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In this work we focused on the effect of the pressure on the material because of its great importance in
different environments. A first principles study has been performed to calculate the structural, electronic,
optical and elastic properties of Zng 75Beg 250 under different pressures. Our results of the transitions from
wurtzite (B4) to rocksalt (B1) structure occur around 11.04 GPa and 13 GPa for ZnO and Zng75Beg 250,
respectively. The lattice constants decrease and the band gap increases with increasing pressure. The
valence band maximum moves to lower energy, whereas the conduction band minimum moves to higher
energy with increasing pressure, so the band gap broadens. The curve shape for optical parameters is
almost unchanged within creasing pressure, but all the peaks moves to higher energy (blueshift). Our
results provide a theoretical reference for the design of UV devices comprising Be-doped ZnO. Finally,
our results are predictions at different pressures.

© 2015 Published by Elsevier GmbH.

1. Introduction

In recent years, scientists have focused on semiconductors since
it has many advantages on the industrial and technological level.
For example, we took in our study ZnO because it is a semiconduc-
tor and has many properties such as the wide band gap and large
excitation binding energy. In addition, ZnO can be used in ultravio-
let optoelectronic applications, solar cell [ 1]. Besides, we can make
alloy by mixing ZnO with materials (BeO, CdO and MgO.. .). ZnO-
based can be used in quantum wells, piezoelectric semiconductors,
and super lattices.

We have studied Zn{_,BexO to increase the band gap, which can
occurs through replacing a Zn atom by a Be atom, in addition, we
know that BeO has the same hexagonal symmetry with ZnO. There
are many investigations in recent years on Zn;_,YxO (Y=Mg, Be)
as follows, Xu et al. [2] have studied the electronic structures of
wurtzite ZnO, BeO, MgO and p-type doping in Zn{_,YxO, the inves-
tigated each of the elasticity, band structure, and piezoelectricity
of BexZn;_0 alloys are presented by Duan et al. [3]. There are also
previous studies focused on Be-composition effect on structural,
electronic and optical properties of BexZn;_,O alloys by Bing et al.
[4], while, Maouche et al. [5] have been focused on the dependence

* Corresponding author. Tel.: +213 0771409403.
E-mail address: said.lakel@yahoo.fr (S. Lakel).

http://dx.doi.org/10.1016/j.ijle0.2015.11.032
0030-4026/© 2015 Published by Elsevier GmbH.

of structural properties of ZnO on high pressure, however, Cui et al.
[6] also have beeninvestigated the structural and electronic proper-
ties of ZnO under high pressure. We found that the first-principles
calculations of optical properties of BeO in its ambient and high-
pressure phases were studied by Groh et al. [7]. In addition, from
the first-principles calculations of phase transition and elastic prop-
erties of BeO under pressure are presented by Yu et al. [8].

Although there is a large number of theoretical calculations on
BeZnO, most of the properties calculated at 0 GPa. In recent years,
most studies have focused on the effect of pressure on the material,
because the materials have applications in different environments
with different pressures. In these papers, we study the structural,
electronic, optical and elastic properties under high pressure.

The present work is organized as follow: a description of the
calculation scheme is given in Section 2, the results are discussed
in Section 3. Finally, we give a summary of this work in Section 4.

2. Computational methods

In this study, all the calculations were conducted through the
use of the CASTEP code [9,10], based on the density functional
theory (DFT) [11]. For the exchange correlation function, we used
the generalized gradient approximation (GGA) in the scheme of
Perdew-Burke-Ernzerh of (PBE) [12]. Pseudo atomic calculations
are performed for each of Be: 252, Zn: 3d'94s% and O: 2s22p*.
We took the Ultrasoft pseudopotentials [13] to model ion-electron
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Fig. 1. Birch-Murnaghan equation of state for ZnO and Zng 75Beg 250, including E-V and P-V.

interactions. In this work, we have used two basic parameters as
the kinetic cutoff energy for plane waves 730eV and 5 x 5 x 6 k-
point mesh according to the Monkhorst-Pack [14] for supercell
system. The geometry optimization was calculated by using Brody-
dene Fletchere Goldfarbe Shanno (BFGS) minimization technique
[15]. The total energy was converged to less than 5 x 10~7 eV/atom
and the maximum ionic Hellmanne Feynman force of per atom was
converged to less than 0.01eV/A. In addition, for more accurate
results for each of the electronic and optical properties, we have
worked to increase the k-points to 8 x 8 x 10.

