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Layered perovskites are an interesting class of materials due to their possible applications in
microelectronics and optoelectronics. Here, by means of density functional theory calculations, we
investigated the structural, elastic, electronic, optical, and thermoelectric properties of the layered
perovskite Bi,LaO4l within the parametrization of the standard generalized gradient approximation
(GGA). The transport coefficients were evaluated by adopting Boltzmann semi-classical theory and
a collision time approach. The calculated elastic constants were found to satisfy the Born criteria,
indicating that Bi,LaOg4l is mechanically stable. Taking into account spin—orbit coupling (SOC), the
material was found to be a non-magnetic insulator, with an energy bandgap of 0.82 eV (within
GGA+SOC), and 1.85 eV (within GGA+mBJ+SOC). The optical-property calculations showed this
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Accepted 22nd July 2022 material to be optically active in the visible and ultraviolet regions, and that it may be a candidate for use
in optoelectronic devices. Furthermore, this material is predicted to be a potential candidate for use in
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Introduction

Perovskites are multifunctional materials with various fasci-
nating properties, such as dielectric, pyroelectric, piezoelectric,
ferroelectric,> ferromagnetic, half-metallic,® superconducting,*
thermoelectric,® optoelectronic,® photovoltaic behavior,” etc.
Perovskites are a broad family of materials and have a crystal
structure similar to that of CaTiOj, the first known perovskite.®
The typical stoichiometric structure for the perovskite family is
of the form ABXj;, where A and B are two different types of
cations bound together by an anion X.” Generally, cation A has
a larger radius which is more electropositive, having a coordi-
nation number 12, while cation B with a smaller radius are more
electronegative and has a coordination number 6. B are bound
to ABX; in the form of octahedra.*®*

Layered perovskites are materials formed by the association
of several perovskite-like structures. In these structures,
perovskite-like slabs are separated by anionic layers.'” The
layered perovskite Bi,LaO,I is a bismuth-based oxyhalide
perovskite that consists of triple-fluorite blocks formed by the
combination of LaO, slabs and fluorite-type Bi,O, layers.
Experimentally, materials like Bi,MO,X (M =Y, La-Lu; X = C],
Br, I) are prepared by allowing various solids to react with each
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corresponding to a temperature range of 300 K to 800 K.

other under some external conditions.™ In such materials, the
valence band has a major contribution from O and possesses
a unique band structure, different to that of oxyhalides of the
form BiOX (X = Cl, Br, I)."® The special features of layered
perovskites include an optimal and tunable bandgap,*® excel-
lent carrier mobility,"” and their potential as candidates for
microelectronics, optoelectronics," and photovoltaic applica-
tions.™ A recent study showed that these materials (for example,
Bi,YO,Cl and Bi,La0,Cl) have potential for visible-light photo-
catalysis,”*** ferroelectricity,”® excellent photoconductivity,*
and photocatalytic activity for water splitting.**

The elastic properties explain the mechanical behavior of
a material, which is calculated by using the second derivative of
polynomial fits of total energy versus applied strain.*® The
optical properties of a compound describe its interaction with
electromagnetic energy, given by the complex dielectric func-
tion ¢(w), which is the sum of real ¢; and imaginary parts ¢, as
given in eqn (1). The dielectric function plays a significant role
in determining physical properties, and describes the collective
excitation of the Fermi sea and the overall band behavior of the
solid.>”**

&(w) = &1(w) + iex(w) 1)
where ¢, gives information about the ability of the material to

store photon energy, whereas ¢, provides information on the
electron loss function.
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Thermoelectric (TE) materials are very useful for converting
waste energy into a useable form by converting heat into elec-
tricity, and electricity into cooling, based on the Seebeck effect
and the Peltier effect.” These materials are used as power
generators,*® coolers,* temperature sensors,*»** optical detec-
tors,*** temperature stabilizers,* etc. The performance of
layered perovskites in TE applications is directly related to the
transport parameters:* the Seebeck coefficient (S), electrical
conductivity (), and thermal conductivity (k) at some absolute
temperature (7) and expressed by the TE figure of merit as,

oS*T
K

ZT =

(2)

where « includes both electron (k) and phonon (k;) contribu-
tions.>*?”** With the above-mentioned points, we were moti-
vated to perform density functional calculations for the
determination of the structural, elastic, electronic, optical, and
TE properties of Bi,LaO,l.

