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The Underappreciated Lone Pair in Halide Perovskites Underpins their
Unusual Properties
Douglas H. Fabini, Ram Seshadri, and Mercouri G. Kanatzidis(*)

The presence of 6s? (5s?) lone pair electrons on the B-site Pb (Sn) in all-inorganic
and hybrid halide ABX3 perovskites distinguishes these materials from the familiar
tetrahedral semiconductors traditionally employed in optoelectronics and is the
key to many of their appealing properties. These electrons are stereochemically
active, albeit often in a hidden fashion, resulting in unusual and highly
anharmonic lattice dynamics which are linked to many of the special
optoelectronic properties displayed by this material class. Here we describe the
connections between this atypical electronic configuration and the electronic
structure and lattice dynamics of these compounds. We illustrate how the lone
pair leads to favorable bandwidths and band alignments, mobile holes, large ionic
dielectric response, large positive thermal expansion, and even possibly, to defect-
tolerant electronic transport. Taken together, the evidence suggests that other
high-performing semiconductors may perhaps be found among compounds with
lone pair-bearing cations in high symmetry environments and a high degree of

connectivity between atoms.

Keywords: perovskites, photovoltaic, semiconducting, optoelectronic, electronic
structure

Introduction



The lead and tin halide perovskites that have recently been shown to exhibit
impressive performance in a range of optoelectronic applications from
photovoltaics to radiation detection to lasing are unusual in several respects
relative to conventional semiconductors. Among these, they can be prepared
under mild conditions from modest purity precursors, and yet they are highly
crystalline and exhibit sharp optical absorption onsets. They can incorporate
orientationally-rotating molecular cations and are mechanically soft, but exhibit
low nonradiative recombination rates on par with high quality 111-V
semiconductors.! Initially, many of the favorable features of these materials were
attributed to the dynamically disordered molecular cations, but it is increasingly
clear that the performance and properties of the all-inorganic variants qualitatively
match those of their hybrid counterparts.?”

The chemistry and bonding of the 6s? (5s?) lone pair electrons on Pb (Sn)
are essential to understanding several of the unusual properties in these materials.
Here, we present a brief introduction to lone pairs and their stereochemistry, and
then establish the connections between the electronic configuration of the metal
cations and the resulting electronic band structures and lattice dynamics of the
compounds. The lone pairs are shown to have a decisive impact on the electronic
properties, directly causing the favorable broad valence band and light holes.
Further, the lattice dynamical impacts are profound, with the lone pairs leading to

substantially elevated lattice polarizability.

Lone pairs and their stereochemistry

Students of high school chemistry are familiar with the molecular structures of
simple molecules like water and ammonia from the valence-shell electron pair
repulsion (VSEPR) theory of Sidgwick and Powell ® later fine-tuned by Gillespie
and Nyholm,® as shown in Figure 1a. By counting electrons and assigning bond
orders, one concludes that water has two lone pairs, leading to the familiar bent
geometry, and to a substantial permanent dipole. Similarly, ammonia has one lone
pair, and adopts a distorted pyramidal geometry. In extended solids of heavier

elements, similar principles apply. While competing long-range forces, scalar-



relativistic effects, and effects of delocalization complicate the picture, they do

not fundamentally alter it.*
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In most semiconducting and insulating compounds of the main group
elements (those of groups 1, 2, and 13-18 in the periodic table), the metal cations
take on oxidation states reflecting completely empty ns and np orbitals, where n is
the period. However, for heavier elements another possibility becomes available,
and indeed common. Such elements, like tin, lead, antimony, and bismuth, are
instead oxidized only to 2 less than the group valence, holding onto their ns?
electrons as a lone pair. This is most prevalent in period 6 (TI*, Pb?*, Bi**),
relatively common in period 5 (In*, Sn?*, Sb®", Te*"), and less common in period
4 (Ga*, Ge?*, As®, Se*"), reflecting increasing stabilization of the s orbital going
down the table (and to the right).

In analogy with the more familiar examples of water and ammonia above,
these lone pairs in the heavier main group elements can be stereochemically
expressed (that is, they can occupy space as an acentric lobe of electron density,
repelling other ligands). However, they can also appear in routine crystallography
(i.e. temporally- and spatially-averaged) to maintain the spherical symmetry of the
isolated s orbital, seemingly playing no structure-directing role. Taking the
example of Pb, this is exemplified in Figure 1b by the distinct structures of
litharge PbO, with acentric Pb coordination where the lone pair is

stereochemically expressed, and rock-salt PbS, with ostensibly perfect octahedral



coordination. The respective behavior is also observed in the structures of halide
perovskites (Figure 1c): At room temperature, CsGels is rhombohedral and polar
with three long and three short Ge—I bonds, while CsSnBrs3 is cubic.

