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Abstract The results of the thermodynamical functions
such as lattice specific heat at constant volume, entropy,
Debye temperature, internal energy and vibrational free
energy with temperature are presented to understand the
thermal behaviour and performance of three indium pnic-
tide compounds in wurtzite phase. We have used a first-
principles method based on density functional theory and
quasi-harmonic approximation. Phonon dispersion curves
show no imaginary frequency for any phonon modes
throughout the Brillouin zone which confirms the dynam-
ical stability of these compounds in wurtzite phase. Our
calculated vibrational frequency matches well with exper-
imental Raman spectra of corresponding wurtzite nano-
wires. Internal energy and vibrational contribution of
Helmholtz free energy, respectively, increases and
decreases with temperature. An increase with temperature
is observed for entropy. The variation of specific heat at
constant volume and Debye temperature is also presented
and correlated with speed of phonons and phonon mean
free path. The characteristic features of temperature vari-
ation of considered thermodynamic functions are in line
with those of other crystalline semiconductors.
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Introduction

The II-V semiconducting materials like InP, InAs and InSb
in both bulk and nanoforms have always been considered as
important materials from the fundamental [1, 2] as well as
technological [3—7] point of view due to their great promise
for a range of applications including field effect transistors
[6, 8], photodetectors [9], thermoelectric [10] and solar cells
[11]. These applications are based on a large number of
desirable properties such as vibrational, thermal conductivity,
high electron mobility and direct band gap. These materials
generally have a typical cubic zinc blende (ZB-3C) crystal
structure at ambient conditions in bulk form [12]. However,
recently it has been shown that these compounds can also be
grown in other crystal phases that are not possible in bulk form
such as wurtzite (WZ) 2H, 4H and 6H polytypes [13-16].

The discovery of WZ phase in addition to the cubic ZB
phase opens the new way to novel physics and ideas for
nanostructure applications due to the variation of the
electronic structure with the crystal structure [17]. Further,
the ability to tune the crystal phases during nanowire
growth can lead to many important implications for the
phonon-related properties such as thermal conductivity,
entropy and specific heat of nanostructure [18-22]. The
phase-specific properties are relevant in many applications.
Motivated with this fact, the electronic band structure of
some of the WZ III-V semiconductor compounds [23] and
pressure-dependent Raman spectra together with the pho-
non dispersion curves (PDC) have been reported for WZ-
InAs [18-20]. The literature reveals a significant amount of
work from both theory and experiment mainly focusing on
investigating the electronic and vibrational properties of
group III pnictides in WZ phase [18-23]. However, very
little effort has been made to analyse the thermal properties
of bulk InP, InAs and InSb in WZ phase.
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In this work, we report a systematic theoretical inves-
tigation of vibrational and thermodynamical properties of
bulk InP, InAs and InSb in WZ phase using first-principles
calculations and quasi-harmonic approximation (QHA).
We have used the density functional theory to calculate the
total energy for equilibrium crystal structures and to
compute phonon density of states (PhDOS) which is an
important ingredient required for the calculation of ther-
modynamical functions from first principles [24-28]. The
calculation of PhDOS is not only essential for the calcu-
lation of thermodynamic functions but also a real test of the
used methodology to obtain phonon modes as it requires
the calculation of PDC in entire Brillouin zone (BZ).

Computational methods

First-principles calculations based on density functional
theory for indium pnictides in WZ phase have been per-
formed using Quantum Espresso code [29] which uses self-
consistent field approach using plane-wave basis set to
compute the total energies. The local density approxima-
tion (LDA) to exchange correlation functional of Perdew
and Zunger type [30] is used in the present calculations.
Previous studies confirm that the LDA does a better job
than generalized gradient approximation (GGA) for III-V
compounds [31]. Monkhorst and Pack k-points grid of
16 x 16 x 10 is used to sample the BZ. Density functional
perturbation theory (DFPT) developed by Baroni et al. [24]
is utilized to get full PDC and PhDOS. We have used the
4 x 4 x 3 g-mesh in the first BZ to interpolate the force
constants for the phonon dispersion calculations. Thermal
properties are calculated using QHA [24] and PhDOS is
obtained by DFPT. Thermodynamic functions such as

constant volume specific heat (C,), entropy (S), internal
energy AE and vibrational part of Helmholtz free energy
AF are calculated using relations described in [24] and
useful for variety of systems [25, 26].

