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ABSTRACT: Ternary bismuth halides form an interesting 0
functional materials class in the context of the closely related
Pb halide perovskite photovoltaics, especially given the
significantly reduced toxicity of Bi when compared with Pb.
The compounds A;Bi)J, (A = K, Rb, Cs) examined here
crystallize in two different structure types: the layered defect-
perovskite K;Bi,Iy type, and the Cs;Cr,Cly type. The latter
structure type features isolated Bi,I,>~ anions. Here, the crystal
structures of the ternary iodides are redetermined and a
corrected structural model for Rb;Bi,l,, as established by single
crystal X-ray diffraction and solid state ¥’Rb NMR spectroscopy and supported by density functional theory (DFT) calculations
is presented. A variety of facile preparation techniques for single crystals, bulk materials, as well as solution-processed thin films
are described. The optical properties and electronic structures are investigated experimentally by optical absorption and
ultraviolet photoemission spectroscopy and computationally by DFT calculations. Absolute band positions of the valence and
conduction bands of these semiconductors, with excellent agreement of experimental and calculated values, are reported,
constituting a useful input for the rational interface design of efficient electronic and optoelectronic devices. The different
structural connectivity in the two different structure types, somewhat surprisingly, appears to not impact band positions or band
gaps in a significant manner. Computed dielectric properties, including the finding of anomalously large Born effective charge
tensors on Bi**, suggest proximal structural instabilities arising from the Bi** 6s lone pair. These anomalous Born effective
charges are promising for defect screening and effective charge carrier transport. The structural, electronic, and optical properties
of the complex bismuth iodides are to some extent similar to the related lead iodide perovskites. The deeper valence band
positions in the complex bismuth iodides point to the need for different choices of hole transport materials for Bi-iodide based

solar cell architectures.

1. INTRODUCTION

Heavy metal halide semiconductors have been intensely
investigated over the last decades due to their rich structural
chemistry and interesting optical and electronic properties.
Recently, photovoltaic applications of tetrel halides such as Ge,"
Sn,”* and most prominently Pb halide perovskites”® have
attracted tremendous interest. In comparison, the optoelec-
tronic properties of bismuth halides have been the focus of
many fewer studies. The simple iodide Bil; has been
investigated for applications such as hard radiation detec-
tion,””” X-ray imaging,'’”"* and for solar cells as hole transport
material."> Recently, some of us have demonstrated that Bil,
can be used as the active layer in photovoltaic devices.'* Hybrid
organic—inorganic bismuth halides have been studied regarding
their rich structural variety'>'® and in some cases optical
properties.”_19 Despite their much simpler composition, the
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optoelectronic properties of the ternary inorganic bismuth
halides, with their most common family being the enneahalo-
genidometallate phases A;Bi,X, (A = K, Rb, Cs, or TI; X =
halide), have not been explored as extensively. Here, we focus
on the heavy alkali metal bismuth iodides A;Bi,I, for which the
crystal structures have been reported: A = K, Rb,”' and Cs.*
While the phase transitions in the Cs compound have been
well-studied, > only one report each for the K and Rb salt
has been found.

It is typical for the extensive family of A;M,X, structures that
A and X atoms are closest packed and the M atoms occupy */4
of the octahedral X, voids.”"*”** Two main structure types of
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A;M,X, can be distinguished, the ones with hexagonal close
packing and the ones with cubic close packing of A and X. For
the bismuth iodides of the former group, isolated Bi,I,>~ ions
result as pairs of face-sharing Bi—I octahedra (e.g,, Cs;Cr,Cl,
type Cs;Bi,ly), and for the latter, defect-perovskites, corrugated
layers of Bi—I octahedra are present (e.g., K3Bi,ly). As the 6s
lone-pair-bearing Bi** is isoelectronic to the tetrel dications and
soft or polarizable just as Pb*', the bismuth halide crystal
chemistry is similar to the lead halide perovskites: rich
structural diversity is observed including distortion, vacancies,
and various modes of aggregation of the MX; octahedra.”
However, Bi®* exhibits a stronger tendency to form structures
of lower dimensionality of the metal halide units than Pb*".
Recently, the closely related cesium antimony iodide Cs;Sb,l,
has been investigated as solar cell absorber layer, and the
electronic structure of its polymorphs has been calculated by
DFT.”” In contrast, the investigation of the properties of
inorganic bismuth halides has been limited to some work
reporting optoelectronic properties,zo"m_33 and so far as we can
discern, apart from a few calculated parameters for Cs;Bi,lo,*"
there are no computational studies of the electronic band
structures available. Clearly, complex bismuth halides are an
interesting family of solution-processable compounds, whose
potential as an alternative to toxic lead halides is far from fully
explored.

Here, we present a combined, systematic experimental and
computational study of some complex bismuth iodides in an
attempt to correlate crystal structure, electronic structure, and
spectroscopic properties within this interesting materials class.
Absolute band positions are derived using spectroscopic and
DFT methods as a foundation for the rational design of device
interfaces. From the DFT band structure calculations, we
discuss band dispersion and bonding character as well as
dielectric response properties as indicators of charge carrier
transport. We find the structural, electronic, and optical
properties of the complex bismuth iodides to be somewhat
similar to the related lead iodide perovskites. The deeper
valence band positions in the complex bismuth iodides call for
different choices to be made for hole transport materials in Bi-
iodide based solar cell architectures. In the two different
structural types reported here, the distinct structural con-
nectivity appears to not impact band positions or band gaps in a
significant manner. However, band dispersions are significantly
different for the two.