However, in compounds such as PbS and CsSnBrs this
crystallographically-averaged view obscures some very interesting behavior:
Several local structure experimental techniques, particularly pair distribution
function analysis from total scattering experiments, reveal large amplitude,
hidden, local distortions in lone pair-containing rock-salt chalcogenides, bismuth
pyrochlores, and halide perovskites, in a manner similar to the hidden pseudo-
Jahn—Teller distortions in the paraelectric phases of titanate and niobate
ferroelectrics. Despite their apparent structure-directing innocence, the lone pairs
do in fact take up space, causing an anharmonic flat-bottomed or even double-
well potential, like the one shown schematically in Figure 1d. Whether a material
adopts a crystallographically-distorted structure is then simply a matter of energy
scales. If the well is deep relative to thermal energy, a static distortion (usually
coherent from unit cell to unit cell) results. On the other hand, if thermal energy is
very large relative to the well depth, it mostly looks like the harmonic envelope
encompassing the anharmonic potential. But for the intermediate case when the
energies are of similar order, interesting behavior results: highly anharmonic
mechanical properties, and elevated ionic dielectric response (vide infra).

In fact, ammonia is known to do something similar. The lone pair and the
nitrogen nucleus “invert” through the plane of the hydrogen ligands. The depth of
this double-well potential is 250 meV—roughly ten times thermal energy at room
temperature,*! but quantum tunneling permits rapid inversion because the barrier
IS narrow.

This phenomenon of heavy main-group cations adopting lone pair electron
configurations, far from being simply a curiosity, has profound implications for
the electronic and lattice dynamical properties observed in halide perovskites and
myriad other functional materials ranging from the early radio (PbS) to the first
solid-state ion conductors (PbF>) to thermoelectrics (PbTe) and topological

insulators (Bi>Ses). We discuss several of the important impacts of these lone pair



electrons on the properties and functionality of tin and lead halide perovskites

below.

Light holes and favorable band alignment in halide perovskites

The electronic structure of the main-group halide perovskites is
qualitatively different from that of the more familiar group 1V, 111-V, and 11-VI
diamondoid semiconductors, and is exemplified by the band structure of cubic
CsPbBrs in Figure 2a. The 3D arrangement of linear —-Pb—Br— chains, and the
covalent interaction between halogen p states and the s states of Pb leads to a pair
of bands with wide band widths (those with orange highlighting in the figure
indicating their Pb s character). Because of the lone pair electron count, the upper
of these two bands is filled, constituting the valence band, and its maximum is
anti-bonding in character. Thus, the lone pair leads directly to a valence band
maximum (VBM) which is high in energy compared to conventional halide salts
(Figure 2a). This is qualitatively similar to the chalcogen p — metal d repulsion
which raises the VBM of Cu* and Ag*-containing chalcopyrites.'? This bonding
type also creates high curvature at the VBM which corresponds to a light effective
mass for holes (=0.1 me measured for the full exciton in CHsNH3sPbls)***4. This
electronic structure is in many ways qualitatively similar to that of narrow-gap

IV-VI semiconductors like PbS which also contain lone pair cations.



s?cation d'% cation [noble gas] cation
e.g. “CsCdBry” e.g. CsSrBry

Several other studies have illustrated how decorating the perovskite lattice
with s and p orbitals leads to the observed momentum-dependence of the frontier
bands and location of the bandgap.'>*” Rather than repeat these arguments, we
show directly via ab initio calculations based on density functional theory in
Figure 2b and 2c the effects on the electronic structure of halide perovskites if the
lone pair cation is replaced with one lacking this electron configuration. The A-
site cation (Cs) and halogen (Br) are fixed across the series, and spin-orbit

coupling is included.

If a “d'®” cation such as Cd?* (lacking a lone pair) with the [Kr]4d?®
electron configuration is substituted on the octahedral site, the band structure is
radically altered as shown in Figure 2b. Due to better energetic alignment, the
empty Cd 5s— and filled Br 4p orbital interaction is actually more covalent,
leading to wider bandwidths for the corresponding pair of bands (orange
highlighting). Crucially, the upper of these two bands is not occupied (no lone
pair) so the valence band (derived solely from the halogens) is now ~1.5 eV
deeper than that of CsPbBrz and much less dispersive suggesting heavy holes, and
the bandgap has become indirect. The high curvature of the conduction band

suggests light electrons. Instead of balanced, small carrier masses and a direct



bandgap like in CsPbBrs, the band structure of “CsCdBr3” (claimed once in the
perovskite structure in 1928, but subsequently reported always in the more
plausible 1D BaNiOs structure) is analogous to that of n-type conductor

BaSnQOs,*° but with a narrower gap.

