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ABSTRACT: The impressive rise in efficiencies of solar cells employing the three-dimensional (3D) lead—iodide perovskite
absorbers APbl; (A = monovalent cation) has generated intense excitement. Although these perovskites have remarkable
properties as solar-cell absorbers, their potential commercialization now requires a greater focus on the materials’ inherent
shortcomings and environmental impact. This creates a challenge and an opportunity for synthetic chemists to address these
issues through the design of new materials. Synthetic chemistry offers powerful tools for manipulating the magnificent flexibility
of the perovskite lattice to expand the number of functional analogues to APbI;. To highlight improvements that should be
targeted in new materials, here we discuss the intrinsic instability and toxicity of 3D lead—halide perovskites. We consider
possible sources of these instabilities and propose methods to overcome them through synthetic design. We also discuss new
materials developed for realizing the exceptional photophysical properties of lead—halide perovskites in more environmentally
benign materials. In this Forum Article, we provide a brief overview of the field with a focus on our group’s contributions to
identifying and addressing problems inherent to 3D lead—halide perovskites.

B INTRODUCTION

Since the first report of (MA)Pbl; (MA = CH;NH;*) as a
solar-cell absorber in 2009," research on lead—halide perov-
skites has greatly expanded in scale and scope. Lead—halide
perovskites exhibit an unusual combination of photophysical
and electronic properties important for solar-cell absorbers
including strong band-edge absorption, long carrier-recombi-
nation lifetimes, ambipolar charge conduction, and a high
tolerance for defects.” The ability to deposit high-quality halide
perovskite films from solution further allows for inexpensive,
large-scale device fabrication. The largest driver for research in
this field has been the effort to improve power conversion
efficiencies (PCEs) of perovskite solar cells. This intense
activity has resulted in PCEs of perovskite solar cells increasing
from the initial value of 4% to over 20% in only 6 years. Similar
increases in PCEs for other absorber technologies have
required several decades.’

This rapid increase in device efficiencies has been realized
primarily through improvements in film deposition and device
architecture. Although small changes to the material
composition (e.g., mixed-halide perovskites or perovskites
with different organic cations) have afforded improvements to
device performance and stability, the perovskite absorbers used
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in these devices have not been substantially altered. Because
perovskite-based devices are now being considered for
commercialization, greater attention must be directed toward
problems intrinsic to lead—halide perovskites. The structural
and electronic basis for the lead—halide perovskites’ remarkable
photophysical characteristics also remains to be fully under-
stood. Identifying and synthesizing new functional analogues to
these absorbers will help us to better understand overarching
design rules for synthesizing broader classes of high-performing
absorbers.

To highlight improvements that should be targeted in the
next generation of absorbers, here we discuss the intrinsic
instability of three-dimensional (3D) lead—halide perovskites
to moisture, light, and heat. We present possible origins of
these instabilities and propose methods to circumvent them
through targeted material design. We also examine the lead
perovskite’s potential environmental impact and discuss less
toxic materials developed toward addressing these concerns.
Here, we briefly review the field with a focus on changes to the
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composition, structure, and dimensionality of the bulk material.
This overview excludes the considerable advances in film
fabrication and encapsulation methods, which may kinetically
suppress decomposition pathways. We also exclude from our
discussion the role of extrinsic additives and surfactants, which
can improve film coverage and crystallinity. As a Forum Article,
we provide more detailed descriptions of our group’s
contributions to this field. In particular, the initial demon-
stration of (1) two-dimensional (2D) perovskites as solar-cell
absorbers with greater moisture resistance,” (2) light-induced
dynamics in mixed-halide perovskites’ and their mitigation
through material compression,” and (3) the promising
photophysical properties of halide double perovskites, which

. 7
can accommodate nontoxic and stable metals.

B RESULTS AND DISCUSSION

1. Halide Perovskite Structure. Perovskites of the form
AB"X, (X = halide) consist of anionic frameworks of corner-
sharing B—X octahedra. To provide charge compensation,
cations reside in the cavities defined by eight adjacent octahedra
(the A site). Organic—inorganic hybrid perovskites, such as
(MA)PbI; (Figure 1A),” have organic A-site cations. Note that
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Figure 1. (A) Single-crystal XRD structures of (MA)Pbl; (MA =
CH,NH,")® and (B) (PEA),(MA),PbyI,, (PEA =
C¢H;(CH,),NH;*).* The inorganic layers in part B can be structurally
derived from the 3D lattice by slicing along specific crystallographic
planes (turquoise sheets in part A). Turquoise, purple, blue, and gray
spheres represent Pb, I, N, and C atoms, respectively. The C and N
atoms in (MA)Pbl; are equally disordered. H and some disordered
atoms are omitted for clarity. Reprinted with permission from ref 4.
Copyright 2014 John Wiley and Sons.

these hybrid lead—halide perovskites are not organolead,
organometallic, or organohalide compounds (although the
terms have often been used) because they do not contain C—
Pb or C—X bonds. Elemental composition and thermodynamic
variables such as temperature and pressure dictate the
perovskite lattice’s symmetry (e.g, cubic, tetragonal, or
orthorhombic). Here, small changes to the lattice symmetry
can substantially change the materials’ photophysical properties.
These 3D perovskites are a subset of the broader and
structurally diverse perovskite family. Lower-dimensional per-
ovskite structures consist of corner-sharing metal—halide
octahedra that are connected in 0, 1, or 2 dimensions.

