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Abstract

The object of the present work is to study the equation of state (EOS) and the temperature dependence of the vibrational constant pres-
sure heat capacity, the adiabatic bulk modulus Bs and the pressure derivative of the isothermal bulk modulus of cubic rock-salt Alumi-
num nitride under high pressure up to 100 GPa. In addition, the isothermal bulk modulus and the Debye temperature dp versus pressure
at 1800 K are presented. Some structural and thermophysical properties used here are taken from our previous paper published in J. Elec-
tron. Mater. (2018) DOI: 10.1007/s11664-018-6169-x. The results obtained are analyzed and compared with other data of the literature.
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1. Introduction

Because of the good performance of Aluminum nitride (AIN)
material, it has been widely used in many areas [1]. Having a large
electro-mechanical coupling factor and large range temperature
stability, as well as a high acoustic wave velocity, AIN material
can be used in surface acoustic wave (SAW) devices, such as fil-
ters, resonators, actuators and sensors [2].

In normal conditions, AIN semiconductor has the wurtzite (B4)
structure, but the synthesis of both cubic zincblende (B3) and
rock-salt (B1) meta-stable phases is also possible [3], [4].

Under compression, the B4 phase transforms to B1 structure at
around 22.5 GPa [5]. According to the Pressure-Temperature dia-
gram simulation [2], it was found that the minimal pressure stabi-
lizing B1 phase of AIN decreases with increasing of temperature.
Zhang et al. [5] suggest that the AIN with B1 phase is wide band
gap semiconductor with an indirect gap of around 4.53 eV.

In our work [6], some elastic and thermophysical properties of

AIN with B1 phase under pressure up to 100 GPa were investigate.

To extent our study on AIN with cubic rock-salt phase, some other
properties have been delivered using the structural parameters and
some thermophysical properties of our recent work [6].

2. Theory, results and discussion

2. 1. Normalized structural parameters

For any compressed material, the unit cell volumes at fixed values
of applied hydrostatic pressure were usually used to construct the
equation of state (EOS). The normalized lattice parameter (ap/ao)
versus pressure in the range from 0 to 100 GPa for cubic rock-salt
AIN was plotted in Fig. 1, along with the theoretical one reported
by Zhang et al. [5]. An analytical relation for the pressure depend-
ence of (ap/ao) is given by the following a quadratic fit:

(ap/ag) =1 - 1.03x10°3 p + 3.04x10 ®p? (1)

From figure 1, we observe that (ap/ao) of our material of interest
decreases with increasing pressure, where it is started with the
value 1 at zero pressure, and it reaches the value 0.927 at 100 GPa.
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Fig. 1: Normalized Lattice Parameter (ay/ao) Versus Pressure.

The calculated normalized volume (Vp/Vo) versus pressure is plot-
ted in Fig. 2, along with the theoretical one reported by Zhang et
al. [5]. An analytical relation for the pressure dependence of Vp/Vo
is given by the following a quadratic fit:

(Vp/Vo) = 1 - 0.003 p + 9.94x106p? @

Where p is given in GPa, and (Vp/Vo) is given without unity.

From figure 2, we observe also that Vp/Vo decreases with increas-
ing pressure, where it also started with the value 1 at zero pres-
sure, and it reaches the value 0.796 at 100 GPa. From the curves
of Figs. 1 and 2, it can be seen that the compressibility of the ma-
terial calculated in this work is smaller than that reported by
Zhang et al. [5]. This, because Zhang et al. [5] used the general-
ized gradient approximation (GGA) to describe the quantum me-
chanical exchange-correlation effects, whereas the local density
approximation (LDA) was used here. We can note that the LDA
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gives a larger bulk modulus (lower compressibility) and smaller
lattice parameter than the GGA.
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Fig. 2: Normalized Volume (V,/V,) Versus Pressure.

The EOS parameters (equilibrium lattice constant ao, bulk modu-
lus Bo, and its pressure derivatives Bo’) can be determined through
the well-known pressure normalized-volume (P-(V/Vo)) third-
order Vinet EOS, which is given as follow [7]:

1-(v 1V, )3 o 1/3
P(V) =38,  TALLE exp{Z(Bo 1){16/ /VO) }} @)
0

Where: V is the volume at pressure P, and Vo is the volume at
zero-pressure, respectively.

The calculated data (P-(V/Vo)) of AIN material with B1 structure
in the range from O to 100 GPa was plotted in Fig. 3.
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Fig. 3: Pressure Versus (V,/V,) of AIN with B1 Structure.

