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a b s t r a c t

The elastic, phonon and thermodynamic properties of Zn1�xBexO alloy are investigated by
performing density functional theory (DFT) and density functional perturbation theory
(DFPT) calculations. The calculated lattice parameters decreases with the increase of Be
content that is in good agreement with the available theoretical and experimental data.
The effect of Be composition on elastic constants was investigated for Zn1�xBexO alloys.
Phonon dispersion curves show that Zn1�xBexO are dynamically stable. Thermodynamic
properties, including Helmholtz free energy, enthalpy, entropy and heat capacity, were
evaluated under quasi-harmonic approximation using the calculated phonon density of
states. Finally, the results show that Zn1�xBexO alloys with lower Be content are more
thermodynamically stable. The agreement between the present results and the known
data that are available only for ZnO and BeO is generally satisfactory.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Zinc oxide (ZnO) is an attractive metal oxide because of its
applicability for blue and ultraviolet (UV) light emitting
diodes (LED) and laser diodes (LD) [1,2]. This interest stems
from the electronic properties including a large direct band
gap (Eg¼3.37 eV at 300 K), a large exciton binding energy
(�60meV), strong spontaneous (PS¼�0.57 C/m2) and
piezoelectric (e33¼1.20 C/m2, e31¼�0.56 C/m2) polarizations,
as well as the relative ease of synthesis of ZnO powders,
single crystals, thin films, and nanostructures [3,4]. Due to
these properties, ZnO is a key enabling material in sensors
and actuators, transparent thin-film electronics, and optoe-
lectronic and piezoelectric devices [5,6]. Furthermore, its low
and Semiconducting
Algeria. Tel.: + 213
material cost, high crystalline quality, and high radiation
resistance make it a promising material to compete with
GaN-based technologies [7].

Since reliable and stable p-type ZnO semiconductor
material can now be grown using arsenic as dopant [8], a
critical step for producing high-efficiency ZnO devices is
the fabrication of ZnO-based quantum wells and super-
lattices. Since the electronic properties of ZnO can be
readily tuned by doping or alloying, it is possible to expand
its applications by designing materials systems for specific
conditions and/or restrictions. For example, doping ZnO
with Al (1–2%) or Ga (2–7%) results in a solid solution with
a high carrier concentration (�1021 cm�3) and a com-
mensurate low electric resistivity (�10�5 Ω cm) [9,10].
Such materials have already been incorporated in flat
panel displays and solar cells as transparent electrodes to
replace the relatively expensive In–Sn oxide (ITO) [11].

ZnO-based multiple quantum well structures such as
ultra thin ZnO/Zn1�xMgxO multi layers may provide better
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Table 1
Calculated lattice constants a andc of Zn1�xBexO after geometric optimization compared with available theoretical and experimental data.

x a (Å) c (Å)

This work Expt. Other calculations This work Expt. Other calculations

Zn1�xBexO 0 3.275 3.258a 3.283b, 3.256c 5.304 5.220a 5.309b, 5.256c

0.25 3.145 3.134c 5.132 5.076c

0.5 2.915 2.972c 4.970 4.99c

0.75 2.788 2.889c 4.528 4.675c

1 2.714 2.698d 2.764c 4.412 4.377d 4.487c

a Ref. [31].
b Ref. [32].
c Ref. [33].
d Ref. [15].

Table 2
The calculated elastic constants for BexZn1�xOcompared with both theoretical and experimental data.

C11 (GPa) C12 (GPa) C13(GPa) C33(GPa) C44(GPa)

ZnO This work 209.52 127.65 117.50 213.00 42.95
Experiments 206.217a 118.117a 118a 211a 44.50a

Calculations 227b; 217c 55b; 117c 93b; 121c 206b; 225c 49b ; 50c

215.7d; 191.16e 136.1d; 111.96e 122.7d; 85.63e 249.6d; 190.57e 38.6d; 36.89e

Zn0.75Be0.25O This work 225.12 127.11 115.3 282.33 51.66
Zn0.5Be0.5O This work 243.20 126.28 108.61 353.18 72.08
Zn0.25Be0.75O This work 324.17 126.05 104.38 399.31 89.34
BeO This work 462.55 124.55 83.58 495.39 135.70

Experiments 460.6f 126.5f 88.5f 491.6f 147.7f

Calculations 432.5d 135.8d 99.0d 474.1d 131.3d

a Ref. [37].
b Ref. [38].
c Ref. [39].
d Ref. [40].
e Ref. [41].
f Ref. [42].
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oscillation strength and enhanced exciton binding energy in
blue and ultraviolet (UV) light emitting devices [12]. How-
ever, if ZnO-based solid solutions could be developed, they
would work in this range; this would significantly reduce
cost since ZnO is compatible with integrated circuit (IC) and
can be synthesized with good stoichiometric control via a
number of deposition methods [13].