2. Moisture Instability. Early reports on the moisture
instability of (MA)Pbl; mention its transformation to the high-
bandgap yellow solid PbL,.” The rate of this decomposition
depends on film quality, with water likely entering the film
through grain boundaries.'” Because MA tends to be
hygroscopic, we sought to replace it with a more hydrophobic
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molecule. However, the A-site cavity in the 3D perovskite
lattice severely restricts the size of the A cation. For example,
assuming purely ionic interactions, the Goldschmidt tolerance
factor analysis'' predicts that only A-site cations with an
effective radius of 1.6—2.6 A will fit in the lead—iodide lattice,
while a single C—N bond in an organic ammonium cation is 1.5
A in length."” We therefore turned to 2D perovskites that are
far more tunable and can accommodate a greater variety of
organic cations.

2.1. Layered Hybrid Perovskites with Enhanced Moisture
Stability. Layered or 2D perovskites consist of anionic metal—
halide sheets ;Jartitioned by ordered arrays of organic cations
(Figure 1B).l The most common 2D perovskites contain a
single metal—halide sheet per inorganic layer and are
designated as n = 1 structures (n = number of metal—halide
sheets in each inorganic layer). The optical and electronic
properties of n = 1 lead—iodide perovskites have been studied
for decades."* These materials typically have relatively large
bandgaps (E,) of ca. 2.6—2.9 eV and unusually large Coulombic
attraction between photogenerated electrons and holes
(excitons)."” The exciton binding energies (E,) in these 2D
perovskites are typically around 300 meV."> The spatial
confinement of the 2D sheets increases the 2D perovskite’s
E, value relative to that of the 3D perovskite. The E, of the 2D
material is further increased by the low dielectric constant of
the organic layers, which provides poor shielding of the
electrons and holes generated in the inorganic layers."> Such
large E, and E, values allow for strong excitonic photo-
luminescence (PL), which has been used in light-emittin%-
diode,'® green phosphor,’” and white-light phosphor
applications. However, these E, and E, values are too high
for typical solar-cell absorbers, where visible light should
generate free carriers at room temperature.

To access a material that more closely resembles the 3D
perovskite, we therefore considered 2D perovskites with higher
values of . A mixture of small and large organic cations leads to
the assembly of 2D perovskites with thicker inorganic sheets.'”
We chose the (PEA),(MA),_,Pb,I;,,;, (PEA =
C¢H (CH,),NH,") family of perovskites because they had
notably low E, values, attributed to the higher dielectric
constant of the polarizable aromatic groups compared to alkyl
groups.”’ The n = 1 perovskite has regorted E; and E,, values of
2.57 eV and 220 meV, respectively.'*”*’ These values decrease
for the n = 2 perovskite, which has E; and E,, values of 2.32 eV
and 170 meV, respectively."*>*° However, these values are still
too high for efficient sunlight absorption and carrier separation
in a standard solar cell. We therefore targeted the n = 3
perovskite to better mimic the properties of the 3D (n = o)
perovskite. In order to access a well-defined material, we
obtained the single-crystal X-ray diffraction (XRD) structure of
(PEA),(MA),Pb,],,, the first crystallographically characterized
n = 3 lead—iodide perovskite (Figure 1B). Using optical
absorption spectroscopy, we estimated E, and E, values for
(PEA),(MA),PbsI,, as ca. 2.1 eV and ca. 40 meV, respectively.”
This E, value is close to the ideal value (ca. 1.9 eV) for the
higher bandgap absorber in a tandem solar cell.”’

Solar cells constructed with the n = 3 perovskite showed an
initial device efficiency of 4.73% and an open-circuit voltage of
1.18 V.* Importantly, these devices could be fabricated in
humid air. Although these efficiencies were lower than those of
cells with 3D perovskites, this work first showed that 2D
perovskites can serve as solar-cell absorbers and that they
provide distinct advantages:”*
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(1) Due to the hydrophobic nature of the organic layers, the
2D material is far more resistant to moisture compared to the
3D analogue (Figure 2A,B), leading to lower manufacturing

costs and improved device lifetimes.
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Figure 2. Powder XRD patterns of (A) (PEA),(MA),Pb,],, films and
(B) (MA)PbI, films upon exposure to 52% relative humidity. Asterisks
denote reflections corresponding to Pbl,. (C) Micrograph of
(PEA),(MA),Pbs];, crystals. (D) Bright-field micrograph of a typical
(PEA),(MA),Pb;l,, film on glass. Adapted from ref 4. Copyright 2014
Wiley-VCH Verlag GmbH & Co. KGaA.

(2) The layered structure affords high-coverage films using a
single spin-coating step without annealing (Figure 2D).

(3) High cell voltages (that routinely exceed 1.1 V) can be
easily accessed because of the material’s higher-bandgap
compared to (MA)PbL,.

