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ABSTRACT

Lead-free double perovskites (DPs), Cs2lnAgXs, specifically, were studied as candidate materials for
photo voltaic cells (PVC). The density functional theory (DFT) methods as implemented in the Quan-
tum Espresso suite was applied for the study. Equilibrium lattice parameters for the DP which are all
face-centered cubic crystals, were determined as follows: a = 9.13 A for X=F, a = 10.38 A for X= Cl,
a=11.07 A for X = Br and a = 11.39 A for X = I. These findings align well with reported values.
Additionally, elastic constants were calculated and found to be in fair agreement with reported values
as well. Using the calculated elastic constants, all DPs were found to be ductile. The values of energy
band gaps, Eg, calculated were Eg = 1.7 eV for X = F, Eg = 1.5 eV for X = Cl, Eg =0.9 for X = Br and
Eg = 0.7 eV. It is noteworthy that, various studies, the experimentally reported Eg value for X = Cl,
(in the range of 3.23-3.3 eV) significantly exceed the calculated Eg values in this work. The experi-
mental Eg value for X = Cl as reported by several works is 3.23 - 3.3 eV, much higher than this and
all calculated Eg values reported in this work. In summary, Cs2InAgCls emerges as a robust candidate
material for PVCs, showcasing favorable mechanical stability and band gap characteristics. On the

other hand, Cs2InAgBrs would require band gap engineering to be a suitable material.

Keywords: Pb-free, halide double perovskite, photovoltaic cells, mechanical properties, first principles study

1.0 INTRODUCTION

Solar cell technology for harvesting energy is seen as
a major source of energy for the future because it is
eco-friendly and sustainable. The efficiency of solar
cells has improved steadily over time as well (Nayak,
P. K., Mahesh, S., Snaith, H. J., Cahen, 2019). It is
also clear from the literature that Si based
photovoltaic cells (PVCs) are by far the most

successful technology for harvesting photovoltaic

energy. However, power conversion efficiency
(PCE) of Si based PVCs are rather low. Research for
material alternatives to Si in solar cell and related
technology is active and Perovskite materials are
strong candidates for future PVC material due to their
high laboratory PCE being reported. Perovskite
materials have a general formula ABXs, where A =

monovalent cation, B = divalent, X is an anion, with
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with commonly B = Pb. Pb-based halide perovskites
have been studied extensively and are reported to
hold promise for LED applications and for PVCs.
They have been demonstrated to achieve power
conversion efficiencies above 22%, and surpassing
polycrystalline and thin-film silicon based PVCs
(NREL, 2022). The features of perovskite material
that lead to the high PCE are low carrier
recombination, suitable absorption and extinction
coefficients in the visible electromagnetic spectrum,
high carrier mobility and direct energy band gap
values (Mathew et al., 2019).

Optical, electronic and structural properties of
various perovskite materials have been examined by
many research groups both theoretically (D. Shi, V.
Adinolfi, R. Comin, M. Yuan, E. Alarousu, A. Buin,
Y. Chen & A. Rothenberger, 2015; J. H. Noh, S. H
Im, J. HHeo, T. N Mandal, 2013; Meyer et al., 2018;
Q. Dong, Y. Fang, Y. Shao, P. Mulligan, J. Qiu, L.
Cao, 2015; S.D. Stranks, G.E. Eperon, G. Grancini,
C. Menelaou, M.J. Alcocer, T. Leijtens & M. Herz,
2013; T.J. Jacobsson, M. Pazoki, A. Hagfeldt, 2015),
and experimentally (Volonakis et al., 2017; W.
Khan, S. Azam, M.B. Kanoun, 2016). Pb-based
perovskite materials have been reported for their high
PCE but Pb is toxic (Green et al., 2014), and
environmentally hazardous when exposed to
moisture which inevitably results from high humidity
in the atmosphere (P.K. Kung, M.H. Li, P.Y. Lin,
J.Y. Jhang, M. Pantaler, D.C. Lupascu, G. Grancini,
2020). Efforts are directed at minimizing or replacing
Pb in PVCs. Therefore, the stability of Pb-free

perovskites are being studied. An early attempt at

realizing a Pb-free material was to replace Pb?* with
Sn?" in the structure APbX; (X= Br, I, Cl). However
such products were found to be unstable (Zhen Li,
Mengjin Yang, Ji-Sang Park, Su-Huai Wei, Joseph J.
Berry, 2016). Double perovskites are emerging as
alternatives to the existing lead halide perovskites.
The general formula for double perovskites is A2BXs
or A:BB’Xes, where A and B are respectively
inorganic cations and tetravalent ions with X a
halide.

