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Organic-inorganic metal halide perovskite semiconductors have captured the attention of the
global scientific community for the past decade plus due to their excellent optoelectronic
characteristics and ease of fabrication. These characteristics make them promising for application
in low-cost, high efficiency solar cells. Despite their many favorable characteristics, the inherent
instability of halide perovskites remains a significant hurdle that presently inhibits their
commercialization. Although much work has been done to gain insight into stability of the most
promising perovskite compositions, a comprehensive understanding of the chemical reaction
landscape that governs decomposition has not been fully elucidated. The work presented here is
focused on measuring and modeling decomposition reactions and, where appropriate, linking them

to declines in relevant physical properties.



First, I study the decomposition of FAosCso2Pb(lo.s3Bro.17)3, a promising composition for
application in perovskite-on-silicon tandem solar cells, under combined light and heat stress. These
conditions represent the limiting case of a well encapsulated solar cell, and thus, such tests probe
the most basic hurdles that a viable absorber layer material must pass for photovoltaic applications.
Through combined structural and optical characterization, we find that films degrade rapidly under
illumination in an inert N> environment, with notable generation of reduced lead species. Using in
situ measurements of ambipolar diffusion length and photoluminescence, 1 show that film
optoelectronic degradation is altered when oxygen is present in the ambient at sufficient
concentrations. | then measure the kinetics of reduced lead species formation with in situ sub
bandgap absorption measurements and model the observed kinetics.

Next, I extend the kinetic studies of FAo.sCso.2Pb(Io.83Bro.17); thin films to the photooxidation
regime. Under ambient conditions in which the partial pressure of oxygen is >3 kPa,
photooxidation decomposition dominates. /n situ above bandgap absorbance measurements reveal
two dominant modes of photooxidation: dry-photooxidation and water-accelerated
photooxidation. Interestingly, the presence of water vapor in the ambient is found to increase the
rate (posited and modeled to be via water-accelerated photooxidation) at lower temperatures but
decreases the rate (posited and modeled to be the result of hydrate formation) at higher
temperatures compared to dry conditions. I then derive a rate expression and fit relevant parameters
for the three processes assumed to be at play: dry-photooxidation, water-accelerated
photooxidation, and hydrate formation. The derived model fits the data well across a range of
conditions (<15% median error).

Finally, I consider the effects that varied bromide X-site concentration has on stability, an

important lever for tuning the bandgap of halide perovskites. I find that, under combined light and



heat stress, the rate of increase of sub bandgap absorption, an indicator of reduced lead species
formation, is faster in compositions with greater X-site bromine concentration. This finding is
correlated with in situ measurements of ambipolar diffusion length during light heat stress. I also
test the stability of the films in the presence of 1> vapor, a known byproduct of light induced
decomposition and photooxidation, finding that the inverse is true: higher bromide fractions impart
greater stability.

Collectively, the work included in this dissertation demonstrates significant progress toward the

understanding of the full decomposition landscape of alloyed lead halide perovskites.
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1 Introduction and Motivation

This chapter introduces the motivations underlying this work. The research presented here
contributes to the ongoing global transition toward sustainable energy, aiming to shift
infrastructure away from incumbent fossil fuels and toward renewable technologies with
substantially lower embedded carbon footprints. Among these technologies, next-generation
photovoltaics (PV) based on hybrid metal halide perovskite semiconductors have emerged as a
focal point of global research and development.

1.1 Historical Context and Impact of Industrialization

The Industrial Revolution marked a profound turning point in human history, driving
unprecedented gains in productivity and quality of life.! Advances in manufacturing efficiency
enabled the transition from an agrarian global society to one dominated by mechanized industry,
spurring economic development. This transition, however, did not occur without certain
externalities, most notably environmental degradation and societal disruption, that continue to
shape global challenges today. This era also marked humanity’s increasing dependence on fossil
fuels as the dominant energy source, a dependency that persists today and underpins many of the
environmental, economic, and geopolitical challenges faced by modern societies.?

Many of the acute societal costs associated with early industrialization, including local air
pollution creating smog-filled cities, acid rain, and contaminated waterways, have been
mitigated.’>* Yet, the environmental impacts born from this era tied to fossil fuel dependence have
continued and now represent the most significant and enduring legacy of industrial development.’
Chief among concerns associated with fossil fuel consumption is global warming, driven by the

accumulation of greenhouse gases, primarily carbon dioxide, in the atmosphere.®



The Earth’s climate is governed by a delicate radiative energy balance between incoming
solar radiation and outgoing thermal radiation.” Greenhouse gases strongly absorb outgoing
thermal radiation from Earth in the near infrared (Tearth,avg~288 K). This absorption increases the
optical opacity of the atmosphere in these wavelength regions, reducing the amount of thermal
radiation that escapes to space, creating a net positive heat flux and gradual warming of the planet’s
surface.® As global population, industrial activity, and energy demand have expanded, greenhouse
gas emissions have continued to rise,’ elevating their atmospheric concentrations and intensifying
anthropogenic climate change.

1.2 The Moral and Practical Imperative

From a moral perspective, humanity bears a clear responsibility to protect and preserve the
environment for future generations. Allowing climate change to progress unchecked poses hazards
not only to the current generation, through disruptions to ecosystems and economic stability, but
especially to future generations who will face compounding climate burdens.!® There are also
compelling near-term practical reasons to decarbonize global energy systems, namely cost.!! Their
widespread adoption can lower energy costs for consumers, enhance national energy security, and
reduce dependence on finite and geopolitically sensitive fossil fuel reserves.® Such happenings
could reduce economic uncertainty and strengthens confidence across sectors.!?

1.3  The Promise and Challenges of Renewable Energy Technologies

1.3.1 Overview of Major Renewables

A variety of renewable energy technologies are currently employed or under active
development, including geothermal, nuclear, solar, hydroelectric, wind, and biomass. The ideal

renewable energy source for the modern energy economy should satisfy several key criteria: it



must be scalable, capable of meeting rapidly growing global energy demand, and economically
viable, requiring relatively low capital expenditure for deployment and operation.?

Among renewable energy technologies, solar photovoltaics (PV), solid-state devices that
convert sunlight into electricity, stand out as one of the most promising solutions for large-scale
clean energy generation. The solar resource itself is enormous: in roughly one hour, the Earth
receives more energy from the Sun than humanity consumes in an entire year.’ Beyond its
abundance, solar power has become increasingly cost-effective, now approaching a levelized cost
of electricity (LCOE) of 4 cents per kWh or less, undercutting the cost many traditional generation
technologies.!! LCOE represents the total lifetime cost of producing a unit of electricity, calculated
as the sum of capital, operating, transmission, and decommissioning costs divided by the total
energy produced over the system’s lifetime. Lowering any component of cost, or increasing energy
yield, reduces the LCOE, improving economic competitiveness and lowering costs for consumers.

1.3.2  Barriers to Solar Deployment

Large-scale solar PV deployment faces several persistent challenges. First, solar power is
inherently intermittent: generation occurs only during daylight hours and fluctuates with weather
conditions, requiring energy storage systems to be developed in parallel to ensure reliable, on-
demand power delivery compatible with the existing electrical grid.!* Solar PV installations also
require additional electrical hardware, such as inverters for grid integration, and their performance
depends strongly on local irradiance, yielding highest efficiency and economic returns in high-
insolation regions like the southwestern United States.!* Finally, the rapid growth of global
electricity demand, projected to rise by 3% annually through 2035 and 3.5% annually through
2050,'° necessitates swift, cost-effective expansion of manufacturing capacity, a challenge that

remains a major bottleneck for current PV technologies.



To address these challenges, researchers in the photovoltaic community are developing
new thin-film solar architectures that utilize inexpensive, earth-abundant materials and low-
temperature fabrication methods.!® These technologies, named “thin film” for their ability to
absorb sunlight efficiently using layers only micrometers thick, offer potential advantages of low
capital expenditure and high energy yield. Cadmium telluride (CdTe) photovoltaics have already
achieved commercial success, most notably through First Solar in the United States.!” However,
emerging hybrid metal halide perovskite solar cells have demonstrated exceptional power
conversion efficiencies, tunable optoelectronic properties, and scalable processing routes,
positioning them as a leading candidate for the next generation of high-performance, low-cost
photovoltaics.!®
1.4  Thin Film Photovoltaics as a Scalable Clean Energy Solution

1.4.1 Limitations of Crystalline Silicon PV

Crystalline silicon photovoltaics (c-Si PV) dominate the global market, accounting for over
95% of PV production in 2024,!° and are exceptionally stable, with operational lifetimes exceeding
30 years, a key factor in their bankability and low LCOE. However, achieving high efficiencies
requires extremely pure, defect-free silicon, and producing such material involves energy and
capital intensive processes (high temperature single crystal growth, precise wafering) driving up
the capital expenditure (CapEx) of silicon PV manufacturing.?’ Additionally, silicon PV carries a
relatively high embedded carbon footprint, as the energy-intensive upstream processing,
particularly in regions with coal-dominated electricity grids, contributes significant greenhouse
gas emissions, reducing its overall decarbonization potential compared to thin-film alternatives.