Subsequently, the analogous n 3 perovskite
(CH,(CH,);NH,),(MA),Pb,],, was used as an absorber in a
solar cell with an initial device efficiency of 4.02% and an open-
circuit voltage of 0.929 V.** The greatest advantage of the 2D
material is the tunability of both the organic and inorganic
layers. For example, we proposed that higher values of n, as
single-phase materials or as mixtures, could afford higher device
efficiencies as the inorganic components more closely resemble
the 3D perovskite." Recently, several groups have indeed

realized higher-efficiency 2D perovskite solar cells by increasing
the ratio of small-to-large organic cations to form thicker
inorganic layers.23 Importantly, the organic components can be
tuned independently of the inorganic layers. Hydrophobic
molecules could further increase moisture stability, conductive
molecules could facilitate charge transport, and molecular
photosensitizers could expand the material’s absorption cross
section.

To further enhance the 2D material’s stability, we report here
the use of hydrophobic fluorinated molecules in the organic
layers. We find that even the substitution of a single F atom in
PEA can improve the material’s moisture resistance (Figure
3D). The n 1 perovskite (FPEA),Pbl, (FPEA = 4-
FC¢H,(CH,),NH;*; Figure 3A) has been previously re-
ported,”* and its photostability with respect to (PEA),Pbl,
has been evaluated.” We synthesized the n = 2 and 3 members
of this family and obtained their single-crystal XRD structures
(Figure 3B,C; details in the Supporting Information). Although
moisture tolerance is related to film quality, we consistently find
that the fluorinated perovskites are more moisture-stable than
their nonfluorinated analogues when films of similar quality are
compared. We therefore propose that incorporating heavily
fluorinated groups into absorbers with high » values should lead
to still greater moisture resistance without compromising
device performance.

Although we isolate single-phase crystals of the n = 3
perovskites through solution-state self-assembly, their films
show absorption features indicating a small distribution of n
values.” This is likely because of the faster kinetics of film
formation upon spin coating compared to the slower and
reversible crystallization process in solution. At very high ratios
of small-to-large cations, the large cations serve the role of
additives that modify the surfaces and grain boundaries. For
example, butylphosphonic acid ammonium additives have been
reported to improve device performance and slow degradation
of 3D perovskites.”® Here, the organic additives are proposed to
link adjacent grains in the film,*® which is reminiscent of the
organic layers in 2D perovskites.
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Figure 3. Single-crystal XRD structures of (A) (FPEA)PbI,, (B) (FPEA),(MA)Pb,1,, and (C) (FPEA),(MA),Pb,I,, (FPEA = 4-FC¢H,(CH,),NH;"
(C inset) and MA = CH;NH;"). Turquoise, purple, pink, blue, and gray spheres represent Pb, I, F, N, and C atoms, respectively. H and disordered
atoms are omitted for clarity. As n increases, the material’s photophysical properties approach those of (MA)PbI; (1 = 00), while the organic layers
provide moisture resistance. (D) Powder XRD patterns of (MA)Pb,, (PEA),(MA),Pb;I,, (n = 3 PEA), and (FPEA),(MA),Pb,],, (n = 3 FPEA)
upon exposure to 66% relative humidity (PEA = C¢H(CH,),NH,"). Asterisks correspond to reflections from PbL,. The fluorinated perovskite

appears to be the most moisture-resistant.
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2.2. Lead—Thiocyanide Hybrid Perovskites. Another ma-
terial proposed to improve on the moisture stability of
(MA)PbI; is the Pb—I—SCN perovskite originally formulated
as (MA)[PbI(SCN),].”” This material was attributed a similar
bandgap to that of (MA)PbI; (1.5 eV) and similar performance
as a solar-cell absorber, while showing improved moisture
resistance.”” However, a single-crystal XRD analysis of crystals
obtained from the precursor solution to this material revealed
the 2D perovskite (MA),[Pbl,(SCN),] with terminal thio-
cyanides and bridging iodides (Figure 4A).7® Although this 2D

Figure 4. (A) Single-crystal XRD structure of (MA),[PbL,(SCN),].*®
Turquoise, purple, yellow, blue, and gray spheres represent Pb, I, S, N,
and C atoms, respectively. H atoms are omitted. A
(MA),[PbL,(SCN),] film before (B) and after (C) humidity exposure.
Reproduced from ref 31. Copyright 2016 American Chemical Society.

perovskite has been attributed a low bandgap (1.5—-1.6 eV),”**’

it was recently shown to have a much higher bandgap (>2 eV)
and confined charge carriers in the inorganic layers, consistent
with its 2D structure.’® In our hands, we found this 2D
perovskite to be very sensitive to both ambient humidity and
moderate (50 °C) heating in dry air. Analysis of the
decomposition product (Figure 4B,C) using powder XRD
and vibrational, optical absorption, and PL spectroscopy
showed indications of (MA)PbI, formation.”' This decom-
position product can explain the low bandgap and promising
properties as an absorber previously attributed to the 2D Pb—
I-SCN perovskite. Because the devices were fabricated in
humid air and with high-temperature annealing steps, the final
composition of high-performing Pb—I-SCN perovskite
absorbers is therefore uncertain. Residual SCN™ may improve
films containing primarily crystalline (MA)Pbl, by passivating
grain boundaries and/or improving film morphology. Several
reports have claimed that substituting a small amount of SCN™
into (MA)PbI; to access materials formulated as (MA)-
[PbI,_,(SCN),] leads to improved PL intensity”> and device
performance.”*

