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Abstract

Main-group halide perovskites:

Structural & dynamical insights for photovoltaic performance
by

Douglas H. Fabini

Among primary energy sources that do not generate carbon dioxide through
the oxidation of fossil fuels, photovoltaics (PV)—which convert sunlight directly
to electricity—are a promising approach. The solar resource is ample and well-
characterized, pollutant emissions from PV power plants are negligible, and the
technology is suited to nearly all climates and regions on earth. While the cost of solar
electricity has plummeted in the last decade, further cost reductions and efficiency
improvements in photovoltaic absorber materials may make this technology more
accessible and ubiquitous.

To this end, there is much excitement about main-group halide perovskites, which
have garnered intense research attention since 2009 when they were employed suc-
cessfully in solar cells. These materials, which comprise main-group dications (Ge>",
Sn?*, Pb*"), halide anions (Cl-, Br~, I7), and large countercations (Cs™, CH3NH,
CH[NHQ];) crystallized in the perovskite structure, combine excellent performance in
PV and other optoelectronic applications with ease of preparation and abundant con-
stituent elements. Despite some years of in-depth study, key fundamental questions
and practical challenges remain. In particular, the remarkable properties of these sys-
tems confound the conventional wisdom of what constitutes a high-performance semi-
conductor, and the origins of these favorable properties remain a matter of significant

debate. Concurrently, practical application of devices employing halide perovskites is
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hampered by stability challenges, and the presence of lead in high-performing formu-
lations raises significant neurotoxicity and environmental contamination concerns.

In this dissertation, we report research in three thematic areas aimed at resolv-
ing fundamental questions around the materials chemistry, crystal structure, and plas-
tic crystal dynamics of these halide perovskites. In the first portion, the preparation
and characterization of lead-free inorganic bismuth halides illustrate the importance of
the electronic configuration of the main-group cation and of highly-connected, high-
symmetry crystal structures to the favorable optoelectronic properties of the tin and
lead halides. Subsequently, scattering experiments and ab initio calculations reveal an
unusual and chemically-tunable form of dynamic disorder arising from an electronic in-
stability associated with the main-group cations which affects thermal, dielectric, and
electronic properties. Finally, a range of spectroscopic, computational, and scattering
techniques are employed to establish the nature of molecular motion and its effects on
the crystal structures of the high performance photovoltaic absorber, formamidinium
lead iodide, providing critical context for the evaluation of hypotheses about the origins
of the remarkable properties of these materials.

In an effort to understand the crystal chemistry of the halide perovskites, lead-free
alkali bismuth iodides and the binary bismuth iodide are prepared in single crystal,
bulk, and thin film forms, and their structures resolved via X-ray diffraction and 8"Rb
solid-state nuclear magnetic resonance (NMR) spectroscopy. These phases are shown to
exhibit strong optical absorption and suitable bandgaps for single junction and tandem
solar cells, but photoemission spectroscopy and ab initio calculations based on density
functional theory reveal valence band maxima that are deep relative to existing hole
transport materials. This poor band alignment is demonstrated to be a consequence of
relativistic stabilization of the Bi 6s orbital combined with reduced bandwidths from

distorted Bi coordination environments, thus establishing the importance of the high-
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symmetry structures seen for the divalent tin and lead halides.

X-ray total scattering studies reveal local off-centering of the main-group cations
(Sn?**, Pb**) within their coordination octahedra across the halide perovskites, reflect-
ing a preference for lower symmetry coordination than that implied by crystallographic
approaches. Taking CsSnBr3; as an exemplar of the broader class of materials, ab initio
calculations, photoluminescence measurements, and analogies to existing theory im-
plicate the Sn 5s? lone pair electrons (equivalently, the pseudo-Jahn-Teller effect) as
the origin of this phenomenon, which we propose leads to enhanced defect screening,
reduced thermal conductivity, and unusual temperature-dependence of the electronic
bandgap. We further demonstrate control of the strength of this phenomenon in the hy-
brid tin and lead perovskites by chemical substitution on all sites of the crystal, with a
lighter carbon-group dication, a lighter halogen, and a larger countercation all leading
to more pronounced off-centering. This proximity to a polar phase boundary leads to
an elevated lattice polarizability and suggests a possible mechanism for the formation
of large polarons, which have been proposed as the origin of long-lived carriers and
modest carrier mobilities in these materials.

As plastic crystals — which exhibit translational periodicity but orientational disor-
der — the hybrid organic—inorganic perovskites display a complex interplay between
motion of the molecular cations and the structure of the surrounding anionic inor-
ganic framework. High resolution X-ray diffraction reveals the complete phase evolu-
tion with temperature of formamidinium lead iodide, including an unusual reentrant
pseudosymmetry at cryogenic temperatures arising from geometric frustration between
the molecular symmetry and the favored ground-state tilting of the inorganic octahe-
dra. Solid-state 'H NMR and dielectric spectroscopies, calorimetry, ab initio calcula-
tions, and neutron total scattering establish the full temperature-dependent dynamics

of molecular reorientation between 4 K and 400 K. Despite markedly different barriers
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for molecular rotation compared to those in the homologous methylammonium lead
iodide, both systems exhibit similar dynamics at room temperature. Together with the
vastly different dipole moments for the two molecules, this result clarifies emerging hy-
potheses of polaronic transport and fugitive spin polarization, suggesting the primacy
of the main-group-halogen sublattice, rather than the molecular cations, for defect-

tolerant electronic transport.
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Chapter 1

Introduction

Solar cells — which convert sunlight directly to electricity — are a promising technol-
ogy for meeting humanity’s energy needs without producing climate-altering carbon
dioxide emissions. Once an expensive curiosity, solar panels can now be seen dotting
the rooftops of homes and businesses in regions like California with abundant sunlight
and relatively expensive incumbent electricity sources. And while costs for solar energy
have come down significantly in the last decade, further efficiency improvements in so-
lar cell materials can make this technology more accessible and widespread in more
places.

Researchers have recently found that thin films of main-group halide perovskites
can be employed to make cheap, efficient solar cells. However, their workings are
poorly understood, and significant practical challenges currently prevent their use.
The research described in this dissertation seeks to elucidate the relevant composition—
structure—property relations governing these materials, resolve debate around the ori-
gins of unexpectedly favorable photovoltaic performance, and provide chemical design

principles for the discovery of new defect-tolerant semiconductors.



Introduction Chapter 1
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Figure 1.1: Graphical overview of the perovskite structure and typical compositions
of main-group halide perovskites.

1.1 Structural & chemical overview

Main-group halide perovskites are materials of the general stoichiometry AM X3
which adopt the structure of the mineral perovskite (CaTiO3) and which contain main-
group cations on the M-site, halide anions on the X-site, and large countercations on
the A-site. An overview of the structure and most common compositions is provided
in Figure 1.1. The main-group cations are octahedrally coordinated with halides, these
octahedra are corner-sharing in all three dimensions, and the large voids formed by this
anionic framework are filled and charge balanced by large alkali metal monocations or
small molecular monocations. When the A-site cation is an organic molecule, such
materials are known as “hybrid organic—inorganic” or simply “hybrid” perovskites.

The most intensely studied compounds in this family contain lead on the M site. Tin
compounds are less studied, due to the tendency of the Sn*" cation to further oxidize
to Sn** in air. Germanium compounds are yet more sensitive to oxidation and very few
reports of these exist.

Additionally, a number of derivative structures are possible, including ordered

double perovskites and layered variants. Double perovskite halides, A, M M'Xs5,

2



Introduction Chapter 1

may contain two different metals (e.g. Cs,Ag'Bi''Brg), a mixed valence metal (e.g.
Cs,Au'Auly), or a tetravalent metal and a vacancy (e.g. Cs,Sn'V[Ig). Layered
variants include defect perovskites with ordered vacancies that break up the 3D
framework along the [111] direction (e.g. RbsBiy[JIy) and hybrid compounds with
large organic cations that break up the layering of 2-D perovskite-like slabs along
[100] (e.g. [BA],[CH3NHs],_1Pb,I3,.1; BA = N-butyl ammonium) and [110] (e.g.
[IoFA],[CH3NH;],,Sn,, I3, 2; IoFA = iodoformamidinium).

1.2 Historical perspective

While cesium lead halide perovskites were first prepared in the late 19" century,
[1] their structures were not known until 1957, when they were additionally shown
to be photoconductive. [2] Two decades later, the first hybrid organic-inorganic lead
perovskites were prepared with the CH3NHZ (methyl ammonium) cation. [3] Starting
in the late 1980s, [4] various layered derivatives were prepared and investigated for
their excitonic properties, using bulky organic cations to template the self-assembly of
quantum well structures. In the 1990s, excitement grew on reports of a tunable metal-
insulator transition in certain layered compositions, [5] as well as the application of
these phases in field-effect transistors. [6]

Fundamental study of the structural, dynamical, optical, and transport properties
continued throughout the 1980s, 1990s, and 2000s, but it was the unexpectedly high
performance of dye-sensitized solar cells employing CH3NH;Pbl; and CH3;NH3;PbBr;
that marked the genesis the field of perovskite photovoltaics. [7] Interest remained
somewhat limited until demonstrations of all solid-state solar cells in 2012, [8, 9, 10]
whereupon many researchers worldwide began investigating these materials, a situa-

tion which has only intensified since.
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Chemistry

1978: (MA)PbX; prepared
Weber, Z. Naturforsch 33b

2012: All solid-state solar cell
Chung et al, Nature 485

Devices Kim et al, Sci. Rep. 2 -
2015 onwards: Lead-free materials
1893: CsPbX, prepared 1999: Field-effect transistors Lehner et al, Chem. Mater. 27
Wells, Z. Anorg. Chemie 3 Kagan et al, Science 286 Maughan et al, J. Am. Chem. Soc. 138
Slavney et al, J. Am. Chem. Soc. 138

1989: Templated derivatives
Dolzhenko et al, Bull. Chem.
1958: CsPbX, crystal structure Soc. Jpn. 59

& photoconductivity
Maller, Nature 182

2014: Layered solar cell
Smith et al, Angew. Chem. Int. Ed. 53

2009: Use in dye-sensitized solar cell
Kojima et al, J. Am. Chem. Soc. 131

Figure 1.2: Abridged historical summary of the preparation and investigation of main—
group halide perovskites for optoelectronic applications.

While there have been many consequential findings and demonstrations in the last
half-decade, we summarize here briefly key contributions in examining new chemistries
and exploring new applications. Known layered lead halide phases were revived for
application as photovoltaic absorbers in an attempt to improve moisture stability. [11]
Lead-free materials based on Sn(Il), [12, 13, 14] Bi(IlI), [15, 16] Ge(D), [17] Sn(IV),
[18] Te(IV), [18] Ag(I)/Bi(Ill), [19, 20] were prepared and investigated to address
the toxicity of lead and correlate materials chemistry with optoelectronic properties.
Other potential applications were explored, including light-emitting diodes [21, 22]
and lasers [23, 24] (layered or nanocrystalline lead and tin halides), non-linear optics
(germanium halides), [17] radiation detectors, [25] thermoelectrics, [26] and field-
effect transistors. [27, 28, 29, 30]

This timeline is summarized in graphical form in Figure 1.2.

1.3 Practical challenges for application

While the halide perovskites exhibit promising performance for a range of optoelec-
tronic functionalities, concerns about heavy metal toxicity and major challenges with
their long-term stability hinder application. The range of compositions in this mate-
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rials family have proven to exhibit varying levels of sensitivity to ambient moisture,
oxidation, excessive heat, vacuum, and high fluences of blue/near-UV photons. Such
degradation simultaneously greatly reduces the useful lifetime of devices and allows
for the possible loss of highly toxic Pb?* and Sn?* to the environment in the form of

slightly water-soluble lead and tin halides if solar cell encapsulants fail.

1.4 Open scientific questions

More fundamentally, the origins of the impressive performance of these materials
remain unresolved. The halide perovskites differ substantially in composition, crystal
structure, and electronic structure from the diamondoid group IV, III-V, II-VI, and I-
III-VI, semiconductors that are typically regarded as high performance semiconductors
and photovoltaic absorbers. In particular, the pronounced mechanical “softness” of the
halide perovskites (and associated facile processability and degradation) are anoma-
lous. Further, the halide perovskites appear to possess an unusual and compositionally
robust defect tolerance. Conventional semiconductors are produced at great expense
from high-purity precursors on specialized equipment in large, industrial foundries be-
cause impurities and imperfections are extremely detrimental to performance. On the
other hand, halide perovskites can be prepared by undergraduate students in a stan-
dard chemistry laboratory. Surely, this results in many defects, and yet performance is
relatively unaffected.

Perhaps most interestingly, this defect-tolerant behavior appears across the entire
class of halide perovskites, suggesting a universal mechanism, rather than a fortuitous
coincidence (such as a particular alignment of defect levels in a one or a few composi-
tions). Several hypotheses have recently been put forth to explain this defect tolerance,

as well as the unexpectedly modest carrier mobilities observed in experiment despite
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high curvature electronic band edges from ab initio calculations. Two of these pre-
dominant hypotheses (of fugitive spin polarization, and polaronic transport) will be
discussed presently in the context of the research reported here, but the field is far

from consensus as of this writing.

1.5 Factors governing crystal structure evolution

1.5.1 Thermodynamic origin of thermal phase transitions

Many factors influence the atomic structure of solids, including local chemical bond-
ing considerations, long-range Coulomb interactions, and entropic effects due to vibra-
tions and configurational disorder. Consider the Gibbs free energy, which is minimized
for a system in thermodynamic equilibrium with a bath at constant temperature and
pressure (Equation 1.1, where G is the free energy, H is the enthalpy, p is the pressure,

V' the volume, T the temperature, and S the entropy).

G(T,p)=H(p)—-TS=U+pV —-TS (1.1)

For solids, changes in volume are quite small, and the pV' term can be ignored
at ambient pressures. The phase behavior with temperature then reflects primarily a
competition between energy minimization (the dominant term at low 7°) and entropy
maximization (dominant at high 7"). For rigid structures, particularly those with cova-
lent, directional bonding, few low-energy phonon modes and severe energetic penal-
ties for distortions result in a single stable structure from the groundstate all the way
to melting or sublimation. On the other hand, many metals (with metallic bonding and
several nearly-degenerate stacking sequences) and ionic compounds (particularly those

with ions “mismatched” in size relative to their packing) exhibit thermal phase tran-
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0 Tg, Top

Figure 1.3: Gibbs free energy, G(T') for a substance exhibiting different stable phases
as a function of temperature due to differing vibrational, configurational, and elec-
tronic entropy contributions. The lowest enthalpy phase () is the ground state,
giving way to (- and «a-phases with successively higher entropies. Phase transition
temperatures are indicated.

sitions, where the lowest energy phase converts to successively higher energy phases

with softer vibrations upon warming. An (isobaric) example of this free energy evolu-

tion is given in Figure 1.3.

1.5.2 Ionic size considerations: Goldschmidt’s tolerance factor

The perovskite structure is known to accomodate a wide range of chemical compo-
sitions, in part because of the two cation sites of differing size and the flexibility of the
structure to adopt a number of “tilted” configurations which improve coordination on
the A-site for undersized cations.

Goldschmidt developed a simple criterion based solely on ionic sizes to predict
whether a given composition will adopt the perovskite structure (Equation 1.2).[31]
For ¢t > 1, the A-site cation is too large, typically resulting in crystallization in lower-
dimensional structure types. For ¢ < 0.71, the cations are too similar in size, leading to

other structure types. However, for 0.90 < ¢ < 1 and 0.71 < ¢t < 0.90, crystallization
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as a cubic perovskite and a tilted orthorhombic/rhombohedral perovskite is predicted,
respectively.

TA+Tx

= — 2 = 1.2
\/§(TM+7“X) (1-2)

These soft octahedral tilt modes which maintain corner-connectivity are a conse-
quence of the statics of the perovskite structure: Analysis of the structure as a collection
of rigid frames [32] reveals that it is on the boundary between statically indeterminate
(hyperstatic) and under-constrained, and these modes at the M and R points of the
primitive cubic Brillouin zone have only higher-order, rather than Hookean, restoring
forces. This fact, coupled with relatively long, weak metal-halogen bonds in the main-
group halides, leads to large vibrational entropy contributions and many corresponding

structural phase transitions at modest temperatures.

1.5.3 Covalency considerations: Lone pair stereochemistry

For main-group cations with lone pair electrons (d'°s” valence), their exists an in-
stability to high symmetry coordination (e.g. ideal octahedral geometry) because of
the degeneracy of low-lying excited states with appropriate symmetry (the pseudo-
Jahn-Teller effect, or PJT). [33, 34] This is analogous to the PJT associated with d°s’
cations which drives ferroelectricity in certain transition metal oxides, like BaTiOs. The
strength of this instability is sensitive to the energy levels of cation and anion orbitals,
as well as the degree of their spatial and energetic overlap. In particular, heavier
main-group cations lead to a weaker instability (due to relativistic contraction and sta-
bilization of the frontier s orbital), as do less electronegative anions. [35] In the solid
state, this determines whether the cation will adopt the acentric coordination predicted

from simple valence-shell electron pair repulsion (VSEPR) arguments, or whether the
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energetic gain from the distortion is “washed out” by thermal motion.

In perovskites, this effect leads to a competition between distortions which remove
the inversion symmetry of the dication (which tend to produce structures with long-
range polar order) and the aforementioned distortions associated with octahedral tilt-
ing (which produce antipolar orderings of anions and A-site cations). The precise na-
ture of this competition and its impacts on properties are the major focus of Chapters
5 and 6, though the crystallographic signatures and property effects are also implicitly
observed in the results reported in Chapters 3, 4, and 8.

For a detailed background and discussion of the theory of lone pairs in the solid
state, the reader is referred to the literature [36, 37, 38, 39, 35, 40, 41] as well as

Chapters 5 and 6 of this dissertation.

1.5.4 Molecule-cage interactions in “plastic” crystals

“Plastic crystals” of rotating molecular units are a crystal at all temperatures in the
translational sense. In an orientational sense, they are liquids at high temperature, with
molecular units rotating rapidly in an uncorrelated fashion. At low temperatures, they
may be an orientational glass or crystal, depending on whether the molecular rotations
freeze-in in an ordered or disordered fashion. In some systems, an intermediate tem-
perature state exists of strongly correlated molecular rotations. Plastic crystals often
exhibit a range of phase transitions and order-disorder phenomena and are exemplars
of the power of dynamical studies based on nuclear magnetic resonance (vide infra).
The presence of molecular cations in the hybrid perovskites introduces additional com-

plexity into their structure and lattice dynamics, and associated properties.
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1.6 Brief background of key techniques

This section provides a brief overview of the core experimental and computational

techniques employed in the research described in this dissertation.

1.6.1 Total scattering studies of local atomic structure

Crystallographic techniques based on the diffraction of radiation (X-rays, thermal
neutrons, electrons) by periodic arrays of atoms have been used extensively for the
last hundred years to establish the structure of crystalline matter. However, these ap-
proaches are necessarily limited to a description of “average” structure (long-range
order) because only radiation scattered into the Bragg peaks is considered.

Deviations from perfect, static crystalline order cause some radiation to be diffusely
scattered to general positions in reciprocal space (“underneath” and “between” Bragg
peaks). These deviations occur from “dynamic” disorder, including thermal motion of
atoms about their nominal, crystallographic positions, as well as from “static” disorder,
such as the differing bond lengths present for different species on the same crystal-
lographic site in substitutional alloys. This diffuse scattering is typically very weak
compared to the Bragg scattering, and special experimental and analytical care must
be taken to collect and interpret this information.

With respect to experimental setup, instruments optimized for simultaneous ac-
quisition of Bragg and diffuse scattering for PDF analysis collect scattering deep into
reciprocal space (large scattering vector, ) = |Q| = 47 sin 6 for elastic scattering, where
A is the wavelength of incident radiation, and @ is the scattering angle), sacrificing Q-
resolution in the process. Additionally, a careful “background” measurement must be
collected to remove scattering from sample canisters and residual environmental gases

and to correct for heterogeneities in detector efficiencies.
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Once such corections are made, the one-dimensional pair distribution function
(PDF), G(r) is computed as the sine Fourier transform of the experimentally mea-
sured structure function, S((@), according to Equation 1.3, where r is the real-space
atom-atom separation. The PDF represents the distribution of all pair-wise atom—atom
correlation functions, weighted by the constituent atomic scattering factors of each pair
correlation. Qualitatative analysis and quantitative modeling (by both “small-box” and
“big-box” techniques) of PDFs then provides insights about “local” structure, offering
a complementary approach to crystallographic techniques predicated on long-range

periodic order and the Debye—Waller approximation.

G == [ QIs(@ - 1sin(@n)dQ 1.3

1.6.2 Ab initio calculations of crystal properties via density func-

tional theory

In recent decades, quantum mechanical calculations of the properties of condensed
matter systems have proven an invaluable technique in chemistry, physics, and ma-
terials science. However, solution of the full, many-body Hamiltonian for the elec-
tronic and nuclear degrees of freedom in real solids remains intractable. A sequence
of theoretical and practical advances have nonetheless demonstrated the value of ap-
proximate solutions based on density functional theory (DFT) and have enabled their
widespread use. A brief, high-level overview of the theoretical framework, relevant
approximations, and practical use of DFT for studies of the electronic structure and
lattice dynamics of crystals follows.

Typically, the Born—-Oppenheimer approximation is invoked, wherein the electronic

and nuclear degrees of freedom are separated on the basis of the slow response of the
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massive nuclei relative to the electrons. This approach, which by nature ignores vi-
bronic coupling, allows the electronic system to be solved with fixed nuclear positions.
Subsequently, the nuclear positions are iteratively found with classical electrostatics
from the electronic charge density (Hellmann-Feynman forces).

Building on prior work of Thomas, Fermi, and others, Hohenberg and Kohn estab-
lished two important theories that laid the foundation for DFT: 1) the external potential
felt by the inhomogeneous electron gas is a unique functional of the electron density;
and 2) the density which minimizes the total energy is the exact ground-state density.
[42] Subsequently, Kohn and Sham developed the approximation of the many-body
electron system as a single-particle (non-interacting) system with an effective (mean-
field) potential. [43] The only term that is unknown in the Kohn—-Sham formulation
is the functional of density expressing the effects of electron exchange and correlation
(XC), which if known, makes this greatly simplified formulation exact as it yields the
same ground-state charge density as the real, interacting system. In reality, the “cor-
rect” XC functional is not known, and the design of such functionals that accurately
reproduce the properties of real systems is an active area of research.

From a practical perspective, various XC functionals have been developed which
trade increasing fidelity for increasing computational cost, and the use cases of the
dominant functionals are well documented. Various aspects of the practical implemen-
tation of the Kohn—-Sham formulation of DFT in periodic systems have been extensively
developed, including plane wave basis sets, the use of pseudopotentials to obviate the
need to represent core electrons with (spatially) rapidly varying wavefunctions, and
the projector augmented wave formalism to compute properties which are sensitive to
the all-electron density despite the use of pseudopotentials. Taken together, these var-
ious contributions result in a powerful tool for calculating the approximate electronic

structure and lattice dynamics of crystalline solids without the need for system-specific
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parameters or assumptions. Though not strictly first-principles because of the use of
approximate XC functionals, due to this system-independent formulation, we will refer

to these methods as “ab initio” methods throughout this dissertation.

1.6.3 Sub-GHz dielectric spectroscopy of semiconductors

The dielectric response, ¢ (w), of a substance — the electric polarization suscepti-
bility under an applied electric field — is frequency-dependent, with the contributions
of the various polarization mechanisms limited by their temporal dynamics. In the
low frequency limit (a DC field), all polarization mechanisms contribute, resulting in
the “static” dielectric constant, ¢,. In the high-frequency, “optical” regime, contributions
from ionic polarization and the rotation of molecular dipoles are removed, leaving only
the response of the electronic charge density under fixed nuclear positions, denoted
somewhat misleadingly by e.,. At yet faster frequencies (near-infrared to ultraviolet),
the dielectric response is dependent on the particulars of the electronic structure and
permitted optical transitions, and is not considered here.

For typical inorganic semiconductors, the dielectric response of the crystal is nearly
temperature-independent. However, both dielectrics close to polar phase boundaries
(e.g. BaTiO3) and plastic crystals with dipolar molecular ions (e.g. KCN) exhibit a
strongly temperature-dependent response in the THz and slower regimes. Both of
these phenomena are relevant to the hybrid perovskites, because the lone pair elec-
trons cause a double-well potential for the dication, and the methylammonium and
formamidinium countercations are polar. This discussion focuses on the latter consid-
eration, as it dominates the dielectric response of the lead iodides presented here.

For a liquid of dipolar molecules, the static dielectric response is temperature-

dependent in a manner similar to the magnetic susceptibility of a paramagnet, with
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entropic factors competing with the energetically preferred alignment of dipoles to the
applied field at finite temperatures. In the limit of non-interacting dipoles, this results
in a Curie-like dielectric susceptibility, and the response of real materials can be under-
stood as perturbations from this ideal behavior due to dipole-dipole interactions and
steric considerations that hinder motion.

To first order, the dielectric response of the hybrid perovskites at ambient tempera-
tures is the superposition of the response of the anionic inorganic framework and the
response of a (hindered) dipolar liquid on the molecular sublattice. The dynamics of
molecular rotation are not easily accessed in this regime, as they fall in the THz “gap”
between routine electrical methods and routine infrared spectroscopies. At sufficiently
low temperatures (10s to low 100s of Kelvin in the materials presented here), the reori-
entability of the dipolar molecular ions is frozen out due to molecule—cage interactions,
so electrical approaches can directly probe this slowing. In particular, measuring the
capacitance and loss of parallel-plate capacitors with the material of interest as the
dielectric provides a straightforward means of probing the complex static dielectric
response in this regime.

An illustrative example is given in Figure 1.4. The transition from a liquid-like state
of molecular dipoles to a frozen state is dependent on the nature of the coupling be-
tween the dipolar molecules and their surrounding framework “cages.” A cooperative
mechanism between the molecules and the framework produces an abrupt freezing
characterized by a sudden loss of the polarization term from dipole rotation and a
first-order phase transition. On the other hand, a frustrated interaction (incompatible
symmetries of molecule and cage) results in a more gradual slowing of molecular mo-
tion characterized by freeze-out of the molecular dipole response (and corresponding
dielectric loss peaks due to resonance between dielectric relaxation and the probe fre-

quency) at higher temperatures for higher frequencies. Further details and discussion
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Figure 1.4: (a) A plastic crystal with dipolar molecular ions on a sublattice. (b)
Schematic slow (Hz—-MHz) dielectric response of such a crystal. At high 7" the dipolar
molecules are liquid-like, with a roughly ~ T—! susceptibility. At low T, the dipole
orientations are fixed, leaving only the response from ionic and electronic polariza-
tion. At intermediate T the response depends on the nature of the freezing of the
dipole liquid sublattice, with details given in the text.

are given in Chapters 7 — 9.

Special care must taken in acquiring and interpreting dielectric measurements in
the high-temperature, low-frequency limit as the effects of electronic conduction, ionic
conduction, and polycrystallinity or other sample heterogeneity can obscure the in-
trinsic dielectric response of the bulk. These factors, collectively known as Maxwell-

Wagner-Sillars polarization, [44, 45, 46, 47, 48] have been well understood for the

better part of a century, but still cause confusion in some areas of the literature.

1.6.4 Relaxation effects in solid-state nuclear magnetic resonance

(NMR) spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy provides a powerful probe of the

local environments of specific nuclei in solids, as well as of certain dynamic phenom-
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ena. A general overview of NMR is omitted here, with focus instead placed on the use
of longitudinal (“spin—lattice”) relaxation measurements to study molecular motion in
plastic crystals.

Due to the small magnetic moments of nuclei and correspondingly small Zeeman
splittings of nuclear spin levels (<« 1 meV at practical fields), coupling between the nu-
clear spin system and the bath is weak. Longitudinal relaxation occurs via phonons
and localized vibrations, molecular rotation, diffusion and chemical exchange, param-
agnetic impurities, and interactions with charge carriers. For effective energy transfer,
these fluctuations must have spectral content near the Larmor frequency (much like
the coupling of energy into a classical mass—spring—damper or other resonator). For in-
stance, consider spin-1/2 nuclei on a vibrating lattice. Because the direct dipole-dipole
interaction of nuclear spins is distance-dependent (r~%), the annihilation (creation) of
phonons at the Larmor frequency will effectively couple energy into (out of) the spin
system from the reservoir of the lattice if the spins are colder (hotter) than the lattice.
In the phonon density of states of most crystals, few modes exist in this energy range,
so this “direct” process is actually exceedingly rare. More commonly a multi-phonon
process occurs, where the difference between the modes is the Larmor frequency. Alter-
natively, in systems with soft localized modes such as molecular rotation or libration,
the direct process may be an important contributor.

Longitudinal relaxation times, 77, are typically measured by the saturation recovery
or inversion recovery methods. The inversion recovery pulse sequence is presented in
Figure 1.5a. A transverse 7 pulse is applied, followed by a variable delay time, a trans-
verse 7/2 pulse, and finally acquisition of the free-induction decay. This experiment is
repeated for parameterized values of the variable delay time spanning multiple orders
of magnitude which bracket 77. To extract 7T}, the integrated intensity of the NMR lines

(for each nuclear environment or phase with unique relaxation behavior) at each delay
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Figure 1.5: (a) Schematic view of the inversion recovery experiment used to mea-
sure NMR longitudinal relaxation time, 77. Ty p denotes the parametrized variable
delay time. (b) Example T3 fitting for real inversion recovery experiments (spectra
inset). (c) Dependence of longitudinal (77) and transverse (7») relaxation times on
the autocorrelation time for molecular motion (7.) in the BPP model. Outside of the
fast-motion regime (wo7. < 1) the relaxation times are field-dependent.
time is fit to Equation 1.4, where M, (¢) and M, ., are the longitudinal magnetization at
time ¢ and at equilibrium. A real example is given in Figure 1.5b for a sample with a

single relaxation time.

M.(t) =M, ., {1 — 2exp (——)} (1.4)

Bloembergen, Purcell, and Pound (“BPP”) formulated a simple theory for 77 (as well
as the transverse or “spin—spin,” relaxation time, 75) as a function of an internal time
constant of motion and of longitudinal field (Eqn. 1.5). In the limit of a pure substance
with isotropic molecular reorientation, they calculate 77 and 75 as a function of an

autocorrelation time, 7., corresponding to the time it takes a molecule to rotate one
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radian (Figure 1.5). This model has proven quite accurate for simple (pure) systems
and provides qualitative insights for more complex ones. Notably, BPP theory predicts
a monotonically decreasing 7> with correlation time, while 7} passes through a field-
dependent minimum. This reflects the notion that spin-lattice energy exchange is most
effective at the Larmor frequency, while two spins spending greater time in proximity
will always serve to couple them more effectively.

