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Abstract

Layered perovskites have attracted considerable attention in optoelectronic
applications due to their excellent electronic properties and stability. In this work, the
quasi-2D aurivillius halide perovskites are investigated using density functional
theory. The single-layer aurivillius perovskite Ba,Pbl, is predicted to have a direct
bandgap of 1.89 eV, which is close to that of the Ruddlesden-Popper perovskite
Cs,Pbl,. The electronic structures near the Fermi level are mainly governed by the
[PbX,] octahedra, which leads to similar electronic properties to that of Cs,Pbl,.
Decomposition energies reveal that these aurivillius perovskites exhibit thermal
instability. Increasing the number of [PbX,] octahedra layer can enhance the stability
and reduce the bandgap. Bi- and In-based aurivillius perovskites are also calculated
to evaluate the Pb-free alternatives. These calculations can serve as a theoretical

support in exploring novel layered perovskites.



Introduction
Since the first report of organic-inorganic halide perovskite (OIHP) solar cells in 2009,
the power conversion efficiency (PCE) has dramatically increased to 25.02%."° OIHP
exhibits unprecedented optoelectronic properties, such as high carrier mobility, large
optical absorption coefficient, and low-cost fabrication method.*® Thus, they are
promising absorber materials of next-generation solar cells. Apart from
photovoltaics, OIHP materials have also been applied in various optoelectronic
devices, such as photodetectors and light-emitting diodes.” The impressive
performance of devices is mainly gained by applying the hybrid perovskites.
Therefore, long-term instability must be further improved.

2D layered OIHPs are recently proposed and show better moisture tolerance
than their 3D analogues.® 2D perovskites consist of large cations and separated
perovskite-like sheets. For the perovskite-like sheets, octahedra are connected by the
corner-sharing anions. Meanwhile, the large cations are sandwiched between them
and provide van der Waals forces to stack the perovskite-like slabs.”® 2D OIHPs
possess high quantum efficiency, intense photoluminescence, and excellent flexibility
because of their unique layered structure.™ The dimensional reduction breaks the
symmetry of perovskite structure, which affects some optoelectronic properties (e.g.,
bandgap and exciton binding energy). Previous literature has demonstrated that the
thickness of perovskite-like sheets plays a crucial role in controlling the bandgap of
2D OIHP materials, and a PCE of 15.3% has been obtained with 2D perovskite solar
cells containing (PEA),(MA)soPbgol1s: (PEA = C¢Hs(CH,),NH5"; MA = CH3NH;"). ™

Layered perovskites can be divided into various types according to the structural
feature of separated perovskite-like sheets. The mostly used 2D halide perovskites in
solar cells commonly belong to the Dion-Jacobson (DJ) or Ruddlesden-Popper (RP)
phases. They can be conceptually obtained by cutting the octahedra planes of 3D
perovskite ABX; along the <100> direction, and the distinction between RP and DJ
structures is the number of A-site cation layers. For the RP phase, only the B-X planes

are cut off from the 3D structure, and the A-site cations on both sides of the B-X



planes are retained. The chemical formula for this phase is A’-A..1BXsn+1. By contrast,
the DJ phase perovskites lose one B-X plane and one adjacent A-site cations plane
simultaneously. The chemical formula for this phase is A'-A,1B.Xs.1. Aurivillius
perovskite is another layered perovskite structure that can be regarded as cutting B-X
planes along the <100> direction of 3D perovskite. In this structure, excessive X-site
anions are inserted into the intercalation of adjacent perovskite-like slabs of RP
phase perovskites.”*'* The general formula is A';X;*A,1B.Xsne1. TOo the best of our
knowledge, experiments and calculations are unavailable for aurivillius halide
perovskites. In this work, we report theoretical investigations on a series of inorganic
aurivillius halide perovskites Ba,Cs,.1Pb.Xsns (n = 1 and 2) by using density functional
theory. The optoelectronic properties of these aurivillius compounds are evaluated,
which can serve as a useful guide to explore layered perovskites for optoelectronic

applications.

