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Introduction

ABSTRACT

The existence of bio-accumulative lead hinders the commercialization of opto-
electronic applications of Pb-based halide perovskites (PVKs). Therefore,
researchers are seeking for comparative lead-free PVKs. Owing to the identical
electronic configuration with Pb, Bi-based PVKs are proved to be one of the
most promising candidates. Because strain is widely existed altering materials’
characteristics, it is crucial to study the influences of strain on the Bi-based
PVKs. Our theoretical work investigates the strain influences on two kinds of Bi-
based PVKs, i.e., Cs3Bi,Bry, and Cs,BiAgBre. It is observed that both the tensile
and compressive strains effectively change the crystal structures and the
bandgaps, i.e., enlargement under tensile strain while shrinkage under com-
pressive strain. Simultanously, the absorption spectra of these PVKs are also
discussed. The strain study of Bi-based PVKs will offer guidance to the further
development of lead-free PVKs.

lead-free PVKs are eco-friendly and possess enor-
mous potentials for large-scale optoelectronic appli-
cations. Among them, homovalent Sn** has

Halide perovskites (PVKs) are emerging as promis-
ing next-generation optoelectronic materials due to
their extraordinary optoelectronic properties [1].
However, the presence of toxic-Pb vagues their
commercialization and scalability. To address this
issue, numerous lead-free PVKs have been intro-
duced [2]. Unlike the conventional Pb-based PVKs,
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successfully substituted the toxic Pb*" and enabled
the PVK to retain its 3D ABXj; structure, where,
A = (methylammonium or MA™, formamidinium or
FA", Cs%), B = (Pb**, Sn**), and X = (17, Br~ or I).
Preliminary studies on Sn-based lead-free PVKs
showed some promises in optoelectronic devices
(e.g., in photovoltaics) [3]. Unfortunately, due to their
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rapid oxidation from Sn** to Sn** in ambient con-
ditions, they cannot retain their ABX; structure and
convert into other phases, which are unfavorable for
optoelectronic applications.

To cope with this issue, Bi°* with a similar elec-
tronicity to Pb*" (i.e., filled 6 s orbitals and almost
empty p-orbitals) and better environmental stability
has been introduced into PVKs [4]. Bi-based PVKs
have been synthesized in the forms of single crystals,
films, and nanocrystals, which are employed in solar
cells and photodetectors, etc. [4]. Since Bi+ possesses
different valency than that of Pb*", Bi’'-based
heterovalent-substituted PVKs share a chemical for-
mula A;Biy Xy other than ABX; and exhibit different
lattice structures with lower dimensionalities [4]. To
balance the valences and maintain the cubic lattice
structures (which often exhibit better electronic
transportation), an additional monovalent metal
cation (e.g., Ag™ and Na%) is introduced into the
B-site of PVK framework. Consequently, PVKs with a
chemical formula A,B'B"X, (B’ =Bi®* or Sb>",
B” = Ag™ or Na™) are constituted. Because of two
different kinds of metal cations occupying the B-site,
these PVKs are named as double perovskites
(DPVKs).[5] Among various DPVKs, combinations
like Bi**/Ag*, In®*/Ag", and Sb>*/Ag" have been
reported as stable lead-free PVKs [5]. On account of
the rich combinations of DPVKSs, a giant prospect is
expected and the theoretical prediction of the novel
DPVKs plays an important role in the development of
lead-free PVKs [5].

In practical situations, due to some external factors,
i.e., bend or stretch, and fabrication procedures, e.g.,
during crystallization, strains are widely generated in
functional materials, influencing the material prop-
erties [6]. Materials like oxides as well as two-di-
mensional materials are extensively investigated
under external strains, which effectively modify their
properties [7, 8]. However, halide PVKs are scarcely
studied under strains. For instance, strained epitaxial
growth of FAPbI; was studied and strain engineering
was applied to enhance the performance of pho-
todetectors [9]. Similarly, the influence of strain on
the optical and electrical properties of CHzNH;3Pbls
and 2D PVKs are studied [10-12], and 2D PVK-based
strain sensor was successfully fabricated [13]. As far
as the study of lead-free PVKs under strain is con-
cerned, Cs,InAgCl, is theoretically investigated and
bandgap variation was observed [14]. Therefore, we
believe that strains will also influence Bi-based PVKs.
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To the best of our knowledge, there are few studies
available in the literature about the effects of strain on
Bi-based PVKs [15]. Thus, it is vital to explore the
evolution in their structural and optoelectronic
characteristics under strains, which is of great sig-
nificance for a further understanding and their
optoelectronic applications.

