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ARTICLE INFO ABSTRACT

Article history:

Ab initio calculations were performed for cubic Fm-3m (225) and tetragonal (I4/m) phases for
Cs,AgBiBrg(CaB2). We used the Vienna Ab Initio Simulation Package (VASP) to calculate the ground state
properties using two different exchange-correlation functionals, namely the Generalized gradient
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Keywords: approximation method (GGA) and the screened hybrid functional as proposed by Heyd, Scuseria,
CsAgBiBrs ) and Ernzerhof (HSE06) method. Tetragonal Cs,AgBiBrg phase was stabilized in the tetragonal phase.
Optoelectronic properties The bandgap (Eg) was calculated using HSE06 for the polymorphs optimized at the PBE level and it is
girl;?cgap found that they belong to the indirect bandgap. The calculated bandgap for cubic and tetragonal phases
Tetragonal in HSEO6 for Cs,AgBiBrgs were 1.97 eV, and 2.4 eV, respectively. The character of chemical bonding in CaB,

is discussed based on electronic structures, charge density, charge transfer, and bond overlap population

analyses.
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1. Introduction

Crystalline silicon is the most used material for photovoltaic
applications. However, over the last decade, perovskite solar cells
made from metal halide perovskite materials are cheaper and
potentially more efficient than other thin-film solar cells [1]. Per-
ovskite is one of the common crystal structures that can be found
on Earth[2]. Due to its optimal structural and electronic properties,
perovskites have received much attention in a variety of thematic
areas and applications such as ferroelectricity, piezoelectricity,
high-Tc superconductivity, ferromagnetism, giant magnetoresis-
tance, photocatalysis, and photovoltaics [3]. The Pb-based hybrid
perovskites (APbl3) have been in focus in solar cell applications
as they offer high power conversion efficiencies (PCE) comparable
to the well-established Si-based solar cells where A could be an
organic cation of CH3;NH;3; (Methylammonium) [4] or (H,N),CH*
(Formamidinium) [5]. Recent studies show that (FAPbI3) formami-
dinium lead triiodide gives a high efficiency of 25.6% which is

* Corresponding author.
E-mail addresses: ponniahv@kjemi.uio.no, vajeeston.ponniah@smn.uio.no (P.
Vajeeston).

https://doi.org/10.1016/j.matpr.2022.06.063
2214-7853/Copyright © 2022 Elsevier Ltd. All rights reserved.

stable for 450 h [6]. Pb?* is responsible for unique optoelectronic
properties of APbl; perovskites because of its 6 s, p° configuration,
which results in lone 6 s? pairs and inactive 6p° states [7] and also
the high symmetry nature of lead halide perovskite. Nevertheless,
the toxicity of lead and the long-term device stability issues are the
major barriers to limiting its commercialization. Lead toxicity can
be eliminated by replacing Pb with the other group cations. Apart
from Pb2*, TI>* and Bi3* also have the electronic configuration of
6 52 6p°.

During the annealing process of MAPbl; (M= CHs; A=NH;3),
degradation is noted to occur at 85 °C in an inert atmosphere [9].
Experimentally, it is shown that mixing MAPbI; with a small quan-
tity of inorganic cations such as Cs* with methylammonium (CHjs-
NH3)/formamidinium (CH3(NH,)3) results in a photostable
material [10]. Cs metal halides are thus of interest and these were
first synthesized already in 1893, and CsPbl; and CsPbBr; are
shown to have thermal stability up to the melting point of 460 °C
[11]. This makes Cs based metal halides interesting, and Pb(II)
ion could also be replaced with the combination of monovalent
cation Ag" and trivalent cation Bi*>*. Most of the theoretical and
experimental studies have been carried out with the inorganic
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double perovskite of Cs,AgBiCls and Cs,AgBiBrg [12]. All these
studies are setup for optoelectronic applications which crystallize
in cubic structure space group of Fm-3 m with an indirect bandgap.
Cs,AgBiBrg is shown to have good thermal and ambient stability
without encapsulation[13]. A recent study reported that Cs,-
AgBiBrg had high-hole mobility of 0.29 cm?s'V~! in Field-Effect
Transistor Applications [14]. However, there is limited discussion
on the crystallography of Cs,AgBiBrs and its impact on optoelec-
tronic applications. In addition, the pressure[15] and the tempera-
ture[16] could influence the material to change its crystal structure
and the electronic configuration. For example, at 122 K there is a
phase transition between the room temperature cubic structure
(Fm-3 m) and the low-temperature tetragonal phase(I4/m). This
phase transition could affect the optical and electronic properties
in terms of bandgap energies and the charge carrier lifetime[16].
At 4.5 GPa, cubic Cs,AgBiBrg transfers to the tetragonal phase(14/
m) and they showed that beyond the 6.5Gpa the bandgap of the
tetragonal phase narrows from 2.3 eV to 1.7 eV[15]. This leaves
an interesting question regarding what structural changes we will
see and how the optoelectronic properties would change in these
phases.