1 T, 47,

— = 1.5
T, 1+ wit? + 1+ 4wit? (1.5
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Chapter 2

Quantifying the potential for lead
pollution from halide perovskite

photovoltaics

2.1 Results & discussion

'Hybrid organic-inorganic lead halide perovskites with the general formula APbX;
(where A = [CH3NH;3]™ or [HC(NH,),]™ and X = Cl-, Br—, or I") have attracted
substantial research attention of late because of the great promise they display in
solution-processed photovoltaic (PV) devices. PV devices employing these materials
as the active component currently display efficiencies in excess of 20%. [55] The pace
at which these high efficiencies have come about is remarkable given that the first
report of these materials in this application appeared only in 2009. [7] However, sig-

nificant technological challenges remain in the realm of stability and potential lead

!The contents of this chapter have substantially appeared in reference [49]: D. Fabini, Quantifying
the potential for lead pollution from halide perovskite photovoltaics, J. Phys. Chem. Lett. 2015, 6,
3546-3548, (©) 2015 American Chemical Society, reprinted with permission.
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toxicity. The presence of lead in these materials raises substantial concerns regarding
widespread application. Life cycle analyses considering a broad range of material and
energy inputs and environmental impacts are beginning to appear for these materials.
[56, 57]. A recent report by Hailegnaw et al in this journal investigates the mechanism
and magnitude of lead loss from CH3NH;PbI; PV cells via exposure to water, as may
happen if a PV module breaks, and considers the implications for lead pollution. [58]
In this Viewpoint, I attempt to quantify the total lead content of halide perovskite
PV that would be required to supply current electricity needs in the United States as
an indicator of the upper bound on possible lead pollution during the service life of
this technology. This figure is compared with select historical and current sources of
lead pollution in the U.S. Based on the crystal structure of CH3NH3Pbl;, typical de-
vice geometries, and forward-looking assumptions about PV performance, I find a lead
intensity (total lead content per unit electricity produced) of 38 ug/kWh, as detailed
below. This corresponds to a total lead content of 160 t/yr for all U.S. electricity gener-
ation. Consequently, if 1% of PV modules were to break while deployed, 1.6 t/yr of lead
could leech into the surrounding environment. Though it is beyond the scope of the
current work, lead pollution generated during PV module manufacture and disposal or
recycling must also be considered. Furthermore, lead pollution is but one of many en-
vironmental and resource factors in evaluating the suitability of a new PV technology,
including other toxic pollutants, impacts on land use and water resources, greenhouse
gas emissions, energy payback times, and abundance of material inputs [56, 59, 60].
A comparison with select lead pollution sources and lead-containing products is
summarized in Figure 2.1. In 1973, before the phase-out of leaded automotive gaso-
line, direct air emissions of lead from automobiles were estimated to be 200,000 t/yr.
[61] In 2011, air emissions from leaded aviation fuel, processing of metals, and elec-

tricity generation from fossil fuels were reported to be 440 t/yr, 120 t/yr, and 35 t/yr,
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Figure 2.1: Select U.S. lead emissions sources [61, 62], lead content of coal wastes
[63, 64, 65] and electronic solder produced in the U.S., [66] and hypothetical lead
content of perovskite photovoltaics (PV) to supply the entire U.S. electricity sector.

[67, 68, 65] All quantities are in metric tons per year.
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respectively. [62] Additionally, while figures are not directly reported, I calculate that
between 5,900 t/yr and 93,000 t/yr of lead are generated by the electric power sector
during coal processing and combustion in the form of coal ash and blackwater. Lastly,
in 2012, the lead content of electronic solder produced in the U.S. was reported to be
6,200 t/yr, [66] though the lead content of solder present in all electronic products in
the U.S. is likely somewhat higher due to imports.

The chemical and physical forms of lead are of course markedly different in these
contexts. Direct emission to the air provides a facile route for lead to end up in soil,
on surfaces, and in food and water supplies. Coal ash and blackwater are not emitted
directly to the air, but slurry impoundment ponds at coal processing plants and power
stations have been the site of recent large-scale environmental disasters. [69, 70] In
contrast, lead in halide perovskite PV is in the solid state, encapsulated, and specifically
must remain there for the technology to be viable. The case of electronic solder is
perhaps most analogous, though the quantity of lead appears to be substantially larger
and the primary risk is associated with leeching from equipment improperly disposed
of in landfills.

All technologies and processes present risks which must be weighed objectively
against those associated with alternatives. In the case of leaded automotive gasoline,
leaded solder for potable plumbing systems, and leaded paint, the lead pollution and
toxicity burden is unacceptably high, and bans on these products have been in place
for decades. In contrast, lead-acid batteries continue to be the standard for starting-
lighting-ignition batteries in trucks and automobiles and are the primary source of
recycled lead that makes up 91% of refined lead production in the U.S. [66] Effective
regulation and management of manufacture, deployment, and disposal or reprocessing
of technologies containing lead can significantly reduce the risks associated with these

materials. In the case of halide perovskite PV, further study is required to determine
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whether these risks can be mitigated to an acceptably low level. These are indeed
challenging materials, but the picture that emerges from this analysis is that the poten-
tial for lead exposure from large-scale adoption of this technology is relatively modest

when compared with other, existing technologies and practices.

2.2 Methods

The area density of lead in halide perovskite PV devices is calculated as

Npy = Mpy 9
X —— X | =420 mg/m
Ve Na g/m”,

Opp =

where Np, and V, are the number of lead atoms per unit cell and the unit cell volume,
respectively, for the room temperature polymorph of CH3NH;Pbl; [67], Mp, is the
molar mass of lead, N, is Avogadro’s number, and [ is the absorber thickness (assumed
to be 300 nm).

The lead intensity of energy produced from halide perovskite PV is calculated as

Ton — OPb
P arne

= 38 ug/kWh ,

where G = 1 kW/m? is the nominal solar irradiation at the Earth’s surface, T is the PV
plant lifetime, 7 is the PV conversion efficiency, and C' is the PV plant capacity factor.
Here, the lifetime is assumed to be 25 yrs and the efficiency 25% (perovskite/c-Si tan-
dem, or similar), reflecting the stringent reliability and performance requirements for
widespread implementation of this new technology. The capacity factor encapsulates
the geographic and temporal variation in solar irradiation, and is here assumed to be

20%, which is typical of fixed axis solar PV performance in the United States to date
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[68].
The total lead content of enough halide perovskite PV to supply all U.S. electricity
is calculated as

mpy, = Ipp X B = 160t/yr,

where F = 14.01 quadrillion BTU is the net generation of electricity in 2011 (enough
to supply all consumption plus transmission and distribution losses) [65]. Possible
additional lead pollution from sources upstream in the supply chain, as in air emissions
from additional lead smelting, are not captured here. These sources are assumed to be
secondary in quantity to the lead present in PV cells themselves, and are likely more
easily mitigated or contained than the potential pollution from geographically disperse
lead-containing PV panels.

The lead content of U.S. coal wastes from electric power generation is calculated as

M Ppb,coal = CPb,coal X C(coal = 57 900 t/yr - 937 000 t/Yf7

where cppcou = 7 18/8 — 110 pg/g is the concentration of lead in coal [63, 64] and
C\oqr = 928.6 million short tons is the coal consumption of the electricity sector in 2011
[65]. This calculation assumes that all lead in the coal ends up in blackwater, bottom
ash, and captured fly ash. In practice, a very small proportion escapes precipitators
and filters and enters the atmosphere (compare the magnitude of air emissions from
the power sector, 35 t/yr, with the original lead content of the corresponding coal, as
calculated here). Additionally, some proportion of fly ash is repurposed as a partial
substitute for Portland cement in concrete production or is used in embankments or
other fill. This diversion of ash wastes is not captured here for lack of data, though the

effect is likely to be significantly less than one order of magnitude.
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Chapter 3

Electronic structure & photovoltaic

application of Bil;

! Rapid recent improvement in photovoltaic efficiency in hybrid lead halide perovskite
materials has provided the impetus for understanding other, related main-group halide
systems. Here we show that the closely related but less toxic bismuth iodide Bil; can
show promising optoelectronic properties. Layered binary Bil; is used here as the active
layer in solar cells. Experimental and computation studies of absolute band positions
of Bil; are also presented, to help in the rational design of device architectures that

would allow efficient charge transfer at the interfaces.

3.1 Introduction

Bismuth triiodide Bil; belongs to a family of layered heavy metal semiconductors

with interesting anisotropic electronic and optical properties. [71, 72] Thin films and

!The contents of this chapter have substantially appeared in reference [15]: A. Lehner, H. Wang, D.
Fabini, C. Liman, C.-A. Hébert, E. Perry, M. Wang, G. Bazan, M. Chabinyc, and R. Seshadri, Electronic
structure and photovoltaic application of Bils, Appl. Phys. Lett. 2015, 107, 131109, © 2015 AIP
Publishing, reprinted with permission.
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single crystals of Bil; have been investigated as hard radiation detectors [73, 74, 75,
76] and for X-ray imaging [77, 78, 79] due to the relatively wide band gap, high
atomic numbers of the constituent elements, and high mass density. Additionally, Bils
can be solution-processed, which could facilitate large-scale, cost-efficient and flexible
device fabrication. However, there appear to be few attempts to use Bil; in photovoltaic
devices. The prior report of Bil; described its use as hole transport layer (HTL) in solar
cells with a fullerene-based light absorber. [80] Clearly the potential of bismuth halides
as photovoltaic absorbers and less toxic alternatives to the prominent hybrid lead halide
perovskites [81] has not been fully explored.

The crystal structure of Bil; (space group R3) [82] can be described as a slightly
distorted hexagonally close packed lattice of I~ ions in which the metal cations occupy
2/3 of the octahedral voids of every other layer. Optical properties of Bil; have been
extensively investigated. [83, 84, 85, 86, 87, 88] The band gap (£,) values reported
for Bil; span a large range and the nature of the transition has caused some discussion.
It has been suggested that the strong absorption at temperatures above 77K (£, ap-
prox. 1.8 €V, see Figure 3.1a) can be interpreted as a direct transition, while at lower
temperature the lowest energy transition has been attributed to an indirect transition.
[83, 84, 88] More recently, the transition at room temperature has been assigned to an
indirect gap by optical absorption spectroscopy. [89]

Density functional theory (DFT) has been previously used to elucidate the electronic
band structure of Bil; and confirm the indirect nature of the transition, [89, 90] but
only few recent studies [91, 89, 75, 90] apply spin orbit coupling, which is necessary in
6s systems. [85, 86] Most of those studies have been limited by the choice of using DFT
within the local density approximation (LDA) or the generalized gradient approxima-
tion (GGA), which are known for poorly reproducing the band gaps of semiconductors.

For photovoltaic applications, the knowledge of the absolute band positions is crucial
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for successful rational device design.

Here we present the first study of the application of a bismuth halide as a photo-
voltaic absorber (active layer). The absolute band positions of Bil; are determined ex-
perimentally by optical (UV-Vis) absorption and ultraviolet photoelectron spectroscopy
(UPS) and computationally by a super-cell method [92] which is also valuable for re-
lated complex lead halides. [93] We have used the screened hybrid functional of Heyd,
Scuseria, and Ernzerhof (HSE) [94] to obtain reliable values. Additionally, the dielec-
tric response including the dielectric tensors (¢>°) and the Born effective charge tensors
(Z*) of Bil; are presented as indicators of incipient structural instability and dielectric
defect screening. Bil; solar cells were fabricated with a dense TiO, electron transport

layer (ETL) and two different polymer HTLs.

3.2 Results & discussion

The optical band gap of Bil; was determined by UV-Vis transmission of a film and
diffuse reflection spectroscopy of a powder sample (Figure 3.1a, for details, see Sup-
porting Information). From both measurement modes, the band gap was determined
to be approximately 1.8 eV, which is in good agreement with values reported previously
(e.g. 1.7€V [89]). The band structure presented in the following illustrates that the
direct and indirect transition lie very close together. The ionization energy (/), which
is the position of the valence band maximum (VBM) with respect to the vacuum en-
ergy, was determined experimentally from UPS (Figure 3.1b) to lie between 6.0 and
6.3 eV for a range of measurements and samples (Table 3.1). Spectra were collected
on thin film samples whose surface composition was confirmed by X-ray photoelectron
spectroscopy (XPS, for details, see Supporting Information). This VBM level range is in

good agreement with the value for the photoelectric work function of 5.8 eV reported
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Figure 3.1: (a) Transmission and diffuse reflection UV-Vis and (b) UPS spectra of Bils.
From the 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 energy (hv = 21.22¢€V). Figure prepared by Anna J. Lehner.
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Figure 3.2: Absolute band position calculation (DFT method PBE+SOC) for Bilz (R3,
see insets) using a slab model with a half filled 1x1x4 super-cell (model shown at
top). @, is the difference between the vacuum energy and the average electrostatic
potential of the crystal. Figure prepared by Anna J. Lehner.

Table 3.1: Experimental and calculated band gap (E,) and ionization energy (1),
calculated dielectric tensors (¢;7) and Born effective charge tensors (Z*; |e| on Bi**)
of Bﬂg.

E, (eV) I (eV) € € 4. 2%,
exp. calc. exp. calc.
1.8 193 6.0to6.3 6.05 189 150 6.6 4.9

previously. [86]

To support the experiments, DFT calculations of the band structures, band gaps,
and absolute band positions were carried out using the VASP Package. [95, 96] Spin-
orbit-coupling (SOC) was included for all calculations. The input structure [82] was
used without a structural relaxation step as the agreement between initial and opti-
mized structure was poor due to inadequate description of the interlayer van der Waals

interactions with the chosen method (see Supporting Information).
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H A AM r K  DOS

Figure 3.3: PBE+SOC band structure of Bilz (R3) between the high symmetry points
of the first Brillouin zone of a primitive hexagonal unit cell and HSE+SOC density of
states (total DOS scaled). The position of the valence band maximum (VBM, horizon-
tal line) was offset, based on slab calculations. Figure prepared by Anna J. Lehner.

In order to compare the calculated electronic structure of Bil; to other phases, the
VBM was normalized by the average electrostatic potential () obtained from slab
calculations. Thereby, the ionization energy (/) was calculated following [ = ¢, — Er,
where @, is the difference between the potential energy of the empty (approximating
the vacuum) and filled (approximating the bulk material) sections of the super-cell
used and Er is the fermi energy of the single unit cell. The results are displayed in Fig-
ure 3.2 together with the Bil; crystal structure. As has been established in prior work,
[93] &, is rather insensitive to the exchange-correlation functional (PBE versus HSE)
used as long as SOC is incorporated; thus the time-efficient PBE+SOC scheme was ap-
plied. It yields an excellent agreement with the experimental VBM and CBM (VBM+E,
= CBM) determination (Table 3.1). The band structure and the density of states, where

the VBM was set to —1, are displayed in Figure 3.3. From the HSE+SOC calculations,

the lowest energy transition is indirect (£, 1.93 eV) between a point at approximately
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0.5AA in the valence band (VB) and near A (energetically just marginally lower than
I') in the conduction band (CB). However, the VB band dispersion is so small that the
direct excitation requires only marginally more energy. The band dispersion of the CB
is more pronounced suggesting a smaller effective mass of electrons compared to holes
in Bil;. Correspondingly, the mobility of electrons has been reported to be 30 times
higher than for holes. [97]

While the room-temperature structure of Bil; exhibits no signs of a stereo-active
Bi** 6s lone pair, it is inherently apt to undergo lone-pair-induced (ferroelectric) struc-
tural distortions. [90] The Born effective charge tensors (Z*) have been used previ-
ously to probe such incipient structural instabilities. [98] The calculated Z* tensors
on Bi** for Bil; of 4.9 to 6.6 (Table 3.1) are significantly elevated compared to the
nominal charge, which could be due to a substantial covalent interaction between Bi
6p and halogen p states. [91] Large static dielectric constants and Born charges were
suggested to indicate effective screening of defects and impurities which would oth-
erwise trap charge carriers. [99] Therefore we propose that the relatively high Z* of
Bil; reported here and previously [91, 90] may be correlated with favorable transport
properties.

The results of the experimental and computational absolute band determination
of Bil; are shown in comparison with the related binary Pbl, (2H-polytype) and
CH;3NH;PbI; in Figure 4.7. The CBM of the electron transport layer (ETL), anatase
TiO,, and VBM of the HTL, PTAA, were included because they are commonly used
contact materials in solution-processed solar cells. [81] As a fortuitous match, the
VBM and CBM of the hybrid perovskite MAPbI3; happen to be very well aligned with
the displayed ETL and HTL energy levels allowing for an efficient transfer of both
electrons and holes away from the absorber material. For Bil; however, while the

CBM is well aligned with the TiO, CBM for efficient electron injection, the VBM is too
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Figure 3.4: Band positions derived from DFT calculations (PBE+SOC) carried out on
slab models for anatase TiO,, [93] Bils (this work) and 2H-Pbl,, [93] compared to
experimental values for Bil; (indicated by vertical bars as a range, for the UPS exper-
iments carried out here). For added comparison, the experimental band positions of
MAPDI3 [100] (MA = CH3NH3), and PTAA [101] are also displayed. Figure prepared
by Anna J. Lehner.
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Figure 3.5: Bil3 solar cell devices using PTAA or PIDT-DFBT as the HTL. (a) SEM cross
section and schematic device architecture, (b) external quantum efficiency and (c)

JV traces of the assembled devices. Figure prepared by Anna J. Lehner.

far below the VBM of PTAA and other common hole transport materials, potentially

limiting of the open circuit voltage and thus power conversion efficiency (PCE).

To evaluate the potential of bismuth halides for photovoltaic application experimen-

tally, solar cells with Bil; absorber layers were fabricated in a planar heterojunction

structure (Figure 3.5a). Thin films were deposited onto fluorine-doped tin oxide (FTO)

on glass under ambient conditions resulting in the final device structure glass/FTO/d-

TiO,/Bil;/HTL/Au, with the HTL being either the poly-triarylamine PTAA [102] or the

poly-indacenodithiophene-difluorobenzothiadiazole PIDT-DFBT [103] (for details see
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Table 3.2: Photovoltaic properties of Bils-polymer devices: open circuit voltage V.,
short circuit current J,. (from JV or EQE measurements, respectively), fill factor FF,
power conversion efficiency PCE.

Device Voe (V) Js. (MmA/cm?) FF  PCE

from JV from EQE (%) (%)
Bil;-PTAA 0.22 3.85 3.79 35 0.30
Bil;-PIDT-DFBT 0.42 1.70 2.39 45 0.32

Supporting Information), and approximately 100 nm thick Bil; layers. Upon illumina-
tion, charge carriers can be generated within the Bil; layer and at the heterointerface
with the ETL TiO,. The photogenerated electrons are extracted through the TiO, layer
and the holes are extracted through the organic layer.

The heterojunction solar cells studied here display sub-1% efficiency, but demon-
strate that Bil; can be used as the active layer in solution-processed solar cells. Repre-
sentative current density-voltage (JV") characteristics and external quantum efficiency
(EQE) spectra of the solar cell devices are presented in Figure 3.5b,c and device pa-
rameters are summarized in Table 3.2. The EQE spectra of the devices cover the visible
spectrum with a sharp absorption onset around 700 nm, which is in good agreement
with the Bil; optical band gap close to 1.8 eV. It is interesting to note that the low-
energy Urbach tail of the EQE of Bil; is steep and does not show much structure, po-
tentially suggesting little disorder-induced broadening. [104] The open circuit voltage
(V,.) was low as was expected due to the alignment of the transport levels of Bil3 with
the ETL and the HTL (Figure 4.7). When the deeper VBM polymer PIDT-DFBT is used
as the HTL instead of PTAA in the Bil; devices, both V,. and FF were improved although
a decrease in the J,. was observed. The relatively good quantum efficiency (20% in the
PTAA devices) suggests that absorption across the spectrum and charge generation are
relatively efficient and therefore improvement of the contacts is likely the best strategy

for increasing the PCE of Bil; devices.
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In summary, working planar heterojunction solar cells using Bil; as the light ab-
sorber have been presented (PCE 0.32%). The first generation devices exhibit promis-
ing quantum efficiencies (EQE 20% in devices with PTAA). The absolute band positions
of Bil; have been determined both experimentally by UV-Vis and UPS spectroscopy and
computationally by DFT slab calculations with excellent agreement. The relatively low
PCE and open circuit voltages of 0.42V arise from the poor match of the low lying VBM
of Bil; relative to the VBM of the hole transport layers used. Carrier transfer between

active layers could be improved by using HTLs with deeper VBMs.
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Chapter 4

Complex alkali bismuth iodides A3BisIq

for optoelectronic application

! Ternary bismuth halides form an interesting functional materials class in the context
of the closely related Pb halide perovskite photovoltaics, especially given the signifi-
cantly reduced toxicity of Bi when compared with Pb. The compounds A;BizIy (A = K,
Rb, Cs) examined here crystallize in two different structure types: the layered defect-
perovskite K3BiyIy type, and the Cs3CryCly type. The latter structure type features iso-
lated Bi,I3~ anions. Here the crystal structures of the ternary iodides are redetermined
and a corrected structural model for Rb3Bi,Iy, as established by single crystal X-ray
diffraction and solid state 8"Rb nuclear magnetic resonance (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

!The contents of this chapter have substantially appeared in reference [16]: A. Lehner, D. Fabini, H.
Evans, C.-A. Hébert, S. Smock, J. Hu, H. Wang, J. Zwanziger, M. Chabinyc, and R. Seshadri, Crystal and
electronic structures of complex bismuth iodides A3BisIy (A = K, Rb, Cs) related to perovskite: Aiding
the rational design of photovoltaics, Chem. Mater. 2015, 27, 7137-7148, (© 2015 American Chemical
Society, reprinted with permission.
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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 differ-
ent 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 per-
ovskites. The deeper valence band positions in the complex bismuth iodides points to
the need for different choices of hole transport materials for Bi-iodide based solar cell

architectures.

4.1 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, [17] Sn,
[14, 105] and most prominently Pb halide perovskites [106, 81] have attracted tremen-
dous interest. In comparison, the optoelectronic 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 detection, [73, 74, 75, 76] X-ray imaging,

[77, 78, 791 and for solar cells as hole transport material. [80] Recently, some of us
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have demostrated that Bil; can be used as the active layer in photovoltaic devices. [15]
Hybrid organic-inorganic bismuth halides have been studied regarding their rich struc-
tural variety [107, 108] and in some cases optical properties. [109, 110, 111] Despite
their much simpler composition, the optoelectronic properties of the ternary inorganic
bismuth halides, with their most common family being the enneahalogenidometallate
phases A3BixXy (A = K, Rb, Cs, or Tl; X = halide), have not been explored as exten-
sively. Here we focus on the heavy alkali metal bismuth iodides A3Bi,Iy for which the
crystal structures have been reported: A = K, [112] Rb, [113] and Cs [114]. While the
phase transitions in the Cs compound have been well-studied, [115, 116, 117, 118]
only one report each for the K and Rb salt are to be found.

It is typical for the extensive family of A;M,X structures that A and X atoms are clos-
est packing and the M atoms occupy 2/3 of the octahedral X; voids. [119, 120, 116]
Two main structure types of AsM>Xy can be distinguished, the ones with hexagonal
close packing and the ones with cubic close packing of A and X. For the bismuth io-
dides of the former group, isolated Bi,I;~ ions result as pairs of face-sharing Bi-I octa-
hedra (e.g. Cs3CryCly type Cs3Bislg) and for the latter, defect-perovskites, corrugated
layers of Bi-I octahedra are present (e.g. K3Biyly). 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 structual diversity
is observed, including distortion, vacancies, and various modes of aggregation of the
MX; octahedra. [107] However, Bi** exhibits a stronger tendency to form structures of
lower dimensionality of the metal halide units than Pb*". Recently, the closely related
caesium antimony iodide Cs3Sbyly has been investigated as solar cell absorber layer
and the electronic structure of its polymorphs has been calculated by density func-
tional theory (DFT). [121] In contrast, the investigation of the properties of inorganic

bismuth halides has been limited to some work reporting optoelectronic properties
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[122, 123, 113, 124, 125] and so far as we can discern, apart from a few calculated
parameters for Cs;Biyly, [126] there are no computational studies of the electronic
band structures available. Clearly complex bismuth halides are an interesting family of
potentially 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 opti-
cal 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 calls 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 connectivity appears to not impact band positions or band gaps in a

significant manner. However, band dispersions are significantly different for the two.

4.2 Methods

4.2.1 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 CsI (Strem 99.999%). The following solvents were used in their anhy-
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drous 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;Biyly crystals of relatively poor quality for single crystal X-ray diffrac-
tion were obtained by heating a stoichiometric mixture of the binary iodides in an
evacuated sealed fused silica ampoule, following a previously reported protocol. [113]
High quality crystals of RbsBisly and Cs3Bisly were obtained through solvothermal
reactions. In a typical preparation, the stoichiometric mixture (300 mg) of the iodides
Bil; and RbI, or Csl, respectively, were 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 (5°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 CH3CN (2 cm?® for 200 mg of product) for 5h at room
temperature. For the K and Rb salts, the resulting red solution was concentrated un-
der 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 A3Bi,I, salts, high-energy ball-
milling of AI and Bi; 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.
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4.2.2 Characterization methods

X-ray diffraction data on powder samples (PXRD) was recorded for the K and Cs
salts over the 26 scattering angle range of 6° to 70° using Cu-Ka radiation (Philips X' Pert
MPD diffractometer). For the Rb salt (sample diluted with 40w% cubic BN, Alpha Ae-
sar), PXRD data using high-resolution synchrotron radiation was recorded on beamline
11-BM at the Advanced Photon Source, Argonne National Laboratory at 295 K with an
average wavelength of A\ = 0.458996 A. For K;Bi,I, and Cs3Bi,I, samples, the agree-
ment with published crystal structure models (A = K [113], Cs [114]) was confirmed
by Rietveld refinements using TopAs-Academic V5. [127]. X-ray diffraction 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 RbsBisly a full data set was collected at room
temperature by sampling a fraction of the Ewald sphere with 0.5° w 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 [128, 129] The structure was solved with Direct methods using SHELXS-97
and the refinement was done using SHELXL-2014. [130, 131] We used the program
VESTA [132] for the graphical representation of the crystal structures and the ther-
mal ellipsoids where plotted using ORTEP-III [133]. For additional crystal structure
data see 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: crysdata(at)fiz-karlsruhe(dot)de), on quoting the depo-
sition 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.
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A 87Rb solid state magic angle spinning nuclear magnetic resonance (MAS NMR)
single pulse experiment was performed for polycrystalline RbsBisIy on a Bruker
AVANCE III 800 MHz (18.8T) standard bore spectrometer operating at 261.81 MHz
with a 2.5mm zirconia rotor system at a spinning frequency of 30.0kHz. In order
to enhance the signature of the quadrupolar interactions in the spectra, 8’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
RbCI at 127 ppm [134] 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 2.05ms acquisition time, and an accumu-
lation 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
4.2 uis, 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 8’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 XL40 Sirion FEG digital
scanning microscope in backscattered electron imaging mode. Optical spectra in the
UV-Vis range from 220 to 800 nm were recorded using a Shimadzu UV3600 spectrom-
eter in diffuse reflection on powder samples which were spread thinly onto compacted
BaSO, powder. Diffuse reflection data were converted using the Kubelka-Munk trans-
formation implemented in the spectrometer’s software. Band gaps were extracted from

Tauc plots [135, 136] of the Kubelka-Munk transformed reflection data assuming al-
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lowed 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 Ul-
traviolet Photoelectron Spectroscopy (XPS and UPS). Samples were prepared by drop-
casting and spincoating from dimethylformamide or acetonitrile solution as thin films
on 10x10 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 (10~7 torr). Ma-
terial 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 glove box
(N5, <1ppm O3). For XPS, a monochromated Al-Ka source (180 W) was used under
ultrahigh-vacuum conditions (108 torr). Survey scans were collected with a step size
of 500 meV, a pass energy of 160eV, and a dwell time of 150 ms. For UPS, a helium
I radiation source was used with a gate bias voltage of —9V. Photoelectrons at the 0°
takeoff angle were collected at 600 W (6 kV, 10 mA) with a pass energy of 5eV and a
step size of 25 meV. Survey scans were collected once with a dwell time of 150 ms. De-
tailed scans near the valence band maximum (VBM) were collected with a dwell time
of 600 ms and were repeated 3 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).

4.2.3 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)
[137, 138, 139, 95]. VAsSP implements density functional theory in the Kohn-Sham

formulation, using a plane wave basis and the projector-augmented wave formalism
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(PAW). [140, 96] Input structures were taken from the literature for K3Bisly [113]
and Cs3Biyly, [114] and from this work for RbsBisly. 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 correspond-
ing conventional Brillouin zone [141]. All ternary compounds were optimized using
the Perdew-Burke-Ernzerhof (PBE) exchange and correlation functional [142] until
the residual forces were less than 0.01 €V/A on each atomic site. The resulting crystal
structures exhibited 8 to 10% increased volumes compared to the experimental input
structures, which lies withing the acceptable range of errors of the applied method.
The energy cut-off 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
(SOCQ) in order to locate the band gap, but for more accurate band gap values and
density of states (DOS), a screened hybrid functional (HSE06) [94, 143] with SOC was
employed.

Absolute band positions for the ternary compounds were obtained by aligning the s-
like states of Bi in A3Bisly from HSE+SOC DOS calculations to the corresponding levels
of Bil; as derived by a slab calculation [92] of a 1x 1 x4 half-filled supercell (PBE+SOC,
see our previous work [93] for computational details). Born effective charge tensors
(Z;“j) on Bi** and high-frequency (ion-clamped) dielectric constants (efj) were calcu-
lated as reported previously. [93] Calculations of those dielectric response parameters
for the related binary iodides Pbl, [93] 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 Rb3Bi,Iy, this work’s
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model in P2;/n and the Pc model reported by Sidey et al. [112], were performed
with the plane wave and PAW-based QUANTUM ESPRESSO package [144] together with
the QE-GIPAW extension. QE-GIPAW computes the magnetic shielding at each nucleus
using the gauge-including projector augmented wave formalism, [145, 146] and the
electric field gradient at each nuclear site using standard PAW expressions. [147] PAW
atomic datasets 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. [148, 149] 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 sub-
sequent optimization. Complete convergence required a planewave cut-off energy of
80 Ry (1088 eV) and a reciprocal point grid spacing of 0.02 A~!; however, as these val-
ues led to prohibitively large calculations for chemical shielding on the RbsBisly system,
the values reported here were computed with a cut-off energy of 20Ry (272 €V) and
reciprocal point spacing of 0.04A~'. 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 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 Rb3Bi,Iy, even at modest convergence
criteria, is useful for establishing experimental peak assignments and for differentiating

between different potential crystal structure models.
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4.3 Results & discussion

4.3.1 Materials preparation and structure

In this work we have established a variety of new facile preparation routes for the
ternary bismuth iodides A3Bisly (A = K, Rb, Cs). By reacting the corresponding bi-
nary iodides in stoichiometric ratio in organic solvents at room temperature or simply
ball-milling them, high purity materials were obtained. Previously, methods for grow-
ing single crystals, typically at high temperatures from the melts, have been reported.
[115, 112, 113] 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 solu-
bility of the ternary bismuth iodides decreases rapidly with increasing counter cation
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-processibility makes this family of heavy metal halides very
appealing for technological applications. In this work, the crystal structures were de-
termined 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 counter cation, 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
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Figure 4.1: Powder X-ray diffraction and Rietveld refinements of A3BisIy, A = (a) Rb
(synchrotron data), (b) K, and (c) Cs (laboratory data). Figure prepared by Anna J.
Lehner.