In this work, we investigate theoretically the
influences of strain on two typical kinds of Bi-based
PVKs, i.e., Cs3BiyBrg and Cs;BiAgBre, by first-princi-
ple calculations. We choose Cs3BiBrg and Cs,.
BiAgBrs because, they do not contain any organic
moieties, are environmentally stable, and show pro-
mises for various optoelectronic applications [4]. It is
observed that both the tensile and compressive
strains effectively change the widths of the bandgaps,
i.e., enlargement under tensile strain while shrinkage
under compressive strain. With a combination of the
density of states and bandgaps, the absorption spec-
tra of two Bi-based PVKs are also discussed.

Computational details

Density functional theory (DFT) based on the Per-
dew—Burke-Ernzerhof (PBE) generalized gradient
approximation (GGA) [16] with interactions between
ion cores and valence electrons described by the
projector augmented wave (PAW) method [17] as
implemented in the VASP software package [18] was
employed in the present work. For Cs,BiAgBrs and
Cs3BisBrg, I'-centered 5 x5 x5 and 5 x5 x 3 k-
meshes were used, respectively. The cutoff energy is
520 eV and structural optimizations were stopped
when all the total forces on each atom were below
0.01 eV/A. The convergence accuracy is 1 x 107 eV.
After fully relaxations, the lattice parameters were
adjusted to simulate the hydrostatic strains from -
10% to 10% with a 5% interval, and the atoms are next
fully relaxed. The crystal structures were visualized
using VESTA [19].

Results and discussions

Based on previous studies, stable CszBi,Bry has a
trigonal P3m1 symmetry, where 2D layered corner-
sharing [BiBr] octahedra are surrounded by Cs™.[20]
This kind of PVKs is called vacancy-ordered PVKs
and compared with conventional PVKs, only two-
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thirds of the octahedral positions are fully occupied.
The reported experimental results indicate that Cs;.
Bi,Bry has a direct and allowed band-gap transition
with the energy of about 2.61 eV, and especially in
colloidal nanocrystal (NC) form, Cs;Bi;Bro has a high
photoluminescence quantum yield (PLQY), showing
promises in illumination applications [21]. In our
calculation, first of all, a primitive cell of Cs3Bi,Bry is
modeled, fully optimized, and employed as the
unstrained Cs3Bi,Brg structure. In the electronic
configuration analyses, as Fig. 1 exhibited, a hybrid
of Bi s-orbitals and Br p-orbitals mainly contributes to
the valence band maximum (VBM) and a hybrid of Bi
p-orbitals and Br p-orbitals contributes to the con-
duction band minimum (CBM), which are obtained
from the density of states (DOS) of the unstrained
Cs3BiyBrg. In the band structure, both the VBM and
CBM are located at the I" point. It is worth noting that
in the k-path from K to I' in CBM, the energy varies
slowly and keeps almost the same near point I,
which may result in simultaneously direct and indi-
rect transitions. This predicted phenomenon was
observed in Cs3Bi,Brg NCs in the previous report
[22]. In addition, the bandgap is theoretically esti-
mated as 2.60 eV, close to the experiment result [21].

To stimulate the strains applied on Cs;Bi,Bro,
including tensile and compressive ones, the lattice
parameters are adjusted accordingly. The applied

strains are estimated by &=, where a is the

adjusted lattice parameter and 4 is the original lattice
parameter. In order to distinguish the strain influ-
ences, 5% strain interval has been chosen and strain-
free, 5% and 10% of compressive as well as tensile
strains are considered. The tensile and compressive
strains are differentiated by their positive and nega-
tive values, respectively. The crystal structures as

11379

well as electronic properties are characterized after
full optimizations. Firstly, as exhibited in Fig. 2, the
bandgap of Cs3Bi,Bry varies under strains, e.g., the
bandgap increases under tensile strains and decrea-
ses when the compressive strains are applied. Unlike
Pb-based PVK (CH3;NHj3)Pbls, of which the direct
bandgap is kept under strains [10], the band edge
transition changes from direct to indirect under
compressive strains. The valance band edge from
point K to I' raises, surpassing the energy at point T,
which is the VBM of unstrained Cs3Bi,Bry. Although
the conduction bands get lower under compressive
strains, CBM is still at point I', resulting in an indirect
band edge transition. On the other hand, the tensile
strain will make both the conduction and valence
bands more flat, without changing the direct band
edge transition.

