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Anionic Order and Band Gap Engineering in Vacancy
Ordered Triple Perovskites†
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We demonstrate that the optical absorption of the vacancy-
ordered triple perovskite, Cs3Bi2Br9, can be significantly
red-shifted by substituting Br with I while maintaining the
layered structural topology. We also present evidence that
Br ions prefer to occupy the bridging halide position within
the layers in order to minimize strain within the lattice that
results from the incorporation of the significantly larger
iodide anions into the lattice.

Perovskite CH3NH3PbI3 and its structural derivatives have risen
to prominence because of their promise as next-generation light
absorbers in photovoltaic devices. Compared to existing technolo-
gies, their primary advantages lie in their high absorption coeffi-
cients, solution processability, and high carrier mobilities.1–7 Yet
with solar cells based on these materials now exceeding 22% effi-
ciency, there has been a shift towards developing lead-free alter-
natives that will not pose as much risk of enviornmental contam-
ination at end-of-life.8,9

The challenge in replacing Pb with chemically similar divalent
metals is that elements like Sn and Ge are easily oxidized in air,
which makes it challenging to maintain a uniform oxidation state,
often producing heavily doped semiconductors.10–12 In contrast,
trivalent metals like Bi and Sb exhibit far superior oxidative sta-
bility but are incompatible with the traditional ABX3 formulation
of halide perovskites. Instead, these metals crystallize in anal-
ogous structures with the generic composition A3M2X9, where a
one-third vacancy on the metal site exists to maintain net charge
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Fig. 1 Room temperature crystal structure of Cs3Bi2Br9 and Cs3Bi2I9.
The dark grey atoms are Bi, light grey atoms are Br, light blue atoms are
I, and black atoms are Cs.

neutrality.
To-date the most heavily explored member of this family has

been Cs3Bi2I9 because its 2 eV bandgap offers a fairly wide optical
absorption window; however, all of the device work to-date has
failed to exceed one percent efficiency.13–15 Fundamentally, the
poor charge collection seen for Cs3Bi2I9 can be attributed to its
zero-dimensional topology, as seen in Fig. 1 (a), which consists of
face-sharing dimers of octahedra that are not directly connected
to one another.16 This isolation weakens the extent of metal-
ligand rehybridization and significantly reduces the carrier mo-
bility throughout the material.17 So despite the narrow bandgap,
most of the photo-generated charge seems to remain trapped on
the Bi2I9 dimers rather than being collected as photocurrent.17

Unlike the iodide analogue, Cs3Bi2Br9 exhibits a two dimen-
sional topology consisting of corrugated layers of perovskite-like
corner-sharing octahedra as illustrated in Fig. 1 (b).18 The differ-
ence between the two polymorphs is created by rearranging the
vacancy order within the A3B3X9 parent as illustrated in Support-
ing Information Fig. S-1. Yet, despite the enhanced metal-halide
connectivity in the layered structure, the reduced covalent char-
acter within the bromide creates a wide band gap of 2.7 eV that
restricts the photons that can be absorbed to the blue and ultravi-
olet parts of the solar spectrum.18
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Fig. 2 Results of the Rietveld refinement of the (a) Cs3Bi2I9 (χ2 =
1.00) and (b) Cs3Bi2Br9 (χ2 = 1.51) structures against synchrotron X-ray
diffraction patterns.

Here we have attempted to marry the narrower band gap of the
iodide to the layered structure of the bromide by studying the ef-
fects of iodide substitution on the nuclear and electronic structure
of Cs3Bi2Br9−xIx. In the process, we have found the layered topol-
ogy of Cs3Bi2Br9 is highly robust towards iodide substitution and
is fully retained up to a maximum composition of Cs3Bi2Br3I6,
above which phase-pure samples could not be obtained. Using
high resolution synchrotron diffraction in combination with den-
sity functional theory calculations, we show evidence for segrega-
tion of the bromide and iodide anions within the mixed phases,
which represents a rare example of anionic order in the halide
perovskites. We also demonstrate that the band gap of the lay-
ered polymorph can be shifted nearly 700 meV from that of the
pure bromide to become nearly identical to the pure iodide phase
without distorting into the dimerized structure.

Figure 2 shows the results of Rietveld refinements of the iodide
[Figure 2 (a)] and bromide [Figure 2 (b)] end members against
the synchrotron X-ray diffraction patterns. Here, its clear that the
hexagonal P63/mmc structure of Cs3Bi2I9 is easily distinguished
from the P3m1 structure of Cs3Bi2Br9. The diffusive hump in the
background of the diffraction patterns corresponds to scattering
from the kapton capillary sample holder, and is observable in all
samples due to the requirement to dilute the samples in a ma-
trix of fumed silica in order to reduce X-ray absorption from the
heavy elements in the compounds. Full results for the refine-
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Fig. 3 View of the Cs3Bi2Br9 structure with the splitting of the Cs and
X sites explicitly labeled. Substituting iodide for bromide shows a clear
preference for the X2 site over the X1, which is attributed to proximity to
the Bi vacancy in the Van der Waals gap.

ments of the individual compositions can be found in Supporting
Information Figs. S2-S8 and Tables S1-S7. As seen in Figure 4
(a), increasing substitution of iodide causes a steady increase in
the d-spacing associated with the (220)/(024), (021)/(003), and
(011) reflections as mirrored in the steady increase of the lattice
parameters shown in Figure 4 (b). Simultaneously the (220) and
(024) as well as the (021) and (003) peaks begin to consolidate
into a single reflection. This merging of the peaks is primarily
due to an increase in width that is clearly noticeable even in the
Cs3Bi2Br8I with the smallest substitution of iodide. A microstruc-
tural analysis of the fitted profile indicates the broadening is pri-
marily driven by a contribution from strain rather than particle
size, which should be expected due to the 12% mismatch between
the ionic radius of Br (1.96Å) and I (2.20Å).19

