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Abstract: The present work explores the diameter- and
temperature-dependent ultrasonic characterization of
wurtzite indium phosphide nanowires (WZ-InP-NWs)
using a theoretical model based on the ultrasonic non-
destructive evaluation (NDE) technique. Initially, the
second- and third-order elastic constants (SOECs and
TOECs) were computed using the Lennard-Jones potential
model, considering the interactions up to the second near-
est neighbours. Simultaneously, the mechanical parame-
ters (Young’s modulus, shear modulus, elastic anisotropy
factor, bulk modulus, Pugh’s ratio and Poisson’s ratio)
were also estimated. Finally, the thermophysical proper-
ties and ultrasonic parameters (velocity and attenuation)
of the InP-NWs were determined using the computed
quantities. The obtained elastic/mechnical properties of
the InP-NWs were also analyzed to explore the mechanical
behaviors. The correlations between temperature-/size-
dependent ultrasonic attenuation and the thermophysical
properties were established. The ultrasonic attenuation
was observed to be the third-order polynomial function of
the diameter/temperature for the InP nanowire.
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1 Introduction

Rigorous investigations carried out in the last decade have
exhibited the applicability of indium phosphide (InP) at
the nanoscale. InP is a III-V group semiconductor mate-
rial that exists in the wurtzite (WZ) and zinc blende (ZB)
crystalline forms at room temperature (300 K) [1-3]. The
observation of the WZ phase in the crystal lattice of the
InP nanostructure is an important finding that cannot be
found at the bulk scale, where the zinc blende form is
pervasive. Recent investigations have shown that the suit-
ability of the InP nanowires (InP-NWs) for high-speed dig-
ital circuits, opto-electronic devices, and high-frequency
and high-power electronics applications due to its high
electron mobility, high degree of covalent bonding, large
excitation diameter and less ionic characteristics in com-
parison to the I-VII and II-VI semiconductors [4-7]. Figure 1
shows the hexagonal WZ structure of the InP nanowire and
its cross-sectional view. The figure clearly indicates that
very few InP atoms are lying on the surface of nanowire
in comparison to the volume.

The experimental study of mechanical and fracture
mechanisms in the InP-NWs shows that the fracture strain
of the InP-NWs is like that of the ZnO-NWs but lesser
than that of the GaAs-NWs. A density function theory
(DFT)-based investigation on InP has shown that pressure
variation can also affect the chemical bonding leading to
modification in crystal structure and physical properties of
InP [3]. The two forms (ZB and WZ) of the InP-NWs struc-
ture differ due to stacking along <111>/<001> growth
directions [8]. The band gap difference between WZ- and
ZB-InP-NWs can be described as AEg = 0.79/d and AEg =
0.88/d'?, respectively, as a function of diameter (d) [9].
The study on piezoelectric and elastic properties along the
<111>/<001> directions of ZB- and WZ-structured NWs
with three different forms of hetero-structures reveals that
the piezoelectric field along the unique axis of nanowires
is more prominent in the WZ crystalline form [10]. The vari-
ations in the shear strains in both forms of the nanowires’
crystalline structures influence their mechanical proper-
ties. However, it has been reported that the principal shear
strain is independent of crystalline structure variations
and that the piezoelectric field/piezoelectric potential of
the nanowires depends on the crystalline structures [10].
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Figure 1: (@) Wurtzite-InP unit cell (b) Cross-sectional view of the InP-NWs.

The structural and phase transition studies on InP-NWs
show that the crystal structure transition depends on
growth conditions. The surface energy is the key aspect
to understanding the phenomena of transition between
the WZ- and ZB- structures of InP-NWs [11]. The electronic,
structural and mechanical studies of InP- and InAs-NWs
reveal the impact of nanowire diameter variation on the
physical properties and their variations from the bulk
values.

