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a  b  s  t  r  a  c  t

The  electronic,  optical  and  thermoelectric  properties  of zirconia-based  MgZrO3 oxide  have  been  studied
theoretically  at a variant  pressure  up to 25  GPa.  Calculations  for  the formation  energy  and  tolerance
factor  reveal  the  thermodynamic  and  structural  stability  of MgZrO3. To tune the  indirect  band  gap from
to a direct  band  gap, the optimized  structure  of MgZrO3 has been  subjected  to external  pressure  up to
eywords:
ressure-induced structure
irect band gap semiconductors
hermal efficiency
ispersion light
ensity functional theory (DFT)

25  GPa.  The  optical  properties  have  been  discussed  in  the  form  of dielectric  constant  and  refraction  that
brief us  about  the  dispersion,  polarization,  absorption,  and  transparency  of the  MgZrO3.  In  the  end,  the
thermoelectric  parameters  have  been  analyzed  at variant  pressure  against  the  chemical  potential  and
temperature.  The  narrow  band  gap and high  absorption  in  the  ultraviolet  region  increase  the  demand  of
the  studied  oxide  for energy  harvesting  device  applications.

© 2018  Opto-Electronics  Review.  Published  by  Elsevier  B.V.  All  rights  reserved.
. Introduction

The progress in modern technology gives birth to new inte-
rated devices with promising commercial features [1]. These
ommercially produced features include miniaturization, high-
peed functioning etc. are strongly dependent on the inherent
roperties of base materials. Thus, deeper understanding and
anipulation of these inherent properties of the base materials

re mandatory, which leads scientists to investigate and opti-
ize material parameters exhibiting aspects of materials [2–4].

he inherent properties of materials are significantly governed by
he crystallographic structure. However, the efficiency and perfor-

ance of these materials are found to be vulnerable to change in
he external pressure. For example, in literature perovskite mate-

ials (MAPbI3 i.e; MA  = methyl ammonium) are known for their
llustration of structural diversity from cubic to orthorhombic tran-
ition at 2.7 GPa and beyond 4.7 GPa crystalline to amorphous

∗ Corresponding author.
E-mail addresses: rapakistana@yahoo.com, muhammad.rashid@comsats.edu.pk

M.  Rashid).

ttps://doi.org/10.1016/j.opelre.2018.10.002
230-3402/© 2018 Opto-Electronics Review. Published by Elsevier B.V. All rights reserve
nature phase transition have been reported [5]. Furthermore, opti-
cal band gap tuning of perovskite materials (BiBO3 and BiAlO3)
with pressure have been systematically demonstrated by Noor et al.
[6].

All these facts motivated scientists and researchers for optimiza-
tion of material characteristic and for the search of novel materials.
Further, it requires stabilizing some new phases, which don’t exisit
at ordinary conditions. The naturally unstable phases are stabilized
by using non-equilibrium growth techniques. In order to reveal
novel properties of cubic semiconductors, hexagonal Si and Ge
structures have also been realized, stabilized, demonstrated, inves-
tigated and reported [7,8]. These materials which are stabilized in
two different structural phases are promising for advanced tech-
nological applications and applications. Moreover, investigations
show that for an unstable phase, surface stabilizing not only possi-
ble but also vice versa is true [9].

Our present investigation focuses on the comparatively less
studied MgZrO3 perovskite. This studied perovskite is widely

known for thermal barrier coatings due to their low thermal expan-
sion [10]. This perovskite MgZrO3 material is also used as a base
catalyst, because of their high activity and durability in order to
produce an efficient biodiesel catalyst [11]. Cubic structure is very

d.
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Table 1
Calculated lattice constant a(Å), bulk moduli B(GPa), enthalpy of formation
�H(eV/unit cell) and Goldschmidt’s tolerance factor (TF) with PBEsol-GGA at 0 GPa.

Parameter MgZrO3

a0(Å)
Other Theoretical

4.08
4.13a

B0(GPa) 168.90
�H  (eV/unit cell)
Other theoretical

-2.94
-2.86a

TF 0.98

Ref. [23].