1.4.2 Thin Film PV Advantages




Thin-film photovoltaics, including those based on metal halide perovskite semiconductors,
represent a newer generation of solar technologies that are far easier and less expensive to
manufacture than crystalline silicon. These materials can be deposited at low temperatures using
solution or vapor-based methods, eliminating the need for high-purity crystal growth and lowering
capital costs. Many thin films possess direct bandgaps and partial ionic bonding, yielding strong
optical absorption and defect tolerance that enable efficient performance despite moderate
imperfections.?! Together, these properties reduce material use and energy input, making thin-film
photovoltaics, particularly those based on hybrid metal halide perovskites, among the most
promising candidates for scalable, high-efficiency, and low-cost solar modules.

1.5 Why Perovskite Photovoltaics Are Especially Promising

Hybrid organic—inorganic metal halide perovskites represent an exceptional class of
semiconductor materials that combine compositional tunability, strong optoelectronic
performance, and low-cost processability. These materials adopt the general chemical formula
ABX3, where the A-site is occupied by a monovalent cation, typically cesium (Cs"),
formamidinium (FA™), methylammonium (MA™), or rubidium (Rb"), the B-site by a divalent metal
cation such as lead (Pb*") or tin (Sn"), and the X-site by halide anions (I", Br", or CI') (see Fig 1.1).
Compositional mixing at any of these three sites allows for fine-tuning of key material properties.
Perovskite semiconductors have demonstrated remarkable performance across a range of
optoelectronic applications, most notably in photovoltaics, where they are poised to complement

or replace existing technologies. !
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Figure 1.1. Perovskite solar cells. (a) Hybrid metal halide perovskite crystal structure. Schematic
of solar cell architecture for (b) perovskite single-junction and (c) perovskite/silicon tandem cell.
(d) Best research cell efficiency over time for various commercialized (Si, CdTe) and emerging
(perovskite SJ, perovskite/Si tandem) solar cell technologies (data retrieved from NREL??).

1.5.1 Low Carbon Footprint, Energy Security, and Resource Independence

Among the most compelling advantages of perovskite-based photovoltaics is their potential
for a low embedded carbon footprint and minimal environmental impact. The constituent elements
are earth-abundant, and device fabrication can occur at low processing temperatures (~100°C),
Manufacturing facilities for perovskite solar modules can be established in a wide range of regions
with minimal infrastructure investment. This decentralized manufacturing potential reduces
dependence on the highly specialized supply chains that currently dominate silicon and other
semiconductor industries. In the United States and allied nations, the development of domestic
perovskite PV manufacturing capacity could therefore enhance energy security, strengthen local
economies, and mitigate reliance on imported solar modules.

1.5.2  Multijunction Perovskite Photovoltaics

Metal halide perovskites exhibit highly tunable electronic and optical properties, with
achievable bandgaps ranging approximately from 1.2 eV to 2.3 eV.2* This broad range

encompasses the optimal bandgaps for both single-junction (Fig 1.1b) and multijunction



photovoltaic architectures (Fig 1.1¢).2* In multijunction solar cells, layers of semiconductors with
different bandgaps are stacked to absorb complementary portions of the solar spectrum, thereby
reducing thermalization losses and increasing overall power-conversion efficiency. Perovskites are
especially well-suited for this approach because their bandgap can be precisely engineered through
halide or cation substitution. Such perovskite-based tandem devices have already demonstrated
efficiencies exceeding the Shockley—Queisser limit for single-junction cells (~33%).

1.5.3 Performance of Perovskite Solar Cells

Laboratory-scale perovskite solar cells have achieved remarkable efficiency gains over the
past fifteen years, far outpacing the historical development trajectories of previous photovoltaic
technologies (Fig 1.1d). Most halide perovskites are nearly intrinsic semiconductors and thus rely
on bulk heterojunction structures in solar cells (either in the p-i-n or n-i-p configuration). As of
October 2025, certified single-junction perovskite solar cells have reached power conversion
efficiencies approaching 27%, while perovskite—silicon tandem architectures have demonstrated
efficiencies nearing 35%.22 This unprecedented rate of improvement contrasts sharply with the
multi-decade timescales typically required for comparable advancements in established
photovoltaic systems such as silicon or CdTe.

1.5.4 Stability Concerns Limit Perovskite Photovoltaics Commercialization

Despite their many advantages, metal halide perovskites remain hindered by stability
challenges that currently prevent their large-scale commercial deployment.”> Owing to their
predominantly ionic nature, these materials are prone to chemical decomposition reactions and
phase transformations under environmental or operational stress, limiting the longevity of the
devices they comprise.?® To date, despite extensive progress in encapsulation and interface

engineering, no perovskite photovoltaic modules have demonstrated operational lifetimes



exceeding several years under standard outdoor conditions.?’” Degradation in perovskite devices
typically originates from reactions within the perovskite absorber layer itself. These mechanisms
are diverse and will be discussed in detail in the experimental sections of this work. Other
degradation pathways, including chemical reactions with metallic electrodes, ion migration at
interfaces, and mechanical delamination of device layers, also contribute to performance loss.?
However, the intrinsic stability of the absorber material remains a central determinant of device
longevity and is the focus of this dissertation.
1.6 Predicting Solar Cell Lifetime

It is worth briefly discussing how the stability and lifetime of photovoltaic modules are
typically assessed. A common metric used across the solar industry is the T80 time, defined as the
duration required for a device or module to degrade to 80% of its initial (or peak) power-conversion
efficiency under controlled testing conditions. To evaluate long-term performance within practical
timeframes, researchers often conduct accelerated aging tests, in which devices are subjected to
elevated stressors such as higher temperature, humidity, or illumination intensity. The acceleration
factor quantifies how much faster degradation proceeds under these elevated conditions relative to
standard operation. By establishing such factors for each dominant stressor, accelerated tests
provide a means to infer expected device lifetime from shorter-term experiments.

1.6.1 Empirical Stability Measurements and Predictions

Historically, most studies have relied on empirical stability measurements to predict
photovoltaic degradation. In these approaches, performance loss is monitored over time under
specific test conditions, and the results are fit with mathematical models, typically exponential or

logarithmic functions, to extract degradation rates. These empirical models can describe observed



behavior within the test window and, when combined with acceleration factors, are often
extrapolated to estimate field lifetimes.

While useful, such empirical predictions are inherently limited: they treat degradation as a
purely phenomenological process and often fail to capture the coupling between environmental
variables and the underlying physical or chemical mechanisms of failure. As a result, their
extrapolations can lack robustness when applied across diverse climates or device architectures.
Importantly, however, the accurate determination of acceleration usually requires multidecade
investigation and requirements, putting limitations on consumer confidence for rapidly scaled PV
technologies. The learning curve associated with this is best demonstrated by the Jet Propulsion
Laboratory’s “block buy” program.?’

1.6.2 Physics and Chemistry Informed Predictions

An emerging and more predictive approach involves physics-informed lifetime modeling,
which seeks to describe degradation on the basis of the fundamental physical and chemical
processes driving material and device failure. These models integrate mechanistic understanding,
such as defect formation, ion migration, and interfacial reactions, into rate expressions that can be
parameterized experimentally.

When coupled with accurate climate and operational data (e.g., temperature, humidity, and
solar irradiance), physics-informed models can generate geographically specific lifetime
projections for photovoltaic modules. For instance, degradation rates often exhibit Arrhenius-type
temperature dependence, such that measurements at multiple temperatures can yield an effective
activation energy for performance decline and provide a mechanistic basis for temperature-related
acceleration factors. Similar frameworks can be applied to degradation processes governed by

light-induced or defect-mediated reactions.
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Although developing comprehensive physics-informed models remains challenging,
owing to the multitude of concurrent degradation pathways, they represent the most robust avenue
for achieving predictive reliability in photovoltaic lifetime assessment. Consequently,
understanding and quantifying the fundamental degradation mechanisms of perovskite materials
is essential for constructing accurate, mechanistically grounded models that can guide the design
of stable, long-lived solar technologies.