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 counter cations K-Rb, Rb-Cs, K-Cs exist in the A3BiyIy phases. Taking into
account not only the counter cation but also the variability of the central metal and
halide, which has been previously explored only in some extent [150], 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 A3Bisly (A = K, Rb, Cs)
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Figure 4.2: Crystal structures of (a) Bilz (R3) [82], (b) Cs3Bislg (P63/mmc), [114]
and (c) RbsBisIy (P2;/n) with empty squares marking the unoccupied metal positions
of the perovskite aristotype. Small spheres represent I, large spheres are counter
cations A*, and spheres inside polyhedra are Bi**. The close relationship to the per-
ovskite structure is obvious from the coordination environment of the Bilg octahedra
(Ortep plot with ellipsoids at 80%). Figure prepared by Anna J. Lehner.
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Table 4.1:

rived from gas displacement pycnometry included for comparison.

Formula

Sample

Structure type

Crystal system

Space group

Unit cell (A&,°)

A

b

c

5

vV (&%)

VA

Density (X-ray) (g/cm?)
Density (Pycnom.) (g/cm?)
X-ray A A
Diffractometer

T (K)

Absorption coefficient
20 range (°)

No. measured reflections
No. unique reflections
Rint

No. free parameters
Goodness of fit F'?
R1,wR2 (I > 25(I))

R1, wR2 (all reflections)
Residual e~ density (e~ A?)

Rb3Bi,l,
single crystal
K3Bisly [113]

monoclinic
P2, /n

14.6443(19)
8.1787(9)
20.885(2)
90.421(7)
2501.4(5)

4
4.82
4.82(2)
0.71073
Bruker Apex II
299(2)
30.9
3.4 to 56.8
18931
6269
0.0464
127
1.018
0.0409 0.0879
0.0791, 0.1001
1.62 /—-1.93
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Table 4.2: Wyckoff positions, coordinates, and equivalent isotropic displacement pa-
rameters U, (A?) in the crystal structure of RbsBialg (P21/n).

Atom  Wyckoff x y Z Ueq
site

Rb(1) 4e 0.03098(9) 0.97581(2) 0.22393(8) 0.0622(4)
Rb(2) 4e 0.18643(1) 0.52117(2) 0.06266(8) 0.0721(4)
Rb(3) 4e 0.35098(1) 0.97172(1) 0.89373(8) 0.0692(4)
Bi(1) 4e 0.16689(2) 0.49351(4) 0.84409(2) 0.0276(1)
Bi(2) 4e 0.33675(2) 0.01025(4) 0.15456(2) 0.0278(1)
I(1) 4e 0.00492(5) 0.58289(1) 0.74634(5) 0.0602(3)
1(2) 4e 0.07209(5) 0.80753(9) 0.38965(4) 0.0458(2)
I(3) 4e 0.12109(5) 0.79317(9) 0.91443(4) 0.0457(2)
1(4) 4e 0.16975(5) 0.06654(1) 0.07954(5) 0.0541(2)
I(5) 4e 0.24235(5) 0.69155(9) 0.21872(4) 0.0433(2)
1(6) 4e 0.32991(5) 0.42761(1) 0.92177(4) 0.0524(2)
I(7) 4e 0.41596(6) 0.80249(9) 0.05562(4) 0.0465(2)
1(8) 4e 0.79932(5) 0.82268(9) 0.24451(4) 0.0451(2)
1(9) 4e 0.95328(5) 0.70836(9) 0.07647(4) 0.0448(2)

were examined by X-ray diffraction. Unit cell dimensions were derived from single
crystal measurements and the phase purity was confirmed by Rietveld refinements of
powder diffraction data (see Figure 4.1, Table 4.1, 4.2, and 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 measure-
ments (Supporting Information). For K3BisIy [113] and Cs3Bizly [114], an excellent
agreement with previous crystal structure reports was obtained, while the redetermi-
nation of the structure of Rb;Biyly led to a new structure model with the space group
P2, /n instead of the previously reported model in space group Pc [112]. From X-ray
diffraction of Rb3Bi,I, 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 condi-

tions (hOl reflections only present for h+[ = 2n, h00 reflections only present for h =
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2n). The solution of the crystal structure using direct methods led to the expected com-
position with four formula units per unit cell and all atoms occupying general positions
(Wyckoff sites 4e). Using anisotropic thermal displacement parameters, 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 4.2. Additional struc-
tural 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. [112] reported the Rb3Bi,Iy crystal structure in the acentric space group Pc
as a consequence of the crystal twinning in the crystal studied. The atomic positions
and unit cell derived in this work are very similar to this previously published struc-
ture. In the following, the crystal structure of RbsBiyIy will be discussed in detail, while
the structures of the isotypic K3BiyIg [113], of Cs3Biyly crystallizing with the Cs;Cr,Cly
structure type [151], and the binary Bil; will be only touched on for comparison. The
crystal structures discussed here are shown in Figure 4.2. Rhombohedral Bil; (Figure
4.2a) contains distorted Bilg octahedra, which are connected in honeycomb layers via
three shared edges each. The anionic species in Cs3Biyly are isolated pairs of face-
sharing Bils ocahedra (Figure 4.2b). RbsBiyly (Figure 4.2¢) contains corrugated layers
of corner-connected Bil; octahedra, the complex 2D anion 3 {[Bil3I5 ,]~"*} written in
Niggli nomenclature. The crystal structure can be described as distorted defect variant
of the perovskite type (AMX3), in which only two thirds of the octahedral M sites are
occupied: Rb(Biy/300;/3)15. 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 Bils 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 TI;BiyIy which is isotypic to our new model of Rb3Bi,Iy. [152]
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The Bilg 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-1 distances, as it is observed for the K
and Cs salts as well as for other complex bismuth iodides. [107] For all structure types
the shorter Bi-I bonds involve terminal I sites while the longer bonds exist between Bi
and o (or uz for CssBisly) 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. Cs3Ysly [153]), we tentatively conclude that the structural distor-
tion is not caused by a stereochemically active 6s lone pair on Bi**. For Rb;Bi,ly, the
Bi-Bi distances between corner-sharing Bil; octahedra are about 6.2 A. For comparison,
the bond lengths are about 4.0 A in the Bi,I, anions (face-sharing Bilg) of Cs3Bi,Iy and
are about 4.4 A in the layers of Bil; (edge-sharing Bil). The effect of the Bil; 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 Rb3Bi,I, are
coordinated by a total of three to five metal sites, counting both Bi and Rb, while the
bridging I sites (I1, I5, and I8) display the larger coordination numbers (CN). Due to the
relatively small size of the Shannon ionic radius of Rb*™ (CN 6, 1.5A [154]) compared
to I~ (CN 6, 2.2 A [154]), the close packing between those ions is irregular, leading to
the distorted and tilted Bilg 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
Bilg 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 Rb3Bi,Iy and even smaller angles
for K3Bi, Iy, where the size mismatch of large I~ and small A* ions is more pronounced.

The Rblg coordination polyhedra can be described as heavily distorted bicapped
trigonal prisms with similar volumes of about 94 A3 for all the three Rb sites (Figure

4.3). In the context of the complete structure, Rb1 sits inside the corrugated lay-
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Figure 4.3: ORTEP plots (ellipsoids at 80% probability level) of the coordination en-
vironment of the three Rb sites (a) Rb1, (b) Rb2, (c) Rb3 in Rb3BisIy (all on Wyckoff
positions 4e). Figure prepared by Anna J. Lehner.
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Table 4.3: Absolute quadrupolar coupling parameters C,;, asymmetry parameters of
the quadrupolar interaction 7, absolute shielding o, and isotropic chemical shift §;,
(using RbCl as a reference at 127 ppm [134]) from DFT calculations and NMR exper-
iments for RbsBislg.

Structure Site C, (MHz) n o (ppm) 450 (ppm)

calc. exp. calc. exp. calc. exp.

P2y/n Rb1l 26 21 091 1.0 1992 41 61

Rb2 39 3.0 090 1.0 2016 17 41

Rb3 34 28 0.70 0.5 2022 11 44

Pc Rbl1 4.3 0.83 2030 3
Rb2 4.3 0.95 1966 67
Rb3 3.9 0.43 2051 -18
Rb4 3.1 0.55 1962 71
Rb5 9.0 0.91 1973 60
Rb6 3.9 0.35 1988 45

ers of Bilg octahedra, while Rb2 and Rb3 exhibit local environments similar to each
other at the edges of those layers. Thereby, the volume of the trigonal antiprism of
Bi sites surrounding Rb1l (CN.;;(Rb1Big) = 4.6) is about 50% larger than the vol-
ume of the trigonal bipyramids of Bi sites coordinating the Rb2 (CN.;;(Rb2Bis) =
3.3) and Rb3 (CN.;;(Rb3Big) = 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 Rb3Bi,Iy by MAS NMR experiments
in combination with DFT-simulation of the NMR observables in order to confirm our
centrosymmetric structure model for RbsBiIy as opposed to the previously reported
non-centrosymmetric model.

The NMR spectrum of solid Rb;Bi,Iy displays two main features which are broad
and overlapping when recorded with a 400 MHz spectrometer (Figure 4.4). However,
the 3QMAS 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
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Figure 4.4: (a)®"Rb MQ-MAS NMR spectra of Rb3BiyIg recorded at 130.92 MHz. The
deconvolution of the 1D spectrum (b) into the three Rb sites (see Figure 4.3) with Cy,
n, and J;5, parameters derived from the fits of the individual traces (see Table 4.3)
yields the expected integrated area ratio of 1:1:1 in good agreement. Figure prepared
by Anna J. Lehner.
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for each signal obtained from the 3QMAS measurement were fitted with a good agree-
ment to extract NMR parameters which can be simulated by DFT-calculations: the
isotropic chemical shift ¢;,,, the absolute quadrupolar coupling parameter C,, and the
anisotropy parameter of the quadrupolar interaction 7 (Table 4.3). Using those pa-
rameters, the 1D spectrum could be deconvoluted with a decent fit into three signals
(Figure 4.4a). As 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 4.3) allowed us to compare the
NMR signature of our structure model in P2;/n directly to the non-centrosymmetric
Pc structure published by Sidey et al. [112]. While the calculated chemical shifts for
the P2, /n model are shifted systematically by approximately 25 to 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 un-
der 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 4.3a), based on
the agreement of experimental and calculated isotropic chemical shift and quadrupolar
parameters. As the C, 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 §;,
= 41 ppm to the Rb2 site and the one at §;,, = 44 ppm to the Rb3 site (Figure 4.3b,c).
For the non-centrosymmetric structure model published in space group Pec, the six sites
would give rise to six distinct 8'Rb signals spread over a spectral range of over 85 ppm
(110 ppm after quadrupole effects are accounted for, see Table 4.3). This is obviously
in stark contrast with our experimental results, which can most clearly be observed in

the wide ppm-range section of the single pulse 3Rb MAS NMR spectrum recorded at
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Figure 4.5: UV-Vis diffuse reflection spectra recorded on powder samples of A3Bislgy
and Bil3 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 4.4). Figure prepared by Anna J. Lehner.
higher field (Supporting Information). Those results together with our crystallographic
studies provide very strong evidence that the correct structure description of Rb3BisIy

is our centrosymmetric one, which renders this salt strictly isotypic with K3BisIy [113]

and T13BiyIy [152] as has been hinted at previously [152].

4.3.2 Optical and electronic properties

The optical band gaps of A3Bizly (A = K, Rb, Cs) were derived from Tauc plots
of Kubelka-Munk-transformed diffuse reflection UV-Vis data (Figure 4.5, Table 4.4).
The absorption edge is located at approximately 2€eV for all three ternary bismuth

iodides, while the binary exhibits a gap (£,) of about 1.8 eV. In fact, the variation of the
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A3Biy]y 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 Cs3Bisly, 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 £, values are in excellent
agreement with the values of 1.98¢eV for A = Rb and 1.89eV for A = Cs that were
reported previously. [125] In the same study, the descending band gap magnitude of
A3M,ly was correlated with ascending melting points and ascending average atomic
numbers. Still, the counter cation, structure type, and thus connectivity mode and
dimensionality of the Bils octahedra have very little influence on E,. The band gap of
the layered polymorph of Cs3Sbsly of around 2 eV [121] 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 Cs3Biyly 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. [104]

The ionization energy I F, that is, the position of the valence band maximum (VBM)
with respect to the vacuum energy, was determined for the A;BizIy phases by UPS
measurements of thin film samples (see K3BiyIy example in Figure 4.6 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 4.4. VBM determinations by UPS for these relatively wide

gap semiconductors are not trivial: Insufficient film coverage leads to signals of the
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Figure 4.6: UPS (a) and XPS (b) spectra for K3BisIg. From XPS data, the surface com-
position can be determined to Ks g4Bislg 95 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,
21.22eV). Figure prepared by Anna J. Lehner.
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Table 4.4: 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 mea-
surements) and calculated ionization energies of A3BisIy (A = K, Rb, Cs) and Bils.

Phase E, (eV) IE (eV)
exp. calc. exp. calc.
Bil; 1.8 193 6.0t06.3 6.1

RbsBixly 2.1 2.16 6.1to6.2 6.0
Cs3Bily 1.9 232 5.6to6.2 5.7

underlying Au layer being captured while measurements on too thick films suffer from
charging, both potentially altering the outcomes. For samples with a range of non-
detectable to small XPS signals of the underlying gold layer and no to slight charging
observed during XPS measurements, the [ F values for A3Biyly lie between 5.4 €V and

6.4 €V with variations of 0.2 eV to 0.8 eV for each compound.

4.3.3 Electronic structure calculations

In order 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 compu-
tationally less demanding and closely related proxy, we conducted slab calculations
[92] (PBE+SOC, computational details see our previous work [93]) using a half-filled
1x1x4 super-cell to find the absolute VBM position. Details of these calculations have
been reported elsewhere. [15] 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 4.7 for the ternaries
A3Bisly (A = K, Rb, Cs) in comparison to Bil;. Experimentally determined VBM posi-
tions and band gaps are represented as bars indicating a range of UPS measurements
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Figure 4.7: 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 A3Bislg (A = K, Rb, Cs) and Bil3. For added comparison, the
experimental band positions of PTAA [101] and the calculated CBM of anatase TiOq
[93] are also displayed. Figure prepared by Anna J. Lehner.
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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 elec-
tron and hole transport material for heavy metal halide photovoltaic devices, anatase
TiO, and Poly-arylamide PTAA [102], 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. [80] The
calculated F, and VBM values are listed in Table 4.4. 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 eV to 2.3 eV with increasing counter cation size. This trend is
not in agreement with the experimentally determined gaps in this and previous work
[125] 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 al-
kali metal homologues. The VBM levels for the 2D layered K and Rb bismuth iodides
around —6.0€V are very similar to the layered Bils, and thus the nature and size of
the counter cation (or even its absence) does not seem to have be relevant to the VBM
position as long as the dimensionality of the Bi-I-units remains the same. In compar-
ison, the 0D Cs3Bi,Iy 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. [155] For the layered antimony
homologue Cs3Sbsly, the ionization potential was also reported to be 5.7 V. [121] Po-
tentially 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 Cs3Biyly. For the heavier homologue, Bi, with its more contracted s-like states, we
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— PBE

Figure 4.8: Band structure and partial density of states (DOS, HSE+SOC) of (a)

RbsBislg (P21/c) and (b) Cs3Bislg (P63/mmc). The position of the valence band

maximum (VBM, horizontal line) was offset based on slab calculations of Bils. The

calculated band gaps (HSE+SOC) are direct at I" for A3Bisly (A = K, Rb) and indi-

rect between 0.75T'K in the valence band and I' in the conduction band for CssBislg.

Figure prepared by Anna J. Lehner.
expect less covalent interaction and thus less band dispersion in the region of the anti-
bonding 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. —5.4¢€V for CH3NH;PbI; [100]). This creates a new challenges for the choice of
hole transport layers for photovoltaic devices: the application of the commonly used
polymers with VBMs not much below 5eV 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 dif-

fusion lengths are essential. In electronic band structures the curvature of the bands
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is correlated with charge carrier effective mass and thus pronounced band dispersions
can be indicative of high mobility. [156] Additionally, the band bonding character of
heavy metal halides has been correlated with defect-tolerance. [126] As the band struc-
tures of the isotypic layered K3BisIy and RbsBiyIy phases are almost identical around the
band gap, only the data for the Rb salt is included in Figure 4.8a for clarity. We will
focus mainly on the comparison of the 2D vs 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 moder-
ate, while the top valence bands are very flat, indicating smaller effective masses for
electrons compared to holes. For Cs3Bi,Iy (Figure 4.8b), the valence band dispersion is
larger while still relatively small compared to the related 3D halide perovskites [157].
From our HSE+SOC calculations, the band gap of Cs3Bi,I, (2.32 €V) is located between
0.75T'K in the valence band and I in the conduction band. From the comparison of
the relatively flat band structures of the A3BiyIy phases to highly dispersive ones of
the 3D perovskites, [157, 93] 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 band overlap resulting in a
better carrier transport through the metal halide lattice than in the defect-perovskites
A3BiyIy with Bi-I-Bi angles of around 150°. The Cs3Bisly 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 density of states plots show that
the excitation across the gap occurs for all phases mainly from occupied Ip states with
a small contribution of Bis states into empty Bip + Ip states.

In the homologous alkali antimony halides such as Cs3Sbsly [121] and in the iso-
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Table 4.5: Dielectric properties of A3BisIy salts including the high-frequency dielectric
tensors (eij) and Born effective charge tensors (Z*; |e|) on Bi*™.

Phase Method €ow  Cpo €5 Zy, Lo 77,

zT yy zz

Rb;BisIy PBE 19.3 223 655 44 43 49
Cs3Bi Iy PBE 5.5 42 2.8 - 3.4
Cs3Bi;ly  PBE+SOC 7.6 5.7 39 - 3.9

electronic tetrel halide perovskites [93, 158, 159, 160] 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;PbI;, the
strong p-character of the valence and the conduction band around the gap have been
reported to lead to a high joint density of states, resulting in an unusually large optical
absorption coefficient. [159] The combination of a direct band gap and p-p optical
transitions in the 2D layered AsBisly phases makes them very promising for next gen-
eration optoelectronics.

As discussed above, there are no obvious signs of stereochemical activity of the
Bi** 6s lone pair in the studied A3Bi,ly structures. However, those phases are prone
to undergo structural phase transitions as reported for Cs3BisIy [116, 117, 118], 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 used to
probe the lone-pair activity and proximal structural instabilities in heavy metal phases.
[91, 99, 98, 161, 90, 158, 93] Interestingly, anomalously large Born tensors have also
been suggested to indicate effective screening of defects and impurities which would
otherwise be strong charge carrier traps, contributing to good carrier transport prop-
erties in heavy metal halides. [99, 158] The calculated Born tensors Z* and high-
frequency (ion-clamped) dielectric tensors €5 for the OD and 2D examples of A3Bi,lg

are listed in Table 4.5. Comparing the two computational schemes (PBE vs. PBE+SOC)
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used for Cs3Biyly, it can be observed that including SOC increases the magnitude of €75
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 Cs3Bislg, the Born charges are not significantly
higher than the nominal charge, the layered defect-perovskite phase Rb;Biyly exhibits
Z* values of 4.3 to 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 substan-
tial covalent interaction between Bi6p and halogen p states. [91] 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,Snls which contains isolated SnI~ octahedra
as a photovoltaic hole transport layer, [162] enforces our point that the structural influ-
ences 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.

4.4 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 absorp-
tion, and facile carrier transport. [126] Here we have investigated complex bismuth
iodides A3Bisly (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 observa-
tions, the chemical stability seems to be greater than for the related lead halides.
Crystal structures were redetermined by X-ray diffraction, as the basis for advanc-

ing structure-composition-property relationships. For the layered defect-perovskite
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Rb;Biyly, we report an improved centrosymmetric structural model based on single-
crystal diffraction and solid state NMR supported by DFT simulation of NMR param-
eters. The optical band gaps and absolute VBM positions were determined by UV-Vis
and by ultraviolet photoemission spectroscopy, respectively. Band structures were cal-
culated 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, that allowed other absolute band positions to be obtained.
The excellent agreement between experimental and calculated values suggest 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 2eV and are rather insensitive to the counter cation 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 Cs3Bisly has an indirect gap. Direct gaps coupled with the high
density of states 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 is moderate to
small compared to the related perovskite halides, possibly as a result of the different
relative arrangement of the Bilg octahedra. The calculated Born effective charges on
Bi** are significantly elevated only for the layered A;BisIy and not for the 0D Cs3BisI,.
High Born effective charges are indicative of more efficient dielectric defect screening

and thus potentially, better carrier mobility. Given the solution-processability and the
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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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Chapter 5

Dynamic Sn’* lone pair stereochemical

activity in perovskite CsSnBr;

! Stable s? lone pair electrons on heavy main-group elements in their lower oxidation
states drive a range of important phenomena, such as the emergence of polar ground
states in some ferroic materials. Here we study the perovskite halide CsSnBr; as an
embodiment of the broader materials class. We show that lone pair stereochemical
activity due to the Sn s? lone pair causes a crystallographically hidden, locally distorted
state to appear upon warming, a phenomenon previously referred to as emphanisis.
The synchrotron X-ray pair distribution function acquired between 300 K and 420K re-
veals emerging asymmetry in the nearest-neighbor Sn—-Br correlations, consistent with
dynamic Sn** off-centering, despite there being no evidence of any deviation from
the average cubic structure. Computation based on density functional theory supports

the finding of a lattice instability associated with dynamic off-centering of Sn?* in its

!The contents of this chapter have substantially appeared in reference [50]: D. Fabini, G. Laurita,
J. Bechtel, C. Stoumpos, H. Evans, A. Kontos, Y. Raptis, P. Falaras, A. Van der Ven, M. Kanatzidis, R.
Seshadri, Dynamic stereochemical activity of the Sn?* lone pair in perovskite CsSnBrs, J. Am. Chem.
Soc. 2016, 138, 11820-11832, (© 2016 American Chemical Society, reprinted with permission.
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coordination environment. Photoluminescence measurements reveal an unusual blue-
shift with increasing temperature, closely linked to the structural evolution. At low
temperatures, the structures reflect the influence of octahedral rotation. A continuous
transition from an orthorhombic structure (Pnma, no. 62) to a tetragonal structure
(P4/mbm, no. 127) is found around 250K, with a final, first-order transformation at

286 K to the cubic structure (Pm3m, no. 221).

5.1 Introduction

Inorganic and hybrid main-group halide perovskites have attracted significant at-
tention of late for their excellent performance in optoelectronic applications, ease of
preparation, and abundant constituent elements. [7, 9, 163, 164, 165, 166, 167] In
addition to being investigated for use in radiation detectors and light emitting diodes,
[25] the all-inorganic CsMX3; (M = Ge, Sn, Pb; X = Cl, Br, I) perovskites offer an op-
portunity to understand the crystal chemistry of the divalent metal-halogen network
without the added complexity introduced by the organic molecular ions present in the
heavily studied organic-inorganic hybrids. [17, 168, 161, 169]

These materials are distinguished from tetrahedral semiconductors and from transi-
tion metal oxides in part by the presence of a s? lone pair on the divalent M-site cation.
The lone pair gives rise to strong optical absorption near the bandgap and an unusual
band structure, with the valence band comprising a mixture of cation s states and an-
ion p states and three conduction bands comprised of cation p states. [161] A similar
electronic structure gives rise to a lattice instability in divalent group IV chalcogenides
[35] and monovalent group III halides. [99] Proximity to such a polar instability pro-
duces enhanced dielectric response and thus may contribute to effective screening of

defects in semiconductors. [99, 170] Recently, a locally distorted state was reported in
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rock-salt group IV chalcogenides (SnTe, [171] PbS, and PbTe [172]) upon warming on
the basis of X-ray and neutron total scattering experiments, wherein the crystal retains
long-range cubic symmetry, but the cations move off their nominal sites in a spatially
or temporally incoherent fashion. This phenomenon has been referred to as emphani-
sis, meaning the appearance of something (a low symmetry state) from nothing (a
high symmetry state) upon warming, in a manner that is contrary to most crystals
that attain lower symmetries upon cooling. Based on chemical and thermodynamic
arguments, the authors proposed lattice expansion-induced lone pair stereochemical
activity as the mechanism for this unusual phenomenon, and in the case of SnTe found
qualitative differences between this emergent high temperature phase and the ferroic
low temperature phase. Following these reports, a number of articles have appeared,
seeking to clarify the lattice dynamics and local structure of these materials based on ab
initio calculations, [173, 174, 175, 176] extended X-ray absorption fine structure (EX-
AFS) spectroscopy, [177, 178] neutron scattering, [179, 174, 180] X-ray diffraction,
[181] and piezoresponse force microscopy. [176] Most agree that a high degree of an-
harmonicity of the cation potential well exists within the region accessible at relevant
thermal energies.

In contrast to systems that display such emphanisis, the typical phase evolution of
polar insulators, including ferroelectric oxides, is from a centrosymmetric high temper-
ature phase to a non-centrosymmetric low temperature phase (or sequence of phases)
with spontaneous polarization. This conventional picture is true of materials with lone
pair-bearing metals (PbTiOj3, BiFeO3 with the lone pair on the A-site cations) [182, 183]
and those without (BaTiO3, KNbO3). [184, 185] Local structure probes have revealed
a more complex picture of the phase transitions in some of these materials, wherein
disordered local cation displacements persist above the phase transition and average

out crystallographically to a high symmetry structure model. [186, 187] Notably, these
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disordered phases are emergent from a low temperature phase with ferroic displace-
ments, rather than from a high symmetry undistorted phase, as has been proposed in
the group IV chalcogenides.

The instabilities associated with lone pair-bearing d'’s? cations and empty shell d°
cations in high symmetry environments are a consequence of the pseudo-Jahn-Teller
effect, [33, 34] and predictors of ferroelectric instability based on simple chemical and
geometric factors have been enumerated. [35] Based on these factors, we selected
CsSnBr; for study as an exemplar of the delicate balance of structural tendencies in
the main-group halide perovskites. In CH3NH3SnBr3, the larger A-site cation expands
the lattice and leads to coherent Sn?* displacements in the orthorhombic phase [188]
and to local displacements in the cubic phase. [189] In contrast, CHsNH3;PbBr; shows
no signs of coherent displacements in the low temperature phases [190] or local dis-
placements in the cubic phase [189] due to the lowering of the Pb?* lone pair levels
associated with relativistic effects. This strong influence of the divalent cation is also
evident in the iodides: The tendency for lone pair stereochemical activity is strong in
CsGels, resulting in a polar rhombohedral crystal structure with 3+3 Ge coordination
at ambient temperatures, [17] while the high performance photovoltaic CH;NH3Pbl;
adopts orthorhombic, tetragonal, and cubic phases without coherent Pb®* displace-
ments [191] and shows no signs of local displacements at ambient temperature. [192]
CsSnF3;, with strong lone pair stereochemical activity due to the hard fluoride anions,
exists not as a perovskite, but rather as a salt of Cs* and [SnF3]~ pyramids. [193]

Here, we report the phase evolution of the halide perovksite CsSnBrs from 100K
to 420K, including the first observation of a dynamic instability in the cubic phase
(T > 290 K) characterized by local off-centering of Sn?* cations at elevated tempera-
tures. In other words, CsSnBr; displays emphanisis, in a manner very similar to the

chalcogenides such as PbTe. These local distortions are evident in the pair distribu-
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tion function obtained from neutron and X-ray total scattering studies between 300 K
and 420 K. Ab initio calculations of lattice dynamics, electronic structure, and dielec-
tric properties of CsSnBr; and related phases support this interpretation, and suggest
that the s? lone pair electrons of the main-group cation are responsible for this instabil-
ity. Photoluminescence measurements reveal a blue-shift of the bandgap with warming
which becomes markedly more temperature-dependent in the cubic phase. We report
the complete high resolution crystal structures for the cubic (300 K) and orthorhombic
(100K) phases of CsSnBr; from neutron and synchrotron X-ray powder diffraction, and
for the tetragonal (270 K) phase of CsSnBr; from synchrotron X-ray powder diffraction.
The structures of the tetragonal and orthorhombic phases demonstrate that at reduced
temperatures, the tendency for Sn?* to off-center is suppressed by the competing ten-
dency for octahedral rotations that enhance electrostatic binding and increase the co-
ordination of the undersized A-site cation. Ab initio calculations of the lattice dynamics
of the orthorhombic phase confirm that it is the ground state structure, highlighting
the categorical difference between the phase evolution of ferroelectric oxides and that

of CsSnBr;, where cation displacements exist only at elevated temperatures.

5.2 Methods

CsSnBr; was prepared by reacting SnBry (Sigma-Aldrich, 20 mmol, 5.570¢g) and
CsBr (99.9% Sigma-Aldrich, 20 mmol, 4.256 g) in a fused SiO, tube (13 mm OD,
11 mm ID), which was evacuated to 10~3 mbar and flame sealed. The silica tube was
placed in a furnace and heated to 600°C over 6 h, held at this temperature for 3h,
followed by cooling down to ambient temperature over 3h. The reaction resulted in
a shiny black ingot of CsSnBr;. The ingot was isolated by breaking the ampoule in a

N,-filled glovebox as a precautionary measure. The compound is air-stable and suffers
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only surface damage when exposed to humid air.