In order to study the structural, electronic, optical and elastic
properties of Zng 75Bep 250 under pressure. First, we used 2 x 2 x 1
supercell ZnO, where two Zn atoms were replaced by the two of Be
atoms in the supercell.

3. Results and discussion
3.1. Structural properties

The variation of total energy as a function of volume has been
calculated for the optimized structure using the generalized gradi-
ent approximation (GGA), as shown in Fig. 1b-d. From Fig. 1b-d,
we note that the energy decreases with increasing volume to reach
the lowest value (the minimum energy Ep) at the optimal volume
Vo. And also of the curve, we note that the energy increases with
increasing volume after the optimal volume and deduce from it the
system is unstable. Whereas, the minimum energy Eq agrees the
optimal volume Vj.

The energy-volume (E-V) curve in Fig. 1b-d can be obtained by
fitting the calculated E-V results to the Birch-Murnaghan EOS [16],
which is given in Eq. (1):

3 7/3 5/3
9 , VO / VO ! 0
E(V) = Eo—gBo | (4~ B3 ~(14 - 36) L0 +(16-36) 5 | (1)

The pressure-volume (E-V) curve in Fig. 1a-c is fitted to the
Birch—-Murnaghan equation of state (EOS), as shown in Eq. (2):

P(V) = %Bo [(\‘//0)7/3_ (“//0)5/3]

« {1 +%(é—4) {(“//")2/3—1} é}

The bulk modulus By and its pressure derivative é are
determined by fitting the calculated E-V and P-V data to the
Birch-Murnaghan equation of state (EOS). Our results of the lat-
tice parameters, the bulk modulus By (GPa) and its first derivative

(2)

é with other calculations for ZnO and Zng 75Beg 250 at P=0 GPa and
T=0K are presented in Table 1. Through Fig. 1a and b, we note that
our results are in good agreement with results obtained by Feng
et al. [17] for ZnO.

Our results of the lattice parameters (a, ¢) for ZnO are in good
agreement with the experimental value [18] (a=3.25A, c=5.21A)
and the theoretical results [17,19,20]. In addition, we can see that
our results are in excellent agreement with previous theoretical
values [4,23] for Zng 75Beg250. Obviously, due to the non-existence
of the experimental and theoretical results of its pressure derivative

B for comparison, our results are considered as a new reference for
further investigation.

We have calculated the variations of the enthalpy as a func-
tion of pressure for ZnO and Zng 75Beq 250 of two phases (WZ and
RS), which are presented in Fig. 2. In addition, we know that the
enthalpy plays an important role for studding the stability of phase.
When the enthalpies of the B4 and B1 phases are equal that we can
calculated the transition pressure as follows (Hg4(Pt)=Hg1(Pt)). It
can be seen that our results of the transitions from B4 to B1 occur
around 11.04 GPa and 13 GPa for ZnO and Zng 75Beq 250, respec-
tively. Our results of the phase transition pressure from B4 to
B1 are shown in Table 2 for ZnO and Zng75Beg250 along with
previous experimental and theoretical data, which shows the cal-
culated results are in well agreement with latest experimental
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Table 1

Q3 The lattice constants a and c (A), the bulk modulus By (GPa) and its first derivative B of Zng75Beg 250 compared to other theoretical values.
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Structure a(A) c(A) B (GPa) B (GPa)
This work Other calcul. This work Other calcul. This work Other calcul. This work Other calcul.
Zn0 3.281 3.295% 5.296 5317 E-V EOS fitted 129.30 145.41¢ 4.42 4.47¢
3.289° 5.308" 131.5¢ 4.4¢
3.282¢ 5.293¢ P-V EOS fitted 129.35 145.48¢ 444 4.51¢
Zng75Bep 250 3.135 3.134f 5.109 5.076f E-V EOS fitted 143.28 4.20
P-V EOS fitted 143.26 4.19
2 Ref. [19].
b Ref. [20].
¢ Ref. [21].
d Ref. [22].
¢ Ref. [17].
f Ref. [23].
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Fig. 2. Enthalpy as a function of pressure for ZnO and Zng 75Beg 250 of two phases (WZ and RS).