The electron effective masses and band gap of
nanowires vary inversely with their diameters [12]. Luca
et al. [13] discussed in detail the growth process, opti-
cal, structural and electronic characteristics of WZ-InP-
NWs using the optical and magneto-optical spectroscopy
method. A previous study also reported that the crystal
structure modification leads to changes in the transport
properties of nanowires, which are essential in estimat-
ing the values of fundamental parameters (thermal and
electrical conductivity, carrier mobility, quantum confine-
ment etc.) in nanowire-based devices. Recently, the ther-
moelectric properties of InAs/InP-NWs have been studied
in a high-temperature regime [14]. They have estimated
the electronic figure of merit for comparative performance
study of electronic properties of thermoelectric devices.
Goransson et al. [15] demonstrated the measurement of
strain and band gap in InAs-InP core shell nanowires for
the WZ-crystal phase. Both the size (diameter) and temper-
ature affect the thermophysical properties of the material.
The essential characterization of the III-V group semicon-
ductors with size and temperature is required for enhanc-
ing their applicability in device applications.

To the best of the authors’ knowledge, no evidence has
been presented concerning an ultrasonic study of InP-NWs
in the available literature. Therefore, the present work
includes the determination of the mechanical, thermal
and ultrasonic properties of the nanostructured WZ-InP-
NWs. The work is divided in two phases. In the first phase,

we estimated the elastic and mechanical behaviors of the
WZ-InP-NWs at room temperature using the Lennard-Jones
potential model. In the second phase, the obtained val-
ues of the higher order elastic constants of the InP-NWs
are applied to estimate the ultrasonic and thermophysical
properties of the WZ-InP-NWs under varying temperatures
(100 K-500 K) and diameters (0.81 nm-5 nm).

2 Theory

The higher order elastic constants of the WZ-InP-NWs can
be determined either by the stress-strain relationship or by
the evaluation of elastic energy density in terms of strain.
The second-order elastic constants (SOECSs) and third-
order elastic constants (TOECs) are the functions of elastic
energy density (F), which depend on the Lennard-Jones
Potential and the lattice parameters under many body
interaction potential model approach [16]. The expres-
sions for SOECs (Cj;) and TOECs (Cjy;) for the WZ structured
materials can be obtained with the help of the following
equations [17]:

O’F
Cqp = ——— 5 s k= 1,2..... 6§
jk a(]a(k ] (1)
_ O°F . =
Gt = sragag 1= 12.67

where {; = (i (j, k= x,y,z;1=1,2...6 )represents the
strain tensor component. Using many body interaction
potentials within the symmetric and equilibrium condi-
tions, (1) provides the formulations of SOECs and TOECs.
The formulations of SOECs and TOECs for the WZ struc-
tured materials have already been reported in the liter-
ature [16-18]. Relying on the knowledge of SOECs, the
mechanical stability of hexagonal structured material can
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be analyzed on the basis of the following Born’s stability
criterion [19]:

Cus > 05 Ceg > 0; C11 > jC12j;

(C11 + C12)C13 > 2Ci3 @

The mechanical parameters of solids can be evalu-
ated using the elastic constants. The strength, stability and
materials’ behavior under the influence of various forces
acting on it, can be investigated with its mechanical prop-
erties. The Young’s modulus Y, shear modulus G, elas-
tic anisotropy factor EAr, bulk modulus B, Pugh’s ratio P
and Poisson’s ratio o are well-related to the SOECs. The
expressions for these parameters are given below [20—22]:

B = 0.5 Byoigt + BRreuss 3
G =0.5 vagt + GReuss 3
(2B) *

n
Y= (3G) '+

o= (3G) !  (66) ! (ZB)

+(9B) !

P =

5

Dl =

EAp = C44(C11 + 2C13 + C33)/ C11Cs3 C13 H

Breuss = c? /N

Byoigt =9 ' 2(C11 + C1a +4C13 + C33);
C*> =C33(C11 + C12) 2Ci3;
N=(Ci2+C11+2C33 4C13)~