The obtained values of ao, Bo, and Bo’ are given in Table 1, and
compared with the experimental [4] and other theoretical data [5],
[6], and [8] of the literature.

Table 1: Equilibrium Lattice Constant ag, Bulk Modulus By, and Its Pres-
sure Derivatives By of AIN, Compared to the Experimental [4] and Other
Theoretical Data [5], [6], [8]

Parameter a (A) B, (GPa) By’

This work 4.025 284.02 3.89
Ref. [4] 4.064 295+ 17 35+04
Ref. [5] 4.068 - -

Ref. [6] 4.026 275.14 3.68
Ref. [8] 4.016 268.47 4.12

In general, our calculated values of ao, Bo and Bo’ of cubic rock-
salt AIN semiconductor are agree best with the experimental ones
[4] and other theoretical data [5], [6] and [8]; where for example
the deviation of Bo between our calculation (284.02 GPa) and the
experimental one (295 GPa) [4] is only about 3.73 %. It can be
seen that our value (3.89) of Bo' is slightly higher than our previ-

ous result (3.68) [6] obtained from the energy - volume data, but it
localized in the range of other data reported in the literature.

2.2. Crystal density

The calculated crystal density at different values of pressure is
plotted in Fig. 4, along with the theoretical one calculated from the
work of Zhang et al. [5]. An analytical relation for the pressure
dependence of the density is given by the following a quadratic fit:
g =4.181 + 1.348x102 p - 0.285x10*p? (4)

Where p is given in GPa, and g in g/cm?®.
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Fig. 4: Crystal Density versus Pressure Up to 100 GPa.

From figure 1, we observe clearly that the density g increases with
increasing pressure, where it beginning with the value 4.175 g/cm?
at zero pressure, and it reaches the value 5.249 g/cm?3at 100 GPa.

2.3. Vibrational constant pressure heat capacity

Several thermodynamic quantities are related to the elastic con-
stants of solid [6]. The constant pressure heat capacity Cp was
usually expressed as a function of the enthalpy H as follow [9]: Cp
= (dH/dT) p, where, T is the absolute temperature, and P is the
pressure. In the quasi-harmonic Debye model approximation, the
vibrational constant pressure heat capacity Cp and the constant
volume heat capacity Cv are related by the following formula [10]

Cp=Cv(l+ayT (5)

Where, a is the volumetric thermal expansion coefficient, y is the
Grineisen parameter, and T is the temperature.

Figure 5 shows the dependence of the vibrational constant pres-
sure heat capacity Cp as a function of temperature at three differ-
ent pressures (0 GPa, 50 GPa, and 100 GPa).
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Fig. 5: Variations of Cp with Temperature of AIN with B1 Structure at
Various Pressures (0 GPa, 50 GPa, and 100 GPa).
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From figure 5, we can observe that Cp increases with increasing of
the temperature and decreases with arising of pressure. It is also
clear that the increasing tendency of Cp as a function of tempera-
ture is somewhat similar at 0 GPa, 50 GPa, and 100 GPa.

Figure 6 shows the dependence of the constant pressure heat ca-
pacity Cp as a function of pressure at three different temperatures
(300 K, 600 K, and 1800 K).
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Fig. 6: Variations of Cp with Pressure at Various Temperatures.

From Fig. 6, we can observe that Cp decreases almost linearly
(especially at high pressure) with increasing of pressure. At P = 0
and T = 300 K, our value of Cp is around 30.52 J/mol K, whereas
at 1800 K, it reaches the value 58.48 J/mol K. The decreasing
tendency of Cp as a function of pressure is very slowly at 1800 K.
2.4. Pressure derivative of isothermal bulk modulus

The first order pressure derivative of the isothermal bulk modulus
B’ at given pressure and temperature is a very important parame-
ter for the high-pressure studies [11]. Figure 7 shows the depend-
ence of Bt’ of AIN with B1 structure as a function of pressure at
different temperatures. We can observe that Bt’ decreases with
increasing of pressure, and increases with increasing of the tem-
perature. At zero pressure and zero temperature, our predicted
value of the pressure derivative of Bt is around 4.05, whereas at
1500 K, it reaches the value 5.37.
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Fig. 7: Pressure Derivative of Isothermal Bulk Modulus versus Pressure of
Aln with B1 Structure at VVarious Temperatures.

From figure 7, we can observe also that the effect of the tempera-
ture on the pressure derivative of Bt becomes almost negligible,
where for the values of pressure more than 80 GPa, all the curves
of this later become superposed for all temperatures.