Table 2
Transition pressure (P;) of ZnO and Zng 75Bep 250 from the B4 to the B1 phase.
Structures P; (GPa)
Present work Experimental Other calculations
ZnO 11.04 10°,8.7° 11.439¢,11.59¢,9.013¢, 11.8¢
Zl]0_75 BEO_250 13
2 Ref. [24].
b Ref. [25].
< Ref. [20].
d Ref. [26].
¢ Ref. [27].

value and previous theoretical calculations for ZnO. Due to the non-
existence of the experimental and theoretical results of the phase
transition pressure from B4 to B1 for comparison of Zng 75Beg 250,
our results are considered as a new reference for further
investigation.

We choose the pressure less than the transition pressure for
each of ZnO and Zng75Beg250 to avoid possible phase transi-
tions. The variations in lattice constants with the pressure between
0 and 8GPa using GGA and are presented in Fig. 3. We noted
that the lattice constants decrease with the increase of pres-
sure. We know that the difficulty of pressure on the crystal
structure refer to increase the strength of repulsion between
atoms and conclude that each of the lattice parameters and
volume decreased with increasing pressure. Where we found
the relationship between them from the quadratic function as
follow:

(zng 5Beq 050 = 0.0001 P2 — 0.0078 P + 3.1
CZng 75Beq 050 = 0.00013P2 — 0.01P + 5.1

3.2. Band structure

The calculated energy band structures of Zng75Bep 250 along
with the high-symmetry points of the Brillouin zone at 0 GPa and
8 GPa by GGA function are shown in Fig. 4a and b. Through Fig. 4,
we note that each of the valence band maximum (VBM) and the
conduction band minimum (CBM) are located at G point, result-
ing in a direct band gap (G-G). From Fig. 5a it is clear that the
result of the band gap for ZnO (0.747 eV) is in well agreement with
the other calculations (0.75eV [28] and 0.735eV [29]), but much
smaller than the experimental data [30] 3.44 eV. While, our result
of the band gap of Zng 75Bep 250 (1.589 eV) agrees with the theoret-
ical value (1.645eV) [23] at P=0GPa. It is easy to observe that the
band gap increases with the increase of the pressure, as shown in
Fig. 3b. When the pressure increases, the conduction band moves
to the higher-energy region. However, the valence band tends to
shift toward the low-energy region, so the band gap broadens. In
addition, the energy band gap of Zng 75Beg 250 can be expressed as
a function of pressure by the following formula:

EZno75Be0250(P) = —0.00021 P? +0.016 P + 1.6
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=0GPa

G H K G M L H
Wave vector (K)

=y

Energy (eV)

H G
Wave vector (K)

Fig. 4. Band structures of Zng75Beg 250 at (a) P=0GPa and (b) P=8 GPa.

The partial density of states (PDOS) has a role in determining the
information about the electronic nature of the material. We note
that the partial density of states gives the contribution of each atom
as follows Zn (3d/4s), Be (2s) and O (2s/2p). It is seen from Fig. 5b
that the largest contribution lies in the orbital O: 2p at the upper
valence band (—3.40 to 0eV). Whereas, the biggest contribution
represents in the orbital of Zn: 3d at the lower valence band (—6.55
to —3.40eV). While, it seems the strongest contribution appears in
the orbital of O: 2s at region between —18.22 eV and —16.55 eV for
ZnO. However, the partial density of states of Zng 75Beg 250 at 0 and
8 GPa are presented in Fig. 6. From Fig. 6, we can see that at zero
pressure, the valence band region from —18.26 eV to 0 eV consists
of three regions. The first region from —18.26eV to —16.71 eV, we
observe that the largest contribution lies in the orbital O: 2s with the
smallest contributions of orbitals (Zn: 4s/3d and Be: 2s). Whereas,

0 T
~ == L1
20-85: 2 N\
154 < 327
,-\10'? L :'>\
S -
2 5- 1=
5,0
é’ —— —
= |
10 ]
154
mG A H K G M L H
Wave vector (K)

the second region between —6.37 eV and —3.27 eV, we can see that
the biggest contribution represents in the orbital of Zn: 3d with the
least contributions of the orbitals (Zn: 4s, Be: 2s and O: 2p), while
the third region from —3.27 to 0 eV, the strongest contribution rep-
resents in the orbital O: 2p with negligible contributions of orbitals
(Zn: 3d and Be: 2s). When the pressure increases, the orbitals of the
conduct band (CB) have moving toward higher energy. While, the
orbitals of the valence band (VB) moving to lower energy, which
results in an increase of the band gap.