Band-gap engineering of ZnO can be achieved by alloying
with MgO (Eg¼7.70 eV) for UV applications and such alloy
can also be used as barrier layers in ZnO/(Zn,Mg)O super-
lattices for quantumwell devices [14,15]. However, the phase
separation occurs in Zn1�xMgxO solid solutions when the Mg
composition exceeds 33% [15]. This is due to the differences in
the crystal structures of ZnO [wurtzite, P63mc] and MgO
(cubic, rocksalt). As such, the UV absorption range is limited
to 3.37–3.90 eV in the Zn1�xMgxO system for xo0.33 [16].

Therefore BeO (Eg¼10.60 eV) which also crystallizes in the
wurtzite structure has been considered as an alloying system
of ZnO for UV optoelectronic devices and sensors. It was
shown that Zn1�xBexO thin films can be deposited using
hybrid beam deposition [17] with no phase separation over
the entire composition range [15]. Furthermore, as the band
gap in Zn1�xBexO can theoretically be tuned from 3.37 to
10.60 eV, this materials system may replace Zn1�xMgxO solid
solutions which are being considered in applications such as
polymer-oxide hybrid solar cells, field effect transistors, high-k
films on Si, quantum Hall effect devices, acoustic resonators
and large electromechanical coupling [18–21].

The literature on Zn1�xBexO is limited to a few experi-
mental and theoretical studies that concentrate on the
electronic structure, band gap energies, and optical prop-
erties [15,16,22–25]. To the best of our knowledge, the
phononic and thermodynamic properties of this alloy are
less studied. The knowledge of phonon and thermody-
namic properties of Zn1�xBexO alloy are required in the
development of high quality optoelectronic devices. The
potential applications of Zn1�xBexO alloy system for appli-
cations described above have not been fully explored. In
this work, we examine the elastic, phononic and thermo-
dynamic properties of the BexZn1�xO alloy by the first
principle theoretical method.

The paper is organized as follows: in the next section
we give a brief description of the computational details. In
Section 3, the results and discussions of structural and
elastic properties of Zn1�xBexO are studied. Then the
phonon properties of the Zn1�xBexO including phonon
dispersion relations and partial phonon densities of states
(PDOS) are studied using the density functional perturba-
tion theory (DFPT) method. Temperature dependence of
thermal properties such as free energy, specific heat,
enthalpy, entropy and Debye temperature are predicted
in the last part. Finally, we present our conclusions.



Fig. 1. Calculated phonon dispersion curves of Zn1�xBexO alloy for x¼0, 0.25, 0.5, 0.75, and 1 along several high-symmetry lines in the BZ.
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2. Computational methods

All the calculations are carried out using a plane wave
pseudo potential method based on the density functional
theory (DFT), implemented in the Cambridge Serial Total
Energy Package (CASTEP) code. The exchange-correlation
functional is treated within the PW91 generalized gradient
approximation (GGA) [26]. The interaction between ion
core and valence electrons is described by Norm-
conserving pseudopotential (NCP) [27]. Electronic states
of Zn (3d10 4s2), O (2s2 2p4) and Be (2s2) are treated as the
valence-electron configuration for the zinc, oxygen and
beryllium atoms, respectively, to describe the electron–ion
interaction. According to the special quasi-random struc-
tures (SQS) approach [28], the Zn1�xBexO (x¼0.0, 0.25, 0.5,
0.75, and 1.0) structures can be obtained by replacing 1–8
Zn atoms with Be in the 2�2�1 wurtzite ZnO supercell.
The convergence of the total energy with respect to both



Table 3
Calculated optical phonon frequencies (in cm�1) at the Γ point of the Brillouin zone for Zn1�xBexO, compared to experimental data.

