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ABSTRACT

This study presents the structural, thermodynamic, electronic, and optical
properties of the -BeO phase of ZnO under negative pressure calculated via
first-principles method. We analyzed the phase transition by the local density
approximation, and we find that the structural phase transition from wurtzite
B4 to metastable $-BeO phase occurred at — 10.2 GPa. We used the Debye
model to calculate the thermodynamic properties. The results show that the
bulk modulus decreases with increasing temperature or decreasing pressure
whereas the heat capacity and thermal expansion coefficient increase with
increasing temperature or decreasing pressure. We employed the hybrid func-
tional (Becke-Lee-Young-Parr exchange-correlation functional) method to pre-
dict the electronic and optical properties. The band structure calculations
confirmed that the -BeO phase possesses an indirect wider band gap than that
of B4 phase. Redshift in band gap energy and optical properties are observed
with decreasing pressure. The dielectric function &;(w) calculations validate that
the f-BeO phase exhibits metallic behaviour at around 16.3 eV, whereas optical
constants exploration has confirmed its transparent nature. The present study
proves that the f-BeO phase ZnO may be potentially applicable in next-gener-
ation electronics. Additionally, it is helpful in material sciences to understand
and examine the surrounding pressure during a variety of mineral formation
processes.
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Introduction

Energy conversion and storage materials have
specific requirements on material band gaps, for
example, thermoelectric materials generally demand
the band gaps are smaller than 1 eV [1-3]. Recently,
ZnO has been extensively studied under pressure
due to its wide band gap and outstanding optical
properties [4-8]. It has emerged as a prominent
semiconductor with various technological applica-
tions, including piezoelectric devices [9], optoelec-
tronic devices [10, 11], solar cells [12], photodetectors
[13], photocatalyst [14], energy generation devices
[15], energy storage devices [16] and thermoelectric
devices [17]. ZnO is found as a rare mineral zincite
that exhibits a hexagonal structure [18, 19]. At
ambient conditions, its wurtzite (B4) type structure is
found to be potentially stable. It is known that the
application of external pressure induces a substantial
change in the crystal structure as well as the ther-
modynamic, electronic, and optical properties of
materials [20]. Hence, lots of works studied on the
phase transitions and the properties of ZnO have
been carried out [21-27] by using experimental
techniques, computational methods [28, 29], and
pressure equipment [30].

Experimental investigations using x-ray diffraction
and Mossbauer spectroscopy techniques revealed
that the wurtzite (B4) phase ZnO can transform into
the rock salt (B1) phase ZnO by applying high pres-
sure [31-33]. Meanwhile, several theoretical studies
have also found the pressure-induced direct transi-
tion of the B4 phase to the B1 (wurtzite), B2 (CsCl), B3
(zinc blende), and B10 (PbO) phase ZnO [34-38]. The
search for new possible transition routes of the
wurtzite (B4) ZnO and its intermediary phases are a
focused area in the material sciences. Molepo et al.
predicted potential BN (By) and NiAs (B8;) type
modifications in ZnO structure at high pressure [39].
Zhenwei Li et al. using ab-initio calculations pro-
posed PbO (B10) type intermediary structure in the
transition route from the Bl to B2 phase [40]. Until
now, studies have focused mostly on characterizing
the phase transitions in ZnO and their accompanied
properties under high pressure. Recently Zagorac
et al. proposed a new intermediate f-beryllium oxide
(p-BeO) type structure in the transition route from B4
to B2 phase [41]. The f-BeO phase is supposed to be a
metastable state, which can be achieved by the
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application of low pressure (negative pressure) on
wurtzite (B4) ZnO. Previously, Singh and Tripathi
have investigated the -BeO phase using the GGA
method [42]. However, based on the literature review
it is found that the structural, thermodynamic, and
optoelectronic properties of f-BeO phase ZnO are
still not studied in detail under varying decreasing
pressure. The thermodynamic, structural, and opto-
electronic properties of the f-BeO phase are signifi-
cant in identifying the ZnO structure under pressure
and designing various electronic devices [43-46].

Band gap plays an important role in the properties
of materials, for example, a small band gap can cause
the excellent electrical conductivity of thermoelectric
materials [47, 48]. It is well-known that the wide band
gap of materials can also result in extraordinary
properties and application-oriented behaviour of
materials. Therefore, tuning the band gap is a focus in
both theoretical and experimental material sciences.
First-principles method based on the density func-
tional theory (DFT) technique, is a well-known com-
putational method to explore the structural transition
phenomena and properties of various materials
[49-52]. However, first-principles with local density
approximation (LDA) and generalized gradient
approximation (GGA) computational methods can-
not accurately estimate the band gap of metal oxide
such as ZnO [53]. Furthermore, some researchers
have found that the hybrid functional (Becke-Lee-
Young-Parr exchange—correlation functional
(B3LYP)) is an efficient approach to providing a
reliable estimation of band gap and optical properties
[54-57].