Computational methods

All calculations were performed using the Quantum ESPRESSO package based on the
plane-wave pseudopotential approach.” Ultrasoft pseudopotentials were used to
describe the interaction between core and valence electrons with the generalized-
gradient approximation of Perdew-Burke-Ernzerhof (PBE).* The wave functions and
charge density were expanded in the plane-wave basis with a kinetic energy cutoff of
40 and 320 Ry, respectively. A 6x6x2 Monkhorst-Pack k-mesh grid was used to
integrate the Brillouin zone for the unit cell of n = 1 structure and a 6x6x1 k-mesh
grid was used for the n = 2 and n = 3 structures.? The lattice parameters, including
the lattice constant and atomic position, were fully relaxed for all 2D layered
perovskite structures by using the Broyden-Fletcher-Goldfarb-Shanno algorithm
with a force convergence threshold of 107 Ry/bohr and an energy convergence of
10 Ry. The optical absorption coefficient a(w) was calculated according to the

following relation:

: (1)
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where gi(w) and &,(w) are the real and imaginary parts of frequency-dependent

complex dielectric function, respectively.

Results and discussion

We first investigated the halide aurivillius perovskites Ba,Cs,1Pb.Xsne1 (N = 1, 2),
where n is the layer number of perovskite-like sheets. For the n = 1 structure, the
crystal consists of Ba.X, layers and corner-sharing [PbX:] octahedra layers with a
chemical formula Ba,PbX, (Figure 1a). For n > 2, Cs cations occupy the center of
tetradecahedron formed by the perovskite-like sheets (Figure 1b). With the increase
in the number of [PbXs] octahedra layer to infinity, the aurivillius phase will be
equivalent to the 3D analogue CsPbX;. The lattice parameters of aurivillius
perovskites Ba,Pbls and Ba,CsPb.l, were optimized by the PBE method, as presented
in Table 1. The calculated lattice constant a of Ba,Pbls is 6.4 A, which is slightly larger
than the predicted value of 6.38 A for CsPbls. Given that the ionic radius of Ba is
smaller than that of Cs, the elongation of lattice constants that are parallel to the
[Pbls] octahedra layers can be ascribed to the Ba-I interaction. Moreover, the lattice
constant ¢ of aurivillius Ba,Pbl¢ is longer than that of the RP perovskite Cs,Pbl, as a
result of an excessive |I” layer between the perovskite-like slabs. Notably, the Pbl,
octahedra in Ba,Pbls and Cs,Pbl, exhibit different features. The Pb-I bonds parallel to
the octahedra planes are shorter than that along the c-axis in Cs,Pbl,. For the
aurivillius Ba,Pbls, the Pb-I bond length along the a-direction is longer than that of c-
direction. For Ba,CsPb,ly, the Pb-I bond length along the a-axis is equal to that of 3D
perovskite CsPbl;, which results in the same lattice constant compared with the
CsPbls. The bond length of Pb-I adjacent to the Cs cations is evidently longer than
that adjacent to the Ba cations along the c-direction due to the large ionic radius of

Cs cations.



Figure 1. lllustration of aurivillius perovskites (a) Ba,Pbls and (b) Ba,CsPbl, as viewed
along the a-axis. Cs, Ba, Pb, and X ions are denoted as green, blue, black, and orange,

respectively.

Table 1. Optimized lattice parameters for aurivillius perovskites Ba,Pbls and

Ba,CsPb,l; compared with 3D perovskite CsPbl; and RP perovskite Cs,Pbl..

ad)  c(A) Fens (A) Fgas (A)
21.5
Ba,Pbl, 6.40 3.20([]), 3.16 (L) 3.53
1
34.3
Ba,CsPb,l, 6.38 3.19(]1), 3.14 (L, outer), 3.21 (L, inner)  3.54
5
19.5
Cs,Pbl, 6.36 3.18([]), 3.23 (L) -
7
CsPbl, 6.38  6.38 3.19 -