ZnO Zn0.75Be0.25O Zn0.5Be0.5O Zn0.25Be0.75O BeO

Mode Raman Mode Raman Mode Raman Mode Raman Mode Raman

E2 92.85 E2 98.24 E 175.91 E2 153.33 E2 336.92
100a E1 127.15 E 352.97 E1 245.25 329.71b

A1 388.24 E2 133.22 A1 480.61 A1 270.88 329.89b

380a E1 171.17 E 491.21 E2 292.58 337.3c

379d E2 187.62 A1 669.64 E2 396.43 E2 6.60
E1 414.45 A1 222.55 A1 894.74 E1 402.05 658.75b

410a E1 368.56 E1 412.17 720.6b

411d A1 385.78 E2 533.61 683c

E2 441.08 E2 403.34 E1 572.52 A1 705.84
438a E2 452.84 E2 606.27 658.89b

439d,e E1 452.18 A1 612.20 717.79b

E2 510.23 E2 630.88 678c

E1 515.26 E1 642.65 E1 775.66
A1 540.58 A1 645.49 699.5b

E1 547.96 E2 697.55 757.35b

E2 562.66 E1 713.96 722.7c

A1 612.98 A1 721.17
E2 649.75 E1 796.66
E1 658.37 A1 805.57
A1 751.56 E2 813.35

a Ref. [45].
b Ref. [48].
c Ref. [49].
d Ref. [46].
e Ref. [47].
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k-point sampling and plane-wave cutoff energy is carefully
examined. The plane-wave basis set with an energy cutoff
700 eV has been applied, and the 5�5�6 Monkhorst-
Pack mesh has been used for the Brillouin-zone (BZ) k-
point sampling. Noting that, the structural optimizations
were carried out using a Broyden–Fletcher–Goldfarb–
Shanno (BFGS) minimization technique [29]. The toler-
ances for geometry optimization were set as the difference
of total energy within 1.0�10�6 eV/atom.

The lattice dynamic properties are calculated on the
corresponding optimized crystal geometries. The phonon
frequencies are obtained as second-order derivatives of the
total energy with respect to an external electric field or to
atomic displacements within the framework of DFPT [30].
3. Results and discussion

3.1. Structural and elastic properties

First, we calculated the equilibrium structural parameters
for the parent binary compound ZnO, in thewurtzite structure.
There are 16 atoms 8 (Zn) and 8 (O) which correspond to a
2 � 2 � 1 supercell. When we add the Be atom to the ZnO,
in order to obtain Zn1�xBexO, the alloys weremodeled at some
selected compositions x¼0.25, 0.5, 0.75, and 1.

The calculated lattice constants for each x of the
Zn1�xBexO alloys are summarized in Table 1, along with
the other experimental and theoretical values available in
the literature [31–33].

The present results agree well with the previous
experimental [31,32] and theoretical [32,33] reports for
the binary compounds ZnO and BeO.
In addition, the calculated structure parameters of
Zn0.75Be0.25O, Zn0.5Be0.5O and Zn0.25Be0.75O are in agreement
with theoretical work [33]. The results listed in Table 1 show
that the lattice constants, a and c, decrease with increasing Be
concentration. This phenomenon occurs because the atom
radius of beryllium is smaller than that of zinc.

Elastic constants characterize the ability of the material to
deform under any small stresses. They also determine the first
order contribution to strain energy-content as the material is
strained. The effect of strain on the physical properties is also
important in terms of getting some knowledge of the nano-
mechanical properties of thematerials. Usually, elastic constants
are defined bymeans of a Taylor expansion of the total energy E
(V, δ) for the system with respect to a lattice strain δ of the
primitive cell volume V. The energy of a strained system is
expressed as follows [34]:

E V ; δð Þ ¼ E V0; 0ð ÞþV0

X
i

τiξiδiþ
1
2

X
ij
Cijδiξiδjξj

 !
ð1Þ

where E(V0, 0) is the energy of unstrained system with
equilibrium volume V0, τi is an element in the stress tensor, ξi
and ξj are factors to take care of Voigt index. There are five
independent elastic constants for hexagonal structure, i.e., C11,
C33, C44, C12, and C13.