2. METHODS

2.1. Materials Preparation. All chemicals were purchased and
used as supplied: Bil; (Strem 99.999%), HI 57% aqueous solution
(Sigma-Aldrich 99.95%), KI (Sigma-Aldrich 99.998%), RbI (Strem
99.8%), and Csl (Strem 99.999%). The following solvents were used
in their anhydrous forms: ethanol (Sigma-Aldrich 99.995%),
acetonitrile (Sigma-Aldrich 99.8%), diethyl ether (Sigma-Aldrich,
99.0%), and N,N-dimethylformamide (Sigma-Aldrich 99.8%). Red
K;Bily crystals of relatively poor quality for single crystal X-ray
diffraction were obtained by heating a stoichiometric mixture of the
binary iodides in an evacuated sealed fused silica ampule, following a
previously reported protocol.”® High-quality crystals of Rb;Bi,I; and
Cs3Bi,]y were obtained through solvothermal reactions. In a typical
preparation, the stoichiometric mixture (300 mg) of the iodides Bil;
and RbI, or Csl, respectively, was suspended in ethanol (6 cm®) and
heated to 120 °C in a pressure vessel (Parr autoclave with 23 cm®
Teflon liner) for 6 h followed by a slow (S °C/h) cooling to room
temperature. Red prisms (A = Rb) or red hexagonal platelets (A = Cs)
were isolated by filtration. All materials can be kept in dry air for many

days (A = K) to months (A = Cs) before significant crystal degradation
and decomposition into the crystalline starting iodides occurs.

Bulk powders of the ternary iodides were prepared by stirring the
binary iodides in the stoichiometric ratio in CH;CN (2 em® for 200
mg of product) for S h at room temperature. For the K and Rb salts,
the resulting red solution was concentrated under vacuum until little
solvent was left over the forming precipitation, which was then filtered
off. The Cs analogue was filtrated directly from the stock solution. The
salts were washed with diethyl ether, and their phase purity was
confirmed by powder X-ray diffraction. As an alternative new route to
the pure A;Bi,I; salts, high-energy ball-milling of AI and Bil; in a 3:2
ratio (10 min for 200 mg) using tungsten carbide vials and balls in a
Spex SamplePrep 8000D Dual mixer/mill was successfully applied.

2.2. Characterization Methods. X-ray diffraction data on powder
samples (PXRD) was recorded for the K and Cs salts over the 20
scattering angle range of 6—70° using Cu—Ka radiation (Philips
X’Pert MPD diffractometer). For the Rb salt (sample diluted with 40
wt % cubic BN, Alpha Aesar), PXRD data using high-resolution
synchrotron radiation were recorded on beamline 11-BM at the
Advanced Photon Source, Argonne National Laboratory at 295 K with
an average wavelength of 4 = 0.458996 A. For K;Bi,1, and Cs;Bi,1,
samples, the agreement with published crystal structure models (A =
K*® Cs*®) was confirmed by Rietveld refinements using TOPAS-
Academic V5.%* XRD on single crystals was performed using a Bruker
Kappa APEX II diffractometer with a sealed tube Mo—Ka X-ray
source. Single-crystal samples were mounted onto Nylon loops and
fixed with two component epoxy glue. For Rb;Bi,l,, a full data set was
collected at room temperature by sampling a fraction of the Ewald
sphere with 0.5° @ steps, while only lattice parameters were
determined for the K and Cs salts. The cell refinement, data
reduction, correction, and integration were peformed using Bruker’s
SAINT/SADABS software.>®>” The structure was solved with direct
methods using SHELXS-97, and the refinement was done using
SHELXL-2014.***° We used the program VESTA for the graphical
representation of the crystal structures and the thermal ellipsoids
where plotted using ORTEP-IIL*' For additional crystal structure data,
see the Supporting Information; further details of the crystal structure
investigation may be obtained from FIZ Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: (+49)7247—808—666; e-mail: crysda-
ta@fiz-karlsruhe.de) on quoting the deposition number CSD-430179.
Experimental densities were determined for cold-pressed pellets on a
MicroMeritics AccuPyc 1340 pycnometer by performing sensitive
volume (by He gas displacement) and mass measurements.

A 5Rb solid state magic angle spinning nuclear magnetic resonance
(MAS NMR) single-pulse experiment was performed for polycrystal-
line Rb;Bi,l, on a Bruker AVANCE III 800 MHz (18.8 T) standard
bore spectrometer operating at 261.81 MHz with a 2.5 mm zirconia
rotor system at a spinning frequency of 30.0 kHz. To enhance the
signature of the quadrupolar interactions in the spectra, ¥Rb triple-
quantum magic angle spinning (3QMAS NMR) experiments were
performed on a Bruker Avance III HD 400 MHz (9.4 T) WB solid-
state NMR spectrometer operating at 130.92 MHz with a 4.0 mm
double resonance MAS probe head spinning at 12.5 kHz. Chemical
shifts were referenced to a 1 molar aqueous Rb(NO;) solution using
solid RbCl at 127 ppm™** as a secondary reference. The single pulse
experiment was performed with a 7/12 excitation pulse of 0.62 us
using a 3 s relaxation delay, which was optimized for quantitative
analysis, a 2.05 ms acquisition time, and an accumulation of 448 scans.
The 3QMAS experiment was carried out using a three-pulse MQMAS
sequence with a z-filter and the following parameters: an excitation
pulse of 42 us, a conversion pulse of 1.4 us, and a weak central
transition selective 90° pulse of 20 us. A States-TPPI phase sensitive
detection in the F1 dimension was employed. The quadrupolar central
transitions of the *’Rb NMR spectra were simulated and analyzed with
the Line Shapes module within the Topspin 3.2 software of Bruker
BioSpin.

Scanning electron microscopy (SEM) images of thin film samples
sputtered with gold/palladium to limit charging were collected using a
FEI X140 Sirion FEG digital scanning microscope in backscattered
electron imaging mode. Optical spectra in the UV—vis range from
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220—800 nm were recorded using a Shimadzu UV3600 spectrometer
in diffuse reflection on powder samples, which were spread thinly onto
compacted BaSO, powder. Diffuse reflection data were converted
using the Kubelka—Munk transformation implemented in the
spectrometer’s software. Band gaps were extracted from Tauc
plots**** of the Kubelka—Munk transformed reflection data assuming
allowed direct or indirect lowest energy transitions depending on the
results from our DFT calculations. A Kratos Axis Ultra XPS/UPS
instrument was used for X-ray and ultraviolet photoelectron
spectroscopy (XPS and UPS). Samples were prepared by drop-casting
and spin-coating from dimethylformamide or acetonitrile solution as
thin films on 10 X 10 mm? pieces of silicon wafers onto which 20 nm
of chromium and 90 nm of gold had been deposited by thermal
evaporation under high vacuum (1077 Torr). Material was removed
from one edge of each sample via swabbing with chlorobenzene to
expose the gold layer. Nickel tape was used to electrically connect the
exposed gold on the top of the substrates to the airtight sample holder,
which was loaded in a glovebox (N,, < 1 ppm of O,). For XPS, a
monochromated Al-Ka source (180 W) was used under ultrahigh-
vacuum conditions (10™® Torr). Survey scans were collected with a
step size of 500 meV, a pass energy of 160 eV, and a dwell time of 150
ms. For UPS, a helium I radiation source was used with a gate bias
voltage of —9 V. Photoelectrons at the 0° takeoff angle were collected
at 600 W (6 kV, 10 mA) with a pass energy of S eV and a step size of
25 meV. Survey scans were collected once with a dwell time of 150 ms.
Detailed scans near the valence band maximum (VBM) were collected
with a dwell time of 600 ms and were repeated three times. The
position of the VBM was determined from UPS spectra as the energy
increment between the left and right edges of the spectral feature,
subtracted from the incident photon energy (21.22 eV).