3.3. Optical properties

We know that the relationship (@) =¢1(w) +iez(w) has a role in
describing the optical properties of materials. Whereas, the imagi-
nary part &;(w) of the dielectric function can be obtained from the

—————r—————
B
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Fig. 5. Band structure (a) and partial (PDOS) density of states (b) of ZnO at P=0 GPa.

Please cite this article in press as: F. Elhamra, et al., Pressure effect on the structural, electronic, optical and elastic properties of
Zng.75Bep 250 from first-principles calculations, Optik - Int. J. Light Electron Opt. (2015), http://dx.doi.org/10.1016/j.ijleo.2015.11.032

181
182
183
184
185
186
187
188
189

190

191
192

193


dx.doi.org/10.1016/j.ijleo.2015.11.032

194
195
196
197
198
199

200

201

202

203

204
205
206
207
208
209
210
211
212
213
214
215
216
217

G Model
IJLE0567291-8

F. Elhamra et al. / Optik xxx (2015) XXX-xXX 5
28 T T u T 28 T u T T T T T
@ P=0GPa ——O-3 ™ P= 8GPa O-s
21} e O-p | 21 fb | ——0.p|-
14 b R 1.4 b l -
o7 | [\/\ . (X \ M‘ 4
00 M l. N Ql a8 o 1 . 0.0 N l. PN N IS
-7 | ——Be-s/|
g o 4 g ovc} -
2 3
s 0.60 - 4 5 osof :
% 0.2% - ‘g 0.2% B
= 0.00 1 1 L 1 1 s s 2 1 A = 0.00 1 1 1 2 1 L 1 A e 2 o L
00+ Zn-s | 4 0.0} n-s
| Zn-d Zn-d|
s ¥ L - -y s l“ A
30k [l 4 Y s {1 ]
| Il
1.5 | \ S 1.5 ( -
\ \
0.6 lamtaia s o hos ey . PPN NN .. S-S .
2% 20 -1% .10 -5 o -3 10 15 20 2% 0 3 -2% -20 -1 10 -5 o S 10 15 20 2% 30 IS
Enorgy(oV) Enorgy(oV)

Fig. 6. Partial (PDOS) density of states for Zng75Be 250 at (a) P=0GPa and (b) P=8 GPa.

422

T T T T
1 . —a—(100)
4204 . *—(001)
4 (@) . ]
.18+ °
§ el :
16 .
g 1 L] © 1
2 4144 B
o - “
£ <2 - 4
S 4 -
-§ 410 .
) 4 -
408+ L]
- -
405+ -
v Y Y T T
o 2 < 6 8
Pressure (GPa)

T T - .
2 —Y
f (001) aGPal |
i ——8GPa
Ay
34 43
= | -
2 |
.
T ‘
[yl
1.4 { ]
‘ 4
| —~—
|
O it T T e ——
0 10 20 % ) 0
Energy (eV)

Fig. 7. The static dielectric constant along polarization directions (00 1) and (100) (a) and the imaginary part of the dielectric function along polarization direction (001)

(b) of Zng75Bep 250 as a function of pressure.

momentum matrix elements between the occupied and unoccu-
pied electronic states. Also, the real part £1(w) can be calculated
by using the Kramers-Kronig relation. In addition to the rest of the
optical parameters such as the absorption coefficient a(w), refrac-
tive index n(w) and extinction coefficient k(w) can be calculated
from Imaginary part and real part of dielectric function, Where is
given according to the following equations [31]:

3 S 1/2
[ auw)+axw)—amwﬂ
Ke) ¢§ (3)
1/2
[ eﬂwf+exwf+eﬂwﬂ
(@) = - (4)
1/2
2321 [ 1) + & (0) - 51(‘0)}
o) — (5)

A

In this section, we have been calculated each of the static dielec-
tric constant, the imaginary part of the dielectric function, the static
refraction index, extinction coefficient and absorption coefficient
as a function of pressure of Zng75Be 250, as shown in Figs. 7-9
respectively.