Results and discussion
Structural properties

To calculate the thermodynamical functions of WZ-InX
(X = P, As and Sb), we first optimized the crystal structure
and lattice parameter and used them to calculate PDC and
PhDOS from which thermal properties can be derived. The
calculated ground-state properties such as lattice parame-
ters, bulk modulus and derivative of bulk modulus with
respect to pressure By are obtained using the above-dis-
cussed method and listed in Table 1 along with available
experimental and other theoretical data [13, 22, 32-36] for
the comparison. The bulk modulus and its pressure
derivative for these compounds have been found by mini-
mizing the total energy for the different values of lattice
parameter using Murnaghan equation of state and com-
pared with available theoretical data. First derivative of
bulk modulus with respect to pressure (dBo/dP) has
expected value around four for all three WZ indium pnic-
tide compounds.

As bulk InX is synthesized in ZB phase only and WZ
phase is observed for InX nanosystems (nanowires and
nanowhiskers), there exist few studies for thermodynami-
cal properties of these compounds mainly concentrating on
7ZB phase [37]. As there is a large difference observed for
various properties depending on the structural difference of

Table 1 Lattice parameter, bulk modulus and its pressure derivative with available experimental and other theoretical data

Reference Lattice parameter alA [c/a]

Bulk modulus By/GPa

Pressure derivative of Bulk modulus By

InP

Present calc 4.0858 [1.639]

Experiment 4.1423 [1.6419]*
Other calc 4.1148 [1.64081°, 4.1215 [1.6432]°
InAs

Present calc 4.2175 [1.638]

Experiment 4.2742 [1.643]°
Other calc 42108 [1.6412]%, 4.192 [1.6326]2
InSb

4.507 [1.645]
4.5712 [1.6455]°
4.5547 [1.64241°, 4.494 [1.6326]¢

Present calc
Experiment
Other calc

74.1 4.63

71.2°, 60.88%, 73.068 5.195%, 4.498
62.9 438

61.9°, 60.982 4.578

48.5 4.59

46.9°, 46.98 4688

321, P 131, © (331, ¢ [22], ¢ [34], " 351, & [36]
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Fig. 1 Phonon dispersion curves of wurtzite (a) InP, (b) InAs and
(¢) InSb

ZB and WZ forms in III-V semiconductor systems [38],
we carried out ab initio calculation for vibrational and
thermal properties of InX in WZ phase.

Vibrational properties

Now we turn our focus on the phonon properties of three
III-V compounds, viz. InP, InAs and InSb in WZ phase,
using theoretically obtained equilibrium structural param-
eters. Figure la—c presents the PDC for WZ-InX. Since

there is no experimental data on PDC available for these
compounds in WZ phase, we could not compare our PDC
with experimental data. However, in Table 2, we present
our calculated Raman frequencies and compare them with
the available experimental and theoretical data for WZ-InX
[18, 19, 34, 39, 40]. As mentioned earlier, WZ phase is yet
not observed in bulk phase, so we have compared theo-
retically obtained Raman frequencies of WZ-InX in bulk
form with experimentally synthesized WZ-InX in nanowire
form. As observed from Table 2, going from indium
phosphide to antimonide, the frequency of Raman modes
decreases with the increase in atomic mass of pnictide
atoms. Further, Fig. 1 depicts that the PDC calculated for
WZ-InX agree quite well with the other available theo-
retical PDC [22, 34]. Figure 1 also reveals that the fre-
quency of all phonon modes in PDC is positive throughout
the BZ which indicates that the InP, InAs and InSb in WZ
phase is dynamically stable. There are twelve phonon
branches in full PDC since the unit cell of WZ-InX has four
atoms. The LO-TO splitting decreases as going from
phosphide to antimonide. Maximum frequency observed
for optical phonon branches also decrease as going from
InP to InSb (from 350 to 200 cm™ ).