1.7 Scope and Objectives of This Work

PV modules composed of metal halide perovskite semiconductors represent prime
candidates for third-generation commercial photovoltaics. These materials are low-cost, earth-
abundant, and readily fabricated into high-efficiency devices using scalable processing methods.
However, their stability and durability remain key limitations to widespread commercialization.
Beyond engineering and encapsulation improvements, achieving stable perovskite photovoltaics
requires a fundamental understanding of the chemical and physical processes that govern material
degradation. Elucidating these mechanisms is not only essential for improving intrinsic material
stability but also provides the foundation for developing physics and chemistry informed lifetime
models capable of predicting long-term performance under real-world conditions.

The goal of this dissertation is to contribute to the growing body of literature on perovskite
semiconductors by identifying and quantifying the decomposition pathways and reaction kinetics
that dictate their stability. Particular emphasis is placed on the most promising compositions for
near-term commercialization in perovskite solar cells, where understanding degradation
mechanisms is critical to translating laboratory-scale performance into reliable, long-lived devices.

In this chapter, I have provided the background and motivation of this work.
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In Chapter 2, I provide an overview of the experimental and analytical methods used
throughout this thesis. A materials-science-driven approach is employed to elucidate the chemical
and structural changes occurring within perovskite materials under various environmental and
operational conditions. These changes are ultimately correlated with device-relevant performance
metrics, including quasi-Fermi-level splitting and carrier diffusion length, to establish direct links
between material degradation and photovoltaic function.

In Chapter 3, I present a detailed investigation of the light-induced decomposition
mechanisms in mixed-cation mixed-halide lead perovskite. The composition studied is
representative of those targeted for near-term commercialization in perovskite—silicon tandem
architectures, offering an ideal optical bandgap for sub-cell pairing with silicon. Under combined
light and thermal stress, we observe the formation of reduced lead species that are detrimental to
optoelectronic performance. Optical and structural characterization reveal the emergence of
metallic lead at extended degradation times. Furthermore, by quantifying sub-bandgap optical
absorption, we model the formation kinetics of these reduced lead species, providing mechanistic
insight into the fundamental chemical processes driving perovskite degradation.

In Chapter 4, I extend the kinetic analysis of the representative mixed-cation mixed-halide
perovskite to the photooxidation regime, which dominates under appreciable oxygen partial
pressures. In this regime, photoexcited electrons are posited to be diverted away from lead
reduction pathways and instead drive alternative oxidative decomposition reactions. To investigate
these processes, we conduct a comprehensive study of absorber degradation under combined light,
heat, oxygen, and water exposure. The resulting kinetic data reveal that three concurrent processes,
dry photooxidation, water-accelerated photooxidation, and hydrate formation, govern the

decomposition of the perovskite absorber under these conditions. Using elementary step reaction
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mechanisms and applying the rate-determining-step approximation, we develop a quantitative
model that accurately describes the coupled kinetics of these processes. The model performs well
across a broad range of illumination intensities, temperatures, and oxygen and water partial
pressures, capturing the essential physics and chemistry that dictate perovskite degradation under
realistic operating environments.

In Chapter 5, I extend the analysis introduced in Chapter 3 to examine a broader range of
perovskite compositions with systematically varied halide content. As previously discussed, halide
perovskites are highly tunable materials, and one of the most effective means of tuning their
optoelectronic properties is through bandgap adjustment via halide alloying, typically by varying
the relative proportions of iodide and bromide. For photovoltaic applications, such compositional
tuning enables optimization of absorption characteristics and energy-level alignment. In this
chapter, we find that higher-bromide compositions form reduced lead defects, as quantified
through sub-bandgap optical absorption, at faster rates than compositions with lower-bromide
content. This compositional dependence correlates with a more rapid decline in carrier diffusion
length, suggesting a coupling between halide composition, defect formation kinetics, and charge-
transport degradation. We also investigate the response of these materials to iodine vapor (I2), an
important product of both light-induced decomposition and photooxidation and observe that
bromine-rich compositions exhibit enhanced resistance to I vapor-induced degradation.

Finally, in Chapter 6, I provide concluding remarks and an outlook on the
commercialization prospects of halide perovskite photovoltaics, emphasizing the importance of

mechanistic understanding and predictive modeling in enabling stable, scalable solar technologies.



13

2 Methods

This chapter provides a concise overview of the experimental and analytical methods
employed throughout this thesis. While some descriptions may be partially redundant with those
presented in later chapters, this section serves as a centralized reference to contextualize the
experimental design and provide theoretical background for the key characterization techniques
used.

2.1 Solar Cell Operation

A solar cell is a solid-state device that converts sunlight into electrical energy. Its operation
relies on the absorption of photons in a semiconductor, the generation of electron-hole pairs, and
the subsequent transport and collection of these charge carriers at the electrodes. By doping the
semiconductor, or by forming junctions or interfaces with other materials, an internal electric field
is established within the device. When light is absorbed and carriers are excited, this built-in field
drives electrons and holes (positively charge quasi-particles) toward their respective contacts,
producing an electrical current.

When the external circuit is shorted (the electrodes are directly connected), the measured
current is the short-circuit current density (Js.). Conversely, when the circuit is open (no current
flows), the voltage developed across the contacts is the open-circuit voltage (V,.). Under
intermediate load conditions, where the applied voltage lies between 0 and V., the solar cell
delivers both current and voltage, generating electrical power. The point at which the product of
current and voltage is maximized defines the maximum power point (MPP), a key performance
metric that determines the overall power conversion efficiency (PCE) of the solar cell.

2.2 Photoluminescence and Quasi-Fermi Level Splitting
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An ideal semiconductor for photovoltaic applications should be both an efficient absorber
and emitter of light. When a semiconductor absorbs a photon with energy greater than its bandgap,
an electron is excited from the valence band to the conduction band, leaving behind a hole. These
excited charge carriers can subsequently relax to the ground state through either radiative or
nonradiative recombination processes. Photoluminescence (PL) refers to the emission of light that
occurs when these excited carriers recombine radiatively. In semiconductors, this process involves
three fundamental steps: band-to-band absorption, carrier thermalization, and band-to-band
radiative emission. Quantifying the net radiative emission, and analyzing its spectral shape,
provides valuable insight into the optoelectronic quality of a semiconductor, most notably through
the determination of the quasi-Fermi level splitting (QFLS). In this work, measurements of PL are
done with a wide-field PL microscope as well as with a modified confocal microscope, enabling
spectrally resolved PL.

In the dark, the carrier populations in a semiconductor can be described by a single Fermi
level that defines the equilibrium occupation of both the conduction and valence bands. Under
photoexcitation, however, the electron and hole populations depart from equilibrium and are
instead described by two distinct energy levels: the quasi-Fermi level for electrons in the
conduction band and the quasi-Fermi level for holes in the valence band. The absolute energy
difference between these two levels is referred to as the quasi-Fermi level splitting (AE}).
Importantly, the QFLS represents the maximum achievable open-circuit voltage of a photovoltaic
device comprised of the semiconductor material under steady-state illumination (more strictly,

Vocmax = AER/q) providing a direct measure of the electronic quality and recombination losses.
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Thus, accurately assessing the QFLS and its evolution over time under stress is essential for
evaluating the optoelectronic quality and stability of absorber materials.

The fraction of absorbed photons that are reemitted radiatively is known as the
photoluminescence quantum yield (PLQY). The external PLQY (PLQY,,;) of a semiconductor
film is related to the quasi-Fermi level splitting (QFLS) through the Ross relation®': QFLS,., =
QFLSsq + kT In(PLQY,,), where QFLSs, is the Shockley—Queisser (detailed balance) limit of
the quasi-Fermi level splitting for an ideal, radiatively limited semiconductor. Measurements of
PLQY,,;, therefore, provide direct insight into the optoelectronic quality and recombination
dynamics of the material. Beyond the absolute intensity of emitted photons, the spectral shape and
the absolute intensity at each wavelength also provide valuable information about the QFLS and
can offer improved accuracy in cases where sub-bandgap absorption is significant.