reported mixed results. Combinations of Ag and Cu

Initial studies on double perovskites have

on one hand with Bi, In and Sn on the other in place
of Pb?* have been tried. Such products as Cs;CuBiXs
or CsAgSnXe were found to yield either indirect band
gaps or energy band gaps larger than 2 eV/(T.J.
Jacobsson, M. Pazoki, A. Hagfeldt,
2015),(Volonakis et al., 2017)(Slavney, A. H.; Hu,
T.; Lindenberg, A. M, 2016).
Cs2BiAgXs (X = ClI, Br) have been synthesized and
found to exhibit band gaps in the visible range (Filip,
M. R.; Hillman, S.; Haghighirad, A. A.; Snaith, H. J.;
Giustino, 2016).

However, the band gaps of these compounds are

Karunadasa,

indirect which is not ideal for applications in thin film
photovoltaics. The study on Cs,AgBiBrs, by Savory
et al reported an efficiency of less than 8%
(Christopher N. Savory, Aron Walsh, 2016). W.
Mukhtar et al (Wagas Mukhtar et al., 2021) using
first principle studies reported that the double perov
skites RbaoNalnls and CsoNalnle are direct energy
bandgaps of values 1.121 eV and 1.111 eV

respectively.
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Maughan et al (A.E. Maughan, A.M. Ganose, M.A.
Almaker, D.O. Scanlon, 2018) and others (A.
Kaltzoglou, D. Perganti, M. Antoniadou, A.G.
Kontos, 2016) independently studied the Cs2Snl6
and reported an energy bandgap of nearly 1.2 eV )
and carrier mobility of 509 cm2/V/ s. These reported
band gap energies in the range of 1.0 eV are suitable
for PVCs. Other promising double perovskites that
are recommendable for use as active layers in PVCs
are CszInSbClg, Cs;AglInBrs, Rb,AgInBre, and
Rb,CulnCle. Initial studies show that in addition to
having desirable energy bandgaps, these have higher
PCE compared to ABX3 material (J. Zhou, J. Luo, X.
Rong, P. Wei, M.S. Molokeev, Y. Huang, J. Zhao &
X. Zhang, J. Tang, 2019; Michael M. Lee, Joél
Teuschertsutomu, 2012; Xin-Gang Zhao, Dongwen
Yang, Yuanhui Sun, Tianshu Lif, Lijun Zhang,
2017).

compound combinations in perovskites have been

Liping Yu, Although organic-inorganic
used to implement optoelectronic devices, instability
arising from long term expose to sunlight and
humidity is reported as a factor to consider in
adopting perovskites for PVC application (H.-S.
Kim, C.-R. Lee, J.-H. Im, K.-B. Lee, T. Moehl, A.
Marchioro & R. Humphry-Baker, J.-H. Yum, 2012),
(Nam Joong Jeon, Jun Hong Noh, Woon Seok Yang,
Young Chan Kim, Seungchan Ryu, 2015). The
stability of perovskites is therefore a threat to their
development as PVCs. Nishita et al (Mathew et al.,
2019) presented preliminary results on the electronic
and structural properties of Cs2InAgCl6 but the

stability of the material was not reported. In this

study, the mechanical stability of some lead—free
double perovskite material (Cs2lnAgXs; X= F, Cl,
Br, 1) was studied using DFT. Except Cs2InAgCls,
experimental data on which is being reported
(Volonakis et al., 2017), the compounds with X = F,
Br, and | are hypothetical but potentially represent
an important class of promising PVC material. This
study also discusses the electronic properties of the

selected material.

