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Stabilized tilted-octahedra halide perovskites inhibit
local formation of performance-limiting phases
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Efforts to stabilize photoactive formamidinium (FA)-based halide perovskites for perovskite
photovoltaics have focused on the growth of cubic formamidinium lead iodide (a-FAPbIs) phases by
empirically alloying with cesium, methylammonium (MA) cations, or both. We show that such stabilized
FA-rich perovskites are noncubic and exhibit ~2° octahedral tilting at room temperature. This tilting,
resolvable only with the use of local nanostructure characterization techniques, imparts phase stability
by frustrating transitions from photoactive to hexagonal phases. Although the bulk phase appears stable
when examined macroscopically, heterogeneous cation distributions allow microscopically unstable
regions to form; we found that these transitioned to hexagonal polytypes, leading to local trap-assisted
performance losses and photoinstabilities. Using surface-bound ethylenediaminetetraacetic acid, we
engineered an octahedral tilt into pure a-FAPbI3 thin films without any cation alloying. The templated

photoactive FAPbI; film was extremely stable against thermal, environmental, and light stressors.

Ithough early perovskite solar cells pri-

marily used methylammonium (MA)-

based absorber layers, formamidinium

(FA)-based perovskites have much greater

thermal stability. However, FAPDbI; is
challenging both to fabricate and stabilize,
because the photoactive cubic phase (0-FAPbI3)
consisting of lead iodide octahedra is stable
only at temperatures above 150°C, where it is
entropically stabilized by the reorienting FA
cations (7). At room temperature, the energy
barrier is readily overcome and the material
rapidly transitions to wide-bandgap, face-
sharing hexagonal polytypes, such as the 2H
d-phase, 4H, or 6H phases (2, 3). Alloying FA
with Cs*, MA, or both on the A-site cation of the
ABXj; perovskite structure can stabilize pho-
toactive FAPDbI;-like cubic structures at room
temperature. For example, perovskite solar cells
fabricated with Cso05FA¢.8MAg 17PP(Io.83Br0.17)3
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(triple-cation) or those comprising FAPbI;
alloyed with MAPbBr; perovskites have achieved
high power conversion efficiencies (PCEs) with
greatly enhanced reproducibility and ambi-
ent stability relative to pure FAPbI; (4-8).
The most successful recent strategies for sta-
bilizing pure FAPbI; perovskite thin films
still incorporate a small fraction of alloy-
ing cations, including incorporation of MA
through use of methylammonium chloride
(in conjunction with formamidinium formate)
(9), methylammonium thiocyanate vapor (10),
methylammonium formate (11), or other cat-
ions such as Cs* and methylenediammonium
12, 13).

These approaches lead recent record effi-
ciency tables, and power conversion efficiencies
have now exceeded 25.5% in single-junction
and 29.5% in tandem configurations (14).
Nonetheless, degradation to undesirable hex-
agonal by-products during the lifetime of a
photovoltaic panel can still occur (3). Nano-
scale domains of hexagonal-phase impurities
can persist even in high-performing films that
appear otherwise cubic in macroscopic mea-
surements (I5). These trace hexagonal domains
induce clusters of deep trap states that are
detrimental to performance (16, 17) and induce
photodegradation under operational condi-
tions (75). Eliminating these hexagonal-phase
impurities will be essential for commercial
viability of these cells, but doing so requires a
fundamental atomic-level understanding of
why and how they form.

Improved cubic-phase stability has been at-
tributed to tuning the Goldschmidt tolerance
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factor toward the perfect cubic perovskite
structure through cation mixing (7, 18), tem-
plating growth of the corner-sharing cubic
structure (10, 11), relaxing strain (13), or re-
ducing intrinsic defect density (9). We found
that stable, photoactive FA-rich perovskites
exhibited small, symmetry-breaking, octahedral
tilting at room temperature and actually have a
noncubic structure. The magnitude of octahe-
dral tilting is very small and only weak super-
structure diffraction peaks are created that are
below the noise threshold of traditional charac-
terization techniques. We elucidated these fea-
tures using local, low-dose, nanostructure probes
and sensitive photon-counting detectors. This
octahedral tilt-stabilized (ots) phase is induced
through the alloying of cations and acts as an
inherent photoactive material stabilizer by
frustrating the transformation from the photo-
active noncubic phase to hexagonal wide-
bandgap phases. Although this alloying
approach provides apparent phase purity if
viewed macroscopically, spatial heterogene-
ity in cation distribution in the film is asso-
ciated with local nanoscopic regions that are
not tilted and thus form residual hexagonal-
phase impurities (75, 17).