Here, quantities B and G are the average values of the
bulk and shear modulus, respectively, under Voigt, Reuss
and Hill’s approximation. The elastic anisotropy factor
provides information about the anisotropic behavior of the
material, whereas the Pugh’s ratio defines the ductility or
brittleness of the material [21]. The ultrasonic wave veloc-
ity is another important property of the material, and this
has been used to analyze the crystallographic texture of
InP-NWs as it depends on the stiffness parameter, angle of
propagation (0) with unique axis and material density (p).
Debye theory describes the Debye average velocity (Vp) in
terms of different modes of wave propagation, and is an
important fact in accessing the information about the ther-
mal relaxation mechanism and Debye temperature (6p) of
the material. Vp is defined as [23]

1.1 1 '
— + +

Vp = o+
Vi Va5

(4)

Wl
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where V) (I = L, S1, S2) signifies the ultrasonic velocity.
Here, the subscripts L, S1 and S2 represent the longitudi-
nal, quasi-shear and shear modes of the ultrasonic wave,
respectively. The ultrasonic velocities at different orienta-
tions can be obtained with the expressions given in the
literature [18, 20]. The ultrasonic attenuation (a) is also
an important ultrasonic parameter that is needed for the
characterization of materials. This can be obtained with
the following expression [24]:

2 — a/z +a/2

Total TE Long.Akh

/? ()

Shear.Akh

+ «a

where is the frequency of ultrasonic wave; the quantities
2 2 2

a/ TE’ a/ Long.Akh and a/ Shear.Akh represent
different factors contributing to total ultrasonic attenua-
tion; a/ 2 7 1s the ultrasonic attenuation due to ther-

: . 2 2

moelastic loss; and a/ Long.Akh and a/ Shear Akh &€
the Akhieser type losses. The thermoelastic loss occurs
due to the heat exchange between the two different tem-
perature regions created by longitudinal ultrasonic wave
propagation [24, 25]. The thermoelastic loss is expressed
as

P2
_ 4m*kThy)i

2
(14 =
/ TE 2pV3

(6)

where k is thermal conductivity and hy’l:i is the Griineisen
parameter. The diameter/temperature dependent k of the
InP-NWs have been previously reported in the literature
[26]. The Griineisen parameter can be estimated using
the knowledge of SOECs and TOECs [27]. The Akhieser
loss (), is caused by the phonon-phonon interaction
mechanism, which has a prominent effect on the ultra-
sonic attenuation in solids and is given as [22]

4m*1(DEo/3)

2
a -~ 7
/ 2pV3 1+ w272

Akh

@)

where w = 27 . The acoustic energy is transformed to
thermal energy during the wave propagation and is mea-
sured in terms of acoustic coupling constant D, which is
defined as

o CyT
3hyi ELO (8)

where Cy is specific heat per unit volume and Ej is the
thermal energy density. The quantities Cy and Ep can
be obtained by the use of the 8p/T tables of the AIP
Handbook [28]. The thermal relaxation time (1) measures
the re-establishment time for thermal phonons after the
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propagation of the ultrasonic wave through the material,
which is well-related to the specific heat per unit volume,
thermal conductivity and Debye average velocity [23, 28].
The computation of T uses the following equation:

T=0.57; = s = 3k/Cy V} 9

3 Results and Discussion

The SOECs and TOECs for the InP-nanowires have been
evaluated using axial ratio (p), the Lennard-Jones param-
eter (bp) and lattice parameters (a and c) at 300 K. The
values of the lattice parameters have been taken from the
literature [29]. The axial ratio of the InP nanowire at 300 K
is 1.6414. The value of the Lennard-Jones parameter, which
is 1.3284 10 © erg-cm’, has been found in the equi-
librium condition. Table 1 depicts the calculated SOECs
and TOECs of the InP-NWs at 300 K. The obtained val-
ues of the SOECs are in good agreement with the reported
theoretical/experimental values for the nano-sized InPs
[3, 30-32]. The obtained values of the TOECs in the present
work for the WZ-InP-NWs are all negative. The negative val-
ues of the TOECs indicate that the vibrational frequencies
increase under stress, which in turn, increase the strain
energy. The TOECs values correspond to the anisotropy
of the longitudinal modes (Ci;, C22> and Cs333) that have
higher values than their shear moduli (C44, Ci55). Hence,
the external stimuli will be more effective on the longitu-
dinal mode than the shear mode. Given that Ci;; > C333;
thus, the anisotropy along the ab-plane of the InP-NWs is
more prominent than that along the c-axis. Moreover, the
linear compressibility along the c-axis will be much lower
than that along the ab-axis. The negative values of the
TOECs have also been reported for similar WZ structured
semiconducting nanowires [33, 34]. Hence, our theory for
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the calculation of the higher order elastic constants of the
InP-NWs is justified.