Our research group, led by Professor Hugh W. Hillhouse, at the University of Washington
has previously established a method fitting the full absolute photoluminescence spectrum using a
unified model that explicitly accounts for sub-bandgap absorption and emission, a notoriously
challenging feature to model accurately. This approach, described in detail by Katahara and
Hillhouse,*? is used in Chapter 3 to quantify the quasi-Fermi level splitting under one-sun
illumination. By incorporating sub-bandgap contributions to the emission spectrum, this model
provides a more rigorous and accurate estimate of the QFLS than the conventional Ross relation.
2.3 Photoconductivity and Ambipolar Diffusion Length

An ideal photovoltaic absorber must not only absorb and emit light efficiently, indicating
the ability to sustain high densities of photoexcited carriers with minimal nonradiative

recombination, but must also transport those charges effectively to the device contacts. To assess
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the charge transport properties of photovoltaic-grade semiconductors, photoconductivity
measurements are commonly employed. Photoconductivity is the net additional conductivity
under illumination: oy, = Ojight — Ogark- It is related to the charge carrier mobility by the
following (in the high injection regime): oy,, = q (i, + i, )An. Our group has developed a two-
point photoconductivity method for this purpose, enabling quantitative evaluation of carrier
transport dynamics under controlled illumination.

For intrinsic semiconductors such as those studied in this thesis, measurements of
photoconductivity, when combined with a known carrier generation rate, can be used to

quantitatively determine the ambipolar diffusion length, as originally derived by Stoddard:** L, =

/ KT . . : . .. .
GzpqLZG' This relatively simple two-point photoconductivity technique therefore encodes valuable

information about charge-carrier dynamics, providing a direct measure of the material’s transport
efficiency. The stability of this parameter is critically important, as maintaining a consistent
diffusion length over time is essential for achieving long photovoltaic device lifetimes.
2.4 In situ Absorbance Measurements to Determine Chemical Decomposition Rate

While photoluminescence and photoconductivity measurements provide critical insights
into the optoelectronic properties of perovskite semiconductors, they offer limited information
about changes in chemical composition. To complement these techniques, much of the
experimental work presented in this thesis combines optoelectronic characterization with in situ
optical absorbance measurements to directly monitor the evolution of chemical species during
degradation.

The Beer—Lambert law relates a material’s absorbance to the quantity of absorbing species

along the optical path, expressed as: Absorbance = log,y(e) - « - I, where A is the absorbance,
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« is the absorption coefficient, and [ is the optical path length. By taking the time derivative of
absorbance, rearranging, and incorporating the material’s physical properties, the rate of chemical

decomposition can be expressed as a surface-normalized rate: rate (mol-m™2-s71) =

%%. This method was originally developed by Siegler et al.3* to study the decomposition

of methylammonium lead triiodide perovskite and later adapted by Meng et al.*® for investigations
of low-bandgap tin perovskites. The same approach is employed extensively in Chapters 3 and 4
to quantify the defect formation kinetics of reduced lead species and the photooxidation reaction

kinetics of alloyed lead halide perovskites, respectively.
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3 Light Induced Degradation of Mixed Cation Mixed Halide Perovskite: Observed Rates
and Influence of Oxygen

This chapter describes experiments undertaken on FAo3Cso.2Pb(Io.83Bro.17)3 perovskite thin
films under combined heat, light, and oxygen stresses. Optical, structural, and charge transport
properties are tracked over the course of exposure to these stresses, identifying relevant
decomposition products, and linking these products to optoelectronic performance loss. The
kinetics of reduced lead species formation, a critical defect in lead halide perovskites, are
uncovered using in situ sub bandgap absorbance measurements. This chapter was adapted from a
publication in the Journal of Materials Chemistry A.*¢ Reproduced with permission®¢; Copyright
2025 RSC Publishing.
3.1 Abstract

Formamidinium-rich lead halide perovskite semiconductors comprise the absorber layer in
the most efficient single-junction perovskite solar cells (PSCs) but suffer from chemical instability
when exposed to high temperatures, moisture, oxygen, and light. Light-induced degradation (LID)
is unavoidable in PSCs and can be slowed only by limiting the escape of decomposition products.
Here, we study the LID of FAosCso2Pb(lo.83Bro.17)3 thin films using in-situ and ex-situ optical
spectroscopy, microscopy, and x-ray diffraction. The results reveal that the primary decomposition
products under LID conditions are reduced lead-containing species that have broadband optical
absorption. XPS reveals the presence of Pb’, but it may coexist with partially reduced lead-
containing species. We use in-situ sub-bandgap optical absorbance measurements to selectively
probe and quantitatively measure the formation rate of reduced lead species. We derive a rate law

for reduced-Pb formation (7,0 estimated at ~3x1071% mol/(m?s) at 25 °C in N> under 1 sun photon
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flux that would result in complete conversion of a 300 nm film in ~78 days), determine an
activation energy (~0.61 eV), determine an effective reaction order with respect to the flux of
above bandgap photons (rp,0 o I27%), and find that the wavelength of above bandgap photons
minimally affects the rate, suggesting that Pbl, photolysis is not the mechanism for the formation
of decomposition products. These observations represent the first quantitative measurements of
the rate of formation of reduced lead species in perovskites and emphasize a unique interplay
among environmental stressors and degradation pathways for commercially relevant perovskite

materials.
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Figure 3.1. Light Induced Degradation of Mixed Cation Mixed Halide Perovskite: Observed
Rates and Influence of Oxygen

3.2 Introduction

Hybrid organic-inorganic perovskites with the chemical formula ABX;3 are a unique class
of semiconductors that exhibit simultaneous ease of fabrication (solution and/or vapor
processing?”) and excellent optoelectronic quality (long diffusion lengths and carrier lifetimes,*®
high absorption coefficients,* and tunable bandgap*’). Perovskite single-junction and perovskite-
on-silicon tandem photovoltaic (PV) cells have achieved 26.7% and 34.6% power conversion

efficiency*!, respectively, as of December 2024. Despite their high defect concentration (~10'5-
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106 cm) compared to conventional covalent semiconductors such as c-Si or GaAs (<10'? cm
3),%2-4 the ionic nature of halide perovskites causes most of the defect energy levels to lie near the
band edges or within the bands, giving these materials their notable defect tolerance.*> However,
halide perovskites are notoriously unstable in the presence of excess heat, above-bandgap photons,
oxygen, and moisture. In contrast to current commercial PV materials, halide perovskites readily
undergo chemical decomposition reactions when exposed to these stressors that can degrade
optoelectronic performance and have, up to this point, limited the lifetime of PSCs well below the
multidecade timescale necessary for commercial viability.* Stability of the absorber is thus a
primary factor hindering PSCs from realizing their commercial potential.

Mixed-cation, mixed-halide perovskites in which the A-site comprises mixtures of
formamidinium (FA), methylammonium (MA), and/or cesium, and the X-site comprises mixtures
of iodide and bromide, form the absorber layer in some of the most efficient lead-based PSCs and
display significant improvements in thermal stability and performance compared with the
archetypal perovskite MAPDbI3.*’>° These compositions nevertheless exhibit low chemical
stability relative to conventional inorganic semiconductors.’! While strong encapsulation may
prevent the ingress of oxygen and moisture for some time during the deployment of a PSC
module,>? illumination is necessary for electrical energy production. Thus, studies of perovskite
degradation in inert environments under illumination are vital to probe what may represent the
ultimate performance-limiting case.

Previously, we reported the degradation kinetics of MAPbI3* and the low bandgap lead-
tin perovskite composition FA¢75Cs025Pbo.sSnosl3*° in response to oxygen, moisture, and
illumination. While measurable LID was not observed in these previous compositions, initial

investigations into the degradation of FA(sCso.2Pb(lo.83Bro.17)3 (referred to as FACsPbIBr) revealed
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that unencapsulated films placed in an inert environment undergo decomposition when exposed to
illumination alone. In this study, we investigate this decomposition pathway with the aims of
identifying decomposition products and quantifying the rate of perovskite loss as a function of
environmental stressors, since quantitative kinetic measurements of light-induced degradation do
not currently exist in the literature.

The FACsPbIBr films used throughout this study were fabricated by an antisolvent wash
method (described in SI section 3.7.1). The pristine films are of high optoelectronic quality.
Characterization by x-ray diffraction (XRD), scanning electron microscopy (SEM), UV-Vis-NIR
spectroscopy (UV-vis), and photoluminescence (PL) spectroscopy are shown in SI Figure 3.7. The
films have an optical bandgap of ~1.66 eV and display steady-state quasi-Fermi level splitting of
1.29 eV under 1 sun equivalent illumination, which is >90% of the radiative limit (1.38 eV).
Single-junction solar cells made from the films with a p-i-n architecture (ITO/Poly-
TPD/perovskite/Cso/BCP/Ag) have efficiencies of ~17% (SI Figure 3.8).

3.3 Effects of LID on Mixed-cation, Mixed-halide Thin Films

To identify the hallmarks of this decomposition pathway, we performed ex-situ
characterization of the FACsPbIBr films over a period of LID. SI section 3.7.2 (Figure 3.9b)
includes the spectra of all illumination sources with a description of calibration procedures.
Sources are calibrated such that the incident above bandgap absorbed photon flux is identical to
that of the AM1.5 G solar spectrum (1.5 x 10?! photons/m?/s for a 1.66 €V absorber).