2.3. Computational Methods. The DFT computational study of
the electronic band structures, including absolute band positions, was
carried out using the Vienna ab initio Simulation Package
(VASP).®™* VASP implements the DFT in the Kohn—Sham
formulation using a plane wave basis and the projector-augmented
wave formalism (PAW) 49,50 Input structures were taken from the
literature for K3Bi,Iy>° and Cs,Bi,ly,>> and from this work for Rb;Bi,l,.
For a better comparability of the band structures, the monoclinic
phases were transformed to the space group setting P2,/c, and the
corresponding  high-symmetry points were selected for the corre-
sponding conventional Brillouin zone.>" All ternary compounds were
optimized using the Perdew Burke—Ernzerhof (PBE) exchange and
correlation functional® until the residual forces were less than 0.01
eV/A on each atomic site. The resulting crystal structures exhibited 8—
10% increased volumes compared to the experimental input structures,
which lies within the acceptable range of errors of the applied method.
The energy cutoff of the plane wave basis set was 500 eV. A Gamma
centered k-mesh grid with a minimum of 20 k-points was employed
with the convergence criteria set at 0.01 meV. The band structures
were calculated using PBE including spin—orbit coupling (SOC) to
locate the band gap, but for more accurate band gap values and density
of states (DOS), a screened hybrid functional (HSE06)°*** with SOC
was employed.

Absolute band positions for the ternary compounds were obtained
by aligning the s-like states of Bi in A;Bi Iy from HSE+SOC DOS
calculatlons_to the corresponding levels of Bil; as derived by a slab
calculation® of a 1 X 1 X 4 half-filled supercell (PBE+SOC, see our
previous work'**® for computational details). Born effective charge
tensors (Z ) on Bi** and high-frequency (ion- clamped) dielectric
constants (e ) were calculated as reported prewously Calculations
of those dlelectrlc response parameters for the related binary iodides
PbL,* using different computational schemes revealed that PBE+SOC
is sufficient to reproduce values very close to the more accurate but
computationally much more demanding HSE06+SOC. In the present
work, however, PBE without SOC was applied for the monoclinic
systems to reduce computation time. Computations of the NMR
observables for two structure models of Rb;Bi, 1, this work’s model in
P2,/n and the Pc model reported by Sidey et al,>" were performed
with the plane wave and PAW-based QUANTUM ESPRESSO
package57 together with the QE-GIPAW extension. QE-GIPAW

computes the magnetic shielding at each nucleus using the gauge-
including projector augmented wave formalism,’®*” and the electric
field gradient at each nuclear site using standard PAW expressions. 60

PAW atomic data sets for Rb, Bi, and I were used based on the set
recently published by Jollet, Holzwarth, and Torrent, and generated
with the ATOMPAW code to create files suitable for QUANTUM
ESPRESSO."** Cut-off radii of 2.30, 2.90, and 2.30 Bohr were used
for Rb, Bi, and I, respectively; these are short enough that no PAW
sphere overlap occurred. The PBE exchange and correlation
functionals were used in all cases, and the structures were computed
with the experimental atomic positions and no subsequent
optimization. Complete convergence required a planewave cutoff
energy of 80 Ry (1088 eV) and a reciprocal point grid spacing of 0.02
A~Y; however, as these values led to prohibitively large calculations for
chemical shielding on the Rb;Bi,Iy system, the values reported here
were computed with a cutoff energy of 20 Ry (272 eV) and reciprocal
point spacing of 0.04 A™". To check that these more modest values
were sufficient, we computed the chemical shieldings for the rubidium
alkali salts at both the fully converged levels and at the more modest
levels used here, and we found that the shift orderings were still
correctly represented and that the systematic error of the PBE
functional for chemical shielding calculations was essentially
unchanged. This result means that our computation of observables
for Rb;Bi I, even at modest convergence criteria, is useful for
establishing experimental peak assignments and for differentiating
between different potential crystal structure models.

3. RESULTS AND DISCUSSION

3.1. Materials Preparation and Structure. In this work,
we have established a variety of new facile preparation routes
for the ternary bismuth iodides A;Bi,l; (A = K, Rb, Cs). By
reacting the corresponding binary iodides in stoichiometric
ratio in organic solvents at room temperature or simply ball-
milling them, high-purity materials were obtained. Previously,
methods for growing single crystals, typically at hi §h temper-
atures from the melts, have been reported.””*"*’ We have
found that single crystals of up to 1 mm can also be obtained at
very mild solvothermal conditions in ethanol at 120 °C for A =
Rb, Cs. As the solubility of the ternary bismuth iodides
decreases rapidly with increasing countercation size, the Cs salt
could be isolated directly by filtration of a acetronitrile solution
of the starting iodides. For the isolation of powders of the K
and Rb salts, the solution was concentrated under vacuum prior
to filtration. Thin films were deposited from organic solvents by
drop-casting or spin-coating. In future work, the procedures
must be carefully optimized to improve microstructure, grain
orientation, and film quality, but generally the solution-
processability makes this family of heavy metal halides very
appealing for technological applications. In this work, the
crystal structures were determined for powder and single-crystal
samples, and optoelectronic properties were examined for
powders (UV—vis) and thin films (XPS, UPS), respectively.