High-(Q) resolution X-ray diffraction data were collected from 100K to 300K using
the 11-BM beamline at the Advanced Photon Source (APS), Argonne National Lab-
oratory (ANL) utilizing a calibrated wavelength of 0.45898A. The CsSnBr; sample
(0.1 mmol, 27.8 mg) was transferred into a mortar and ground together with fused
SiO; (0.9 mmol, 54 mg) into a homogeneous gray powder to reduce the absorption co-
efficient of the sample relative to the neat CsSnBr; material. The resulting powder was
transferred to a fused SiO, capillary with a 0.5 mm OD and filled up to approximately
2 cm in height. Subsequently, powdered, fused SiO, was added and the capillary was
evacuated to 103 mbar and flame sealed through the fused SiO, powder to prevent
the loosening of the powder during evacuation and to ensure a more homogeneous
sealing of the capillary. Time-of-flight (TOF) neutron diffraction data were collected
at 100K and 300K on the POWGEN diffractometer at the Spallation Neutron Source
(SNS), Oak Ridge National Laboratory (ORNL). The CsSnBr3 ingot was broken into
pieces, taking care to remove the top 1 mm to 2 mm that could be a potential source of
impurities. Pieces of the ingot were transferred into a mortar and thoroughly ground
to a fine powder. The powder was filled into a 6 mm vanadium can and was subse-
quently compressed tightly. The total mass of the sample for the neutron experiment
was 4.381 g. The packed vanadium can was then sealed tightly under a N, atmosphere.
Data were collected for a total time of 2h on banks 2 and 4 with a central wavelength
of the TOF neutrons chosen to be 1.066 A and 2.665 A, respectively. TOF neutron total
scattering experiments were performed at 300 K and 420K utilizing the Nanoscale Or-
dered Materials Diffractometer (NOMAD) at the SNS located at ORNL with a collection
time of approximately 2 h to 4 h per sample. [194] The sample was the same as that for
the POWGEN experiment. An empty 6 mm vanadium can was collected and subtracted

as background. The pair distribution function (PDF), G(r), was obtained by the trans-
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formation of the normalized total scattering function, S(Q), with a Q,,,;, = 0.5 A-'and
Qmaee = 31.5A1. Synchrotron X-ray total scattering measurements were collected on
the 11-ID-B beam line at the APS located at ANL with a photon wavelength of 0.1430 A
from 100K to 420 K. A sample of fine powder, obtained by means described above, was
transferred into a Kapton capillary (1.1 mm OD, 1.0 mm ID) tightly compacted to en-
sure the maximum packing fraction. Both ends of the capillary were sealed with epoxy
and stored in a N, atmosphere prior to the measurement. Data were collected every
2 minutes upon cooling at a rate of 6 K min—!. Corrections to obtain the S(Q) and
subsequent Fourier Transform with a @Q,,,, of 23 A~! to obtain the G (r) was performed
using the program PDFgetX2. [195]

Rietveld refinements were carried out on the diffraction data to obtain the average
crystallographic structure using the GSAS software suite with the EXPGUI interface.
[196, 197] The local structure was investigated via analysis of the real-space PDF using
the PDFgui software suite. [198] Correlated motion in the PDF was modeled using the
sratio and rcut parameters, which account for effects on the PDF due to correlated
motion of rigid structural units. An rcut value of 5 A was specified, which corresponds
to the approximate Br-Br distance in the SnBrg. Crystal structures were visualized
using the VESTA suite of programs. [132]

All calculations were performed with the Vienna Ab initio Simulation Package
(VASP), [137, 138, 95, 139] which implements the Kohn-Sham formulation of density
functional theory (DFT) using a plane-wave basis set and the projector augmented
wave formalism. [140, 96] The generalized gradient approximation (GGA) was em-
ployed using the Perdew—Burke-Ernzerhof (PBE) exchange and correlation functional
for total energy and electronic structure calculations, [142] and the PBEsol functional
for calculations of phonon dispersions and dielectric properties. [199] In each case,

calculations were performed from structures with lattice parameters relaxed with
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the corresponding functional. Valence electron configurations were as follows: Cs,
5s25p%6s!; Br, 4s24p°; Sn, 5524d'°5p?; Pb, 6s25d'%6p?; Ca, 3s23p4s?. Plane wave basis
set cutoff energies and I"-centered Brillouin zone sampling densities were chosen based
on the convergence of total energy in structure relaxations (PBE: 500 eV cutoff, 8x8x8
Monkhorst-Pack sampling, [200] a« =5.894 A; PBEsol: 520 eV cutoff, 11x11x11
Monkhorst-Pack sampling, a =5.759 A). For calculation of the electronic density of
states, a denser 24 x 24 x 24 k-point mesh was employed. Born effective charge tensors,
high frequency dielectric tensors, and static dielectric tensors (including local field
effects) were calculated using density functional perturbation theory (DFPT). [201]

Energy surfaces for displacement of the divalent cation were calculated for both a
primitive cell and a 2x2x2 supercell, wherein total energy per formula unit was eval-
uated as a function of rigid cation displacement along the high symmetry directions
and of lattice parameter contraction or expansion. For the 2x2x2 supercell study, all
symmetrically distinct combinations of high symmetry real-space displacement direc-
tions ((100), (110), (111)) and high symmetry reciprocal-space vectors (I', X, M, R)
modulating the displacements from site to site were considered. The k-point density
was kept the same for the supercell calculations.

The frozen phonon approach was employed to calculate the force constants for
CsSnBr;. Forces resulting from single atomic displacements (0.1 A) were collected with
VASP, and a least-squares fit between perturbations and collected forces was used to
determine harmonic force constants. [202] The Born effective charges and dielectric
tensors evaluated from DFPT were used to calculate the non-analytic correction for
the dynamical matrix due to long-range Coulomb interactions. For the cubic phase, a
3x3x3 supercell (135 atoms) was used with a 4x4x4 I'-centered k-point mesh, while
for the orthorhombic phase, a 2x1x2 supercell (80 atoms) with a 4x6x4 I'-centered

k-point mesh was employed.
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To screen candidate crystal structures for the low temperature phase of CsSnBrs,
symmetrized displacement modes associated with M;" and R} irreducible representa-
tions of the M and R points of the first Brillouin zone in the parent Pm3m structure
were found with the ISODISTORT [203] module of ISOTROPY (ISOTROPY Software
Suite, iso.byu.edu). The 15 unique octahedral tilt systems as described by Howard
and Stokes [204] were then enumerated through the application of the M;" and R}
displacement modes of the Br sublattice. Structural relaxations of all tilt systems were
carried out in 2x2x2 supercells of the primitive cell with a 6x6x6 k-point mesh cen-
tered at the I' point until the forces on atoms reached < 10 meV A~'. Symmetries of
the relaxed structures were verified using the FINDSYM [205] module of ISOTROPY.

Differential scanning calorimetry was recorded on ground 5.9 mg sample using a
DSC Q-2000 calorimeter from TA Instruments. The temperature was swept from 123 K
to 323 K at a rate of 10 K min~! for 2 cycles. Visible-near infrared photoluminescence
spectra were recorded in a THMS600PS Linkam optical cell with a heating-freezing
stage, under dynamic vacuum. The excitation beam (532 nm laser, 10 mW) was fo-
cused on the sample via a lens with a focal length of 75 mm in a quasi-backscattering
geometry. Emitted light was analyzed in a double monochromator and detected with a

photomultiplier.

5.3 Results & discussion

5.3.1 Average and local structure of cubic CsSnBr;

Joint Rietveld refinements of the X-ray and neutron diffraction data at 300 K (Figure
5.1, Table 5.2) indicate the data is well described by the cubic space group Pm3m (no.

221) with Cs™ in the 1a Wyckoff site at (0, 0,0), Sn?* in the 1bsite at (3, 3, 3), and Br~ in

1
2
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Figure 5.1: Fits obtained from the joint Rietveld refinement against Pm3m of (a)
X-ray and (b) TOF neutron diffraction data collected at 300 K. Inset: analysis of the
diffraction data indicates enlarged ADPs (shown at 90 % probability) on the Cs and Br
sites. In particular, Br ADPs are anisotropically enlarged perpendicular to the Sn—Br
bond, highlighting the presence of dynamic octahedral rotations in the flexible Sn—Br
framework. Figure prepared by Geneva Laurita.
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Figure 5.2: X-ray PDF data for CsSnBr3 over a range of 300K to 420 K. (a) Emergence
of peak asymmetry in the Sn—Br correlation distance can be observed upon warm-
ing, while (b) the data over 2A to 20A indicate no apparent change over longer r
correlations. Figure prepared by Geneva Laurita.

the 3¢ site at (0, 3, 1). The cation sites are modeled with isotropic atomic displacement
parameters (ADPs, reported in U;,,), while the Br anions exhibit large anisotropic ADPs
perpendicular to the Sn—Br bond of the SnBrg octahedral units, indicating a high degree
of structural disorder of the Br atoms normal to the Sn—-Br-Sn bonds. These large
transverse displacements arise from the flexible nature of the partially covalent Sn—Br
octahedral network, as well as the very low Cs—Br bond valence, and suggest there are
dynamic octahedral rotations at this temperature.

A qualitative comparison of the X-ray PDFs between 300K and 420K reveals the
emergence of a peak asymmetry of the first peak to high-r upon warming, which cor-

responds to the Sn—Br correlation in CsSnBr;. However, no apparent changes in this

temperature range can be distinguished over 2 A to 20 A as the data tends towards an
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Figure 5.3: Select parameters obtained from fitting of the X-ray PDF at 420K over a
fit range of 2A to 5A (filled orange circles) and 2A to 50A (open blue squares) with
structural model Pm3m. (a) Sn isotropic and (b) Br anisotropic ADPs both increase
with increasing temperature. (c) Comparison of the trend in lattice parameters with
increasing temperature indicates an increase for the 50 A fit due to thermal expansion.
(d) R, values obtained from the temperature series indicates a decreasing R,, with
temperature over the 50 A fit (i.e. the cubic model becomes a better description of the
long range symmetry with warming), whereas an increasing R,, is observed for the
5A fit (i.e. the cubic model becomes a worse description of the local structure with
warming). Figure prepared by Geneva Laurita.

average, crystallographic picture. Peak asymmetry of the first Sn—Br correlation can

also be observed in the neutron PDF (Supporting Information).

Fits of the X-ray PDFs between 300K and 420 K were performed against the Pm3m
model obtained from the joint Rietveld refinement of the diffraction data at 300 K over
ranges of 2A to 5A and 2A to 50 A. Results are summarized in Figure 5.3. The ADP
values obtained from the 2 A to 5 A fit were highly correlated and did not yield a stable
refinement, and therefore only ADPs from the 2 A to 504 fit are shown. In general,

ADPs increase with temperature as expected due to increased thermal motion of atoms

about their crystallographic sites. The Br ADPs remain anisotropic as was observed
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in the Rietveld refinement. Due to the large transverse motion of the Br atoms with
respect to the Sn—Br bond, the evolution of the lattice parameters over the 2 A to 50 A fit
range was investigated. Similar large transverse motion of anions has been observed
in ReO3, which may be responsible for apparent negative thermal expansion in the
material. [206, 207] However, lattice parameters exhibit an increase with temperature,
following typical thermal expansion behavior. By looking at the R, goodness-of-fit
parameter, it can be seen that the R, values against the cubic model show a decrease
with increasing temperature over the 2A to 50A fit range. This indicates that the
data is better described by a cubic space group as the temperature increases. This
is in agreement with the average, crystallographic structure at these temperatures.
However, the R,, values of the data over a 2 A to 5 A fit range increase with temperature,
indicating the data is more poorly described by the cubic model as the temperature
increases: The sample is locally deviating from cubic symmetry upon warming.

In the cubic Pm3m structure we would expect a single Sn-Br correlation in the
PDF, and therefore does not capture the peak asymmetry as was illustrated in the
2A to 54 fits of the X-ray PDF data. Geometrical considerations of the local atomic
interactions could help elucidate the origin of the observed asymmetry in the Sn-Br
correlation. For example, the enlarged perpendicular anisotropic ADPs of the Br atoms
could result in a distribution of Sn-Br correlations at and above the nominal Sn-Br
bond distance, which would appear as peak tailing to high r. Alternatively, a rhom-
bohedral off-centering of the Sn?* (towards the face of the SnBrg octahedra along the
[111] crystallographic direction) would result in two Sn—Br correlation distances. If
this off-centering is dynamic, this could appear as an asymmetric peak at the nominal
Sn-Br correlation distance.

To investigate the effect of anisotropic Br ADPs on the PDF, three Pm3m structural

models were constructed and fit over a 2 A to 5 A range against the X-ray PDF at 420 K:
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Figure 5.4: (a) Fits of the X-ray PDF at 420 K with three models of the Br ADPs in space
group Pm3m: isotropic ADPs (U;s,; U1 = Uss = Uss), anisotropic ADPs obtained
from the joint Rietveld refinements of the average structure (Uy,;; U1 < Use = Uss),
and exaggerated anisotropic ADPs (exaggerated; U;; < Usy = Uss). (b) Compari-
son of the difference curves for the fits of the three models indicates none are able
to capture the peak asymmetry of the Sn—Br correlation at approximately 2.8 A, but
anisotropic ADPs are necessary to accurately model the second peak, comprised of
Cs—Br and Br—Br correlations. Illustrations of the Sn—Br—Sn interactions in the three
models are shown to the right: i. U;s,, ii. Uun;, and iii. exaggerated, with ADPs shown

at 90% probability. Figure prepared by Geneva Laurita.
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isotropic Br ADPs set to the U, value obtained from the 300K Rietveld refinement
(U11=Us=Usz3= 0.107), anisotropic Br ADPs set to the values obtained from the 300 K
Rietveld refinement (U;;=0.026; Uss=Usz3= 0.1443), and anisotropic Br ADPs with
an exaggerated perpendicular component (U;;=0.026; Uy, =Us3= 0.4). For all three
models the Br ADPs were held constant while other parameters (overall scale, lattice
parameter, correlated motion, Sn U;,,, and Cs U,,,) were allowed to refine freely. It
is observed that the anisotropic ADPs are essential for an accurate description of the
second peak in the PDF, as this peak is dominated by Br-dependent correlations (Cs—Br
and Br-Br). While the anisotropic ADPs do seem to do a better job of describing the
first PDF peak by an effective shift in the central r-distance of the modeled Sn—-Br corre-
lation, they are unable to describe the observed asymmetry. This is indicative that the
data cannot be explained by anisotropic ADPs alone; however, it must be recognized
that this may be due to a limitation of PDFgui, which applies the harmonic approxima-
tion and thus generates Gaussian peak shapes. [208, 209] Therefore, if a harmonic ap-
proximation is assumed, a two-peak model, such as that of a rhombohedrally-distorted
local symmetry, may provide a better description of this peak within the limitations of
the analysis.

To model local Sn?* displacement directions against the X-ray PDF data at 420K,
various crystallographic structures with prototypical ferroic displacements in perovskite
materials were used: cubic Pm3m (no Sn?* displacement), tetragonal P4mm (no. 99)
(Sn?** displacement along the (100) towards a corner of the SnBrg octahedron), or-
thorhombic Amm?2 (no. 38) (Sn*" displacement along the (110) towards an edge of
the SnBrg octahedron), and rhombohedral R3m (no. 160) (Sn** displacement along
the (111) towards a face of the SnBrg octahedron). Starting structural models were
obtained by transforming the refined cubic Pm3m structure into the various lower

symmetry space groups, which were subsequently refined against the 300K Rietveld
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Figure 5.5: Fits of the X-ray PDF at 420K against known prototypical ferroelectric
perovskite space groups: (a) Pm3m (cubic, no Sn displacement), (b) P4mm (tetrag-
onal, Sn displacement along (100)), (c) Amm2 (orthorhombic, Sn displacement along
(110)), and (d) R3m (rthombohedral, Sn displacement along (111)). A rhombohedral
displacement of approximately 0.2 A provides the best description of the asymmet-
ric Sn-Br peak over a fit range of 2A to 54, while cubic symmetry more accurately
captures the features over a longer r-range (2 A to 20 A). Illustrations of the Sn2* dis-
placements in the SnBrg octahedra are shown to the right of each fit. Figure prepared
by Geneva Laurita.
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data. To avoid excessive correlations of parameters during the refinements of the PDF
data, anisotropic Br ADPs were fixed to those obtained from the Rietveld fits, while
other parameters were allowed to refine.

As previously seen in the 300K to 420 K temperature series, the cubic space group
does not describe the asymmetric shape of the first peak in the X-ray PDF at 420K. A
similar fit is obtained with the tetragonal P4mm structure. Displacement of Sn** to-
wards the corner of an SnBrg octahedron results in a narrow distribution of one short,
four intermediate, and one long bond lengths, which effectively creates peak tailing
to both high- and low-r of the main Sn-Br correlation. Similarly, a displacement of
Sn?* towards the edge of the octahedron results in a distribution of two short, two
intermediate, and two long bond lengths, and once again does not describe the asym-
metric shape. However, displacement towards the face of the octahedron results in
three short and three long Sn—Br bond distances, which would appear as two peaks in
the PDF. Indeed, over a 2 A to 5 A fit range, the rhombohedral model provides the best
comparative fit to the data, capturing the peak asymmetry as a superposition of two
Sn-Br correlations with a small r separation, corresponding to an Sn** off-centering
of approximately 0.2A. This observed off-centering could arise from stereochemical
activity of the 5s? pair of electrons associated with Sn?* driven by lattice expansion
upon warming. The local rhombohedral distortion appears as two overlapping peaks,
in contrast to that of the local rhombohedral distortion observed in BaTiOs, [186, 210]
where there are two distinct first correlation peaks. This is proposed to be an effect
of dynamic displacement within the octahedra rather than the static displacement ob-
served in BaTiO3. This modeling approach limits the resulting local structure models to
those of cation displacements along high symmetry directions. More complex stochastic
approaches, such as those recently employed in understanding the nature of distortions

in BaTiOs, [211] suggest the way forward for bias-free determination of local distor-
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Figure 5.6: Evolution of Sn?>* displacement from the center of the SnBrg octahedron

with increasing temperature as determined from fitting the X-ray PDF over a range

of 2A to 54 against the rhombohedral R3m model. Displacement from the center

increases with increasing temperature. On cooling, the displacement does not reach

zero (Sn?* in the center of the octahedron) in the cubic phase due to the onset of a

phase transition to a tetragonal structure at 286 K. Figure prepared by Geneva Laurita.
tions and their correlations, but are beyond the scope of this work. Nonetheless, our
results do indicate that local Sn?>" displacements are the likely cause of the observed
peak asymmetry at elevated temperatures, and that among the high symmetry direc-
tions, these displacements are preferentially along (111). This is also corroborated by
DFT calculations as described in the next subsection.

The degree of Sn?* displacement from the center of the SnBrg octahedron as a
function of temperature was determined by refinement of the X-ray PDF data against
the rhombohedral R3m model. Refinements were performed over a fit range of 2A
to 5A and a temperature range of 300K to 420K. The degree of displacement is
seen to increase with temperature, and attributed to enhanced stereochemical activ-
ity with expansion of the lattice. This is reported to drive a crossover from a local,

lone pair-inactive state to a local, lone pair-active state in rock-salt tin and lead chalco-

genides. [171] In contrast with the chalcogenides, the local displacement of Sn?* in
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cubic CsSnBr; does not appear to go continuously to zero displacement on cooling, and
is instead suppressed discontinuously as the crystal undergoes a phase transition to a

tetragonal structure at 286 K (vide infra).

5.3.2 Ab initio studies of cubic CsSnBr;

Ab initio calculations of lattice dynamics, electronic structure, and dielectric proper-
ties of CsSnBr; are consistent with this propensity for off-centering of Sn** and confirm
that these displacements are preferentially along (111). Additionally, comparison with
isostructural but chemically distinct phases illustrates the importance of s? lone pair
electrons in this coupled electronic-lattice instability. The electronic band structure
and orbital-projected density of states, calculated at the PBE level with and without
spin-orbit coupling (SOC), are presented in Figure 5.7. The PBE exchange and cor-
relation functional is known to poorly reproduce excited state properties, and thus
underestimate bandgaps. Apart from the magnitude of the bandgap, our results agree
in the essential aspects with those of Huang and Lambrecht, from self-consistent quasi-
particle calculations. [161] Similar to other inorganic main-group halide perovskites,
the band structure is “inverted,” with a single valence band with primarily Sn(s)-Br(p)
anti-bonding character, and a triply degenerate (in the absence of SOC) conduction
band minimum of primarily Sn(p) character. [161, 93]

The Sn?* lone pair electrons are rather shallow relative to the Fermi energy. Strong
overlap between occupied Sn(s) and Br(p) states produces a o-like band at ~4 eV
below E; and the o*-like valence band. This interaction pushes the antibonding Sn(s)
states up in energy, bringing them close in energy to the unoccupied Sn(p) states, which
tends to promote lone pair stereochemical activity. [36, 37, 38, 39, 41] Additionally,

cross-gap mixing of cation (p) and anion (p) states is evident, which has been asso-
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Figure 5.7: Electronic band structure and projected density of states (DOS) of
CsSnBrs, illustrating the “inverted” band structure typical of main-group halide per-
ovskites. The valence band is formed from the antibonding interaction between Sn(s)

and Br(p) orbitals. The regions near the conduction band minimum are triply de-

generate in the absence of spin orbit coupling and are primarily derived from Sn(p)

orbitals. The modest effect of spin orbit coupling is evident.
ciated with elevated Born effective charges, giant splitting between longitudinal and
transverse optical modes (LO/TO splitting), and polar instability in perovskite oxides.
[212, 213, 214, 215] Systems with these electronic features exhibit a strong electron—
phonon coupling (and atomic displacement—polarization coupling), with implications
for charge transport and defect tolerance. [99]

Comparison with isostructural CsPbBr; and CsCaBr; allows us to examine the in-
fluence of the s? lone pair electrons on the electronic structure and lattice dynamics:
Pb%* is predicted to have a lesser tendency for stereochemical activity due to greater
relativistic stabilization of the lone pair, [35] and Ca®" lacks a lone pair as it is fully
oxidized to the electron configuration of Ar. The electronic band structures and den-

sities of states of CsPbBr; and CsCaBr; are presented in the Supporting Information.

The band structure of CsPbBrj; is similar to that of CsSnBrs, but the competing effects
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of longer metal-Br bond length, reduced ionicity of metal-Br interaction, and stronger
spin-orbit coupling result in a wider bandgap and larger carrier effective masses at
this level of theory. The large electronegativity difference between Ca and Br causes
CsCaBr; to be an insulator, with rather localized electronic states. We return to the
comparison with these related phases presently.

Calculated Born effective charges and dielectric responses are also indicative of a
polar instability, and are presented in Table 5.1. The Born charges of CsSnBr; and
CsPbBr; are significantly elevated above the nominal divalent charge, consistent with
substantial covalency and a large polarization response to ion displacement (or equiv-
alently, a large force on the ions in response to electric fields). CsCaBrs, in which the
divalent cation lacks a lone pair of s electrons, stands apart: The Ca** Born charge
is much more similar to the formal charge for this highly electropositive cation, which
implies the restoring forces are reasonably described by a simple ionic picture.

The same relative trend is present in the both the high frequency and static permit-
tivities. There is a very large difference between the purely electronic and combined
electronic—ionic dielectric response in CsSnBrs, which is equivalent by the Lydanne-
Sachs-Teller relation to a large LO/TO splitting. In the divalent group IV chalcogenides,
Waghmare and coworkers have identified large LO/TO splitting as a strong predictor
for lone pair stereochemical activity. [35] Du and Singh have identified a similar giant
LO/TO splitting in the radiation detector TIBr (with similar electronegativity difference
to Sn and Br) and have proposed this proximal instability as a mechanism for defect
screening and robust carrier transport. [99] While the static dielectric constants of
CsPbBr3 and CsCaBr; are both substantial (due in part to the soft potential well for
Cs* displacement, which is highly undercoordinated in the cubic phase, vide infra),
they are much lower than that of CsSnBr3. This is consistent with our prediction that

CsPbBr3 should be further from this off-centering instability [35] and that there is no
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Table 5.1: Born effective charges (Z},) of the central metal cation M?*, high-fre-
quency dielectric permittivity (e,), and static dielectric permittivity (e¢g) for CsMBrs.

Zy (e) €00 €0
CsSnBr; 5.1 6.5 68.3
CsPbBr; 4.3 4.8 22.1
CsCaBrjy 2.5 3.1 17.5

off-centering instability at all for CsCaBr; (all three systems exhibit an instability to
octahedral rotations in the cubic phase due to the non-unity tolerance factors, but this
is not reflected in the dielectric response because these modes do not contribute to the
polarizability of the crystal).

Energy surfaces for displacement of the octahedrally coordinated divalent cation
along the high symmetry directions for CsSnBr;, CsPbBr3, and CsCaBrs3 are given in
Figure 5.8(a) as a function of lattice expansion or contraction. All directions are refer-
enced to the parent cubic cell. Such calculations on a single formula unit necessarily
imply a ferroic ordering of cation displacements. Nonetheless, important qualitative
differences emerge, and we find that these features are robust in more complex super-
cell calculations (vide infra). As there is minimal band reorganization due to spin-orbit
coupling (Figure 5.7), we omit this computationally costly correction for our lattice
dynamical studies.

At the relaxed value of the lattice parameter (Aa =0%), we see simple potential
wells for cation displacement, with (111) the softest directions. Upon lattice expan-
sion, the potential wells in CsSnBr3 and CsPbBr3 soften substantially, taking on a highly
anharmonic shape. Above a critical value of the lattice expansion (~ 2% for CsSnBrs,
~ 4% for CsPbBr3), the energy minimum moves off of the nominal crystallographic site.
Notably, for lattice parameters of a few percent over the relaxed value (consistent with
the extremely large linear coefficient of thermal expansion, o, = 35ppmK™!, deter-

mined from real-space fitting to the CsSnBr; X-ray PDF) we observe energy minima at
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Figure 5.8: (a) Energy landscape for cation displacement in cubic CsMBrs along
high symmetry directions at various compressed and expanded lattice parameters,
@ = apom (1 + Aa). An instability is evident in CsSnBrs and CsPbBrs: An energy
minimum develops off the nominal crystallographic position upon lattice expansion.
This effect is notably absent in CsCaBrs, which lacks a lone pair of s? electrons. (b)
The electron localization function (ELF) of CsSnBr3 on a (200) slice of the unit cell
(a plane through the nominal Sn site), with Sn?* displaced 0.4 Aalong [111] and
Aa = 5 %, corresponding to the deepest well in (a). The contour at ELF = 0.45
shows clearly the localization of the 5s? lone pair into a lobe opposite the direction
of ion displacement. The regions of strong localization around Br~ are indicative of
the non-bonding electrons in the Br p orbitals orthogonal to the sp hybridized Sn—Br
bonds.

94



Dynamic Sn?* lone pair stereochemical activity in perovskite CsSnBr3 Chapter 5

displacements on the order of tenths of an Angstrom, with depths on the order of kgT'.
These displacements are well within the resolution of PDFs calculated from X-ray and
neutron scattering, and are in essential agreement with the separation of the high-r
shoulder and the main peak for the first Sn—Br correlation from experiment at elevated
temperatures (Figures 5.2, 5.5). The shallow depth of the energy wells relative to the
available thermal energy is consistent with these displacements being dynamic in na-
ture. At the relaxed lattice parameter, cubic CsSnBr; and CsPbBr3 are both proximate
to an instability characterized by dynamic off-centering of the lone pair-bearing main-
group cation. This instability can be activated by lattice expansion. CsPbBrj3 is further
from this instability as expected from the lesser tendency for lone pair stereochemical
activity of Pb?*. [35]

Importantly, this feature is absent in the perovskite CsCaBrs, which lacks a lone pair
on the divalent cation. Ca?* is chosen for comparison because of its identical ionic
radius to Sn?* in octahedral coordination, as calculated from bond valence sums in
oxides. [216, 154] Because effective ionic size depends on the ligands, CsSnBr3; and
CsCaBrj; have different relaxed lattice parameters. To ensure that a similar feature does
not develop on further lattice expansion, calculations on CsCaBr; were carried out up
to a lattice parameter of 10% over the relaxed value. No such feature developed, and
the data is omitted from Figure 5.8(a) for clarity. There is no covalent driving force for
Ca?* displacements in cubic CsCaBr; because there are no lone pair electrons to mix
with the orbitals of the ligands.

Visualization of electronic structure in real space via the electron localization func-
tion (ELF) provides additional information about the role of the lone pair in this lattice
instability. The ELF is a real space scalar field which measures the spatially resolved
effect of Pauli repulsion (essentially, the difference in kinetic energy between other-

wise equivalent systems of fermions and bosons), and which may be used to classify
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electrons as bonding, non-bonding, or core based on topological analysis. [217] A 2-D
slice of the ELF of CsSnBr3; along (200) is presented in Figure 5.8(b), for the case where
Sn?* is displaced along [111]. An asymmetric lobe of elevated localization opposite to
the direction of cation displacement is indicative of the broken inversion symmetry of
the lone pair that has become stereochemically active. In the undistorted case, the lone
pair retains octahedral symmetry and the corresponding local maximum of the ELF
occurs on a symmetric shell about Sn?* rather than at a point away from the nucleus
as it does here. The stereochemically active lone pair localizes as a lobe opposite the
direction of cation displacement.

To investigate the importance of spatial coherence (ferroic ordering) of cation dis-
placements, we consider high symmetry displacement patterns of Sn*" in a 2x2x2
supercell. The resulting energy surfaces are given in Figure 5.9 for an expanded lat-
tice parameter (Aa =5%). The anion and A-site sublattices are rigidly fixed and all
distinct combinations of high symmetry real-space cation displacement directions and
high symmetry reciprocal-space vectors describing the spatial modulation of displace-
ments are considered.

The I'-like displacements are identical to the ferroic case presented above and are
the most energetically favorable for all directions considered. For displacements along
(100) and (110), other orderings where the sign of the displacements are modulated
along vectors orthogonal to the displacements themselves are similarly favorable (100
X, 001 M, 101 X; no such scenarios are possible for (111) displacements). Thus, the
dominant unfavorable interaction is the displacement of neighboring Sn** ions towards
each other, suggesting that displacements are locally coherent (in fact, this feature may
indicate a tendency for “chain-like” ordering of displacements, as in BaTiO; [218]).
The potential well is sufficiently shallow relative to the available thermal energy that

the cations do not localize and break global inversion symmetry, but rather explore this
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Figure 5.9: Energy landscape for symmetrically distinct high symmetry displacement
patterns of Sn?* for a 2x2x2 supercell, with expanded lattice parameter, Aa =5 %.
The nominal real-space directions of cation displacement are indicated, as well as the
high symmetry reciprocal-space vectors describing the alternation of displacements
from octahedron to octahedron along each of the cubic axes. Only Sn?T is displaced;
the A and X sublattices are unperturbed.
8-well potential dynamically (local minima along each of the (111) directions). Big
box calculations that consider more complex displacement patterns (that is, reciprocal-
space vectors other than only those at the Brillouin zone edges) may provide more

information about the nature of fluctuating polar nanodomains, though we expect that

such energy surfaces would be bracketed by the stiffest and softest curves presented in

Figure 5.9.

5.3.3 Impact of dynamic off-centering on properties

In addition to its importance for our fundamental understanding of lone pair elec-
trons in the solid state and the coupling between electronic structure and lattice dy-
namics, this dynamic lone pair stereochemical activity has significant implications for
material properties and functionality. Indeed, any property which couples to the lattice

will be influenced by the strong anharmonicity that emerges on warming.
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Figure 5.10: Experimental evolution of unit cell volume and photoluminescence (PL)
emission peak energy, Ep;, with temperature. (a) The volumetric thermal expan-
sion coefficient is 12% larger below the tetragonal-cubic transition than in the cubic
phase, and is among the highest reported for any inorganic solid. [168] (b) The en-
ergy of the PL peak blue-shifts with temperature between 80 K and 480 K, consistent
with the effects of volumetric expansion on the “orbital-inverted” electronic struc-
ture. The blue-shift becomes 77% more rapid in the cubic phase, despite the more
gradual thermal expansion, suggesting a substantial contribution from dynamic Sn?*

displacements.

The experimentally observed cell volume, extracted from real-space fitting of the

X-ray PDFs over the 20 Ato 50 Arange, and the temperature dependence of the pho-

toluminescence (PL) emission peak energy is presented in Figure 5.10 (raw PL spectra

are given in the Supporting Information). Of note, volumetric thermal expansion is ex-

tremely rapid (8 = 121 ppm K ! at 276 K, fully two-thirds the value for liquid Hg, and

just smaller than that of CsSnlz [168]). This rapid thermal expansion may itself be a

consequence of lone pair-induced anharmonicity. Upon warming to the cubic phase,

is somewhat reduced, possibly due to a negative contribution from dynamic octahedral

tilts as in ReO3 [206] and ScF;. [219]
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To understand the rapid blue-shift of the PL emission peak, we computed the elec-
tronic bandgap and band edge positions as functions of lattice expansion and Sn**
displacement. The results, as well as a qualitative band diagram constructed from
molecular orbitals, are presented in Figure 5.11. The bandgap of CsSnBr; widens on
lattice expansion due to simultaneous narrowing and stabilization of both the valence
and conduction bands, consequences of their antibonding character. This is in op-
position to the computed behavior of CsCaBr; which, like group IV, III-V, and II-VI
semiconductors, has a bandgap between bonding and antibonding states. Ferroic Sn*
displacements along [111] are also seen to widen the gap by reducing orbital overlap
from a maximum in the high symmetry state.

