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Abstract: Doping and alloying are valuable tools for modify-
ing and enhancing the properties and performance of lead
halide perovskites. However, the effects of heterovalent doping
with Sb** and BP" cations are still a matter of current
investigation. Due to the different charge of the dopants
compared to the constituting Pb** ions, a simultaneous creation
of defects is unavoidable and the influence of these defects and
the actual metal substitution become entangled. Herein, we
present the first 14-15 iodido metalates, (BED),PbE,l
(BED = N-benzylethylenediammonium; E=Sb (1), Bi (2)),
which are model compounds for doped lead iodide perovskites
and display surprisingly low band gaps of 2.01 (1) and 1.88 eV
(2). Quantum chemical investigations show that this stems
from a good electronic match between the Pbl; and EI units of
the compounds. Our results provide a model system for doped
perovskites, but also represent the first examples of a promising
new class of metal halide materials.

H ybrid halide perovskites like (CH;NH;)Pbl; are of great
current interest due to their excellent semiconductor proper-
ties.'*! Applications include photovoltaics, solid state light-
ing, lasers, and photocatalysts.*”) The physics behind the
properties of hybrid halide perovskites are a subject of
ongoing investigations®® and many researchers have modified
and broadened these properties through approaches like
dimensional reduction or the preparation of nanoparti-
cles" Two additional approaches are doping and alloy-
ing.""31 All three sites of AMX; perovskites (A = organic or
inorganic cation; M = Sn or Pb; X = Cl, Br, I) can be modified
this way, with A and X site doping and alloying being used to
produce solar cells with record performance.'*!* This way it
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is also possible to tune the materials’ band gap, increase their
stability and introduce new photoluminescence proper-
ties.16181

One area of ongoing research and scientific debate are
lead halide perovskites doped with antimony or bismuth,
APbX;:E (E = Sb, Bi). Bakr and co-workers were the first to
report an example of this class of materials,
(CH;NH;)PbBr;:Bi, with Bi contents of up to 0.3%. They
found that even at small Bi concentrations, an enhancement
of electrical conductivity and a change in the sign of majority
charge carriers from positive to negative could be observed.
They also observed a darkening of the crystal color and
proposed that this is due to band gap narrowing.'”) However,
subsequent investigations showed that the color change is due
to the introduction of defects.™™! The effect of bismuth
doping on the photovoltaic performance of lead iodide
perovskites is a point of ongoing research: Troshin and
Tress found that Bi doping is highly detrimental to the power
conversion efficiency of (CH;NH;)Pbl; solar cells.>?* In
contrast, Zhang found that Bi doping increases the moisture
tolerance and power conversion efficiency in (FA)Pbl;-based
devices (FA = formamidinium).

Antimony-doped lead halide perovskites have also been
synthesized, showing a better stability and photovoltaic
performance than their undoped counterparts.”*2 It is
often unclear if changes in properties are the direct result of
doping, or if a phase segregation during synthesis or under
bias is occurring, as recently shown for antimony-doped
materials.’”) A separation into a material with a bismuth- or
antimony-rich protective layer may be beneficial, as inten-
tional preparations of such materials have shown.*?

Quantum chemical studies have been performed to
elucidate the effects of APbX;:E doping, but it is not clear
how the charge mismatch of the Bi*" ion is compensated by
additional defects under different synthesis conditions.[*"
Despite these remaining questions, it has been demonstrated
that Sb and Bi doping can introduce useful new properties
into lead halide perovskites, such as photoluminescence in the
near infrared,’*¥! improved photoluminescence quantum
yield in blue-emitting CsPbBr; nanocrystals,* improved
thermoelectric properties,® and that co-doping approaches
can help to avoid defect formation caused by the charge
mismatch between Pb** and Sb** or Bi*".*) Overall, it is clear
that model compounds featuring the same coordination
environment and connectivity as is assumed to be present in
APbLX;:E are urgently needed to elucidate and disentangle
the effects observed in these materials.

Herein, we present the organic—inorganic 14-15 halogen-
ido metalates (BED),PbE,l;; (BED = N-benzylethylene-
diammonium; E=Sb (1), Bi (2)). Inspired by recent work
on cuprates using BED,*!! we aimed to produce layered group
14-15 perovskites, similar to examples introduced by Solis-
Ibarra.*>*! Somewhat puzzling, mixed 14-15 halogenido
metalates have been restricted to the stabilization of poly-
cationic clusters, as shown by Ruck.[**8! Ma recently reported
(bmpy)e[SbCLs],[Pb;Cly;] (bmpy = 1-butyl-1-methylpyrrolidi-
nium), a compound featuring both antimonate and plumbate
anions, but no direct connection E"-X-E® ] This highlights
a potential difficulty in the synthesis of group 14-15 halogen-
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ido metalates, as the formation of separate E**-X and E"-X
anions can be an issue.