Our results of the static dielectric constant £1(0) and the
static refraction index n(0) are listed in Table 3 along with the
theoretical value [4] at P=0GPa for ZnO and Zng 75Beg»50. It can
be observed that our results are in agreement with the theoretical
data at P=0 GPa. Unfortunately, there are no experimental results.
Through our results, we observed that the largest value for the
static dielectric constant lies in along polarization direction (00 1)
compared to the direction (100). We can see that the static
dielectric constant decreases with the increase of the pressure in

Table 3
Dielectric constant (&1(0)) and index of refraction (n(0)) of ZnO and Zng75Beg 250 at
P=0GPa.

€1(0) n(0)

(100) (001) (001)
Zn0O 6.83 5.54 2.35

9.472 5.49° 2.35°
Zng75Beo250 4.147 4214 2.05

4.78% 3.98° 1.982
2 Ref. [4].

both along polarization directions (001) and (100). From Fig. 7,
we note that the imaginary part of the dielectric function starts
at about 1.340, 1.412 and 1.50eV along polarization direction
(001) for Zng75Beg250 at 0, 4 and 8 GPa, respectively, which is
in good agreement with the theoretical result at P=0GPa [4].
Unfortunately, there are no experimental results and theoretical
data for comparison at high-pressure, our results are considered
as a new reference for further investigation.

Fig. 8a and b shows each of the static refraction index n(0)
and the extinction coefficient k(w) at different pressures. Through
Table 3, it can be noted that our results are in well agreement with
the theoretical data at P=0 GPa for ZnO and Zng 75Beg 250 in along
polarization direction (00 1). In addition, we can be observed that
static refraction n(0) decreases with the pressure increasing. From
Fig. 8b, We found that the first critical points of extinction coef-
ficient are located at 1.389, 1.439 and 1.539 eV along polarization
direction (001) for Zng75Beg 250 at 0, 4 and 8 GPa, respectively,
which agrees with the theoretical result at P=0 GPa [4].

We have calculated the absorption coefficient along polariza-
tion directions (001) and (100) at different pressures as shown
in Fig. 9a and b. For along polarization direction (001), it can
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Fig. 9. Absorption curves along polarization direction (00 1) (a) and absorption curves along polarization direction (100) (b) of Zng 75Beg 250 as a function of pressure.

be observed that the absorption starts at about 1.563, 1.638 and
1.712 eV. Whereas, the first critical points of absorption start at
about 1.364, 1.414 and 1.539 eV along polarization direction (1 00)
at 0, 4 and 8 GPa, respectively. The starting of the peak for absorp-
tion coefficient is in good agreement with the theoretical result at
P=0GPa [4]. From Fig. 9a and b, we note that the absorption band
broadens with the pressure increasing.

3.4. Elastic properties

Elastic constants characterize the ability of a material to deform
under any small stresses. The effect of strain on the physical prop-
erties is also important in terms of getting some knowledge of the
mechanical properties of the materials. It also helps us in the calcu-
lation each of the specific heat, melting point, Debye temperature,
thermal expansion coefficient and mechanical properties.

The change of elastic constants with pressure between 0 and
8 GPa is shown in Fig. 10. From Fig. 10, we can see that the elastic
constants Cq1, C12, Ci3 and C33 increase rapidly with the increase
of pressure, while, the elastic constant C44 decreases slowly with
the pressure increasing. In addition, we know that the elastic prop-
erties have a role in determining the mechanical stability of any
solid structure by stability criteria. Whereas, stability criteria of
the hexagonal structure is given in the following equation Eq. (1)
[32,33].

Ci1>0, Ci1—Ci2>0, Cag>0, (Cqq+Ci2)C33-2C3>0

(6)

Our results agree well with the Eq. (1). And from it we can
deduce that the Zng 75Beq 250 crystal is mechanically stable at dif-
ferent pressures. In addition, the elastic constants and mechanical
properties of ZnO and Zng 75Be 50 at 0 GPa are given in Table 4,
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Fig. 10. Calculated elastic constants of Zng 75Bep 250 as a function of pressure.

together with the available theoretical data and experimental
value.

In addition, each of the shear modulus G and bulk modulus B can
be calculated by using the following approximations Voigt, Reuss
and Voigt-Reuss-Hill [34-37], as show in the Egs. (2)-(7).