The stability in ambient atmosphere has been monitored by
PXRD on as-prepared polycrystalline powder samples. With
increasing size of the countercation, the salts kept well for hours
(K) to months (Cs) in ambient air, which is considerably
longer than the extremely oxidation sensitive Sn** iodides or
the moisture sensitive Pb** iodides would withstand. Exploring
the effects of other factors on the stability, such as different
grain sizes and thus surface areas as a result of different
preparation processes, will be an important future task. Our
preliminary studies have confirmed that phase widths of mixed
countercations K—Rb, Rb—Cs, K—Cs exist in the A;Bi],
phases. By taking into account not only the countercation,
but also the variability of the central metal and halide, which
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has been previously explored only in some extent,’® this rich
family of compounds offers a large variety of new interesting
phases with tunable properties.

The crystal structures of the three ternary bismuth iodides
A;Biy]; (A = K, Rb, Cs) were examined by XRD. Unit-cell
dimensions were derived from single-crystal measurements, and
the phase purity was confirmed by Rietveld refinements of
powder diffraction data (see Figure 1, Table 1, 2, and

T T T

(a) Rb,Bi,J,

- data

K,Bi,l

P (b)

Attt ) "

aain e e A W
I I 11 JMI\U\HHHHIHH]UE]]]]]]M]DEUID]D]]]

1 2 3 4

Figure 1. PXRD and Rietveld refinements of A;Bi)l, A = (a) Rb
(synchrotron data), (b) K, and (c) Cs (laboratory data).

Supporting Information). For all three phases, the densities
calculated from the structural data correspond nicely to the
experimental densities, which were determined by He gas
displacement measurements (Supporting Information). For
K;Bi,ly*® and Cs;Bi,l;,** an excellent agreement with previous
crystal structure reports was obtained, while the redetermina-
tion of the structure of Rb;Bi,I, led to a new structure model
with the space group P2,/n instead of the previously reported
model in space group Pc.”’ From XRD of Rb;Bil, single
crystals, this space group could be clearly derived from the unit
cell metrics (a = 14.6443(19), b = 8.1787(9), ¢ = 20.885(2) A,
B = 90.421(7)°), the symmetry (Laue class 2/m), and the
systematic zonal and serial extinction conditions (10! reflections
only present for i + | = 2n, h00 reflections only present for h =
2n). The solution of the crystal structure using direct methods
led to the expected composition with four formula units per
unit cell and all atoms occupying general positions (Wyckoff
sites 4¢). By using anisotropic thermal displacement parame-
ters, the structure model was refined to a good fit and reliable
R1 value in few iterations. The final values of the positional and
displacement parameters are listed in Table 2. Additional
structural data as well as information about the transformation
between the group subgroup pair P2,/c (P2,/n) and Pc are
included in the Supporting Information. It is likely that Sidey et
al.*' reported the Rb;Bi, I, crystal structure in the acentric space
group Pc as a consequence of crystal twinning in the crystal
studied. The atomic positions and unit cell derived in this work
are very similar to this previously published structure. In the
following, the crystal structure of Rb;Bi,Iy will be discussed in
detail, while the structures of the isotypic K3Bi,I,,”" of Cs;Bi,I,

Table 1. Crystallographic Parameters of Rb;Bi,I, with
Experimental Densities Derived from Gas Displacement
Pycnometry Included for Comparison

formula Rb;Bi, ],
sample single crystal
structure type K;Bi,l,>°
cryst syst monoclinic
space group P2,/n

unit cell (4, deg)

A 14.6443(19)
b 8.1787(9)

¢ 20.885(2)
B 90.421(7)
V (A%) 2501.4(5)
V4 4

density (X-ray) (g/cm?) 4.82
density (Pycnom.) (g/cm®) 4.82(2)
Xray 4 (A) 0.71073
diffractometer Bruker Apex II
T (K) 299(2)

abs coeft 30.9

20 range (deg) 3.4-56.8
no. measured reflns 18931

no. unique reflns 6269

Ry 0.0464

no. free params 127

GOF P 1.018

R1, wR2 (I > 20(1))
R1, wR2 (all reflns)
residual e~ density (e~ A%)

0.0409 0.0879
0.0791, 0.1001
1.62 /—1.93

crystallizing with the Cs;Cr,Cl, structure type,”* and the binary
Bil; will be only touched on for comparison. The crystal
structures discussed here are shown in Figure 2. Rhombohedral
Bil; (Figure 2a) contains distorted Bilg octahedra, which are
connected in honeycomb layers via three shared edges each.
The anionic species in Cs;Bi,], are isolated pairs of face-sharing
Bilg ocahedra (Figure 2b). Rb;Bil, (Figure 2c) contains
corrugated layers of corner-connected Bilg octahedra, the
complex 2D anion X {[Bily'l;),°]”"*} written in Niggli
nomenclature. The crystal structure can be described as
distorted defect variant of the perovskite type (AMXj), in
which only two-thirds of the octahedral M sites are occupied:
Rb(Bi,/3[1;,3)Is. Every third M layer of the perovskite
aristotype in [001] is depleted (Wyckoff sites 2a and 2b in
the monoclinic unit cell). The ordered cubic close packing of
Rb and I occurs in such a way that all Bily octahedra are
coordinated by eight Rb atoms in the arrangement of a
distorted cube; the unit cell of the perovskite type. Wosylus et
al. have derived the symmetric group—subgroup relationships
between the cubic perovskite and TL;Bi,ls, which is isotypic to
our new model of Rb;Bi,l,.”° The Bil octahedra of the two
crystallographic Bi sites are distorted with three shorter (2.93 +
1 A) and three longer (3.20 to 3.25 A) Bi—I distances, as it is
observed for the K and Cs salts as well as for other complex
bismuth iodides.'> For all structure types, the shorter Bi—I
bonds involve terminal I sites, while the longer bonds exist
between Bi and I atoms connecting multiple Bi sites. As this
distortion is observed in all related structures, no matter if they
contain lone-pair-bearing central metals or not (e.g., Cs3Y21967),
we tentatively conclude that the structural distortion is not
caused by a stereochemically active 6s lone pair on Bi**. For
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Table 2. Wyckoff Positions, Coordinates, and Equivalent Isotropic Displacement Parameters U,y (A2) in the Crystal Structure of