The Born’s stability criterion for the WZ structured
materials, as given in (2), has been satisfied by the com-
puted values of the elastic constants for the InP-NWs, thus
indicating the mechanical stability of the InP-NWs. The
dynamical and mechanical characteristics of the InP-NWs
with respect to the types of forces applied to them can
be determined using the elastic constants. The calculated
values of the SOECs have been utilized to compute the
mechanical parameters of the InP-NWs using (3). The cal-
culated values of the Poisson ratio, shear modulus, bulk
modulus and Young modulus are presented in Table 1. The
obtained value of the bulk modulus (73 GPa) is the same
as that of the theoretically/experimentally reported val-
ues (70-73 GPa) for the chosen InP at the nanoscale [2, 3].
Dunaevskiy et al. [35] have shown that the Young’ modulus
of the mixed (ZB/WZ) InP-NWs is approximately 40 % less
than that of the ZB crystalline InP-NWs. The obtained value
of the Young’s modulus for the WZ-InP-NWs (124.1 GPa)
lies within the range of the theoretically estimated values
of 120 10 GPa and the experimentally reported values of
130 30 GPa. The Pugh’s ratio (P) obtained for the InP-
NWs at room temperature is above 1.75, which indicates
the ductile behavior of the WZ-InP-NWs. The obtained elas-
tic anisotropy factor is 0.86, which is far away from 1,
thus indicating the anisotropic characteristics of the inter-
action forces among the InP atoms. Although the lattice
parameters of the crystalline material are temperature-/
size-dependent, the variation in lattice parameters is neg-
ligibly small in the chosen range of the temperature/
diameter to affect the elastic/mechanical properties of the
InP-NWs. Therefore, the computed elastic constants are
assumed to be same in the chosen range of temperature
and diameter variation of InP nanowire.

Table 1: The elastic constants and mechanical parameters of the InP-NWs at 300 K.

SOECs and Present Ref. [3]? Ref. [30]° Ref. [31]¢ Ref. [32]4 TOECs Present
mechanical work in (GPa) work
parameters

C1:(GPa) 114.4 99.9 116.7 131.1 101.1 Ci11 1865.6
C12(GPa) 56.1 56.1 50.9 51.3 56.1 Ci12 295.7
C13(GPa) 49.2 - 38.2 38.6 - C113 63.1
C33(GPa) 119.3 - 135.9 143.8 - Ci23 80.2
C44(GPa) 29.5 43.8 27.0 32.1 45.6 Ci33 403.2
Css(GPa) 29.1 - 32.9 - - C344 378.0
B(GPa) 73.0 70.7 - - - Ci44 93.5
G(GPa) 30.4 33.2 - - - Ciss 62.3
Y(GPa) 124.1 113.9 - - 112.7 Coa2 1476.1
o 0.31 0.25 - - 0.24 Cs33 1527.8

aRef. [3], PRef. [30]: for the INP-NWs; “9Refs. [31, 32]: for the InP at the bulk scale.



DE GRUYTER

The ultrasonic wave velocity in semiconductors
depends on stiffness parameters, density and propagation
angle. Using the higher order elastic constants, the three
types of ultrasonic velocities (longitudinal wave velocity,
quasi-shear wave velocity and shear wave velocity) and
their angle-dependent characteristics have been obtained
at 300 K. Finally, the Debye average velocity has been
computed using (4). The obtained values of the ultra-
sonic velocities at 300 K are depicted in Table 2. Figure 2
presents the angle-dependent variation of the ultrasonic
wave velocities and the Debye average velocity at 300 K.