Although (MA),[PbI,(SCN),] has a much greater electronic
confinement compared to (MA)PbL,** SCN™ coordination
brings interesting new properties. The material has low exciton
binding energy (200 meV) compared to that of typical 2D
lead—iodide perovskites (ca. 300 meV).*>" It further displays an
unusually large pressure response, transitioning from trans-
lucent red to opaque black at 2.6 GPa, indicating a large
reduction in bandgap.”' Similar bandgap reductions occur at
much higher pressures for 2D Cu—Cl perovskites (at 12
GPa)*® and 2D Pb—I perovskites (at 24 GPa).** Therefore,
relatively modest pressures can substantially change the
bandgap and optical properties of (MA),[PbL,(SCN),],
enabling new functionality.
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3. Light Instability. 3.7. Mixed-Halide Perovskites. The
valence-band maximum (VBM) of lead—halide perovskites has
predominantly halide p-orbital character (mixed with lead s-
orbital character), while the conduction-band minimum
(CBM) is primarily formed from empty lead 6p orbitals.”
Therefore, partial substitution of more electronegative halides
for iodides in the perovskite lattice leads to a systematic
bandgap increase as the valence band is lowered in energy. Such
mixed-halide perovskites afford the higher bandgaps required
for tandem solar cells that can achieve higher efficiencies
compared to single-absorber devices.”® However, achieving
high voltages from devices employing mixed-halide perovskite
absorbers has not been straightforward,”” and the bromide-
rich alloys have not yielded the high voltages expected from
their bandgaps.

We recently reported on white-light emission from 2D
perovskites, which we attributed to transient light-induced
defects caused by self-trapped carriers.'® Light-induced
structural changes have also been reported in lead halides,*
which have VBM and CBM compositions similar to those of
the 2D and 3D lead—halide perovskites. We find that light-
induced dynamics also occur in the mixed-halide perovskites
(MA)Pb(Br,,_,); (0.2 < x < 1), which can explain the lower
voltages obtained from devices with bromide-rich absorbers.’

The initial PL energies of (MA)Pb(BrI,_,); (0 < x < 1)
films correspond to their bandgaps, with higher-bandgap
materials affording higher-energy PL. However, upon light
soaking for less than 1 min, the PL energy for 0.2 < x < 1
perovskites discretely redshifts to ca. 1.7 eV (Figure SA).
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Figure S. (A) Thin-film PL spectra of the x = 0.4 member of the
(MA)Pb(BrI,_,); family over 45 s under 457 nm light. Inset:
Schematic showing light-induced trap formation in perovskites (filled
circle = electron; empty circle = hole). (B) The (200) XRD peak of an
x = 0.6 film before (black) and after (red) white-light soaking for S
min. Dotted lines show the expected peak positions for x = 0.2 (green)
and x = 0.7 (blue) films. Reproduced with permission from ref S.
Copyright 2015 Royal Society of Chemistry.

Notably, these changes are reversible, and the initial PL spectra
are regained after the materials are allowed to equilibrate in the
dark for 5 min. Characterization of the illuminated material
reveals transient light-induced changes. Sub-bandgap absorp-
tion states that appear only upon material illumination indicate
the reversible formation of trap states. Furthermore, the sharp
reflections in the powder XRD patterns of the perovskite films
split into two sets of reflections upon visible-light soaking,
suggesting phase segregation to a larger and a smaller lattice
(Figure SB). The temperature dependence of the low-energy
PL band’s initial growth rate allows us to calculate the
activation energy for this process as 0.27(6) eV. This value
compares well with activation energies for halide mobility in
related metal halides.”” Compiling this evidence, we proposed
that light induces the segregation of mixed-halide alloys into
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iodide- and bromide-rich domains. Due to the greater
electronegativity of bromine, the VBM of the iodide-rich
domains is higher in energy than the VBM of bromide-rich
domains. Holes are therefore better stabilized in iodide-rich
domains, which may drive halide segregation. Entropy and local
lattice strain could drive the material back to a homogeneous
alloy in the dark.” The calculated phase diagram of the mixed-
halide perovskites indicates phases that are unstable as
homogeneous alloys, which may contribute to halide
segregation.*’ Sub-bandgap features in mixed-halide perovskites
with high bromine content also suggest phase segregation in
some as-deposited films.*!

3.2. Mitigating the PL Redshift in Mixed-Halide Perov-
skites. Light-induced formation of low-energy trap states has
now been observed in several APb(Br,I;_,); perovskites (A =
MA,> [(NH,),CH]*,>" Cs**) and may limit obtainable
voltages from these absorbers. Recent work has shown that this
PL redshift is mitigated in high-quality films.** Ton migration
can be faster at grain boundaries than through the bulk
material,* which could account for this effect. This redshift is
also reported to be reduced in hybrid perovskites with mixed A-
site cations*® and in inorganic perovskites,” suggesting that
material design can influence these light-induced dynamics.
Because our proposal of halide segregation under illumination
requires halide mobility, we reasoned that compressing the
lattice should change the kinetics and/or thermodynamics of
halide migration. We therefore applied hydrostatic pressure to
(MA)Pb(Br,I;_,); (0 < x < 1) using diamond-anvil cells and
monitored their PL evolution as a function of illumination time
and pressure.’