Themechanical stability conditions of the elastic constants
in hexagonal crystal are known as to be [35,36] at 0 GPa

C1140;C11�C1240;C4440; C11þC12ð ÞC33�2C2
1340 ð2Þ

The computed elastic constants C11, C12, C13, C33 and C44

for wurtzite Zn1�xBexO alloys are listed in Table 2. We notice
that the values of elastic constants change continuously from
those of ZnO to those of BeO as Be concentration increases



Fig. 2. The calculated density of states: (a) total phonon density of states
(TDOS), and (b) partial densities of states (TDOS) for Zn1�xBexO alloy.
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from 0% up to100%, although the overall trend can be
formulated as follows: in the entire range of concentration
x, the elastic constants C11, C33 and C44 increase with the
increase of Be content, except for C12 and C13 which have slow
decrease when Be concentration increases. Obviously, from
the calculated values of Cij in Table 2, the above restrictions
are all satisfied, implying that Zn1�xBexO alloys as a function
of Be concentration are mechanically stable.
3.2. Phonon spectrum and density of states (DOS)

The harmonic approximation is usually a typical descrip-
tion for the physics of phonon, in which the equation of
motion takes the form of [43]

ω2 k; lð Þe k; lð Þ ¼D kð Þe k; lð Þ ð3Þ
where ω k; lð Þ is the phonon frequencies, e k; lð Þ describing the
corresponding atomic displacement, k is the wave vector, l is
the number of phonon branches, l¼1,2,… 3n, is equal to the
number of degree of freedom in the primitive unit cell, D kð Þ is
the dynamic matrix, which can be obtained from the force
constant matrix Φ.

Dαβ
st kð Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi

MsMt
p

X
R

Φαβ
st Rð Þexp � ikRð Þ ð4Þ

whereMs and Mt are masses of the atoms s and t, respec-
tively, R is the Bravais lattice vectors. Within the frame work
of harmonic approximation, keeping only the second terms in
the Taylor series of total energy E, Φ is given by

Φαβ
st ¼ ∂2E

∂μαsμ
β
t

ð5Þ

where μαs is the displacement of atom s from its equilibrium
position in αdirection.

The phonon dispersion and partial phonon densities of
states are calculated by using the linear-response method
within the density functional perturbation theory DFPT [30].

Thewurtzite modification of ZnO, BeO and Zn0.5Be0.5O with
the space group C6v and C3v , respectively, has n¼4 atoms in
the primitive unit cell which lead to 3n¼12 vibrational eigen
modes (3 acoustical and 9 optical modes). Thus the vibration
frequency at the Brillouin zone-center Γpoint (q¼0) is called
as normal vibration mode. The standard group theory analysis
yields the following decomposition of the optical vibrational
representation in irreducible representation of group C6v and
C3vrespectively, at Γpoint as follows:

ΓZnO
Opt ¼ 1 A Rþ IRð Þ

1 þ4E Rð Þ
2 þ2E Rþ IRð Þ

1 þ2B Sð Þ
2

where IR and R correspond to infrared and Raman active
modes, respectively. Here, all modes except B2 are active in
Raman spectra, where as only those with A1 and E1 symmetry
are allowed in infrared spectra. Consequently, there are totally
3 infrared and Raman active modes, 4 Raman active modes
and 2 silent (S) modes.

The calculated phonon dispersion relations along the
high symmetry direction of the Brillouin zone (BZ) for
Zn1�xBexO are shown in Fig. 1. No imaginary phonon
frequency, i.e. negative frequencies, at any wave vectors,
indicating the dynamical stabilities of Zn1�xBexO alloy.

Fig. 1 indicates clearly the shift up of the phonon
energy with the increase of Be content. This shifting of
the Zn1�xBexO is very obvious in both the optical phonon
branches and the acoustic phonon branches. This is mainly
caused by two reasons:
1
 Stronger bond force in Zn1�xBexO: according to the
formalism described by Segall et al. [44], the calculation
of bond population of Zn–O for Zn0.75Be0.25O and Be–O
for Zn0.25Be0.75O are respectively 0.32 and 0.55.



Fig. 3. Atomic displacement patterns of Zn0.75Be0.25O.
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The smaller bond population between Zn–O than that
between Be–O is indicative of a stronger Be–O bond
than that of Zn–O bond. Stronger inter-atomic bonding
force means higher phonon frequencies.
2
 Light atomic mass in Zn1�xBexO: the second reason is
the different atomic masses between Zn and Be ele-
ments. The lighter mass of Be increases the vibration
frequency. As a result, the phonon frequencies of ZnO
(x¼0) are lower than those of BeO (x¼1) (see Fig. 1).
Table 3 presents the optical phonon frequencies calculated
at Γ point for Zn1�xBexO corresponding to x¼0.0, 0.25, 0.50,
0.75 and 1.0, respectively. Unfortunately, there are no experi-
mental data and theoretical values concerning Zn0.75Be0.25O,
Zn0.5Be0.5O and Zn0.25Be0.75O for comparison, so our results
are predictions, while the phonon frequencies obtained for
ZnO and BeO are in good agreement with experimental and
theoretical data in Refs. [44–48].