Computational details

The various properties of Bi,LaO,I have been calculated using
the density functional theory (DFT) approach, the quantum
mechanical treatment of Kohn-Sham equations of state for
many-body systems.**** For the computational calculations, we
used the WIEN2k code, an augmented plane-wave plus local-
orbital program.**** The standard generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof has been
used for parametrization on account of the electronic exchange-
correlation functional.** In addition to this, the modified
Becke-Johnson (mB]J) potential has been used for the bandgap
estimation.” An 11 x 11 x 4 k-mesh, generated by a set of 600 k-
points, was used in the whole Brillouin Zone (BZ), which
corresponds to 63 k-points in the irreducible BZ. The self-
consistent calculations were achieved with an energy conver-
gence criterion of 107> Ry and a charge convergence of 10 e.
The elastic properties were calculated using the IRelast package
for tetragonal symmetry.”® The transport coefficients were
computed using BoltzTraP,* which works under the Boltzmann
semi-classical equation under the constant relaxation time
approximation (CRTA) and rigid band approximation (RBA).*"*®
For this calculation, a dense k-mesh of 39 x 39 x 16 was
sampled, generated by a set of 25 000 k-points.

Results and discussion
Structural properties

Layered perovskite Bi,LaO,I has a tetragonal crystal structure
with optimized lattice parameters a = 4.046 A, and ¢ = 9.865 A,
belonging to space group P4/mmm. The structure consists of
cationic slabs of [Bi,LaO,] separated by anionic layers of iodine
(), resulting in a layered sequence of the type -I-[Bi,LaO,]-I-;
the interlayer distance is 2.32 A. The cation ordering in this
structure looks like -Bi-O,-La-0,-Bi-, where Bi is co-ordinated
to both oxide and iodide layers, while La is only co-ordinated to
oxide layers. The bond lengths between various atoms, such as
Bi-0, La-0 and Bi-I, are found to be 2.28 A, 2.52 A, and 3.68 A,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The tetragonal crystal structure of layered perovskite BisLaOyl.

respectively. Fig. 1 illustrates the crystal structure of Bi,LaO,l.
The calculated lattice parameters for Bi,LaO,l, Bi,LaO,Br and
Bi,La0,Cl are as listed in Table 1.

Elastic properties

The elastic properties of the material can be determined by the
elastic tensor or the elastic matrix, which are different for
different crystal structures. For the tetragonal symmetry (P4/
mmm, type I) of layered perovskite Bi,LaO,I, only six compo-
nents (Cq1, C1z, C13, C33, C44 and Cee) of the symmetric elastic
tensor (C) are unique out of thirty-six components. In terms of
the second-order variation of energy, the components of matrix

C are given by
c _ 1 (E
My, \0S,0S,

Here, V. is the volume in the absence of strain (S), i.e., the
equilibrium volume, E is the energy of the crystal, and S, and S,
represent the components of strain. Particularly, for the

homogeneous deformation of the crystal structure by the
application of strain, the quadratic variation of energy is given
by

V. &
E=E.+ B} ; CoaSpSy + 0(S3) (3)

where E. is the energy corresponding to volume V..*>** The
calculated values of the elastic constants and elastic parameters

Table1 The optimized lattice parameters for Bi,LaOy4l, Bi,LaO4Br and
Bi>LaO,4Cl

Compounds a(A) c(A) Calc. (comp.)
Bi,La0,I 4.046 9.865 Calc.
Bi,LaO,Br 4.015 9.510 Calc.
Bi,La0,Cl 3.996 9.271 Calec.

3.954 9.127 (Ref. 14)
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Table 2 Unique components of the elastic tensor for Bi,LaO4l with
units of GPa

Cll ClZ Cl3 033 C44 C66

180.36 68.61 61.72 132.37 44.54 60.55

Table 3 Various calculated elastic coefficients: bulk modulus (B),
shear modulus (G), Young's modulus (Y), Pugh's ratio (B/G), Poisson'’s
ratio (v), transverse velocity (v), longitudinal velocity (v), average
velocity (v,), Debye temperature (6p), and melting temperature (6,,,) of
Bi>LaOyl

B (GPa) G (GPa) Y (GPa) B/G v
96.21 49.41 126.57 1.94 0.28
ve(ms™! nms?)  vy,(msY)  6p(K) On (K)

2520.11 4564.37 2808.14 308.26 1093.65 £ 300.00

of Bi,LaO,I corresponding to volume V, = 161.49 A® are listed in
Tables 2 and 3, respectively.