In this paper, based on the Debye model and first-
principles method, we have systematically investi-
gated the structural, thermodynamic, electronic, and
optical properties of the recently predicted f-BeO
phase of ZnO under variable negative pressure. First,
the phase transition from B4 to f-BeO phase was
found successfully by the LDA approximation. Then,
the structural properties of the f-BeO phase were
calculated to check its stability under different pres-
sure conditions. The thermodynamic properties were
calculated to investigate its thermodynamic perma-
nence. Finally, the calculated electronic and optical
properties demonstrated the nature of the f-BeO
phase. Seemingly, this work introduces the S-BeO
phase as a potential candidate material for develop-
ing nanostructured devices such as ZnO-based
nanolasers in the chips tailored by pressure [58].



Moreover, the literature review has established that
the ZnO from mineral inclusions provides informa-
tion about the formation of minerals. Therefore, for-
mation pressure can be determined based on this
study [59].

Computational details

First-principles calculations were performed using
Cambridge Sequential Total Energy Package
(CASTEP) Program prompted in density functional
theory (DFT) based on materials studio program
[28, 60]. The procedures involved simulation, geom-
etry optimization, and calculation of structural, elec-
tronic, and optical properties of B4 and -BeO phase
ZnO. The initial lattice parameters of the B4 phase
take the experimental parameters and those of the
BeO phase adopt the theoretical value [31, 33, 41].
After the stimulation of B4 and f-BeO type ZnO
structures, we used the local density approximation
(LDA) and Ceperley-Alder, and Perdew-Zunger
method (CA-PZ) to get enthalpy [61]. Hydrostatic
pressure is applied within the Parrinello-Rahman
method [62]. The enthalpies we calculated were used
to find the phase transformation pressure for the
phase transition from B4 to -BeO phase. The Mon-
khorst-Pack k points of 7 x 7 x 4 for B4 phase and
4 x 4 x 7 for the f-BeO phase were used for the first
Brillouin zone sampling. The used displacement,
stress, and maximum force are 0.002 A, 0.1 GPa, and
0.05 eV/A, respectively. The convergence energy was
fixed at 2 x 107 eV/atom, and the cutoff energy was
500 eV. The electronic arrangement of Zn and O
atoms in the B4 and -BeO phases were 34'%4s” and
25°2p*, respectively. We adopted the spin polariza-
tion, ultrasoft pseudopotentials [63], and Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm [64] to
handle electron—electron interactions. We found the
total energy of B4 and f-BeO structures for different
volumes by the LDA method, and then we plotted an
energy-volume curve.

Becke three-parameter Lee-Yang-Parr functional
(B3LYP) with separate X-C functional parameters
[65], which is the hybrid correlation function, and the
norm-conserving pseudopotentials were employed to
evaluate the band structure and optical properties
under controlling negative pressure. The applied
value of X-C functional in this calculation was 0.4.
The calculated band gap of B4 phase ZnO was

3.44 eV [66]; all observed properties match well with
the experimental outcomes. This result confirms the
reliability of the applied methodology and compu-
tational parameters. In these calculations, we used
4 x 4 x 2 monkhorst-pack k points for B4 and
2 x 2 x 3 for the f-BeO phase, and the cutoff energy
was fixed at 1150.0 eV, which indicates that the plane
wave in our calculations has kinetic energy (i%k*/
2 m) below 1150.0 eV. The cutoff energy we have
taken can guarantee accuracy and convergence with
limited computational resources. All calculations in
this work were performed in reciprocal space.

The thermodynamic properties of B4 and f-BeO
phase ZnO were estimated by employing the Debye
model. Bulk modulus B was calculated by the Vinet
equation of state (EOS) [67, 68]. Because the melting
temperature of the wurtzite B4 ZnO is approximately
2248 K [69], we calculated the thermodynamic
properties of B4 and -BeO phase ZnO up to 2000 K.
The value of thermal expansion coefficient (x) and
heat capacity C, are calculated by Egs. (1) and (3).

1 av(T)
o(T) = WiaT (1)
B o} 30T
Cy = 3nk [4D (T> - “P(@/T>—J (2)
Cp=Cy +o’BVT (3)

In Eq. 2, D denotes Debye integral and ® symbol-
izes the temperature. The ©, D, and f(v) are calculated
by Egs. (4), (5), and (6). v is Poisson’s ratio in Eq. (6).
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where “M” and “n” are molecular mass per formula
(81.38) and the number of atoms per unit cell (2) of
ZnO in the -BeO phase. The parameter “y” in Eq. 5 is
O/T (O is Debye temperature). “x” in Eq. 5 is hw/
kgT. “h” is reduced Planck’s constant or Dirac con-
stant. “kg” is the Boltzmann constant. The Poisson’s

ratio used in our calculation is 0.23 and 0.29 for -BeO
and B4 phases.