As shown in Figure 2, the longitudinal ultrasonic wave
velocity has maxima at 55° and the quasi-shear wave
velocity has minima at 45°, whereas the shear wave veloc-
ity decreases with the increase in propagation angle from
the unique axis of the crystal. Figure 2 also clearly shows
that the Debye average velocity has maxima for ultra-
sonic wave propagation at 50° with a unique axis. This
uniqueness in Vp is due to the combined behavior of the
constituent velocities. The longitudinal velocity and shear
wave velocity for the InP-NWs at room temperature are
499 10°ms 'and 278 10° ms !, respectively, which
are in good agreement with the existing values of the InP
in the literature [32, 36, 37]. The ultrasonic velocities of
InP-NWs are found to be approximately the same as for
bulk InP due to the very insignificant variation in the lat-
tice parameter at the nanoscale. The obtained pattern of
ultrasonic velocities for the InP-NWs have been found sim-
ilar to other hcp/WZ structured materials [16, 33, 34, 38].
Thus, our ultrasonic velocity evaluation of the WZ-InP-
NWs seems correct.

The thermophysical quantities, the specific heat per
unit volume Cy, the crystal energy density Eo and the
acoustic coupling constants (D; and Ds) have all been eval-
uated at 300 K using Vp described in (4) and the 6p/T
tables of the AIP Handbook [28, 39]. The obtained values
of Cy, Ey, Op, D and Ds with ultrasonic velocities at 300 K
are shown in Table 2. The values of Dgs are found to be
constant within the chosen range of temperature. The tem-
perature variations of Cy, Eo and D; are also depicted in
Figure 3.

The work of Dabhi et al. [40] reports that the value
of the Debye temperature for InP-NWs is 430 K, which
is found very close to the present value (Tab. 2). Thus,
the estimated value of 8 is justified. The specific heat of
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Figure 2: The angle-dependent ultrasonic velocity at 300 K.

InP-NWs has been found to follow the stable characteris-
tics with small dispersion at higher temperature (Fig. 3a).
This feature of Cy is due to stability in the phonon mean
free path at a high temperature. Given that the specific
heat behavior is found to be in accordance with Debye
theory and the literature [40], therefore, the present Cy is
justified. As the increase in vibrational energy with tem-
perature corresponds to enhancement in thermal energy
density, thus, quantity E, is found to increase with tem-
perature (Fig. 3a). The lower value of Ds in comparison to
D; (Tab. 2) indicates that the conversion of acoustical to
thermal energy is least for the surface/shear wave for the
InP nanowire.

For the determination of the thermal relaxation time
and ultrasonic attenuation, the thermal conductivity val-
ues (x) of the InP-NWs under different temperatures
and different diameters have been taken from the liter-
ature [26]. The diameter-/temperature-dependent ultra-
sonic attenuation due to thermoelastic relaxation mecha-
nism a/ > ., Akhieserloss a/ * , . forlongitudinal/
shear wave and thermal relaxation time 7 have all been
calculated using (6)-(9), respectively. The temperature-
dependent 7, x, a/ * .. and a/ > , . for InP-NWs at
the diameters of 1.66 nm and 4.15 nm are given in Table 3.
Simultaneously, the variations of 7 and «/ 2 Total with
diameter at 300 K are presented in Figure 4, while the tem-
perature dependencies of a/ 2 Total At the diameters of
1.66 nm and 4.15 nm are depicted in Figure 5.

Table 2: The Cy, Ey, Dy, Ds, Vi, Vs and Vp values of the InP-NWs at 300 K up to a diameter of 5 nm.