The partial phonon densities of states are displayed in
Fig. 2 for better understanding of contributions to phonon
structure of each atom. Generally, the low frequency
modes below 300 cm�1 are mainly from Zn atom, and
the high frequency modes (above 360 cm�1) are domi-
nated by the partial DOS of Be. The partial phonon DOS of
Zn1�xBexO indicates clearly that Zn atoms contribute more
to the low frequency region than Be and O atoms, because
of the heavier mass of Zn than the other two atoms. It is
interesting to note that there exits overlaps between
optical phonons and acoustic phonons in a broad fre-
quency for Zn0.5Be0.5O, Zn0.25Be0.75O and BeO. This is
different in the case of Zn0.75Be0.25O and ZnO, as there is
a phonon band gap at frequency about 78.55 cm�1 and
125.45 cm�1 for Zn0.75Be0.25O and ZnO, respectively. This
can be understood from the atomic masses of O, Be and Zn,
while the significantly large atomic mass of Zn results in
the phonon band gap.

The vibration motions of low-frequency region
(r300 cm�1) are mainly related to the translational move-
ments of Zn and O atoms. The vibration motions of E2 mode
at 98.02 cm�1 translational movements of Zn and half of O
atoms, and the Be and half of O atoms are kept still. In
addition, the translational vibrations in the high-frequency
region (Z360 cm�1) are mainly related to the movements of
Be and O atoms. For the E1 mode at 375.86 cm�1, the Be and
O atoms have translational movements with each other along
the y axis and half of Zn atomsmove in the opposite direction
along the y axis. It can be seen from Fig. 3 that at the E2 mode
(at 650.64 cm�1) the Be atoms have translational motions
move opposite each other along the y axes and half of O
atoms move against each other along the y axis, while all Zn
and half of O atoms keeping still. For the E1 mode (at
661.03 cm�1) involves the translational movements of Be
and half of O atoms, Be atoms move in the opposite direction
along the y axis and one half of O atoms move along the y
axis, and the other half of O and all Zn atoms nearly are kept
still. The A1 mode (at 754.87 cm�1) involves the translational
movements of Be and half of O atoms. Be atoms move along
the z axiswith one half of O atoms move against each other
along the z axis, and the other Zn and half of O atoms nearly
are still. For the silent B2 mode at 770.90 cm�1, involves the
translational movements half of O and Be atoms. The half of O



Fig. 4. The calculated thermodynamic properties for Zn1�xBexO in the temperature range of 0–2000 K, (a) enthalpy, (b) free energy, (c) T*entropy, (d) heat
capacity and (e) Debye temperature.
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and Be atoms move against each other along the z axes, and
the Zn and half of O atoms are still.

3.3. Temperature-dependent thermodynamic properties

The temperature-dependent thermodynamic proper-
ties of a crystal, such as the energy (E), entropy (S), free
energy (F) and lattice heat capacity Cv, can be calculated
from their phonon density of states as a function of
frequencies [30]. The temperature dependence of the
energy E can be obtained using

E Tð Þ ¼ EtotþEzpþ
Z

ℏω

exp ℏω=kBT
� ��1

g ωð Þdω ð6Þ

where Ezp is the zero point vibrational energy, kB is the
Boltzmann constant, ħ is the Planck constant and g(ω) is
the phonon density of states. Ezp can be evaluated as

Ezp ¼ 1=2
Z

g ωð Þℏωdω ð7Þ

The vibrational contributions to the Helmholtz free
energy F, the entropy S, the constant-volume heat capacity
Cv and the constant-volume heat capacity in the Debye
model CD

V [50] are given by

F Tð Þ ¼ EtotþEzpþkBT
Z

g ωð ÞIn 1�exp �ℏω=kBT
� �� �

dω ð8Þ

S Tð Þ ¼ kB

Z
ℏω=kBT

exp ℏω=kBT
� ��1

g ωð Þdω�
Z

g ωð Þ 1�exp �ℏω=kBT
� �� �

dω

( )