3.3. Effects of Lattice Compression. The perovskites
(MA)PbX; (X = I” or Br™) transition from a low-pressure &
phase to a high-pressure f phase upon compression (Figure
6).5% Using Glazer notation for describing octahedral rotations

low-P o phase high-P p phase
Figure 6. Single-crystal XRD structures of (MA)PbL; at A) ambient
pressure (@ phase; Fmmm) and B) at 0.7 GPa (f phase; Im3).
Turquoise and purple ellipsoids represent Pb and I atoms, respectively.
Disordered iodides and MA cations are omitted for clarity. Figure
reproduced from ref 6.

in perovskites,48 this constitutes a transition from a%°" to
a*a*a* for the iodide perovskite and a transition from a’a%° to
a*a*a* for the bromide perovskite. In their  phases, the iodide,
bromide, and mixed-halide perovskites adopt the same cubic
space group: Im3. The PL redshift seen at ambient pressure in
(MA)Pb(Brely4); is also evident at higher pressures (Figure
7A, peak 1). However, higher-energy steady-state PL is attained
at higher pressure (Figure 7B). This suggests that application of
less than 1 GPa can increase obtainable voltages from these
absorbers. Furthermore, a new PL band emerges at pressures
close to the a—f transition (Figure 7A, peak 2), which
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Figure 7. A) PL evolution with light soaking over 8 s intervals for a
powder of the x = 0.6 member of the (MA)Pb(BrI,_,); (MA =
CH;NH;") family at 0.6 GPa. B) Pressure dependence of the energy
to which peak 1 asymptotes with light exposure. Figure reproduced
from ref 6.

dominates the PL response at still higher pressures. In contrast
to peak 1, peak 2’s energy is invariant with illumination time.
The pressure evolution of peak 2’s energy suggests that the
emission arises from the parent mixed-halide material, where
halide segregation is suppressed through lattice compression.
Although application of very high pressures may not be
practical for most technologies, the effects of mechanical
pressure can be simulated chemically. For example, introducing
ions that are mismatched in size with the lattice can exert steric
pressure. Theoretical studies have shown a correlation between
pressure effects mediated through mechanical and steric
compression.”” Therefore, ion substitution provides additional
means of tuning the material’s photophysical properties
through%gglemical pressure and has already shown some
success.

4. Thermal Instability. The hybrid perovskites (MA)PbX;
(X = Br™ or I") are not stable to heating in air or dry N,.
Although thermogravimetric analyses obtained at relatively fast
scan rates suggest material stability, extended heating even at
moderate temperatures of 60 °C” or 85 °C”' leads to a loss of
CH;NH, and HX, leaving solid PbX,. Loss of volatile products
can drive the following equilibrium to the right according to Le
Chatelier’s principle:

CH,NH,I(s) & CH;NH,(g) + HI(g)

Perovskites containing formamidinium in the A site are more
stable to heat,”> which is consistent with the amine’s higher
basicity. Therefore, we postulate that still more basic cations
should lead to greater heat resistance. Material encapsulation
will likely reduce this decomposition pathway by preventing
loss of volatile small molecules. Maintaining an atmosphere of
CH;NH,-HI when annealing perovskite films at high temper-
atures can also prevent thermal degradation.”® However,
inherent thermal stability would be an advantage for typical
solar cells that reach temperatures of 50—70 °C during routine
operation® and still higher temperatures during device
fabrication. Substituting MA with inorganic A-site cations
greatly increases the material’s thermal stability. For example,
CsPbBr,™ is more thermally stable than (MA)PbBr;.*® The
inorganic iodide analogue CsPbl; forms a yellow one-
dimensional (1D) structure at room temperature and is
thermodynamically stable as a 3D perovskite only at temper-
atures above 330 °C.”” There are, however, reports of
kinetically trapping the metastable 3D perovskite phase,” as
well as using a mixture of inorganic and organic A-site cations
to improve thermal stability.**>"
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Figure 8. Fragments of the inorganic lattices in (A) 2D Bil;,”* (B) 2D Cs,Sb,L,”* (C) 0D Cs;Bi,L,”"”* (D) 1D BiSL’® and (E) 2D BiOL® which
have been evaluated as nontoxic solar-cell absorbers. Orange, dark-red, purple, yellow, and red spheres represent Bi, Sb, I, S, and O atoms,

respectively.

5. Toxicity of Lead—Halide Perovskites. The toxicity of
Pb** is a primary concern for the wide-scale implementation of
halide-perovskite absorbers. Lead is a potent human and
environmental toxin. Even low exposure levels have been
associated with significant health problems including nerve
damage, renal failure, and impaired brain development.” Lead’s
toxicity primarily arises from its ability to inhibit key antioxidant
enzymes, such as glutathione reductase, by forming covalent
attachments to the active-site thiol groups.”” The neurological
effects of lead poisoning arise from its ability to replace Ca** in
various signaling proteins (e.g., protein kinase C), interfering
with signal transduction throughout the central nervous
system.’’ A recent study assessing the potential risks of lead
contamination over the lifecycle of a hypothetical perovskite
solar module concluded that their commercialization would
require a fail-safe encapsulation method that would contain
toxic species even in the event of a catastrophic accident.’”
Significant effort would also be required during the
manufacturing and decommissioning phase of the module
lifecycle to ensure worker safety and prevent environmental
contamination.”> These safety concerns are more acute for the
lead perovskites than for older technologies such as CdTe
largely because Pbl, is water-soluble (the K, value for Pbl, at
25 °C is 9.8 X 10™°,°* amounting to ca. 620 mg of Pbl, in 1 L
of water) and therefore environmentally mobile, which prevents
easy containment and cleanup in the event of accidental release.
This problem is likely common to all materials containing toxic
elements that can be deposited from solution because high
solubility, particularly in polar solvents, enables easy extraction
of the material into the environment by water. Therefore,
identifying less toxic materials that mimic the optoelectronic
properties of the lead—halide perovskites would constitute a
major advance in this field.