Unencapsulated FACsPbIBr films deposited on glass substrates were placed in a
chemically inert environment (dry N2> glovebox) on a hotplate (shown schematically in Fig 3.9a)
set to 65°C under 1 sun equivalent photon flux from a broad-spectrum ‘white’ LED (emission from

400-700 nm) and were periodically removed for characterization. Figure 3.2 shows the changes of
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the internal absorbance spectrum (see SI section 3.7.4 for further analysis), absolute intensity
photoluminescence spectrum (AIPL), XRD pattern, and morphology over the course of
degradation and demonstrates that optical absorption is a leading indicator of this decomposition
mode. The mean PL peak (Figure 3.2b) redshifts modestly (~20 meV). The intensity drops rapidly,
and a low energy shoulder develops as degradation proceeds. Since the Br content is relatively
low, we do not expect this low energy shoulder to be a result of halide segregation but rather of
shallow defect states.”> The XRD patterns (Figure 3.2c¢) show that, over long periods of
degradation, crystalline domains of metallic lead (Pb’) begin to form, which first become
discernable at the 13-hour timepoint. Aside from small peaks associated with Pbl (001-plane
reflection at ~12.6°) and a-FAPbBr; (001-plane reflection at ~14.8°) at very late stages of
degradation, no other solid degradation products are observed in the XRD patterns (zoomed-in
plots and reference patterns are presented in SI section 3.7.3 and SI Figure 3.10). We also
confirmed the presence of Pb? in degraded films with x-ray photoelectron spectroscopy (XPS) (SI
Figure 3.11). The morphology, while minimally affected during early degradation times, becomes
riddled with micron sized features during later times (Figure 3.2d), and the changes become most
obvious on similar timescales as those for which Pb? begins to appear in the XRD pattern.

The absorbance measurements appear to be the most sensitive for identifying this
decomposition mode (Figure 3.2a), as indicated by the increase in sub-bandgap absorbance within
the first 30 minutes (inset of Figure 3.2a). The only plausible species that could absorb sub-
bandgap photons is a reduced lead species. XRD and XPS provides insight that Pb° is present at
advanced stages of degradation, but we cannot preclude the presence of other reduced lead species,

especially at earlier degradation times.>* After 120 minutes of exposure, the excess absorbance
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spectrum (spanning regions both above and below the perovskite bandgap) closely resembles that
of a ~5 nm film of elemental Pb? (see SI Figure 3.12 for the absorption spectrum of Pb° thin films).
In summary, the optoelectronic properties of the perovskite film degrade significantly as defects
associated with reduced lead species are generated during LID. Notably, substantial losses in PL
intensity occur well before any significant changes in morphology or crystal structure are
detectable, highlighting the importance of optical measurements as essential early indicators of
this degradation pathway. The QFLS calculated from the PL quantum yield decays almost linearly,
and while a solar cell using the films under study as absorbers would limit degradation by trapping
decomposition products and extracting reactive charge carriers, reduced lead species formed
during LID would deteriorate photovoltaic performance via increased trap assisted recombination

(resulting in V¢ decline) and parasitic absorption (resulting in Jsc decline).>
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Figure 3.2 Ex-situ characterization during degradation under 1 sun photon flux from a
broad-spectrum LED at 65°C in a dry N, atmosphere. The changes in (a) absorbance, (b) AIPL
spectrum (Agycitation = D32 nm; 1 sun equivalent photon flux), (c¢) XRD pattern, and (d)
morphology (SEM images). Inset in panel (a) is a magnified view of the sub-bandgap region. Insets
in panel (b) are the PLQY and QFLS determined from the Ross relation (refer to SI section 1 for
these calculations). Special care is taken to ensure that samples are outside of a controlled N>
environment for as little time as possible (typical ambient lab conditions are ~40% relative
humidity, 20°C; exposure during measurements is <30 minutes for XRD, <10 minutes for UV-
Vis-NIR, <10 minutes for SEM, and 0 minutes for AIPL). SEM measurements are taken on
separate samples to avoid conflating morphological effects of prolonged periods of vacuum
exposure with LID.

3.4 Mechanism of Light-Induced Degradation.
The first reports of LID were of MAPbI3 under vacuum.’®*” However, FA-rich
compositions are also susceptible to LID®® with several reports observing hole trapping at grain

boundaries which results in halide gas loss (X2) and Pb?" reduction to Pb%.>°-%! Material quality
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plays an important role in both initial optoelectronic device performance and stability.53 Defect-
dense and/or heterogenous films have reduced barriers for atomic, ionic, and molecular transport
which increases the rate of material decomposition and device performance degradation.®46°
While many of these prior reports suggest that Pb?" in the perovskite lattice is directly reduced to

Pb? during LID, other reports argue that the photolysis of intermediate Pbl, is the pathway to form

Pb? (some noting that it is possible®7).34-35-68
Kerner et al.*” hypothesized that halide oxidation (h* + X~ s X' s %Xz) by valence band

holes (photoexcited or injected) can substantially increase halide species mobility (neutral X* and
X, are assumed to be much more mobile than perovskite bound X™) which can yield two related
but distinct phenomena. (1) If the halides settle in different domains, phase segregation results.
The perovskite lattice remains intact, but different domains of varying halide concentration exist.
Evidence of this behavior is typically observed with photoluminescence and electroluminescence

70-72 " and it is usually reversible after the incident light is removed.> (2) If halides

spectroscopy
escape the perovskite lattice in the form of diatomic halide gases (X2), decomposition occurs as
the perovskite is irreversibly converted to other chemical species.”®™ It is worth noting that the
thermodynamics of halide vacancies’” and the kinetics of species diffusion’®’” are temperature
dependent with the latter following Arrhenius behavior. These prior reports provide insights into
the chemical processes that may be used to propose specific reaction pathways that in turn can be
used to derive rate expressions for this decomposition mode. Given that many other studies report
the formation of Pb? during LID, we operate under the assumption that the majority of the light-

induced defects are Pb?, accounting for most of the near-infrared light absorption.

3.5 Influence of Oxygen on LID
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Before proceeding with further investigations into the LID of FACsPbIBr films, we seek
to address how oxygen presence influences the degradation pathway. While O, and H>O vapor
may be kept out of a PSC during fabrication and for some time with encapsulation, even rigorous
glass-glass encapsulation strategies with polyisobutylene (PIB) edge seals cannot fully prevent
diffusion of gaseous small molecules.”® It is thus important to understand how degradation will
proceed if an environmental reactant diffuses through packaging to meet the perovskite layer. To
do so, we analyzed the change in optical absorbance when films were subjected to various
concentrations of ambient Oz (0%, 3%, 10.5%, and 21%). In these experiments, we placed
FACsPbIBr films in environmental control chambers and illuminated them with a broad-spectrum
white LED (SI Figure 3.9a). We measured the surface temperature with a contact thermocouple
and found it to be stable at 35°C. The flow rate of inlet gases is 3 L/min with the desired oxygen

concentration being achieved by mixing dry air and dry No.
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Figure 3.3. Ex-situ UV-Vis-NIR measurements during degradation at 35°C under 1 sun
equivalent illumination. Film absorbance over the course of degradation in dry atmospheres of
(a) 0%, (b) 3%, (c) 10.5%, and (d) 21% oxygen. Insets in a-d are the change in absorbance from
the initial time point with narrower vertical axes to emphasize the spectral changes over time. The
timeseries absorbance values at (¢) 1300 nm and (f) 632 nm. Parabolic fits to the timeseries data
are included as dashed lines in (e) and (f) to guide the eye. Uncertainty is quantified by the standard
deviation (o) of film absorbance change for 3 samples.