Fig. 1. (a) Energy vs.  volume plots using PBEsol-GGA and (b) the optimized cubic
N.A. Noor et al. / Opto-Electr

imple in nature and well investigated, because of these facts,
hey are considered almost perfect for device applications. The
olarization effects tend to limit the capability and efficiency of
ptoelectronic device applications, this limitation is currently being

nvestigated for CaZrO3, SrZrO3 and BaZrO3 perovskites subdue this
olarization effect [12–14]. Not only, these facts and reason but also

ess explored and investigated MgZrO3 intrigued us to investigate
he cubic phase for physical aspects like electronic structure, opti-
al under pressure. The manipulation and tuning of the band gap
agnitude and its specific nature motivated us to investigate their

hermoelectric aspects under pressure as well.

. Method of calculations

We  investigate the physical properties by simulating the FP-
APW + lo method at ground state, which operates under the
ensity functional theory (DFT) [15]. This method solves Kohn-
ham equations [16] and reveals corresponding eigen values and
igen functions. Under pressure electronic, optical and thermo-
lectric aspects have been determined by considering the fourth
rder of generalized gradient approximation (GGA) functional of
xchange-correlation potential devised by Perdew-Burke-Ernzerh
f (PBEsol) [17]. The states of Mg,  Zr and O, both valence and core
tates are considered to be self-consistent. These self-consistent
tates are respectively realized in relativistic and semi-relativistic
pproximation in a spherical approximation. These approximations
o not include spin-orbit couplings. The plane wave basis set com-
rises of charge density, wave function and potential expansion
ithin the spheres surrounded by the atomic sites provided that

hese spheres are non- overlapping and the interstitial region of
he unit cell.

The Fourier expanded charge density Gmax is considered 18
Ry)1/2 and maximum quantum number Imax is considered to 10
or the wave expansion in the atomic sphere. However, conver-
ence parameters i.e RMT×Kmax is considered to be 8. Convergence
arameters are used to limit the size of the basis set. The average
uffin-tin sphere radius is represented by the RMT and maximum
odulus of the reciprocal lattice is represented by Kmax. For Mg,  Zr

nd O, the values of RMT are as 1.96, 1.68 and 1.73 respectively
n atomic units. The sample of the reciprocal space is produced
y 10 × 10 × 10 Monkhorste Pack mesh in the irreducible Brillouin
one (IBZ) with 84 k-points [18]. Every calculation uses repeti-
ive iteration process until each calculation converges to the total
nergy of crystal to 10-5Ry. The Classical transport theory based
oltzTrap code [19] was  used to calculate the thermoelectric prop-
rties of the studied oxide. The relaxation time is employed to be
ontinual in BoltzTrap code because it cannot originate from band
tructure calculations [19].

. Results and discussion

.1. The stability and electronic behavior

The stability of the structure is very important for the device
abrication. We have confirmed the stability of MgZrO3 in cubic
hase at different pressures by calculating formation energy and
oldschmidt’s tolerance factor. The formation energy measures the
nergy released when individual elements combined to form com-
ounds as shown from the equation �Hf = ETotal (MglZrmOn) −

EMg − mEZr − nEO, here ETotal (MglZrmOn) is the total energy of
gZrO3, EMg , EZr and EO are the energies of the Mg,  Zr and O ele-

ents [20,21]. The negative sign of energy released to represent

he stability of the studied oxide as shown in Table 1. Furthermore,
he stability of MgZrO3 increases with increasing the pressure may
e due to the removal of phonons from the structure as the band
structure using Xcrysden Software for MgZrO3.

gap convert from indirect to direct which we discuss later. More-
over, the Goldschmidt tolerance factor has been calculated through
the following relation, t = (rMg + rO)/

√
2(rZr + rO), here rMg , rZr and

rO are ionic radii of cations and anions. The range of tolerance
factor from 0.90 to 1.1 is considered best for stable compounds
[22]. Therefore, the calculated tolerance factor of our studied oxide
approaches 1 with rising pressure that shows the structural sym-
metry increases by shifting the electronic states because of reasons
explained above.

