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ABSTRACT: Herein, we subject formamidinium lead iodide films to oxygen-
containing gases (flowing O, or free diffusion of lab atmosphere), inert gases (flowing
He, Ar, or N,), and vacuum. Our films are irradiated by Cu Ka X-rays and held at 75 °C
while X-ray diffraction is recorded. Under all gas conditions, we observe a reproducible
1.1+ 05 A3 perovskite lattice contraction from an initial unit cell volume of 256.5 + 0.8
A® concurrent with continuous perovskite loss and lead iodide growth. Oxygen-
containing gases increase the reaction rates without materially altering perovskite
structural changes. Under the same temperature and irradiation conditions in vacuo, a
self-healing reaction is observed, exhibited by a reproducible (0.9 + 0.3 A%) lattice
expansion and stabilization of the perovskite. Interactions between the perovskite,
defects, and minority phases are simulated by generalized gradient approximation Perdew—Burke—Ernzerhof (GGA-PBE) density
functional theory. Lattice contraction indicates an increase in the concentration of Schottky defects—pairs of formamidinium and
iodine vacancies. Under irradiation in every atmospheric condition, a solid solution of Schottky defects with a concentration of
several percent diffuses and precipitates forming lead iodide and consuming the defects. In the presence of ionized gases, this
framework is modified to include the continual loss of formamidinium and iodine ions from the perovskite forming Schottky defects.

KEYWORDS: perovskites, photovoltaics, in vacuo, Schottky defects, environmental degradation, X-ray diffraction, ion migration

B INTRODUCTION here by examining degradation processes that directly alter the
perovskite layer.

In this study, we focus specifically on an examination of
defects and degradation of solution-processed mixed cation
formamidinium/cesium lead iodide perovskite (FA,_,Cs,PbL;
x < 0.05). Similar samples were characterized by XPS as
reported previously, finding a near-stoichiometric ABX; surface
composition.” By monitoring MHP thin films using continuous
X-ray diffraction, we see how interactions with ionized gases
change defect generation at the perovskite surface through
associated changes to the perovskite bulk. MHP thin films are
bombarded by ionizing X-rays at elevated temperature to stress
and degrade the MHP thin films. The thin films are monitored
over 50 h long test cycles where 49 diffraction patterns are
collected. To probe the role of the atmosphere in perovskite
structural degradation under these conditions, our study
includes tests performed under a variety of flowing gases
(N,, He, O,, and Ar), under diffusion of laboratory
atmosphere, and under vacuum.”'°

Metal halide perovskites (MHPs) have become an important
focus of intensive research for potential applications in devices
including solar cells, light-emitting diodes, lasers, and X-ray
photodetectors.”” A persistent challenge to commercialization
of MHP-based optoelectronic devices is ensuring long-term
stability under operating conditions.” Understanding the
processes that degrade MHP thin films is essential for
extending operational device lifetimes. In contrast, MHP
devices have demonstrated enhanced stability under ionizing
radiation compared to alternative photovoltaic absorber
materials and are candidate space-based solar applications.”
Bare MHP films in vacuum conditions degrade under electron
beam irradiation but resist damage from proton beams, while
under atmospheric conditions, proton beam irradiation causes
degradation forming PbO.

Common MHP thin film fabrication methods are expected
to generate elevated crystallographic point defect concen-
trations when compared to single-crystal samples.” MHP
crystals are stabilized against high concentrations of such
defects through redistribution mediated by ion migration.”
While the reduction of device performance is a degradation
indicator, it is not always clear where or how the degradation
occurs, whether in the bulk of the perovskite layer, at the
interfaces between the perovskite and an adjacent layer, or in
another layer of the device stack. We avoid such ambiguity
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Figure 1. Atomistic representations of FAPbI,. All periodic supercells are 2 X 2 X 2. 3 x 3 octahedra grids and 4 X 4 FA grids are shown for clarity.
Depth cueing is used to indicate foreground and background species. Vacancies are denoted by red ball-and-stick structures in the ion‘s original
location. (a—c) Monomorphic structures and (d—f) polymorphic structures. Panels (a) and (d) are stoichiometric perovskite. Panels (b) and (e)

have an FA and I vacancy at a distance of ag, where a is the lattice parameter. Panels (c) and (f) have an FA and I vacancy at a distance of a 3

5

Significant changes in X-ray-driven perovskite degradation
kinetics and lattice structures are observed when the sample
chamber is under vacuum as compared to degradation under
any of the gases investigated. Oxygen-containing atmospheres
affect the fastest degradation of the perovskite followed by
argon, then nitrogen, and finally helium.

Total diffracted peak intensities of perovskite (Igspy,) and

Pbl, (Ipy,) and experimentally measured unit cell volume

(Vexp) are monitored throughout degradation test cycles.
Changes to the perovskite diffraction patterns indicate lattice
contraction in all test conditions except vacuum. It is
noteworthy that defect generation is commensurate with the
net loss of perovskite material; Alg,pyy, likely involves reactions

at surfaces/grain boundaries, while changes to the unit cell
volume, AV, as measured by XRD necessarily require
changes to the perovskite bulk.