For CsSrBrs as shown in Figure 2¢, with the “empty shell” Sr?* cation
with the [Kr] electron configuration, the situation is taken to the extreme. The
shallow 5s orbitals from highly electropositive Sr strongly reduce the covalency
with the Br 4p, as seen in the narrower bandwidths and reduced Sr 5s weight in
the bonding band around —3 eV. The VBM is again more than 1 eV deeper than in
CsPbBrs, and the hole effective mass is large. The higher band center and reduced
bandwidth of the conduction band from this more ionic interaction creates a wide

bandgap. Indeed, CsSrBr3 is a colorless rare-earth ion scintillator host.

Given this limited space for chemical substitutions in “single” perovskites
that maintain the favorable optoelectronic properties associated with Pb?* and
Sn?*, there has been much excitement about double perovskites with rock-salt-
ordering of the octahedral cations (“elpasolites”) since the first reports of red
Cs2AgBiBrs?*-2! and the corresponding chloride.?*-2 Expanding on a previous
analysis,*® we show here that while these compounds may be interesting for other
reasons, there appear to be no practically feasible chemical substitutions which
qualitatively maintain the favorable band structure of the lead and tin halide
(single) perovskites. The electronic band structures of double perovskites with
various combinations of octahedral cation electron configurations are presented in

Figure 3.

Figure 3a shows the case of “CsTIBiBrg”, with an ordering of two
cations, TI* and Bi*, which are isoelectronic to Pb?*. This compound thus
represents only a small perturbation on CsPbBr3 and the band structure indeed
appears similar to that of CsPbBr3 simply back-folded into the FCC Brillouin
zone, with a direct bandgap and a wide valence band whose maximum exhibits

high curvature and sits well above the (solely) Br p bands. Instead of a single



bonding Pb 6s — Br 4p band centered roughly around —7.5 eV, we see two
corresponding bands centered roughly around -5 eV (TI) and —10.5 eV (Bi),
reflecting the relative stability of the lone pair s orbitals of the isolated cations,
which increases in the order In* < TI* < Sn?* < Pb?* < Sb®* < Bi** < Te** <
Po**.232% While stoichiometric “CsTIBiBrs” has not been realized, (MA).TIBiBre
has been prepared, and exhibits a bandgap of ~2.2 eV.% Unfortunately, TI* is
exceedingly toxic (and appears too large to form a stable Cs-compound at full
occupancy), and halides of In* tend to be unstable against further oxidation or
disproportionation to In® and In®* 272° and prone to severe lone pair-driven
distortions which reduce orbital overlap and change connectivity,?®3° seemingly
rendering halide double perovskites that are electronically equivalent to lead

halide single perovskites practically out of reach.
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Replacing half of the lone pair cations with d° cations like Ag* yields the
now familiar case of Cs,AgBiBrs as shown in Figure 3b. As noted previously?®
the alternation of empty and filled s orbitals in the valence of the octahedral
cations leads to a momentum dependence that moves the band edges from the

zone center to two different locations on the zone boundary, resulting in an



indirect gap. Though the gap remains in the visible, the VBM is significantly
deeper and the hole effective mass heavier than the all-lone pair case. One
consequence of the distinct gap nature is immediately evident in the laboratory:
Powders of CsPbBr3 are a brilliant luminescent orange, while those of
Cs2AgBiBre are a much duller red.

The direct bandgap is recovered when the remaining lone pair cation is
replaced with another d*° cation, as in the case of “Cs2AgInBre” shown in Figure
3c. However, similar to the case of “CsCdBrs,” the valence band derives primarily
from the anions and lies quite deep in energy and has negligible dispersion along
I'-X, suggesting poor hole transport and unfavorable band alignment. The
recovery of the direct bandgap by matching the orbital angular momentum of the
frontier orbitals of the octahedral cations is nicely illustrated in the alloying of
Cs2AgSbhi«InkCle.3! While it appears “Cs2AgInBrs” has not been successfully
prepared as a double perovskite, Cs.AgInCls has been prepared and has a wide
gap of 3.3 eV.*