Rb,Bi,I, (P2,/n)

atom Wyckoff site x

Rb(1) 4e 0.03098(9)
Rb(2) 4e 0.18643(1)
Rb(3) 4e 0.35098(1)
Bi(1) 4e 0.16689(2)
Bi(2) 4e 0.33675(2)
1(1) 4e 0.00492(5)
1(2) 4e 0.07209(5)
1(3) 4e 0.12109(5)
1(4) 4e 0.16975(5)
1(5) 4e 0.24235(5)
1(6) 4e 0.32991(5)
1(7) 4e 0.41596(6)
1(8) 4e 0.79932(5)
1(9) 4e 0.95328(5)

y z Uy
0.97581(2) 0.22393(8) 0.0622(4)
0.52117(2) 0.06266(8) 0.0721(4)
0.97172(1) 0.89373(8) 0.0692(4)
0.49351(4) 0.84409(2) 0.0276(1)
0.01025(4) 0.15456(2) 0.0278(1)
0.58289(1) 0.74634(5) 0.0602(3)
0.80753(9) 0.38965(4) 0.0458(2)
0.79317(9) 0.91443(4) 0.0457(2)
0.06654(1) 0.07954(5) 0.0541(2)
0.69155(9) 0.21872(4) 0.0433(2)
0.42761(1) 0.92177(4) 0.0524(2)
0.80249(9) 0.05562(4) 0.0465(2)
0.82268(9) 0.24451(4) 0.0451(2)
0.70836(9) 0.07647(4) 0.0448(2)

Figure 2. Crystal structures of (a) Bil; (R3),%* (b) Cs;Bi,l, (P6;/
mmc),” and (c) RbsBiyly (P2,/n) with empty squares marking the
unoccupied metal positions of the perovskite aristotype. Small spheres
represent I°, large spheres are counteractions A’, and spheres inside
polyhedra are Bi**. The close relationship to the perovskite structure is
obvious from the coordination environment of the Bil; octahedra
(Ortep plot with ellipsoids at 80%).

Rb;Bi,I,, the Bi—Bi distances between corner-sharing Bilg
octahedra are about 6.2 A. For comparison, the bond lengths
are about 4.0 A in the Bil, anions (face-sharing Bil;) of
Cs3Bi, 1, and are about 4.4 A in the layers of Bil; (edge-sharing
Bil;). The effect of the Bilg bonding mode in the different
crystal structures on the optoelectronic properties and
electronic structures will be discussed in the following sections.
The iodide sites in Rb;Bi,l, are coordinated by a total of three
to five metal sites, counting both Bi and Rb, while the bridging I
sites (11, IS, and 18) display the larger coordination numbers
(CN). Because of the relatively small size of the Shannon ionic
radius of Rb* (CN 6, 1.5 A°®) compared to I” (CN 6, 2.2 A*®),
the close packing between those ions is irregular, leading to the
distorted and tilted Bil octahedra. As a result, the coordination
of the Rb cations by I anions is reduced from the cuboctahedral
coordination (CN 12) of the perovskite aristotype A sites to

CN 8 with Rb—I distances of up to 4.1 A. The resulting tilting
of Bily octahedra is obvious in the decrease of the M—I—-M
bond angles from the ideal 180° angle in cubic perovskite
aristotype to 147 to 153° in Rb;Bi,I; and even smaller angles
for K;Bi,l,, where the size mismatch of large I” and small A*
ions is more pronounced.

The Rbl; coordination polyhedra can be described as heavily
distorted bicapped trigonal prisms with similar volumes of
about 94 A? for all the three Rb sites (Figure 3). In the context

Figure 3. ORTEP plots (ellipsoids at 80% probability level) of the
coordination environment of the three Rb sites (a) Rb1, (b) Rb2, (c)
Rb3 in Rb;Bi,], (all on Wyckoff positions 4e).

of the complete structure, Rbl1 sits inside the corrugated layers
of Bily octahedra, while Rb2 and Rb3 exhibit local environ-
ments similar to each other at the edges of those layers.
Thereby, the volume of the trigonal antiprism of Bi sites
surrounding Rb1 (CN,¢(Rb1 Bis) = 4.6) is about 50% larger
than the volume of the trigonal bipyramids of Bi sites
coordinating the Rb2 (CN.(Rb2 Bis) = 3.3) and Rb3
(CN.#(Rb3 Big) = 4.4) sites. Interestingly, the isotope *Rb is
an NMR-active, quadrupolar (spin 3/2) nucleus with
approximately 30% natural abundance, which can be probed
to reveal the effects of the local structural environment. We
examined the NMR signature of the Rb nuclei in Rb;Bi,I, by
MAS NMR experiments in combination with DFT-simulation
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of the NMR observables to confirm our centrosymmetric
structure model for Rb;Bi,]; as opposed to the previously
reported noncentrosymmetric model.

The NMR spectrum of solid Rb;Bi,I; displays two main
features, which are broad and overlapping when recorded with
a 400 MHz spectrometer (Figure 4). However, the 3QMAS

70

75

100 80 60 40 20 0 -20
5% Rb (ppm) F2

Figure 4. (a) ¥Rb MQ-MAS NMR spectra of Rb;Bi,, recorded at
130.92 MHz. The deconvolution of the 1D spectrum (b) into the
three Rb sites (see Figure 3) with Cg 1, and G, parameters derived
from the fits of the individual traces (see Table 3) yields the expected
integrated area ratio of 1:1:1 in good agreement.

experiment reveals clearly that there are three distinct sites,
which is in agreement with the three Rb sites of our
crystallographic structure model. The traces for each signal
obtained from the 3QMAS measurement were fitted with a
good agreement to extract NMR parameters, which can be
simulated by DFT calculations: the isotropic chemical shift i,
the absolute quadrupolar coupling parameter C; and the
anisotropy parameter of the quadrupolar interaction # (Table
3). By using those parameters, the 1D spectrum could be
deconvoluted with a decent fit into three signals (Figure 4a). As

Table 3. Absolute Quadrupolar Coupling Parameters C,
Asymmetry Parameters of the Quadrupolar Interaction 1,
Absolute Shielding o, and Isotropic Chemical Shift J;,