Cy Ep 6p (K) D, Ds Ve Vsi = Vs2 Vp
(10¢)m 3K ) (10¢ Jm 3) 103 ms 1) (103 ms 1) (103 ms 1)
0.74 143.03 407.8 419.19 7.92 4.99 2.48 2.78




378 —— S.Tripathietal.: Ultrasonic and Thermophysical Properties of Indium Phosphide Nanowires

DE GRUYTER

a T T T 3 T T T T
300 - 20
0.8
— 18
250 a2 EN
o) )
0.7 £ 27 W 1oy = =7.079 + 23.92 d —7.47 d?+0.755 o°[ 16 mﬁ
200 = c g
(?E x -% 14 ©
‘
> o6 E 3 T=-0.602 + 1.78 d—0.55 d?+ 0.056 d° o
2 150+ RS f L2
u = g 11 F
Q £ " 7 L <
o) L 10 3
100+ L0.5 E Polynomial fit to
5 (@h)ro L8
504 —— Polynomial fit to (@/v?)1q
—— Polynomial fit (thermal energy density ‘Ey’) 0.4 0 T T T T 6
—— Polynomial fit (specific heat per unit volume ‘C,/) 1 2 3 4 5
0 T T T H
100 200 300 400 500 Diameter (nm)
Temperature (K) . . ,
b 422 . . . . Figure 4: The diameter-dependentrand o/ * [ at300 K.
420 4 35 T T T T
418 B d=1.66nm
T 30 4 ® Jd-415nm
Polynomial fit (d = 1.66 nm)
g 417 —~ Polynomial fit (d = 4.15 nm)
e 251
414 4 @
=z
e 20
412 4 =)
= D g
410 4 Polynomial fit (acoustic coupling constant ‘D) & 151
2
100 200 300 400 500 104
Temperature (K)
Figure 3: (a) Variations of thermal energy density and specific heat 5
g ,3 @ gjy ¥ P (@®) 1621 (.66 nmy = 8:47-0.087 T + 6.10 x 107 T2~7.17 x 107 T° 4
per unit volume of the InP-NWs under different temperatures (b) (@) 10 (150 = 2.82-0.084 T + 435 x 10-4T2-5.10 x 107 T2
Temperature-dependent acoustic coupling constant of the InP-NWs. 0 T T T
100 200 300 400 500

The order of T presented in pico-seconds indicates
that the equilibrium distribution of the thermal phonons

tures.

will be retained within 10 ' s. Based on the order of 7,

we conclude that the WZ-InP-NWs show a semiconduct-
ing behavior. The ultrasonic attenuation has been found
to increase with an increase in size of nanowires (Tab. 3

Temperature (K)

Figure 5: The total ultrasonic attenuation with different tempera-

and Fig. 4). This feature is due to the incremental varia-
tion in the phonon mean free path with an increase in the
size of nanowires. Similar characteristics have been also

Table 3: The temperature-dependent 7, x, a/ 2 | ., a/ * o . .and a/ 2  forthe InP-NWs with diameters of 1.66 nm and

4.15 nm.

Temp' (K) T K (a/UZ)Long.Akh (a/vz)shear.Akh (a/Uz)TE

(ps) (Wm 'K 1Y) (10 € Nps?m 1) (10 !¢ Nps’m (10 '8 Nps?m 1)

atd = 1.66 nm
100 2.21 2.3 2.86 0.22 0.72
200 1.09 1.92 7.29 0.56 1.21
300 1.09 2.11 14.4 1.11 1.99
400 1.06 2.16 21.7 1.66 2.72
500 0.85 1.77 23.7 1.82 2.79

atd = 4.15 nm
100 2.26 2.35 2.92 0.22 0.74
200 1.30 2.30 8.73 0.67 1.45
300 1.23 2.38 16.30 1.25 2.25
400 1.19 2.41 24.27 1.85 3.03
500 1.14 2.36 27.72 2.42 3.72
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reported in a diameter-dependent study on GaAs-NWs [41].
Figure 4 indicates the characteristics of the thermal relax-
ation time 7 and total ultrasonic attenuation a/ 2 Total
with respect to the nanowire diameter variation at 300 K.
The curve fit equation for T and a/ 2 o With the
?:1 a idi. The
Akhieser loss for the longitudinal wave a/ 2

nanowire diameter follows the polynomial

Long.Akh is
found to be dominant towards the total loss of ultrasonic

energy by the InP-NWs. The close similarity between the
variation of T and a/ 2 Total with the diameter of the InP-
NWs reveals that the diameter dependent variation of the
ultrasonic attenuation for the InP-NWs is predominantly
affected by its thermal conductivity/thermal relaxation
time.