The cubic structure of MgZrO3 with space group Pm-3 m (221)
has been optimized to relax the structure as presented in Fig. 1(a,
b). The Figure 1(a) shows the optimized energy verse volume plot
from which ground state parameters like lattice constant and bulk
modulus are calculated by using the Murnaghan equation of states.
The calculated parameters are presented in Table 1 that has a close
agreement with the other theoretical reports. Moreover, in cubic
oxide structure, the doped Zr atom is trapped in the central posi-
tion of an octahedron of O atoms and tetrahedron of Mg  atoms
as shown in Fig. 1(b). Further to elucidate the electronic behavior,
the calculated electronic band structures at variant pressure up to
25 GPa have been shown in the Fig. 2. It is clear from the Fig. 2, the
valence band maxima and conduction band minima lie at the M
and � symmetry points. We  have applied pressure to the structure
by shifting the electronic states at same wave vector in the region
of first Brillion zone. Therefore, the Eg(�-M)  and Eg(�-�) coincide
with each other at 25 GPa that reveal transformation of the indi-
rect to direct band gap. The conversion to direct band reduces the
phonon heating effect when light falls on the studied oxide and
enhance the device life. The insertion of pressure shifts the Eg(�-M)

to Eg(�-�) that minimizes the phonon energy. According to relation
hf = hf0 +h�, the hf is the energy of the incident phonons, hf0 is the
direct band gap energy to move the electrons from valence band to
the conduction band and h� is phonon translation energy which
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Fig. 2. The calculated band structures of MgZrO3 under the app

Fig. 3. The pressure-induced variation in the energy band gap of MgZrO3 along high
s

b
p
t
T
s
p

complex dielectric constant �1(�) describes the scattering of light
energy into to constituent wave lengths at resonance frequency

T
T

R

ymmetry �-X and X-X directions.

ecomes zero in direct band gap semiconductors (hf = hf0=Eg). The
honons in indirect band gap semiconductors create heating effect
hat reduces the device reliability. It is also clear from the Fig. 3 and
able 2, with the inversion of pressure, the band gap increases that

hifts the infrared red region to visible and make the studied oxide
otential materials for optoelectronic applications.

able 2
he calculated indirect band gap Eg(eV), optical parameters and room temperature therm

Pressure in GPa Eg(eV) e1(0) n(0) s(×1014W

0 0.77,0.62a 5.08 2.25 11.57 

5  0.86 4.96 2.23 10.46 

10  0.92 4.92 2.22 12.51 

15  0.98 4.87 2.20 16.08 

20  1.03 4.82 2.19 28.00 

25  1.33 4.68 2.16 50.11 

ef. [23].
lication of applied pressure (0, 5, 10, 15, 20 and 25 GPa).

3.2. Optical properties

The decreasing of energy production and increasing consump-
tion rate urges the scientific community to search the more ways to
meets the energy deficiency. The conversion of light into electrical
energy is the best technology that can fulfill the energy needs. This
conversion depends upon the band gap, electron-photon interac-
tion inside the studied materials transition rate. The transition of
electrons has two  types; either band to band transition (inter-band
transition) or within the band transition (intra-band transition).
The intra-band band transition is important in metals and inter-
band transitions are important in semiconductors. Moreover, the
band gap should be direct for optoelectronic devices to avoid the
phonons that create heating heat and reduce the device efficiency
[24–27]. Therefore, for best solar cell and optoelectronic applica-
tions the materials have inter-band transitions, direct band gap
and threshold frequency allow absorbing the visible light. We
have applied pressure 25 GPa to tune the band of the MgZrO3 and
calculated optical properties in terms of dielectric constant and
refraction are presented in the Fig. 4 (a–d). The real part of the
and alignment of planes in which the light is polarized while imag-
inary part of the dielectric constant �2(�) tells how much light

oelectric coefficients of MgZrO3 perovskite at different pressure.