Experimentally, the PL peak (a proxy for the bandgap, barring abrupt changes in
defect or excitonic levels) is observed to blue-shift with warming for all temperatures
studied, as expected based on volumetric expansion and the underlying electronic
structure. However, the blue-shift becomes 77% more rapid in the cubic phase, despite
the reduced volumetric thermal expansion coefficient. Though inclusion of electron—
phonon coupling is required for a comprehensive treatment of finite temperature ef-
fects, the magnitude of this trend suggests a substantial contribution from the local,
dynamic Sn?* displacements that are present in the cubic phase.

The anharmonic potential surface for cation displacement associated with emphani-
sis also gives rise to an elevated dielectric response, as we have calculated for the re-
laxed cubic cell in the previous section (the response should be substantially greater
at finite temperatures, given the massive positive thermal expansion). In principle, the
ionic part of the dielectric response can be tuned to be arbitrarily large by bringing
the system to the brink of the ferroelectric transition. This can be achieved by alloying
of a lighter halogen, a lighter carbon-group element, or a larger A-site cation such as

methylammonium or formamidinium which will increase the propensity for lone pair
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Figure 5.11: Evolution of the computed (PBE) bandgap, E,, with lattice parameter
expansion, Aa, for cubic (a) CsCaBr3 and (b) CsSnBr3. (c) Evolution of the CsSnBr3
valence band and conduction band edges with lattice expansion, showing the simulta-
neous narrowing and stabilization of both bands due to weakened antibonding inter-
actions. Band centers are indicated by dashed lines, and all are plotted on a common
energy scale by aligning the energy of dispersionless Cs states. This is contrary to the
bandgap evolution of tetrahedral semiconductors, [220] and of isostructural CsCaBrs,
which lacks an s? lone pair. (d) Evolution of the computed (PBE) bandgap with rhom-
bohedral Sn?* displacement in CsSnBrs. Cation displacement serves to widen the
bandgap, as has been calculated for frozen soft phonons in PbTe. [173] (e) Qualita-
tive band diagram for 3-D corner-sharing [SnBr3] ! octahedral network which reflects
the calculated electronic structure in Figure 5.7.
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stereochemical activity. [35] Because of the importance of defect screening for carrier
transport, such tuning can be used to enhance carrier mobilities, as has been shown in
pseudo-Jahn-Teller perovskite oxides. [170] In the high performance perovskite halide
CH;3NH;3Pbl;, the large polarizability associated with the lone pair and with molecular
reorientation may explain why carrier scattering is dominated by phonons rather than
charged impurities. [221, 222, 223]

The details of charge transport in the halide perovskites remain mysterious, in par-
ticular the peculiar existence of extremely long carrier diffusion lengths [164, 224, 225]
and lifetimes [226, 225] despite modest mobilities. [227, 228] Experimental and the-
oretical reports propose various mechanisms for reconciling these observations and
the temperature dependence of carrier mobilities, including the formation of large po-
larons which increase carrier effective mass and protect against bimolecular recom-
bination, [227] free carrier transport limited by acoustic [221, 223] or optical [229]
phonons, and photon recycling. [167] The dynamic lone pair stereochemical activ-
ity we observe in CsSnBr3 has implications for carrier recombination and transport in
the halide perovskites beyond enhanced dielectric screening of charged defects. The
short range spatial coherence of Sn?* fluctuations suggested by our ab initio calcula-
tions implies the creation of polar nanodomains that will tend to separate electrons
and holes in real space, thus reducing bimolecular recombination. [230, 231, 165]
Additionally, Sn?* displacements along certain directions split the otherwise degener-
ate conduction band minima in momentum due to the local symmetry-breaking. Such
momentum-splitting, arising either from local distortions [232, 233] or spin-orbit cou-
pling [234, 235] has been proposed to limit carrier recombination. [232, 234, 235]
Further, the off-centering tendency of the divalent cation contributes to the lattice de-
formability, which would aid the formation of large polarons which may protect carriers

from bimolecular recombination. [227]
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Emergent anharmonicity in the phonon spectrum associated with lone pair stereo-
chemical activity also has implications for phonon lifetimes and associated properties.
The large fluctuating Pb*" displacements in PbTe at elevated temperatures have been
correlated with strong scattering of acoustic phonons and corresponding low lattice
thermal conductivity, a fortuitous attribute for a high performance thermoelectric ma-
terial. [236, 237, 238] One expects that the extremely low thermal conductivity of

CH3NH;3PbI; is in part due to this lone pair-driven anharmonicity. [239]

5.3.4 Competing instabilities at lower temperatures: Structural

transitions

From laboratory X-ray diffraction, CsSnBr3 is reported to undergo three succes-
sive phase transitions from the cubic perovskite structure upon cooling: to tetragonal
P4/mbm (no. 127) at 292K, to P42;2 (no. 90) at 274K, and to an undetermined
monoclinic phase at 247 K. [240] The cubic to tetragonal phase transition has also
been observed in '9Sn Méssbauer, [241] ultraviolet photoelectron, and X-ray photo-
electron spectroscopy. [242] Mossbauer additionally suggests a transition at approxi-
mately 260 K. While the cubic to tetragonal phase transition at 292 K is widely reported,
[243, 240, 241, 242] the successive phase evolution upon cooling remain ambiguous.

High resolution Bragg scattering and differential scanning calorimetry (Supporting
Information) reveal a first-order phase transition at 286 K and a continuous phase tran-
sition around 250 K. Candidate space groups for the low temperature (100 K) phase
were screened with DFT as discussed in the methods section: The 15 unique octahe-
dral tilt systems [204] were seeded with displacements of the Br sublattice and allowed
to relax in a 2x2x2 supercell. Resulting energies, referenced to the cubic aristotype

(a®a’a’ in Glazer notation [244]), are presented in Figure 5.12. It is seen that the
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Figure 5.12: Total energy (per formula unit) of relaxed structures with the 15 unique

octahedral tilt systems relative to the energy of the cubic Pm3m aristotype. The

structure with Pnma space group symmetry is substantially lower in energy than any

other, suggesting a ground state structure with a~b*a ™ tilts. This model is confirmed

by our Rietveld analysis of X-ray and neutron diffraction experiments (Figure 5.13).

Figure prepared by Jonathon S. Bechtel.
structure with the Pnma space group is lower in energy than any other tilt system,
suggesting a ground state structure with o~ b"a~ tilts. Based on this screening, a joint
Rietveld refinement was performed on the X-ray and neutron diffraction data at 100K
against the orthorhombic Pnma (no. 62) structure with Cs* in the 4c Wyckoff site at
(z,1,2), Sn*" in the 4b site at (0,0, 1), and Br~ in the 4c and 8&d sites at (z, 1, 2) and
(z,y, 2), respectively. The resulting fit and select crystallographic data are summarized
in Figure 5.13(a), 5.13(b) and Table 5.2. Both sets of data are indexed and fit well by
this structural model. ADPs are reduced in comparison to those of the higher temper-
ature structures, and this indicates that the disorder is a dynamic, temperature-driven
effect. Ab initio calculations of the phonon dispersion for this Pnma phase (Supporting
Information) reveal no unstable modes, suggesting that there is no further phase evo-
lution on cooling below 100 K. Calculations of the bond valence sums (BVS) [245, 246]
for Cs™ in a 12-coordinate site using bond valence parameters extrapolated by Brese

and O’Keeffe, [247] give BVS of 0.86 and 0.53 at 100K and 300K, respectively. Cs is

severely under-bonded in the cubic phase, but combined Cs and Br displacements in
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Figure 5.13: Fits obtained from the Rietveld refinements of the low temperature
phases of CsSnBr3. The joint refinement of the (a) X-ray and (b) TOF neutron diffrac-
tion data at 100 K indicates the data is well fit against orthorhombic Pnma. (c) Refine-
ment of the X-ray diffraction data at 270K shows the data is well fit with tetragonal
P4/mbm. Figure prepared by Geneva Laurita.
the orthorhombic phase raise the BVS closer to the nominal value of 1, optimizing Cs
coordination and stabilizing the Pnma structure. Fits of the 100 K X-ray PDF data over
a 2A to 5 A range against the refined average Pnma structure show the local structure
of CsSnBr; is described well by this model (Supporting Information).

Rietveld refinement of the X-ray diffraction data collected at 270 K was performed
against a structural model with space group P4/mbm with Cs* in the 2¢ Wyckoff site
at (3,0, 1), Sn*" in the 2a site at (0,0,0), and Br~ in the 2d and 4g sites at (0,0, 1) and
(z,y,0), respectively. The resulting fit and select crystallographic data are summarized
in Figure 5.13(c) and Table 5.2. Refinement against the P4/mbm structure provided a
reasonable fit of the data (R, = 9.21 %). Refinement against the reported P42,2 struc-
ture [240] was performed, but yielded a poorer fit (R,, = 9.58 %) and is shown in the

Supporting Information. Additionally, assignment of P4/mbm space group symmetry

is consistent with calculations of the preferred octahedral tilts for perovskite bromides
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(a) 100K Neutron + X-ray (b) 270 K X-ray (c) 300 K Neutron + X-ray

Figure 5.14: Evolution of the crystallographic structures of CsSnBrs upon warming

from (a} orthorhombic Pnma at 100K, to (b) tetragonal P4/mbm at 270K, to (c) cu-

bic Pm3m at 300 K. ADPs for all structures shown at 90 % probability. Figure prepared

by Geneva Laurita.
[248] and with calorimetry (Supporting Information): The transition from Pnma to
P4/mbm is allowed to be continuous under Landau theory, while Pnma to P42,2 is not
(ISOTROPY Software Suite, iso.byu.edu). As expected, the BVS for Cs (0.63 at 270 K)
is intermediate to those in the cubic and orthorhombic phases.

Through the application of Rietveld analysis of X-ray and neutron diffraction data,
it was determined that CsSnBr; adopts the following structures: orthorhombic Pnma
below 250 K, tetragonal P4/mbm between 250 K and 286 K, and cubic Pm3m above
286 K. The successive phases are visualized in Figure 5.14. Upon cooling, the structure
undergoes an in-phase rotation of the SnBrg octahedra about the c-axis correspond-
ing to an a’a’c™ tilt, which is consistent with calculations of the preferred octahedral
tilts for perovskite bromides. [248] Additional out-of-phase rotation is observed at
100 K, corresponding to an a b a~ tilt. In addition to the onset of rotational transi-
tions, the isotropic ADP of Sn** is reduced upon cooling, implying the disorder around
the crystallographic site is dynamic in nature and off-centering is suppressed at low
temperatures. There is an observed increase in the Sn—Br bond lengths and decrease
in the Sn—Br-Sn bond angles with cooling, indicating the degree of overlap between

the Sn(p) and Sn(s)-Br(p) orbitals decreases as the structure undergoes the successive
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Table 5.2: Select crystallographic data from the Rietveld refinements of powder syn-
chrotron X-ray and neutron diffraction data of CsSnBr3 at 100 K, 270 K, and 300 K.

Temperature (K) 100 270 300

Data sets X-ray, neutron X-ray X-ray, neutron
Space Group Pnma P4/mbm Pm3m

a () 8.1965(2) 8.1789(2)  5.8043(3)
b (A) 11.5830(3) 8.17989(2) 5.8043(3)
c (A 8.0243(2) 5.8193(2) 5.8043(3)
Volume (A3) 761.82(3) 389.29(3)  195.546(5)
Sn U, (A2) 0.013(5) 0.024(2) 0.022(5)
Cs Uy (AD) 0.033(5) 0.082(5) 0.077(2)
Cs Uy (A2) 0.021(4) 0.082(5) 0.077(2)
Cs Uss (A?) 0.038(5) 0.057(8)  0.077(2)
Cs Uy (A2 0.0 -0.032(9) 0.0

Cs Uz (A -0.008(4) 0.0 0.0

Cs Uy (A2 0.0 0.0 0.0

Brl Uy, (A%) 0.033(4) 0.090(9) 0.02(2)
Brl U,y (A2) 0.010(3) 0.090(9) 0.148(3)
Brl Us; (A2) 0.042(4) 0.018(9) 0.148(3)
Brl U, (A2) 0.0 0.0 0.0

Brl U,; (A%) -0.007(4) 0.0 0.0

Brl U,; (A2) 0.0 0.0 0.0

Br2 U; (A?) 0.020(2) 0.052(7) -

Br2 Us, (A2?) 0.032(2) 0.052(7) -

Br2 Us; (A2) 0.023(2) 0.119(9) -

Br2 U, (A2) 0.0 0.041(8) -

Br2 U,; (A2) -0.008(2) 0.0 -

Br2 U,; (A2) 0.002(2) 0.0 -

Sn-Brl (R) 2.9245(7) 2.9096(9) 2.9021(5)
Sn-Br2 (A) 2.927(3) 2.910(9) -
Sn-Br1-Sn (°)  164.0(2) 180 180
Sn-Br2-Sn (°)  156.8(4) 167.0(5) -

Ry (%) 5.48 9.21 4.31
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rotational phase transitions. The reduction of orbital overlap results in less propensity
for stereochemical activity of the Sn?* lone pair, and thus less tendency for Sn?* off-
centering. Additionally, octahedral rotations bring the ions closer together, resulting in
a larger electrostatic penalty for Sn?>* displacement. These observations illustrate the
competing tendencies for lone pair stereochemical activity and octahedral rotations. At
elevated temperatures, the former dominates, while the latter emerges upon cooling
and suppresses off-centering of Sn?*. A discussion of the competition between cova-
lency and ionicity for the related perovskite CsPbFj; is given by Smith and coworkers,
[249] which displays both a~a~a~ octahedral rotations and Pb*" displacements in the

low temperature phase. [250]

5.4 Conclusion

The main-group halide perovskite CsSnBr3 exhibits competing tendencies for local
Sn?* off-centering and SnBry octahedral rotations. Due to the presence of the 5s* lone
pair, an instability emerges in the cubic phase as the lattice is expanded on warming.
This instability is characterized by dynamic off-centering of Sn** in its coordination
environment and the localization of the stereochemically active 5s? lone pair as a lobe
opposite the direction of cation displacement, providing evidence of emphanisis in this
material. These displacements occur preferentially along (111) and likely exhibit some
short-range coherence. While this locally distorted state is “crystallographically hid-
den” (the only clue being elevated thermal displacement parameters for Sn?>* when
refined in a high symmetry environment), it is evident in the pair distribution function
as emergent asymmetry in the first Sn—Br correlation, and is corroborated by ab initio
calculations of the lattice dynamics, dielectric properties, and electronic structure of

the crystal. Similar calculations on isostructural CsPbBr; and CsCaBrs indicate that this
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off-centering instability is present but weaker in CsPbBrs, in accordance with existing
theory of lone pair stereochemical activity, and is entirely absent in CsCaBrz, which
lacks a lone pair on the divalent cation. These local cation displacements drive a rapid
blue-shift of the bandgap on warming which is observed in photoluminescence mea-
surements. Upon cooling, CsSnBr; undergoes successive phase transitions driven by
octahedral rotations, with the unit cell transforming from orthorhombic to tetragonal
to cubic. In crystal structure models for the tetragonal and orthorhombic phases, re-
duced thermal displacement parameters for Sn?>* suggest that there are no coherent or
local cation displacements that are not captured by the model: Lone pair stereochem-
ical activity is suppressed by the octahedral rotations. The phenomenon is likely to
be quite general and one would expect to observe emphanisis also in the cubic phases
of CsSnCl; and CsSnl; with the strength of the effect increasing as the halogen atoms
become lighter and more electronegative. [35]

The unusual structure evolution of CsSnBr3 sheds further light on the role of lone
pair electrons in extended inorganic solids. Chemical tuning to bring about this proxi-
mal instability in the halide perovskites offers a means to tailor the properties of these
curious and promising semiconductors: By exploiting lone pair stereochemistry, it is
possible to engineer lattice polarizability that enhances dielectric response and pro-
motes polaron formation, thermal conductivity reduction, anomalous bandgap evolu-

tion with temperature, and possibly other functionalities.
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Chapter 6

Chemical tuning of lone pair
stereochemical activity in hybrid tin

and lead perovskites

! Hybrid halide perovskites combine ease of preparation and relatively abundant con-
stituent elements with fascinating photophysical properties. Descriptions of the chem-
ical and structural drivers of the remarkable properties have often focused on the po-
tential role of dynamic order/disorder of the molecular A-site cations. We reveal here a
key aspect of the inorganic framework that potentially impacts electronic, thermal, and
dielectric properties. The temperature evolution of the X-ray pair distribution functions
of hybrid perovskites ABX5; [AT™ = CH3NH; (MA) or CH(NH,), (FA); B>" = Sn or Pb; X~
= Br, or I] in their cubic phases above 300 K reveal temperature-activated displacement

(off-centering) of the divalent group 14 cations from their nominal, centered sites. This

!The contents of this chapter have substantially appeared in reference [51]: G. Laurita, D. Fabini,
C. Stoumpos, M. Kanatzidis, R. Seshadri, Chemical tuning of dynamic cation off-centering in the cubic
phases of hybrid tin and lead halide perovskites, Chem. Sci. 2017, 8, 5628-5635, Published by The
Royal Society of Chemistry, reprinted with permission.
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symmetry-lowering distortion phenomenon, previously dubbed emphanisis in the con-
text of compounds such as PbTe, is attributed to Sn?>* and Pb?** lone pair stereochem-
istry. Of the materials studied here, the largest displacements from the center of the
octahedral sites are found in the tin iodides, a more moderate effect is found in the
lead bromides, and the weakest effect is seen in the lead iodides. The A-site cation
appears to play a role as well, with the larger FA resulting in greater off-centering for
both Sn?* and Pb?*. Dynamic off-centering, which is concealed within the framework
of traditional Bragg crystallography, is proposed to play a key role in the remarkable
defect-tolerant nature of transport in these semiconductors via its effect on the polar-
izability of the lattice. The results suggest a novel chemical design principle for future

materials discovery.

6.1 Introduction

Inorganic and hybrid organic—inorganic halide perovskites ABX; [AT = Cs, CH3NH;
(MA), or CH(NH,), (FA); B>* = Ge, Sn, or Pb; X~ = Cl, Br, or I] have attracted signifi-
cant research attention of late due to their impressive optoelectronic performance, ease
of preparation, and abundant constituent elements. Since the first application of hy-
brid lead iodides in photovoltaic (PV) devices in 2009, [7] the conversion efficiency of
record perovskite PV cells has risen to over 20%, [251] and the field has broadened sub-
stantially to include the pursuit of lead-free materials, [14, 13, 121, 15, 16, 252, 253,
254, 255] bromides and mixed halides for light emission and detection applications,
[21, 24, 23, 22, 256, 257] and layered perovskite-derivatives for enhanced stability.
[11, 155, 258] However, key aspects regarding the origins of the remarkable function-
ality of these materials remain enigmatic. Among them are: Why do the low rates of

carrier trapping and recombination [259, 221, 260, 256, 257] in these relatively soft,
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solution-processed materials approach those of the best high purity III-V semiconduc-
tors, leading to long carrier lifetimes and long diffusion lengths? [164, 259] Why are
carrier mobilities so modest, [221, 259, 228] relative to calculated carrier effective
masses and typical scattering rates? In answering these questions, much attention has
focused on the potential importance of the A-site organic molecular cations in the hy-
brid systems, [165, 261, 262] but recent reports suggest that all-inorganic analogues
exhibit many of the same structural tendencies [50, 263] and favorable transport prop-
erties. [25, 264, 265, 266, 260]

A clue then to the unusual properties potentially lies in these systems being
proximate in phase space (composition, temperature, pressure, strain) to symmetry-
lowering distortions of the octahedral coordination environment of the group 14
divalent cation. The presence of this instability and the role that it may play in the
properties of the perovskites have been hinted at in prior reports, [189, 93, 233, 50]
but have not been explored in detail, nor have the impacts on the properties been fully
considered. The strength of this effect is dictated by the stability of the ns? level of the
isolated lone-pair bearing cation and the electronegativity of the halogen. In the case
of the perovskites studied here, the Goldschmidt tolerance factor as influenced by the
size of the A-site cation, and potentially, the shape of the A cation is also likely to play
a role, providing guidelines for tuning these effects in a rational manner.

Main-group cations with a valence state that is two fewer than the group valence
(e.g. Sn?T, Sb3*, TI*, Pb®T, Bi*") possess the lone pair s’p” electronic configura-
tion and are prone to symmetry-lowering distortions associated with the pseudo- or
second-order-Jahn-Teller effects. [33, 34] Heavier cations have deep ns? levels due to
relativistic stabilization, reducing the strength of the on-site s—p hybridization. The
higher energy of the ns? levels of lighter cations, as well as the mixing with anion p

orbitals leads to stereochemical expression of the lone pair. [36, 38, 39, 35, 41] This is
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exemplified in the AGel; (A" = Cs, MA, FA) perovskite analogs, [17] where the strong
tendency for activity of the s? electrons of Ge result in room-temperature structures
with highly distorted Ge environments, that also happen to be polar. In contrast, the
heavier Sn and Pb atoms form halide perovskite compounds that can crystallize with
these cations in relatively regular octahedral environments.

The choice of ligand is also a key factor, with more electronegative anions result-
ing in greater interaction of anion p states with the orbitals of the cation and thus
greater propensity for the off-centered coordination polyhedra associated with lone
pair stereochemical activity. [35] When the propensity for lone pair stereochemical
activity is not sufficiently strong relative to thermal energy to produce a ferroically dis-
torted phase, uncorrelated, local off-centering displacements of the main-group cation
can result. Such displacements have recently been observed to emerge from a high
symmetry phase upon heating in rock-salt group 14 chalcogenides, [172, 179, 171]
and have been termed emphanisis. This phenomenon leads to substantial anharmonic-
ity of the lattice dynamics, contributing to the observed ultralow thermal conductivity
important for thermoelectrics, [267] and has been a topic of intense interest since the
first reports. [173, 177, 181, 174, 175, 180, 178, 176] Our recent work has shown
a similar dynamic displacement of Sn** in CsSnBr; at ambient and elevated tempera-
tures, [50] suggesting that an emphanitic local distortion of the metal halide network
may also be present in the technologically important hybrid halide perovskites.

We show here that the tendency for symmetry-lowering local distortions of the
group 14 cation coordination environment exists across the hybrid halide perovskites.
Pair distribution functions for ABX; (A" = MA and FA; B>t = Snand Pb; X~ = Brand I)
calculated from X-ray scattering at and above 300K reveal temperature-activated, dy-
namic off-centering of the lone pair-bearing Sn?>* and Pb?* cations that is not observed

through traditional crystallographic techniques. This local off-centering is described by
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displacements along (111), and we find the largest degree of off-centering in the lead-
free tin iodides, a moderate degree in the lead bromides, and the smallest degree in the
lead iodide compositions. This qualitative agreement with the chemical predictors of
lone pair stereochemical activity as enumerated for the group 14 chalcogenides, [35]
together with our prior ab initio studies of perovskite CsSnBr3, [50] implicate the lone
pairs as the driving force for this behavior. This phenomenon has profound implications
on understanding the properties: Systems displaying this proximal instability exhibit
strongly anharmonic lattice dynamics leading to an elevated static dielectric response
that reduces carrier scattering, trapping, and recombination, [99, 170, 227] high coef-
ficients of volumetric thermal expansion, [268, 168, 50, 53] and unusual temperature
evolution of the bandgap. [50] The substantial lattice polarizability associated with this
proximal instability is of particular importance as it may explain why carrier mobilities
are limited by scattering from phonons rather than charged defects [221, 222, 223]
and why carrier trapping and recombination rates are so low. [259, 221, 260] This
additionally lends credence to the hypothesis of large polaron formation [227] that
reconciles small carrier effective masses from band theory with the modest mobilities
observed in experiment. Chemical control of this phenomenon, as demonstrated by
the qualitative composition trends observed here, offers new design principles in the

search for defect-tolerant semiconductors.

6.2 Methods

6.2.1 Materials preparation

The hybrid perovskites were prepared following modifications of previously re-

ported procedures. [67] PbO and CH3NH;3Cl were purchased from Sigma-Aldrich.
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HC(NH,),Cl was prepared by stoichiometric addition of solid HC(NH,),(O,CCH3) in
37 % aqueous HCI, followed by rotary evaporation and washing with toluene to remove
excess acetic acid. [53] Black SnO was prepared following a modification of the liter-
ature procedure. [269] Detailed procedures for the the preparation of polycrystalline
samples of CH3NH;PbI;, HC(NH;),Pbl;, CH3NH;3SnI;, HC(NH,),Snl3, CH3NH;3PbBr3,

and HC(NH,),PbBr3 can be found in the Supporting Information.

6.2.2 X-ray scattering data collection and modeling

For synchrotron total scattering measurements, samples of fine powder, obtained
by means described above, were transferred into Kapton capillaries (0.81 mm OD,
0.8 mm ID) and tightly compacted to ensure the maximum packing fraction. Both ends
of the capillaries were sealed with epoxy and stored in a N, atmosphere prior to the
measurement.

Synchrotron X-ray total scattering measurements were collected on the 11-ID-B
beam line at the Advanced Photon Source located at Argonne National Laboratory. 2D
scattering data were collected on a Perkin-Elmer amorphous Si-based area detector.
A photon wavelength of 0.21 14 A (58.66keV) was used for MAPDI; (collected from
360K to 300K), FAPbI; (collected from 480K to 300K to ensure conversion from the
yellow 0 phase to the black perovskite phase, and verified by analysis of the reciprocal
space data, shown in the Supporting Information at 360 K), MAPbBr; (collected from
360K to 300K), and FAPbBr; (collected from 360K to 300 K). A photon wavelength of
0.1430A (86.70keV) was used for MASnI; (collected from 360K to 300 K) and FASnlI;
(collected from 360K to 300K) to avoid the Sn fluorescence edge at 29.21 keV. Data
were collected every 2 minutes upon cooling at a rate of 6 K min~!. Fit2D [270] was

utilized to integrate the 2D data to 1D diffraction patterns. Corrections to obtain the
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S(Q) and subsequent Fourier Transform with a @), of 23 A-! and an r-grid of 0.01 A
to obtain the X-ray pair distribution function (PDF, G(r)) was performed using the
program PDFgetX2. [195] These parameters were chosen to optimize the r-resolution
while minimizing Fourier termination ripples satisfactorily for all samples across the
series, and an example of the optimization process is shown in the Supporting Infor-
mation for FASnlI3. Instrumental parameters used in the fits were Qy,0qq = 0.06 A~'and
Qdamp = 0.01 A~! as determined from a CeO, standard.

For all samples the A-site cations have been modeled as a pseudo-atom with an
equivalent scattering power (K for CH3NH; and Mn for CH(NH,),) placed in the center
of the A site at (0,0,0) and given a large (between 0.2 and 0.4 A2) atomic displace-
ment parameter (ADP). For all fit ranges, fits of the XPDF data were first performed
against the cubic Pm3m model to obtain lattice parameters. The ADPs for the A- and
B-site cations were refined isotropically, while ADPs for the halide atoms were allowed
to refine anisotropically. The cubic space groups were subsequently transformed into
the respective /4cm and R3m space groups using the “TRANSTRU” tool on the Bilbao
Crystallographic Server. [271, 272, 273] Fits against the /4cm model were first per-
formed over an r-range of 2 A to 25 A. Lattice parameters were fixed to the transformed
values from the cubic fit. The halide positions and anisotropic ADPs were allowed to
refine, while A-site ADPs were fixed to those obtained from the cubic fit. B-site ADPs
were fixed 0.008 A2. For fits against the remaining r-ranges (2A to 5A and all incre-
mental fits), lattice parameters were fixed to the values obtained from the transformed
structures, halide ADPs and displacements were fixed to the values obtained from the
2A to 25A fits while the B-site displacement in the 4a Wyckoff position (0,0, z) was
allowed to refine. Fits against the R3m model were first performed over an r-range
of 24 to 25 A. Lattice parameters were fixed to the transformed values from the cubic

fit. The halide anisotropic ADPs were allowed to refine, while A-site ADPs were fixed
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(a) no B2* displacement  (b) [001] B?* displacement (c) [111] B?* displacement

Figure 6.1: Crystal structures chosen to model the X-ray PDF data: (a) cubic Pm3m
with no B-site off-centering or octahedral rotations, (b) tetragonal I4cm with allowed
B-site off-centering and static octahedral rotations, and (¢) rhombohedral R3m with
allowed B-site off-centering and no octahedral rotations. Figure prepared by Geneva
Laurita.

to those obtained from the cubic fit. B-site ADPs were fixed 0.008 A2. For fits against
the remaining r-ranges (2A to 5A and all incremental fits), lattice parameters were
fixed to the values obtained from the transformed structures, halide ADPs were fixed
to the values obtained from the 2 A to 25 A fits while the B-site displacement in the 3a

Wyckoff position (0, 0, z) was allowed to refine.

6.3 Results & discussion

Dynamic octahedral rotations have been observed through local techniques at ele-
vated temperatures in several halide perovskite systems [50, 233] which may be active
in conjunction with dynamic off-centering of the B-site cations. To investigate the inter-
play between octahedral rotations and B-site stereochemical activity (and subsequent

off-centering), three crystallographic models (Figure 6.1) were chosen to fit against
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the X-ray PDF data over various r-ranges: cubic Pm3m, which allows neither octahe-
dral rotations nor B-site off-centering; tetragonal /4¢m, which allows for simultane-
ous octahedral rotations and B-site off-centering along the c-axis; and rhombohedral
R3m, which allows for no octahedral rotations but does allow for B-site off-centering
along the [111] crystallographic direction. The space groups chosen to model the local
symmetry of the PDF data were based on crystallographic structures with prototypical
ferroic displacements in perovskite systems. In an effort to qualitatively describe the
local structure, we have chosen known models that systematically lower the symme-
try without drastically increasing the number or correlation of refined parameters. We
have previously reported the R3m structure as an approximate description of the dy-
namic off-centering of Sn?* in CsSnBr; (in comparison to Pm3m, P4mm, and Amm2
models), [50] while the local coexistence of rotations and Pb?** off-centering described
by I4cm has been reported for crystallographically cubic MAPbI;. [233]

The X-ray PDF data was analyzed from 300K to 360K (480K for FAPbI;), shown
in Figure 6.2. The temperature at which the cubic perovskite phase is present varies
for each composition: for MASnl; 7' > 275K, [274] for FASnl3; T" > 250K, [67] for
MAPDI; T' >327K, [275] for FAPbI3; T' > 285K, [53] for MAPbBr; 7" > 237K, [275]
and for FAPbBr3 7' > 265K (unpublished reference). Therefore, quantitative studies
were only performed in the known cubic phase regimes of each sample. Qualitatively,
for all compositions the first B-I peak becomes broader and more asymmetric upon
warming, and the effect is most pronounced for the Sn?>* samples. Peak broadening
and asymmetry are expected to further increase with higher collection temperatures,
which is evidenced in FAPbI;, the only composition collected up to 480 K.

