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Abstract

We report a study on the optical properties of the layered polymorph of vacancy-ordered
triple perovskite Cs3Bi;Brg. The electronic structure, determined from Density Functional
Theory calculations, shows the top of the valence band and bottom of the conduction band
minimum are, unusually, dominated by Bi-s and Bi-p states respectively. This produces a
sharp exciton peak in the absorption spectra with a binding energy that was approximated to
be 940 meV, which is substantially stronger than values found in other halide perovskites and,
instead, more closely reflects values seen in alkali halide crystals. This large binding energy is
indicative of a strongly localized character and results in a highly structured emission at room

temperature as the exciton couples to vibrations in the lattice.



Interest in developing new solution processable light-absorbing layers for solar panels has
surged since the first reports on the perovskite CH3NH3Pblz.! Despite the extremely high pho-
tovoltaic efficiency these materials have demonstrated,?* the potential environmental and public-
health consequences that could result from the wide-scale distribution of solar panels based on
water soluble compounds containing Pb presents a huge hurdle to the eventual commercializa-
tion of perovskite solar cells.® To address these concerns, perovksites based on Sn?* have been
suggested as less-toxic alternatives, but in most cases these analogues have proven too unstable

towards oxidation to be realistic replacements. ©

Figure 1: Room temperature crystal structure of Cs3BiyBrg. The gray atoms are Bi, blue atoms are
Br, and purple atoms are Cs.

More recently, emphasis has shifted away from maintaining a perfectly isostructural framework
towards simply identifying new materials that can efficiently convert sunlight into electrical charge.
In this respect, bismuth halides offer a promising new avenue because their strong absorption co-
efficients make them very effective at capturing the solar spectrum.” Unfortunately, the trivalent
oxidation state of Bi ions preclude their direct incorporation into the prototypical ABX3 perovskite
structure. Instead, structural derivatives like double and triple perovskites, which partially sub-
stitute some of the bismuth with lower valent metals or vacancies, offer the best opportunity to
11

evaluate the photophysical properties of Bi-based absorbing layers. 3

Here, we investigate the optical properties of Cs3Bi;Brg, a layered form of the vacancy-ordered



perovskites, which can be viewed as a tripling of the traditional perovskite unit cell with only two
thirds of the octahedral positions fully occupied. The remaining octahedral sites remain vacant
and segregate so as to produce corrugated layers of corner-sharing BiBrg octahedra as illustrated
in Figure 1. The resulting local coordination environment of the octahedra is irregular and exhibits
a trigonal distortion that produces three short and three long Bi-Br bonds with the shorter linkages
shared between neighboring octahedra in each layer.

Previous work on Cs3BiyBrg found no evidence for photoluminescence above liquid helium
temperatures aside from a weak red emission that quenched above 160 K. The authors attributed
this signal to small amounts of oxygen defects resulting from the use of a Bi,O3 precursor. !%13
To avoid these potential problems, Cs3Bi,Brg was prepared by dissolving BiBr3 and CsBr in hot,
aqueous HBr. Bright yellow powders were collected on cooling through simple vacuum filtration.
Thin films were prepared by spin casting a 40 wt% solution of the powder dissolved in dimethyl-
sulfoxide (DMSO). Considering the recent reports that CH3;NH3Pbls and other halide perovskites
tend to exhibit large concentrations of vacancies in halide sublattice, 14 the as-cast films were sub-
sequently annealed in a Brp-rich atmosphere in order to mitigate any influence from defects on
the intrinsic optical properties. The annealed films show a significant increase in the diffracted
intensity compared with the as-cast films [see Figure 3 (a)], which suggests a substantial improve-
ment to crystal quality with no appreciable change to particle shape or size during the process as
demonstrated by the SEM images in Figure 3 (b) and (c).

The X-ray diffraction pattern of the annealed films indicates the crystallites are highly oriented
with the (00/) facets exposed parallel to the plane of the substrate. Films prepared in this way
exhibited a strong absorption and, in contrast to previous reports, a weak blue emission at room
temperature as shown in Figure 3 (b) and (c). The onset of optical absorption for the films agrees
well with the diffuse reflectance data collected on the polycrystalline powder, which shows a direct
onset of optical absorption at 2.65eV (468 nm) (see SI Figure 2). The annealed films display a
sharp exciton peak (4,,ax=440 nm) when measured in transmission [Figure 3 (b)], similar in shape

to features observed in layered organic-inorganic hybrid perovskites. =17 To a first approximation,
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Figure 2: (a) Comparison of the X-ray diffraction patterns for the as-cast (black) films of Cs3Bi;Bry
and those annealed in Br, atmosphere (red). SEM images of the (b) as-cast and (c) annealed films,
showing no change in the morphology of the particles.

the binding energy of the electron-hole pair can be estimated as the difference between the maxima
of the exciton peak and the leading edge of the subsequent plateau, which for Cs3Bi,Brg is roughly
940 meV. Compared to the 50 meV exciton binding energy for CH3NH3Pbl; '® or the 200-300 meV

19.20 this represents a very strongly localized state that is more

seen for similar layered perovskites,
commonly found in wide bandgap alkali halides like NaCl.?!