5.1. 3D Tin—Halide Perovskites. Both tin®* and germa-
nium® form 3D halide perovskites. The Sn** perovskites have
been studied as potentially less toxic analogues of the lead-
based perovskite absorbers, and the efficiencies of devices
employing these materials have reached ca. 6%.°° However,
both tin and germanium perovskites are susceptible to
oxidation to form Sn** and Ge". In contrast to the lead
perovskites, the VBMs of these materials have significant metal
s-orbital character, leading to the metal’s facile oxidation,
resulting in uncontrolled dopin()% and rapid decomposition. The
greater relativistic contraction”’ of the lead 6s orbital likely
places it lower in the valence band and protects it from
oxidation.

5.2. Zero-Dimensional (0D), 1D, and 2D Metal Halides.

Bismuth (Bi**) has historically been used as a nontoxic
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replacement for lead (Pb**) in diverse applications in chemistry
and materials science.”® The 2D solids BiOI*” and BiSI’® have
been previously considered for photovoltaic applications. More
recently, several other bismuth-containing materials have been
investigated as possible replacements for (MA)Pbl, (Figure 8).
However, likely because of the increased charge of Bi®*
compared to Pb**, most of these compounds crystallize as
low-dimensional structures. The 0D dimers A;Bi,1; (A = MA or
Cs*)”" have been evaluated as absorbers.”” Replacing Cs* or
MA with the smaller Rb* cation gives a 2D derivative of the
perovskite structure Rb;Bi)ly and changes the bandgap
transition from indirect to direct.””* The Sb*" analogue
Cs;Sbyly has also been explored and, depending on the
synthetic conditions, crystallizes as a dimer or a layered phase,
which is isostructural with 0D Cs;Bil; or 2D Rb;Bi,],,
respectively.”> The 2D solid Bil;* and the 2D perovskite
(MA),CuBr,_,Cl,” have also been examined as absorbers.
Given the importance of device optimization for achieving
high PCEs, the low initial efficiencies of devices (Table 1) using

Table 1. Selected Parameters for Lead-Free Low-
Dimensional Metal Halides Evaluated as Absorbers

compound dimensionality E, (eV)” initial PCE %

(MA),Bi,1, " 0D 2.0 (ind.) 0.127%
Cs;Bi, Iy > 0D 1.9 (ind.) 1.0972°
Cs,Sb,1," 0D 2.4 (ind., calcd) n/a
BiSI”® 1D 1.6 (ind.) 0.257%
Cs,Sb,1," 2D 2.0 <1
Rb,Bi,I,’** 2D 2.1 n/a

Bil,”* 2D 1.8 (ind.) 0.37*%
BiOI* 2D 1.8 (ind.) 0.1°%
(MA),CuBr,_,C1.”° 2D 2.9-3.1 ~0.02

“ind. = indirect. calcd = calculated.

the materials discussed above should not be viewed negatively.
However, lower-dimensional materials often have strong
confinement effects, which are less desirable for typical
photovoltaic devices. Carrier effective masses typically increase
with decreasing dimensionality, leading to poor transport along
particular lattice directions that can impede carrier extrac-
tion.””” Furthermore, quantum confinement effects’® greatly
increase the exciton binding energy in low-dimensional
materials. Materials with strongly bound excitons require
different cell architectures, such as bulk heterojunctions, to
generate appreciable photocurrent because the neutral exciton
is unaffected by the electric field used to separate carriers in
conventional solar cells.”” As in the n = 3 perovskites, thicker
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Figure 9. Single-crystal XRD structures of (A) CstBr355 and (B) CSZAgBiBré.7 Turquoise, orange, white, brown, and green spheres denote Pb, Bj,
Ag, Br, and Cs atoms, respectively. (C) Absorption spectrum of Cs,AgBiBry. Inset: Tauc plot of the absorption data showing the two linear regions
characteristic of an indirect bandgap. (D) Time-resolved room-temperature PL and fits for the PL decay time (7) in powder (pink/black) and single-
crystal (gray/red) samples. Inset: Photograph of a Cs,AgBiBr, single crystal. Parts C and D are reproduced from ref 7. Copyright 2016 American

Chemical Society.

inorganic structures can decrease these confinement effects and
afford more efficient carrier extraction in a solar cell.” However,
to eliminate confinement effects entirely, we sought a 3D
material to capture the photophysical properties of APbI;.

The Pb** orbitals play a critical role in the band edges of the
lead perovskites® and are believed to be partially responsible
for the high defect tolerance and stron% absorption observed in
(MA)PbI, and related compounds.”” Therefore, the most
straightforward method of emulating the electronic structure of
lead—halide perovskites is to incorporate metals with the same
electronic configuration as Pb**. Both TI" and Bi’* have the
same electronic configuration as Pb**. Because thallium is more
toxic than lead, we first focused our efforts on incorporating
bismuth into a 3D perovskite lattice.