The results of these experiments are shown in Figure 3.3, demonstrating that 3% O in the
ambient atmosphere is sufficient to prevent the accumulation of defects with near-infrared
absorptivity (Pb%). Although none of the samples degraded in oxygen-containing environments
accumulated detectable levels of Pb% we infer that photooxidation processes did take place as
evidenced by decreases in above bandgap absorbance, with higher oxygen concentrations yielding
higher rates of decomposition. We speculate on the reason for O> preventing Pb® formation in SI
section 3.7.8 and hypothesize that it scavenges photogenerated electrons that would otherwise
reduce Pb**. Interestingly, examining Figure 3.3a and 3.3b reveals that the net effect of adding
small amounts of oxygen to an otherwise inert atmosphere is a slower rate of film decomposition.
The inset in Figure 3.3a reveals an outsized increase in absorption as LID proceeds in the 700-800
nm region. This behavior is observed to a lesser degree for degradation in 21% oxygen (inset of
Fig. 3.3d). We attribute this to an increase in disorder of the semiconductor (either static or
dynamic) resulting in increases in sub bandgap absorption in the region just below the bandgap
(within ~0.1 eV).8%3! Ag such, we do not observe measurable absorption increases in this region
for the films degraded in 3% or 10.5% oxygen atmospheres because they degrade less significantly
(and thus induce less additional disorder) than the films in 0% or 21% oxygen atmospheres.
Importantly, the excess absorption beyond ~800 nm shown in the inset of Figure 3.3a agrees with
the Pb® absorption spectrum shown in SI Figure 3.12, indicating that absorption measurements in

the region >800 nm are accurate for quantitative measurements of Pb® formation.
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While film absorbance measurements provide valuable information about absorbing
species present in the film, the exact effect of any given degradation pathway on device relevant
optoelectronic properties is unknown from absorption measurements alone. To address this
missing link, we conducted in sifu measurements of film ambipolar diffusion length (L) and
photoluminescence quantum yield (PLQY) over the course of degradation in the same conditions
as the ex situ experiments shown in Figure 3.3. To perform these measurements, we use a calibrated
widefield microscope for PLQY measurements and deposit gold contact pads on the FACsPbIBr
films with a thin channel (0.01 cm) for simultaneous two-point photoconductivity measurements
(Figure 3.4a,b). From photoconductivity measurements, we can obtain an estimate for the L based
on sample geometry and photogeneration rate, which we have detailed in prior reports.3?#* The
results of these experiments are shown in Figure 3.4. Diffusion length is a good proxy for how we
expect the film degradation to affect device performance as it unites both carrier transport and
carrier lifetime. The PLQY serves as a proxy for carrier lifetime alone, which helps disentangle
changes in diffusion length due to lifetime from those caused by changes in carrier mobility.

Degradation in pure N> results in monotonic decreases in both Ly and PLQY . The evolution
of the L is strongly correlated with that of the PLQY, suggesting that it may be almost entirely
explained by Pb® trap state formation. In contrast, the films placed in oxygen containing
atmospheres see an initial period of passivation (increasing Ly due to increasing minority carrier
lifetime) followed by degradation (decreasing Lj attributable to reduction in effective mobility
that likely arise from the buildup of insulating phases at grain boundaries). The kinetics of this
behavior accelerate as the environmental oxygen content increases, consistent with a

photooxidation mechanism that generates insulating byproducts that impede carrier transport.3284
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Note that the PLQY generally rises for each of the oxygen containing runs, indicating that the local
minority carrier lifetime is constant or increasing and suggesting that defect formation is not a
critical issue in these cases. While these photooxidation phenomena are not unique to these
perovskite compositions and have been reported previously for MAPbI3 7 the stark differences in
optoelectronic decay from relatively small differences in ambient atmosphere contents for this
perovskite composition is important because it indicates that relatively small amounts of oxygen
are sufficient to shift the dominant mode of decomposition. Again, this may signify a role of
oxygen as a particularly efficient scavenger of photogenerated electrons.®® From the data shown in
Figures 3.3 and 3.4, we infer that there is likely an oxygen concentration between 0% and 3% at
which both mechanisms occur simultaneously but that concentrations >3% appear to prevent Pb°
formation and are within the regime of purely photooxidation decomposition (all Pb** remains
oxidized). However, it is important to note that even for low-oxygen environments in which LID
is suppressed, apparent mobility losses can still quickly reduce the perovskite’s optoelectronic
quality, highlighting the importance of retarding photooxidation as well as LID.

To assess and compare the relevant time scales of diffusion length decay among the
different degradation conditions, we define metrics of TLp-80 and TL,-90 which are defined as
the time it takes for the diffusion length to decrease to 80% and 90% of its original value,
respectively. The average TLj-80 and TLj-90 times (+0) are displayed in Table 3-1. Importantly,
the films placed in 0% Oz reach L-90 faster on average than the films placed in any of the oxygen
containing environments, highlighting the rapid optoelectronic performance decline that occurs

during LID.
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Figure 3.4. In-situ optoelectronic performance trends for degradation in atmospheres of
varying oxygen concentration. (a) Schematic of the in-situ microscope degradation experimental
apparatus which features a calibrated LED light source fed through an upright microscope and
shone through an objective lens onto the sample. Top-down view of perovskite samples with (b)
gold contacts (used for simultaneous collection of PLQY and Lj) and (c) bare (used for 73300 nm
measurements). The normalized (d) ambipolar diffusion length and (e) photoluminescence
quantum yield under 10 sun equivalent photon flux at 65°C. Uncertainty is quantified by the

standard error of the mean (o/+/n) for 3 samples.

Table 3-1. TLp-80 and TL;-90 Times for Degradation at 65°C, 1 sun under Different Ambient

Oxygen Concentrations

[O:] TLp-90 [min]

TLp-80 [min]

0% 78 £20

293+ 179
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3% 285+ 95 363 £ 115
10.5% 186+ 74 242 + 85
21% 97 +£22 132+ 20

3.6 Measuring the Kinetics of Light-Induced Defect Formation.

Having established that light-induced defect formation dominates the optoelectronic
evolution of FACsPbIBr films in an inert N2> atmosphere under illumination, we proceed with the
aim of measuring and predicting the formation rate of these defects (with the assumption that most
are Pb%). We propose an overall net reaction for this process that uses FAPbI;3 as an approximation
of the mixed-cation, mixed-halide composition. We do not expect the Cs or Br minorities to
participate in important ways. To test this assumption, we also test the photostability of
FA(3Cso2Pblsz and FAPbI; thin films (SI Figure 3.14). We observe that the absorbance of both
compositions increases in the sub bandgap region after a period of photo-stress, indicating the
universal susceptibility to LID of FA-rich compositions. Notably, the rate of sub-bandgap
absorption increase is slower for these compositions compared to mixed-halide FACsPbIBr which
agrees with the finding that halide alloying with bromine yields less photostable materials.®® Thus,
the net total LID reaction can be written as the following:

FAPbI; + hv = Pbd 4 + I3 gas + 3Vi + Vpp, + Vga + volatile organics (LID)

SI section 3.7.5 discusses a plausible complete reaction mechanism with elementary steps
for the LID reaction. We arrive at a functional form for a mathematical expression to describe the

initial rate of Pb® formation (rpy0) as a function of temperature and photon flux. Note that this
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equation also happens to be identical to an empirical expression that could be written for the total

LID reaction.

Eﬁ’l’;D
— . n
Tppo = koppexp | — KpT Iy €Y

Here, ko ,;p is a temperature independent prefactor, E:ED is the effective activation

energy, I;, is the incident above bandgap photon flux, and n is the effective order of illumination.
We next proceed to measure the kinetics of the LID reaction to determine the various
unknown parameters contained within equation 1 for FACsPbIBr. We use a similar technique as in

our previous kinetic studies®*3?

on initial perovskite decomposition rate to determine the rate of
Pb? formation (7pp0). Information regarding the initial perovskite reaction rate has been shown to
be highly relevant for understanding and predicting device stability.®>87 In short, we measure the

sample transmittance (7°) at 1300 nm (where reflectance changes minimally over the early times

of degradation, SI Figure 3.13) in an in situ degradation chamber (Figure 3.4a,c) to obtain an

estimate for initial rate of absorbance change (%). This allows us to quantify 7,0 by the

following:

_ pppo-log.(10) dA

Yppo = —_
Pb
MPbO " a1300nm dt

where pppo is the density, Mp,o is the molecular weight, and aq390nm 1S the absorption

coefficient at 1300 nm for Pb?. Refer to SI section 3.7.4 for a detailed discussion of this derivation.
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Figure 3.5. Determining model parameters. (a) Change in absorbance over time (with linear fits

to the data used to determine %) during degradation with 1 sun photon flux. Percent film

conversion to Pb? (X) is displayed on the right vertical axis. (b) Arrhenius plot for degradation
experiments under 1 sun illumination at varying temperatures. (¢) Photoconductivity versus photon
flux with sublinear fit. (d) Initial Pb° formation rate as a function of incident photon flux at 125°C
with fit (exponent fixed to 0.72).