Although the photoluminescence was very weak, effectively invisible to the naked eye, it still
proved possible to resolve five well-defined peaks at 463 nm, 468 nm, 473 nm, 481 nm, and 492 nm
[Figure 3 (c)]. It is highly unusual to observe this kind of structured emission at room temperature
for non-molecular solids, but is well known to occur at liquid helium temperatures in high purity
semiconductors.?? At these low temperatures, the thermal energy available is insufficient to dis-
sociate the electron-hole pair and, as a consequence, the excitons have more time to couple with
phonons in the lattice during the recombination process.

As seen from SI Figure 3, the phonon replicas in the emission spectra show no systematic

spacing in energy and therefore seem to suggest that the exciton couples to more than one phonon.
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Figure 3: (a) absorption and (b) emission (A.,.=330 nm) spectra of film of Cs3BiyBrg after anneal-
ing in a Bry atmosphere.

Similar luminescent properties have been reported when small concentrations of absorbing ions
containing a pair of s? electrons (such as Bi**, Sb3*, or Pb>*) were substituted into non-absorbing
matrices like CSZNaYC16.23 In this dilute limit, the vibronic structure was attributed to a pseudo
second order Jahn-Teller distortion where the Bi ions shifted away from the center of the regular
octahedra to create one short and one long axial bond length.?* These previous reports found
several sharp emission lines on top of a broader band, much like in the spectra seen here for

Cs3BiyBryg, albeit only at liquid helium temperatures.
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Figure 4: HSE06+SOC DFT band structure of the room temperature form, P3ml, of Cs3BiyBry.



Density Functional Theory (DFT) calculations were employed to further elucidate the nature
of the electronic excitations. The band structure, shown in Figure 4, reveals the existence of a low
lying 2.52 eV indirect transition from the I" point to A as well as a slightly larger direct gap of
2.64 eV. The shape of the experimental absorption spectra, which is in close agreement with the
calculated spectra (see SI Figure 4), suggests that, despite the presence of a lower lying indirect
excitation, the primary mechanism for optical excitation occurs at the I'-point. The weak emission
intensity seems consistent with relaxation from the indirect gap and is expected as consequence of
the excitons coupling to one or more phonons to emit a photon.

Projecting the atomic orbital character onto the bands reveals that the top of the valence band
consists of an admixture of Br 4p and Bi 6s orbitals with the bottom of the conduction band
consisting primarily of Bi p (SI Figures 5-8). Thus it appears the excited electron-hole pair is
strongly localized on Bi centers in the lattice, and has a pronounced Frenkel (localized) character,
rather than the typical Wannier (delocalized) behavior typical of semiconductors.

@ g

()]

Frequency (THz)
N W s

O A

rA LM I  KH A

Figure 5: (a) Phonon band structure for the room temperature trigonal structure of Cs3Bi;Bry.
Local bismuth coordination environment in the room temperature (a) and low temperature (b)
structure form of Cs3;BiyBrg

The calculated phonon dispersion curve also offers in-sight into why the recombination of the

exciton shows the amount of structure that it does. As seen in Figure 5 (a), two soft modes (one
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of which is doubly degenerate) associated with a rocking motion of the BiBr6 octahedra exist at
the zone-centre, which suggests the structure is unstable with respect to some energy-lowering
structural distortion. This kind of dynamical instability is in keeping with previous temperature-
dependent structural studies that identified a phase transition below 95K that distorts the structure
into a monoclinic phase.?> The symmetry of these unstable modes (Eg and A 1u) are consistent with
a distortion from the trigonal to monoclinic form that results from a rocking motion of bromine ions
to produce an off-centering of the Bi within the octahedral cage as illustrated in Figure 5 (b) and (c).
These E,; and A1, modes are replicated at the zone-boundary at A, but alternating in phase between
the layers, further in keeping with the doubled periodicity along ¢ in the monoclinic phase. It,
therefore, appears that optical excitation of the films triggers a similar Jahn-Teller distortion of the
BiBrg octahedra in the same way as was previously observed for isolated Bi ions.?* An imaginary
mode of B, symmetry exists at the zone-boundary g-points M, corresponding to a rotation of the
BiBrg octahedra about the [211] direction, and L, consisting of the same rotation with alternating
phase along c.

Unlike other halide perovskites, Cs3BiyBrg exhibits unusually strong exciton-phonon coupling.
In this aspect, the strongly localized electron-hole pairs created in Cs3Bi;Big are similar to excitons
found in organic chromophores.2® This difference offers a unique counter-example to the weakly
bound excitons in CH3NH3Pblj; that are easily dissociated into free carriers in photovoltatic cells. 27
The unusual optical properties of Cs3BiBrg make it an interesting new platform to study the
interplay of excitons with lattice vibrations in this new class of light-absorbing materials and offers
fundamental insight into how to design new, less-toxic solution processable halide perovskites. In
order for materials like Cs3BiyBryg to find utility in photovoltaic devices, future work will focus on
developing structural or compositional modifications that decrease the exciton binding energy and

reduce the band gap in order to increase the amount of light collected in the solar spectrum.
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The unusual electronic structure of Cs3Bir,Brg produces a sharp exciton peak
in the absorption spectra with a binding energy that was approximated to be
940 meV, which is substantially stronger than values found in other halide per-
ovskites and, instead, closely reflects the behavior of alkali halide crystals.
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