B RESULTS AND DISCUSSION

Lead iodide is the only degradation product observed directly
by diffraction, but there are modes of perovskite degradation
that do not produce significant changes to lead iodide signal
intensity—especially but not exclusively in the presence of
oxygen—indicating the production of at least one unidentified
lead-containing degradation product. The results are also
consistent with a process where Schottky defects (cation and
anion vacancies occurring in charge-balancing ratios) are
generated at the surface of the perovskite by interactions with
gases in the sample chamber, diffuse into the bulk of the
perovskite causing the crystal lattice to contract, and interact
with perovskite decomposition products present as minority
phases in the films. Relationships between vacancy concen-
trations and unit cell volume have been investigated computa-
tionally in perovskites and experimentally in other materials.”®
We present estimated changes in Schottky vacancy concen-
tration (y in (FAI),_,PbL,) in these experiments based on ab
initio calculations. The chemistry and crystal structure

observed herein are rationalized by first-principles density
functional theory (DFT) calculations. Notably, Schottky
defects were considered using both monomorphic and
polymorphic representations (Figure 1) following the
nomenclature of Dalpian et al.>’

We rationalize Alpspy, and AV, as resulting from a series

of processes occurring within the atmosphere, at the perovskite
surface, and in the perovskite bulk.

We observe an accelerating influence of ionizing radiation on
perovskite degradation. Nominally inert gases become reactive
in the presence of ionizing radiation. The effects on perovskite
loss rate (kpapps,) and Pbl, growth rate (kpy,) are evaluated

from the standpoint of chemical kinetics. Degradation rates do
not track well with the ionization energy of the gas used and
thus are not limited by the rate of direct X-ray ionization of the
gas.

Defect-mediated phenomena in perovskites such as giant
photoconductivity and photocapacitance, the light soaking
effect, and degradation under active conditions appear to
require stimuli to trigger defect-related ionic mobility.”"'~**
Central to the question of ionic mobility is interactions
between oppositely charged defects and their ability to bind or
agglomerate. Defect concentrations were estimated from AV,
by calculating the change in volume from DFT calculations
(AVpgr) at known defect concentrations.

Ion mobility in MHPs has been well established and
identified as Ipla ing an important role in the degradation of the
perovskite.”'"'*'*73* Migration of A-site and X-site ions out
of the perovskite layer and into adjacent layers has been
observed in devices, and X-site ion migration plays a central
role in the known phase segregation effects observed in mixed
halide perovskites.””** “Champion” devices have been
observed to show greater resistance to the degradation caused
by ion migration than poorer-performing samples from the
same studies.”””" Improving perovskite stability by limiting ion
migration is reasonably expected to improve the associated
optoelectronic performance of MHP-based devices. Targets for
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Figure 2. Fractional changes to reflection d-spacings. Each perovskite XRD peak normalized to its expected d-spacing from the initial measured unit
cell over the course of (a) an O, flow test, (b) a vacuum test, (c) an O, flow test performed after and on the same sample as the vacuum test, and
(d) a N, flow test. Fractional changes to the ITO peak (green lines) are included as an internal standard.

decreasing ion migration rates include minimizing defect
concentrations and limiting ion diffusion through adjacent
device layers. In this work, we uncover a mechanism for the
reduction of Schottky defect concentrations in thin films of
formamidinium lead iodide perovskite.

Sequential X-ray diffraction measurements were used to
monitor changes in thin films of FAPbI; perovskite held at a
temperature of 75 °C and continuously irradiated with 8.04
keV X-rays under controlled-environment conditions. Experi-
ments were performed with a heated, enclosed sample stage.
Results are compared for flowing gases (He, N,, O,, and Ar),
open diffusion of laboratory atmosphere through the stage, and
continuous evacuation. Degradation of the perovskite films in
this study is evaluated by three metrics: perovskite diffraction
intensity (IFAPbI3), lead iodide diffraction intensity (Ipblz), and
perovskite unit cell volume (V,
measurements.

Veyp changes under all test conditions. In all tests under
atmosphere or flowing gas, the lattice is observed to contract;
however, in all vacuum tests, the lattice expands (Figure 2).

The extent of lattice contraction was indistinguishable
between oxygen and inert gases. In addition to V., changes,
some of our tests showed shifts in the ratios of reflection d-
spacings that indicate that the perovskite lattice undergoes a
symmetry breaking (possibly rhombohedral) out-of-cubic
distortion (Figure 2). The distortions are small (corresponding
to a rhombohedral angle less than 0.5° off cubic) but real,
being well within the resolution of the measurement. In the
final XRD pattern from one of the oxygen flow tests, the (111)
reflection is observed at a 20 angle of 24.3801°, 0.1304°
higher than expected for a cubic lattice based on the (001) d-

xp), and their changes between

spacing in the same pattern. Within the precision of our
measurements, initial diffraction patterns do not show the out-
of-cubic distortion and there is also no distortion observed
under vacuum testing. Full trajectories showing the fractional
changes in d-spacing of five perovskite reflections (001), (011),
(111), (002), and (012) for all tested samples are available in
the Supporting Information.

