ¼
gL
� ��3þ2 gT

� ��3
3

" #�1
3

.51 Rice26 derived an equation for

the pressure-dependent Gruneisen parameter (gP(N)), which

is: gPð1Þ ¼
VPð1Þ
Vð1Þ � 1� VPð1Þ

Vð1Þ

� �
þ 1

gð1Þ

� ��1
; this equation

accounts for pressure effects on the lattice volume of nanoscale
solids.

gPðrÞ ¼
VPðrÞ
VðrÞ � 1� VPðrÞ

VðrÞ

� �
þ 1

gðrÞ

� ��1
: (34)

The term VP(r) indicates the effect of pressure on nanoscale lat-
tice volume and is estimated by: VP r;1ð Þ ¼ Vðr;1Þ

1þ P
B0 r;1ð Þ
B r;1ð Þ

� �	 
 1
B0 r;1ð Þ

. Fig. 7 illustrates how this impacts the

Gruneisen parameters for both thick (bulk) and nanofilm
materials.

Based on eqn (1)–(34), pressure influences the thermody-
namic and structural parameters in the LTC-modified equation
for both bulk (thick) and nanofilms, as depicted in Fig. 1.

3. Results and discussion

In LTC calculations for bulk and nanofilms, parameters such
as lattice volume, Debye temperature, and group velocity are
derived from eqn (20)–(34). Other parameters, like surface
roughness and electron concentration, are determined by fit-
ting to the experimental data5,20 at 0 GPa. Excluding disloca-
tions, the concentration of imperfections, such as impurities
(Nimp) and electrons (Ne), remains constant across nanosizes
and under varying pressures; these values, along with size- and
pressure-dependent parameters, eqn (20)–(34), cause modifica-
tions in this model, specifically tailored to the properties
of In0.53Ga0.47As nanofilms, where (Ne = 0.8 � 1025 m�3) and
(Nimp = 0.069 � 1023 m�3), and these values are obtained from
the fitting process to the experimental data5,20 of LTC for
phonon–electron and phonon-impurity scattering rates, which
are inserted into (tL(T)

ph–e)�1 and (tL(T)
M )�1 in eqn (10).

New values for the first derivative, appropriate for In0.53Ga0.47As
nanofilms, have been determined through a fresh derivation
of the nanomaterial form (refer to Table 1). This approach was
initially utilized by Hofmeister in 2002 for bulk materials.32

Fig. 1 illustrates how hydrostatic pressure affects the LTC of
In0.53Ga0.47As nanofilms and bulk (thick film) with a thickness
range from 10 nm to 1.4 mm, highlighting phonon-based heat
transfer in this semiconductor alloy.

Table 2 Calculated parameters for In0.53Ga0.47As in both its thick (bulk)
and nanofilms

Parameters
Thick films 1.4 mm
(bulk)

Nanofilm thickness

70 nm 30 nm 20 nm 10 nm

fsl (J m�2) 6.30066 6.14814 5.94479 5.76818 5.24622
Hm (kJ mol�1) 40.8304 40.6086 40.3077 40.0397 39.2079
ssl (J m�2) 1.67367 1.62881 1.56884 1.5169 1.3644
Svib (J mol�1

K�1)
21.42 21.1963 20.8895 20.6138 19.7435

Sm (J mol�1

K�1)
29.734 29.5054 29.1986 28.9229 28.0526
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At low temperatures, phonon wavelengths match the sample
size, affecting boundary scattering. As temperature rises, LTC
peaks and is influenced by imperfections like dislocations.
Electron numbers and impurity concentrations remain un-
changed despite size reduction. At higher temperatures, ener-
getic lattice vibrations and short-wavelength phonons (via the
umklapp process) scatter with the crystal lattices, impacting
LTC, as depicted in Fig. 1a–e. Fig. 1a–e show that hydro-
static pressure decreases LTC across all temperatures for
In0.53Ga0.47As nanofilms (10–70 nm) and bulk (1.4 mm). At low
temperatures (1–30 K), phonons carry minimal thermal energy,
making LTC less pressure-dependent. Boundary scattering,
influenced by pressure, temperature, and size, is the key factor

here. At the nanoscale, phonons are disrupted, and while
their excitation energies rise with temperature, pressure
diminishes this effect. Pressure effects on LTC are attributed
to lattice rearrangement and reduced dislocation lines,
especially in 10 nm nanofilms, lowering the LTC peak and
increasing scattering, which diminishes the right-side peak of the
LTC curve. Increased pressure leads to higher lattice scattering at
sample boundaries, reducing phonon group velocities (Fig. 5); the
effects are shown in Fig. 8(a) and (b), and both are obtained from