The PhDOS presented in Fig. 2 for all three compounds
reflect all important features of PDC. Further, the PhDOS
which is an essential quantity to calculate the thermody-
namical functions is also a real test of any theoretical
calculation as it requires the calculation of phonon modes
in entire BZ [41-44]. Figures la and 2a show that a large
gap between the acoustic and optical phonon branches is
formed in the WZ-InP due to large mass difference
between In and P atoms which reduces going from WZ-InP
to InAs, and finally in case of InSb, no separation is
observed in Figs. 1c and 2c due to overlapping of acoustic
and optical branches.

Thermal properties

To have an insight into the thermal behaviour of InP, InAs
and InSb in WZ phase, we have investigated the temper-
ature-dependent thermodynamical functions, viz. specific
heat at constant volume (C,), entropy (S), internal energy
(AE) and vibrational free energy (AF), using methodology
discussed in Sect. 2. Specific heat capacity together with
Debye temperature characterizes the thermodynamic fea-
tures of a crystalline structural material.

Figure 3a—d presents the thermodynamic functions such
as specific heat at constant volume, entropy, internal
energy and vibrational free energy with temperature for
three indium pnictide compounds in WZ phase. Figure 3a
illustrates computed temperature dependence of lattice
specific heat at constant volume which clearly reveals that
the specific heat behaviour approaches the Dulong and
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Table 2 Raman frequencies for indium pnictide compounds in wurtzite form

Mode InP InAs InSb

Present Other Present Other Present Other
A, (TO) 299.5 304.6%, 302.1° 232.6 - 166.5 145°
E, (TO) 305.1 309.2%, 302.4° 219.4 219.3%, 215.5¢ - -
Eon 305.4 307.9%, 306.4° 229.9 214.1°%, 214.6% 184.7 180°
A, (LO) 332.8 340.2%, 341.9° 236.1 240°, 239.34 189.8 -
E, (LO) 334.4 339.1% 252.1 - 191.1 230°

“ [34], * 391, © (18], ¢ [19], © [40]
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Fig. 2 Phonon density of states of wurtzite (a) InP, (b) InAs and
(c) InSb

Petit limit at high temperature. For WZ-InX compounds,
Dulong and Petit value (3NAKg: N4 is Avogadro constant,
and Kg is Boltzmann constant) is 3R (where R is gas
constant) that is consistent with the nature of the solid in
high-temperature region. At very low temperatures, the
relation between specific heat capacity and temperature
follows Debye T> law arising mainly due to long wave-
length acoustical phonons. The lattice specific heat at
constant volume is lowest for WZ-InP and highest for WZ-
InSb among three considered indium pnictides. The com-
puted temperature variation of phonon contribution to
entropy which is presented in Fig. 3b reveals that the
entropy increases with temperature. The entropy S, an
extensive state function accounting the effects of irre-
versibility in thermodynamic states and a measure of dis-
order at molecular level, is an important quantity in
thermodynamics. Entropy values at different temperature
follow the relations InP < InAs < InSb in WZ phase of

@ Springer

indium pnictides. At low temperature, internal energy is
scarce due to less vibrations of atoms owing to their low
thermal energy. Figure 3c and d show behaviour of internal
energy and vibrational free energy, respectively, with tem-
perature for all three WZ-InX compounds. It is clear from
Fig. 3c that the internal energy is highest for WZ-InP than
WZ-InAs and WZ-InSb and it increases continuously with
temperature. Figure 3d represents the vibrational free
energy which is actually vibrational contribution of Helm-
holtz free energy at different temperatures which reveals that
the free energy decreases with temperature in all cases. The
zero temperature value of vibrational free energy AF, and
internal energy AE, becomes equal and does not vanish due
to the zero point vibration which can be calculated from the
asymptotic expression of respective quantities. Our calcu-
lated value of AF, and AE, is 12.01, 8.45 and 6.81 mRy,
respectively, for WZ-InP, InAs and InSb. These thermody-
namical functions follow general trends with temperature as
observed for other nitride compounds calculated using
density functional theory [25, 26].