Fits against the X-ray PDF for each sample were performed carefully to avoid ex-
cessive correlation of the refined parameters, and the modeling is described in detail

in the experimental section. To verify the samples are crystallographically cubic, the

117



Chemical tuning of lone pair stereochemical activity in hybrid perovskites Chapter 6

A=[MA]" A=[FA]"

— 300K
— 312K
— 324K
— 336K
— 348K
360 K

- 372K
— 384K
— 396 K
— 408 K
— 420K
— 432K
— 444K
— 456K
— 468K
— 480K

G(r) (A

Pb2+

G(r) (A

Figure 6.2: Overlay of raw X-ray PDF data collected over a range of 300K to T},q.

for (a) MASnl3 (Tyqz = 360K), (b) FASnl3 (Tir0x = 360K), (¢) MAPbIs (Th0z =

360K), and (d) FAPbI3 (T},,4. = 480K). Peak asymmetry of the first B-I correlation at

approximately 3 A is observed in all compositions, but is most pronounced in the Sn

compositions. Figure prepared by Geneva Laurita.
X-ray PDF data were fit over an r-range of 10 A to 25 A against the cubic Pm3m model
at the various reported cubic phase temperatures, and representative fits for each sam-
ple are shown in the Supporting Information. Reasonable goodness-of-fit (R,,) values
(between 8 and 12 %) were obtained for all compositions, suggesting that the data
are well described by expected cubic symmetry as we approach the average, crystallo-
graphic length scale. The corresponding reciprocal space data from the total scattering
experiment, shown in the Supporting Information at 360K, is additionally consistent
with the cubic perovskite structure and does not indicate the presence of any impurity
phases.

Fits of the X-ray PDF data at 360K against the candidate space group models over

a 2.0A to 5.0 A range indicate the poorest fit for all samples against the cubic Pm3m
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Figure 6.3: Fits of the X-ray PDF data at 360K from 2.0 A to 5.0 A against the various

space groups for representative samples FASnl3 [(a) Pm3m, (b) I4cm, and (c) R3m]

and MAPDI;3 [(d) Pm3m, (e) I4cm, and (f) R3m]. For both FASnI3 and MASnI3 (Sup-

porting Information), the peak shape of the first Sn—I correlation is best captured by

Sn off-centering along (111) as in the R3m model, while FAPbI; and MAPbI; (Sup-

porting Information) are equally well-described by both the /4¢m and R3m models.

Figure prepared by Geneva Laurita.
model. Fits for the most extreme cases, FASnI; (most distorted B-I peak) and MAPbI;
(least distorted B-1 peak), are shown in Figure 6.3. For both Sn?* samples, the best
description of the Sn-I correlation is described with the R3m model, indicating off-
centering best described by rhombohedral symmetry. It should be noted that the
goodness-of-fit for the Sn?>T compositions are heavily influenced by the fit to the I-I
correlations due to stronger scattering power of I vs. Sn (in comparison to I vs. Pb).
This appears to result in a poorer fit in the Sn—I correlation of these samples; however,

this does not change the result that the local symmetry of the Sn?>" compositions is best

modeled with a rhombohedral off-centering of the Sn**. It should also be noted that
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the use of anisotropic displacement parameters are necessary to fit the I-I correlation
around 4.5 A. However, the implementation of large anisotropic displacements of the
halides perpendicular to the B-I bond does not account for the observed peak asymme-
try of the first B-X correlation, even with highly exaggerated anisotropic components
as we demonstrated for CsSnBr;. [50] For both Pb?* samples, a similar description of
the Pb-I correlation is obtained with both the /4cm and R3m models. This indicates
cation off-centering is present in the Pb?* samples; however, it is minor compared to
that of the Sn** samples, and complicated by a greater degree of correlation with the
refined halide parameters. Regardless, the crystallographic cubic phase is an insuffi-
cient model of the local symmetry of the Sn?* and Pb?* coordination environment for
all compositions.

To investigate the coherence length of distortions in the samples, 10 A incremental
fits of the PDF data at 360 K were performed (r-ranges = 1 Ato10 A, 5Ato015 A, 10A to
204, and 15A to 25 &). R, values of the fits against the various space group models as a
function of r,,,, are shown in Figure 6.4. R,, values of the 2 A to 5 A fits are also plotted
to illustrate the best representation of the local B-site coordination environment. It is
observed for all samples that the cubic model quickly becomes the best description of
the data as the incremental series progresses, even at an r-max of only 10A, and the
R, for the cubic fit continues to decrease with increasing r,,.., further illustrating cubic
symmetry as the fit range tends towards the average crystallographic structure.

In CsSnBr3, we determined the presence of a dynamic displacement of the Sn?**
cation of approximately 0.2 A along the [111] crystallographic direction at 420 K. [50]
Fits of the local structure of the compositions studied herein indicate a similar local
cation displacement. The presence of cation displacement with increasing tempera-
ture was investigated by fitting the temperature-dependent data of all samples against

the R3m model over a range of 24 to 5A, shown in Figure 6.5. Refined local struc-
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Figure 6.4: Goodness-of-fit parameters (R,,) as a function of r-max for 10 A incre-

mental fits of the X-ray PDF data at 360K against the various space group models

for (a) MASnI;, (b) FASnI3, (¢) MAPbDI3, and (d) FAPbIs. Models that allow B-site

displacements (/4cm and R3m) have lower R,, values with an r-max of 5A for all

samples, while cubic Pm3m results in lower R,, values for all fits with r-max of 10A

and above. Figure prepared by Geneva Laurita.
tures indicate large displacements are present for the Sn?>*-containing samples, while
they are minimal in the Pb?* samples. At 360K the maximum displacement for each
composition, from largest to smallest, is approximately 0.24 A in FASnI;, 0.224 in
MASnl;, 0.06 A in FAPbI;, and 0.01 A in MAPbI;. This goes with the expected trend of
larger displacements in Sn** than Pb?" due to larger relativistic effects in Pb and larger
displacements with increasing lattice parameter from MA to FA. In addition to these
cationic effects, the chemical identity of the anion and subsequent interaction between
its orbitals with that of the of the B-site cation affects the propensity for stereochemical

activity. Increasing the hardness of the anion (i. e. APbBr; instead of APbl;) increases

the interaction of the anion p states with the B-site s orbitals, [35] thus increasing the
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Figure 6.5: X-ray pair distribution functions for (a) MASnI3, (b) FASnI3, (c) MAPbI3,

and (d) FAPbI; at 360K of the nearest B-I correlation. (e) Refined displacements

of the B-site cation in space group R3m as a function of temperature indicate large

displacements for Sn?* iodides and minimal displacements for Pb?* iodides. Refined

displacements for the APbBr3 analogs indicate moderate off-centering. Reported Sn?*

displacements in CsSnBr3 are overlaid for comparison. [50] Dashed lines in (a-d)

indicate the distinct bond lengths extracted from modeling the local structure in space

group R3m ([111] displacement). Figure prepared by Geneva Laurita.
tendency for activity of the lone pair. Therefore, a larger rhombohedral distortion of
Pb** should be observed in MAPbBr; and FAPbBr; in comparison to their iodide coun-
terparts. Indeed, fitting of X-ray PDF data of MAPbBr; and FAPbBr; at 360 K against the
R3m model (Figure S6) indicates a Pb?* displacement of approximately 0.15 A. Based
on the magnitudes of displacements resulting from the fits, it appears the identity of the
A-site cation, which plays a role in the lattice parameter and influences octahedral rota-
tions observed upon cooling, has the smallest effect on the stereochemical activation of

the lone pair, and the composition of the B-site cation and X-site anion are the largest

drivers for stereochemical activity of the s electrons, highlighting the importance of the
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B-X cation—-anion orbital interaction. However, the displacement magnitudes reported
for CsSnBr3 [50] are essentially indistinguishable from those we find for MAPbBr; and
FAPbBr3, suggesting that A-site shape may matter in addition to size, as one would
expect greater displacements for Sn?* than for Pb?* given the same anion. We expect
these chemical trends to be universal in the halide perovskite materials, even extending
to the layered perovskites, which are known to exhibit distortions of the MXg octahedra.
[276, 277, 278, 279], the dimensionality of layered perovskites may play an additional

role in octahedral distortions and warrants further consideration.

6.4 Conclusion

We have shown through analysis of pair distribution functions calculated from X-ray
scattering experiments that dynamic, temperature-activated B-site cation off-centering
displacements occur at and above ambient temperature in the hybrid halide perovskites
MASnI;, FASnl3, MAPbI3;, FAPbI;, MAPbBr;, and FAPbBr; as a consequence of lone
pair stereochemical activity. The propensity for stereochemical activity can be tuned
through chemical substitution on all sites of the ABX; perovskite structure: Substitution
of a larger A-site cation (FA™ for MA™), a lighter B-site cation (Sn®>" for Pb?*"), and a
harder anion (Br~ for I") all enhance the magnitude of these displacements. This
tendency arises directly from the inherent instability of high-symmetry coordination
for ns?p® cations with significant impact on properties. [50]

Importantly, these observations are consistent with the emerging hypothesis that
the remarkable defect-tolerance of these semiconductors is related to the lattice po-
larizability, and does not require the strongly dipolar [CH3NH;3] ™' cation of the hybrid
compositions. Recent reports have focused on the possibility of large [227] and small

[280] polaron formation, and measurements of lifetimes and recombination constants
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for both hot [262] and band-edge [260] carriers point to important differences and sim-
ilarities across compositions. Zhu and coworkers find that hot carriers are much longer
lived in MAPbBr3 and FAPbBr; than in CsPbBr3 and ascribe this to the dipolar molecular
cations. [262] However, this ignores the negligible FA dipole moment (0.21 D) [165]
compared to that of MA (2.29D) [165] and the fact that, unlike the hybrid composi-
tions, CsPbBrs; is tilted (orthorhombic, a™b~b7) rather than cubic at room temperature,
[281, 25] which will affect lattice dynamics and polarizability both directly and via the
suppression of lone pair stereochemical activity through reduced orbital overlap. In
a separate report, Zhu and coworkers find extremely low trapping and recombination
constants for band-edge carriers in all three compositions, suggesting the importance
of the lead-halogen sublattice, rather than the molecular cations, for defect tolerance.
[260] Additionally, the large static dielectric response of the halide perovskites is well
known, [282, 161, 283, 284, 52, 53] and likely contributes to the effective screening
of charged defects, [158] as has been postulated for thallium halides [99] and demon-
strated for doped complex oxides. [170] Our findings are consistent with these ideas,
suggesting the desired optoelectronic properties are in large part a consequence of the
behavior of the metal-halogen network.

An analogous system where proximal instabilities impact transport properties may
be seen in SrTiOs. This d° system—which has attracted renewed attention in recent
years because of the rich electrical transport phenomena doped variants display, par-
ticularly in thin film form [285]—is also subject to the off-centering instabilities due to
second-order Jahn-teller effects. [34] However, due to the balance of size effects and
the perovskite tolerance factor, the expected off-centering transition is pushed down to
low enough temperatures that quantum fluctuations suppress any phase transition to a
structure with distorted TiOg octahedra. [286] The dielectric constant is anomalously

high however, resulting in unusual transport behavior in doped phases. [287, 288]
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Most notably, polaronic effects, as in the halide perovskites, have been implicated in
yielding a measured effective mass that appears larger than one would expect from
band structure calculations. [289]

The elevated polarizability conferred by the proximal instability in Sn?* and Pb**
halide perovskites, together with the shallow nature of defect states due to the anti-
bonding character of the valence band [290, 291, 126] and the possible separation of
excited carriers in reciprocal space due to the spin-orbit interactions [292, 293, 235]
are proposed to imbue these materials with their remarkable defect-tolerance. Actively
profiting from the phenomena of proximal instabilities due to lone pairs offers a new
paradigm for the chemical design of defect-tolerant semiconductors: Other compounds
with lone pair-bearing ions in high symmetry environments may exhibit similarly fa-

vorable transport and recombination properties.
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Chapter 7

Low temperature glassy dynamics in

hybrid lead iodide perovskites

! Hybrid main group halide perovskites hold great technological promise in optoelec-
tronic applications and present rich and complex evolution of structure and dynamics.
Here we present low temperature dielectric measurements and calorimetry of APbl;
[A = CH3NH3", HC(NH,),"] that suggest glassy behavior on cooling. In both com-
pounds, the dielectric loss displays frequency-dependent peaks below 100 K character-
istic of a glassy slowing of relaxation dynamics, with HC(NH,),Pbl; exhibiting greater
glass fragility. Consistent with quenched disorder, the low temperature heat capacity
of both perovskites deviates substantially from the ~7 acoustic phonon contribution
predicted by the Debye model. We suggest that static disorder of the A-site molecu-
lar cation, potentially coupled to local distortions of the Pb-I sublattice, is responsible

for these phenomena. The distinct low temperature dynamics observed in these two

!The contents of this chapter have substantially appeared in reference [52]: D. Fabini, T. Hogan, H.
Evans, C. Stoumpos, M. Kanatzidis, and R. Seshadri, Dielectric and thermodynamic signatures of low
temperature glassy dynamics in the hybrid perovskites CH3NH3Pbl; and HC(NHs)oPbls, J. Phys. Chem.
Lett. 2016, 7, 376-381, (© 2016 American Chemical Society, reprinted with permission.
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perovskites suggest qualitative differences in the interaction between the molecular
cation and the surrounding inorganic framework, with potential implications for de-

fect screening and device performance at ambient temperatures.

7.1 Introduction

Hybrid organic-inorganic main group halide perovskites of the form AMXj;
[A = CH;NH;t, HC(NH,),"; M = Sn?t, Pb?t; X = Cl—, Br—, I~ ] have attracted intense
research interest for their performance in photovoltaic (PV) and other optoelectronic
devices, coupled with ease of preparation, and abundance of their constituent ele-
ments. In particular, CH;NH;3PbI; (methylammonium lead iodide) has been the subject
of numerous recent investigations since the first report of its application in a PV device
in 2009. [7] Recently, high performance PV devices incorporating HC(NH,),Pbl;
(formamidinium lead iodide) have been reported. [294] For both compositions, many
reports have focused on characterizing devices and understanding photophysical
and electronic processes, while far fewer efforts have sought to develop a detailed
description of crystal structure and disorder.

Due to the importance of local electric fields and defect screening for carrier sepa-
ration and extraction in devices, much recent work has focused on the local dielectric
environment in related lone pair-bearing main group metal halides [99, 93] and the re-
lationship between long-range polarization and performance of field-effect transistors
and PV devices employing CH;NH;3PbI;. [28, 27] In addition to its importance in phase
transitions in hybrid perovskites [295, 190, 188, 67, 191], the A-site dipolar cation is
an important determinant of dielectric properties. [282, 296] Accordingly, much atten-
tion has been paid to the dynamics of the disordered molecular cations in CH;NH3PbIs;.

Early ?H nuclear magnetic resonance (NMR) investigations of N-deuterated samples
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indicate both rapid reorientation of the C-N axis with respect to the inorganic cage
(hereafter, “tumbling”) and rotation about the C-N axis (hereafter, “twisting”) in the
cubic and tetragonal phases, while only twisting remains in the low temperature or-
thorhombic phase. [297] Temperature studies of 'H NMR spin-lattice relaxation times
indicate the presence of cation twisting (activation energy 60 meV per molecule) in
the orthorhombic phase and suggest rotational tunneling at temperatures below ~70 K
(first excited torsional state 23 meV above the ground state). [298] Based on calorime-
try and infrared vibrational spectroscopy, three models of order—disorder transitions
of the organic cation have been proposed, all of which imply a fully ordered organic
cation in the orthorhombic phase. [275] Dielectric measurements indicate tumbling
of the organic cation in the cubic and tetragonal phases and a Curie-Weiss-like tem-
perature dependence of the real permittivity, consistent with a thermally inhibited net
polarization of the molecular dipoles in the presence of an applied field. [282] Group
theoretical analysis of quasi-elastic neutron scattering experiments suggests the pres-
ence of a four-fold rotation (tumbling, ~5 ps at ambient temperature) and a three-fold
rotation (twisting, ~1 ps at ambient temperature) in the cubic and tetragonal phases,
but only the three-fold rotation in the orthorhombic phase (slowing substantially to
~4 ns at 70 K). [261] Weller et al. refined crystallographic structure models from
neutron powder diffraction that indicate isotropic disorder of the organic cation in
the cubic and tetragonal phases. [191] In the orthorhombic phase, they find that the
molecular point group symmetry is compatible with the crystal site symmetry and all
atoms can be localized. In their model, the organic cations are ordered antiferroelectri-
cally in the [010] direction, with alternating C-N dipole orientations from cell to cell.
Despite the nominal full ordering of the hydrogen atoms, they find large anisotropic
atomic displacement parameters (ADPs) that are consistent with substantial librations

of the organic cation even at 100 K. [191] Lee et al. perform ab initio computational
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investigations of the orthorhombic phase which confirm the stability of the trans confor-
mation of the organic cation and indicate hydrogen bonding between the amine-group
hydrogens and the neighboring iodides of the inorganic cage. [299] Starting from the
nominal structure of Weller et al. and fixing all other structure parameters, they find
energy barriers (per molecule) of ~70 meV, ~190 meV, and ~100 meV for three-fold
rotation of the methyl group, amine group, and full molecule, respectively, implying
that none of these modes are appreciably thermally populated in the orthorhombic
phase. [299]

Far fewer reports of the structure and properties of HC(NH;),Pbl; exist to date. This
compound exhibits polymorphism between a black perovskite phase and a yellow phase
of 1-D chains at ambient temperatures, as well as further phase evolution on cooling.
[67] We shall focus the remainder of our discussion on the perovskite phases. Trigonal
structures for the ambient and intermediate temperature phases have been reported
on the basis of laboratory single crystal X-ray diffraction. [67] The structure of the
ambient temperature phase has recently been clarified via neutron powder diffraction,
which suggests the cubic Pm3m perovskite aristotype and, correspondingly, a highly
disordered molecular cation. [300] The structure of the low temperature phase be-
low 140 K (transition temperature from differential scanning calorimetry, Supporting
Information) has not been fully resolved.

An overview of the crystal structure of the low temperature phase of CH;NH;PbI;
and the high temperature phase of both compositions is given in Figure 7.1. In light
of the conflicting evidence from various experimental and theoretical treatments of the
degree of ordering of the organic cation in the orthorhombic phase of CH3;NH3PblI;,
here we employ dielectric spectroscopy and calorimetry to study the disorder of the
polar molecular ion, and we extend our analysis to the closely-related and relatively

underexplored HC(NH,),Pbl;. We find in both compounds, frequency-dependent di-
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Figure 7.1: (a) High temperature cubic perovskite (Pm3m) structure of CH3NH3PbI3

(@ = 6.31728(27) A at 352 K) [191] and HC(NH,)sPbl; (a = 6.3620(8) A at

300 K) [300] with highly disordered A-site cation. (b) Low temperature orthorhombic

(Pnma) structure of CH3NH3PbI3 at 100 K. Refined ADPs for the atoms of the organic

cation remain large and anisotropic at this temperature. [191] Low temperature struc-

tures (< 150 K) have not yet been reported for HC(NHz)2Pbls. (c) Methylammonium

ion, [CH3NH3]". (d) Formamidinium ion, [HC(NH),] .
electric loss peaks below 100 K characteristic of glassy slowing of relaxation dynamics.
In HC(NH,),Pbls, the evidence points to greater glass fragility, perhaps due to the dis-
tinct shapes and dipole moments of the molecular cations. The low temperature heat
capacity of both perovskites deviates substantially from the C'~T* acoustic phonon con-
tribution predicted by the Debye model. Some static disorder of the A-site molecular

cation, potentially coupled to local distortions of the Pb-I sublattice, is suggested to

play a role in these observed phenomena.

7.2 Methods

Single crystals of CH3NH3PbI; and polycrystalline samples of both compositions

were prepared via previously reported methods. [67] Due to the slow spontaneous
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conversion at ambient temperatures of the black perovskite phase of HC(NH,),Pbl;
to the yellow phase of 1-D chains of face-sharing Pbls octahedra, [67] HC(NH,),Pbl;
samples were fully converted to the perovskite phase just prior to measurement by
heating in a glass vial with a hot air gun, with the phase purity confirmed by X-ray
powder diffraction.

For dielectric measurements, pellets were prepared by grinding polycrystalline sam-
ples and cold-pressing to 9 tons in a 13 mm diameter cylindrical die. Indium con-
tacts were applied via low temperature soldering in a parallel plate capacitor ge-
ometry. Capacitance-loss measurements were performed using an Andeen-Hagerling
AH 2700A Ultra-precision Capacitance Bridge. The sample environment was controlled
using a Quantum Design PPMS, over the temperature range of 1.8 K- 300 K. Real and
imaginary components of relative permittivity were calculated using a parallel plate
capacitor model.

Heat capacity measurements were carried out between 2.2 K and 150 K via re-
laxation techniques in a Quantum Design PPMS cryostat under high vacuum (9 x
107° torr). For CH3NH;PbI;, a single crystal (~1.5 mm, 5.25 mg) was measured.
For HC(NH,),Pbl;, polycrystalline samples were ground, mixed with powdered iron
(50.41% by mass, to enhance thermal conductivity, observed to be extremely low in
both compounds as has been reported for CH;NH3Pbl; [239]), and cold-pressed to
1 ton in a 3 mm x 9 mm die. The pellet was shattered, and a flat shard (4.48 mg)
was measured. The background was subtracted by separately measuring a similarly
prepared sample of the metal diluent (4.90 mg) at the same temperatures: the heat
capacity of the composite sample was assumed to be a simple linear combination of

that of the perovskite and that of the diluent.
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7.3 Results & discussion

The complex permittivity across the full temperature range is presented in the Sup-
porting Information and confirms the reported behavior of the CH3;NH;* cation at the
tetragonal-orthorhombic phase transition. [282] At higher temperatures, the intrinsic
permittivity is obscured by ionic conductivity [28, 27, 301, 296] as well as interfacial
and microstructural effects. [45, 46, 47] The low temperature complex permittivity is
presented in Figure 7.2. Broad, frequency-dependent dielectric loss peaks are evident
in both compositions, arising from the resonance of the probe with a dielectric relax-
ation process. Characteristic of glassy behavior, the dynamics slow by many orders of
magnitude as the sample is cooled towards the glass transition. [302, 303, 304, 305]
Importantly, the real part of the permittivity is minimally reduced as the relaxation is
frozen out (< 1% for CH3NH;PblI3, < 7% for HC(NH,),Pbl;), suggesting that the rele-
vant process does not involve significant reorientation of the C-N dipole axis. Though
a wider spectral range is necessary to identify the functional form of the relaxation
process and to model its temperature dependence, [303] we can readily conclude that
at sufficiently low temperatures, both compositions exhibit a degree of static struc-
tural disorder. The feature seen in HC(NH;),PbI; around 65 K is suppressed to varying
degrees from sample to sample and may be due to extrinsic effects associated with im-
purities or sample preparation. Here, we focus our analysis on the most pronounced
loss peaks (50 K to 80 K for CH3NH;PbI; and 40 K to 50 K for HC(NH;),Pbl3). In
addition to these frequency-disperse loss peaks, the frequency-independent feature at
~13 K in the permittivity of HC(NH,),Pbl; suggests a structural phase transition that
has not been reported.

The temperature-dependence of the relaxation dynamics is given in Figure 7.3. The

glassy slowing is much more abrupt with temperature for HC(NH,),Pbls, suggesting
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Figure 7.2: Low temperature detail of the real (¢,) and imaginary (¢!) parts of the

relative permittivity of polycrystalline (a,b) CH3NH3Pbl3 and (c,d) HC(NH>)-oPbls

extracted from capacitance-loss measurements. Frequency-dependent dielectric loss

peaks (]) indicating substantial slowing of relaxation dynamics are observed in both

samples. Additionally, a divergence in permittivity at 13 K for HC(NH,),Pbl3 indicates

a previously unreported structural phase transition.
that this compound exhibits more fragile glass dynamics, [303] an assertion which is
corroborated by our calorimetry (vide infra). So-called “strong” glass-formers like SiO,
exhibit substantial local structural similarity between the glass and the melt, while
“fragile” glass-formers like toluene can take on a wide range of distinct configurations
upon quenching and are often characterized by non-directional Coulomb or Van der
Waals interactions. [303] The distinct dynamics observed in these two perovskites
suggests that differences in molecular cation size, shape, and dipole moment give rise
to qualitative differences in the mechanism of amorphization and the structure of the
resulting statically disordered phases.

The heat capacities of both compositions are presented in Figure 7.4. As expected

for soft crystals, the heat capacities rise rapidly with temperature and begin to level off

as all phonon modes become appreciably populated. [306] The known HC(NH,),Pbl;
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Figure 7.3: Temperature, 7T,,, of the low temperature dielectric loss peak versus probe

frequency, v. The stronger temperature dependence for HC(NH;),PblI3 suggests that

this composition exhibits more fragile glass dynamics than CH3NH;3PbI3.
first-order phase transition at ~140 K (Supporting Information) is poorly captured with
our logarithmic temperature sampling. At 150 K, the heat capacities of both compo-
sitions are well below the high temperature limit of 36R (gas constant R = 8.314J
mol~! K~!) predicted by Dulong and Petit for this crystal with a 12 atom formula unit.
[306] Indeed, previously reported calorimetry of CH;NH;3PbI; up to 360 K gives a con-
stant heat capacity of ~180J mol~! K~! in the cubic phase. We postulate that this
corresponds to saturation of 21 or 22 of the 36 vibrational modes possible in this
crystal: the 15 translational modes of the inorganic atoms and molecular center of
mass, the 3 rotational modes of the full molecule, and 3 or 4 unidentified moder-
ately soft intramolecular modes such as hydrogen wagging or independent methyl and
amine group rotations about the C-N axis. A similar plateau of heat capacity up to
300 K at a slightly lower value of ~170J mol~! K~! has been reported in the related
CH3NH3PbCl3, CH3NH3PbBrs, [275] and CH3NH3SnBrs. [307] We suggest that in these

hybrid crystals, the heat capacity predicted from classical equipartition of energy is only
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Figure 7.4: Low and intermediate temperature heat capacity of CH3NH3PbI3 and
HC(NH>),Pbls, scaled by the gas constant and in absolute units. Error bars are smaller
than the markers for all points and are omitted. A glass transition in HC(NHs)oPbl3
is evident between 46 K and 51 K while none is detectable in CH3NH3PbI3, consistent
with stronger glass dynamics in the latter compound. [303]
observed at temperatures well above the Debye temperature of the crystal because of
rigid localized modes associated with the molecular ion.

Direct calorimetric evidence of the glass transition in HC(NH,),Pbl; is seen in the
feature between 46 K and 51 K. This subtly enhanced heat capacity for the dynami-
cally disordered state above the transition is not detectable in CH3NH;3Pbl;, consistent
with its stronger glass dynamics. [303] The apparent small discrepancy in glass tran-
sition temperature from the dielectric spectroscopy and from calorimetry is explained
by sample temperature equilibration in the dielectric measurements as the sample was
swept in the cooling direction for the dielectric data in Figure 7.2.

Examination of the low temperature heat capacity on a plot of C/T? versus T,

shown in Figure 7.5, supports the hypothesis of glassy static disorder in both compo-
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sitions. The heat capacity of the crystal deviates substantially from the ~7° scaling
predicted by the Debye model at low temperatures, as indicated by the low tempera-
ture “hump” in the C/T? versus T plot. [308, 309] Systems with glassy disorder are
well-known to exhibit heat capacity in excess of that which can be attributed to acoustic
phonons, though the exact origin of the corresponding “Boson peak” in the vibrational
density of states is still an active area of research. [310, 311, 312] The modeled curves
in Figure 7.5 for various Debye temperatures assume a single A-site atom rather than
a molecule, a simplified model that nonetheless reflects the negligible occupancy of
high frequency intramolecular modes at low temperatures. It is not possible to ac-
curately determine Debye temperatures from these data: the heat capacities deviate
substantially from the Debye model at low temperatures, and at intermediate tempera-
tures the assumption of linear phonon dispersion is invalid for real crystals, particularly
these hybrid systems with molecular ions.

The broader hump in C/T? for HC(NH,),Pbl; is consistent with our assertion
that this compound exhibits greater glass fragility than CH;NH3PbI;. [308] Liu and
Lohneysen have compiled the maximum of C'//T? and the corresponding temperature
for a variety of amorphous and crystalline solids, and determined a scaling relation
between these two parameters. [313] By comparison with their data, the hybrid
perovskites measured here (parameters given in Table 7.1) fall in the region of
polymeric and chalcogenide glasses. [313] Specifically, they are most similar by these
metrics to poly(methyl methacrylate), polybutadiene, and Apiezon N Grease, [313]
offering possible clues about the types of disorder and localized vibrational modes
present in their ground state structures.

Careful examination of the literature suggests a degree of universality to this glassy
behavior in hybrid main group halides and related materials. Similar low tempera-

ture dielectric loss dispersion has been reported but has not been adequately explained
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Figure 7.5: Heat capacity, expressed as C/T3, of CH3NH3Pbl; and HC(NH3),Pbls,
illustrating deviation at low temperatures from the expected C' o< T° acoustic phonon
contribution from the Debye model. *The heat capacities calculated from the Debye
model assume the A-site cation is a single atom rather than a molecule, a simplified
model that nonetheless accounts for the negligible activation of the stiffer rotational
and vibrational modes of the molecule at low temperatures.

Table 7.1: Peak value, P. = (C/T%)r—r,,,,, of the transformed heat capacity and
corresponding temperature, 7T},,., for CHsNH3PbI3 and HC(NH,),PblIs.