the boundary scattering rate in the nanofilm: ½tLðTÞBoundary��1 ¼
vLðTÞ

leff
,

where leff ¼
1� eð Þ

lc 1þ eð Þ þ
1

l

� ��1
; lc is the Casimir length, and l is

Fig. 1 LTC of In0.53Ga0.47As alloy nanofilms and bulk dependent on temperature under hydrostatic pressure from 0 to 11 GPa for (a) 10 nm, (b) 20 nm,
(c) 30 nm, and (d) 70 nm, and (e) 1.4 mm bulk state, respectively, with experimental data for nanofilm thicknesses obtained from ref. 5, and for bulk (thick)
from ref. 20.
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the sample size,40 which at 0 GPa equals to 2.61, 2.62, 2.63, 2.64,
and 2.8 mm for 10, 20, 30, 70 nm, and 1.4 mm as the bulk,
respectively. Surface roughness (e) ranges from 0 to 1, with e = 0
for bulk thickness (complete diffusion) and e = 1 for nanofilms
(total reflection). For nanofilms of 10, 20, 30, and 70 nm, the e
values are 0.089, 0.076, 0.069, and 0.054, respectively. Phonon
velocities decrease with pressure, more so in thinner films,
affecting the In0.53Ga0.47As nanofilms’ LTC. Fig. 8(a) and (b)
illustrate the inverse relationship between sample thickness
and boundary scattering rate. Boundary scattering significantly
affects thermal resistivity, more so in strained samples (10 nm).
Hydrostatic pressure modifies this rate, reducing LTC, especially
at low to intermediate temperatures. It also limits the phonon
wavelengths, increasing scattering effects. Despite fewer disloca-
tions, pressure impacts LTC reduction, as shown in Fig. 8(c).
From the dislocation scattering rate formula, the ND (dislocation
concentration) values are 4.97 � 1017, 4.53 � 1017, 4.27 � 1017,
3.75 � 1017 and 1.84 � 1017 m�2 for 10, 20, 30, 70 nm, and 1.4 mm
(thick) bulk, respectively, and they are used to fit LTC to the
reported experimental data. The basic assumption is that at inter-
mediate temperatures, boundary scattering has a minor role, while
lower dislocation concentration becomes the main factor in ther-
mal energy transfer under pressure. Strained lattices scatter high-
energy phonons, affecting LTC as the atom distances decrease
under pressure. Smaller sizes see more impact, likely from bond
weakening. The effect of pressure on smaller nanosize elucidates
the influence of LTC in thinner films (Fig. 1), which is convenient
with ref. 58 and 59. LTC reduction with nanosize decrease is
evident in In0.53Ga0.47As nanofilms (Fig. 9). Despite pressure-
reducing dislocations, LTCmax declines due to boundary scatter-
ing’s greater influence compared to dislocations.

To investigate the pressure’s impact on the thermal properties
of the In0.53Ga0.47As alloy’s nanosize, the LTC at the turning point
temperature due to pressure, Ttp LTC(P), is plotted against pressure
in Fig. 10. The LTC at this point is influenced by boundary and
lattice dislocation at low and intermediate temperatures. As size
compression increases, so does boundary scattering, which out-
weighs the reduction in lattice dislocations. Increased pressure
significantly lowers LTC in thinner films due to a greater

reduction in lattice structure and volume, with a pronounced
effect in smaller nanofilms, as shown in Fig. 2 and 11.

4. Conclusions

(1) It is expected from this work that the concentrations of both
impurities and electrons will remain the same as those in the
bulk, unchanged by both effects of nanoscale dimensions and
pressure.

(2) Clapeyron, Murnaghan and Post equations were success-
fully applied within the modified Debye–Callaway model to
assess the effects of hydrostatic pressure on the film’s lattice
thermal conductivity (LTC), considering surface energy and
stress.

(3) At a low temperature range, the reduced LTC due to
pressure (DLTC/LTC)P is a strongly temperature-dependent
parameter that approaches its minimum value at temperatures
above T = 100 K. It is also a size-dependent parameter, increas-
ing from its minimum value at low temperatures to a maximum
value at room temperature.

(4) The insights gained in this work could be crucial for
optimizing the thermal properties of nano thermo-
electric devices, potentially improving their functionality and
efficiency.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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Appendix

Fig. 3–11.

Fig. 2 The dependence of (DLTC/LTC)P on nanofilm thickness at 300 K.

Fig. 3 Melting temperature as a function of pressure for In0.53Ga0.47As
films up to 11 GPa.
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Fig. 4 (a) Longitudinal and (b) transverse modes for Debye temperature as a function of pressure for In0.53Ga0.47As films up to 11 GPa.

Fig. 5 Phonon group velocity dependent on pressure for In0.53Ga0.47As alloy films for (a) longitudinal and (b) transverse modes, for both thick (bulk) and nanofilms.

Fig. 6 Pressure-dependent (a) lattice parameter, and (b) lattice volume, for In0.53Ga0.47As alloy films of up to 11 GPa.

Fig. 7 Gruneisen parameter dependence on pressure for In0.53Ga0.47As alloy films for both modes (a) longitudinal, and (b) transverse.
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Fig. 8 D(tBoundary)
�1 as a function of pressure in (a) and (b), D(tDislocation)�1/(tDislocation)�1 in (c) with different thicknesses of 10, 20, 30, and 70 nm and the

bulk state for the In0.53Ga0.47As alloy.

Fig. 9 LTCmax as a function of pressure for In0.53Ga0.47As nanofilms with
different thicknesses of 10, 20, 30, and 70 nm and bulk (thick).

Fig. 10 The turning point temperature for LTC as a function of pressure
for In0.53Ga0.47As alloy films.
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