A comparison of peak shifting to peak broadening (Figure 3)
highlights the fact that changes to peak width are smaller and
occur at a different time than changes to peak d-spacings.
Peaks broaden when the distribution of the distances between
lattice planes increases, and shift when the average distance
between lattice planes changes. In Figure 3, peaks shift
throughout the test, while broadening reaches a steady
condition after the first few scans. We attribute the peak
broadening to the establishment of vacancy defect concen-
tration gradient within the perovskite domains and the shifting
to the increasing total defect concentration.

One possible explanation for the perovskite lattice
contraction under gas, but not under vacuum, would be the
action of volatile components (solvents) leftover from the
perovskite fabrication. Under vacuum, these volatile compo-
nents might be removed, leaving a stable material. To evaluate
this “solvent hypothesis”, a sample (V-C) was first tested under
vacuum conditions and then tested a second time under a
flowing oxygen (Figure 2b,c). This is compared to a control
sample (V-A) tested only under a flowing oxygen (Figure 2a).
Under vacuum, the tested sample shows the characteristic
lattice expansion seen in other vacuum tests and no out-of-
cubic distortion. Both the postvacuum oxygen test and the
control oxygen test show the characteristic lattice contraction
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Figure 3. Changes in perovskite d-spacings vs FWHM for sample V-A
(oxygen flow test). A comparison of fractional changes in peak d-
spacings with changes in the peak full width at half-maximum over the
course of an O, flow test shows that peak shifting continues after peak
broadening has stabilized. The outlined data point in each series
indicates the last value measured.

along with the out-of-cubic distortion. Loss of perovskite
diffraction signal was negligible in the vacuum test but
significant in both oxygen flow tests. These results disqualify
the “solvent hypothesis” explanation of the lattice changes, as
residual solvent should either be removed under vacuum or
produce the same effects in the vacuum test and the gas flow
tests. Interestingly, the lattice contracted by approximately the
same absolute amount in both the vacuum first sample and the
control, even though the vacuum first sample underwent a
lattice expansion during the vacuum test.

A test to look for lattice expansion under vacuum following
an initial lattice contraction under gas was performed. Sample
IV-C was first tested under a flowing argon gas, exhibiting
lattice contraction, and then a second test cycle under vacuum
was performed and lattice expansion was seen; this is
illustrated in the Supporting Information (Figure S4). Partial
lattice re-expansion between the test under argon and the
subsequent vacuum test is observed, while in sample V-C, the
lattice expansion under vacuum was fully retained at the
beginning of the subsequent oxygen test.

Representation of MHPs has proven to be a unique
challenge for density functional theory. In the cubic a-phase
structure at room temperature, FA cations are presumed to
rotate in place.”> However, others report that FA rotational
modes begin to freeze-out slightly below room temperature
resulting in a cubic-to-tetragonal phase transition and may be
significantly affected by lattice contraction or expansion.’®’
The FA* dipole moment prefers orienting along the (100) and
(111) directions.”® DET, 0 K structures necessarily have each
FA cation in a fixed orientation. Monomorphic representations
of FAPbI, align every FA molecule along the (100) direction,
which can be done with a single unit cell.’® Relaxation results
in an orthorhombic structure with lattice parameters ordered
by the FA" molecule’s dimensions. Polymorphic supercells,
which start with a random orientation of each organic cation,
result in nearly cubic lattice parameters and electronic
structure. Polymorphic supercells have demonstrated accurate

GGA-PBE band gaps of alloyed perovskites.”' >3~
Reaction enthalpy differences between monomorphic and
polymorphic calculations rationalize differences in defect
formation energies reported by various authors on the basis
of structural representation. Furthermore, structural reorienta-
tion following defect formation is different in the mono-
morphic and polymorphic cases, highlighting the interactions
between the defect and the surrounding lattice. DFT
calculations with polymorphic structures suggest a significantly
more stable perovskite than indicated by monomorphic
structures. FAPbI; may decompose into constituents Pbl,
and FAI (AHdecomP, reaction R1). From our polymorphic
calculations, AHgecomppoly = 0.01 eV, whereas from our
monomorphic calculations, AHgecompmono = —0.12 eV.
AHgecomp could be augmented by rotational entropy, thermal
energy, and the stabilizing influence of Cs (ca. +100 meV) not
included here. Instead of decomposing completely, the
perovskite may expel FAI and form Schottky defects
(AHggpoy reaction R2), consume Schottky defects, and
form Pbl, (AHpy;, reaction R3) or perform either process in

reverse. Walsh et al. calculated a Schottky formation enthalpy
for dilute defects in MAPbI; of AHggiymono = 0-08 €V,
resulting in an equilibrium concentration of defects at 300 K of
~219/cm’ (y = 3.82% of sites). AHgpgtikymono i low, implying
that high defect concentrations (y in (FAI);_,Pbl, = 1~10%)

could be stable*®*#8730
FAPbI, > Pbl, + FAI(AH, ) (R1)
FAPbL, < V{ + Vi, + FAI(AHSchottky) (R2)
FAPbL + V[ + Vi, < PbI(AHy,) (R3)