3
D(y) = 5 dx (5)
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Results and discussion

Phase transitions, structural
and thermodynamic properties

The pressure brought structural phase transition
results in inducing unique optoelectronic properties
in material structures. In this study, the transition of
the wurtzite (B4) structure of ZnO to metastable (-
BeO structure is achieved by decreasing pressure.
Enthalpy (H) of B4 and -BeO phase was calculated
by doing geometry optimization under pressure
range 0 ~ —18 GPa using the LDA method. The
optimized structures of B4 and $-BeO type ZnO are
displayed in Fig. 1. It is observed that enthalpies of
B4 and fS-BeO phases decrease with decreasing
pressure. At the transition point, the enthalpy value
of both phases became equal, and the structural
phase transition is detected. The calculated transition
graphs shown in Fig. 2 reveal that using the LDA
method, the transition from B4 to f-BeO phase is
found at —10.2 GPa. We also calculated the phonon
dispersion of -BeO phase ZnO and show it in Fig. 3.
In Fig. 3 we can see that the phonon dispersion has
positive and imaginary values under —15 and 0 GPa
respectively, which means f-BeO phase ZnO is
stable under —15 GPa. The result of phonon disper-
sion has the same conclusion with that of enthalpy
shown in Fig. 2. The acquired transition pressure
matches well with the predicted values reported by
Zagorac et al. [41].

Structural properties play a significant role in
persuading the electronic and optical behavior of
materials. The calculated fundamental structural
aspects of the B4 and f-BeO phases, such as crystal
lattice parameters, bond angles, and bond lengths at 0

Figure 1 The optimized (a)
lattice structures of the B4

—T T T T T T T T T T T T
-2228.0F .
| —=— B4 Phase ZnO
22285k —® B-BeO Phase ZnO i
) L
>
0 -2229.0F -
> L
=
E -22295¢ LDA Method
= A
=
/) -2230.01 -
-2230.5 Transition Pressure 7
r -10.2 GPa
-2231.0r R
L 1 " 1 L 1 " 1 1 " 1 n 1 n 1 " 1 " 1 n
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2
Pressure (GPa)

Figure 2 The enthalpy versus pressure graph for B4 and f-BeO
phase. The cross point in the blue rectangle is the phase transition
from B4 to -BeO phase.

GPa and transition point —10.2 GPa, are listed in
Table 1. The present calculation results are compared
with previous structural data calculated by compu-
tational and experimental means. The trend of
increasing lattice constants is observed with
decreasing pressure. At 0 GPa, the lattice constants of
-BeO phase were a = b = 5.451 A, ¢ = 3.215 A which
later increased to a =b =5.666 A, ¢ =3.244 A by
applying the pressure —10.2 GPa. The cell volume
increased from 23.892 A at 0 GPa to 26.048 A at —10.2
GPa. The bond length also firmly increases from 2.809
A at 0 GPa to 2.877 A at —10.2 GPa, ultimately
influencing the hybridization of the Zn-O bond.
Interestingly, the results have demonstrated that
pressure has not affected the bond angle as its value
o= f =7y =290°is found the same at both 0 GPa and
—10.2 GPa. Based on the enthalpy calculation shown
in Fig. 2, it is found that the B4 phase possesses a low

a and $-BeO phase b at 0 GPa.
The red balls denote oxygen
atoms and the gray ones
specify zinc atoms in the
crystal.
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Figure 3 The calculated phonon dispersion for -BeO phase ZnO under 0 and —15 GPa.

Table 1 The calculated lattice

parameters, bond lengths, and Pressure (GPa) Phase Reference a=b(A) c(A) Bond Length (A)  Volume (A
;E:;I:;Sng)ra?g Z‘fa ’i -lzeo 0 B4 Exp 3.249 5.206 23.81
- E 3.249 5.204 23.79
transition pressure —10.2 GPa. Ti(lre)o . 32562 59563 1.99
We compared our results with Theoryd 3‘ 209 5‘ 128 ' 780
the previous theoretical and Theoze 3' 19 5' 18 '
experimental results Present  3.191 5168 1.953 22.796
BeO Theory® 5.45 3.20
Present 5.451 3.215 2.809 23.892
—10.2 B4 Present 3.273 5.292 2.003 24.559
BeO Present 5.666 3.244 2.877 26.048
31]
°[33]
‘[38]
39]

[41]

enthalpy value at “0” pressure and temperature
conditions. It suggests that the B4 phase is the more
stable phase.