As shown in Figure 3d and 3e, substituting an empty shell cation like [Ar]
K* in “Cs2KBiBrs” uniformly produces deep VBMs, heavy holes, and wide
bandgaps (e.g. (MA).KBiCls has been prepared and exhibits a gap of ~3.0 eV*®).
The gap when the other cation is d*° like In®" is somewhat narrower, but has
significantly heavier electron mass than if both cations share this configuration.
We note for completeness that other configurations are possible, for instance with
rare-earth cations, but thus far these appear to lead to compounds which are
colorless.® These examples illustrate that uninterrupted main-group metal —
halogen — main-group metal connectivity is also essential: When the connectivity
is interrupted by electropositive alkali cations or by vacancies, the favorable wide
valence band width, and the attendant band alignment and hole mass, is lost. This
can be seen as well in the flatter valence bands and lower and deeper VBMs in
low dimensional compounds like Pbl,* Bils,® and ternary (chalco)halides of Sb

and Bi.3"%°



Consistently, mismatch of the angular momentum of the frontier orbitals
between the two octahedral cations gives an indirect bandgap, and the only
combinations aside from the practically unfeasible (In,TI)*/(Sh,Bi)** which match
the frontier orbitals and maintain a direct gap (e.g. Ag*/In®") suffer from deep
VBMs and heavy holes and have not been successfully prepared for the heavier
halogens. Therefore, it is clear that the lone pair is essential for favorable band
alignment, wide valence band width and light hole effective masses.

Thus far, other materials reproducing this qualitative electronic structure
(but with wider bandgaps than the known IV-V1 semiconductors) have eluded
discovery, but such compounds, with heavy lone pair cations in high symmetry
coordination, moderately electronegative anions, and a high dimensionality of
connectivity*® may yet be realized. In searching for such low-cost, defect-tolerant
semiconductors beyond the perovskite structure, it is worth addressing how the
energy of the lone pair orbitals varies with chemistry. Pb?* seems to exhibit a
favorable compromise between stability and covalency (as noted above, the
energy of the lone pair s orbital increases left-to-right and top-to-bottom of the
heavy main-group?-%°). In* adopts severely distorted coordination environments
which reduce orbital overlap and alter connectivity, TI" is too toxic, and
(meta)stable halides of Sn?* in high symmetry coordination tend to display high
concentrations of compensating defects because of their high energy valence band
maxima. On the other hand, halides, oxyhalides, and chalcohalides of Bi** are
quite stable, but the more contracted lone pair and lower symmetry coordination
environments lead to narrower valence bands, deeper valence band maxima, and
heavier holes.3%*8 Based on this compromise, new compounds with Sb** in high-
symmetry coordination (akin to octahedral Pb?* in halide perovskites or
cuboctahedral TI" in rock-salt halides) and a high degree of connectivity are ripe

for exploration.

Unconventional bandgap and defect tolerance
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The lone pair electron configuration causes an antibonding valence band
edge, which may aid in defect tolerance. In group IV and I11-V semiconductors,
the valence band edge is bonding in character, and the conduction band edge is
antibonding, and for most such compounds the band extrema are both located at
the I" point of the Brillouin zone. The situation at the valence band edge is
reversed in many Cu® and Ag*-containing compounds (e.g. chalcopyrite) where
the filled d-shell is shallow enough in energy to interact with the anion p orbitals,
pushing up the valence band edge. This is precisely what occurs in lead and tin
halide perovskites, but because of the filled cation s orbitals (the lone pair) rather
than the d orbitals, which are too deep in energy for these cations. This unusual
electronic bandgap formed between an anti-bonding valence band (metal s —
halogen p) and an anti-bonding conduction band (metal p — halogen p) is
exemplified by the electronic density of states (DOS), crystal orbital Hamilton
population (COHP),* and schematic bonding diagram for cubic CsPbBr3 in
Figure 4, shown here without spin-orbit coupling. The primary contribution from
Pb 6s is in the bonding band with Br 4p around -8 eV, but the corresponding
antibonding interaction produces the broad valence band. The antibonding
character of the VBM and the symmetry of the constituent orbitals ensures that it
will occur away from the I" point of the Brillouin zone. Though the conduction
band is often erroneously labeled “non-bonding,” it derives from an antibonding
interaction between Pb 6p and the halogens, as seen from the COHP in Figure 4
or from bandwidths in sublattice calculations.!” An excellent pedagogical
discussion of the bonding in these compounds is given by Goesten and

Hoffmann.’
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In the context of Cu™ compounds, an anti-bonding valence band edge has
been proposed to lead to shallow defects,* and this feature may be responsible for
the shallow acceptors observed in lead halide perovskites: Because defect states
would derive from atomic levels well below the VBM (e.g. Pb sand Br p in
Figure 4), they would tend to form states close to the band edge or even resonant
within the valence band rather than deep, mid-gap states.**-** Naturally, this
argument does not extend directly to the (also) anti-bonding conduction band:

Deep donors could form on the basis of the low-lying position of the Br p orbitals.