In accordance with the optimized crystal lattice of the aurivillius perovskite
Ba,Pbls, we calculated the electronic band structure by the PBE method, as depicted
in Figure 2. The Ba,Pbl, exhibits a direct bandgap of 1.89 eV at the S-point in the
Brillouin zone. This value is considerably larger than that of 3D CsPbl; (1.48 eV) and
close to that of RP Cs,Pbl, (1.90 eV).?*?! The valence band maximum (VBM) is

predominantly composed of antibonding states of Pb 6s and | 5p orbitals, while the



conduction band minimum (CBM) consists mainly of Pb 6p orbitals. The charge
density plots further demonstrate that the Ba-l layers have not an obviously
influence on the VBM and CBM, and the contribution is mainly from the interaction
between the Pb and | in the [Pbl,] octahedra. Therefore, aurivillius Ba,Pbls shows the
similar feature of VBM and CBM to RP Cs,Pbl,. The optical absorption coefficient a of
Ba,Pbls shows an anisotropic character along two different directions that are parallel
and perpendicular to the [Pbls] octahedra layers, which indicates that the 2D
electronic dimensionality of aurivillius Ba,Pbls.?* Given the 2D layered structure, a
along the in-plane direction is stronger than that in out-of-plane direction for low-
energy photons. However, Ba,Pbls exhibits the p-p transition feature similar to the 3D
CsPbl;, which leads to high absorption coefficient. In Pb halide perovskites, the effect
of spin-orbit coupling (SOC) is significant to the band structure.? The band structure
of Ba,Pbls calculated with PBE+SOC method is shown in Figure S1. The low
conduction bands undergo a dramatic splitting due to the SOC effect, which leads to

an underestimated direct bandgap of 1.01 eV.
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Figure 2. Calculated (a) band structures, (b) PDOS, (c) charge density at the VBM and
CBM, and (d) optical adsorption coefficient a along two directions that are parallel or
perpendicular to the octahedra layers for aurivillius perovskite Ba,Pbls. The top of the

valence bands is set to 0 eV.

The absorber materials of solar cells should have a direct bandgap in the range
of 1.1-1.6 eV to obtain high efficiency.* Layered halide perovskites usually have

larger bandgap than their 3D analogues. A feasible method for decreasing the



bandgap of layered perovskites is to increase the layer numbers n. Previous
theoretical studies on RP perovskites Cs,.1Pb,ls.+1 have demonstrated that the
bandgaps decrease from 1.90 eV with n = 1 to 1.51 eV with n = 10, which is close to
1.48 eV of 3D CsPbl; corresponding to n = . For these aurivillius perovskites, the
bandgap shows a similar trend with the increase in the layer numbers. Moreover, the
electronic properties of these aurivillius halide perovskites are mainly determined by
the bond character of [PbX¢] octahedra. These aurivillius halide perovskites have a
diminishing tendency of bandgaps in order of Cl, Br, and |, as presented in Table 2.
Thus, the substitution of | by Br or Cl in these aurivillius perovskites could further
tune their bandgaps, which suggests their potential application in other
optoelectronic fields, such as photocatalytic.

The stability of matter is an important concern for perovskite absorbers. We
calculated the decomposition energy (AHy) to evaluate the chemical stability of the
aurivillius perovskite Ba,Cs,.1Pb.Xsn:3.2? The decomposition energy was defined via
the free energy difference of the decomposition reaction into binary compounds,
that is, AHq = 2-E(Bal,) + (n-1)E(Csl) + n*E(Pbl,) - E(Ba,Cs,.1Pb.Xsn:3). Unfortunately,
the calculated AHy of these aurivillius perovskites are all negative for n = 1 and 2,
which indicates that the decomposition will be spontaneous exothermic reaction.
However, the stability can be improved by increasing the layer number of perovskite-

like sheets, which is also beneficial to the bandgap optimization.

Table 2. Predicted bandgaps E, and decomposition energies AH4 for aurivillius

perovskite Ba,Cs,.1Pb.Xs.+3 (n = 1 and 2) by the PBE method.

E. (eV) AH4 (eV/formula)
n=1 n=2 n=1 n=2
Cl 2.68 2.53 -0.68 -0.48
Br 2.27 2.08 -0.72 -0.57
I 1.89 1.70 -0.77 -0.69

The environmental risk of toxic Pb leakage is an inescapable concern of the

large-scale commercialization of OIHP solar cells. Exploring efficient Pb-free



analogues has been a major challenge for present OIHP investigations.” We
examined the substitution of Pb with Ge and Sn in the single-layer aurivillius
perovskite. The small direct bandgaps are predicted to be 0.85 and 0.82 eV for
Ba,Gels and Ba,Snle, respectively. The high energy levels of Ge 4s and Sn 5s orbitals
result in smaller bandgaps for Ba,Gels and Ba,Snly than that for Pb-based
counterparts. This finding suggests that B-site cation mixture (e.g., Pb/Sn or Pb/Ge)
will be another feasible strategy to tune the bandgaps of aurivillius perovskites.