1 1
Gy = §(2C11 +C33—Ci2 —2Ci3) + §(2C44 + Ces) (7)
2
By = §(C11 + Ci2 + 2C13 + G33/2) (8)
By = ! 9
R 2(S11 +S33) + 2(S12 + 2513)
15
Gr = 10
R= 4(2S11 +S33) — 4(S12 + 2513) + 3(2544 + Ses) (10)
By = (1/2)(By + Br) (11)
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Table 4
Calculated elastic constants C; and mechanical properties for ZnO and Zng 75Beo2s0 at zero pressure, including the reported theoretical value from reference.
Cni Ci2 Cis Cs3 Caa B E G v
Zn0 188.96 110.32 90.41 200.97 36.87 129.00 113.83 41.25 0.355
206° 120° 1182 2112 4432 131.5¢ 111.2¢ 44¢ 0.349"
1848 938 778 2068 56
215.7" 136.1" 122.7" 249.6" 38.6"
Zng75Beg250 215.41 108.27 96.35 258.62 49.67 143.25 148.09 55.77 0.328
231" 136.5" 120" 306" 50" 167.48" 227.63"
a Ref. [38].
b Ref.[39].
¢ Ref. [17].
d Ref. [40].
e Ref. [41].
f Ref. [42].
& Ref. [43].
h Ref. [3].
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Fig. 11. Calculated mechanical properties (a), the B/G (b) and Poisson’s ratio v (c) of Zng75Bep 250 as a function of pressure.

Gu = (1/2)(Gy + Gr) (12)

The Young’'s modulus and Poisson’s ratio are calculated
from shear and bulk modulus by using approximation of
Voigt-Reuss-Hill [34].

9BG

E=3p7¢ (13)
3B-2G

“=3BB+0) (14)

The variation of mechanical properties and the ratio of bulk
modulus to shear modulus for Zng 75Beg 250 with increasing pres-
sure are shown in Fig. 11. From Fig. 11, we found that the bulk
modulus (B) and Poisson’s ratio (v) increase as the increase of the
pressure. However, the shear modulus (G) and Young’s modulus
(E) decrease slowly with the pressure increasing. We know that
the ratio of bulk modulus to shear modulus (B/G) is important for
understanding ductility and brittleness of the material. Moreover,
the ratio of shear modulus to bulk modulus (B/G) has been evalu-
ated by Pugh [44]. Whereas, the critical value of (B/G) is about 1.75.
If B/G<1.75, the material behaves in a brittle manner, otherwise,
the material behaves in a ductile. Through Fig. 11, we note that
the value of the (B/G) is larger than the critical value, indicating a
ductile nature of Zng 75Beq250. Additionally, Poisson’s ratio plays
an important role for the description of the bonding forces [45].
For central force solids the value of Poisson’s ratio (v) is between
0.25 and 0.5 [46]. It can be noted that the value of Poisson’s ratio is
between 0.25 and 0.5, which indicates that inter atomic forces are
central forces in Zng 75Beq 250. Through Table 4, our results are in
well agreement with the theoretical values and experimental data
[17,38-44] at P=0GPa.

4. Conclusions

In this work, first-principles DFT calculations revealed that
lattice constants (a, ¢) of Zng75Beg250 decrease with increasing
pressure. The valence band maximum moves to lower energy,
whereas the conduction band minimum moves to higher energy
with increasing pressure, so the band gap broadens. As we con-
clude that the band gap increases with the pressure increasing. The
curve shape for the optical parameters are almost unchanged as
the pressure is increased, but all the peaks move to higher energy.
We have also calculated the values of static dielectric constants
£1(0) and static refraction index n(0) along polarization directions
(001) and (100). We observed that the values of ¢1(0) and n(0)
decrease with an increase in pressure. We calculated the values of
elastic constants and mechanical properties at different pressures.
Through the results we observed that the elastic constants Cy1, Cy3,
Cy3 and C33 increase rapidly with the increase of pressure, while,
the elastic constant Cy44 decreases with the pressure increasing. We
conclude that our results at 0 GPa are in good agreement with the-
oretical values and experimental data. Finally, Our results provide
a theoretical reference for Be-doped ZnO applications such as band
gap modulation for UV devices.
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