The relationship between chemistry, structural disorder, and electronic
disorder in these compounds remains enigmatic, but this unusual antibonding
valence band may contribute to the defect tolerance, together with other factors
like compensatory ionic disorder® and lattice dynamical suppression of long-

range correlations in the disorder potential.*®
Unusual pressure- and temperature-dependence of the bandgap

Another consequence of these antibonding valence and conduction bands

. . a a : . . :
is that the signs of % and % (via the associated deformation potentials) are

opposite to those in most semiconductors: The bandgaps widen with rising

temperature and narrow with pressure within one structural phase. This behavior
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with pressure was observed decades ago in germanium chlorides and bromides,*’
and the behavior with temperature was observed more recently in CsSnls,*® and
has been observed numerous times in lead and tin halide perovskites since.*
Additionally, because of the large positive thermal expansion (vide infra) and
small bulk moduli, these bandgap changes are quite significant. This strong
temperature-dependence suggests a very different temperature coefficient of
performance in perovskite solar cells than their conventional cousins, though the

overall effects in a single junction or tandem device are not yet known.

We have previously put forth a simple model for understanding the
temperature dependence (with the same logic applying for pressure-dependence)
through a combination of ab initio calculations and photoluminescence
measurements on CsSnBrs as an example.*> Because the VB and CB are both
anti-bonding, both narrow and drop with thermal expansion on warming.
However, the width of the valence band is more sensitive to the degree of spatial
overlap, so the net result is a widening of the bandgap. Beyond these dominant
volume effects, nonlinearities in the observed bandgap temperature-dependences
suggest an additional impact from dynamic octahedral tilting and dynamic
octahedral distortions.**° While a fuller treatment of electron—phonon coupling is
needed for quantitative agreement, this simple bonding-based picture appears to

have qualitative predictive power.
Lone pair effects on lattice dynamics: Anharmonicity and polar distortions

As discussed in the introduction, the presence of lone pairs on the Pb and
Sn provides a driving force for these cations to adopt distorted, acentric
coordination environments, wherein the lone pair occupies space and repels the
other ligands. Examining the reported crystal structure evolution of these
compounds with temperature, one observes that all the Ge compounds adopt polar
structures with crystallographically distorted, acentric Ge environments, while all
the Pb compounds (except the fluorides, with strong lone pair stereochemical

activity and octahedral tilting) adopt centrosymmetric structures with nominally

13



centric Pb coordination. The Sn compounds are intermediate, with iodides and
some bromides adopting crystallographically centric Sn environments (except for
CH3NH3SnBr3, which adopts the polar Pmc2: (#26) space group at intermediate
temperatures and an unknown, likely triclinic, ground state structure®®), while the
chlorides and fluorides are non-perovskite salts with [SnX3]~ pyramidal anions,
due to the stronger stereochemical activity of the lone pair with these harder
ligands. Despite numerous reports of ferroelectricity in perovskite lead iodides
and bromides (particularly CH3NH3sPbls), a preponderance of evidence suggests
the bulk is centrosymmetric in these compounds,®>®2 ruling out piezo-, pyro-, and
ferroelectricity.

But this is only part of the story. Obscured in this average structure view
are local, dynamic, polar distortions of the octahedral cation environments evident
from vibrational spectroscopy,> X-ray absorption spectroscopy,® pair
distribution functions (PDFs) from total scattering,’*°%°" and ab initio
calculations.>®%8-% Raman spectroscopy®! has indicated the fluid-like dynamical
nature of the perovskite lattices of CsPbBrs and MAPbBTr3, part of which is
accounted for by the lone pair activity of Pb?*. The lattice dynamics seem unique
to these perovskites and though they may not promote huge carrier mobilities,
they could delay electron-hole recombination rates, prolonging excited state
carrier lifetimes. Pump-probe electron total scattering studies®? indicate
significant structural distortions upon photo-excitation in several of these
compounds as well, though it is unclear as of yet if these are connected to the

same lone pair-driven instability.

These severe local distortions are exemplified by the X-ray PDFs for
hybrid tin and lead iodide perovskites in Figure 5a—d.%’ From the
crystallographically cubic structures for all four compounds at this temperature,®’
one would expect a single, symmetric peak just above r = 3 A, reflecting a single
metal-iodide bond distance. Instead, all four exhibit asymmetric peaks, from the
moderately asymmetric metal-I correlation in MAPDI3 to the nearly bifurcated