The energy-volume relation was also determined,
and the acquired results are plotted as a graph in
Fig. 4. At equilibrium positions, the B4 and B-BeO
phase ZnO possess low energy. Moreover, the graph
shows that the minimum energy value calculated for
the B4 phase is lower than the minimum energy
value of the BeO phase. Hence, B4 is found to be a
more stable phase. The point of intersection in the
graph epitomizes that energy for the B4 and f-BeO
phases are equal, and the structural phase transition
begins after that point. The order of equilibrium

energy, e.g., B4—f-BeO, evidenced the phase transi-
tion from B4 to -BeO under pressure.

The thermodynamic properties under varying
pressure are important for the practical applications
of B4 and -BeO phase ZnO. The calculated thermo-
dynamic properties are shown in Fig. 4b—d, and our
resulted values are in good agreement with the pre-
vious investigation reports of Seko et al. and Wu et al.
[70, 71]. Figure 4b shows that the bulk modulus of B4
reduces with increasing the temperature or decreas-
ing pressure. The determined bulk modulus value
“B” of the f-BeO phase is lower than the B4 phase,
which means the f-BeO phase is easier to compress
than that of the B4 phase. Moreover, the bulk
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Figure 4 a Energy as a function of volume E(V) graph for B4 and f-BeO phase of ZnO calculated at different fixed volumes, b The bulk
modulus B, ¢ heat capacity C,,, d thermal expansion coefficient (o) versus temperature and pressure.

modulus of the B4 phase decreases faster than the -
BeO phase, which can be used to detect the phase
transformation. Figure 4c expresses that the value of
Cp increases expeditiously before reaching a tem-
perature of 246 K, and then its value became the
Dulong-Peti limitation (49.7 Jmol™' K™') around
700 K. The calculated thermal expansion coefficient a
is shown in Fig. 4d. The « value rises with increasing
temperature or decreasing pressure. It is found that
the o increases fast below 220 K and slow above
220 K. With decreasing pressure, the o value also
increases rapidly. At transition pressure and 0 K, the
B, o, and C, decreased compared to the B4 phase,
which indicates the phase transition from B4 to f-
BeO. These results also help to explain the change in
B, o, and C, aspects of materials under pressure in
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various geological processes. Additionally, the cal-
culated thermodynamic properties can be used in
developing various electronic devices.

Band gap and structure

Band gap and structure reveal the nature as well as
electronic aspects of materials under applied pres-
sure. Besides, these significant qualities also con-
tribute to induce the transformation of excellent
optical properties. To accurately examine the bands
of optimized B4 and -BeO phase ZnO structures, we
used the hybrid functional (B3LYP) method. The
calculated band structure of the B4 phase in the
energy range —10 ~ 25 eV under varying negative
pressure is given in Fig. 5a. The result shows that the
valence band maximum (VBM) and conduction band



minimum (CBM) lie at same point (I'-I'). Hence it
possesses a wider and direct band gap. The band gap
is observed to decrease with decreasing the applied
pressure. According to the results shown in Fig. 5c,
the band gap of the B4 phase at 0 GPa is found
3.44 eV, and later it decreases to 3.34, 3.23, and
3.16 eV at —4, —8 GPa and transition pressure —10.2
GPa, respectively. We used a quadratic equation E, =

3.44 +0.0227p — 4.64 x 10~*p? to fit the band gap (eV)
and pressure (GPa). The estimated band gap value
and trend of decrease in band gap with decreasing
pressure are found same as stated in the previous
reports. The conduction band shifts to the upper

(a) B4 Phase
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B LY - N ]

Energy (eV)

Figure 5 a The calculated band structure of B4 phase under
0 ~ —10.2 GPa, b The estimated band gap values against
pressure graph for B4 phase ZnO, ¢ band structure of -BeO phase

energy level because of the improved repulsion in
zinc (Zn) and oxygen (O) atoms. This atomic repul-
sion is linked to the change in bond and electronic
cloud repulsion. Furthermore, the valence band is
shifted to low energy because the Zn-O hybridization
is enhanced.

We compared our calculated bandgap with other
related reports (listed in Table 2). Our calculated
band gap of B4 phase is 3.44 eV, which is found close
to the previous experimental values (3.44 [66], 3.40
[5,72], and 3.30 eV [73]). Moreover, this value 3.44 eV
is also close to the previous theoretical results 3.761
[6], 3.21 [41] and 3.41 eV [74, 75]. Some researchers
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pressure graph for -BeO phase ZnO.
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have found underestimated bandgap values (0.759,
0.830 [26] and 2.46 eV [76]) for B4 phase ZnO. This is
because that these values were gotten using the usual
first principles, which generally has the shortcoming
of the underestimate band gap. Our calculated band
gap is close to experimental values and major calcu-
lation results, which show that our results are
reliable.