The mechanical or elastic stability of the crystal structure is
determined by the Born stability criteria. For a tetragonal crystal
structure of type I, the Born stability criteria are defined as:

Ci1 — |Ci2| >0, Cas >0, Co6> 0

C33 > 0,2C15> < C33(Cyy + Cpa)

The calculated elastic constants of Bi,LaO,I are found to
satisfy the above stability criteria. Hence, Bi,LaO,I is predicted
to be a stable structure. These elastic constants are used to
derive expressions for the bulk and shear modulus of the solid
by considering various theories. The Voigt theory expresses the
bulk modulus (B) and shear modulus (G) in terms of the
components of the elastic matrix, whereas the Reuss theory
expresses them in terms of the components of the inverse
matrix of the elastic matrix.*"**> For any material, the value of the
Voigt modulus surpasses the value of the Reuss modulus.
However, the actual value lies between them. To account for the
true value, according to Hill theory, the actual values of the bulk
and shear modulus are the average of their corresponding
values derived using the Voigt and Reuss theories. In this
consideration, the expressions for the Young’s modulus (Y) and
Poisson’s ratio (v) are given by

Y =3BG/(B+ G/3)
vy = (3B-2G)/2(3B + G) )

The magnitude of the bulk modulus reflects the reluctance
of the material to change shape under the effect of applied
pressure. The greater the magnitude of the bulk modulus for
a material, the lower its compressibility, therefore, that material
may have the ability to resist high pressure. The shear modulus
characterizes the hardness of the material, ie., its ability to
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withstand an applied shear force. Similarly, the Young’s
modulus describes the stretchiness or compressibility of the
material, indicating the stiffness of the material under the effect
of uniaxial tension.*>** Pugh’s ratio (B/G) is one of the important
parameters describing the elastic nature of the material.>* The
critical value of this ratio is approximately 1.75; a ratio less than
1.75 indicates a brittle nature, whereas a value above this
indicates a ductile nature. The calculated value of Pugh’s ratio
(1.94) suggests that the compound is ductile. Poisson’s ratio
estimates the compressibility of the compound. If the » value is
close to 0.5, it represents an incompressible system.” In this
work, the determined value of Poisson’s ratio is 0.28, therefore,
the material has low compressibility and is stable under
deformation. Furthermore, the magnitude of Poisson’s ratio
describes the nature of bonding in the compound. The typical
values of Poisson’s ratio that describe covalent, ionic, and
metallic materials are in the order of 0.1, 0.25, and 0.5,
respectively.*® On this basis, » for Bi,LaO,I is close to that of an
ionic material. The ionic nature, ductile behavior, and Poisson’s
ratio are found to be consistent with those for Bi,La0,CIL.** The
Debye temperature (fp) is directly related to many properties,
including thermal conductivity (k). The larger the value of 6p,
the larger x will be. This can be calculated from the elastic
constants in terms of the average wave velocity (vy,).”” The
average velocity is obtained from the longitudinal

3B+4G G
v = S—p and transverse | v = ; components of

the velocity. The calculated values of f, and the velocities are
given in Table 3. The 5, value is found to be large. We also
calculated the melting temperature as 1093.65 + 300.00 K.

Electronic properties

To determine the ground state of the compound, we considered
two types of configurations: non-magnetic and magnetic (Lat,
Lal). The total energy of each state was found to be the same up
to the convergence limit for the calculation of total energy, with
zero magnetic moments in the case of spin-polarized calcula-
tions. This suggests that the ground state is non-magnetic.
Furthermore, the symmetrical nature of the density of states
(DOS) in the spin-up and spin-down channels favors the non-
magnetic ground state. The total DOS calculated using the
GGA+mBJ functional and considering the effect of spin-orbit
coupling (SOC) are shown in Fig. 2. The main contributions in

BT T T T T T T T T
b i= GGAsmBI ] i
=z [ i, GGA+mBI+SOC: :
ERE S !
g r 1
Z 10k
» 10 :
eI 1
2 51 "
0
-5 4 -3 2 -1 0 1 2 3 4 5
Energy (eV)

Fig. 2 The total DOS of Bi,LaO4l using the GGA+mBJ and
GGA+mBJ+SOC methods. The vertical dotted line represents the
Fermi level.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the valence region near the Fermi level (Ef) come from the 5p
orbital of iodine and the 2p orbital of oxygen, whereas the
contribution in the conduction region comes from the 6p
orbital of bismuth, as shown in Fig. 3 (left). The peaks in the
conduction region at around 5 eV are due to the 5d orbital of
lanthanum. In both the total DOS and partial DOS, the effect of
SOC is significant and shifts the electronic states near the Fermi
level. From the band structure calculations along the I'-X-M-
I'-Z-R-A-Z high-symmetry points within GGA+mBJ and
GGA+mBJ+SOC (see Fig. 3 (right)), the insulating state is ob-
tained with energy bandgaps of 2.17 eV and 1.85 eV, respec-
tively. The bandgaps obtained with various functionals are
reported in Table 4. Due to SOC, the bands in the conduction
region are pushed down towards the Fermi level (E¢), thereby
reducing the bandgap noticeably. In both cases, the top of the
valence band lies at X and R, and the bottom of the conduction
band lies at T", therefore, the material is predicted to be an
indirect bandgap insulator.