(Using RbCl as a Reference at 127 ppm**) from DFT
Calculations and NMR Experiments for Rb;Bi,I,

expected from the 1:1:1 crystallographic ratio, the integrated
areas of those three signals are practically the same (site 1:1.00,
site 2:0.97, site 3:0.97). The DFT calculations of the NMR
parameters (Table 3) allowed us to compare the NMR
signature of our structure model in P2,/n directly to the
noncentrosymmetric Pc structure published by Sidey et al.”’
While the calculated chemical shifts for the P2,/n model are
shifted systematically by approximately 25—30 ppm compared
to the experimental values, the relative shifts differences
between the sites are well reproduced. Including the expected
shift from the second order quadrupole effect under magic
spinning does not change this conclusion: using the computed
values for C in addition to the total shielding again yields a
predicted spectrum with two nearly overlapping sites shifted
upfield from a third site about 35 ppm downfield. We can thus
directly assign the most downfield signal to the Rb1 site (Figure
3a) based on the agreement of experimental and calculated
isotropic chemical shift and quadrupolar parameters. Since the
C,y and 7 parameters can be calculated with much greater
accuracy and reliability than the chemical shift, we use those to
assign the signal observed at J;;, = 41 ppm to the Rb2 site and
the one at &, = 44 ppm to the Rb3 site (Figure 3b,c). For the
noncentrosymmetric structure model published in space group
P, the six sites would give rise to six distinct *’Rb signals spread
over a spectral range of over 85 ppm (110 ppm after
quadrupole effects are accounted for, see Table 3). This is
obviously in stark contrast to our experimental results, which
can most clearly be observed in the wide ppm-range section of
the single pulse *'Rb MAS NMR spectrum recorded at higher
field (Supporting Information). Those results together with our
crystallographic studies provide very strong evidence that the
correct structure description of Rb;Bi,I, is our centrosymmetric
one, which renders this salt strictly isotypic with K;Bi,I,"" and
Tl;Bi,I,*® as has been hinted at previously.*®

3.2. Optical and Electronic Properties. The optical band
gaps of A;Bi)l, (A = K, Rb, Cs) were derived from Tauc plots
of Kubelka—Munk-transformed diffuse reflection UV—vis data
(Figure S, Table 4). The absorption edge is located at
approximately 2 eV for all three ternary bismuth iodides,

3.0 25 2.0 .75 1.5 1.25

E(eV)
1.7
I T |

T T I

Bil,, £,=1.8eV

KyBilg, E,=2.1eV

A (Kubelka-Munk, arb. units)

Rb,Bi, g, £,= 2.1eV

structure  site Cq (MHz) n o (ppm) i (ppm)
calc  exp calc exp calc exp
P2,/n Rb1 2.6 2.1 091 1.0 1992 41 61
Rb2 3.9 3.0 0.90 1.0 2016 17 41
Rb3 34 2.8 0.70 0.5 2022 11 44
Pc Rbl 4.3 0.83 2030 3
Rb2 4.3 0.95 1966 67
Rb3 3.9 043 2051 —18
Rb4 3.1 0.55 1962 71
RbS 9.0 091 1973 60
Rb6 3.9 0.35 1988 45

Cs,Bijlg, E,=1.9eV

400 500 600 700 800 900 1000
A (nm)

Figure S. UV—vis diffuse reflection spectra recorded on powder
samples of A;Bi,]y and Bil; transformed into absorbance A. Band gaps
were obtained using Tauc plots assuming direct gaps for A = K, Rb and
indirect gaps for the remaining phases as predicted by DFT
calculations (see Table 4).

DOI: 10.1021/acs.chemmater.5b03147
Chem. Mater. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b03147/suppl_file/cm5b03147_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.5b03147

Chemistry of Materials

Table 4. Experimental Optical (from Diffuse Reflection UV—
vis) and Calculated (DFT Method HSE+SOC) Band Gaps E,
as Well as Experimental (from a Range of UPS
Measurements) and Calculated Ionization Energies of
ABil, (A = K, Rb, Cs) and Bil,

E, (eV) IE (eV)
phase exp calc exp calc
Bil 1.8 193 6.0—6.3 6.1
K;Bil, 2.1 2.17 6.1-6.3 6.1
Rb;Bi,, 2.1 216 6.1-6.2 6.0
Cs;Bi], 19 2.32 5.6—62 5.7

while the binary exhibits a gap (E,) of about 1.8 eV. In fact, the
variation of the A;Bi)l; band gaps determined with the given
method only stems from the assumption of direct transitions
for A = K, Rb, and an indirect transition for A = Cs as taken
from the results of our DFT calculations. For the indirect gap
Cs;Bi, o, a smaller band gap results from the Tauc method gap
determination, while to the eye, the lighter alkali homologue
salts appear a slightly darker red. Those E, values are in
excellent agreement with the values of 1.98 eV for A = Rb and
1.89 eV for A = Cs that were reported previously.”” In the same
study, the descending band gap magnitude of A;M,l, was
correlated with ascending melting points and ascending average
atomic numbers. Still, the countercation, structure type, and
thus connectivity mode and dimensionality of the Bilg
octahedra have very little influence on E, The band gap of
the layered polymorph of Cs;Sb,I, of around 2 eV*’ indicates
that the variation of the central metal from Bi to Sb also does
not have a strong impact on the magnitude of the gap. For the
bismuthates, we observe that steepness of the edge, however, is
greater for the layered structure types compared to the Cs;Bi)l,
structure containing isolated anions. A steep edge is desirable,
as for related lead halide perovskites a steep absorption edge
has been correlated to little disorder-induced broadening and
the absence of deep optically detectable states.””

The ionization energy IE, that is, the position of the valence
band maximum (VBM) with respect to the vacuum energy, was
determined for the A;Bi,I; phases by UPS measurements of
thin-film samples (see K;Bi,l, example in Figure 6 and
Supporting Information for Rb and Cs salts). The sample
surface composition was confirmed by XPS prior to recording
the UPS spectra. We carried out between three and six UPS
measurements of different thin film sample preparations for
every compound to gauge the reproducibility and error of this
method. The experimentally derived ionization energies are
listed in Table 4. VBM determinations by UPS for these
relatively wide gap semiconductors are not trivial. Insufficient
film coverage leads to signals of the underlying Au layer being
captured, while measurements on films that are too thick suffer
from charging. Both potentially alter the outcomes. For samples
with a range of nondetectable to small XPS signals of the
underlying gold layer and no to slight charging observed during
XPS measurements, the IE values for A;Bi,]; lie between 5.4
and 6.4 eV with variations of 0.2—0.8 eV for each compound.