Bands calculation for f-BeO phase ZnO under
negative pressure range 0 ~ —18 GPa shows signif-
icant results (Fig. 5b and d). At “0” GPa, the con-
duction band minimum and valence band maximum
appear at the different points, so it is predicted to
possess an indirect band gap. It is found that the f-
BeO phase possesses large band gap energy of
3.53 eV. The large band gap expresses that the f-BeO
phase is potentially active at a high temperature and
in the ultraviolet region. For BeO phase ZnO, there
are no experimental research for reference whereas
previous computational investigations shown band-
gap values 3.04 [25], 3.31, 1.31 eV [41], 2.85 [23], and
0.72 eV [77]. Our present calculated value 3.528 eV is
greater than underestimated bandgap values and
close to larger values. It is found that, with decreasing
pressure, the band gap progressively decreases to
3.43, 3.28, 3.19, 3.06, 3.00 and 2.90 eV at —4, -8,
—10.2, —13.5, —15 and —18 GPa, respectively.

Table 2 The calculated band gap (eV) for B4 and f-BeO phase
ZnO under 0 GPa. We compared our results with the previous
theoretical and experimental results

Phase Theoretical Experimental Reference
B4 - 3.44 66
- 3.40 5,72
- 3.30 73
3.44 - Present work
3.761 - 6
0.759 - 26
0.830 - 26
3.21 - 41
3.41 - 74, 75
2.46 - 76
BeO 3.528 - Present work
2.85 - 23
3.04 - 25
3.31 - 41
0.72 - 77
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In order of magnitude of energy dispersal, have
made a clear analytical approach that the band gap
steadily decreases with decreasing pressure. Hence,
they are proportional to energy transformation. The
narrowing band gap changes the electronic proper-
ties, which leads to the rise of a shift in the optical
properties. The conduction band is shifted to a low
energy level due to decreasing repulsion in Zn-O
atoms. Simultaneously, the valence band is shifted to
high energy due to the reduced Zn-O bond
hybridization. A quadratic equation E, =3.54 +

0.028p — 5.35 x 10~*p? was used to fix the band gap,
here E; expresses energy (eV), and p represents the
pressure in (GPa). The applied quadratic equation
also helps to measure the pressure and detect the f-
BeO phase of ZnO.

Electronic density of states

The electronic density of states is a key factor that
determines the optical properties. We calculated the
total density of states (DOS) and partial DOS (PDOS)
to evaluate the contribution of different electronic
states in inducing optical properties. The B4 phase is
calculated under the pressure range 0 ~ —10.2 GPa,
whereas the f-BeO phase is calculated under
0 ~ —18 GPa; the acquired results are plotted in
Fig. 6. The Fermi level for this calculation was set as
0 eV. The lower value and upper value of the valence
band for the B4 phase at 0 GPa and —10.2 GPa are
differentiated through the energy —6.0 and —6.2 eV,
respectively. It is observed that varying pressure has
affected the hybridization. The resulting DOS is
expended due to repulsion in the Zn-O bond.
Furthermore, the change of valence band to low
energy and the conduction band to an upper energy
level is observed critically. Hence the expansion in
DQOS, shifting of peaks, and variation in their shape
clearly demonstrate the rise of interesting optical
properties. We will discuss the relation of total DOS
and partial DOS acquired for the -BeO phase in
detail as an example. The corresponding relation for
the B4 phase can be understood in the same manner.
Figure 6b displays that for the -BeO phase, the
bands at 0 GPa and transition point —10.2 GPa are
distinguished through the energy —5.2 and —5 eV.
The valence band energy (—8.7 ~ 0 eV) at 0 GPa has
resulted from two parts. The wupper region
(—=5.2 ~ 0 eV) is linked to O 2p electronic state, and
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Figure 6 The calculated total and partial electronic density of states (DOS) of a B4 phase ZnO under 0 ~ —10.2 GPa, b -BeO phase at
(0 ~ —18 GPa). The vertical line at “0” shows the Fermi level between the valence and conduction band.

the lower region (—8.7 ~ —5.2 eV) originates from
the Zn 3d electronic state. Additionally, the valence
band energy (—19 ~ —17 eV) arises from the O
2s state, whereas the conduction band from O 2s, O
2p, Zn 4s, and Zn 3p electronic states. Furthermore, at
transition pressure —10.2 GPa, the valence band
—8.5 ~ 0 eV is separated by two regions. The region
of energy —5 ~ 0 eV ascribes to the O 2p electronic
state, whereas the energy range —8.5 ~ —5 eV to the
Zn 3d state. Simultaneously, another valence band
energy ranges in —18.5 ~ —16.5 eV attribute to the O
2s state. On the other hand, the conduction bands are
produced due to the O 2p, Zn 4s, and Zn 3p electronic
states. The strong hybridization of Zn 3d and O
2p states results in inducing the Zn-O bond, which
conveys that ZnO possesses covalent nature.