It is to be noted that the trends for the thermal properties
obtained in the present case are similar to their behaviour
in ZB phase of these compounds [37]. However, the dif-
ference in the magnitude of these quantities can be attrib-
uted to the difference in phonon frequencies. In Table 2,
we compare the calculated entropy of InX compounds in
the WZ phase with experimental [45] as well as theoretical
data [37]. As WZ phase contains four atoms per unit cell
while ZB phase contains two atoms per unit cell, we have
normalized entropy per atom accordingly. Table 3 clearly
shows a small difference in the entropy per atom of these
compounds in both the phases. This is quite obvious as no
significant change in the group velocity is observed for the
acoustic branches in the case of these compounds existing
in both the phases [22]. The similar quantity the speed of
sound in WZ-InAs nanowire and bulk ZB-InAs is also
same [46]. Similarly, the specific heat for AIN and GaN in
both WZ and ZB phases is also equal [47]. These can be
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Table 3 Entropy per atom (in unit of J/mol K) in WZ (present calculation) and ZB phase
Temp/K InP InAs InSb
WZ 7B WZ 7B WZ 7B
295 30.629 31.70%, 29.90° 37.058 38.59%, 37.85° 42915 43.84% 43.09°
300 31.000 31.84%, 30.04° 37.452 38.74%, 37.99° 43.323 43.99%, 43.25°
400 37.551 38.47°, 36.68" 44.294 45.65%, 44.92° 50.362 50.99°, 50.55°
500 42.813 43.77%, 41.99° 49.693 51.09°, 50.38° 55.881 56.48°, 56.42°
600 47.190 48.18%, 46.47° 54.143 55.58% 54.91° 60.416 60.99%, 61.31°
700 50.929 51.93%, 50.37° 57.924 59.38%, 58.79° 64.263 64.81%, 65.53°
800 54.190 55.21%, 53.84° 61.209 62.68% 62.21° 67.601
900 57.078 58.11%, 56.99° 64.114 65.61%, 65.27° 70.549
1000 59.670 66.715 68.22%, 68.04° 73.189

[34], 41

finally attributed to the close match of phonon behaviour in
(I"-A) and (I'-L) directions of WZ and ZB phase, respec-
tively, [22].

Figure 4 presents the calculated temperature variation of
Debye temperature (®p) for three WZ-InX compounds:
InP, InAs and InSb. ®Op value at T — 0 for InP, InAs and
InSb is 268, 231 and 189 K, respectively, which shows a
decreasing trend as going from phosphide to antimonide.
The minimum value of Debye temperature, ®Op_ i, (at

Temperature), is 204 K (17 K), 168 K (15 K) and 133 K
(11 K) for InP, InAs and InSb, respectively. It is observed
from the figure that there is a rapid increase in Debye
temperature after ®p_y;,.- This can be attributed to the
higher phonon transfer speed and mean free path in these
systems. The stability (with very small dispersion) in the
Debye temperature and specific heat at higher temperatures
is due to the stability in phonon mean free path at tem-
perature above 150 K.
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Fig. 4 Debye temperature of WZ-InX (X =P, As and Sb) as a
function of temperature

Conclusions

Thermodynamic functions of three indium pnictide com-
pounds in a new WZ phase normally observed in the
nanostructure materials are determined by first-principles
calculations based on DFPT and QHA. The calculated PDC
show no imaginary frequency in entire BZ confirming the
dynamical stability of indium pnictides in WZ phase.
Optical phonon frequencies match well with available
Raman spectra of WZ-InX in nanowire form. The tem-
perature dependence of thermodynamic properties such as
specific heat at constant volume, internal energy, vibra-
tional free energy and entropy are investigated and dis-
cussed. Specific heat capacity at constant volume obeys
Debye T° law at low temperature and tends to the Dulong—
Petit limit at high temperature. The Debye temperature
increases almost slowly with the rise of temperature which
is attributed to the decrease in phonon mean free path and
phonon transfer speed.
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