At the defect concentration estimated above, it may be inferred
that interactions between defects are significant, and these
interactions can be probed by changing the distance between
Vs’ and V; (Table 1). From our DFT calculations on FAPbL,,
AHgpottkymono are —0.06 and —0.36 eV when the defects are

2 5 . .
a% and a% away from one another, respectively; a is the

pseudo-cubic lattice constant. Our AHgg,oqiypoty are 0.81 and
0.80 eV, respectively. In both cases, further separation of the

Table 1. Calculated Reaction Enthalpies and Volumes from
DFT for FAPbL; — Pbl, + FAI (AH,,.m,), FAPBL; — V7 +
Via + FAI (AHSchottky)J and V{ + Vg,— Pbl, (AHPbIZ)u

AHgeomy  AHggouy — AHen AV for
e e e =1%
(eV) (eV (V) VA y=1%
monomorphic —0.12 279.8
with V; and Vg’
V2 " —0.06 —0.06 279.0 —0.023
a~- apar
with V; and Vg’
V5 -0.36 0.24 271.1 —0.248
a apart
polymorphic 0.01 270.9
with V; and Vg’
V2 " 0.81 —0.80 269.9 —0.029
a=- apar
with V; and Vg’
V5 " 0.80 —0.78 269.0 —0.056
a~- apar

“Total cell volume is given for all structures, and change in the cell
volume per 1% defect concentration is given for the Schottky defect
structures.
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defects is preferred, despite electrostatic attraction.
AHghottky poly SUpports very small defect concentrations. Figure
1 shows the relaxed atomic structures, and Table 1 shows the
reaction enthalpies and unit cell volumes from the DFT
calculations.

The lines separating the monomorphic and polymorphic
structures become blurred in the defect calculations, as
exhibited by narrowing differences in Vppy. The monomorphic
structures exhibit FA cations rotating away from their initial
100 directions (Figure 1b,c), whereas the polymorphic
structures show some alignment of FA cations (Figure lef).
The structure that started monomorphic with a larger distance
between the vacancies had the lowest total energy of any of the
defect structures. V., and AV, during testing are shown
broken down by test condition in Figure 4. Vppr was larger

Unit Cell Volume Statistics (Initial-Average-Final)

2575 J[ } 1

=2
IR !

Nitrogen Air Argon Helium | Oxygen | Vacuum

Figure 4. Comparison of mean and standard deviation values for
initial, average, and final unit cell volumes of the perovskite phase
measured over 50 h tests for each sample by testing condition shows
that the perovskite lattice expands under vacuum testing but contracts
under air or any flowing gas.

than V,,, in all cases, but there is a clear reduction in Vppr
when the defects are introduced. AVppr = —0.023 and
—0.029% for y = 1%. Volume changes explain energetic
differences as the strain can be more evenly distributed when
the vacancies are separated resulting in more negative AVpey
than observed when vacancies are adjacent to each other. The
reduction increased to AVpgp = —0.056% for a polymorphic
structure with a greater distance between Vg," and V.

In tests under vacuum, the perovskite lattice expands, which
is opposite to the lattice contraction observed for all other test
conditions. The observed AV,,, over the course of the 50 h

A3 for all flowing gases and atmospheres corresponding to an
increase in the defect concentration of Ay = 4.2—27.2% based
on the range of DFT lattice contractions for 1% defect
concentrations discussed above. In the vacuum tests, the
perovskite lattice is observed to expand AV,,, = 0.9 + 0.3 A3
corresponding to a reduction in the defect concentration of Ay
= —4.2 to —20.4%.

In the fabrication procedure used for this study, the MHP
thin film is crystallized at ~140 °C and the substrate is then
transferred to a room-temperature surface. This cools the
substrate rapidly, a form of quenching. Quenching a crystal
freezes in higher concentrations of defects than are
thermodynamically ideal at the lower temperature.

Crystallization temperature and cooling rate are both highly
uniform for samples cut from the same substrate. Crystal
formation is rapid, occurring within seconds of placing the
substrate on the hotplate. For Vy,'/V; Schottky-type defects,
given AHgpottkymono = 0-08 eV, the equilibrium concentration
at 140 °C is y = 9.34%, more than double the equilibrium value
at room temperature.38 Local stoichiometric variations exist in
the films prior to crystallization. These heterogeneities
represent a spatially varying chemical potential, which can
overcome AHgpoiy poly: AHdecomppoly 30d AHgcpottky,poly SUEEESE
that MHP films do not necessarily contain minority phases or
high y-values as intrinsic characteristics; instead, both could be
a consequence of nonstoichiometry with observed defect
concentrations being metastable.