Optical properties

The optical properties are interrelated to the elec-
tronic properties and give a better understanding of
the electronic structure of the materials. The optical

properties of the material also demonstrate its
response to the incident electromagnetic radiation.
Exploring the optical response of the material under
different pressure is significant for its practical
optoelectronic applications and develop various
devices. To gain a deep insight into the optical
response and electronic structure, we calculated the
optical functions and optical constants such as
dielectric function &(w), reflectivity R(w), absorption
o(w), the refractive index n(w) and optical loss func-
tion L(w). The properties of B4 phase ZnO are cal-
culated at the pressure 0, —4, —8, and —10.2 GPa.
Whereas for a detailed exploration, the properties of
the -BeO phase are calculated at pressure 0, —2, —4,
—6, =8, —10.2, —13.5, —15, and —18 GPa. The optical
constants calculations are under 0 K.

Dielectric function
The complex dielectric function &(w) describes the

optical response of the material to electromagnetic
radiation. It consists of real and imaginary parts:
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&(w) = &1(w) + iex(w). The real part &(w) characterizes
the photon dispersion, and it can be calculated using
Kramer’s-Kronig relation. On the other hand, the
imaginary part () describes the photon absorption
induced due to the electronic transition between
occupied and unoccupied states. It can be calculated
by momentum matrix elements between the occupied
and unoccupied states in electronic wave functions.
The dielectric function is also significant in deter-
mining other optical constants. In this work, the
dielectric function was calculated to investigate the
pressure-induced optical changes in B4 and $-BeO
phase ZnO.
The imaginary part of dielectric function &(w) is
calculated using the equation
_2¢n

&) = & k,v,c

it - r¥y(Eg — By — E) (7)

In this equation, w represents the frequency of
incident photons through the crystal. The © denotes
unit cell volume, ¢ is the permittivity in free space,
and k is the reciprocal lattice vector. The superscripts
c and v represent the conduction and valence bands.

The real part of dielectric function &;(w) is calcu-
lated by the Kramer’s-Kronig equation

2 2pe@),

e1(w) =1 +;P£w,2 — wzdw (8)

The function P is the principal value.

Figure 7 depicts the calculated imaginary part e (w)
for B4 and f-BeO phase ZnO under the photon
energy range 0 to 55 eV. As shown in Fig. 7a, the
starting energy for the B4 phase at 0 and transition
pressure —10.2 GPa is 2.2 and 1.9 eV, respectively. At
—10.2 GPa, the prominent peaks are found at 3.6, 5.4,
and 8.5 eV. These peaks are originated mainly due to
optical transition between the maximum of the
valence band and the minimum of the conduction
band. Additionally, the extreme peak found at 15 eV
is arising due to the strong transition to the unoccu-
pied orbital in the conduction band. Figure 7b dis-
plays the calculated &;(w) results for the -BeO phase.
The starting energy at 0 and transition pressure —10.2
GPa are 2.7 and 2.4 eV, respectively. It is seen that the
p-BeO phase profile is contracted in value compared
to the B4 phase between 4 and 42 eV. The contraction
in the profile is associated with the contraction in the
corresponding DOS. It specifies that the -BeO phase
has extraordinary properties in the ultraviolet region
of energy. The resulted graph also shows that the -
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BeO phase has a prominent decreased peak (8.1 eV)
at —10.2 GPa, indicating the transition of B4 to the /-
BeO phase. The maximum é(w) peak is found at
14 eV. The profile change and redshift are accredited
to the decreased band gap, ie., 3.53 ~ 3.19 eV. The
peaks around 5 eV come from O 2p to Zn 4s transi-
tion. The peak at 8.1 eV is originated from Zn 3d to O
2p states. The peak around 14 eV comes from Zn 3d to
O 2s state transition [78].