Sample Tmaz’ (K) Pc (,UJ gil K74)
CH3NH;PbI; 5.92 30.4
HC(NH,),Pbls 4.87 31.2
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for CH3NH3;PbBr3;, CH3NH3Pbls, [282] and CH3NH3;SnBrs. [307] In these materials,
no glass transition is observed directly in calorimetry [275, 307] suggesting an en-
tropic subtlety to the effect and correspondingly strong glass dynamics. Computational
studies of CH3NH3SnBr; suggest many nearly degenerate possible ground state struc-
tures, [188] which implies a tendency towards glassy configurations. In the hybrid
framework (CH3)>,NH,Zn(HCOO)3, which adopts the perovskite structure and exhibits
similar disorder-driven dielectric transitions to CH;NH3PbIs, [314] glassy behavior and
an associated memory effect have been observed via temperature-dependent 'H NMR
and low temperature calorimetry. [315] A glassy slowing of dynamics similar to those
reported in this work is widely observed in “plastic crystals,” which are composed of
weakly interacting globular molecules that are orientationally or conformationally dis-
ordered. [316] We suggest that we may conceptualize the hybrid perovskites as a
special case of plastic crystal, with a sublattice of isolated, disordered molecules em-
bedded in an extended (and nominally ordered) inorganic framework. In contrast to
conventional glasses that lose translational symmetry, quenched plastic crystals (such
as the hybrid perovskites considered here) exhibit static local displacements and ori-
entational disorder but maintain long-range translational periodicity of the molecular
units. Recently, the analogy to plastic crystals has been identified and the possibility of
orientationally glassy behavior has been predicted. [317] In the same work, a theoret-
ical framework for treating the dynamically disordered cations and couplings between
molecular rotations and lattice vibrations has been proposed. [317]

The precise mechanism behind this glassy disorder in APbI; is unclear. In
CH;3NH;PbI;, early structural models based on transition entropies imply fully ordered
molecular cations in the orthorhombic phase, [275] and ab initio calculations suggest
high barriers to cation twisting about the C-N axis if the inorganic framework is

rigidly fixed. [299] However, experimental evidence from quasi-elastic and elastic
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neutron scattering suggests substantial dynamic disorder down to at least 70 K (the
lowest temperature probed), [261, 191] and it is likely that rotational barriers could
be lowered significantly in the presence of distortions of the soft Pb-I network. The
same computational study suggests that freezing of a C-N axis twisting motion at
an orientation off of a nominal three-fold alignment is energetically unlikely. [299]
It is possible that more complex motions are important. A “wobbling-in-a-cone”
libration has been identified in CH;NH3PbI; at room temperature (~300 fs) from 2-D
vibrational spectroscopy, [318] and it is possible that similar motions persist in the
orthorhombic phase. In light of the attractive interaction between the amine group
hydrogens and the iodides of the inorganic cage, it is unlikely that such wobbling
would ultimately freeze in an incoherent fashion unless it is accompanied by local
distortions of the surrounding Pb-I framework. Low temperature analyses of the
crystal structure have not been reported, and it is conceivable that the ground state of
this material exhibits complex coupled disorder, perhaps including incommensurate
modulation of the organic and inorganic sublattices. [319]

In the absence of low temperature crystal structure models for HC(NH;),Pbls, few
mechanistic conclusions can be drawn for this composition. This material presents a
prime opportunity for future study: compared to CH3NH;3PbI;, the effects of the larger
molecule with a smaller dipole moment and multiple amine groups will be illuminating.
The evidence presented here of low temperature glassy behavior provides new insights
towards a complete description of crystal structure and disorder in this curious and

promising family of materials.
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Chapter 8

Structure evolution & reentrant

features in perovskite CH(NH>),PblI;

! The structure of the hybrid perovskite HC(NH,),Pbl; (formamidinium lead iodide)
reflects competing interactions associated with molecular motion, hydrogen bonding
tendencies, thermally activated soft octahedral rotations, and the propensity for the
Pb2* lone pair to express its stereochemistry. High-resolution synchrotron X-ray pow-
der diffraction reveals a continuous transition from the cubic a-phase (Pm3m, #221) to
a tetragonal S-phase (P4/mbm, #127) at around 285K, followed by a first-order transi-
tion to a tetragonal y-phase (retaining P4/mbm, #127) at 140 K. An unusual reentrant
pseudosymmetry in the S-to—y phase transition is seen that is also reflected in the
photoluminescence. Around room temperature, the coefficient of volumetric thermal

expansion is among the largest for any extended crystalline solid.

!The contents of this chapter have substantially appeared in reference [53]: D. Fabini, C. Stoumpos,
G. Laurita, A. Kaltzoglou, A. Kontos, P. Falaras, M. Kanatzidis, R. Seshadri, Reentrant structural and
optical properties and large positive thermal expansion in perovskite formamidinium lead iodide, Angew.
Chem. Int. Ed. 2016, 55, 15392-15396, (©) 2016 John Wiley & Sons, Inc., reprinted with permission.
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8.1 Introduction

Photovoltaic absorbers based on the hybrid perovskite HC(NH;),Pbl; (formami-
dinium lead iodide) and its alloys exhibit impressive performance, [251] but the de-
scription of the crystal structure of this material is incomplete. In addition to this
technological motivation, [320] dense hybrid materials with 3-D inorganic connectiv-
ity and isolated organic molecular ions combine features of traditional inorganic solids
and open framework materials, and their composition—structure relations are of funda-
mental interest.

The initial report of the preparation and characterization of HC(NH,),PbI; pro-
posed perovskite structures of trigonal symmetry for the «- and -phases on the basis
of laboratory single crystal X-ray diffraction, [67] while a subsequent report assigned
the structure of the cubic perovskite aristotype for the a-phase from neutron powder

diffraction. [300] The structure of the -phase has not been reported.

8.2 Methods

HC(NH,),Pbl; was prepared following a modification of the previously reported
procedure. [67] 4.46 g (20 mmol) of PbO was dissolved in 15 ml of concentrated aque-
ous HI (57%w/w) and the solution temperature was raised and held to boiling (ca.
130°C). In a separate beaker, 2.08 g (20 mmol) of (HC(NH,),)(O,CCH3) or 1.61¢g
(20 mmol) of freshly prepared HC(NH,),Cl (prepared from (HC(NH,),)(0,CCHj3) and
concentrated HCl (37% w/w), followed by copious washing with toluene to remove ex-
cess acetic acid) [300] were dissolved in 5 mL of concentrated aqueous HI (57% w/w).
The latter step was found to be necessary since commercially available HC(NH;),Cl is

extremely hygroscopic and contains hydrolysis products. Addition of the HC(NH,)I
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solution to the Pbl, solution resulted immediately in a fine black precipitate. The reac-
tion was stopped after 5 min and the solution was filtered hot under vacuum to avoid
co-precipitation of hydrated phases obtained for the cooled solution. During filtration,
the black solid turns to yellow, completely converting over a period of 5 to 10 min.
The yellow solid was transferred in a vacuum oven and heated at 120° C overnight,
yielding a black solid that is stable for a period of 20 to 30 days before converting
back to the yellow phase. Note that if the latter step is performed in an evacuated
ampule under static vacuum, the black phase converts to the yellow one within 5 to
10 min. The obtained black material consists of the crystallographically pure a-phase
of HC(NH,),Pbl;. Yield: 9 to 10g (70% to 80%).

High resolution synchrotron X-ray powder diffraction data were collected using
beamline 11-BM at the Advanced Photon Source (APS), Argonne National Laboratory
at a wavelength of 0.459200 A. 50 mg of ground, yellow HC(NH,),Pbl; was packed and
sealed into a 0.5 mm OD Kapton capillary. Complete conversion to the black perovskite
phase was achieved in situ by heating initially to 490 K during data acquisition.

Candidate crystal structures for the phases of HC(NH,),Pbl; were generated using
ISODISTORT (ISOTROPY Software Suite, iso.byu.edu). Le Bail and Rietveld analyses
were performed using the GSAS software suite [196] with the EXPGUI interface. [197]

Photoluminescence measurements were performed on a Renishaw Invia spectrom-
eter analyzing the backscattered filtered light emitted by a laser excitation at 785 nm.
The samples were loaded into a THMS600PS Linkam optical cell under an inert Ar
atmosphere. The incident beam was focused on spots of 5um?. Power density was
on the order of yW um~2, except above 433 K where the PL signal is very low and the
incident power was raised to 0.12mW pm~2. PL spectra were recorded and averaged
from five different spots at each temperature. The spectra from different spots have

similar spectral characteristics but different absolute intensities, and spatial variation
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of peak position is only 1 to 2 nm.

A flat plate capacitor was prepared by grinding black HC(NH,),Pbl; and cold-
pressing to 3 tons in a 6 mm diameter cylindrical die (pellet thickness 2.54 mm) and ap-
plying indium contacts via low temperature soldering. Capacitance-loss measurements
were performed in a Quantum Design PPMS DynaCool using an Andeen-Hagerling AH

2700A Ultra-precision Capacitance Bridge over the frequency range 100 Hz to 20 kHz.

8.3 Results & discussion

The disordered molecular cation, challenges associated with twinning in single crys-
tals, and issues of pseudosymmetry led us to employ high-resolution synchrotron X-ray
powder diffraction to follow the structure evolution of HC(NH,),PbI; between 90 K and
490 K. The temperature-dependent scattering intensity around instructive low-angle
Bragg peaks is given in Figure8.1. The continuous a—to—{ phase transition around
285K is evident in the emergence of the 211 tetragonal peak and the splitting of the
200 cubic peak into the 002 and 220 tetragonal peaks on cooling. The first-order S—y
transition can be seen in the abrupt change in intensities and peak positions at 140K
(transition temperature from reported scanning calorimetry, which confirms the order
of the transitions [52]). Remarkably, the 002 and 220 tetragonal peaks “fuse” in the ~-
phase, while the 211 tetragonal peak remains, suggesting the possibility of a tetragonal
phase with cubic pseudosymmetry.

Le Bail and Rietveld analyses of diffraction data confirm this hypothesis. In agree-
ment with the results of Weller et al., [300] the a-phase is well described by the cubic
Pm3m aristotype (a = 6.35788 Aat 299 K), as shown in Figure 8.2(a). For all phases,
the A-site [HC(NH,),]" cation has been modeled as a pseudo-atom with equivalent

scattering power due to the dynamic disorder (vide infra) and limited sensitivity in the
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Figure 8.1: X-ray scattering intensity from HC(NH>),Pbl; around selected low-angle
Bragg peaks between 90 K and 490 K, normalized to maximum peak intensity. (a) The
211, tetragonal Bragg peak emerges upon cooling through a continuous phase tran-
sition around 285K from the cubic a-phase to the tetragonal 3-phase. (b) The 200,
cubic Bragg peak splits continuously on cooling due to the emergent tetragonality. A
first order transition to the pseudo-cubic y-phase with tetragonal symmetry occurs at
140K. [52] The 002; and 220, tetragonal peaks “fuse” across the —y transition while
the 211, tetragonal peak remains.
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X-ray experiment.

The structure of the $-phase is that of P4/mbm symmetry, with a’a’c™ tilts in Glazer
notation [244] (temperature-dependent structure parameters for all phases are pro-
vided in the Supporting Information). This in-phase uniaxial tilt pattern (Figure 8.2(b))
is in line with computational predictions of the preferred tilts for tetragonal perovskite
iodides [248] and contrasts with the out-of-phase tilts observed in the tetragonal phase
of CH3NH;3PbI3 [191] and many oxides. The anisotropy of the A-site atomic displace-
ment parameters (ADPs) suggests preferential orientations for the molecular cation due
to the tilting of the octahedra.

Remarkably, the structure of the y-phase is also that of a’a’c™ tilts with P4/mbm
symmetry, as shown in Figure 8.2(c), though there are discontinuous changes in many
structure parameters (vide infra) as required for such a first-order transition. Alterna-
tive structures exhibiting simple tilts that maintain 3-D octahedral connectivity [204]
and that allow ferroic Pb?* displacements [321] were screened and rejected based on
unindexed peaks, absences of expected peaks, or both (details given in the Supporting
Information).

Given this highly unusual phase evolution, we examined the temperature depen-
dence of structure parameters from Rietveld refinement of diffraction data across the
temperature range of 90K to 490K, as well as temperature-dependent optical and di-
electric properties. The tetragonal lattice parameter ratio is given in Figure 8.3(a), and
reflects the continuous emergence of tetragonality on cooling into the S-phase, as well
as the reentrant cubic pseudosymmetry in the v-phase.

The photoluminescence (PL) emission peak energy, Epy, is given in Figure 8.3(b).
Epy blue-shifts with temperature in the a- and [-phases, consistent with the effects
of thermal expansion on the unusual electronic structure as well as possible dynamic

Pb2* displacements. [50] Ep;, plateaus above 370K, a range which was not accessed in
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Figure 8.2: Rietveld refinement of X-ray powder diffraction and resulting crystal
structures of the phases of HC(NH,),Pbl3. Recorded scattering intensities are in-
dicated by black dots, modelled intensities by grey lines, and difference curves are
offset below. The A-site [HC(NH;)2]" cation is modelled as a pseudo-atom with
the same form factor due to disorder and limited sensitivity in the X-ray experi-
ment, and atomic displacement parameter (ADP) ellipsoids are visualized at the 50%
level. (a) Cubic a-phase (Pm3m, #221) at 299K, R,, = 12.4%. The formamidinium
cation, [HC(NH3)o] ™ is illustrated. (b) Tetragonal 3-phase (P4/mbm, #127) at 151K,
Ry, =15.1%, viewed down the c-axis. (c) Tetragonal vy-phase (P4/mbm, #127) at
91K, Ry, = 16.1%, viewed down the c-axis. Dashed lines in (b,c) indicate the unique
axis of the A-site ADP ellipsoid.
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Figure 8.3: Tetragonal lattice parameter ratio, photoluminescence peak energy, and
static dielectric permittivity of HC(NH5)oPbls. (a) The tetragonal lattice parameter
ratio reflects the continuous a—# transition on cooling, as well as the reentrant cu-
bic pseudosymmetry in the ~-phase. Error bars are smaller than the markers and
are omitted. (b) The photoluminescence (PL) emission peak energy, Epy, red-shifts
on warming through the - transition. In the (- and a-phases, Ep; blue-shifts
with temperature, consistent with the effects of lattice expansion [50] on the unusual
electronic structure of the main-group halide perovskites, and subsequently plateaus
above 370K. (c) Static dielectric permittivity, e/, extracted from capacitance-loss mea-
surements at 20 kHz. Despite a slight kink at the S—y transition, ¢, declines substan-
tially with temperature in both phases, suggesting reorientation of the dipolar axis of
the A-site cation is minimally inhibited even at these temperatures.
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previous studies. On cooling through the f—y transition, Ep; blue-shifts substantially,
in agreement with existing reports. [322, 323] This is similar to the observed behav-
ior at the tetragonal-orthorhombic transition in CH3NH3Pbl;, [323] where the blue-
shift arises from reduced Pb-I orbital overlap due to the lowered symmetry, though in
HC(NH,),Pbl; the blue-shift despite reduced tilting suggests crystallographically hid-
den disorder of the Pb-I network, though no disorder-induced emission broadening is

apparent.

/
T

The static dielectric permittivity, ¢/, indirectly probes the rotational freedom of

the polar axis of the molecular cation. [324] For the well-studied CH3NH;Pbl;, €,
rises on cooling in the tetragonal phase and drops abruptly through the tetragonal-
orthorhombic phase transition, [282] as the severe tilting of the octahedra constrains
the reorientation of the C-N axis. In contrast, ¢, for HC(NH,),Pbl; has no discontinuity
and continues to rise on cooling in the ~-phase (Figure 8.3(c)), suggesting minimally
inhibited reorientation of the polar axis. The smaller value and reduced temperature
dependence of ¢/ compared to that for CH;NH;Pbl; are consistent with the smaller
dipole moment for [HC(NH;),]". The persistence of considerable cation motion in the
~-phase is in line with our previous observation of a glassy slowing of dynamics below
100K in CH3NH3PblI; and HC(NH,),Pbl;, with HC(NH,),Pbl; exhibiting greater glass
fragility. [52]

The unit cell volume per formula unit, V, is given in Figure 8.4(a). A comparison
of the volumetric thermal expansion coefficient, oy, with those of other main-group
halides and selected framework materials and liquids is given in Table 8.1. Fit over a
temperature range of 200K to 299K, oy is greater than 200x10 5K~! (R? = 99.8%).
Thus, ay for the [-phase is larger than that for liquid mercury [168] and ap-
pears to be nearly the largest for any extended crystalline solid near ambient

temperature. It was recently reported that ay =220x10"°¢K~! for the mixed A-site
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Table 8.1: Volumetric thermal expansion coefficients, «y, of HC(NH>)Pbl3 and se-
lected other compounds near room temperature.

Composition  Phase T [K] ay [1079K~!] Reference

HC(NH,),Pbl; [ (solid) 200-299 206-202 This work
HC(NH,),Pbl; « (solid) 348-489 100-98.6 This work
CH;NH;PbI; [ (solid) 280 132 [268, 326]
CsSnl; ~ (solid) 298 126 [168]
Ag3[Co(CN)g] solid 276 121 [327]
Hg liquid 293 182 [168]

[CH3NH;], 5[HC(NH,),]0.5Pbls, though the precise temperature and fitting range are
unspecified. [325] In the -phase, linear thermal expansion is ~60% greater in the
ab-plane (o, = 7.7x107°K™!) than in the c-direction (o, = 4.9x107° K1), suggesting
anisotropic mechanical properties. While still large, «y is substantially reduced in the
cubic a-phase, consistent with a negative contribution from large amplitude dynamic
octahedral tilts as in A-site vacant ReO3 [206, 207] and ScF;. [219]

The isotropic ADP for Pb, Uj,,, is given in Figure 8.4(b), and increases monotonically
with temperature. While the value is significantly elevated relative to typical values in
oxides (partially a consequence of 6s? lone pair-induced anharmonicity [50]), there
are no discontinuities that would suggest crystallographic Pb?* displacements that are
not captured in our structure models for the low temperature phases.

The Pb-I-Pb octahedral tilt angle is given in Figure 8.4(c), and reflects the contin-
uous a—/3 transition. In the ~-phase, the tilt angle jumps closer to linear, underscoring
the unusual nature of this transition.

Iodine ADPs in the directions orthogonal to the Pb-I bonds, U+, are given in Fig-
ure 8.4(d). Consistent with thermally-activated dynamic octahedral tilts, the values of
U+ decrease monotonically on cooling in the a- and 3-phases. However, they increase
significantly in the v-phase, again consistent with disorder that is not captured by this

crystallographic model. The discrepancy between ADPs for the two distinct I sites in
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Figure 8.4: Selected crystallographic parameters for HC(NH;),Pbls. Error bars for
(a)-(c) are smaller than the markers and are omitted. (a) The unit cell volume per
formula unit, V, reveals unusually large volumetric thermal expansion coefficients
(o =203x1070K~! at 274K). oy is reduced in the cubic phase, consistent with
a negative contribution from large amplitude dynamic octahedral tilts. [206, 207,
219] (b) The isotropic ADP for Pb, Uj,,, is large compared to typical values in oxides
but reveals no discontinuities associated with masked displacements in the tetragonal
phases. (c) The Pb-I-Pb octahedral tilt angle reflects the continuous o~/ transition,
and jumps back toward linear through the unusual S—y transition. (d) The ADPs
for I in the directions orthogonal to the Pb-I bonds, U, decline monotonically with
cooling in the «- and S-phases, consistent with reduced dynamic octahedral tilting.
The increased values of the U+ ADPs on cooling to the y-phase suggest disorder that
is not fully captured by this crystallographic model.

150



Structure evolution & reéntrant features in perovskite CH(NHz)2Pbls Chapter 8

the v-phase reflects parameter correlations that arise from Bragg peak overlap.

Together, the photoluminescence, iodine ADPs, and persistence of molecular mo-
tion in the ~-phase suggest complex (possibly modulated) disorder in this regime.
This is supported by the observation of weak (intensity <0.5% that of the strongest
Bragg peak) diffuse scattering features between Q = 1.55A! and Q =2.00A! that
are not indexed by any plausible space group symmetry. [204, 321] Nonetheless, the
pseudo-cubic unit cell is unambiguous, and underscores the different N-H---I interac-
tions between CH3NH;PbI; and HC(NH,),Pbl;, where the diamine may hydrogen bond
to halogens on both sides of the cage.

In summary, we find that this class of materials, already so fascinating on account
of their outstanding functionality in photovoltaic devices, display fundamental proper-
ties that are surprising and even counterintuitive. The implications for technological
applications are profound. For example, the very large volumetric thermal expansion
creates substantial challenges in device applications. The atomistic origins of the reen-

trant structural and optical behavior deserve further scrutiny.
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Chapter 9

Dynamics of molecular reorientation

in hybrid lead iodide perovskites

! The role of organic molecular cations in the high-performance perovskite photovoltaic
absorbers, methylammonium lead iodide (MAPbI3;) and formamidinium lead iodide
(FAPDI3), has been an enigmatic subject of great interest. Beyond aiding in the ease of
processing of thin films for photovoltaic devices, there have been suggestions that many
of the remarkable properties of the halide perovskites can be attributed to the dipolar
nature and the dynamic behavior of these cations. Here, we establish the dynamics of
the molecular cations in FAPbI; between 4K and 340K and the nature of their inter-
action with the surrounding inorganic cage using a combination of solid state nuclear
magnetic resonance and dielectric spectroscopies, neutron scattering, calorimetry, and
ab initio calculations. Detailed comparisons of the reported temperature dependence

of the dynamics of MAPbI; are then carried out which reveal the molecular ions in the

!The contents of this chapter have substantially appeared in reference [54]: D. Fabini, T. Siaw, C.
Stoumpos, G. Laurita, D. Olds, K. Page, J. Hu, M. Kanatzidis, S. Han, R. Seshadri, Universal dynamics of
molecular reorientation in hybrid lead iodide perovskites, J. Am. Chem. Soc. 2017, 139, 16875-16884,
(© 2017 American Chemical Society, reprinted with permission.
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two different compounds to exhibit very similar rotation rates (~8 ps) at room tem-
perature, despite differences in other temperature regimes. For FA, rotation about the
N---N axis, which reorients the molecular dipole, is the dominant motion in all phases,
with an activation barrier of ~21 meV in the ambient phase, compared to ~110 meV for
the analogous dipole reorientation of MA. Geometrical frustration of the molecule-cage
interaction in FAPbI; produces a disordered ~y-phase and subsequent glassy freezing at
yet lower temperatures. Hydrogen bonds suggested by atom-atom distances from neu-
tron total scattering experiments imply a substantial role for the molecules in directing
structure and dictating properties. The temperature dependence of reorientation of the
dipolar molecular cations systematically described here can clarify various hypotheses
including large-polaron charge transport and fugitive electron spin polarization that

have been invoked in the context of these unusual materials.

9.1 Introduction

The behavior of the organic molecular cations in the hybrid organic-inorganic main-
group halide perovskites has attracted great attention in recent years, in part because
the liquid-like disorder of this sublattice represents something of a novelty with respect
to “traditional” semiconductors. [320, 256, 328, 329] These dense, hybrid materials
are of both fundamental and applied interest. These systems occupy an underexplored
region of the space of plastic crystals (which exhibit translational periodicity but ori-
entational disorder) [316, 330, 331, 332] between better-studied molecular salts and
open 3-D coordination polymers, and are likely to display complex couplings between
microscopic, dynamic processes and macroscopic phase transitions. Further, under-
standing the molecule—cage interaction in these high performance semiconductors with

potential optoelectronic applications [7, 10, 251] is essential for achieving full com-
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positional control of the different material properties, as well as for the design and
discovery of new functional materials.

Since the first preparation of the hybrid lead halide perovskites, [3] the behavior of
the molecular cations has been studied by calorimetry, [275, 52] infrared spectroscopy,
[333, 275, 318] dielectric spectroscopy, [282, 296, 52, 53, 334] Raman spectroscopy,
[335] quasi-elastic and inelastic neutron scattering, [336, 261, 337, 338, 339] nu-
clear magnetic resonance (NMR) spectroscopy, [297, 295, 298, 340, 341, 342] isotopic
substitution, [343] and ab initio methods, [299, 317, 344, 345, 346, 347] and these
findings have been correlated to the structure evolution from crystallographic tech-
niques. [67, 191, 300, 53, 325, 348, 349, 350] Most of these efforts have focused on
MAPb.X; (methylammonium lead halides; MA = CH3NHj3;, X = Cl, Br, I). In contrast, re-
ports on FAPDbI; (formamidinium lead iodide; FA = CH[NH,],) have been less prolific,
and understanding of the system remains incomplete in spite of the highly appealing
photovoltaic performance of compounds with the formamidinium ion. [251]

The molecular cations have at times been invoked to explain all manner of con-
founding phenomena observed in these remarkable materials, including facile charge
separation, [165] a high tolerance to intrinsic point defects, [227] persistent hot car-
riers, [262] and possible dynamic spin-splitting of the band extrema. [292] These
hypotheses are somewhat misaligned with the growing body of evidence suggesting an
important role for local distortions of the inorganic sublattice. [93, 336, 17, 50, 260,
233,51, 263, 351, 279] Indeed, there are now numerous indications that the appealing
optoelectronic properties of the hybrid perovskites are qualitatively matched by their
all-inorganic analogues. [264, 265, 252, 260, 266, 352]

In order then to delineate the properties and functionality of the molecular cations
from those of the inorganic framework, one must first complete the description of the

structure and dynamics of each. To this end, we employ solid-state NMR, a technique
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which is proved crucial for the study of plastic crystals. [316, 353, 297, 295, 298,
354, 355, 315, 356, 357] We complement the studies with neutron scattering, dielec-
tric spectroscopy, calorimetry, and ab initio calculations to establish the behavior of the
formamidinium ion and its coupling to the lattice in FAPbI3 between 4K and 340K.
Despite differences above and below room temperature, FAPbI; and MAPDI; are seen
to exhibit very similar rates of molecular reorientation near 300 K. The unusual reen-
trant S—y phase transition at 140 K reported in FAPbI3 [53] is revealed to be a cascade
of processes over a narrow temperature window, despite rather smoothly varying rota-
tional dynamics. Below 100 K, molecular motion slows considerably, but the molecular
geometry appears to be incompatible with the preferred ground state octahedral tilt-
ing pattern of the inorganic framework, leading to disordered freezing. Temperature-
dependent pair distribution functions from neutron scattering suggest hydrogen bonds
from the amine groups to the iodines of the surrounding cage, highlighting the role
of the molecule in directing structure and modifying lattice dynamics and electron—
phonon interaction. This work establishes important structural and dynamical details
necessary for the evaluation of emerging hypotheses regarding the possible role of the
molecular cations in the unusual and appealing optoelectronic properties of these hy-

brid materials.

9.2 Methods

HC(NH,),Pbl; samples for all experiments except neutron total scattering were pre-
pared as described previously, [53] and HC(ND,),Pbl; samples were prepared follow-
ing a modification of the previously reported procedure, as described below. [67]
PbO and HC(NH;),Cl were purchased from Sigma-Aldrich. 10M solutions of the
HC(NH,),Cl in D,O were prepared by dissolving 8.05 g of HC(NH,),Cl in 10 mL D,O
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and left standing for 24 h prior to use. 4.46g (20mmol) of PbO were initially dis-
solved in 15 ml of concentrated aqueous HI (57% w/w) and the solution temperature
was raised and held to boiling (ca. 130° C) to afford a clear yellow solution. Addition
of 2mL of a 10 M solution of HC(NH,),Cl in D,O resulted immediately in the pre-
cipitation of a fine black precipitate. The solution was stirred for 1 min and filtered
hot under vacuum to avoid the exchange of the deuterium atoms with the hydrogen
atoms. During filtration the black solid turns to yellow completely converting over a
period of 5 to 10 min. The dry yellow solid produced 9 g (71% yield based on Pb) of
crystallographically pure material.

Solid state 'H NMR experiments and 7} relaxation measurements under magic an-
gle spinning (MAS) near ambient temperature were conducted on a 500 MHz (11.7 T)
Bruker Avance NMR spectrometer with a Bruker 4 mm H/X/Y triple resonance MAS
probe. Powdered samples were packed into a 4 mm zirconia MAS rotor and capped
with a Vespel drive cap. For the black perovskite phase, the uncapped, packed rotor
was first heated at ~150° C under dynamic vacuum overnight to ensure complete con-
version to the black phase and prevent subsequent degradation to the yellow phase, as
described previously. [53] 'H chemical shift was referenced to adamantane (1.71 ppm
relative to TMS at O ppm). Longitudinal relaxation (77) experiments utilized the in-
version recovery method. All gas flows (for MAS and temperature control) were dry
nitrogen to reduce the risk of sample degradation to the yellow ¢-phase, which appears
to be hastened by moisture. Sample temperature was calibrated with the 2°"Pb signal
of lead nitrate [358] under the same MAS conditions, and the probehead was allowed
to equilibrate for one hour at each temperature point before data acquisition.

Static solid state '"H NMR experiments below 200K were conducted in a 300 MHz
(7.05T) Bruker Avance DSX spectrometer equipped with a homebuilt NMR probe with

slight modifications from descriptions in previous publications. [359, 360] The pow-
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dered sample was packed in a Kel-F (CTFE) sample cup with inner and outer diameters
of 5.3 mm and 7 mm, respectively, and height of 8 mm. After packing the sample cup,
the sample cup was covered using a Kel-F cap, and immediately placed into the NMR
probe for cryogenic cooling. The NMR probe is placed within a STVP-200-NMR cryo-
stat (Janis Research Company) where a continuous flow of vaporized liquid helium
is used to cool the entire NMR probe and sample. Temperature control is achieved
with a combination of continuous cold helium gas flow and a resistive heater. The
temperature is monitored with a Cernox sensor mounted on the cryostat at the sample
position, while the heater output of the resistive heater was controlled with a PID algo-
rithm in LabView that controls the voltage level of the resistive heater in relation to the
desired temperature setpoint. The temperature is maintained at an accuracy level of
+/-50mK or better, depending on the temperature range. The probehead was allowed
to equilibrate for 15 to 30 minutes at each setpoint before data acquisition, depending
on the temperature step. Longitudinal relaxation experiments utilized the saturation
recovery method. A small impurity of the yellow ¢-phase was detected due to brief
sample preparation in air, which was reflected in a second 77 feature. To account for
this, a constrained fitting routine was written in python utilizing the least-squares min-
imization package 1mfit [361] which constrained the ratio of the black and yellow
phase fractions (a fitting parameter) across all experiments for each non-consecutive
day of data acquisition, while other parameters (relaxation times, amplitudes) were
allowed to vary independently. The data were well modeled by this approach, and 7}
of the black phase was evident as the dominant contribution. The phase fraction of
the yellow impurity phase ranged from 10% to 20% across the various non-consecutive
days of the experiment. Cross-checking against the measured 7} times for pure black
FAPbDI; (Figure 9.1) between 220 K and 340 K and pure yellow FAPbI; at 300 K (unpub-

lished) ensured there was no amiguity in assigning the two 7} features to the pertinent
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polymorphs.

Dielectric spectroscopy was performed as described previously. [53] Heat capacity
measurements across phase transitions were carried out via the pulsed dual-slope anal-
ysis method in a Quantum Design PPMS cryostat under high vacuum (9 x 1076 Torr).
Polycrystalline samples were ground, mixed with powdered iron (51.52% by mass, to
enhance thermal conductivity), and cold-pressed to 1t in a 3mm x 9mm die. The
pellet was shattered, and a flat shard (5.00 mg) was measured. The background was
subtracted by separately measuring a similarly prepared sample of the iron diluent
(8.10mg), and the heat capacity of the composite sample was assumed to be a simple
linear combination of the two. For the rotational freezing region (~50K), a T-rise of
30K from 30K was employed, and measured time constants were 7; =~ 25s, 75 =05
(strong thermal coupling). For the — transition (=~ 140K), a temperature rise of 50 K
from 110 K was employed, and measured time constants were 7, &~ 54 s, 7, =0s (strong
thermal coupling). All measurements were repeated three times.

Neutron total scattering experiments were performed on an N-deuterated sample
using the NOMAD instrument (BL-1B) [194] at the Spallation Neutron Source at Oak
Ridge National Laboratory. The as-prepared dried powders were transferred into a mor-
tar and pestle and thoroughly ground to a fine powder. The sample was packed into a
6 mm diameter vanadium canister and sealed tightly under N, atmosphere. Measure-
ments were performed in an approximately 1.5cm cross-section neutron beam, and
the detectors were calibrated with scattering data from a diamond powder standard
prior to measurements. The sample temperature was first raised to 500K to ensure
complete conversion to the black perovskite phase, and subsequently cooled to 300K
and then 100K. Approximate data collection times were 20 mins at 500K and 2hr
each at 300K and 100 K. Data were normalized against scattering data collected for a

vanadium rod, container background was subtracted, and the merged total scattering
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structure function was produced using the IDL codes developed for the NOMAD in-
strument. [194] Significant incoherent scattering necessitated hydrogen correction of
the structure functions, following the procedure of Page and coworkers, [362] with the
parameters L =0, u? = 0.05A2 (the salient features of the PDFs shown in Figure 9.6
were found to be robust to variation of these parameters). Fourier transforms of the
corrected structure factors were performed with @,,;, =1.0 A Qe = 21.88 AL, Hy-
drogen corrections [362] and the generation of PDFs were performed using custom
python code. Simulated neutron PDFs for analysis were generated using the PDFgui
software suite. [198]

Fourier difference maps were generated from high-resolution synchrotron X-ray
powder diffraction experiments at beamline 11-BM of the Advanced Photon Source
at Argonne National Laboratory that have been described previously. [53] The A-
site molecule was removed from the crystal structure models from Rietveld refinement
[53], and the residual charge density was calculated using the program GSAS [196]
with the interface EXPGUI. [197] Results were visualized with VESTA [132] and cus-
tom python code.