Since clear first-order behavior was not observed under
atmosphere or flowing gas conditions, even after 50 h of
degradation, we selected one sample on which to run an
extended degradation experiment (Figure S). Sample IV-B was
subjected to three additional test cycles under lab atmosphere,
a total of 200 h of irradiation, long enough that all perovskite
signal was lost. Ippy;, dropped below 10% of initial at ~60 h, at

which point Iy, began to decrease indicating additional

degradation processes. SEM investigation of IV-B after the

extended testing showed significant loss of material compared

to another sample from the same substrate IV-A (Figure S).
Ipappr, and Ipyy, trajectories are shown for selected gas

conditions applied to samples (Figure 6b). In all of the tests
under atmosphere or flowing gas, the loss of perovskite and

tests consistently falls within the range of AV, —-1.1+ 0.5 growth of Pbl, are constant over the duration of the

xp:
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Figure S. Changes over extended testing in air. (a) Perovskite and Pbl, signal intensity trajectories for an extended degradation test under
atmospheric diffusion. Once the perovskite is nearly all gone, the Pbl, signal intensity begins to decrease. The plot shows that the nature of the
degradation processes under nonvacuum conditions is not actually zeroth order, but that the higher-order rate behavior does not manifest until the
perovskite is almost entirely degraded. (b) Cross-sectional SEM of sample IV-B taken after the extended testing in air and (c) comparison SEM
after nitrogen-flow testing of sample IV-Ad.
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Figure 6. Intensity trajectories of the perovskite (solid lines) and Pbl, (dashed lines) in (a) all vacuum tests and (b) example air, argon, nitrogen,
and helium tests illustrate the difference in apparent kinetic order of the degradation processes under vacuum compared to other test conditions.
Intensities are normalized to the initial perovskite intensity for each test.
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Figure 7. (a) Total changes of perovskite vs Pbl, signal intensities over the testing period normalized to the initial perovskite intensity for all tests,
(b) zeroth-order rate constants for perovskite loss vs Pbl, growth processes for all nonvacuum tests. These plots illustrate that perovskite loss and
PbI, growth are correlated and of similar magnitude but do not directly correspond to one another. This illustrates that not all perovskite loss
results in Pbl, growth nor vice versa. The plots further illustrate that perovskite loss rates are higher under O, and atmosphere than in other
conditions. Normalization of these data was done to improve the comparability of data and is based on the perovskite signal intensity from the first

measurement of each test.

experiments—appearing to obey zeroth-order rate laws with
respect to Ipappr, OF Ipy, and plots of intensity vs time being

straight lines. This probably indicates that the limiting
component of perovskite loss is the X-ray flux. By contrast,
in all but one test under vacuum conditions, perovskite loss
and Pbl, growth obey first-order rate laws, as indicated by the
curves of the intensity vs time plots of Irspp;, and Ipy,. The

measured total perovskite loss in the vacuum tests, 7.1—29.7%,
agrees well with the estimated reduction in Schottky defect
concentration (c.f. reaction R3). The outlier vacuum test result
was unusually stable and showed no significant change in peak
intensities over the 50 h test period.—

Slopes from linear fits give rate constants kgapy,;, and kpy,y, in

tests under flowing gas or atmosphere (Figure 7). Under lab
atmosphere and oxygen flow conditions, we observe the
accelerated loss of Iapp; compared to He, N,, Ar, and vacuum.
In vacuum tests, Igapp, and Ip,, approach equilibrium

conditions with nonzero perovskite signals (Figure 6a). To
determine rate constants for tests under vacuum, it was
necessary to express each of the rate functions in the form of
(eq 1), where [A] is the concentration of A (FAPbI, and Pbl,
concentrations are proportionally related to the diffracted
signal intensity) at time f, [,,] is the concentration at
equilibrium, [A4,] is the change in concentration from t = 0
to equilibrium, and k is the rate constant. Values for [A], [al,

and k were then refined to fit the experimental data. Tables of
kgapp, and kpy,y, for all tests are available in the Supporting

Information (Tables S3 and S4)

[AI(t) = [A,] + [Ap] X exp(—k X 1) (1)

Attenuation lengths for 8.04 keV X-rays at atmospheric
pressure for He, N,, Air, O, and Ar are 20493, 111.2,
101.7, 63.5, and 4.88 cm, respectively.”' The beam path length
of 6 cm within the chamber results in the loss of <5% of X-ray
intensity in all gases except argon. An estimated attenuation
length based on density for Cu Ka X-rays within the perovskite
film is 9.986 pm, much longer than the perovskite layer
thickness (<375 nm).”' These values indicate that X-ray
absorption is uniform throughout the perovskite layer in all
tests and should be nearly identical between all test conditions
other than Ar flow. Notably, kg APb, and kpy,;, under Ar flow are
quite high, indicating that the X-ray absorption by the gas may
be more important than the perovskite X-ray absorption for
determining reaction rates.