Table 3-2. Best-Fit Parameters for the Light-Induced Pb’ Formation Kinetic Model

Parameter Value Unit
g¢ff 0.61 +£0.07 eV
A, LID

kO,LI D

(3.55+£0.58) - 10715

mol ‘m2-s!-(photons-m-

S-l)-0.72
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n 0.72 unitless

To determine parameters that define equation 1 (Ejg p»> M, Ko 11p), we used monochromatic

540 nm illumination over a range of temperature and illumination conditions. We choose to
measure the rate of degradation at elevated temperatures (85 -145°C) due to the relatively slow
rate of this reaction. We observe an Arrhenius relationship with respect to the effect of temperature
on 7p,0 which suggests that this reaction is thermally activated. Thus, we expect the
experimentally determined parameters at elevated temperatures to remain accurate across a wide
range of temperature and illumination conditions. We demonstrate that decomposition due to
elevated temperature exposure, resulting in apparent loss of formamidinium, is negligible in
comparison to LID in SI section 3.7.9 (particularly with regards to its effects on film optical
properties, SI Figure 3.17).

Figure 3.5a displays typical data for the change in 1300 nm absorbance over time with
linear fits to that data. Degradation experiments from 85-145°C under 1 sun equivalent photon flux
are used to determine the activation energy as ~0.61 eV (Figure 3.5b). To determine the effective
order of above bandgap photons (n), we performed photoconductivity measurements as a function
of incident photon flux (Figure 3.5c). We have shown previously that the activity of a photoexcited
species is directly proportional to the incident above bandgap photon flux raised to a constant
value.’* Additional information on the relationship between photoconductivity and photoexcited
species activity is included in SI section 3.7.6. Here, we determine this value to be ~0.72 when
measuring across a range of photon fluxes (0.25 to ~29 suns). To confirm that this exponent

accurately captures the change in hole activity (posited to be the relevant photoexcited species)
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during light-induced degradation, we measure 7,0 as a function of photon flux from 0.1-1 suns at
125°C (Fig. 3.5d). A fit of the data is excellent (refer to SI section 3.7.7 for further fitting details),
indicating that we have accurately captured the incremental activity of holes for increases in photon
flux with our power law model.

To determine kg ;;p, we take all degradation runs used to determine EjﬂD (1 sun, 85-

145°C, 540 nm) and all runs used to confirm n (125°C, 0.1-1 sun, 540 nm) and perform a

minimization on the sum of the squared errors, which gives a result of 3.55X

mol

10—15

23 (photons m2s)0 72" The dataset used for this fitting is referred to as the ‘training dataset’

(42 samples). The best-fit parameters for the kinetic rate model for Pb? formation are displayed in

Table 3-2. Note that the uncertainty estimates for EjﬂD and kg ;;p are quantified by the standard

error of the linear fits to the Arrhenius plot and to the complete training dataset, respectively.

As mentioned previously, the debate around Pbl, photolysis remains unanswered in the
perovskite community. First, we note that significant Pb° is formed during irradiation with 540 nm
light (Ephoton=2.30 €V) which itself cannot excite Pblx by a band-to-band transition since it has an
energy below the bandgap of Pbl, (E; ~ 2.35 eV). Thus, while Pbl, photolysis may occur in
perovskite samples with excess Pbl, impurities, we note that this is not necessary to induce Pb°
formation in our films and is not the mechanism that we observe since Pb? is formed even when
the incident beam has photon energies less than the bandgap of Pbl,. To confirm this finding, we
collected a new dataset (referred to as the ‘test dataset’ (28 samples)) that incorporates alternate
temperatures and illumination conditions for 540 nm illumination as well as 440 nm (well above

Pbl> bandgap) and 630 nm illumination (well below Pbl, bandgap). SI section 3.7.7 provides
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further explanation of the conditions for the testing and training datasets and an expanded
discussion of the fitting procedure for the parameters of equation 1.

Figure 3.6a shows the results for the training dataset with median and mean error of 34%
and 71%, respectively. Figure 3.6b shows the results for the test dataset with median and mean
error of 41% and 41%, respectively. Despite some sample-to-sample variation, we see that the
model determined from the training dataset, which only considers a relatively small sliver of the
parameter space, can accurately predict 7,0 for varying temperatures, photon fluxes, and photon
energies. We emphasize that illumination wavelength within the visible regime minimally
influences the degradation rate. Figure 3.6c shows the degradation data for the 630 nm and 440
nm illumination. This plot further emphasizes the goodness of the model fit and suggests that, if
anything, the lower energy 630 nm light produces higher degradation rates than 440 nm. These
results highlight that Pbl> photolysis is not the mode of degradation that we observe en route to
Pb? formation and suggest that degradation mitigation strategies outside that of the Pbl, photolysis

suppression framework must be considered to enhance perovskite longevity.
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Figure 3.6. Light-induced Pb’ formation rate model performance. (a) Parity plot for the
training dataset and (b) for the test dataset. (¢) Comparison of 630 nm monochromatic illumination
(red) and 440 nm monochromatic illumination (blue) on Pb® rate. 630 nm and 440 nm photon
fluxes are both set equal to 0.33 suns (5 x 10%° photons/m?/s). Datapoints are sightly offset along
the temperature axis for clarity.

3.7 Conclusion

Mitigation strategies for suppressing halide segregation and LID center around reducing
halide mobility and escaping tendency from the perovskite. Device stacks with strong
encapsulation will certainly slow volatile halide species loss and thus promote reverse
decomposition reactions (e.g. Pb® + I, = Pb2* + 217), slowing LID processes. We demonstrate

that encapsulation slows Pb® formation in SI section 3.7.10. However, the intrinsic material
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instability related to mobile and reactive ions will remain and prevent the realization of
multidecade module service lifetimes if a promising solution cannot be found. Promising paths
towards reducing halide movement are via passivation (which will necessarily slow diffusion due
to fewer vacancies present in the lattice®®®’) and by tin substitution for lead (which shifts the
valence band maximum above the halide defect energies and slows halide oxidation®®°?).
Ultimately, mobile halides that facilitate decomposition present a significant challenge for lead-
based perovskite photovoltaic commercialization. We also would like to emphasize that the
trapping of volatile I> vapor can promote other decomposition pathways (not just the reverse LID
reaction) in a complete device stack.*>?* As such, a complete picture of PSC device degradation
under inert conditions would include LID, its reverse reaction, and I» related oxidation reactions
with the perovskite itself and other layers in the device stack.

In summary, we report, for the first-time, quantitative measurements of light-induced
degradation in a halide perovskite semiconductor. The degradation products of LID are reduced
lead species with broadband optical absorption and are very likely fully reduced Pb°. We have
studied the effects of oxygen on this decomposition pathway and have derived a rate law for the
initial rate of Pb® formation and fit it to our quantitative measurements. We also show that the
wavelength distribution of the incident above bandgap photons negligibly influences the formation
rate. This work raises important questions regarding how to address oxygen ingress through
advanced encapsulation techniques, as well as how to manage the iodine species generated during
LID, both of which remain significant challenges for enhancing the stability of perovskite-based

devices.

3.8 Supporting Information
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3.8.1 Experimental Methods; Film and Device Characterization

Sample Preparation: FA(sCso2Pb(los3Bro.17)3 precursor inks were prepared by dissolving
stoichiometric CsI (FISHER SCIENTIFIC, 99.998%), FAI (Greatcell Solar Materials, >99.99%),
Pbl, (TCI AMERICA, 99.99%, trace metals basis) and PbBr, (TCI AMERICA, >98.0%) at 1 M
concentration in 1/1 vol/vol N-methyl-2-pyrrolidone (NMP)/dimethylformamide (DMF), then
allowed to dissolve overnight at 25°C. Glass substrates (15mm square) were cleaned with a four-
step procedure by sonicating for 10 minutes each in (1) Alconox and DI water, then (2) DI water,
then (3) acetone, and finally (4) 2-propanol. Shortly before spin coating, the substrates were
cleaned for 10 minutes in an air plasma. FAosCso.2Pb(lo.s3Bro.17); thin films were fabricated via
spin coating in a N2-filled glovebox. Before spin coating, the precursor inks were filtered through
a 0.2 pm PTFE filter. 50 pL of the filtered precursor ink was spin coated at 4000 rpm for 45 sec.
With 15 seconds remaining in the spin cycle, an antisolvent wash of 0.6 ml of toluene was dripped
onto the sample to induce crystallization. Upon completion of the 45 second spin cycle, the films
were annealed on a ceramic hotplate at 120°C for 15 minutes. Films averaged ~280 nm in thickness
as measured with a Bruker OM-DektakXT stylus profilometer. For degradation experiments in
which diffusion length measurements are also taken, 80nm Au contact pads (separation of 0.01
cm) were deposited via thermal evaporation at a rate of 2 A/s. The FAPbI; and FA( sCso2Pbl; films
(discussed in SI section 5) were fabricated in the same way as the FAo3Cso2Pb(Io.83Bro.17)3 with
the adjustment of precursor solution inks to match the desired film composition. Additionally, to
achieve the black alpha phase of FAPDI3, these films were annealed at 180°C for 15 minutes as
opposed to 120°C. This is necessary to crystallize the alpha phase for pure (undoped) FAPbI; films.