The real part of the dielectric function & () is the
key feature for demonstrating the optoelectronic
applications of the f-BeO phase under pressure.
According to the calculated results shown in Fig. 7c,
the starting &;(w) for the B4 phase at 0 GPa is 2.70 eV,
whereas 2.75 eV at —10.2 GPa. The &(w) of the B4
phase changes slowly and almost keeps a similar
shape below 2.5 eV. Some & (w) peaks are found to
fall in the negative region at around 17.1 eV. Fig-
ure 7d shows that the starting &;(w) of f-BeO phase at
0 GPa is 2.58 eV, whereas 2.62 eV at transition pres-
sure —10.2 GPa. The $-BeO phase keeps an almost
constant & (w) value below 2.5 eV. These results
express that the effect of pressure is minute in the
low-energy region. According to the profile of & (w),
the f-BeO phase possesses dielectric nature in the
visible energy region. Furthermore, at —10.2 GPa, the
&1(w) starting energy value 2.73 eV for the B4 phase is
shifted to 2.62 eV for the -BeO phase. This redshift
(decrease in energy) identifies the transition of the B4
structure to the f-BeO structure. On the other hasnd,
some & (w) peaks fall in the negative range. It reveals
the changing dielectric nature of the material to a
metallic behavior and is noted for practical applica-
tions. The metallic nature represents that the material
contains a large number of carriers, whereas the
dielectric nature indicates a small number of carriers.
The p-BeO phase shows metallic nature at about
16.3 eV. Generally, the dielectric function calculations
have demonstrated that the -BeO phase shows
diverse properties and behavior below the 50 eV. The
acquired results are substantial in expressing the
applications of the p-BeO phase for manufacturing
electronic devices in future.

Optical constants

The absorption coefficient (a(w)), reflectivity (R(w)),
loss function (L(w)), and real part of the refractive
index (n(w)) are key optical constants in determining
the optical response of a material to the incident light.
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These functions also identify the potential and sig-
nificant properties of the materials for their applica-
tions in optoelectronic devices. Optical constants can
be calculated by using the following equations, which
include the dielectric function.

12
2(0) = V2o [ e%(w)ﬂ%(w)—sl(w)} ©)
R(w) = Ve (o) +ig(w) —1 ’ (10)
Ver(o) +is(w) +1
1/2
n(w) = [ (@) 1 Bw) +sl<w>} % (1)

& ()
& (0) + &(o)

L(w) = (12)

The calculated optical constants result for B4 and f-
BeO phase under 0 ~ 55 eV photon energy are pre-
sented in Figs. 8 and 9. Figure 8a illustrates that
absorption coefficient a(w) for the B4 phase under
transition pressure —10.2 GPa has a prominent peak
at 8.7 eV. The results given in Fig. 8b show that the
o(w) of the f-BeO phase possesses a wide energy
region, which expresses its extensive applications. It
is observed that the absorption value of the $-BeO
phase is zero in the infrared and visible regions. With
decreasing pressure, the -BeO phase undergoes a
redshift in the peak values. The Peak values
decreased compared to the peak values of the B4
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Figure 8 The absorption coefficient a(w) of a B4 and b -BeO phase ZnO, ¢ enlarged view of absorption for f-BeO phase under pressure

0 ~ —18 GPa, d position of E4 versus pressure graph.

phase. At —10.2 GPa, the decreased peak of the ;-BeO
phase (8.3 eV) epitomizes the phase transformation
from B4 to the f-BeO phase. The redshift of o(w)
peaks with decreasing pressure is important in
identifying phase transition and determining the
pressure after standardization. The redshift is asso-
ciated with the decrease in the band gap and the
corresponding change in the DOS. The peak of a(w)
lies in the ultraviolet energy range. It shows that the
p-BeO phase is a promising material for photon
absorption in the ultraviolet region. The maximum
absorption peak is found at 14.4 eV. We selected a
peak “A” of the f-BeO phase to better analyze and
specify the phase transition. The relation between
changing positions of peak E, and rising pressure for
optical constant a(w) is discussed as an example. The
relation for other optical constants can be understood
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in the same manner. The extended image of absorp-
tion peak “A” for the -BeO phase under pressure is
given in Fig. 8c. It shows the gradual decrease in the
peak position with decreasing pressure under
0 ~ —18 GPa. The relation between the position of
peak E, and pressure is expressed in Fig. 8d. A
quadratic equation E4 = 8.729 + 0.0241p — 0.00148p?
was used to adjust the relation. The E is taken in the
unit eV, whereas the p is taken in GPa.