ð9Þ
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Cv Tð Þ ¼ kB

Z
ℏω=kBT
� �2exp ℏω=kBT

� �
exp ℏω=kBT

� ��1
� �2 g ωð Þdω ð10Þ

CD
V Tð Þ ¼ 9NkB

T
ΘD

� �3Z x4ex

ex�1ð Þ2
dx ð11Þ

where N is the number of atoms per cell, and ΘD is the Debye
temperature at a given temperature T. By fitting the theore-
tical CD

V , the temperature dependence of ΘD can be obtained.
The temperature dependence of Helmholtz free energy,

vibration entropy, enthalpy, specific heat Cv and Debye
temperature ΘD forZn1�xBexO solid solutions in range
0–2000 K are shown in Fig. 4. From Fig. 4(a)–(c), below
82 K, the values of the enthalpy, entropy and free energy
for Zn1�xBexO are almost zero. Above 82 K, the free energy
decreases gradually with increasing temperature. How-
ever, when temperature increases, the calculated entropy
and enthalpy increase continually. The free energy is
higher for larger x. This suggests that a solid solution with
lower Be content is thermodynamically more stable. From
Fig. 4(a)–(c), the entropy and the enthalpy decrease with
the increase in beryllium composition.

In Fig. 4(d) and (e), we presented the results of the
temperature dependences of the heat capacity at constant
volume Cv and Debye temperature ΘD for wurtzite Zn1�xBexO.
In the low temperature limit, the Cv exhibits the T3 power-law
behavior, and they all approach at high temperature, the
specific heat approaches to the Dulong–Petit limit
Cv ¼ 3nkB NA ¼ 99:2 J/mol K, with n¼4 is the number of
atoms in primitive cell and NA is the Avogadro's number. At
room temperature, the heat capacities are 77.72, 72.61, 69.67,
59.33 and 48.27 J/mol K with the increasing x, respectively. It is
known that for solids the difference between Cp and Cv is
negligible at low temperatures, our calculated value of Cv is
smaller than the experimental data of Cp¼40.45 J/mol K in
[51] for ZnO, while, our calculated value of Cv for BeO is in
fairly good agreement with the experimental Cv values and
40.18 J/mol K in [52] at room temperature.

The Debye temperature is a suitable parameter to describe
phenomena of solid state physics which are associated with
lattice vibration, elastic constants, specific heat and melting
point. The calculated Debye temperature is shown in Fig. 4(e).
The ΘD increases rapidly below 250 K and reaches a maximum
of 709.66, 908.43, 898.27, 1130.21 and 1262.76 K for Zn1�xBexO
corresponding to x¼0.0, 0.25, 0.50, 0.75 and 1.0, respectively.
The Debye temperature ΘD was measured to be 416 K for ZnO
[53] and to be 1270 K for BeO [54], showing an excellent
agreement with our calculated values. There is no experimental
or theoretical data concerning the heat capacities and the Debye
temperature for Zn0.75Be0.25O, Zn0.5Be0.5O and Zn0.25Be0.75O,
respectively, where our results are predictions.

4. Conclusion

In this paper, a fundamental analysis of the elastic,
phononic and thermodynamic properties of Zn1�xBexO
alloy has been performed using DFT and DFPT calculations.
The calculated equilibrium lattice parameters and elastic
constants are in good agreement with experimental and
theoretical data. Phonon dispersion relations show that
acoustic and optic phonon branches shift to higher fre-
quencies with the increase of Be content, which is due to
the difference between atomic mass (mZn and mBe) and
strong Be–O bond. Calculated phonon dispersions show
that Zn1�xBexO are dynamically stable. The phonon dis-
persion curves, phonon density of states are also calcu-
lated. Zone center phonon frequencies are in good
agreement with experimental Raman spectra. The values
of the heat capacity Cv and the Debye temperature ΘD

change as Be concentration increases from 0 to 100%.
While, our results are in reasonable agreement with the
experimental data and theoretical values for ZnO and BeO.
Finally, the free energy increases with the increasing Be
concentration, while the enthalpy and entropy gradually
decrease with the increasing Be content. Free energy
calculations indicate that Zn1�xBexO is thermodynamically
more stable with lower Be content.
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