We demonstrate a strategy in which surface-
bound ethylenediaminetetraacetic acid (EDTA)
templated the growth of ots-FAPbI; throughout
the bulk film, as elucidated by solid-state nuclear
magnetic resonance (NMR) and nuclear quadru-
pole resonance (NQR) measurements. The ots-
FAPDI; films showed exceptional stability against
thermal, atmospheric, and light stressors without
any cationic additives.

We first solution-processed thin films of
triple-cation Csg 05FAo.78MAg 17Pb(Lo.83Br0.17)3
perovskite on SiN transmission electron mi-
croscope (TEM) substrates following a previously
reported process (16). An electron diffraction
(ED) pattern (maintaining low electron dose
~10 electrons/A®) extracted from a scanning
ED (SED) measurement (19) of the film could
in principle be indexed to a [001]. zone axis of
the expected cubic perovskite Pm3m structure
with a lattice parameter of ~6.3 A (Fig. 1A)
(7, 16). However, in these SED scans with
spatial resolution of 5 nm (extracted from
individual grains 50 to 200 nm in size), very
faint reflections, forbidden from appearing in
the Pm3m space group, were visible (Fig. 1A,
white arrows). The same forbidden reflections
were also observed in measurements from
many different sample batches and exper-
imental measurements, as well as in analogous
pure-iodide Csg 05FAg7sMAg 1,PbI; thin films
(fig. S1). Thus, these triple-cation compositions,
regardless of halide composition, have a non-
cubic structure.

We attributed these superstructure reflec-
tions to octahedral tilting whereby the BXg
corner-sharing octahedra tilt away from perfect
cubic symmetry into 1 of 15 lower symmetry
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Fig. 1. Structural identification of tetragonal CsgosFAo78MAg17Pb(lo.83Bro.17)s
thin films. (A) The ED pattern of a CSQ_05FAO'78MAO_17Pb(|0_33Br0_17)3
sample oriented near the [001] zone axis of a cubic unit cell ([001];) or the
[001]; zone axis of a tetragonal unit cell. The superstructure reflections indicated
by white arrows are forbidden from appearing in a cubic structure. (B) The

ED pattern of a CsgosFA0.78MAg17Pb(lp.g3Bro17)s film oriented near the [110]./
[100]; zone axis. Superstructure reflections are absent. (C) Schematic
representation of the cubic Pm3m perovskite structure viewed along the

[001]; direction. Green spheres represent A-site cations; red spheres represent
halides. B-site cations are represented by gray spheres that are partially

visible and are enclosed in blue octahedral cages. The cubic unit cell is indicated by

a black dashed box. (D) Schematic representation of the tetragonal P4/mbm
perovskite structure viewed along [001].. The tetragonal unit cell is indicated by
the blue box connecting A-site cations. The pseudo-cubic unit cell is indicated
by a black dashed box. (E) Mean nano-x-ray diffraction (nXRD) pattern of a
Cs0.05FA0.78MAg 17Pb(lg 83Bro17)3 thin film extracted by spatially averaging across
a 15 um x 10 um region. The pattern was normalized between O and 1 by
subtracting the minimum value and scaling with the maximum value from the
respective map of peak intensity ratio. (F) (121); tetragonal XRD peak extracted
from local nXRD measurements. Inset: Close-up of (121); peak. (G) (100)./(110);
XRD peak extracted from local nXRD measurements. Note that (F) and (G)

are plotted on the same intensity scale. Scale bars, 0.5 A™ [(A) and (B)].

space groups (fig. S2) (20). We exclude the
possibility that the superstructure reflections
could be attributed to effects other than octa-
hedral tilting, such as dynamical scattering, or
cation ordering (see text S1). We also exclude
the possibility that electron beam-induced struc-
tural changes affected the interpretation of our
results as our measurements were acquired over
an order of magnitude below the electron doses
at which beam-induced effects are observed.
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We also observed these superstructure reflec-
tions in halide perovskite compositions known
to possess a tilted, noncubic, structure (21, 22)
[fig. S3; see also (19) and text S1].
Interrogating superstructure reflections at
particular orientations allows the unambiguous
assignment of space groups from ED patterns
of octahedrally tilted perovskites (20), and is
typically achieved by tilting a single crystalline
sample into different orientations and record-
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ing an ED pattern at each orientation. How-
ever, this methodology is not compatible with
the most technologically relevant halide pe-
rovskite materials given their polycrystalline
nature, small grains, and beam sensitivity. We
used the low-dose, large-area scanning capa-
bilities of SED to sample many individual
grains at orientations other than [001]. and
determine the actual symmetry of the FA-rich
alloyed (triple-cation) perovskite unit cell.