/mKs) �(×1014W/mKs) S(μV/K) PF ZT

1.737 182.45 3.85 0.66
1.63 190.48 3.94 0.68
1.94 184.87 4.47 0.64
2.64 190.74 6.14 0.65
3.82 161.30 7.65 0.56
5.85 122.98 8.10 0.39
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Fig. 4. Calculated (a) real part ε1 (ω), (b) imaginary part ε2 (ω) of dielectric constant, refractive index n(ω) and (d) extension coefficient k(ω) of MgZrO3 at pressure equal
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o  0, 5, 10, 15, 20 and 25 GPa.

nergy has been absorbed by the material. The �1(�) and �2(�)
re related through Kramer-Korong relation as described in the Ref
28]. The �1(�) increases from zero frequency limit and reaches to
eak value (5.9) at 4 eV, then decreases to the minimum value (-
.5) at 7.5 eV, due to a little change in frequency from resonating

imit. The negative value of �1(�) in the regions 6.7 eV to 9 eVand
0 eV to 14 eV shows the metallic behavior because of zero absorp-
ion of light in this region. The insertion of pressure changes the
tates to high symmetry points due to which the zero-frequency
alue of �1(0) reduces and peak shifted to the high energy region
s shown the Fig. 4(a). Moreover, the zero-frequency value of the
1(0) is inversely related to the band gap of the studied materials
ccording to Penn’s model [29] as shown in the band structure plots
n Fig. 2.

When light falls on the material surface, the high energy radi-
tions are absorbed in the upper surface of the material and low
nergy photons are penetrate in the material according to wave-
ength. The �2(�) shows how much light absorbed by the material
efore it transmits through the material. The attenuation of the light
y material for the fixed frequency at variant pressure is presented

n the Fig. 4(b). The photons are only absorbed when they have
nergy greater than the band gap of the studied material. Therefore,
ero frequency limit of the �2(�) shows the optical band gap which
s consistent with the band gap reported from band structure plot
hat shows the reliability of our theoretical calculations. It is clear
rom the Fig. 4(b); the absorption of light becomes maximum in an
ltraviolet region where the dispersion of light has a negative slope.
his type of ceramic materials is important for sterilizing surgical
ools and optoelectronic device fabrication. The implementation
f pressure moves the peaks slightly toward higher energy region

hat reduce the wavelength and blue shift has been taken place. The
efractive index n (�) similar to �1(�) disperse the light into its con-
tituent colors and shows the transparency of the studied material
[30,31]. The calculated values of refractive index n(�)  at a variant
pressure from 0-25 GPa have been presented in the Fig. 4(c). After
11.2 eV the n(�)  has fractional values that show the group velocity
of the studied material exceed from the phase velocity according
to the relation Vg(1 − �dn⁄nd�) = ϑP . This fact changes the material
response from right handed to lift handed that has not been yet dis-
covered. The extinction coefficient k (�) has been related to �2(�)
through 2nk (�)= �2(�). Therefore, the k(�) has replica of �2(�)
as shown in the Fig. 4(d). Moreover, the ratio of imaginary part of
the dielectric constant to extinction coefficient ratio is equivalent
to the refractive index of the MgZrO3 that usually 2 to 3 for best
optoelectronic material.

3.3. Thermoelectric properties

The oxide materials like magnesium zirconia oxide (MgZrO3)
are considered potential materials for thermoelectric applications
because of these are cost-effective, highly efficient and easy to han-
dle while device fabrication. Thermoelectric devices, generators,
refrigerators, thermocouples are of most important in the growing
age because wasted heat energy is converted into useful electrical
energy. The thermoelectric properties of semiconductor materi-
als depend upon the band gap and type of carriers available for
conduction in the materials [32–36]. We  have elaborated the ther-
moelectric behavior of the MgZrO3 by calculating the electrical
conductivity (�), thermal conductivity (�) and See-beck coefficient
(S = �V/�T)  by using the BoltzTraP code [37]. The thermal effi-
ciency without and with thermal conductivity has been analyzed
by power factor (P = �S2) and thermal efficiency (ZT = �S2/� T)