Ab initio calculations of the molecule geometry and energy surfaces for molecu-
lar rotation were performed with the Vienna Ab initio Simulation Package (VASP),
[137, 138, 95, 139] which implements the Kohn—-Sham formulation of density func-
tional theory (DFT) using a plane wave basis set and the projector augmented wave
formalism. [140, 96] The generalized gradient approximation was employed using the
revised exchange and correlation functional for solids of Perdew, Burke, and Ernzer-
hof (GGA-PBEsol). [199] For Pb, d electrons were included in the valence. The plane
wave basis set cutoff energy (800eV) and k-point mesh density (a-phase: 6 x 6 x 6;
B-,7-phases: 4 x 4 x 6, both I'-centered Monkhorst—Pack sampling [200] for molecular

rotations) were chosen based on convergence of the total energy.
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To map the energy surfaces for molecular rotation, the structure of the isolated
molecular cation was first relaxed in a (16 A)3 cube (to avoid interaction with periodic
images) with a homogeneous neutralizing background jellium. Rigid rotations and
translations of the molecule were then generated using Euler angle-based rotations in
a custom python program, and the total energies evaluated with static DFT calcula-
tions. Lattice parameters and inorganic atom positions were fixed to those observed
in experiment, [53] and deformations of the inorganic framework were not consid-
ered. The nominal orientations of the molecule are depicted in Figure 9.4, with the
dipole axes (C-H) oriented ferroically from cell to cell (all parallel to ¢). For rota-
tions about each principle direction of a coordinate system fixed to the molecule, a 2-D
translation-rotation study was performed, and the minimum energy path for rotation

was extracted.

9.3 Results & discussion

Solid state 'H nuclear magnetic resonance (NMR) spin-lattice relaxation time (7})
experiments were conducted at temperatures between 4K and 340K. 1-D spectra and
relaxation times from 10 kHz magic-angle spinning (MAS) experiments above 220K
(wo = 500 MHz) are presented in Figure 9.1 (spectra for the yellow hexagonal §-phase
are provided in the Supporting Information for comparison). Due to the strong dipolar
interactions associated with 'H, it is not possible to resolve the three chemically distinct
protons under achievable MAS speeds, as in an equivalent solution-state experiment.
[325] As expected, the changes in the spectra with temperature are subtle, reflecting
only temperature effects on spin polarization, slight broadening, and gradual changes
in chemical shift. By fitting a single pseudo-Voigt function to the central peak (which

comprises features from each of the chemically distinct protons, broadened by dipolar
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Figure 9.1: (a,b) Solid state 'H NMR (10 kHz MAS) spectra of perovskite FAPbI3 at

temperatures near ambient. Asterisks indicate spinning sidebands. (c¢) Chemical shift

and (d) peak width (full width at half maximum, FWHM) when the data are fit with

a single pseudo-Voigt function. (e) Spin-lattice relaxation time (77) from inversion

recovery experiments. The a—f phase transition is indicated. For (c-e), lines are to

guide the eye only, and error bars are smaller than the markers and are omitted for

clarity.
interactions and chemical shielding anisotropy), we observe that the protons become
slightly more shielded on cooling (Figure 9.1c¢), consistent with lattice contraction and
increased residence time near the electron-rich iodides of the inorganic cage as molec-
ular motion slows.

The peak shape and T; are extremely sensitive to the onset of the otherwise subtle

continuous a—f phase transition near 275K (Figure 9.1d—e). The line broadening in
the tetragonal 5-phase suggests that molecular motions become anisotropic, consistent

with the reduced site symmetry from X-ray diffraction. [53] Finally, we observe a

hastening of spin-lattice relaxation due to critical fluctuations in the vicinity of the
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transition.

1-D spectra from cryogenic experiments (wg = 300 MHz) at selected temperatures
between 4K and 245K are presented in Figure 9.2a. Absorption lines are extremely
broad as MAS was not possible with this configuration. Increased shielding is observed
on cooling (smaller apparent chemical shift changes are not significant owing to the
challenge of precisely phase correcting such broad features), again consistent with lat-
tice contraction and increased residence time of the protons near the electron-rich
iodides of the inorganic cage as molecular motion slows. Lineshapes are very similar
down to roughly 100K, confirming that the molecule retains considerable motion into
the disordered ~-phase, [53] unlike in the corresponding orthorhombic ~-phase phase
of MAPbDI3. [191] Below 100K, the signal broadens considerably as motion becomes
too slow to average out dipolar interactions and chemical shielding anisotropy. Due
to the presence of a small impurity of the yellow §-FAPbI; polymorph detected after
the cryogenic experiments, we cannot interpret conclusively the additional lineshape
structure that emerges at 60 K and below. This impurity phase was accounted for in the
extraction of spin-lattice relaxation times via a constrained fitting routine as detailed
in the Methods section.

The motional slowing of the molecular cation suggested by the broadening of the
NMR signal below 100K is corroborated by dielectric spectroscopy and calorimetry,
shown in Figure 9.2b-d. For the frequencies measured (100 Hz to 20kHz) the static
dielectric constant, €., drops substantially over a ~25K temperature window as the
dipolar axis of the formamidinium cation is restricted from reorienting. Concurrently,
the dielectric loss tangent, tan d, exhibits frequency-dependent peaks as the frequency
of the AC probe resonates with the timescale of dielectric relaxation. [303] This glassy
freezing of dipolar motion on cooling is in accordance with our prior report, [52] and

in contrast with the abrupt loss of dipolar motion observed in dielectric measurements
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Figure 9.2: (a) Solid state 'H NMR spectra of perovskite FAPbI; at selected cryo-
genic temperatures. (b) Real permittivity (e/.) and (c) loss tangent (tan ) from AC
capacitance measurements. (d) Heat capacity (C}) in the vicinity of the freezing of
the molecular dipole from rapid warming (blue) and cooling (orange) sweeps, with
prior measurements at fixed temperatures from the literature for comparison. [52]
Detailed calorimetry and entropy analysis is provided in the Supporting Information.
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of MAPDI; at the S—y transition. [282, 296, 52, 334] Calorimetry about the motional
freezing temperature reveals two closely spaced peaks in the heat capacity, C,, with
a total transition entropy too small to be that of an abrupt order—disorder transition
(details in the Supporting Information), suggesting a gradual loss of motion precedes
the phase transition on cooling.

'H spin-lattice relaxation times in FAPbI;, as well as those reported for MAPbDI;,
[298] are displayed in Figure 9.3. For both compounds, excluding the known phase
transitions, 7} decreases on cooling until reaching a minimum, and subsequently in-
creases on further cooling. This general temperature-dependence is consistent with
relaxation of nuclear spins to the bath by dipole-dipole interactions that fluctuate due
to molecular motion.

For FAPbI;, the S—y transition appears to be characterized by a small but abrupt
increase in 77 over a narrow temperature range (~135K to 138 K). Though this would
seem to suggest a first-order transition as suggested previously, [52, 53] differen-
tial scanning calorimetry and relaxation calorimetry (Supporting Information) indicate
that the transition is in fact a cascade of multiple events with no noticeable hysteresis,
and a total transition entropy that is far too small to be a full order—disorder transition.
This highlights the unusual nature of this reentrant disordered v-phase with cubic pseu-
dosymmetry, [53] and points to a more complex molecule-cage interaction in FAPbI;
than in MAPbI;, as suggested previously. [52]

Similarly, the behavior below 100K is also more complex than that of MAPbDI;.
Though scattering or complementary spectroscopies will be required to fully elucidate
the structure and dynamics in this regime, we note that the intricate temperature-
dependence of T; is consistent with the multiple sets of dielectric loss peaks observed
above, the greater fragility of the glassy freezing for this composition, [52] and the

predictions of frustrated ground states. [317, 344]
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Figure 9.3: Temperature-dependence of 'H spin-lattice relaxation times (7}) for
FAPbI3, with those reported for MAPbI; for comparison. [298] Temperature ranges
for the a-, 8-, and y-phase of each compound are indicated, and phase transitions are
indicated by vertical gray lines. Black lines are Arrhenius fits for activation barriers in
each phase. Colored lines are to guide the eye only. For FAPbI3, error bars are smaller
than the markers and are omitted for clarity.
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The temperature-dependence of T} for MAPbI; is discussed at length in the original
report. [298] Notably, there is a significant jump in 77 on cooling to the ~-phase,
which reflects a change in relaxation mechanism as the four-fold rotation about an axis
perpendicular to the C-N bond is frozen out, but three-fold rotation about the C-N
bond remains. [191, 261]

The framework of Bloembergen, Purcell, and Pound [363] has been widely used to
interpret T} for solids wherein relaxation occurs by dipole—dipole interactions mediated
by molecular motions involving the relevant nuclei. In such systems, the predicted 7}
is given in Equation 9.1, where C' = (3u2h*y*)/(1607%r%) is a lumped constant indepen-
dent of correlation time and field strength. 7, is the correlation time for molecular mo-
tion (the time to rotate through one radian), wy is the Larmor frequency of the nucleus,
o is the vacuum permeability, & is reduced Planck’s constant, « is the gyromagnetic

ratio of the nucleus, and r is the dipole-dipole separation distance.

r T, N 47,
T, 14+ wir? 1+ 4wit?

9.1

In the “fast motion” limit (wo7. < 1), Equation9.1 reduces to 7. = (1/5C)T; ", so
activation barriers, F,, for molecular motion (assuming 7. ~ exp[—F,/(kgT)]) may be
extracted directly from the slopes in Figure 9.3. The activation barriers for the various
phases of both compounds from 'H NMR 7, measurements are provided in Table 9.1, as
well as those we predict from ab initio calculations of the energy surfaces for molecular
rotations in FAPDbI; (Figure 9.4, vide infra). Somewhat remarkably, given the simplifi-
cations made in modeling this high-dimensional problem (vide infra), the barriers we
calculate are in excellent agreement with those from experiment for the a- and g-
phases of FAPDbI;, though we cannot rule out the possibility of a fortuitous cancellation

of errors. The underestimate of the activation barrier in the reentrant, pseudo-cubic
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Table 9.1: Activation barriers (meV) for molecular rotation from 'H NMR (exp.) and
DFT (calc.) in the perovskite phases of FAPbI; and MAPbI;. For all phases of FAPbI3,
the rotation is about an axis parallel to the N---N line (¢3 rotations, by the notation
of Figure 9.4). The behavior for MAPbI; is non-monotonic due to the change in re-
laxation mechanisms from four-fold rotations («-, S-phases) to three-fold rotations
about C-N (y-phase).

a-phase  [-phase  7-phase

FAPDI; (exp.) 21 45 84
FAPDI; (calc.) 21 39 63
MAPDI; (exp.) [298] 95 110 60

~-phase is consistent with our prior finding that the relatively high symmetry and small
octahedral tilt angle apparent from crystallographic studies masks substantial local tilt-
ing disorder in this regime [53] which was not included in periodic DFT calculations.

Ab initio energy surfaces for molecular rotations in the perovskite phases of FAPDI;
are displayed in Figure 9.4. Each curve represents a two-dimensional study of rigid
translation and rotation of the molecule (no relaxation of atomic coordinates or unit
cell parameters is permitted), but only the locus of points forming the minimum energy
path is displayed. Rotations are about the three principal axes of a coordinate system
fixed to the molecule, and the structures of the inorganic cage are fixed to those from
experiment. [53] Van der Waals corrections are not included.

Barriers to all rotation modes are lowest in the cubic phase, and are sensitive to
both lattice parameters and the degree of octahedral tilting. Rotations about an axis
parallel to the N---N line (¢5 axis) are the preferred mode in all phases, in agreement
with a recent report of heterogeneous dynamics at 300 K from ab initio molecular dy-
namics. [344] As shown in Table 9.1, the activation barriers for ¢; rotations are in
remarkable agreement with experiment for the - and §-phases, and a slight underes-
timate of the experimental value for the disordered v-phase. Though a few meV higher

in energy than the ¢; = 0° orientation, the ¢; = 90° nominal orientation significantly
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Figure 9.4: Lowest energy paths for molecular rotations in the three known per-
ovskite phases of FAPbI3, from density functional theory (DFT). Each curve represents
a two-dimensional study of rigid translation and rotation of the molecule, but only
the locus of points forming the minimum energy path are displayed. Energies are per
formula unit. For each rotation mode about the principal axes of the molecule, the
other two rotation angles are fixed (for ¢; rotations, ¢» = ¢3 = 0; for ¢- rotations,
o1 = (0, 90°), ¢3 = 0; for ¢ rotations, ¢; = (0, 90°), g2 = 0).
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reduces barrier heights for ¢, and ¢3 rotations, suggesting this configuration may be
entropy stabilized. This hypothesis is corroborated by charge density analysis of X-ray
diffraction experiments (Supporting Information).

Figure 9.5 shows the reorientation times for molecular motion, 7,.;, that result from
fitting the 'H spin-lattice relaxation times for FAPbl; and MAPbI; [298] within the
framework described by Bloembergen, Purcell, and Pound. [363] Estimates of the
dynamics reported from a number of other techniques are shown for comparison. Cor-
relation times from fitting 7 experiments, 7., are multiplied by the angle of rotation
of the corresponding mode (e.g. /2 for the four-fold rotations in «- and /3-MAPbI3)
to obtain 7,;. Note that some ambiguity remains in defining a consistent reorientation
time across these various techniques.

The large discontinuity in 7., for MAPbI; at 165K reflects the loss of four-fold
molecular rotation in the orthorhombic ~-phase, as discussed above. For MAPbDI;,
reorientation times from quasi-elastic neutron scattering over a wide energy-transfer
and momentum-transfer range (5 ps at RT) are in general agreement with those from
'H NMR (7 ps at RT) over much of the temperature range, [261] while those from a
more limited experimental window estimate a slightly larger 7,,; at room temperature
(14 ps). [337] For both compounds, room temperature estimates from ab initio molec-
ular dynamics (2 ps to 4.3 ps) [191, 318, 344] are somewhat shorter than those from
'H NMR (FA: 8 ps; MA: 7 ps). Among reported values, the estimate of 7,,, for MAPbI;
from “N NMR experiments via a diffusion-on-a-cone model (10818 ps) [364] is an
outlier.

It appears that despite rather different energetic barriers for molecular motion in
the two compounds, FAPbI; and MAPbI; coincidentally exhibit very similar rotational
dynamics near room temperature. Above the glassy freezing in FAPbl; (=~50K) and

above the j—y transition in MAPbI; (165K), these reorientation times are associated
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Figure 9.5: Temperature-dependence of the molecular reorentation time (7,,) in
FAPbI; and MAPbI; modeled from 'H 7T using the model of Bloembergen, Purcell,
and Pound. [363] Phase transition temperatures are indicated by solid (FAPbI;)
and dashed (MAPDbI3) arrows. Colored lines are to guide the eye only. (¥)
'H Ty data for MAPbI; are taken from Xu and coworkers. [298] Reported re-
orientation times from GHz spectroscopy, quasi-elastic neutron scattering (QENS),
ab initio molecular dynamics (MD), and '“N NMR are presented for comparison.
[300, 344, 364, 333, 261, 337, 318]
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with modes that reorient the dipole axis of the molecules, which are intimately linked
to dielectric properties, local electric fields, and dynamic symmetry-breaking. The co-
incident room temperature dynamics observed here in the two compounds suggest a
need for further study of the molecular contribution to the full frequency-dependent
dielectric response. With one exception, [333] reports in this area appear to be limited
to ab initio calculation of the molecular dipole moments (MA: 2.3D; FA: 0.2D) [165]
and to electrical [282, 296, 52, 53, 334] and optical [284] measurements of dielectric
response which are far slower or far faster, respectively, than molecular reorientation.
In particular, it is intriguing to consider if the differing barriers to molecular dipole ro-
tation and differing dipole moments lead to important differences between FAPbI; and
MAPDI; on timescales relevant to exciton dissociation, interaction of charge carriers
with polar optical phonons or polarons, or momentum separation of excited electrons
and holes due to possible dynamic Rashba-Dresselhaus effects.

Near room temperature (where 77 is independent of field strength), the longer
relaxation times in FAPbI; compared with MAPDI; despite similar dynamics suggest
less effective spin-lattice relaxation, perhaps related to the reduced density of 'H nuclei.
Indeed, the ratio of the dipole-dipole distances obtained from fitting to the model of
Bloembergen, Purcell, and Pound [363] (rp4 = 2.35 A; ra =1.904), is nearly inverse
to the ratio of the volumetric number density of H in the two compounds. As a matter of
practice, the broad agreement between the results for MAPbI; from 'H NMR and from
QENS, techniques which both probe hydrogen but leverage distinct physics, confers a
degree of confidence in our results and suggests the use of these methods for future
studies of molecular motion in related compounds.

To further understand the molecule—cage interaction in FAPbI3;, we analyzed pair
distribution functions at 100K, 300K, and 500 K from neutron total scattering experi-

ments on an N-deuterated sample (CH[ND;],PbI3, to reduce the incoherent scattering
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contribution from 'H). One expects that substitution of D for H may impact the molec-
ular moment of inertia as well as hydrogen bond strengths, [365] possibly modifying
the evolution of structure [366, 188] and, concomitantly, of properties. [343] Iso-
tope effects aside, the neutron pair distribution functions (NPDFs) shown in Figure 9.6
exhibit clear features associated with changes in molecular motion with temperature.
By comparison with the reported X-ray pair distribution function (XPDF, which will
have a negligible contribution from the weakly-scattering organic molecule) for hy-
drogenated FAPbI; [51] and the calculated NPDF for the isolated molecule (molecular
geometry from DFT, see Supporting Information), we identify regions with substantial
temperature dependence due to atom—atom correlations between the molecule and the
inorganic framework.

Of particular note, the PDF is significantly enhanced and sharpened with cooling
near ~3.7 A, consistent with a slowing of molecular motion. This distance corresponds
to the N---I separation for hydrogen bonds between —Nsp?H, donors and iodine accep-
tors from ab initio structure relaxations (3.6 Ato 3.7A, Supporting Information) and
from the crystallographic database analysis of Steiner (3.66 A). [367]

This evidence of molecule-cage correlations at distances consistent with hydrogen
bonding suggests the importance of the molecule-cage interaction for correctly de-
scribing local structure and lattice dynamics. Indeed, local distortions enhanced by
the molecules have recently been implicated in the anomalously large bandgaps of the
hybrid perovskites relative to their all-inorganic counterparts, [368] and the hydro-
gen bonds in MAPbI; are suggested to play an important role in directing structure
evolution more broadly. [299, 346, 347] It appears likely that standard methods for
calculating phonon dispersions may fall short given the sensitivity of lattice stiffness to
the particular ordering of molecular orientations (due to hydrogen bonding) and the

overlapping timescales for molecular reorientation and phonons.
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Figure 9.6: Neutron pair distribution functions (NPDF) for N-deuterated perovskite
FAPbI3 from neutron total scattering experiments, with the calculated NPDF for an
isolated N-deuterated FA cation (molecular geometry from DFT, Supporting Informa-
tion), and the reported X-ray pair distribution function (XPDF) [51] for comparison.
(*) Particularly around ~3.7 A, which corresponds to N---I correlations (see Support-
ing Information, as well as Steiner’s crystallographic database analysis of hydrogen
bonding), [367] the NPDFs are significantly sharpened on cooling, consistent with a
reduced reorientation rate of the molecule.
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An overview of the evolution of crystal structure and molecular dynamics for the
known phases of FAPbI; and MAPbI;, as well as the activation barriers for molecular
rotations in each, is displayed in Figure 9.7. This represents a synthesis of the results of
this work with the findings of complementary prior reports. [298, 191, 261, 318, 52,
53, 344]

As FAPbDI; is cooled, molecular motion slows and the inorganic octahedra tilt to
improve coordination of the A-site cation and enhance electrostatic binding, but the
molecular geometry appears to be incompatible with the preferred ground state oc-
tahedral tilting pattern. This leads to substantially more complex behavior in FAPbI;
than in MAPDI;, with a disordered pseudo-cubic v-phase with persistent dipole motion,
[53] followed by a fragile glassy freezing into a disordered ground state. [52] The ac-
tivation barriers (above 100K) for molecular rotation increase monotonically in each
successive phase on cooling, reflecting lattice contraction and the increasingly confined
local environment of the A-site as the degree of octahedral tilting increases. In the case
of the disordered, pseudo-cubic v-phase, the tilt angles increase only locally, but not
crystallographically.

In contrast, as MAPbI; is cooled, the tetragonal [-phase exhibits a tilt pattern
(a®a’c™) that is unusual for perovskite bromides and iodides, [248] followed by a com-
mon orthorhombic tilt pattern (a*b~b~) that somewhat easily accommodates the shape
and hydrogen bonding tendencies of the MA cation in antiferrodistortive ordering. This
last transition is accompanied by the loss of four-fold dipole reorientation, which dras-
tically reduces the dielectric response and leads to a reduced activation barrier for
rotation from 'H NMR, since relatively facile three-fold rotations about the C-N axis
become the dominant relaxation mechanism. While signatures of glassy freezing exist
on cooling this compound below 100K, they are significantly subtler than for FAPbI;,

[52] which comports with the findings presented here.
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Figure 9.7: (a) Overview of the temperature evolution of crystal structure and molec-
ular rotations for FAPbI; and MAPbI;. Crystal structures and phase transition temper-
atures are taken from Weller and coworkers [191] and Fabini and coworkers, [53]
while 77 mechanisms and low temperature behaviors (<100 K) are synthesized from
this work and prior reports. [298, 261, 318, 52, 53, 344] (b) Activation barriers
for molecular rotation mechanisms that mediate spin-lattice relaxation for the known
perovskite phases of FAPbI; and MAPbI3. Values for FAPbI3 are from this work, while
those for MAPbI3 are drawn from the literature. [298, 261]
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9.4 Conclusion

With FAPbI; the closest end-member of the highest performing perovskite photo-
voltaic absorber solid solutions, establishing the dynamics of molecular motion is an
important prerequisite for mechanistic explanations of the outstanding optoelectronic
properties of these systems. We show via spectroscopy, scattering, calorimetry, and
computation that despite differences in the details of the molecule-cage interaction in
FAPDI; and the better-studied MAPbI;, reorientation rates of the molecular dipole axis
at room temperature are not significantly different in the two. Both systems coinci-
dentally exhibit reorientation times on the order of 8 ps at ambient temperature, with
weaker temperature dependence in FAPbI;. For FA, rotations about an axis parallel to
the N---N line are the preferred mode in all phases above ~50K. Incompatibility be-
tween the geometry of hydrogen bonding propensities of the molecule and octahedral
tilting tendencies of the inorganic framework lead to a frustrated molecule—cage inter-
action. As the system is cooled, this frustration produces an unusual disordered phase
with reentrant cubic pseudosymmetry followed by a glassy freezing into a disordered
ground state. Hydrogen bonds between amine group hydrogens and the halogens of
the surrounding cage underscore the importance of the molecular cation in directing
structure evolution and modifying the electron—-phonon coupling.

This work provides essential dynamical and structural information for resolving
the key outstanding questions in the halide perovskite field: Namely, why are these
solution-processed materials so insensitive to inevitable point defects and impurities;
why are carrier mobilities so modest relative to the expectation from the low effective
masses indicated from band theory; and how can strong optical absorption and ex-
tremely long carrier lifetimes fortuitously coexist? Because of the couplings between

molecular motion and dielectric response, local electric fields, dynamic symmetry-
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breaking, and electron—-phonon scattering, any hypothesis which attempts to explain
these (including those of large-polaron transport and of transient Rashba—Dresselhaus
effects) must reconcile with this emerging understanding of molecular motions.
Time-resolved spectroscopic [369] and scattering [370] techniques may afford the
opportunity to probe these promising semiconductors on time-scales relevant to the
structural and electronic perturbations that are proposed to play a role in enhanced
carrier lifetimes. [292, 336, 234, 227, 50, 262, 51, 263, 351] We hope that new results
such as these may inform a key point of contention: Are the molecular cations sim-
ply larger monocations than any (non-radioactive) alkali metal (in a sense, “pseudo-
francium”) that serves to un-tilt the surrounding inorganic framework and improve
orbital overlap, or are they indeed intimately linked to the remarkable functionality of

these intriguing materials?
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Summary & Outlook

In just a few short years, the main-group halide perovskite research community has
made incredible strides in developing new and better thin film deposition techniques,
high performance solar cells, and previously unexplored optoelectronic and electronic
devices. Additionally, there has been some measure of progress in characterizing the
nature of carriers in these materials, investigating the mechanisms of degradation, and
understanding the interfacial chemistry and energetics relevant to devices. But despite
these fundamental and applied advances, no consensus has yet emerged regarding
the origins of the curious combination of properties observed in these systems. Why
are carrier lifetimes so long, and seemingly robust to preparation route and precise
composition? Why are carrier mobilities so modest, when ab initio studies suggest
high curvature band edges?

Further, new materials which fully mimic the favorable performance of the main-
group halides have not been identified, either by explicit chemical design or by ex-
ploratory synthesis. Given the substantial (though not exhaustive) effort which has
been applied in this direction, one is left to wonder if the features which imbue the

perovskites with their remarkable properties are in fact unique — an improbable com-
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bination of factors which are not reproduced in any other chemical or structural family.

It is towards these overarching questions — Are the main-group halide perovskites
unique in their unusual properties? If so, why? And if not, what else is out there? —
that the research efforts described in this dissertation have been addressed. Chapter 2
provides a brief illustration of the need for lead-free alternatives to achieve practical
use of these materials. Chapters 3 and 4 explore the electronic structure and opto-
electronic properties of isoelectronic bismuth(III) halides, revealing the importance of
high-symmetry, extended connectivity for favorable band alignments and electronic
transport. Chapters 5 and 6 demonstrate the existence of a chemically-tunable lattice
instability across the halide perovskites and provide design rules to explicitly test the
importance of lattice polarizability and local symmetry-breaking to the observed prop-
erties in these phases. Chapters 7 — 9 demonstrate the nature of molecular motion and
its interaction with the surrounding inorganic framework in the high performance lead
iodide PV absorbers. Chapter 8 additionally identifies an unusual disordered reentrant
phase (and its associated optical properties) which arises due to a frustrated molecule—
cage interaction upon cooling the underexplored formamidinium lead iodide (FAPbI;).
Chapter 9 additionally establishes the dynamics of molecular motion for FAPbI; over
a wide temperature range and reports a critical analysis of the estimates of molecu-
lar motion times for methylammonium lead iodide (MAPbI3) and FAPbI; from various
techniques across the literature. These insights on the dynamics of molecular motion
provide essential inputs for future scrutiny of hypotheses which seek to explain the
origins of the favorable properties in these systems.

Though the field has not arrived at a consensus on these points, we summarize here
the criteria which appear, based on the results described here as well as recent reports
from other laboratories, to be important to the unexpected optoelectronic performance

of the main-group halide perovskites.
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First, the spatially-disperse, filled ns® orbitals (lone pair electrons) on the heavy
main-group dications overlap strongly with the anion p orbitals. This results in a very
wide valence band which leads to light hole effective masses and a valence band max-
imum which is suitable for hole transfer to existing hole transport layers. Were it not
for these lone pair electrons, the electronic structure would qualitatively resemble that
of compounds with d!s" metals like perovskite BaSnO3,[371] with deep, rather flat
valence bands, and a single extremely dispersive conduction band.

Second (and related to the first point), the linear or nearly-linear covalent metal-
anion connectivity in three dimensions afforded by the perovskite structure is impor-
tant for electronic structure and transport, maximizing the metal s—anion p overlap in
the valence band and the metal p-metal p interaction in the conduction bands and
affording three dimensional band transport. Non-toxic ns? ions stable against further
oxidation (Bi**, and to a lesser extent, Sb3") tend to adopt crystal structures with very
different connectivity and more distorted metal coordination due to their different va-
lence. Recently prepared A, M'Bi''' X; elpasolites are an exception,[19, 20, 372] but
these phases have a qualitatively different electronic structure unless the monovalent
metal is highly toxic TI" or oxidation-prone In™.

Third, the substantial lattice polarizability (and resulting high static dielectric con-
stant) increasingly appears to be related to defect tolerant transport. This sugges-
tion was made some years ago for these materials,[93] and earlier still for thallium
halides[99] and doped ferroelectric oxides.[170] The polarizability of the lattice is
proposed to screen the Coulomb interaction among carriers and between carriers and
charged defect complexes. This would reduce trapping and recombination rates, as
well as reduce carrier mobilities because of the strong electron—phonon interaction, all
of which are consistent with experimental observations. More recently, this hypothesis

has been somewhat formalized using the framework of “large” polarons,[227] express-

180



Summary & Outlook Chapter 10

ing the fact that this state is intermediate between a textbook rigid lattice and a strongly
coupled system where carriers self-trap in such a localized manner that conduction pro-
ceeds by a hopping mechanism (“small” polarons).

With these factors in mind, a number of future research directions for materials
chemistry emerge. First, despite the limitations discussed above, can clever design
strategies produce lead-free double perovskites or perovskite-derivatives which qual-
itatively retain the electronic structure of the tin and lead halides, but with greater
stability against moisture and oxidation? Second, can layered lead halides be pre-
pared which combine improved stability with adequate performance for photovoltaic,
light emission, and photodetection applications? Can the wide valence band width
and reasonably shallow valence band maximum arising from the lone pair electrons be
leveraged to make p-type transparent conductors from perovskite tin or lead chlorides
or chloro-fluorides?

More broadly, are there other regions of chemical and structural space where “soft”
semiconductors can be found, combining a polarizable lattice and favorable electronic
structure? For instance, can transition metal cations with the d’s” valence (also subject
to a pseudo-Jahn-Teller [PJT] instability, though not due to a lone pair) be leveraged
to prepare highly polarizable phases with favorable electronic transport? d° oxides are
typically insulators, but perhaps there exist sulfides, selenides, phosphides, or arsenides
which balance between the strength of the PJT effect from more electronegative anions
and the semiconducting bandgaps likely to arise from softer anions.

The research described in this dissertation provides essential dynamical and struc-
tural information for the resolution of several outstanding questions in the halide per-
ovskite field. In addition to the chemical explorations proposed above, the application
of sophisticated time-resolved spectroscopic and scattering techniques may afford the

opportunity to probe these curious semiconductors on time-scales relevant to the struc-
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tural and electronic perturbations. We hope that these research results may inform
key points of contention, including whether the molecular cations are simply larger
monocations than any (non-radioactive) alkali metal (“pseudofrancium”) that serves to
un-tilt the surrounding inorganic framework and improve orbital overlap, or whether
they are indeed intimately linked to the remarkable functionality of these intriguing

materials.
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