2 of 8
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Fig. 2. Tilted octahedra stabilize photoactive perovskites against (peak at 1712 cm™). (J) IR chemical ratio of the FA:MA cation distribution
degradation. (A to C) Progression of the structural transition from the corner-  extracted by dividing the IR map of FA content in (I) by the IR map of MA
sharing cubic Pm3m structure (A) to the 2H hexagonal face-sharing structure (C)  content in fig. S8. (K) Annular dark-field image reconstructed from SED data
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by way of a mixed corner-sharing and face-sharing intermediary structure (B). ~ of a region of a Cso05FA0.78MA017Pb(l0.83Bro17)3 thin film. Hexagonal

(D to F) Progression of the structural transition from the corner-sharing phase impurities are shaded in yellow. (L and M) ED patterns extracted from a
tetragonal P4/mbm structure (D) to the 2H hexagonal face-sharing structure (F)  black region of interest in (K), revealing a grain oriented near the [102]; zone

by way of a mixed corner-sharing and face-sharing intermediate structure (E). ~ axis (L) and a grain oriented near the [100]; zone axis (M). (N and 0) ED
(G) Relative energy difference between the corner-sharing, mixed, and face- patterns of the yellow boxed region of interest shown in (K), revealing
sharing phases for the cubic-to-hexagonal (gold) and tetragonal-to-hexagonal a 2H hexagonal phase impurity oriented near the [100], zone axis (N) and
(blue) transition. (H and 1) For a Csg osFAo7eMAg17Pb(lo.g3Bro.7) thin film, oriented near the [100], zone axis (0). Scale bars, 800 nm [(H) to (J)],
AFM-IR morphology map (H) and IR absorption maps of the FA content (1) 200 nm (K), 0.5 A [(L) to (0)].

Group-subgroup relations (fig. S2), along
with the symmetry of the experimentally ob-
served superstructure reflections for triple-
cation samples, indicated that the most likely
space groups were either tetragonal P4/mbm

or orthorhombic Pnma (20, 23). However, the | space group, superstructure reflections are
ED pattern of grains oriented near a (110). | expected in 2 of 12 (110). zone axis diffraction
zone axis (Fig. 1B and figs. S4 to S6) revealed | patterns, whereas in the P4/mbm space group,
no superstructure reflections when compared | they are expected in none (fig. S4) (20). The
to the expected cubic structure. In the Pnma | persistent absence of these reflections in our
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experimentally observed (110). zone axis pat-
terns thus provides strong evidence that these
triple-cation perovskites had a tetragonal P4/
mbm structure.

The weak nature of the superstructure re-
flections observed here, which were resolvable
with SED given that the interaction of elec-
trons with matter is orders of magnitude
stronger than that of x-rays, suggested that
the structural deviation from cubic (Fig. 1, C
and D) is very small and would be extremely
difficult to detect in laboratory Bragg x-ray
diffraction (XRD) [see (19)], and was con-
sistent with previous assignments of the triple-
cation perovskite to a cubic structure (7). We
used synchrotron-based nano XRD (nXRD) ex-
periments to quantify the degree of octahedral
tilting present in FA-rich alloyed samples. A

Doherty et al., Science 374, 1598-1605 (2021)
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50-nm focused x-ray probe allowed us to scan
local regions of a sample, acquiring both single-
crystal patterns from individual grains and
powder patterns representative of the bulk of
the material by spatially averaging across every
probe position in a given scan. Even with
monochromated synchrotron light and a high-
ly sensitive photon-counting detector (19), we
only observed weak diffracted intensity from
the (121), tetragonal superstructure reflection
in a spatially averaged nXRD pattern across
a15 um x 10 um region of a triple-cation film
sample (Fig. 1E) (19). All other tetragonal super-
structure peaks had an intensity below or com-
parable to the noise of the averaged pattern.

However, the local nature of nXRD allowed
us to use virtual dark-field imaging (fig. S7)
(19) to exclusively extract regions in the scan
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Fig. 3. Surface-bound ethylenediaminetetraa-
cetic acid (EDTA) templates growth of
octahedral tilt—stabilized (ots)-FAPbI3. (A and
B) The SED pattern for ots-FAPbI; perovskite

thin films near the [001], zone axis (A) and near the
[112]. zone axis (B). A subset of superstructure
reflections is highlighted with white arrows in each
SED pattern. (C) The SED pattern for a hexagonal
(6H) structure present in the ots-FAPbI3 perovskite
thin film oriented near the [021] zone axis.