Given that Sn* cations suffer from the oxidation to +4 state, Sn**-based vacancy-
ordered double perovskite Cs,0Snls has attracted great interest in optoelectronic
applications.?® Apart from the group IVA elements Ge and Sn, Bi is also a promising
alternative of Pb due to the same electronic configuration, 5d*°6s%6p°, for their stable
cations.?”’! Given the chemical formula A’,X,°A.1B-Xsni1, A'-, A- and B-sites should be
bivalent, monovalent, and bivalent cations, respectively, to satisfy the total charge
neutrality of aurivillius halide perovskites. Otherwise, non-bivalent B-site cations can
only probably exist in some certain aurivillius structures. For example, tetravalent B-
site cations can only form the single-layer aurivillius halide perovskites with A’ =
monovalent cations, such as Cs,B*l,. However, the trivalent cations can only form the
double-layer aurivillius compounds with A’ and A = monovalent cations, such as
CssB*,l,. We calculated the electronic structures of Cs,B*l¢ (B = Ti and Sn) and
CssB*,ls (B = In and Bi), as shown in Figure S3. Although these B-site cations have
diverse electronic properties (3d%4s° for Ti*, 5s°5p° for In* and Sn*, and 6s26p° for
Bi*), these compounds are computed to be metallic. Notably, these compounds can
form other perovskite phases, including vacancy-ordered double perovskite
structures for Cs,Tils and Cs,Snlg (FmM3m) and 2D or OD perovskite structures for
CssBizly (P6s/mmc and P3m1).*°** Comparison of the total energies of different
structures shows that the aurivillius structures have the highest energy in each case,
which indicates their inferior stability.

In 3D perovskite structure, Pb can be replaced by trivalent Bi by incorporating

monovalent cations with 1:1 ratio to form B-site double perovskites, such as



Cs,AgInCls and Cs,AgBiXs (X = Cl and Br). Interestingly, Ag/Bi iodide perovskites can
also crystalize in the 2D RP structure, though they have been demonstrated to exhibit
thermodynamic instability in the 3D perovskite structure.®**” Here, we investigated
the electronic structures of aurivillius double perovskites (A-site-ordered and B-site-
ordered) by the PBE method, as shown in Figure 3. The Bi 6s orbitals form the
antibonding state with | 5p orbitals at the VBM, while the In 5s orbitals compose the
bonding states with | 5p orbitals at the CBM. However, the two A-site-ordered
perovskites exhibit the direct bandgap at the TI-point. For the B-site-ordered
compounds, these perovskites have indirect bandgap due to the effect of Ag 4d

orbitals at the VBM.
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Figure 3. Calculated band structures for Pb-free aurivillius double perovskites. A-site
double perovskites (a) CsBaBils and (b) CsBalnl, and B-site double perovskites (c)
Ba,Ago.sBiosls and (d) Ba,AgosBiosle. The top of the valence band is set to 0 eV in each

case.

Conclusions
We investigate the electronic properties of a series of inorganic layered aurivillius

halide perovskites Ba,Cs,.1B.Xsns by using density functional theory. The Pb-based



aurivillius perovskites show that the direct bandgap and the gap value decrease with
the increase in octahedra layers. The bandgap of single-layer Ba,Pbl, is predicted to
be 1.89 eV, which is close to the single-layer RP perovskite Cs,Pbl,. This gap value can
be further tuned by substituting the X-site anions or B-site cations to meet the
requirement of photocatalytic or photovoltaic applications. Moreover, Pb-free
aurivillius double perovskites are investigated. Similar to the 3D structure, B*/B*
mixed double perovskites usually have indirect bandgap, while the A-site double
perovskites based on Bi* or In** exhibit the direct bandgap. Thus, they show

promising potential in optoelectronic applications.
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