Approximate rates of ionization of the particles in each gas
from the X-ray beam can be found using the X-ray photon
energy, the incident beam power, and the ionization energy
and attenuation properties of the gas. Ionization energies range
from 12.18 eV for oxygen to 24.58 eV for helium.”” Cu source
X-ray production has an energy efficiency of ~1%; our source
was operated at 600 W, giving an intensity of 6 W. Incident
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optics in our setup should attenuate that by not more than
75%, giving us an estimated beam flux of 1.5 W onto an area of
1 cm’ Compton scattering angles greater than 30° are
sufficient for 8.04 keV photons to ionize any of the gases used
in this study. Using the attenuation length values above, we
estimate that the ionization rate of the test gases in the beam
path (~3 cm X 1 cm X 0.1 cm) has the lowest rates for helium
(between 1.4 X 10"'/s and 4.5 X 10'*/s) and the largest rates
for argon (between 4.3 X 10'*/s and 2.2 X 10'7/s). Ranges
given are from a minimum of 1 ionization per attenuated
photon to a maximum of full attenuated energy ionizing gas
particles. The approximate number of formula units of FAPbI,
perovskite in a 375 nm thick 1 cm square area is 1.5 X 10"

The fact that kgapp,;, and kpyy, are zeroth-order terms under

all test conditions except vacuum indicates that these processes
are rate-limited by a species that is replenished under all test
conditions except vacuum and formed at the surface of the
perovskite through interaction with gas-phase species. As an
ionic solid, the most common types of point defects in FAPbI,
perovskite are charge-balanced: Schottky defects (paired cation
and anion vacancies) and Frenkel defects (an ion vacancy and
interstitial).”"

Frenkel V;/I;’ defect concentrations above equilibrium levels
can be eliminated purely by ion migration. Light exposure has
been shown to have an influence on ion migration in lead
halide MHPs. Mosconi et al. found that photoluminescence-
rise dynamics under illumination could be attributed to the
local elimination of Vi/I/ Frenkel-type defects, which they
report as having a corrected formation energy of 0.69 eV,
giving an equilibrium concentration at 300 K of ~10'°/cm? (or
~7.67 X 1071%% of sites).(”20 We speculate that, in our tests,
the absorption of X-rays in the perovskite is promoting ion
migration, at least partially by excited-state destabilization of
Frenkel defects.””

Removing excess concentrations of V,'/V; Schottky-type
defects requires either the addition of FAI or removal of Pbl,
from the perovskite component of the sample, in addition to
ion migration. Expulsion of Schottky defects is then dependent
on the presence or the formation of minority phases in contact
with the MHP and a sufficiently high ion mobility for the
defects to reach these minority phases.

The behaviors we observe in our vacuum tests match well
with a process of eliminating excess Vg,'/V; Schottky-type
defects from the perovskite phase by ion migration and the
formation of Pbl,. This is evidenced by the loss of perovskite
signal and the growth of the Pbl, signal. As the excess Schottky
defect concentration is eliminated, kgapy, and kpy;, slow. The

lattice expansion observed in vacuum tests is likely another
consequence of lowering the y-value. In the vacuum tests, the
measured perovskite loss and Pbl, gain are close in magnitude
to the estimated reduction of Schottky defect concentrations
from AV, As mentioned previously, one of the vacuum-
tested samples showed no Pbl, signal growth and the
perovskite signal increased slightly throughout the experiment
but did undergo lattice expansion. The behavior of this outlier
sample can be explained if FAI-rich minority phases existed
adjacent to the crystallite domains (e.g., anterior surface, grain
boundary). The Schottky defects would then be eliminated by
FAI incorporation into the perovskite without requiring Pbl,
formation or the loss of perovskite signal (reaction R2), a
process fits well with the atomic-scale microscopy observations
of stable FA-vacancies at perovskite surfaces by Rothmann et

al.” Plots showing V, Igappr, and Iy, of all samples are

Xp)
available in the Supporting Information (Figures S6—S10).

With gases in the sample chamber, reactive pathways
become available, which drive the system toward continuous
vacancy production and continuous perovskite loss. Electrons
are ejected from the gas-forming cations (reaction R4) such as
He". The ionized gas then reacts with surface formamidinium
and iodine ions forming Schottky defects by extracting FAI
(reaction RS)

He + hv — He* + ¢~ (R4)
He + ¢ + nil - V{ + V}, + He + FAI (RS)

The process of Vi,'/V; Schottky defect production at the
sample surface under inert gas and atmosphere creates a y-
value gradient. Ion migration promoted by the impinging X-
rays then leads to increased Schottky defect concentration in
the bulk of the crystal. Increasing the y-value is expected to
cause lattice contraction just as decreasing the y-value leads to
lattice expansion.

Removal of iodide and formamidinium, in turn, drives Pbl,
production (reaction R3); however, this does not explain Pbl,
and overall diffraction signal loss. Oxygen provides an
accelerated degradation pathway, possibly due to iodate
formation. Formation of nondiffracting PbO has been observed
in MHP films by Raman spectroscopy following proton
irradiation and could be a contributing factor.” Iodide photo-
oxidation to iodate is a known process and could be
accelerated under the X-ray flux.”* There are four possible
oxyiodo-species that could form: hypoiodite, iodite, iodate, and
periodate. The reaction for the formation of iodate is given as
an example with AG® in parentheses (reaction R6).