[38]. The calculated values of these prescribed parameters in the
temperature range 0-900 K and chemical potential -4 to +4 are
shown in the Figs. 5–8. The electrical conductivity measures the
number of carriers available for conduction mechanism. The values
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Fig. 5. Calculated electrical and thermal conductivieties of MgZrO3 against (a, c) chemical potential and (b, d) temperature at pressure equal to 0, 5, 10, 15, 20 and 25 GPa.

Fig. 6. Calculated seebeck coefficient of MgZrO3 against (a) chemical potential and (b) temperature at pressure equal to 0, 5, 10, 15, 20 and 25 GPa.

Fig. 7. Calculated power factor of MgZrO3 against (a) chemical potential and (b) temperature at pressure equal to 0, 5, 10, 15, 20 and 25 GPa.
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Fig. 8. Calculated ZT values of MgZrO3 against (a) chemical poten

f electrical conductivity should be high for efficient thermoelec-
ric devices to reduce the Joule heating effect in semiconductors
39]. The electrical conductivity verse chemical potential (�) plot
as been presented in the Fig. 5(a) in which Fermi level adjusted at
ero potential. Basically, the chemical potential is energy required
or the incoming electron when one electron has been added or
emoved to the system. The negative value of chemical poten-
ial shows the removal of an electron and positive value shows
he addition of an electron. The deficiency of electrons corre-
ponds to p-type character and excess of electrons n-type character.
he value of electrical conductivity increases from Fermi level
n the valence band to 8 × 1020 /
ms  (-0.8 eV) for first removal,
0 × 1020 /
ms  (−2 eV) for second removal and 12 × 1020 /
ms
−3 eV) for the third removal of electrons. The hole concentration
ncreases as the value of chemical potential become more neg-
tive because of the higher order of removal of electrons from
he grip of the nucleus on remaining electrons increases. On the
ther hand, for the n-typeregion, the value of electrical conduc-
ivity only reaches to 3 × 1020 /
ms  (4 eV). Therefore, it is clear
hat the studied material is p-type semiconductor. It is also seen
rom the Fig. 5(a), by applying pressure the electrical conductiv-
ty increases because the band gap shifted from indirect to direct.
urthermore, the increasing value of electrical conductivity with
emperature at variant pressure has been shown in Fig. 5(b) that
hows the electrical conductivity increases linearly with the rise of
emperature because carriers gain kinetic energy and bond break-
ng take place that produces more carriers for conduction. The
ecreasing slope of the curves clearly shows the decrease of electri-
al conductivity may  be due to increases the resistance to the rise
f pressure.

The thermal conductivity is the ratio of heat efflux to tem-
erature change per unit length whose value can be calculated
ourier’s law q = −k∇x(T), where q is the heat efflux, ∇x(T) is the
emperature gradient and k is the coefficient of thermal conduc-
ivity. In semiconductors, both the electrons ke and phonons k� are
esponsible for conduction mechanism [40]. In metals, the intra-
and transitions are taking place and phonons vibrations cannot be

gnored while in semiconductors inter-band transitions are domi-
ant. Therefore, to make the calculation convenient, we have only
iscussed the electronic contribution to thermal conductivity. It is
lear from the Fig. 5(c), the thermal conductivity has a similar trend
s electrical conductivity. Its value for first, second and third mode
ncreases as 60 × 1014W/mKs  (-0.8 eV), 70 × 1014W/mKs  (−2 eV)
nd 86 × 1014W/mKs  (−3 eV) respectively. The thermal conductiv-

ty increases as the temperature because at a high temperature

ore carriers are available for conduction. The effect of pres-
ure creates a resistive effect as explained above and increases
d (b) temperature at pressure equal to 0, 5, 10, 15, 20 and 25 GPa.

the thermal conductivity as seen in the Fig. 5(d). Moreover, the
Wiedemann-Franz constant ratio LT = k⁄� is very low for the stud-
ied materials [41] of the order of 10-6 that confirms the importance
of these materials for device fabrication.