Optical properties

The two components of the dielectric function and other optical
constants were calculated using the Kramers-Kronig rela-
tions.”® The optical parameters: refractive index n(w), absorp-
tion coefficient «(w), electron energy loss function L(w),
reflectivity R(w), and optical conductivity ¢(w) were calculated
using components (¢, and ¢,) of the dielectric function.?®*® Due
to the tetragonal symmetry of Bi,LaO,l, there are only two
independent components (x and z) of the optical elements.
Fig. 4 (left) demonstrates the fluctuation of the computed
components of the dielectric function in response to incident
electromagnetic energy. The slow rise of ¢,(w) when increasing
the energy from 0 to 2 eV is an indication of interactions
between electrons in the material and photons. The peak
represents an interband transition of electrons from the valence
region to the conduction region. Following this, ¢;(w) drops as

e r T
0.8 = GGAmBJ | s
[ = GGA+mBJ+SOC I bite
0.6 ................. o |
04} :
02 !
0 ) L
oA o T T
» 2 . |
@ [ = GGA+mBJ I 1-5
I3r o
s F I
22k |
I I
81
Q -
& L
4 e T T T T T
F = GGA+mB] ! 1 02
3=~ GGA+mBJ+S0C I
i i
21 1
L |
1+ 1
L l |
0 L . .
4 2 0 2
Energy (eV)
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Table 4 Bandgap (in eV) of BiLaOy4l for various functionals

Functional GGA GGA+SOC GGA+mB] GGA+mBJ+SOC

Bandgap 1.2 0.82 2.17 1.85

the photon energy increases. It also has zero values and negative
values, which may be due to the plasmonic type oscillation. The
static values of ¢;(w) in the x and z-directions are ~7 and ~5.8,
respectively. The material is anisotropic in the entire photon
energy range. The complex part of the dielectric function
describes optical absorption and plasmon excitation in the
system. There is a rapid increase in ¢,(w) in the energy range of 3
to 5.20 eV after the threshold energy. In that energy range, there
is one sharp peak at 5.2 eV. Upon further increasing the photon
energy, &(w) decreases with some fluctuations. The peak values
of both parts of the dielectric function are found to lie in the
visible and ultraviolet regions, and the optical response occurs
in the range of 0.50 to 9 eV.

The plots of the frequency-dependent optical parameters:
n(w), R(w), a(w), and L(w) are shown in Fig. 4 (right). The
refractive index function is also a complex function whose real
part gives a refractive index, whereas the imaginary part
provides an extinction coefficient. In the visible and ultraviolet
regions of the frequency, the refractive index increases with
increasing photon energy, peaking at about 3.20 eV in the x-
direction and 4.8 eV in the z-direction, as shown in Fig. 4(a)
(right). Here, we noticed that the refractive index follows the
trend of ¢;(w). The zero-frequency limits of the refractive index
are n,,(0) = 2.65 and 7,,(0) = 2.45, following the relation n*(0) =
£1(0). The maximum values of the refractive index and extinc-
tion coefficient are found to be 3.50 and 2.54, respectively. The
reflectivity spectra are given in Fig. 4(b) (right), showing a rapid
variation of reflectivity with photon energy, which may be
suitable for various optical applications. The calculated values

/
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Fig. 3 The partial DOS (left) and band structure (right) of Bi,LaO4l using the GGA+mBJ and GGA+mBJ+SOC methods. The vertical and hori-

zontal dotted lines represent the Fermi level.
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Fig. 4 The variation of dielectric function (left) and optical parameters (right): (a) refractive index n(w), (b) reflectivity R(w), (c) absorption
coefficient a(w), and (d) electron energy loss function L(w) of Bi;LaO4l as a function of incident photon energy.

of reflectivity in the zero-frequency limit are R,, = 0.20 and R,, =
0.17. The maximum value of reflectivity corresponds to a nega-
tive value of & (w).