2. Computational modelling

In this study, we focus on Cs2AgBiBr6, and the total energies of
Cs,AgBiBrg have been computed using the Vienna ab initio simula-
tion package (VASP)[17]. The core states are described with poten-
tial generated through the projected augmented plane wave (PAW)
method [18]. The exchange and correlation functions are treated
within the GGA approach, using the approximation proposed by
Perdew, Burke, and Ernzerhof (PBE)[19]. We optimized the atomic
positions as well as the cell size and volume, minimizing both the
stress tensor and the Hellman-Feynman forces with an overall
force tolerance of 10~ eV A~!. The HSEO6 functional was used
for computing the electronic structure. Our parameterization
included a screened parameter of 0.2 A~! and 30% mixing of the
screened Hartree-Fock (HF) exchange with the PBE functional
[20]. Fully converged results were obtained with a kinetic cut-off
energy of 600 eV, and a 6 x 6 x 6 I'-centered Monkhorst-Pack grids
for integration over the Brillouin zone. This setting was used in
both PBE and HSEO6 calculations. The vibrational properties were
computed with the frozen phonon approach, using suitably large
supercell of the optimized structures. The Phonopy software was
used to calculate the phonon dispersion curve and the associated
density of states [21]. An atomic displacement of 0.0075 A was
used, and displacements in opposite directions were considered
to improve the overall accuracy of the calculation of the force
constants.

2.1. Structural stability

To understand the relative stability between cubic and tetrago-
nal phases, we perform the geometry optimization by using the
Murnaghan equation of fitting, in which the total energy of the unit
cell is minimized concerning the cell volume within the DFT frame-
work [22].

BoVo
By(1 -~ By)

[

Where V is the primitive-cell volume, B is the bulk modulus,
which provides the behavior of the crystal volume under hydro-
static pressure[23], and B’ is its first pressure derivative. The zero
indexes are the values at zero pressure[24].

The structural stability of the cubic and tetragonal phases has
been studied with the GGA-PBE method.

B
E:EO+B—9(V7V0)7 (1)

0
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The calculated energy volume curve clearly indicates that the
tetragonal phase has a lower ground state energy than the cubic
phase, see Fig. 1. This means the tetragonal phase of Cs,AgBiBrs
is more structurally stable than the cubic phase. The computed lat-
tice parameters are given in below Tablel.

2.1.1. Dynamical stability

To understand the dynamical stability of the studied poly-
morphs of Cs,AgBiBrs, we carried out phonon calculations and
these are the first such results reported. In addition to the total
phonon density of states (PDOS), we also calculated the phonon
dispersion curves, at the equilibrium volume. Along the high sym-
metry direction of the Brillouin zone for cubic and tetragonal vari-
ations are presented in Fig. 2 with their corresponding PDOS. From
our study, we found that for the tetragonal structure all phonon
modes are positive and this structure is dynamically stable. On
the other hand, the cubic structure has several negative modes
especially G-X, K-G-L, and U-X, and the cubic phase is dynamically
unstable.

2.1.2. Mechanical stability

Material’s mechanical behavior could be explained by the elas-
tic modulus. The relationship between the stress and strain can be
described by Constitutive law within the elastic region and it can
be simplified in Voigt notation [29].

6
O = Z Cij&jj
Jj=1

The elastic constants describe the response to an applied force,
as either applied strain or the required stress to maintain a certain
deformation. Both stress and strain have three tensile and three
shear components. Due to this, the elastic constants of a crystal
can be described using a 6 x 6 symmetric matrix, having 27 com-
ponents where 21 of which are independent [30]. Naturally, we can
reduce the number of components by utilizing any existing sym-
metry in the material. A cubic crystal has only three independent

(2)

| . | ¥ I . | * 1 ’
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Fig. 1. The total energy as a function of the volume of Cs,AgBiBrg halide double
perovskite in cubic and tetragonal phases.
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Table 1
Obtained equilibrium lattice parameters (in A), using GGA.

Cs,AgBiBrg(Fm-3 m) Cs,AgBiBrg(14/m)

a 11.4836,11.462[25], 11.25[26],11.53 8.0428,7.844[25],7.879
[27],11.271[28] [16]
[« 11.6667,11.425
[25],11.323[16]
Volume/ 378 385
A3

elastic constants (C11, C12, and C44), each of which is representa-
tive of three deformations (Cy3 = Cy3, Cy1 = Ca3 = C31, C44 = Ceg) [31].
The mechanical stability criteria is given as [25].