one in FASnls. Modeling these PDFs (and those for hybrid lead bromides and
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CsSnBr3) with a small-box rhombohedral distortion as observed
crystallographically in the Ge halide perovskites offers a simple way to
understand the underlying chemical trends, as shown in Figure 5e. The magnitude
of the local, polar distortions can be tuned by chemical substitution on all three
sites, with lighter Sn?*, harder Br-, and larger A-site cations all enhancing this
effect.>” Indeed, these chemical rules are precisely in line with those enumerated
for rock-salt chalcogenides based on ab initio studies.®
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Notably, these polar distortions are distinct from the well-known non-
polar dynamic tilting of rigid octahedra in high temperature phases, which is
driven by ionic size considerations rather than bonding and covalency, and is
ubiquitous in perovskites with undersized A-cations. Because of their polar nature,
the lone pair-driven distortions also impact dielectric properties (vide infra) and
possibly allow for dynamic relativistic spin polarization® in these
crystallographically centrosymmetric phases. Additionally, the anharmonicity
associated with this bonding naturally has the effect of reducing lattice thermal
conductivity, a point which has been covered extensively in the literature on
thermoelectrics with lone pair cations. Aside from the impacts on dielectric and

thermo-mechanical properties, one expects that these unusual lattice dynamics
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would be linked to the electronic disorder in these structurally soft materials,4
which in turn dictates many excited state properties.

Large ionic dielectric response

The anharmonic potential for polar octahedral distortions underlying this
observed “hidden” local structure should also manifest in an elevated ionic
dielectric response, independent of the reorientation of dipolar molecular cations
in the hybrid compounds. This is because the nominal, crystallographic, high-
symmetry coordination of the lone pair-bearing cation is a metastable saddle point
in the potential energy landscape. Accordingly, a small applied field is sufficient
to induce a large dipole from the distorted, acentric coordination due to the
stereochemically active lone pair. Indeed, as seen in Figure 6a, all the compounds
in this class which have been measured have low-frequency dielectric constants
two to three times those of silicon, 111-Vs, kesterites, and chalcopyrites, even
when molecular dipole contributions are removed.2%5-"4 Without the molecular
dipole contributions, the dielectric constants of the inorganic and hybrid
compounds are nearly identical, as neatly illustrated by Govinda and coworkers
for the case of lead bromides in Figure 6b. The schematic frequency-dependence
of the dielectric function (modeled after Young and Frederikse,” and based off of
reported molecular reorientation rates and optical phonon frequencies) is depicted

in Figure 6c.
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This elevated lattice polarizability due to the lone pairs is far from a
curiosity. Rather, it is the likely microscopic mechanism behind the hypothesized
formation of large polarons in these materials.”® In principle, a higher dielectric
response (on the relevant timescale) should screen the Coulomb interaction
between charge carriers and other carriers or charged defects, reducing scattering
and recombination rates. Though focused study of the impacts of unusually strong
dielectric screening on carrier transport appears to be in its infancy,”’-’® an early
result from doped ferroelectric complex oxides is quite intriguing.”® In halide
perovskites, there is ample circumstantial evidence, though direct proof remains
challenging, as it can be difficult in practice to isolate the stimulus of interest (e.g.
chemical substitution simultaneously alters the chemical bonding, ionic sizes, and

defect energetics).

Notably, this phenomenon of a large ionic dielectric response should be

fully general to compounds with lone pair cations in relatively high symmetry
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environments (if the coordination is severely distorted, this may indicate that the
double well is quite deep, akin to a polar phase whose polarization cannot be
ferroelectrically switched before dielectric breakdown). An instructive example in
simple binary compounds can be found in comparing PbS (in which lone pair-
driven dynamic distortions have been observed®) and CdS (without a lone pair
cation): PbS has a static dielectric constant more than one order of magnitude
higher than that of CdS (even when accounting for the difference in optical
dielectric constants from the rather different bandgaps).” Several other
semiconductors with lone pair cations have high dielectric constants, including
Sb®* sulfides and selenides, SbSI (with a ferroelectric transition around room
temperature), and TI* halides.”

Enormous positive thermal expansion

As a purely anharmonic effect, thermal expansion behavior offers another
window into the unusual lattice dynamics of these compounds—though we note
that this property reflects both the polar modes discussed above and the more
familiar, non-polar anharmonic modes associated with octahedral tilting in

perovskites with undersized A-cations. The experimentally reported values of the

) , for tin and lead bromides

. . .. 1[0V
volumetric thermal expansion coefficient, @, = = (—
14

v \oT
and iodides are presented in Figure 7a (reliable figures are not yet available for
FASNBrz and most of the corresponding chlorides). Though lattice parameters can
be determined to high precision, such expansion coefficients necessitate taking
finite differences of volumes, amplifying greatly any systematic error in lattice
parameters across studies, laboratories, and instruments. As such, in almost every
instance, lattice parameters at different temperatures have been taken from the
same publication. Additionally, the volumetric thermal expansion of these
materials seems generally not to be linear over wide temperature ranges®*8! even
at temperatures well above any quantum effects, so av has been computed near

room temperature whenever possible. Values derived from neutron diffraction, or
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older values which deviate significantly from those based on modern
diffractometers, have been excluded.