3.3. Electronic Structure Calculations. To support our
experimental work with a robust and relatively fast method of
determining absolute band positions, we applied DFT
calculations to estimate the band positions with respect to
the vacuum level. For the binary Bil; as a computationally less
demanding and closely related proxy, we conducted slab
calculations®®> (PBE+SOC, computational details see our
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Figure 6. XPS and UPS (inset) spectra for K;Bi)l,. From XPS data,
the surface composition can be determined to K, g,Bi,Ig s, which is in
excellent agreement with the expected formula within the scope of the
method. From UPS data, the position of the valence band maximum
(VBM) was determined by subtracting the energy difference between
both edges of the spectral feature from the excitation wavelength (He I
lamp, 21.22 eV).

previous work®®) using a half-filled 1 X 1 X 4 supercell to
find the absolute VBM position. Details of these calculations
have been reported elsewhere.'* We then aligned deep s-like Bi
states of the ternaries’ DOS (HSE+SOC) to the corresponding
Bil, states to obtain absolute VBM positions for all compounds
(see Supporting Information).

The resulting calculated band positions are shown in Figure 7
for the ternaries A;Bi Iy (A = K, Rb, Cs) in comparison to Bil,.

-1.8

TiO, Bl

A=K A=Rb A=Cs PTAA
[ 1
ABil

Figure 7. Band positions derived from DFT calculations (PBE+SOC)
compared to experimental values (indicated by vertical bars as a range
for the UPS experiments carried out here) for A;BiI, (A = K, Rb, Cs)
and Bil;. For added comparison, the experimental band positions of
PTAA” and the calculated CBM of anatase TiO,® are also displayed.

Experimentally determined VBM positions and band gaps are
represented as bars indicating a range of UPS measurements on
different samples; the positions of the conduction band minima
(CBM) were derived as CBM = VBM + E,. In addition, the
band positions of each of a commonly used electron and hole
transport material for heavy metal halide photovoltaic devices,
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anatase TiO,, and polyarylamide PTAA,”" are included. Here,
taking into account the broad spectral absorption in the optical
range, we suggest using the bismuth halides as solar cell
absorber layer instead of as previously reported as hole
transport layer."* The calculated E; and VBM values are listed
in Table 4. The agreement of the calculated values to the
experimental data ranges is remarkable, suggesting that our
relatively fast method of deriving absolute band positions from
slab calculations only for a relatively simple reference
compound and only needing advanced level (HSE+SOC)
single unit cell DOS can be an excellent screening tool. The
calculated band gaps for the ternary iodides increase from 2.2 to
2.3 eV with increasing countercation size. This trend is not in
agreement with the experimentally determined gaps in this and
previous work,*” which might be due to the fact that the Cs salt
unit cell volume is relatively more overestimated during the
DFT structure optimization compared to the lighter alkali
metal homologues. The VBM levels for the 2D layered K and
Rb bismuth iodides around —6.0 eV are very similar to the
layered Bil;, and thus the nature and size of the countercation
(or even its absence) do not seem to have be relevant to the
VBM position as long as the dimensionality of the Bi—I-units
remains the same. In comparison, the 0D Cs;Bi,], exhibits a
shallower level. The same trend was reported for the series of
hybrid lead iodides ranging from the 3D perovskite
CH;NH;PbI; to layered derivatives of decreasing perovskite
slab thickness.”” For the layered antimony homologue Cs,Sb,1,,
the ionization potential was also reported to be 5.7 eV.”

Potentially, this is due to competing effects: increased anion
dimensionality deepening the VBM and the lighter Sb central
cation raising the VBM again to the same level as for Cs;Bi,l,.
For the heavier homologue, Bi, with its more contracted s-like
states, we expect less covalent interaction and thus less band
dispersion in the region of the antibonding M(s)—I(p)
interaction at the top of the valence band. However, the
VBM levels of the complex bismuth iodides are considerably
deeper than the related lead iodides (e.g, —S54 eV for
CH,NH,PbI,”). This creates a new challenge for the choice
of hole transport layers for photovoltaic devices: the application
of the commonly used polymers with VBMs not much below 5
eV would limit the open circuit voltage and thus the power
conversion efficiency.

For photovoltaic device construction, in addition to efficient
solar light absorption and well-aligned transport band positions
of the components, long charge carrier diffusion lengths are
essential. In electronic band structures, the curvature of the
bands is correlated with charge carrier effective mass, and thus
pronounced band dispersions can be indicative of high
mobility.”* Additionally, the band bonding character of heavy
metal halides has been correlated with defect-tolerance.”* Since
the band structures of the isotypic layered K;Bi,Iy and Rb;Bi,],
phases are almost identical around the band gap, only the data
for the Rb salt are included in Figure 8a for clarity. We will
focus mainly on the comparison of the 2D versus 0D structure
types for the examples of the Rb and Cs salt for the remainder
of the discussion of computational results. For those layered
salts, a direct band gap of 2.17 eV (K), or 2.16 eV (Rb) at I,
was obtained at HSE+SOC level of theory. The dispersion of
the lowest conduction bands is moderate, while the top valence
bands are very flat, indicating smaller effective masses for
electrons compared to holes. For Cs;Bi,], (Figure 8b), the
valence band dispersion is larger, while still relatively small
compared to the related 3D halide perovskites.”” From our

= Bis
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Figure 8. Band structure and partial density of states (DOS, HSE
+SOC) of (a) Rb;BiI, (P2;/c) and (b) Cs;Bi,ly (P65/mmc). The
position of the valence band maximum (VBM, horizontal line) was
offset based on slab calculations of Bil;. The calculated band gaps
(HSE+SOC) are direct at I" for A;Bi,]I; (A = K, Rb) and indirect
between 0.75 I'K in the valence band and I in the conduction band
for Cs;Bi,],.