We found that the anions in 1 and 2 are not layered but
molecular, composed of three corner-sharing octahedra, with
the Pbly unit in the middle. They represent the first model
compounds for APbX;:E and allow us to investigate the Pb—
E interaction in detail through the compounds’ optical
properties and quantum chemical studies, which reveal
a strong interaction leading to a comparatively low band
gap for compounds containing molecular metalate anions.
This demonstrates that 14-15 halogenido metalates are
promising new materials that may be able to enhance the
useful properties of their parent metalates.

1 and 2 can be prepared by combining PbO, Sb,0;, or
Bi,0; and N-benzylethylenediamine in two molar hydriodic
acid solution (Figure 1), a route reported earlier for simple
plumbates and pentelates.>*!

®
J/NHZ NH,
HN HI (2 M) ®J/
PbO + EO03 + 4 = HoN [PPE;l16]
4
E =Sb (1), Bi (2)

Figure 1. Reaction Scheme (top) and photographs of crystals of 1 and
2 (bottom left and bottom right).

The two compounds crystallize as intergrown red (1) or
dark red (2) planks (Figure 1). Both compounds are isomor-
phous, crystallizing in the monoclinic space group P2,/n (No.
14). An excerpt of the crystal structure of 1 is shown in
Figure 2a. Bond lengths in the trinuclear [PbE,I;s]*" anions
are given in Figure 2b. They are in similar ranges as found for
binary pentelates with [EIg]>" anions, such as (Pip)s-
[SbI¢],:5H,O (Pip = piperazine-1,4-diium; Sb—1 bond lengths:
2.85-3.26 A) and (DMA);Bil; (DMA = dimethylammonium
Bi—I-bond lengths: 3.03-3.09 A).F>%3 Pb—I distances are
similar to those found in (CH;NH;)Pbl; (Pb—I bond lengths:
3.175-3.180 A). This highlights that 1 and 2 are good models
for APbX;:E doping.” The relative arrangement of the
octahedra is fairly regular, exhibiting slight tilting along the E-
I-Pb connection, with an angle of 164° in 1 and 162° in 2. Pb
and Bi cannot be differentiated during crystal structure
refinement, but the isomorphous nature of 1 and 2 and the
results of elemental analysis strongly suggest that the arrange-
ment of E and Pb atoms is the same in both compounds.
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Figure 2. a) Excerpt of the crystal structure of 1.7") b) Trinuclear anion
[PBE,l1¢]*~ with bond lengths in angstrom for 1 (red) and 2 (black).

Trinuclear halogenido metalates with corner-sharing octahe-
dra are rare, but have been reported before.”>>"! The organic
cations separate the individual anions in such a way that no
short intermolecular iodine—iodine contacts are observed in
1 and 2.

We analyzed the thermal stability and found that 1 and 2
start to decompose at 260 and 266 °C (Figures S5, S6), similar
to 2D perovskites like (C,;H,NHj;),Pbl,, which decomposes at
285°C.P* Furthermore, both compounds are long-time stable
in air, showing no signs of decomposition after months of
storage.

The optical properties of 1 and 2 shed light on the
fundamental electronic processes in both materials, and allow
for the identification of the structure—property relationship.
Both 1 and 2 exhibit absorption in the red part of the visible
spectrum (Figure 3) as implied from their visual appearance
(Figure 1). The band gap energies (E,) determined from Tauc
plots at cryogenic temperatures (3.5 K) are 2.08 (1) and
1.94eV (2) (Figure S9). At 300 K, values of 2.01 (1) and
1.88 eV (2) were observed (Figure S10). This is considerably
lower than the band gap of binary metalates with anions of the
same dimensionality. Typical iodido plumbates with molec-
ular anions have band gaps in the range of 2.9-3.2eV.”
Iodido antimonates and bismuthates with mononuclear
anions display band gaps of 2.2 and 2.1 eV, respectively.”"!
This suggests a significant electronic interaction between the
Els; and Pblg units in 1 and 2, which we elucidate with
quantum chemical methods (see below). The incorporation of
Bi reduces the band gap by 0.14 eV. Furthermore, it intro-
duces a considerable amount of absorption below the band
gap energy E, known as Urbach tail. This can have several
points of origin, e.g., lattice distortion®! or the formation of
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2.75eV

Figure 3. Optical properties of (BED),PbSb,l;¢ (1) and (BED),PbBi,l;6
(2) at 3.5 K. Both exhibit absorption in the red part of the visible
spectrum and a considerably Stokes-shifted photoluminescence feature
at the border to the near-infrared range. The excitation energy was

3.06 eV (405 nm).

defect states in the band gap. In our case, this is also evidenced
in the single crystal structure of 2, which features more
strongly disordered organic cations than found in 1.