(D) Liquid-state 'H NMR of the precursor solution
reveals that EDTA interacts with Pb?* ions (in
mixtures with Pbl, and FAPbI3) and FA ions (in
mixtures with FAl and FAPbI3). The protonation of
FA by EDTA hinders the rotation around the partial
double C-N bonds, rendering the two protons
within the two NH, moieties inequivalent (visible
via the peak splitting of the FA NH, resonances
and the J-coupling on both the FA CH and

NH, resonances). The inset shows the structure
of protonated FA. (E) Liquid state °°’Pb NMR
corroborates the Pb>*-EDTA interaction in the
precursor solution of dissolved Pbl, and FAPbI3.
(F) *H-13C CP MAS NMR reveals that EDTA in
EDTA-doped FAPbI3 (scraped-off material from
drop-cast films) is substantially disordered
relative to neat EDTA. The intense peak of FA
environments is clipped here for clarity. The inset
shows the structure of EDTA. (G) The “FA" region
of the Bloch decay—detected (i.e., pulse-acquire)
13C MAS NMR spectrum (green) shows that most
of the FA environments are unchanged in ots-FAPbl3
and correspond to FA within o-FAPbI;. New
environments are also present that correspond to
3-FAPbI3 as well as FA interacting with EDTA
(indicated by an arrow in the CP spectrum, blue).
(H) I nuclear quadrupole resonance (NQR)
spectra of a-FAPbI3 and ots-FAPDbI3 reveal more
asymmetric local structure of iodides in the
latter material. We attribute this effect to a
reduction in overall crystallographic symmetry
as a result of structure templating by the surface-
bound EDTA. Scale bars, 0.7 AL [(A) to (C)].

where the Bragg condition was satisfied for
tetragonal superstructure peaks. This approach
substantially increased the signal-to-noise ratio,
allowed extraction of local tetragonal super-
structure peaks (Fig. 1F and inset), and miti-
gated the impact of local film texture on the
analysis of diffracted intensity. As the inten-
sity of superstructure peaks relative to primary
Bragg peaks is directly related to the degree of
octahedral tilting (24), we could compare the
averaged intensities 7 of the tetragonal (121),
Bragg peak (Fig. 1F) to the much stronger pri-
mary (100)./(110), Bragg peak (Fig. 1G) to show
that I(]th was 0.75% of I(IOO)C/(]IO)t' A compari-
son of this relative intensity to kinematical
simulations of a range of different octahedral
tilt angles indicated an octahedral rotation in
the range 0.75° to 2.75° about the c axis of the

4 0f 8
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Fig. 4. ots-FAPbI; perov- A
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stressors. (A) X-ray diffrac- § (100)e
tion (XRD) pattern for a =

control a-FAPbl3 sample §

(bottom pattern, black) g

taken immediately after 2

exposing to ambient air, with 2 o-FAPbI,

a &-phase peak already %’

present. The inset shows PL -

spectra of a film taken ini-

tially (O hours corresponds

to ~5 min of total exposure
to ambient air) and again 10
after 3 hours of exposure.

Note that these control c

Absorption ’&‘pL

Intensity (norm.)

J i

(200)g 700 800 900
(011) (111)g

~
°

. Wavelength (nm)
(112)c (022)c (300)

,zéh%‘t’o
t}
A

Y

Intensity (normalized)

PL (norm.)

700 800 900
Wavelength (nm)

Ambient air

1503 1000 h
J A A A 500 h
A 200 h

50 h

20 30 40 50
20(°)

o-FAPbI; films are rapidly
degrading during the mea-
surements in ambient air,
and thus these spectra are
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(red) shows the XRD pattern
of an ots-FAPblI; film,
indexed to the cubic struc-
ture for labeling purposes,
with no signature of addi-
tional phase impurities.