250 . - . .
EA=MA
200
N CA=FA
{ lighter
g 190 [ smaller halogen
o octahedral A-cation
® 100 factor, y
smaller
50 M-cation
tolerance factor, t
0 [«— Si
APbI, ASnl, APbBr, ASnBr,

Several features are evident from Figure 7. Most glaringly, across all the
iodides and bromides of tin and lead the coefficients of volumetric thermal
expansion are extremely large, more than one order of magnitude larger than that
of c-Si (~8 x 10°).82 As noted in previous reports from the authors, ay for FAPDI3
and FASnNI3 appear to be the largest values known for any 3D extended crystalline
solids near room temperature8! (at least one framework cyanide, and likely
other compounds, appear to have a larger value at low temperatures®). While this
is remarkable from a fundamental perspective, this suggests significant challenges
in applications, such as the possibility of fatigue cracking or substrate
delamination due to diurnal temperature cycling in solar cells—though the “soft”
kinetics of these materials and the corresponding high homologous temperatures

may in fact allow self-healing.

Strikingly, in most cases, values of ayv of the tin halides appear to be
comparable or even somewhat higher than those of the corresponding lead
halides. This includes the case of FASnIs and FAPbIs, for which values are
reported by the same group at comparable temperatures based on measurements at
the same high-resolution synchrotron diffractometer. This is striking for two
reasons. First, one typically expects “stiffening” of (thermo)mechanical properties

as one ascends a group in the periodic table, such as higher bulk moduli and
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higher Debye temperatures (though we must not conflate stiffer harmonicity with
reduced anharmonicity). Second, substituting tin for lead corresponds to a smaller
octahedral factor and a larger tolerance factor (illustrated in Figure 7b)—the
latter implying that tilting anharmonicity is reduced in making this substitution.
Even in the face of a lighter divalent cation and lesser octahedral tilting (and
lesser anharmonicity of those modes), tin halides have greater coefficients of

thermal expansion, suggesting extreme anharmonicity of the Sn—X bond.

Indeed, this is in line with the expectations based on lone pair
stereochemistry and the acute local distortions observed in tin halides by X-ray
PDF discussed above. We note, however, that at this time, one cannot rule out the
possibility that a higher tolerance factor suppresses a negative contribution from
rigid octahedral rocking modes as observed in ScFs; and ReOs—indeed, the
nonlinear temperature-dependence of av through tilting phase transitions observed
in CsSnBrs *° and FAPDI3 8 indicates this is a possibility. The lone pair (in part)
causes these materials to have among the highest thermal expansion coefficients

known for 3D bonded extended solids.

Summary

The electronic configuration of Pb (Sn) in halide perovskites — with a 6s2
(55) lone pair — imparts several unusual properties to these compounds, many of
which are favorable for their optoelectronic applications. Via its interaction with
the anions, the lone pair directly produces a wide valence band, suitable band
alignments for the absorption of visible light and the injection of carriers to
common hole transport layers, and a light effective mass for holes. The
antibonding nature of states at the valence band edge may contribute to the defect
tolerance of these materials and produces a large positive (negative) bandgap
temperature (pressure) coefficient. The lattice dynamics are also profoundly
affected: The tendency for the lone pair to express its stereochemistry and “take
up space” produces a highly anharmonic energy landscape for polar distortions of
the octahedral cation environments. This in turn results in crystallographically-

hidden, local distortions, enhanced dynamic behavior, elevated ionic dielectric
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response, reduced lattice thermal conductivity, and (in part) to positive thermal
expansion that is among the largest known for 3D extended solids.

While the trajectory of solar cell performance based on lead halide
perovskites in the last decade has been remarkable to say the least, practical
challenges for widespread adoption and the possibility of other uses motivate the
continued and expanded exploration of applications beyond photovoltaics. These
include those in light emission and detection, quantum behavior, thermoelectrics,
photocatalysis, and devices which couple charge and spin in relativistic, non-
centrosymmetric systems.

Equipped with these chemical insights on the myriad effects of lone pairs
coupled with the wealth of predictions from recent computer-aided materials
discovery efforts,**#48¢ there is an opportunity for materials scientists and
inorganic chemists to fill in the gaps in the existing phase diagrams of pnictides,
chalcogenides, halides, and mixed-anion systems of the heavy main-group.