Fig. 4(c) (right) shows the variation of the absorption coef-
ficient with incident photon energy. The absorption edge starts
from around 1.50 eV of energy. Absorption peaks appear around
5.50 eV and 10.50 eV for the z-component, and 7.50 eV and
11.20 eV for the x-component. This shows that the compound
Bi,LaO,I is optically active and is a potential candidate for
optoelectronic applications in the ultraviolet region. The
maximum value of ¢(w) in the entire photon energy range is 190
x 10* em™". Fig. 4(d) (right) displays energy loss due to the
scattering of electrons from the material. The loss is greater for
photons with energy greater than 6 eV in both directions, with
peak values at around 7 eV and 13 eV in the x-direction, and at
around 9 eV and 12.20 eV in the z-direction. These peaks may
have arisen due to the mixing of single-electron excitation and
collective excitation. The optical behavior of the material is

N
T

o(m) X 10° «Q t:m)'1
-
T

0 | | | | |
0 2 4 6 8 10 12 14
Energy (eV)

Fig.5 The variation of optical conductivity in the photon energy range
of 0—-14 eV for BiLaOy4l.
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reflected by the plot of optical conductivity, shown in Fig. 5. It
begins responding to the incident photons with an energy of
1.80 eV, but the response is good in the range 3 to 12 eV, indi-
cating that the material is optically active in the visible and
ultraviolet region, with a maximum optical conductivity of 9.44
x 10° (Q em) ™" at an energy value of 5.20 eV.

Thermoelectric properties

Many types of research show that large-bandgap insulating
materials are promising candidates for TE applications. To
determine the TE properties of the material, we calculated the
Seebeck coefficient (S), electrical conductivity (¢), power factor
(S?¢), and electronic thermal conductivity (k.) based on
Boltzmann theory. Due to the limitations of BoltzTraP, the
lattice contribution is neglected. In CRTA, o, k. and S°¢ are
expressed in terms of relaxation time (t), whereas S is inde-
pendent of 7. The application of CRTA and RBA in the Boltz-
mann transport equation gives the electrical conductivity,
thermal conductivity, and Seebeck coefficient as a function of
the Fermi function.””*

The calculated value of S at 300 K is 287 pV K. We observed
from Fig. 6(a) (left) that the Seebeck coefficient steadily
decreases as the temperature is increased from 300 to 800 K. At
800 K, it has the lowest value of 248 uv K. The positive value of
S in the whole temperature range suggests that the transport
phenomena are due to p-type charge carriers. The electrical
conductivity is found to increase as the temperature is
increased, as in Fig. 6(b) (left). The calculated value of ¢ lies in
the range of 34.13 x 10° to 118.21 x 10% (Q m) . k. is found to
increase as well. From Fig. 6(c) (left), we noticed that the rela-
tionship between k. and temperature is nearly linear. The
calculated power factor, which is the product of $> and o, is
shown in Fig. 6(d) (left). Though S is seen to decrease with
increasing temperature, the power factor increases with
temperature. This is due to the contribution from ¢. The
maximum calculated value of the power factor is 73.26 x
10" Wm ' K ? at 800 K.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Variation of (a) Seebeck coefficient (S), (b) electrical conductivity (a), (c) electronic thermal conductivity (ke), and (d) power factor $2a with
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Fig.7 ZT as a function of temperature for Bi,LaO4l (considering the ke
component of k).

The chemical potential (u) dependence of the power factor at
various temperatures is shown in Fig. 6 (right). The dotted vertical
line corresponding to zero chemical potential is an indication of
the middle of the energy gap. The negative values of u correspond
to p-type doping, whereas the positive values correspond to n-type
doping. In all cases, the peak of the curve lies in the range of
negative values of u. Thus, in this case, we can enhance the power
factor and, hence, the TE performance, by doping with an
appropriate amount of p-type charge carriers. By considering .,
we calculated the TE figure of merit, shown in Fig. 7. The calcu-
lated values lie between 1.24 and 0.89. The decreasing value of ZT
with increasing temperature may be due to an increase in .

Conclusions

The structural, elastic, electronic, optical, and TE properties of the
layered perovskite Bi,LaO,I were studied by means of density
functional theory. It was found that the material is a non-
magnetic insulator with an indirect bandgap of 1.2 eV. Calcula-
tion of the elastic constants showed that the material is stable. We

© 2022 The Author(s). Published by the Royal Society of Chemistry

also calculated the optical elements, ie., dielectric function,
refractive index, reflectivity, absorption coefficient, loss function,
and optical conductivity, which suggest that the material is opti-
cally active. Boltzmann transport theory was used to calculate the
TE properties. By considering the electronic thermal conductivity,
calculated power factor, and figure of merit, the results indicate
that Bi,LaO,I is a promising TE material, whose potential may be
further enhanced by appropriate hole doping.
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