Although the quantities T and x are slightly large for
a large diameter of InP-NWs, they are almost constant
under the temperature variation (Tab. 3) while total atten-
uation is continually increasing with temperature (Fig. 5).
Thus, the temperature variation of the total ultrasonic
attenuation for InP-nanowire is not affected by 7 and «.
Instead, the temperature variation affects the thermophys-
ical properties of the material influencing the ultrasonic
attenuation as described in (6)—(7). Figure 3 shows that
the quantities Ey, Cy and D increase with temperature
for the InP-NWs. The thermal energy density Ej is found to
be the governing factor in the temperature variation of the
total ultrasonic attenuation of the InP-NWs. Thus, a strong
correlation exists between the total ultrasonic attenuation

a 2 Tota With thermal energy density Eo for the InP-NWs
at different temperature. The value of a/ 2 Total 1S been
found to increase with both diameter and the temperature
of the InP-NWs (Figs. 4 and 5). The similar characteristic
of ultrasonic attenuation has also been reported for the
nanocrystalline PbTe (fcc structure) [34] and Ta (bcc struc-
ture) [42]. Thus, the InP-NWs of low diameter will have
good energy stability under low temperature.

The cross-sectional view of the WZ-InP-NWs (Fig. 1)
clearly indicates that more atoms lie within the volume
in comparison to surface. Hence, as the ultrasonic wave
propagates through the nanowire, very few interactions of
shear phonons with the thermal phonons of the medium
occur. However, longitudinal phonons interact in large
amounts. As a result, acoustic coupling constants and
Akhieser loss for the longitudinal ultrasonic wave prop-
agation will be greater than that of the shear mode, i.e.
D >Dsand a/ * Long.Akh — al ? Shear Akn thus vali-
dating our findings depicted in Tables 2 and 3, respectively.
Similar characteristics have also been reported in previ-
ous studies on similar structured nanowires [33, 34, 38].
Thus, the thermoelastic relaxation process is inferior to the
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phonon-phonon interaction process in terms of producing
ultrasonic attenuation in the InP-NWs. The values of the
ultrasonic attenuation due to the phonon-phonon inter-
action and the thermoelastic relaxation mechanisms in
case of the InP-NWs (Tab. 3) have been found to be
less than those of the ZnO-NWs and InN-NWs [18, 33].
This finding indicates that the chosen material, InP,
has good applicability for futuristic applications in the
industry.

4 Conclusion

The findings and discussion elaborated for the WZ-InP-
NWs validates our theoretical approach of using the
potential model for the estimation of higher order elas-
tic constants and the ultrasonic properties. The nature of
the SOECs and TOECs are similar to the other semicon-
ducting nanowires of this group. The mechanical stabil-
ity criteria described by Born have been satisfied for the
WZ-InP-NWs. The ductile nature of the WZ-InP-NWs is also
confirmed by Pugh’s ratio. The relaxation time observed
is in pico-seconds, thus confirming the semiconducting
nature of the material. The ultrasonic velocity character-
istics reveal that the restoration time of thermal phonon
distribution will be least for the wave propagating at an
angle 50°. a/ ? Long.akh > &/ % shear e thus validat-
ing the prominent contribution of the ultrasonic attenu-
ation for the wave propagation along longitudinal mode.
It has been also observed that ultrasonic attenuation in
the WZ-InP-NWs depends on their size, that is, larger the
diameter, larger the attenuation produced in the NWs. The
ultrasonic attenuation in the InP-NWs due to size varia-
tion is mostly affected by thermal conductivity, whereas
its temperature dependency is governed by the thermal
energy density.

Our study provides a description of the higher order
elastic constants, thermophysical properties, mechanical
properties and ultrasonic properties of the WZ-InP-NWs.
The obtained results of the present study may be used for
further investigations on the WZ-InP-NWs and their appli-
cations in nanowire-based devices. Finally, the elastic and
thermophysical properties in correlation with the temper-
ature and diameter variations of the nanowires discussed
above may be further explored for different industrial
applications.
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