We performed photoluminescence spectroscopy to deter-
mine the emission properties of 1 and 2, and relate them to
the incorporation of Sb and Bi. The photoluminescence of
1 and 2 shows broad emission bands centered in the red and
near-infrared part of the electromagnetic spectrum (Figure 3).
The photoluminescence is centered at 1.76 (1) and 1.42eV
(2), with full width at half maximum (FWHM) of 0.5 (1) and
0.6 eV (2). Both are considerably red-shifted from the band
gap energy E, by 0.32 (1) and 0.52 eV (2), respectively. Such
spectrally broad photoluminescence emissions features and
large Stokes shifts are generally interpreted as an indication
of strong electron—phonon coupling in these materials.[%>%]
The strong electron—phonon coupling and our observation of
a very soft structure (cf. description in the SI) set up the
conditions for the formation of self-trapped excitons. The
larger Stokes shift upon Bi incorporation can be explained in
this context as Bi inducing a larger lattice deformation, which
is consistent with the appearance of an Urbach tail in the
absorption.

We performed density functional theory (DFT) compu-
tations to study the origin of the small band gap. The structure
was optimized with GGA-type functional PBE™ including
dispersion interaction method DFT-D3[®%! with periodic
boundary conditions (see SI for details). The resulting cell
volume was reduced by about 8 %. This rather large differ-
ence is probably due to the flexible nature of the crystal. Band
gaps (Table 1) were then derived with meta-GGA TB09!®"!
including spin orbit coupling (SOC) effects. This approach
was used successfully in the past for similar systems.*! While
PBE (without SOC) already gives reasonably accurate band
gaps for 1 and 2, the trend is reproduced wrongly. This is
corrected by the more reliable TB09 functional which gives
values in very good agreement with experiment and correctly
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Table 1: Computed band gaps in comparison to experimental data.

E, [eV] 1 2

Experimental (300 K) 2.01 1.88
PBE 1.78 1.88
TB09-SOC 1.99 1.78

predicts 1 to have a larger band gap. This agrees with previous
findings on optical properties of similar perovskites.[*’)

The partial density of states (pDOS, Figure 4) around the
Fermi energy gives a more thorough understanding of the
band gap’s nature. The valence band (VB) of 1 is primarily
formed by an antibonding interaction of lone pairs at iodine
with the Pb6s orbital (left inset in Figure 4 and Figure S12 in
the ST). Contributions by Sb or the organic cations are minor.
The conduction band (CB) on the other hand has a o* char-
acter along the I-Sb-Pb chain (right inset in Figure 4 and
Figure S13 in the SI). For isostructural compound 2 a very
similar electronic structure of the VB and CB is found
resulting in a comparable band gap (see Figures S11, S14, and
S15).

total DOS ===+
pDOS | —
pDOS Sb ——
pDOS Pb
pDOS C —
pDOS N —

Density of states

0
Energy / eV

Figure 4. Total and partial density of states (pDOS) of 1. Insets show
magnification of the valence band and conduction band regions
together with their real-space representation.

Our results show that both antimony and bismuth are
capable of providing significant electronic modifications in
lead halide perovskite materials beyond the creation of
specific defects. The strong electronic interaction of the Pbly
and Elj units suggests that when further examples of 14-15
iodido metalates are prepared, their structural and electronic
dimensionality will coincide.” This raises the prospect that in
these materials the beneficial properties of the constituting
metalates can be combined and enhanced, for example into
layered metalates with low band gaps, good charge carrier
mobility, and excellent stability.

In summary, we have prepared the first 14-15 iodido
metalates (BED),PbE,I;; (E=Sb (1), Bi (2)). The com-
pounds feature trinuclear anions that represent precise cut-
outs of Sb- or Bi-doped perovskites APbl;:E. 1 and 2 are long-
term stable in air and display surprisingly low band gaps of
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2.01 and 1.88 eV. Quantum chemical investigations show that
these can be traced to a strong electronic interaction between
the Pbl; and EIlg units, with a valence band maximum
featuring major contributions of Pb and I, while the con-
duction band minimum shows contributions from Pb, I, and E
in both compounds. Our results show that 14-15 halogenido
metalates are promising new materials that can expand the
useful properties of lead halide perovskites for optoelectronic
applications.
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