2.0 METHODOLOGY AND COMPUTA-
TIONAL DETAILS

For the current work, the Quantum Espresso (P
Giannozzi, S Baroni, 2017) computational suite was
used and the calculations were carried out using the
plane wave DFT approach. The Perdew-Burke-
(PBE) Gradient
Approximation (PBE-GGA) was applied. The

Ernzerhof Generalized
electron exchange energy correlation functionals
which were taken within the PBE formulation and
ultrasoft pseudopotentials for solids (PBE-sol) were
used to describe the atomic potentials. Indium 4d 5s
orbitals were included for core correction whiles in
general 4p 5s orbital were included for halides. For
all calculations, the Hubbard +U correction was
applied on Ag 3d orbital. The calculations did not
include spin-orbital coupling effects as these have all
The k-point meshes for all structures were generated
according to Monkhorst-Pack scheme for the
Brillouin zones. Sampling of Brillouin zone

integration with k-point mesh 10x10x10 was set,
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while denser k-mesh of 12x12x12 was used for DOS
calculations. The kinetic energy cut-off for electrons
was determined by the minimum required for the
element with the highest energy cut-off requirement
and ranged between 60 Ry for CszInAgls and 90 Ry
for Cs2InAgCle. Stringent convergence requirements
were set for each compound with interatomic force
thresholds typically 107 Ry/A. In all calculations the
electron convergence threshold was 102 Ry. The
equilibrium lattice parameters of crystals were
computed by self consistently calculating the
minimum total energy per unit cell of each compound
for a range of values of lattice constants. A plot of
energy vs volume was then fitted by the Birch-
Murnaghan equation of state and the equilibrium
lattice parameters (corresponding to minimum
energy) obtained for each compound. Elastic
constants were obtained directly from self consistent
thermal computations. In order to predict the
formation of stable perovskite the Goldschmidt test
was used. As all the unit cells of the compounds were
face centered cubic crystals, the bulk modulus, B,
was obtained from the elastic constants Ci1, C12 and

Caa at zero pressure as:.
Ci1 + 2C
B 11 12

=

The shear modulus G is taken as an average of the
Voight (Gy ) (Lv et al., 2016), Reuss (Gg ) (Li et al.,
2017) and Hill (Erum & Igbal, 2016) approximations
as

Gy +G
-
where
Gp = 4§C4:(§11 —C12) 3)
44 (Cll - C12)
and Gy = a=Cat3Cu gy

5
The possibility of the selected atoms forming

perovskite crystals stably was assessed by use of the
Goldschmidt (Volonakis et al., 2017) tolerance (t)
and octahedral (ufactors defined as

Rp
=—2(5
U RX()
Res + Ry

N TR

R =05(R| |+Rag)(7)

where R, Ry are the Shannon ionic radii of the Cs
cation and the X anion respectively. Rz was
estimated as the average of In and Ag ionic radii as

shown in (7).
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3.0 RESULTS

3.1 Structural properties and mechanical stability

Table 1 shows the calculated lattice and bulk constants, from references. The calculated bulk moduli were
the octahedral and tolerance factors and the Pugh ratios  reproduced by fitting to the energy-volume plot using
for the material. Also included in the table are values the Birch-Murnaghan equation of state.

Table 1: Lattice constants, bulk and shear moduli and relate ratios of the perovskites