The inset shows the
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of the film. (B) XRD pattern of an ots-FAPbI3 film stored in ambient air over a
period of 1000 hours, showing negligible change. (C) XRD pattern of an
ots-FAPbI3 film subjected to continuous heating at 100°C for 24 hours in
ambient air, showing very little change. The inset shows that the PL spectra
also exhibit minimal change after the heating. (D) XRD pattern of an ots-

unit cell (Fig. 1D) [see fig. S7, (19), and text S2
for calculation of relative peak intensity, esti-
mation of octahedral rotation and its range, and
extraction of local diffraction data]. Our collec-
tive results revealed that these FA-rich alloyed
cation compositions intrinsically had small
octahedral tilting structural distortions that
were not observable in macroscopic Bragg dif-
fraction experiments but resolvable by the local
Bragg diffraction measurements used here.
The crystallization of FA-rich alloyed perov-
skites in this slightly tilted, corner-sharing,
photoactive phase at room temperature was
surprising. We hypothesize that the ots phase
led to reported improved stability and resistance
to transforming into the hexagonal phases when
compared to untreated cubic o-FAPbI; (25). To
test whether the tilted octahedra of the tetrag-
onal P4/mbm triple-cation perovskite provided
an innate barrier to forming a hexagonal face-
sharing structure, we probed the thermody-
namics of the transformation between corner

Doherty et al., Science 374, 1598-1605 (2021)

20 30 40 50
26(°)

and face-sharing octahedral networks using
first-principles density functional theory (DFT)
total energy calculations [see (19)]. We considered
both the cubic Pm3m phase (Fig. 2A) and the
tetragonal P4/mbm (Fig. 2D) as the starting
corner sharing phases and the same hexago-
nal 2H phase as the final face-sharing phase
(Fig. 2, C and F). The energy difference (thermo-
dynamic driving force) between the cubic and
hexagonal phases was 86 meV (Fig. 2G), whereas
the difference between the tetragonal and hex-
agonal phase was only 17 meV.

We estimated the thermodynamic cost to
form a mixed corner/face-sharing phase (Fig.
2B for cubic and Fig. 2E for tetragonal), which
is an intermediate between the corner-sharing
and face-sharing phases. These values provided
a lower bound for the phase transition barrier:
We obtain a barrier height of 26 meV per
formula unit for the cubic-to-hexagonal phase
transition and 75 meV/f.u. for the tetragonal-
to-hexagonal phase transition, again indicating

24 December 2021

10 20 30 40 50

20(°)

FAPbI; film subjected to continuous illumination under 1-sun intensity (AML1.5)
for 100 hours in ambient air, showing only small changes in patterns. The
inset shows that the PL spectra also exhibit minimal change after the
illumination, other than a small spectral narrowing. Asterisk in (C) and (D)
denotes peak from the ITO substrate.

that the cubic phase was more susceptible to
transitioning to hexagonal polytypes. We note
that the phase transition may be further in-
fluenced by reorientations of the organic cation
(26). Although transitions between cubic corner-
sharing and hexagonal face-sharing structures
are well documented in halide perovskites,
oxide perovskites, and silicon carbide materials
(27-29), the same is not true for tetragonal
corner-sharing (or other tilted structures) to
hexagonal face-sharing transitions.

Given we observed the tetragonal structure
in both mixed halide and single halide FA-rich
alloyed cation compositions (Fig. 1, A and B,
and fig. S1), and that the structurally similar
o-FAPbI; had an average cubic structure at
room temperature, as revealed by neutron dif-
fraction experiments (25), we propose that
room-temperature octahedral tilting in FA-
rich perovskites originated primarily from alloy-
ing of the FA, Cs*, or MA cations (or some
combination) on the A-site. Specifically, the
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mixing of different-sized cations induced a
small distortion of the perovskite’s local unit
cell that frustrated the structural transfor-
mation to 2H and other hexagonal phases.
‘We note that halide mixing could additionally
influence the observed degree of octahedral
tilting (fig. S8 and text SI) (19).

Using atomic force microscopy-based infra-
red nanospectroscopy (AFM-IR) to simulta-
neously map the morphology of the film (Fig.
2H) and the spatial distribution of the chem-
ical signature of the FA (at 1712 cm™; Fig. 2I)
and MA (1466 cm; fig. S8) of a triple-cation
perovskite thin film, we observed discrete FA-
rich regions of the film ~50 to 200 nm in size,
as seen in the FA:MA ratio map in Fig. 2J (see
also fig. S9) (30). SED measurements (Fig. 2K)
revealed that although most of the film ex-
hibited P4/mbm symmetry (Fig. 2, K to M), we
also observed discrete inclusions indexable to
hexagonal polytype structures ~50 to 150 nm
in size and comparable to the length scales of
the FA-rich domains (Fig. 2, K, N, and O; see
fig. S10 for additional examples).