5.3. 3D Bismuth—Halide Double Perovskites. A principle
challenge to replacing Pb** with Bi** in a 3D lattice is to
accommodate the difference in charge. Perovskites of the form
AB"X; (X = halide) require a divalent B-site cation. To
incorporate Bi’* into the 3D perovskite lattice, we therefore
moved to the expanded double-perovskite lattice A,BB'Xj.
Although the B and B’ sites must still provide a combined
charge of 4+, the charge can be divided equally or unequally.
Oxide double perovskites (A,BB'Og) have been extensively
studied over the past several decades and have proven to be an
extremely versatile framework that can accommodate oxidation
states from 1+ to 7+ in the B and B’ sites.”” Halide double
perovskites can accommodate metals with oxidation states of
2+/2+ and 1+/3+ in the B/B’ sites. Tetravalent cations could
also be incorporated to form a 4+/0 perovskite, where the B’
site is vacant. The compound Cs,Sn" I adopts this structure®’
and has recently been explored as a photovoltaic absorber®' and
hole conductor.”” A wide variety of halide double perovskites
(also called elpasolites) have been reported, mostly with
combinations of monovalent alkali cations and trivalent
lanthanide cations in the B site.® Other trivalent metals,
including Cr’* and Fe®, have also been paired with alkali
cations to form double perovskites.** Alternatively, Ag®, Au’, or
TI* can be used instead of the alkali cation as in Cs,Au'Au™X
(X = CI, Br, or IN),* CszAgIAuIHC16,86 or Cs,TI'TI"C1,.*
The vast majority of these compounds are chloride perovskites,
with bromide and iodide analogues being far scarcer.

Prior to our work, we are aware of only one bismuth—halide
double perovskite that has been well characterized:
Cs,NaBiCls.*® The double perovskites Cs,MBiCls (M = Li*,
K*, Rb*, or TI") have also been reported.”” Because these
compounds were all chlorides and reported to be colorless
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solids, we focused on synthesizing compounds with heavier
halides, which should afford smaller bandgaps. By using Ag* as
the B-site cation, we synthesized the double perovskite
Cs,AgBiBrs (Figure 9B).” The double perovskites Cs,AgBiXg
(X = CI” or Br™) were independently reported in a concurrent
publication.”® This was followed by a second report on
Cs,AgBiCl,”" and subsequently the double perovskite
(MA),KBiCl, was synthesized.””

The structure of Cs,AgBiBr, (Figure 9B) is typical of ordered
double perovskites consisting of silver- and bismuth-centered
octahedra alternating in all three dimensions. This arrrange-
ment results in a doubled unit cell, compared to the simple
perovskite, and a symmetry change from primitive to face-
centered cubic. Our optical studies show that Cs,AgBiBrs has
an indirect bandgap of 1.95 eV (Figure 9C). This is within the
required bandgap range for the top absorber in a tandem solar
cell paired with a silicon bottom absorber.”"

The lead perovskites show remarkably long carrier
recombination lifetimes for direct-bandgap semiconductors
(up to 1 us for (MA)PbI, and up to 350 ns for (MA)PbBr;),”
which are a critical component of their superior performance.
Indirect-bandgap materials should have longer lifetimes
compared to direct-bandgap materials. However, thus far,
indirect-bandgap bismuth halides evaluated as absorbers have
shown short lifetimes ranging from ca. 17* to 6 ns.”* Time-
resolved PL decay curves of Cs,AgBiBrs show a rapid decay
occurring with a characteristic time of a few nanoseconds
followed by a much longer-lived tail with a characteristic time of
ca. 660 ns (Figure 9D). Similar decay profiles have been
observed in (MA)PbBr; single crystals and films and (MA)PbI,
single crystals, and the initial rapid PL decay has been attributed
to carrier recombination at surface sites.”* Due to its indirect
bandgap, light is not as efficiently absorbed at the bandgap
onset in Cs,AgBiBrs compared to direct-bandgap absorbers
such as (MA)Pbl,. Therefore, a thicker absorber layer is
required in a device, which increases carrier recombination
probability prior to charge extraction. Although further studies
are required to conclusively assign the origins of the PL decay
processes, the long-lived recombination process in Cs,AgBiBr;
is promising for photovoltaic applications. It suggests that
carriers could reach the current collectors prior to recombina-
tion, especially if a thicker absorber layer is required. Notably,
similar lifetimes are obtained for this long-lived process in both
single crystals and powders, suggesting that films of the material
would also display a long carrier recombination lifetime.
Because of the material’s indirect bandgap and low photo-
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luminescence quantum efliciency, both the fast and slow decays
observed here are likely related to nonradiative trap-assisted
decay (Shockley—Read—Hall recombination). This suggests
that the decay processes may not be inherent to Cs,AgBiBr,4
and could potentially be extended or eliminated by employing
surface treatments, higher-purity precursors, and/or optimized
synthetic conditions. Minority-carrier lifetimes in silicon, the
most well-explored indirect-bandgap material, have been shown
to vary from nanoseconds to milliseconds depending on
material treatment.” Further investigations of the behavior of
excited carriers in Cs,AgBiBrg are ongoing.