The reflectivity R(w) is a ratio between the energies
of reflected and incident waves from the material’s
surface. The reflectivity R(w) profile against photon
energy (eV) under pressure is plotted in Fig. 9. It is
observed that the R(w) values for B4 and -BeO phase
are nearly constant in the infrared region below
1.7 eV. At —10.2 GPa, the B4 phase has a prominent
peak at 8.3 eV. The maximum R(w) peaks for the B4
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phase at about 17.8 and 17.1 eV under 0 and —10.2
GPa, respectively. The maximum ratio of the reflec-
tivity calculated for the B4 phase is 26 %. Addition-
ally, the R(w) of the B4 phase has a peak drop at 19.4
and 21.7 eV. Figure 9b shows that the peak posi-
tion of the p-BeO phase decreased to 8 eV com-
pared with that of the B4 phase, which epitomizes
the transition of B4 to the f;-BeO phase. The maxi-
mum R(w) peaks for -BeO phase are found in the
ultraviolet region at about 15eV (@0 GPa) and
16.3 eV (@—10.2 GPa). The acquired maximum R(w)
corresponds to the negative real part of the dielectric
function ¢&;(w). The maximum ratio of calculated
reflectivity for the f-BeO phase is 20 %. These results
demonstrate that the f-BeO phase exhibits a lower
ratio of the incident light than the B4 phase. The R(w)
of the f-BeO phase has undergone a peak drop
phenomenon at 18.6 and 24.5 eV, which corresponds
to the maximum peaks produced for the loss function
L(w). The peak drop points match well with the
extreme peak values of L(w). The reflectivity is
observed to become almost zero for energies greater
than 50 eV.

The refractive index n(w) of a material defines how
a photon propagates through the medium and
determines its phase velocity. It also evaluates the
material’s optically dispersed behavior, so it is
essential for photonic applications such as optical
waveguides. The calculated refractive index n(w) for
B4 and f-BeO phase are presented by plotting a
graph in Fig. 9c and d. It is observed that the n(w)
profile for considering phases resembles the profile of
e1(w) under the same pressure range. For the B4
phase at —10.2 GPa, the n(w) starts at 1.65 eV and
gradually increases below 11.9 eV. Simultaneously,
the n(w) for the f-BeO phase originates at 1.6 eV and
rises smoothly. The B4 and -BeO phase exhibits an
almost similar profile shape except for the minor
difference in starting values. The B4 phase possesses
a prominent peak at 8 eV while the f-BeO phase
undergoes redshift and its peak value (7.6 eV) is less
than the B4 phase. The redshift in the peak value
indicates the phase transition. After 12.2 eV, a steady
peak drop in the n(w) profile is critically observed.
The steady peak drop in n(w) is noteworthy for
practical applications of -BeO phases.

The loss function L(w) is an essential feature that
describes the energy loss by the electron when it is
traversed in a crystal material. Figure 9e and f shows
the graphical results of L(w) for B4 and -BeO phase
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ZnO. The L(w) peaks almost uniformly increase
under the energy range 2.2 to 15 eV, then increase
abruptly beyond this point. At —10.2 GPa, the B4
phase has a prominent peak at 9 eV, whereas the f-
BeO phase has a decreased peak value (8.5 eV),
which specifies the phase transition. The main peaks
in the L(w) graph refer to plasma resonance, and their
frequency is called plasma frequency. The maximum
L(w) peaks of the B4 phase at 19.4 and 21.7 eV are in
accordance with the declining peaks of reflectivity
R(w). Simultaneously, the maximum L(w) peak val-
ues (18.6 and 24.5 eV) of the f-BeO phase also match
well with the declined peak positions of R(w). It is
observed that both B4 and f-BeO phase has almost
the same expansion of the profile between 2.7-52 eV.
The loss in energy L(w) is nearly zero beyond 52 eV.
It is found that under the visible energy region
(1.61-3.10 eV), the initial energy results of a(w), L(w),
and n(w) are observed 0, 0, and 1.60. These significant
optical results express that the f-BeO phase exhibits a
transparent material nature.

Conclusions

In this work, the phase transition, thermodynamic,
structural, electronic, and optical properties of -BeO
phase ZnO were investigated under negative pres-
sure. The enthalpy calculation has revealed the
structural phase transition from wurtzite B4 to -BeO
phase occurred at —10.2 GPa. The calculated transi-
tion pressure value and lattice parameters are in
fairly good agreement with the previous reports. The
thermodynamic quantities undergo a decrease in
values at the phase transition point. Band structure
analyses show that the f-BeO phase possesses a
wider indirect band gap, which progressively
decreases with decreasing pressure. It has been found
that optical properties undergo a redshift with
decreasing the pressure. The optical properties
results have demonstrated the dielectric, metallic and
transparent nature of the f-BeO phase under varying
pressure. This investigation is a profound source to
verify the existence of the metastable f-BeO phase in
the ZnO system and its experimental exploration in
future. Moreover, it paves a feasible way for the
practical applications of the f-BeO phase in devel-
oping various ZnO-based nanostructured electronic
devices.
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