HSE+SOC calculations, the band gap of Cs;Bi,], (2.32 eV) is
located between 0.75 K in the valence band and T in the
conduction band. From the comparison of the relatively flat
band structures of the A;Bi,I; phases to highly dispersive ones
of the 3D perovskites,”®’* one could conclude that the M—I—
M bond angles rather than the connectivity mode have a strong
influence on the band curvature and thus effective carrier
masses and mobility. In the 3D perovskite structures, the near
180° M—I-M angles connecting the octahedra facilitate a
better orbital overlap resulting in a better carrier transport
through the metal halide lattice than in the defect-perovskites
A;Bi,l, with Bi—I—Bi angles of around 150°. The Cs;Bi,l; and
Bil; structures, with their shorter Bi—Bi distances due to face or
edge-sharing octahedra, respectively, naturally exhibit even
smaller Bi—I—Bi bond angles. The partial DOS plots show that
the excitation across the gap occurs for all phases mainly from
occupied I p states with a small contribution of Bi s states into
empty Bi p + I p states.

In the homologous alkali antimony halides such as Cs;Sb,1,>
and in the isoelectronic tetrel halide perovskites, ®’°~"* the
optical transition involves the same corresponding states and
these materials’ unique optoelectronic properties have been
attributed in part to the effect of the ns® metal ions. For
CH;NH,;Pbl;, the strong p-character of the valence and the
conduction band around the gap have been reported to lead to
a high joint DOS, resulting in an unusually large optical
absorption coefficient.”” The combination of a direct band gap
and p—p optical transitions in the 2D layered A;Bi,I; phases
makes them very promising for next-generation optoelec-
tronics.

As discussed earlier, there are no obvious signs of
stereochemical activity of the Bi*" 6s lone pair in the studied
A;Bi,Ig structures. However, those phases are prone to undergo
structural phase transitions as reported for Cs;Bi,L,,”* "> which
could be potentially lone-pair-driven. Calculated Born effective
charge tensors on the lone-pair-bearing atom and the dielectric
constants have been used previously to probe the lone-pair
activity and proximal structural instabilities in heavy-metal
phases,”®7797%3 Interestingly, anomalously large Born tensors
have also been suggested to indicate effective screening of
defects and impurities that would otherwise be strong charge
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carrier traps, contributin§ to good carrier transport properties
in heavy-metal halides.””*" The calculated Born tensors Z* and
high-frequency (ion-clamped) dielectric tensors €3 for the 0D
and 2D examples of A;Bi,], are listed in Table S. By comparing

Table 5. Dielectric Properties of A;Bi,I, Salts Including the
High-Frequency Dielectric Tensors (€5’) and Born Effective
Charge Tensors (Z*; lel) on Bi**

phase method [ & € Z, z Z5
Rb;Bi, ], PBE 19.3 22.3 65.5 44 43 4.9
Cs;BiJ,  PBE 55 42 28 34
Cs;Bil,  PBE+SOC 7.6 57 39 3.9

the two computational schemes (PBE vs PBE+SOC) used for
Cs;Biyly, it can be observed that including SOC increases the
magnitude of €7 as well as Z* by ~15%—40% due to
reorganization of the band structure. However, it is clear that
elevated Z* values can be identified without applying the much
more time-consuming SOC calculations. While for Cs;Bi,1,, the
Born charges are not significantly higher than the nominal
charge, the layered defect-perovskite phase Rb;Bi,], exhibits Z*
values of 4.3—4.9 on Bi**. Correspondingly, for Bil;, a large in-
plane Born charge on Bi’* has been calculated, and it was
suggested to be correlated with the substantial covalent
interaction between Bi 6p and halogen p states.”” From this,
one can conclude that the 2D phases might be more defect-
tolerant than the OD bismuth halide phases. However, the
applicability of Cs,Snl, which contains isolated Snlg~
octahedra as a photovoltaic hole transport layer,** enforces
our point that the structural influences on the optoelectronic
properties of heavy main group metal halides are complex, and
even the phases with low dimensional bismuth halide units hold
the potential for interesting future applications.

4. CONCLUSION

In the search for promising materials for optoelectronic
applications, we look for band gaps that are well-matched
with the excitation spectrum, efficient light absorption, and
facile carrier transport.34 Here, we have investigated complex
bismuth iodides A;Bi,I; (A = K, Rb, Cs) both experimentally
and computationally. New facile preparation routes from
organic solvents and by mechanical mixing are presented, and
initial thin-film fabrication procedures are reported. From our
preliminary observations, the chemical stability seems to be
greater than for the related lead halides. Crystal structures were
redetermined by XRD, as the basis for advancing structure-
composition-property relationships. For the layered defect-
perovskite Rb;Bi,ly, we report an improved centrosymmetric
structural model based on single-crystal diffraction and solid-
state NMR supported by DFT simulation of NMR parameters.
The optical band gaps and absolute VBM positions were
determined by UV—vis and by ultraviolet photoemission
spectroscopy, respectively. Band structures were calculated
using the screened hybrid functional HSE, and including spin—
orbit coupling for the band gaps, and slab-calculations for
absolute band positions using the binary Bil; phase as a
reference, which allowed other absolute band positions to be
obtained. The excellent agreement between experimental and
calculated values suggests that the methods employed here are
a powerful tool for the rapid screening of semiconductors and
the rational design of optoelectronic devices.

Key findings that resulted for the compounds studied are that
the band gaps are around 2 eV and are rather insensitive to the
countercation and structure type. In addition, the VBM levels
are significantly lower than for the widely used lead halide
perovskite photovoltaics. Thus, for potential application in solar
cells, in addition to the optimization of the film formation, a
careful choice of the contacting hole transport materials will be
necessary to match the band positions and enable high open
circuit voltages. From the calculated band structures, the band
gaps of the layered K and Rb salts are direct, while Cs;Bi,], has
an indirect gap. Direct gaps coupled with the high DOS with a
strong p-character across the gap, as observed for the studied
phases, are quite promising for effective light absorption. For
the three phases, the band dispersion of the conduction and
valence bands around the gap are moderate to small compared
to the related perovskite halides, possibly as a result of the
different relative arrangement of the Bily octahedra. The
calculated Born effective charges on Bi** are significantly
elevated only for the layered A;Bil, and not for the 0D
Cs3Bi,]o. High Born effective charges are indicative of more
efficient dielectric defect screening and thus potentially better
carrier mobility. Given the solution-processability and the range
of similar optoelectronic properties paired with a much lower
toxicity compared to the lead halide perovskites, the structurally
rich class of complex bismuth halides is a new promising class
of materials for optoelectronic application.
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