On account of a hybrid of Bi and Br orbitals mainly
contributes electronic states in VBM and CBM, we
consider that the [BiBrg] octahedra will play a key
role in electronic characteristics under strain. Unlike
conventional PVK CsPbBrs, we find the [BiBrg] octa-
hedra are not regular and three shorter and longer
bonds are divided into two types; named as Bondl
and Bond2 (Fig. 3a), exhibiting different covalent
interaction strengths [23]. The crystal structures
under different strains are subsequently studied and
the variations of bond lengths of Bi-Br are exhibited
in Fig. 3b. Interestingly, it is observed that the Bond1
length decreases under both tensile and compressive
strains, but the Bond2 length increases monotonously
from 10%-compressive to 10%-tensile strains. We
assume that because of different covalent interaction
strengths that exist in strain-free Cs;Bi,Bry, the tensile
strain has enlarged the differences between two Bi-Br
bond types, resulting in the formation of [BiBrs]

Figure 1 a The DOS diagram (a)
of the unstrained Cs;Bi,Brg.
Inset: the diagram of the
unstrained Cs3;Bi,Brg
structure. b The diagram of the
band structure of unstrained
Cs;Bi,Bry.
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Figure 2 The energy band (a) — — . — (b) — — — —
structures of Cs3;Bi,Brg: under 3
a 5% tensile, b 10% tensile,
b 5% compressive and d 10% < 2 ; < :
compressive strains, @ CS3BlzBr9 E CS3BIZBr9_
respectively = 5% tensile > 10% tensile
' o gap =2.80 eV o 88 eV
[ 1 1 | c
L I L
K
(©
3
= Cs,Bi,Br,
o 10% compressive
h gap = 1.87 eV
I I I 1 1
ALLM[H K
Figure 3 a The schematic (a) (b)
diagram of Bi-Br bonds in 32
Cs;Bi,Brg, where the shorter —— Bond1
and longer Bi-Br bonds are - 31l —e—Bond2
marked with green and blue
dash lines and named as =z
Bondl and Bond2, _‘c: |
respectively. b The Bi-Br g
bond lengths in Cs;Bi,Brg ;‘ 29}
under strains. é
28}
Bond1
o ° 27 /./‘_‘\.
Bond2 -10 -5 0 5 10

tetrahedra same as zero-dimensional (0D) copper- or
zinc-based PVKs [24, 25]. These 0D PVKs often have
higher bandgaps and flattened band edges, similar to
Cs3BisBrg under tensile strain. Under compressive
strain, the CszBi,Brg structure mentioned above is
kept with shrinkages of the bond lengths. Smaller
bond lengths will enhance the atomic interactions,
leading toward a variation in electronic bands. We
suppose these stronger interactions lead the shrink-
age of bandgap value as well as direct-indirect

@ Springer
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bandgap transformation. Organic-inorganic hybrid
bismuth PVK (CH3;NHj3)3Bi,Bry, possessing the same
trigonal P3m1 symmetry, was experimentally studied
under high pressure, and a shrinkage of bandgap
value was observed, in accordance with our result
[26].

Besides Cs3BioBrg, bismuth-silver DPVK Cs,.
BiAgBr, is also a kind of typical and promising Bi-
based PVK. Unlike Cs;Bi,Bry, Cs,BiAgBr¢ has a cubic
lattice and a three-dimensional (3D) network, similar
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to conventional Pb-based PVKs. Unstrained Cs,.
BiAgBr, is optimized and its electronic characteristics
are investigated (Fig.4). The crystal structure of
Cs,BiAgBr, is cubic with space group Fm3m, where
[BiBrg] and [AgBre] octahedra arrange orderly, with
Cs cations occupying the space among the octahedra.
The DOS analysis of Cs;BiAgBrs, demonstrates that
Br-p orbitals and Ag-d orbitals mainly contribute to
the VBM, in the meantime, Bi-p orbitals, Ag—s orbi-
tals, and Br-p orbitals mainly contribute to the CBM.
The VBM locates at point X, whereas the CBM locates
at point I', resulting in an indirect bandgap, agreed
with experimental reports, and the bandgap is cal-
culated as 1.34 eV, lower than that of experimental
reports [27]. It is commonly observed that the PBE
functionals will underestimate the bandgaps of PVKs
[28].