Anion X F Cl Br I
a (A) This work 9.015 10.3897 10.8989 | 11.5385
a (A) (References) 9.138 (M. 10.467 (Z. Zhou, | 10.74 11.52(Hang
Tarig, Malak | M.S. Xia, X. (Volona | Yin,
Azmat Ali, Molokeev, D. kis et Yeming
A. Laref, Peng Zhang, al., Xian,
2020) 2017), 10.65 2017) Yongli
(Enamul Haque, Zhang,
2019), 10.47 Wenzhe Li,
(expt. (Volonakis 2019)
etal., 2017))
B (Gpa) 47.028 38.270,29.12 (M. | 23.465 | 109.970
Tarig, Malak 93.46
Azmat Ali, A. (M.
Laref, 2020), 46.8 Tarig,
(Enamul Haque, Malak
2019) Azmat
Ali, A.
Laref,
2020)
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G (Gpa) 13.77 14.828 23.465 | 364.669
Pugh ratio (=B/G) 3.415 2.580 3103 | 0.290
octahedral factor, t 0.733 0.538 0.497 0.443
Tolerance, u 0.985 0.937 0.925 0.909
Poisson ratio 1.347 0.328 0.352 | 0.3800
Table 2: Elastic constant and test of stability using elastic constants
Anion X F Cl Br |
Cu (GPa) 66.941 64.575, 93.03 (Enamul | 131.205 204.390
Haque, 2019)
C12(GPa) 37.072 25.119, 23.69 (M. 43.632 62.764
Tariq, Malak Azmat
Ali, A. Laref, 2020)
Ca4(GPa) -13.045 12.231 15.038 20.542
Ci1 > 1Cq5] Yes Yes Yes Yes
Cas >0 No Yes Yes Yes
Ci1+C2>0 Yes Yes Yes Yes
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Elastic constants hold information on the mechanical
stability, the bonding, stiffness and other related
properties of materials subjected to externally
applied stress (Amal Moussali, Mahdad Benzardjab

Table 3: Calculated energy band gaps (in eV) for the double perovskite material studied

Anion X F Cl Br |
This work 1.7 15 0.4 0.7
Other work 3.44 (M. Tariq, 1.5 (Volonakis 0.58 (Z. Zhang, J. | 0.76 (M.
(Theoretical) Malak Azmat Ali, | etal., 2017), Su, J. Hou, Z. Lin, | Tarig, Malak
A. Laref, 2020) 1.35 (N.K. Noel, | Z. Hu, J. Chang, J. | Azmat Ali,
S.D. Stranks, A. | Zhang, 2019), A. Laref,
Abate, C. 1.33 (G. 2020)
Wehrenfennig, Volonakis, 2018),
S. Guarnera & 1.5 (Xin-Gang
Petrozza, 2014), | Zhao, Dongwen
Yang, Yuanhui
Sun, Tianshu Lif,
Lijun Zhang,
Liping Yu, 2017)
Other work - 3.3 (Volonakis - -
Experiment etal., 2017),
3.23 (Slavney,
A.H., Hu, T,
Lindenberg, A.
M.; Karunadasa,
2016)

Amina, Benattou Fassi, Ibrahim Ameri, Mohammed
Ameri, 2020). Table 2 shows the calculated elastic
constants and the stability test results, whereas the
calculated energy band gaps are shown in Table 3.
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The energy band structure displays fundamental states (DoS) plot for the halide-based double
electronic characteristics of a material. Figure 1 perovskites studied whilst the projected density of
shows the energy band diagrams and the density of states are shown in Figure 2.
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Figure 1: Energy band structures with DoS for all studied perovskites. (a) X = F, (b) X=Cl,
(c) X=Brand (d) X =1
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Figure 2: Projected DOS plots for (a) Csz2lnAgFs, (b) Cs2InAgCls, (c) Cs21nAgBrs (d)
Cs21nAgls

4.0 DISCUSSION

All crystals were first relaxed to determine their  respective material reported by the indicated
equilibrium lattice parameters. It can be seen from  references, the calculated values can be said to be in

Table 1 that compared to the lattice constants of the  fair agreement, deviating only in a narrow range
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of +0.16% to +1.7%. As expected, it can be seen from
the table that the calculated cell sizes increase as the
halide atom changes from Fluorine to lodine (i.e.
down the periodic table). The bulk moduli of the
perovskite material were also calculated in order to
their Bulk

modulus measures the ease or resistance to volume

understand mechanical properties.
changes (brittleness) whilst the ease of change in
shape is measured by the shear modulus. The ratio of
the bulk to the shear modulus, called the Pugh ratio
is a measure of the ductile nature of the material. A
Material is classified as ductile if its Pugh ratio is
greater than 1.75 whilst the Poisson ratio should be
greater than 0.26 (Wagas Mukhtar et al., 2021).
Poisson's ratio is the ratio of the change in the width
per unit width of a material, to the change in its length

per unit length, as a result of strain.