Concurrent environmental XPS stability investigations with
cesium-containing FAPbI; thin films, in collaboration with the
Colorado School of Mines, revealed that exposure to X-ray
photons results in Pb® formation (reaction R7).* Additionally,
a common degradation mode for iodide-containing species
involves oxidation to the triiodide species (reaction R8). The
specific role of both processes in MHP degradation is a focus
of ongoing work within our group

217 4+ 30, — 2I0; (—166 kJ/mol) (R6)
Pb** + 2¢” — PB’(—0.126 V vs SHE) (R7)
310 = I; + 2¢(—0.536 Vvs SHE) (R8)

The loss of the Pbl, signal does not correspond to an increase
in any other diffracted signal, indicating that whatever decay
products are being formed from Pbl,, they are amorphous,
gaseous, or are nanoparticles too small to give an identifiable
diffraction signal. Other studies have observed the formation of
Pb metal from lead halide perovskite samples under either X-
ray irradiation or elevated temperature.’>>" It is possible that
the system is forming some nanoparticulate Pb metal, though
the (111) Pb metal diffraction peak—the only Pb metal peak
that falls within the 2-0 range of our measurements—is not
observed. Generation of iodate ions allows the formation of
amorphous lead iodate salts as alternative degradation
pathways to Pbl, formation, which would explain the disparity
in kgappy, and kpyy, seen in tests under atmosphere and flowing

oxygen.
The presence of oxygen merely accelerates the net

perovskite loss reaction, changing the perovskite lattice in
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the same way as the inert gas. The effect of oxygen is subject to
the same limitation to y-values as in the inert gas and results in
the same AV,,,. The differences in reactivity in the vacuum

(reaction R3), inert gas flow (reactions R3—RS), and oxygen
(reactions R3—R6) are exhibited as different kpypy, as

measured by XRD. It should be noted that elemental iodine
does not appear in the diffraction patterns of degradation
experiments. The vapor pressure of elemental iodine at 75 °C
is 1.62 kPa, so it is possible that the excess iodine is off-gassing
from the sample fast enough that it does not accumulate in
appreciable quantities. The formation of gaseous species
during degradation processes will be the subject of future
studies.

Low AHgecompmono a0 AHgapotiymono Present a picture of
high concentrations of intrinsic defects and minority phases,
which are continually replenished by perovskite degradation,
linking the stability of the perovskite to the stability of its
minority phases. In sharp contrast, high AHg.compooly and
AHgpottkypoly Present a more optimistic view of high intrinsic
perovskite stability.

B CONCLUSIONS

In this study, we used powder X-ray diffraction to monitor
changes to formamidinium lead iodide perovskite thin films,
which were subjected to ionizing radiation exposure (X-rays)
at elevated temperature, under a variety of atmospheric
conditions for 50 h test periods. Our results indicate that
formamidinium lead iodide perovskite materials are not only
stabilized under vacuum against degradation from ionizing
radiation but actively expel defects from the crystalline bulk.
Under other atmospheric conditions, there is an additional
process that results in the continuous loss of material from the
perovskite, a process presumably driven by ionization of the
gases at the perovskite surface.

Our results here support the well-established theory that
defect-mediated ion migration is a fundamental driver for lead
halide perovskite degradation.”””” However, key insights are
afforded by this work into the requirements for mobile ion
transfer out of the perovskite, namely, the extraction of I" and
FA" ions from the perovskite surface requires the action of a
mediator. Even nominally inert gases, once ionized, can fill the
role of mediator and damage the perovskite. With exposure to
ionizing radiation, the degradation of bare MHP films is
progressive even under a flowing helium gas.

We found that, under X-ray irradiation, the perovskite lattice
expands in vacuum but contracts in all tested gases. The lattice
contractions are attributed to an increase in V' and V|
concentrations in the perovskite driven by the extraction of I”
and FA" ions mediated by ionized gases or related reactive
byproducts. The lattice expansion observed under vacuum is
attributed to the elimination of Vg, and V| as increased ion
mobility under testing conditions brings defect concentrations
closer to equilibrium levels with the associated formation of
PbL,.

While ion migration plays an important role in the
degradation process, it appears to be a net benefit to the
long-term stability of the perovskite. Because of ion migration
redistributing vacancy sites away from the surface of the
material, the perovskite crystal structure is retained even under
significant ion loss.” The perovskite can eliminate excess site
vacancies by absorbing replacement ions, if they are present, or
by forming Pbl, at the perovskite surface. The cyclic damage

and recovery process are illustrated by subsequent lattice
expansion and contraction of the same film when exposed to
the first vacuum and then flowing oxygen and by contraction
followed by expansion in a sample first subjected to flowing
argon followed by vacuum. The elevated temperatures used for
crystallizing the perovskite cause it to form with a high,
metastable defect concentration. In vacuum, this concentration
decreases, moving toward equilibrium.