After a basic theoretical characterization, strains
are applied on Cs,BiAgBr triaxially, and atoms are
fully relaxed. In Fig. 5a—d, comparing the bandgap
structures under different strains, we observe that the
CBM locates at L point with tiny variation, but the
VBM located at X point changes significantly under
different strains. A tensile strain will enlarge the
bandgap, as well as flatten the VBM, which are
attributed to the more isolated octahedra than those
in unstrained Cs;BiAgBre. Similarly, a compressive
strain will sharpen the energy variation in valence
bands and raise VBM located at point X, subse-
quently shrinking the bandgap. Similar theoretical
work about DPVKs shows the same tendency under
high-pressure [15], and experimental work of high-
pressure on Cs,BiAgBr, exhibits a smaller bandgap
value [29]. Likely, the change of bond lengths is
supposed as the key factor. Therefore, the bond
lengths under strain are exhibited in Fig. 5e. Due to
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the higher symmetry of Cs,BiAgBrs than that of
Cs3BisBry, the crystal structure is kept well under
different applied strains. Except for the bond lengths,
the regular octahedra are unaffected, and the Ag and
Bi atoms are in the centers of regular octahedra,
indicating the stability of Cs,BiAgBrs under strains.
The bond lengths of Ag-Br and Bi-Br shrink under
compressive strains and enlarge under tensile strains,
and it is easily observed that the bond length varia-
tion of Ag-Br is vigorous than that of Bi-Br. With a
combination of DOS mentioned above, where a
hybrid of Ag-d and Br-p orbitals is dominant in VBM,
we indicate the sharp bond length variation of Ag-Br
may mainly lead a distinct change of VBM.
According to the calculated results demonstrated
above, as depicted in Fig. 5f, the applied strains
effectively modify the bandgaps of both Cs3Bi,Brg
and Cs,;BiAgBre. Strains applied on PVKs will lead
the shifts of atoms and exhibit influences on bandgap,
but for different PVKs, distinct results are easily
observed. For example, applying biaxial strains on
conventional lead PVK CH3;NH3Pbl; in DFT calcu-
lations, the largest bandgap value appears without
strain, and the bandgap value decreases under both
tensile and compressive strains, which is attributed to
the shift of CH3NH;" cations approaching iodine
atoms [10]. For lead-free PVK Cs,AgInCls, the
bandgap value increases monotonically from com-
pressive to tensile strains, which is in line with our
results [14]. In the meantime, the DOS corresponding
to a certain band is also of great importance in optical
absorption. A higher DOS will provide sufficient
available states, and photons with certain energy will
be adequately utilized. Therefore, DOS variations
also need a detailed study. From Fig. 6a, b, we
observe that under strain from tensile to compressive,

Figure 4 a The diagram of
DOS of unstrained
Cs,BiAgBrg. Inset: the
diagram of the unstrained
Cs,BiAgBrg structure. b The
diagram of the band structure
of unstrained Cs,BiAgBrg.
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Figure 5 The band structures
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the main peaks of DOS of valence bands move away
from the Fermi level, in both Cs3Bi,Brg and Cs,.
BiAgBre. In the meantime, multiple tiny state peaks
appear near the Fermi level in Cs;BiAgBrs under
compressive strains, corresponding to the lower
bandgap, whereas these tiny state peaks will not
contribute much in the light absorption.

To evaluate the light absorption abilities of Cs;.
Bi,Bry and Cs,BiAgBrs under different strains
straightway, the absorption spectra are determined
followed. The complex relative dielectric constant can
be expressed as & = & + ig;, where ¢ and &, are the
real and imaginary components of dielectric tensor,
and the complex refractive index is expressed as
n = n + ik, where n is normal refractive index and «

@ Springer
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is extinction coefficient. Because 72 = § derived from

Maxwell’s equations, the dielectric tensors are rep-

resented as ¢ =n?>—x> and & =2nk, deriving

2
K= \/LE ( &(w) + & (w) — 81(60)) .
Beer’s law, the absorption coefficient is concluded as

According  to

— 2Kkw

%) ==

1

= @ < &(w) + &(w) — & (w))z, which
will be appropriate for our simulations of absorption
spectra [30, 31]. The absorption spectra are exhibited
in Fig. 6¢, d. In regard to Cs3Bi,Brs, the absorption
spectra match well with both energy bands and DOS;
Cs3BiyBrg under 10% compressive strain shows the
narrowest bandgap, corresponding to an absorption
below 2.0 eV. With the variation from compression to
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tension, the absorption edges gradually move to a
higher energy region. However, for Cs,BiAgBre
under compressive strain, the energy bands near
VBM contribute little in photon absorptions. It is
because these bands correspond to smaller DOS
values compared with main peaks. As a result, the
calculated absorption spectra do not match the
bandgap variation tendency well, i.e.,, Cs,BiAgBr,
under 10% tensile strain has an obvious absorption
edge in lower energy region than that under other
situations.

Conclusion

In conclusion, we have investigated the influence of
strains on Cs3BiyBro and Cs;BiAgBrs, where strains
distinctly impact their structural, electronic and
optical properties. The bandgaps of both Cs;Bi,Brg
and Cs,BiAgBre shrink under compressive strains
and enlarge under tensile strains. For Cs3Bi,Bro, the
band edge transition varies from direct to indirect
under compressive strains and remains a direct one
under tensile strains. For Cs,;BiAgBrg, the band edge
transition remains indirect and the positions of VBM
and CBM are retained. The absorptions of Cs3Bi,Brg
and Cs,BiAgBrs are also investigated; Cs3BiBrg
shows an accordant variation of absorption edges
with bandgaps. However, the absorption edges and
bandgaps of Cs;BiAgBrs under different strains
exhibit discrepancies, indicating DOS plays a key role
in the absorption. Our work elaborates on the influ-
ences of strains on two kinds of promising Bi-based
PVKs, and offers guidance about the strain engi-
neering, e.g., broadening the absorption regions, in
Bi-based PVKs applications for improved device
performances.
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