The values of bulk moduli shown in Table 1 are
similar to those obtained by Tariq et al (see Table 1
of (M. Tarigq, Malak Azmat Ali, A. Laref, 2020). In
particular for X = F, the values of bulk modulus was
a match to earlier reported values (see Table 1 of
(Sandeep et al., 2017)) giving confidence to our
results. Except for X= 1, all Pugh ratios are greater
than 1.75 and would therefore be ductile in nature
implying they would have a fair degree of flexibility
which is suitable for solid state and flexible

electronic applications. A Material is expected to

form stable double perovskite if its tolerance value is
in the range 0.8 < t < 1 and its octahedral factor is
greater 0.41 (Volonakis et al.,, 2017) or more
precisely in the range 0.4 <t < 0.9 (Meyer et al.,
2018). The tolerance values and octahedral factors
for the material, included in Table 1, are within the
stability ranges. From these values it appears that all
the materials studied would form stably as double
perovskite crystals although the octahedral factor
decreases as the ion X gets larger. The observation
suggests that larger anions would least form as
double perovskites.

The mechanical stability of the perovskite material
was further assessed by determining whether they
met the following conditions (for stability)(Bouafia
et al., 2015): |Cy44| > 0, C;4 — |C12] > 0 and Cy; +
|Cy2] > 0. The results of the comparisons for all the
compounds as displayed in Table 2 indicates that by
this criterion alone all but for X = F are mechanically
stable under reasonable stress.

The apparent conflict in the observation that all the
studied material would form double perovskites yet
Table 2 shows that for X = F, C,, < 0, can only be
resolved by making a distinction between formation
as double perovskite crystals and existing stably as
such. For X=F, a hypothetical double perovskite may
form but is not expected to exhibit stable mechanical

properties.
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4.1 Electronic properties

The electronic properties of the material is
summarized in Figure 1 by the band structure and
distribution of density of states. The band gap values
derived from calculations are shown in Table 3.
Values from other works are also indicated for
comparison. Except for Cs:InAgls, (which by the
band structure, appears to be an indirect band gap
material) the conduction band minima (CBM) and
the valence band maxima (VBM) for all the
compounds occur at the I' — point of the Brillouin
zone, making them direct bandgap crystals. The
indirect bandgap of CszInAgls indicates that it is not
a good candidate perovskite for PVCs. Particularly
noticeable is the very small energy band gap value
for Cs2InAgBrs which is consistent with the value
reported earlier (Z. Zhang, J. Su, J. Hou, Z. Lin, Z.
Hu, J. Chang, J. Zhang, 2019). This band gap value
would make Cs2InAgBrs electronically unsuitable
particularly for solar energy harvesting. For X =Br,
the double perovskite material may thus be
considered for bandgap engineering. Of the three
direct bandgap perovskites studied, CszInAgCls
appears to offer the most promising electronic
property with an energy bandgap of 1.5 eV.

Although an experimental band gap value of 3.3 eV
has been reported, our value of 1.5 eV is consistent

with several other calculations. (Z. Zhou, M.S. Xia,

X. Molokeev, D. Peng Zhang, 2017) (Wonseok Lee,
Seunghwa Hong, 2019). Projected partial densities of
state, pDOS, plots show that across all the materials
studied, the 2p orbitals of the X anions dominate near
their Fermi levels with the 4d orbitals of the Ag
cation (see Fig. 2) being the other most significant
contributor of electrons to similar that energy band
which is important to semiconducting properties. For
clarity, other orbitals were left out of the plot as they

were too small to be shown on the scale.

5.0 CONCLUSION

The mechanical stability of Pb-free double
perovskites Cs2InAgXes (X = halides F, CI, Br, I) were
studied along with their suitability, electronically, for
photovoltaic cells. The results suggests that except
for X =1, all perovskites in the series are direct
bandgap semiconductors, but the bandgap for X = Br
is so small that it is not good for PVC applications.
Except for X = |, all material studied were found to
be malleable. Results from the study shows that
Cs2InAgCls would have the desired bandgap for PVC
candidate material, and would be the most
mechanically stable candidate among the series of

halide double perovskites studied.
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