Careful examination of perovskite stability via the lens of
majority/minority phases and defects illustrates that perov-
skites have a bright future. High defect concentrations are only
possible due to the fabrication conditions or continuous
excitation-driven loss of ions from the perovskite itself. Our
calculations indicate that the equilibrium defect concentrations
are quite low. However, the results suggest that there can be
amorphous FAI-rich minority phases contained within
solution-processed MHP thin films that can act as a buffer
against material loss from the perovskite or a sink for the
expulsion of defects, once the defects have been mobilized.
Taken together, the data indicate that the MHP materials
studied here are quite robust against degradation. We find that
efforts to improve the long-term stability of MHP devices
should focus on developing adjacent layers or interlayer surface
treatments to inhibit the migration of mobile ions away from
the perovskite surface.

B EXPERIMENTAL SECTION

X-ray diffraction measurements were performed using a Rigaku
Miniflex 600 benchtop diffractometer operating in the Bragg—
Brentano geometry with an Anton Paar BTS 500 heated, controlled
atmosphere stage. Flowing gases were passed through the stage at a
rate of ~5 mL/s. The BTS 500 sample chamber is semicircular with a
radius of ~3.5 cm. The volume of the chamber is ~23 mL. For lab
atmosphere tests, the gas inlet and outlet ports of the stage were left
open. Lab atmospheric conditions on the days of the tests are given in
Table S4. For vacuum tests, a pump rated to pull a vacuum of 0.02
Torr was attached to the inlet port and the outlet port was sealed.

Diffraction scans were collected using copper Ka radiation (45 kV,
15 mA) with an SC-70 detector measuring from S to 35° 26 at a scan
rate of 0.5°/min with a 0.02° step width in a continuous collection
mode. Diffractometer optics used included 1.25° divergence slits, 0.3
mm receiving slit, 5.0° Soller slits, and one Cu K filter (Ni-foil). Thin
film surfaces were perpendicular to the plane of reflection for all
measurements. The scan range covers five peaks in the cubic FAPbI,
diffraction pattern (001, 011, 111, 002, and 012) as well as two peaks
in the diffraction pattern of the ITO conducting layer on the
substrates. Intensities of diffraction signals for each test are
normalized to the initial perovskite diffraction intensity (first scan
of test) when comparing Igapyr, and Ipy,.

Flat specimen and sample displacement angle corrections were
applied to the measured diffraction patterns to account for angle shifts
arising from the thin film nature of the samples and for a variability in
sample position that the experimental setup prevented us from
eliminating mechanically. The functional forms of the flat specimen
and sample displacement angle corrections are available in the
Supporting Information along with displacement parameters used in
our analysis.

The MHP films tested in this study are FAPbI;-amalgamated with
<5 mol % Cs*. The perovskite thin films used in this experiment were
grown by a two-step blade-coating fabrication method described
elsewhere.”™® Perovskite films were deposited on top of a layer of
nickel oxide on ITO-coated glass substrates (as the bottom half of
analogue for solar cell devices with the P—I-N architecture).®®
Perovskite films were fabricated on S0 mm X 50 mm square
substrates, which were then cut into four sections that could each fit
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into the BTS 500 XRD stage. A total of 25 thin film samples were
used in this study from 7 substrates.*’

DFT calculations were performed with the Vienna ab initio
software package (VASP).””®' Stoichiometric and Schottky defect
calculations were performed using 2 X 2 X 2 (8 perovskite formula
unit) supercells. The electronic structure was calculated using a 500
eV plane-wave cutoff and a 7 X 7 X 7 y-centered Monkhorst—Pack
mesh.®” The Perdew—Burke—Ernzerhof (PBE) form of the
generalized gradient approximation (GGA) was applied for the
calculation of exchange—correlation energy.®® All structures were
relaxed until atomic forces were less than 0.01 eV/A. Cell lengths,
angles, and atomic positions were all allowed to relax for all structures.
The achieved final structures should be interpreted as a local
minimum attractor, which the initial structure relaxed into. Six FAPbI,
structures in addition to crystalline FAI and Pbl, were used in these
calculations.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c24709.

Tables of sample test conditions, XRD error correction
values by test, laboratory atmospheric conditions during
testing, and derived rate constants for each test; figures
include final vs initial unit cell volumes, post-testing
photography of all samples, plotted diffraction patterns
from each test cycle, plots of perovskite peak d-spacing
trajectories (as in Figure 2) for each test, post-testing
photoluminescence spectra for each sample, photo-
graphs of two as-fabricated substrates prior to being cut
into sample quadrants, post-testing SEM images of
selected samples, scatter plots comparing initial perov-
skite 001 peak intensities and initial PbI, peak intensities
to degradation rate constants; and notes detailing error
correction procedures and geometrical relationships for
rhombohedral lattice as distortion from cubic (PDF)

Measured XRD data 1 of 2 (XLSX)
Measured XRD data 2 of 2 (XLSX)
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