Cu>0;C1>C2;G1+2C2>0 (3)

Cubic structure of Cs,AgBiBrg fulfills mechanical stability
criteria.

Tetragonal phase (Cy1, C33, Ca4, Cos, C12, and Cy3)and its mechan-
ical stability criteria [25] are discussed below and tetragonal struc-
ture of Cs;AgBiBrg too satisfies the criteria.

Ci1>0,G3>0,Cyy >0,Cgs > 0,Cy1- Ci2 >0, Cpy

4
+C33—2C13 > 0,2(Ciy + Ciz) + C33 + 4Ci3 > 0 @

Similar to the elastic constant tensor, the bulk (Bv, Bg) and the
shear moduli (Gv, Gg) provide information regarding the material
hardness under deformation. These parameters are computed for
the considered phases of Cs,AgBiBrg and listed in Table2. These
properties can be directly computed from the elastic constants ten-
sors. Using Pugh’s criterion which is based on the value B/G ratio,
we could determine whether the material is ductile or brittle.
When B/G > 1.75, it shows the character of ductility and when it
is less than 1.75, the material shows brittle character. Our calcula-
tions show that Cs,AgBiBrg is ductile in both phases[25].

2.2. Electronic properties

The bandstructure of Cs;AgBiBrg was calculated, to investigate
whether it is an insulator, a conductor, or a semiconductor. Elec-
tronic calculations were done using GGA and HSE06 methods.
The band structures E(k) were computed on a discrete k mesh
along with the high-symmetry directions in the Brillouin zone (BZ).

6 ™ T T 6 T p— T
o, ==
Ag mmmm
]
5 15 Cs
Br
4 44
~ 3 3
N
I
c
>
¢
]
)
g
“w
1 4-1
il H L . .

Frequency (THz)
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Table 2
The calculated single-crystal elastic constants Cij (in GPa), bulk modulus B (in GPa),
shear modulus G (in GPa), Poisson’s ratio (v), Young’s modulus E (in GPa), Pugh’s
indicator B/G and Debye temperature (Tp, in K) for Cs,AgBiBre phases. Subscript V
indicates the Voigt bound, R indicates the Reuss bound, and H indicates the Hill
average.

Phase Cs,AgBiBrg
Cubic Tetragonal
Gjj Cy1=25.409, 59.02[32],44.05(33],47.94[25],  C;1=23.826, 44.76
38.74[34] [25]
Ci2 = 14.483, 13.37[32], 16.36[33], 10.75 Ci2 = 13.449, 32.02
[25],7.58[34] [25]
C44 =6.301,8.15[32],6.56[33],5.13[25],7.46 Cy3=13.802, 16.85
[34] [25]
C33=24.311, 62.75
[25]
Cyq=4.237, 8.81 [25]
Ces = 3.139, 11.62
[25]
B, 18.13 17.12
Br 18.125 17.039
By 18.125, 25.59[33] 17.079
Gy 5.97 4.38
Gr 5.937 3.680
Gy 5.951,8.89(33] 4.032
Ey 16.13 12.12
Er 16.057 10.298
En 16.092 11.213
Vy 0.35 0.38
VR 0.352 0.399
Vh 0.352 0.391
(B/G) 3.04 424
Tp 112.7,136[33],137.08[25] 93.2,138.456[25],
114[35]

In Fig. 3, we can clearly see that both Cs,AgBiBrg phases are
semiconductors with an indirect bandgap. The lowest of the con-
duction band (CBM) lies at the L-point whereas the valence band
maxima (VBM) lies at X point in cubic phase materials. For the
tetragonal phase, CBM lies at X and VBM lies at L high symmetric
points in the first BZ. As expected the band gap values obtained
with GGA are underestimations, thus we perform more accurate
calculations with HSEO6 [36]. When the symmetry of the material
decreases from cubic to tetragonal phase, the bandgap value
increases, which proven by our computed electronic bandgaps in
Table 3 of both the cubic and tetragonal phases of Cs,AgBiBre. This

;TR | S O S !

I S - 5] P
L UW L K UX 0o §

(a)

I X WK I
Wave vector

1
K UX 0 2 4 6 8 1012141618 20

Phonon DOS

L UWwW L
Wave vector

Fig. 2. Phonon dispersion curves of Cs,AgBiBrg halide double perovskite for a cubic and b tetragonal phases.
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Fig. 3. Band diagrams of Cs,AgBiBrs halide double perovskite for a cubic and b tetragonal phases.