A closer inspection of the structure for the layered polymorph
reveals a single unique position for Bi within lattice, and two for
the halide and A sites. The multiplicity of the two halide positions
is split between one-third of the atoms laying within the plane of
corner-sharing octahedra and the other two-thirds arranged on
the top and bottom of the slabs as illustrated in Fig. 3. Notably,
an accurate description of the experimental intensity seen in the
diffraction patterns could only be modeled by carefully refining
the halide distribution between these two sites with typical im-
provements in RBragg ranging from 2-4% when site mixing was
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Fig. 4 (a) Selected reflections for the mixed halide phases showing that
the trigonal structure of the bromide is maintained up until a composition
of Cs3Bi2Br3I6. (b) Increase in the a and c lattice parameters as a function
of iodide substitution. Distribution of (c) bromide and (d) iodide between
the two sites as a function of nominal composition.
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allowed. The lines shown in Figure 4 (c) and (d) delineate the
ideal occupancy of each site given a random distribution based
on the ideal composition; however, when the ratio of I and Br on
each site was allowed to refine while maintaining the overall stoi-
chiometry a clear partitioning of the I towards the site on top and
bottom of the layer is found. Considering that this site is in prox-
imity to the Bi vacancy, the iodide ions apparently localize to this
position in order to alleviate the strain of the size mismatch. This
would also appear to provide some insight into why single phase
samples could only be obtained to a maximum of two-thirds io-
dide content, at which point iodide ions can no longer segregate
to the gap and disfavor the interlayer position so much that the
structure is unstable beyond this point.

The optical properties of the solid solution are shown in Fig.
5 with panel (a) isolating the end members and panel (b) show-
ing the mixed halide phases. As has been previously reported,
Cs3Bi2I9 shows the shallow rise in absorption typically associ-
ated with an indirect band gap20 whereas the Cs3Bi2Br9 shows
a steeper climb due to the small separation between the lowest
lying indirect and a slighly higher direct absorption process. The
mixed halide phases show a marked decrease in the band gap
of over 300 meV in the x=1 which is then followed by the same
steady trend seen earlier in the lattice parameters. Interestingly,
the gap of Cs3Bi2Br3I6 (2.05 eV) appears to become nearly iden-
tical from that of the Cs3Bi2I9(2.06 eV) end member despite ex-
hibiting the trigonal structure of the bromide phase.

To further explore changes in the chemical bonding across the
solid solution, DFT calculations were performed to characterize
changes in the electronic structure of the materials [Fig. 6 (a)-
(c)]. Calculation of all possible substituted polymorphs allows
us to assess the energetic penalty associated with substituting
an iodine on a particular site. Across all substitutions, the low-
est energy structures saw substitution at the vacancy-terminating
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Fig. 5 Diffuse reflectance of the (a) end members and (b) mixed halide
phases. (c) Band gap as determined by a linear fit to the onset of optical
absorption.
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Fig. 6 Band structure of (a) Cs3Bi2Br9 and (b) Cs3Bi2I9 in the trigonal
P3m1 layered polymorph. (c) Projected elemental composition of the va-
lence band maximum as a function of iodine substitution. The solid lines
are guides for the eye.

halide positions before the corner-sharing positions, indeed all
polymorphs where a corner-shared halide was substituted were
observed to be >40meV per formula unit higher in energy than
structures where a vacancy-terminated halide was substituted in-
stead. The lowest energy structures also showed a consistent
substitution pattern across the Cs3Bi2Br9−xIx series wherein two
vacancy-terminated halides are substituted on the same face of
the Bi/Br layer, followed by two on the other face to relieve strain,
and then the remaining vacancy-terminated halide positions be-
fore any of the corner-shared halides. Overall, these calcula-
tions appear to support a thermodynamic driving force behind
the distribution of substituted sites seen in the refinements above.
The calculated electronic structures of the substituted phases also
show a monotonic decrease in the band gap as more iodine is
substituted into the structure.

Projection of the atomic orbital character onto the bands shows
that the top of the valence band for the substituted compounds
consists of Bi-s, I-p, and Br-p orbitals with the percentage of I-p
character increasing by 5-25% per substitution, while only alter-
ing the Bi-s character by 1-3% (Fig. 6 (c)). This is consistent
with the ionization potential of the iodide states sitting slightly
higher in energy than bromide, which results in a narrowing of
the band gap with increasing iodide content as well as the un-
changed shape of the conduction band minimum in the layered
form of both the iodide and bromide, while there are clear differ-
ences in the valence band maxima [Figs. 6 (a) and (b)]. One can
also clearly see an increase in the density of states at the top of the
valence band, which may promote increased carrier conductivity
when properly doped.
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In conclusion, we have presented an optical and structural
study of the Cs3Bi2Br9−xIx solid solution and find the layered
topology of the trigonal bromide structure can be maintained up
to a maximum composition of x=6. By substituting iodide with
bromide, the bandgap can be decreased from 2.66 eV to 2.05 eV
for Cs3Bi2Br3I6, which is effectively identical to the hexagonal
dimerized form of Cs3Bi2I9. There are ongoing efforts to spin-
cast films of this series since it has been challenging to obtain
single phase films. These results provide insight into the crystal
chemical origin of the zero-dimensional character of the Cs3Bi2I9

end member and an avenue through which the carrier mobility
of these fully inorganic solution processable semiconductors ocan
be enhanced.
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