On the basis of these observations, we con-
cluded that these hexagonal regions were
linked to the heterogeneity in the cation
distribution. For example, regions of the film
with a local excess of FA, such as those visu-
alized by AFM-IR (Fig. 2, I and J), had a
reduced content of Cs*, MA, or both (Fig. 2,
J and K, and fig. S9). The locally higher FA
content allowed hexagonal phases to form
either directly during the crystallization pro-
cess (which cation alloying would otherwise
have inhibited) (2, 31), or indirectly after an-
nealing as the FA-rich environment favored
the formation of the photoactive perovskite
as a cubic Pm3m structure rather than a
tetragonal P4/mbm structure. The cubic struc-
ture then readily transformed to 2H and other
hexagonal phases.

Even if these phases appear stabilized when
probed macroscopically through small additions
of other cations (2, 32), typically used film-
processing approaches for devices can leave
phase impurities that persist on the nano-
scale (in general unobservable in macroscopic
techniques) (16, 17) and induce degradation
under operation (75). The pathway to highly
stable and efficient FA-rich perovskite devices
is through the slight distortion of octahedra
across the sample to a degree that frustrates
the transition from corner-sharing to face-
sharing structures but does not compromise
optoelectronic properties for example by wid-
ening the bandgap or reducing carrier life-
times (33). To selectively induce octahedral
tilt in FAPbI; at room temperature without
alloying multiple A-site cations, we used
ethylenediaminetetraacetic acid (EDTA) as an
additive to the precursor solution of FAPbI;
(19), considering the potential for such bi-
functional molecules to interact with both
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Pb>* ions and ammonium cations in precursor
solutions, during film formation, or both. We
spin-coated EDTA-containing perovskite pre-
cursors on substrates that were then annealed
at 150°C for 1 hour in a nitrogen glove box to
form a visibly stable, optically active film of the
black perovskite phase (see fig. S11 for optimi-
zation of EDTA concentration). We did not in-
clude any other additives, which allowed us to
study the pure FAPbI; systems.

SED patterns extracted from the resulting
perovskite thin films (Fig. 3, A and B) con-
firmed the presence of superstructure reflec-
tions identical to those observed in the P4/
mbm FA-rich perovskites, indicating that octa-
hedral tilting occurred in the fabricated FAPbI,.
Occasionally, superstructure reflections inconsist-
ent with P4/mbm symmetry were observed
(fig. S12), which suggested that multiple oc-
tahedral tilt systems were present that we
were unable to unambiguously assign. Notably,
in each place that we observed a corner-sharing
photoactive perovskite structure, we also ob-
served octahedral tilting in ots-FAPbI;. Fur-
thermore, in the infrequent local regions where
octahedral tilting was not observed, hexagonal-
phase impurities were present (Fig. 3C). These
results provided further support for our asser-
tion that octahedral tilt is critical for minimiz-
ing the formation of such phase impurities.

To elucidate the microscopic mechanism of
the EDTA-induced stabilization of FAPbI;, we
performed NMR experiments to probe local
structure (34, 35). 'H liquid-state NMR of the
precursor solutions showed a prominent shift
of the acetate and ethylenic CH, groups of
EDTA, added in the neat acid form (36), in
the presence of dissolved Pbl, at Ad = +0.3
parts per million (ppm) and FAPbI; at AS =
+0.3 ppm (Fig. 3D). Although EDTA is a strong
chelator, we did not observe the formation of a
long-lived, hexadentate Pb-EDTA chelate that
would lead to splitting of the acetate methylene
protons (see text S3) (37). We attributed the
relative shifts to a combination of changes in
the protonation equilibrium because EDTA can
exist in six forms with different protonation
levels, and a shorter-lived or more disordered
Pb**-EDTA complex. Additional proof of the
Pb>*-EDTA interaction was provided by the
relative shift in 2°’Pb NMR spectra of the pre-
cursor solutions when EDTA is added (Fig. 3E).
In addition, EDTA protonates the FA moiety,
hindering the C-N bond rotation, as indicated
by the appearance of a set of signals associated
with the two inequivalent NH, groups of FA
and the corresponding CH multiplet (38).