2.5. Isothermal bulk modulus and Debye temperature

Fig. 8 shows the dependence of the isothermal bulk modulus Bt
and the Debye temperature 6p as a function of pressure at 1800 K.
We can observe that both Bt and 6o increase with increasing pres-
sure. The same behavior was observed for TIP material at zero-

temperature [12]. At zero pressure, our predicted value of Br is
around 187.61 GPa, whereas that of 6p is around 901.1 K.
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Fig. 8: Isothermal Bulk Modulus By and Debye Temperature ©p versus
Pressure of AIN with B1 Structure at 1800 K.

Two analytical relations for the pressure dependence of Bt and 6p
are given by the following a quadratic fits:

Br=192.11 + 4.88 p - 1.04x102p? (6)
0o = 910.65 + 7.54 p - 2.33x10 2p? )
Where p and B are given in GPa, and 6p is given K.

2.6. Adiabatic bulk modulus

Similarly to the vibrational constant pressure heat capacity Cp and
the vibrational constant volume heat capacity Cv, in the quasi-
harmonic Debye model approximation, the adiabatic bulk modulus
Bs and isothermal bulk modulus Bt are related by the following
formula [10]

Bs=Br(1+ayT) (8)

Where, o is the volumetric thermal expansion coefficient, y is the
Grineisen parameter, and T is the temperature.

Figure 9 shows the dependence of the adiabatic bulk modulus Bs
as a function of temperature at different pressures (0 GPa, 50 GPa,
and 100 GPa). From figure 9, we can observe that Bs decreases
very slowly with increasing of the temperature and at pressure of
100 GPa, it is almost unchangeable with arising of the tempera-
ture. It is also clear that the increasing tendency of Bs as a func-
tion of temperature is somewhat similar at 50 GPa and 100 GPa.
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Fig. 9: Variations of Bs with Temperature of AIN with B1 Structure at
Various Pressures (0 GPa, 50 GPa, and 100 GPa).

Figure 10 shows the dependence of the adiabatic bulk modulus Bs
as a function of pressure at four different temperatures (0 K, 300
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K, 1000 K, and 1500 K). From figure 10, we can observe that Bs
increases almost linearly with increasing of pressure.
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Fig. 10: Variations of Bs with Pressure of AIN with B1 Structure at Vari-
ous Temperatures (0 K, 300 K, 1000 K, and 1500 K).

At zero pressure and T = 300 K, our predicted value of Bs is
around 265.88 GPa, whereas at 1500 K, it reaches the value
234.13 GPa. Compared to bulk modulus Br, this later is around
262.7 GPa at zero pressure and T = 300 K, and it reaches the value
about 206 GPa at T = 1500 K [6]. So the introduction of the tem-
perature effect (T = 1500 K) increases the bulk modulus from the
value 206 GPa (Br) to the value 234.13 GPa (Bs).

Figure 11 shows the dependence of the adiabatic bulk modulus Bs
and the isothermal bulk modulus B [6] as a function of pressure at
1500 K. From figure 11, we can observe that Bs increases almost
linearly with increasing of pressure.
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Fig. 11: Variations of Bt [6] and Bs with Pressure of AIN with B1 Struc-
ture at 1500 K.

From figure 11, we can observe that the temperature of 1500 K,
affect considerably the behavior of our material of interest, where
for example zero pressure, our predicted value of Bs is around
234.13GPa, whereas that of Br, is around 206 GPa [6].

3. Conclusion

Using some structural and thermophysical properties published
previously in J. Electron. Mater. (2018) DOI: 10.1007/s11664-
018-6169-x, we determine the EOS parameters (equilibrium lattice
constant, bulk modulus, and its pressure derivatives) and the crys-
tal density of cubic rock-salt AIN using the pressure-volume data.
The values obtained are in general in good agreement with the
experimental ones and other theoretical results of the literature.

In addition the pressure and temperature dependence of the vibra-
tional constant pressure heat capacity Cp, the adiabatic bulk
modulus Bs and the pressure derivative of the isothermal bulk
modulus Bt’ under high temperature and high pressure up to 100
GPa are also studied. It was found that the effect of the tempera-

ture on Bt becomes almost negligible for very high pressure
(more than 80 GPa).

The adiabatic bulk modulus Bs increase almost linearly with in-
creasing pressure and decreases very slowly with the temperature.

The isothermal bulk modulus Bt and the Debye temperature 6o
versus pressure at 1800 K are also presented. It was found that
both Bt and 0p increase with increasing pressure.

Hope, in the future, other efforts will be focused on the prepara-
tion and investigation of AIN with B1 structure to characterize it
for its mechanical, optical, and electrical properties and to be use-
ful for device fabrication.
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