The potential gradient/seebeck coefficient (S = �V/�T) also
measure the flow carriers from high-temperature region to the
low-temperature region whose graphical trends versus chemi-
cal potential and temperature are presented in the Fig. 6(a) and
Fig. 6(b). The potential gradient in the p-type region is zero while in
the n-type region its value fluctuates from -1500�V/k to 1800 �V/K
at the chemical potential 0.8 eV. This sharp variation of potential
shows the electrons are minority charge carriers in the conduc-
tion band. To see the temperature effect on potential gradient at
variant pressure, the seebeck coefficient has been plotted in the
temperature range 0-900 K as shown in Fig. 6(b). Its value increases
sharply up to 200�V/K then becomes almost constant. It is also clear
the value of seebeck coefficient first increases with pressure up to
15 GPa and then decreases up to 25 GPa at 900 K due to a different
value of potential gradient.

Power factor is the product of electrical conductivity and square
of the potential gradient. It is clear from the Fig. 7(a) and Fig. 7(b),
the major contributor to power factor is the electrical conductiv-
ity because electrical has high values in the valence band edge
while seebeck coefficient has sharp variation in the conduction.
The cooperative effect of these two parameters shifts the power
factor at and within the valence band edge that shows majority
charge carriers are holes in the p-type region. Moreover, the value
of power factor increases linearly with increasing the temperature.
The effect of pressure increases the slopes of the curves because
the electrical conductivity has a high slope with increasing pres-
sure.

The thermoelectric efficiency can be analyzed from the figure of
merit by including the thermal contribution by using the following
mathematical relation ZT= �S2/� T [38]. The calculated values of the
figure of merit plot for MgZrO3 at variant pressure against chemi-
cal potential and increasing temperature have been plotted in the
Fig. 8(a) and Fig. 8(b). Its peak value reaches to 1 that shows the
studied materials are best thermoelectric materials. Moreover, with
increasing temperature, its value increases sharply up to the 200 K
and then becomes constant. The increasing pressure decreases the
slopes of the curves at low temperature while it becomes con-
stant at high temperature. The values of thermoelectric parameters
at room temperature are presented in Table 2, shows the elec-
trical conductivity, thermal conductivity and Seebeck coefficient

increases with increasing pressure up to 25 GPa. This increases the
power factor while decreases the figure of merit value. It means the
thermal effect reduce the efficiency at high temperature. Moreover,
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he efficiency and band gap of the studied material have an inverse
elation.

The whole analysis of studied material shows the studied mate-
ial has maximum absorption in the ultraviolet region and direct
and gap at 25 GPa that increases their importance for solar cell
nd optoelectronic applications. On the other hand, the thermal
fficiency is high at ambient pressure and decreases with increas-
ng pressure. Therefore, at high pressure, we can prefer the studied

aterials for optical applications and at ambient pressure for ther-
oelectric applications.

. Conclusions

In the present article, electronic, optical and thermoelectric
roperties of MgZrO3 oxide has been explored by using modified
ecke-Johnson potential as developed in the FP-LAPW + lo method
ased WIEN2k code. The negative value of formation energy and
olerance factor equivalent to unity confirms the thermodynamic
nd structural stability of MgZrO3. The external pressure of magni-
ude 25 GPa has been found to tune nature of the band gap from
ndirect to direct band gap. The high value of absorption coef-
cient in UV-region makes the studied materials important for
ptoelectronic applications. Moreover, electrical and thermal con-
uctivities are directly related with pressure and temperature that
inimize the Wiedemann-Franz constant. Furthermore, the power

actor increases with increasing pressure while the figure of merit
ecreases. Therefore, the insertion of pressure enhances the band
ap and decreases the thermal efficiency. Finally, it is concluded
hat at ambient pressure thermal efficiency is high and at 25 GPa
he material is optically active.
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