We next investigated ots-FAPbI; by solid-
state NMR. 2°’Pb and N solid-state NMR
spectra of scraped-off material from drop-cast
films showed that the perovskite component
of ots-FAPDbI; was virtually identical to that of
control a-FAPbI,, within the sensitivity of these
two techniques (fig. S13). *C solid-state NMR
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allowed us to elucidate the speciation of EDTA
in the ots-FAPbI; material (Fig. 3F). Although
neat crystalline EDTA is characterized by nar-
row **C resonances [full width at half maxi-
mum (FWHM) = 0.3 to 0.9 ppm], the FWHM
of both the carbonyl and methylene carbons in
ots-FAPbI; was 14 to 15 ppm, indicating that
the EDTA was in an amorphous phase (or
component). The *C resonances of FA revealed
that there were multiple FA-containing local
environments. Although the largest component
corresponded to the three-dimensional perov-
skite phase of ots-FAPbI; there was also a
smaller component corresponding to the resid-
ual 5-phase, consistent with the presence of
small fractions of hexagonal polytypes in the
SED data (Fig. 3C).

We also detected another substantially broader
FA peak corresponding to a more disordered
FA local environment, which we attribute to
the interfacial FA ions of the perovskite phase
interacting directly with EDTA (Fig. 3G, arrow).
Cross-polarization (CP) indicates that the local
environment was rigid and not undergoing
rapid near-isotropic reorientation character-
istic for FA inside the A-site cation cage. "N
NMR is highly sensitive to changes in lattice
symmetry induced by incorporation of addi-
tives into the perovskite structure (35). The
N spectrum of the fast-reorienting FA inside
a 3D perovskite cage (fig. S13) showed that
the symmetries of ots-FAPbI; and control
a-FAPDI; are essentially identical within the
sensitivity of this approach, indicating that
the EDTA did not incorporate into the perov-
skite structure.

To elucidate the much smaller effect of
EDTA on the lattice symmetry, we used I NQR.
In NQR, the nuclear energy levels are split
by the electric field gradient (EFG) around
the nucleus and not by an external magnetic
field, as in NMR (fig. S13). The resulting tran-
sitions can be driven at specific frequencies
that depend on the magnitude of the EFG,
which is determined by local symmetry. The
NQR spectrum of the control a-FAPbI; sample
contained two signals corresponding to the
+3/2 «— +5/2 and +£1/2 <— +3/2 transitions
of the ' nucleus at 173.217 and 86.606 MHz,
with FWHM of 87 and 47 kHz, respectively
(Fig. 3H). The broadening of the I NQR
resonances in ots-FAPbI; (FWHM = 246 and
112 KHz for +£3/2 <— +5/2 and +1/2 <— +3/2,
respectively) evidenced that there was a broader
distribution of local iodide environments com-
pared to the control o-FAPbI;. This result was
consistent with the resulting octahedrally tilted
phase having lower symmetry.

In a tetragonal FAPbI,, each of the two NQR
resonances present in cubic FAPbI; would
split into two because there are two crystal-
lographically inequivalent iodide sites in the
unit cell of tetragonal FAPbI; (39). Splitting
was not observed here, indicating that the
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degree of distortion is characterized by a
distribution rather than a clear-cut value
throughout the material, consistent with
SED observations of multiple local octahedral
tilting symmetries (fig. S12). The FWHM of
the £3/2 <— +5/2 transition of ots-FAPbI;
(246 kHz) corresponds to the maximum de-
gree of distortion present in neat tetragonal
B-FAPbI, at ~280 K (40). Notably, N NMR
(fig. S13), which has recently been used to
show that the symmetry of A-site cation cages
of FAPDbI; increases when it is stabilized with
methylammonium thiocyanate (10), was not
sensitive enough to detect the minor devia-
tions from cubic symmetry identified here by
NQR, SED, and nXRD (text S4).

Taken together, these results show that we
induced octahedral distortion in the material
through a structure-directing effect of EDTA,
with the EDTA binding to the FAPbI; surface
but not incorporating into the FAPbI; structure.
We expect that this will spur further experimen-
tal and computational work to establish the
exact binding modes of EDTA, identify other
growth-templating additives, and understand
their effect on crystallization and the resulting
spatial variation of the tilt.

We examined octahedral tilt stabilization of
the FAPDI; films by subjecting them to a va-
riety of external stressors. The bulk XRD pat-
tern of the ots-FAPbI; film (Fig. 4A, red) could
in principle be indexed to a Pm3m cubic
structure, despite possessing a lower-symmetry
tilted structure (see Fig. 3, A and B), as the
superstructure reflections arising from octa-
hedral tilting were below the detection limit
of bulk XRD measurements. There was no
macroscopic evidence for phase impurities,
despite trace amounts on the nanoscale (see
Fig. 3C), consistent with the clean absorption
and photoluminescence (PL) spectra observed
(Fig. 4A, top inset). However, the control
o-FAPDI; films showed the macroscopic pres-
ence of the 2H §-phase after only ~5 min (time
required to load and measure the sample) of
air exposure (XRD peak at 11.6°; Fig. 4A, black),
together with an asymmetric PL peak (Fig. 4A,
inset; see fig. S14: for cleaner PL spectra of en-
capsulated control samples). Furthermore, the
PL lifetime of the control a-FAPbI; film was
reduced by a factor of 4 with respect to an ots-
FAPDI; film (fig. S14)), consistent with the phase
impurities in the control films acting as non-
radiative recombination centers (7). Exposure
of the control film to ambient air for 3 hours
caused the PL spectral shape and position to
change rapidly and substantially (Fig. 44, bot-
tom inset). These changes were concomitant
with further growth of the intensity of the 2H
d-phase peak (fig. S15).