Preliminary stability studies show that Cs,AgBiBry is stable to
heating at 100 °C for 3 days in air and to a 30-day air exposure
at 55% relative humidity. The lack of volatile small molecules
(e.g, CH3;NH,, HX) likely enhances the material’s thermal
stability with respect to (MA)PbX; (X = Br™ or I7). Exposing
Cs,AgBiBrg to a broad-spectrum halogen lamp at 0.75 suns for
30 days under N, at 50 °C led to no decomposition detectable
by powder XRD. However, after 15 days of light exposure, we
noticed some surface discoloration. Because silver halides can
be 1ight-sensitive,94 replacing Ag" with another monovalent
cation could further improve the material’s photostability. A
separate report showed that when Cs,AgBiBrs was exposed to
light, air, and moisture over 30 days, the material deteriorated
more rapidly.”

The A'B"X; (X = halide) perovskite lattice has so far
restricted substitution of lead to divalent metals. Our work
expands the field of perovskite solar-cell research to A',BB'X,
double perovskites, which can accept a greater variation of B-
and B’-site metal oxidation states. Furthermore, as with ABX;
perovskites, both inorganic and organic cations can be
substituted at the A site and the halides can be varied or
mixed. Therefore, double perovskites provide a more
accommodating platform for synthesizing functional analogues
to the lead—halide perovskites with nontoxic and stable metals.

B EXPERIMENTAL SECTION

The perovskites (FPEA),(MA), Pb,I;,,;, (FPEA = 4-
FC(H,(CH,),NH;; MA = CH;NH,"; n = 1, 2, and 3) were
synthesized by combining stoichiometric ratios of (FPEA)I, (MA)],
and Pbl, in acetone/nitromethane or acetonitrile/nitromethane
mixtures. Solid Nal was added to the solution to enhance the
solubility of the lead salt. Slow solvent evaporation over 5—6 days
afforded crystals suitable for X-ray structure determination. Detailed
synthetic procedures, film deposition methods, and crystallographic
data for the perovskites are available in the Supporting Information.

The CIFs for (FPEA),Pbl,, (FPEA),(MA)Pb,I,,
(FPEA),(MA),Pb,l,, (100 K), and (FPEA),(MA),Pb.l,, (298 K)
are given in the Supporting Information and have also been deposited
in the Cambridge Crystallographic Data Center as CCDC 1488195,
1483085, 1483086, and 1483087, respectively.

B CONCLUSIONS

We have presented several chemical strategies to potentially
address some of the major obstacles to commercialization of
perovskite-based solar cells. The increased attention on the
instabilities and toxicity of (MA)PbI; has recently led to critical
studies on the material’s response to device manufacturing and
operating conditions.”

With respect to our group’s contributions to these efforts, we
introduced 2D perovskites as absorbers with enhanced
moisture tolerance, diagnosed light-induced dynamics in
mixed-halide perovskites that led to lower device voltages and
showed methods to mitigate this effect, and identified halide
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double perovskites as a large family of materials that could
afford nontoxic materials with promising photophysical proper-
ties as solar-cell absorbers.

The ABX; perovskite lattice severely restricts the size of the
Assite cation. Layered or 2D perovskites with thick inorganic
sheets afford more moisture-resistant solar-cell absorbers owing
to the hydrophobicity of the larger organic ammonium cations.”
As the inorganic layers in 2D perovskites get thicker, these
materials have the potential to closely match the absorption and
transport properties of bulk (MA)PbL;, while molecular-level
hydrophobicity is imparted throughout the material as well as at
surfaces and grain boundaries. The organic layers in 2D
perovskites can be modified by a wide variety of organic
molecules to impart additional functionality. For example, here
we show that fluorinating the organic layers further enhances
the material’s moisture resistance. We also proposed that light-
induced trap formation in mixed-halide perovskite absorbers
occurs through halide segregation® and showed how mechan-
ical compression can suppress this effect, potentially allowing
for higher open-circuit voltages in devices employing these
materials.’ This strategy of applying pressure may also suppress
hysteresis in all-iodide perovskite cells because halide mobility
has been implicated in that process as well.”® This motivates the
use of chemical pressure and lattice strain to mimic the effects
of mechanical pressure. Finally, to address the critical issue of
lead toxicity, we synthesized the bismuth double perovskite
Cs,AgBiBrg and showed that this large family of materials
should be further studied for optoelectronic applications.” The
A,BB'X, double perovskites greatly increase the diversity of
cations that can occupy the B/B’ sites in the perovskite lattice
and permit far greater modification and control of the
electronic structure than was available with ABX; perovskites.
We believe the following targets will further expand the
technological reach of halide perovskites: (1) identification of
new double perovskites with direct bandgaps, smaller bandgaps,
or both; (2) controlled syntheses of layered perovskites where
the organic and inorganic layers can be independently
optimized to yield new functionality; (3) using mechanical or
chemical pressure to realize new photophysical properties in
these compressible solids.

In the past year alone, the composition of absorbers in the
highest-performing perovskite devices has shifted away from
the original (MA)PbI; as its limitations have become more
apparent. It is likely that the formulation that will successfully
compete with silicon is yet to be found but is also not too far
distant. We believe that the future of perovskite photovoltaics is
certainly bright and that new materials will help this technology
achieve maturity.
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