Similarly remarkable new semiconductors may yet be found.
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Figure and Table Captions

Figure 1. Molecular and crystal structures and associated symmetries of (a) water
and ammonia, (b) litharge PbO and rock-salt PbS, and (c) perovskites CsGels and
CsSnBrz (both at ambient temperature). The lone pairs are schematically
indicated. (d) Schematic double-well potential for lone pair-induced distortion of
an octahedral coordination environment, parametrized by a generalized distortion
coordinate, Q. The depth of the double-well, Epw, relative to ksT determines
whether the structure is crystallographically distorted (e.g. PbO, CsGels) or
locally distorted (PbS and CsSnBrs3).
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Figure 2. Electronic band structures of cubic halide perovskites with different
electronic configurations of the octahedral cation, presented on a common energy
scale. (a) CsPbBrs with [Xe]4f145d1%6s? Pb?* (“s2”). (b) Hypothetical “CsCdBrs”
with [Kr]4d® Cd?* (“d®”). (c) CsSrBrs with [Kr] Sr?* (“[noble gas]”). Bandgaps
are indicated with shading and dashed lines. Projected s orbital character on the
octahedral cation is shown as orange dots. The energy scales are aligned by the
semi-core Cs 5s states (around —20 eV) and are referenced to the valence band
maximum of CsPbBrs.

Figure 3. Electronic band structures of rock-salt-ordered halide double
perovskites (elpasolites) with different combinations of electronic configurations
on the octahedral cations, presented on a common energy scale. (a) Hypothetical
“Cs,TIBiBrs” with s2 TI* and s? Bi**. (b) Cs,AgBiBrs with d*° Ag* and s? Bi**. (c)
Hypothetical “Cs2AgInBre” with d*° Ag* and d*° In®". (d) Hypothetical
“Cs2KBiBrs” with [Ar] K and s Bi®*. (c¢) Hypothetical “Cs2KInBrg” with [Ar] K
and d'° In®". Bandgaps are indicated with shading and dashed lines. Projected s
orbital character on the octahedral cations is shown as orange and blue dots. The
energy scales are aligned by the semi-core Cs 5s states (around —20 eV) and is
referenced to the valence band maximum of “Cs,TIBiBre.” “[n.g.]” refers to a
noble gas electron configuration.

Figure 4. Orbital-projected electronic density of states (DOS), crystal orbital
Hamilton population (COHP) for lead—halogen interactions, and schematic band
diagram for cubic CsPbBrs. Pb 6s contributions are indicated with orange arrows.
Positive values of -COHP (to the right) are bonding, negative values anti-
bonding. Both the valence band maximum and the conduction band minimum are
seen to be anti-bonding, with consequences for defect energetics and temperature
coefficient of the bandgap. Schematic bands are colored by the dominant orbital
contribution following the colors in the DOS.

Figure 5. X-ray pair distribution functions (PDF), G(r), at 360 K of (a) MASnI3,
(b) FASNI3, (c) MAPDIs, (d) FAPDIs revealing severely distorted Mle octahedra in
these crystallographically cubic phases (MA = [CH3NH3]*; FA = [CH(NH2)2]").
(e) Displacements of the octahedral cations from small-box modeling of the PDF
with a rhombohedral distortion. Values for MAPbBrs, FAPbBr3, and CsSnBr3 are
additionally shown. The severe asymmetry in the metal-halogen PDF peak is
present for all compounds but is strongest for tin iodides and more moderate for
lead iodides. Reproduced from Laurita and coworkers, Chem. Sci. 8, 5628 (2017)
with permission — Published by the Royal Society of Chemistry.

Figure 6. (a) Reported experimental static dielectric permittivity without
molecular dipole contributions, ¢’ — eqip’, compiled from the literature, in units of
the vacuum permittivity, eo. These values are isolated via kHz or MHz
capacitance measurements in the low temperature limit>2666870-73 or at room
temperature using GHz% or THz® radiation. Individual values (black dots) are
shown, and bar height is the average value. The range of values for typical
photovoltaic semiconductors is shown on the righthand side. The range of
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reported optical dielectric constants, eopt, for MAPO(CI,Br,1)s is also indicated.®’
(b) Low-frequency dielectric response of CsPbBrs and MAPbBr3, showing that
the ionic response of the two compounds is very similar when reorientation of the
molecular dipole is frozen out. Adapted with permission from Govinda and
coworkers, J. Phys. Chem. Lett. 8, 4113 (2017). Copyright 2017 American
Chemical Society. (c) Schematic of the frequency-dependence of the dielectric
response of halide perovskites at room temperature, illustrating static, ionic, and
(sub-bandgap) optical regimes.

Figure 7. (a) Volumetric thermal expansion coefficients, av, of perovskite tin and
lead bromides and iodides compiled from the literature,3%-°6.738188-93 \wWhere
multiple reliable values are available (e.g. different temperature ranges),
individual points and the corresponding range are shown, and the bar height is the
average value. The value for c-Si is shown for comparison. (b) Schematic -t
phase space (u = octahedral factor; t = tolerance factor) illustrating the purely
geometric effects of chemical substitution on each of the three sites.
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