After 1000 hours in ambient air, XRD pat-
terns of the ots-FAPbI; films did not show any
macroscopic conversion to hexagonal phases
(Fig. 4B), and we observed the presence of
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impurity phases only after 1500 hours of air
exposure (fig. S16). Furthermore, we observed
similar phase stability when heating the ots-
FAPDI; perovskite films in ambient air for
24 hours at 100°C, with negligible change
in the XRD pattern (Fig. 4C; similar results
in nitrogen, fig. S17) or PL spectra (Fig. 4C,
inset) after this extended heating. After con-
tinuous illumination of the ots-FAPbI; film
under 1-sun (AM1.5) intensity for 100 hours in
ambient air, there were no phase impurities
evident in XRD (Fig. 4D) or sizable changes
observed in PL spectra (Fig. 4D, inset) other
than a slight narrowing of the peak and a very
slight redshift, the origin of which is currently
unclear. The PL properties of the ots-FAPbI;
films were actually enhanced after the heat-
ing and illumination tests: The PL lifetimes
reached 83 ns after the heating (fig. S18) and
592 ns after the illumination (fig. S19), con-
sistent with light- and oxygen-assisted passiva-
tion reported previously for halide perovskites
(40). These combined results show the resilient
stabilizing effect against the generation of im-
purity phases that the octahedral tilting im-
parts to photoactive FA-rich perovskites, even
for bare films in ambient air under rigorous
external stressors.

‘We have shown that the intrinsic stabilization
mechanism of FA-rich mixed-cation systems is
an octahedral tilt induced by cation alloying.
This octahedral tilting is so minor (~2°) as to be
undetectable with bulk characterization techni-
ques yet, remarkably, frustrates the transforma-
tion from photoactive, tilted perovskite phases
to wide-bandgap, performance-limiting hexago-
nal polytypes (e.g., the 2H §-phase). We propose
that the recent reports of stabilized cubic
o-FAPDbI;, which have produced devices that
are leading the efficiency tables and make use
of constituent cations and other additives to
improve stability, serendipitously benefit from
this same minor octahedral tilting (9-13). How-
ever, homogeneously inducing a tilted struc-
ture through cation alloying across a perovskite
film is already challenging at lab scale and will
only become more so at commercial scale. Any
local regions (even trace amounts) of a fabri-
cated FA-rich perovskite that do not possess a
tilted structure and are thus cubic will more
readily transform to hexagonal phases, which
generates nonabsorbing material as well as
deep traps and photodegradation pathways
under operation (15, 17).

Developing new strategies that can work
both in conjunction with cation-alloying ap-
proaches and independently of them to ho-
mogenize nanoscale phase stability and eliminate
residual traps will be critical to realize single-
junction and tandem perovskite photovolta-
ics operating near their performance limits
throughout their commercial life cycle (41).
This is especially true for the most promising
compositions for single-junction commercial-
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ization, such as o-FAPDbI;, where cationic ad-
ditives produce unwanted shifts to higher
bandgap and compromise thermal stability
(6, 7, 9). Here, we have outlined key guide-
lines for achieving this, by templating the
growth of octahedral tilting through additives
that do not incorporate into the perovskite
structure, such as EDTA, without the use of
additional A-site cations.
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Stable but not quite cubic

The black, photoactive phase of formamidinium (FA) perovskites, which is usually stabilized by cation alloying to

avoid the formation of inactive hexagonal phases, is assumed to be cubic. High-resolution microscopy studies by
Doherty et al. using nanoscale probes revealed that these FA-rich phases are not cubic but rather undergo slight

tilting (by two degrees) of the octahedra. Black phases can have localized regions of hexagonal phases that nucleate
degradation. Surface-bound ethylenediaminetetraacetic acid stabilized the tilted phase of pure FA lead triiodide against
environmental degradation. —PDS
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