Table 3
Calculated bandgaps (eV) of Cs,AgBiBrs halide double
tetragonal phases) using GGA and HSEO6.

perovskite (cubic and

Cs,AgBiBrg(Fm-3 m)

1.35, 1.42[22], 1.26[25]
1.97, 2.06[38], 1.79[39]
2.59, 1.34, 2.4[40]
1.98[41]

Cs,AgBiBrg(14/m)

1.49, 2.06[25]
2.4,2.3[15]

GGA
HSE06

indicates that structural distortion and symmetry deterioration
lead to bandwidth narrowing and energetic stability[37] (See
Table 4.).

The electrons’ motion can be described with the definite posi-
tion and momentum under the assumption of all moving charge
carriers that are close to the band edge in terms of a semi-
classical approach. We could explain the mobility of moving charge
carriers using effective mass (m*) as it is a quantity that is used to
simplify band structures by modeling the behavior of a free particle
with that mass. This formula was derived by using approximations
in Taylor's series expansion at the band edge in the region of para-
bolic fitting[42].

PE\
m =k
dK

m* is the effective mass of the charge carrier, k is the wave vec-
tor, h is the reduced Planck constant and E is the energy of an elec-
tron at wave vector k in that band. The parabolic nature (second
derivate) of the bandstructure plot, reveals which one of the struc-
tures that will have the highest electron mobility as the second

()

Table 4
Effective masses (me, my) calculated for cubic and tetragonal Cs,AgBiBrg double
perovskite using GGA approximation.

Direction Cs,AgBiBrg(Fm-3 m) Cs,AgBiBrg(14/m)
me*/m, my*/m, me*/m, my*/m,
(G->K) 0376 0.447 1.020 0.293
(G-1L) 0310 0.366 1.027 0.364
(G ->X) 0.328 0.678 1.566 0.421
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derivative and the effective mass are inversely proportional. In
Fig. 3, the bandstructures of HSEO6 show a high dispersive (large
second derivative) of the CBM compared to the VBM. This indicates
a lower effective mass of electrons compared to the effective mass
of the holes. Using the transfer rate of charge carriers (v), we can
discover the nature of the mobility or conductivity based on the
following equation.

hk
V=
m*

(6)

As the equation illustrates, electron mass increases when the
mobility is reduced, and vice versa. Our calculations show that
both Cs,AgBiBrg structures have higher electron mobility (m,)
compared to hole mobility (my). Effective mass calculations for
both cubic and tetragonal structures are presented in different
directions in the BZ.

2.3. Chemical bonding

To gain a better understanding of bonding interactions, the cal-
culated valence-charge-density distribution was used. Both cubic
and tetragonal polymorphs are having almost a similar feature as
shown in Fig. 4. According to the charge-density distribution at
the Cs, Ag, Bi, and Br sites, it is evident that the highest charge den-
sity resides in the immediate vicinity of the nuclei. As also evi-
denced from the almost spherical charge distribution, the
bonding between Cs and Br is virtually pure ionic and between
Cs-Br is predominantly ionic. The type of charge distribution seen
in Fig. 4 (b-d) appears to be typical for ionic compounds. On the
other hand, the charge distribution at the Ag, Br, and Bi sites are
of non-spherical nature and the considerable charges are shared
between the Ag-Br, and Bi-Br atoms (see Fig. 4 a and c), which
implies that there must be a significant amount of covalent charac-
ter in the Bi-Br, Ag-Br bonds. Fig. 4 (e-h) depicts the charge trans-
fer (i.e., the electron distribution in the compound minus the
electron density of the corresponding overlapping free atoms) in
Cs,AgBiBre. This illustration further reconfirms that the charge
has been depleted from the Cs and Ag sites and are transferred
to the Br sites. The overall message is that Cs,AgBiBrg is to be
regarded as a mixed bonding substance.
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Fig. 4. Calculated charge density (a-d), and charge transfer (e-h), plots along (100) for Cs,AgBiBrg in the cubic (charge density a, b; charge transfer e, f) and tetragonal (charge

density ¢, d; charge transfer g, h) structure.

3. Conclusion

Structural stability, electronic structure, and chemical bonding
of the cubic and tetragonal phase of Cs,AgBiBrg were investigated
using the PAW potential method by adopting the first principle
calculations.

The main results obtained are as follows:

e Tetragonal phase of Cs;AgBiBrg is found to be more stable than
its cubic blende phase.

e The phonon calculations reveal that the tetragonal structure of
Cs,AgBiBrg is found to be dynamically stable while the cubic
structure shows the negative frequency making it dynamically
unstable.

e The single crystal elastic tensor calculations show that both
phases are mechanically stable and both are ductile.

e Our band structure calculations show that the Cs,AgBiBrs poly-
morphs are semiconductors with indirect bandgaps.

e Our calculations show cubic and tetragonal phases of Cs,-
AgBiBrg that have the potential to be used in flexible optoelec-
tronic applications
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