Perovskite Film Characterization: Scanning electron microscopy (SEM) micrographs were
obtained using a FEI XL30 SEM (SI Figure 3.7d) and a ThermoFisher Scientific Apreo SEM
(Figure 3.2d).Thin film X-ray diffraction (XRD) measurements were collected with a Bruker D8
Discover instrument equipped with a Pilatus 100K large area 2D detector and a Cu anode
(wavelength 1.542 A, Ka radiation). The X-ray beam size was defined with a 0.3 mm collimator.
X-ray photoelectron spectroscopy (XPS) measurements were taken on a ThermoScientific
ESCALAB 250 with a monochromatic Al x-ray source and a 500-micron spot size. The binding
energy scales were referenced to the C 1s peak at 284.8 eV. Optical absorbance spectra were
collected from a PerkinElmer Lambda 1050 UV/vis/NIR spectrometer with an integrating sphere
in laboratory atmosphere. Absorbance was calculated from separate measurements of sample
percent transmittance and sample percent reflectance. Absorptance was calculated as A =1 —
T — R. Absolute intensity confocal photoluminescence was collected as described previously.®?
PL spectra were obtained with a modified Horiba LabRAM HR-800 with 532 nm laser excitation
and a 10x objective lens. The adjustable confocal hole was set to 800 um, and a 150 gr/mm
Czerny—Turner monochromator blazed at 500 nm was used. The photon detection rate was
calibrated using a blackbody source (IR- 301, Infrared Systems Development) at 850, 950, and
1050 °C with a 10 um pinhole (the calibration factor was averaged between the three temperatures
to minimize error). To calculate 1 sun excitation flux, an Oriel optical power meter and Thorlabs
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beam profiler were used to set the photon flux equal to above bandgap photon flux of the AM1.5
GT solar spectrum for a 1.66 eV material. Note that we can simply integrate the AIPL spectra to
get a value for total emitted photon flux. Dividing this value by in incident photon flux gives us
the external photoluminescence quantum yield (PLQY). From the PLQY, we can calculate an
estimate for the quasi-fermi level splitting (QFLS,.;) using the Ross relation: QFLS, . =
QFLSsq + kT In(PLQY) where QFLSs, is the detailed balance limit QFLS for an absorber at a
given bandgap.’! The bandgap is set equal to the peak PL emission energy such that changes in
material bandgap (although small) can be accounted for to give a better estimate of the true quasi-
fermi level splitting in the material.

In-situ Optoelectronic Degradation Experiments: For these degradation experiments, we place
the sample, prepared as described above (with Au contact pads), in a Linkam Scientific LTSE420-
P environmental test chamber, outfitted with an electric heater, gas ports, electrical probes, and
windows above and below the sample. The atmosphere was controlled by connecting cylinders of
N2 (99.998%, 4.8 grade, Praxair) and dry air (0.0 grade “Extra Dry,” Praxair via twin Omega
FMAS5400/5500 mass flow controllers to the gas port on the Linkam chamber, allowing the O:
content to be varied while maintaining constant total gas flow set at 3.0 L/min. We use a calibrated
540 nm LED (Lumencor SpectraX Light Engine) as the light source in a metallurgical upright
microscope (Olympus BX53M, equipped with a 100x Mitutoyo Plan Apo NIR HR objective lens),
and adjust the input power based on the sample band gap to obtain the desired 1 sun equivalent
flux of above-band gap photons under the AM1.5G spectrum. Because only a small region of the
film surface is illuminated, thermal energy can dissipate laterally. Additionally, a constant flow of
gas across the surface helps keep the illuminated area at the same temperature as the dark regions.
Photoconductivity was measured by connecting Au contacts to a Keithley 2420 source meter and
sourcing + or — 3V while measuring current. The polarity of the applied voltage is switched every
measurement to prevent artifacts from ion migration and buildup over the duration of the
experiment due to consistent applied voltage. Photoluminescence quantum yield (PLQY)
measurements are obtained simultaneously under 10 sun equivalent excitation. All data collected
is automated with a Python master control program that takes measurements every 5 minutes. This
general procedure has been described previously.®?

In-situ Metallic Lead Formation Rate Experiments: Bare samples (without contacts) were used
for measurements of metallic lead in-situ. For a typical degradation experiment, we place the
sample prepared as describe above in a Linkam Scientific LTSE420-P environmental test chamber,
outfitted with an electric heater, gas ports, and windows above and below the sample to allow light
transmission. The test chamber is placed on a computer controlled XY stage. The nitrogen
atmosphere was maintained by connecting a N> gas cylinder (99.998%, 4.8 grade) and setting the
flow rate to 3L/min. with an Omega FMAS5400/5500 mass flow controller. For these
measurements, we use an Olympus 5x objective lens to degrade the sample. Periodically (every 8
minutes), we switch off the degradation beam and collect a measurement of transmittance with a
1300 nm monochromatic light source. The transmittance is measured by short-circuit current
measurements from a Thorlabs InGaAs photodiode (FGA10) placed underneath the sample. To
account for differences in responsivity as diode temperature fluctuates over the course of a
degradation experiment due to natural thermal fluctuation in the lab, we also collect a ‘100%
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transmittance’ measurement off the sample by moving the XY stage briefly such that the 1300 nm
light is focused directly onto the photodiode (not passing through the sample). In this way, we can
account for small changes in diode responsivity from time point to time point. All data collected
is automated with a Python master control program.

Photovoltaic device fabrication and characterization: For fabrication of ITO/Poly-TPD/
FA0.3Cs0.2Pb(lo.83Bro.17)/Ceo/BCP/Ag perovskite solar cells, ITO-coated glass substrates (1.5x1.5
cm, 15 Q sq!, Yingkou Shangneng Photoelectric Material Co.) were sonicated in Alconox
detergent solution, deionized water, acetone, and isopropanol for 10 min each, rinsing in deionized
water in between each step. After the the last sonication, the substrates were dried with pressurized
nitrogen and plasma cleaned in argon for 10 minutes. The substrates were then transferred to a
nitrogen-filled glovebox, where they were spin-coated with a solution of ~1g/ml Poly-TPD
(Poly[N,N'-bis(4-butylphenyl) -N,N'-bis(phenyl)-benzidine], Sigma Aldrich, Mw >20,000 g/mol)
in ethanol at 3000 rpm for one minute. The substrates were then annealed in the glovebox at 600
°C for 10 minutes to drive off excess solvent. After Poly-TPD deposition, a monolayer of PFN-P2
(Poly(9,9-bis(3’-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene))dibromide, Sigma-Aldrich) was deposited by dynamically spin-casting a
precursor of ~0.5 mg/ml of PFN-P2 in methanol at 5,000 rpm. Residual solvent is allowed to
evaporate for 30 minutes before proceeding to the next step. Next, a I M solution of perovskite
precursor ink (see S1.1 above) dissolved in 1:1 v:v dimethyl formamide and and N-methyl-2-
pyrrolidone was spin-cast onto the Poly-TPD-coated substrates at 4000 rpm for 45 s. 15 seconds
prior to the end of the spin step, 700 pL of toluene (Sigma Aldrich, anhydrous grade) was dropped
onto the substrate. The films were annealed on a hot plate at 120 °C for 15 min. After the perovskite
deposition, the substrates were transferred to a separate glovebox with a thermal evaporator
(Angstrom Engineering Nexdep). 40 nm of Cso (Lumtec), followed by 7 nm of bathocuproine
(Sigma Aldrich, sublimed grade) were evaporated from tungsten boats at maximum deposition
rates of 0.5 and 0.3 A s7!, respectively. The substrates were then placed beneath a shadow mask to
deposit patterned Ag (Kurt Lesker, 99.99%) contacts at a maximum rate of 2 A s™!. Current voltage
(J-V) curves of single-junction FA¢sCso2Pb(lo.83Bro.17); devices were measured under simulated
AM1.5 G solar illumination with 0.2 V/s sweep rate for forward and reverse sweeps. The light
source is an Oriel VeraSol-2 AAA Solar Simulator. An OSI Optoelectronics UV-100DQ Si
photodiode was used to set the lamp intensity to equal the integrated above-bandgap AM1.5GT
photon flux for a 1.66 eV bandgap material. A mask area of ~0.0453 cm? was used.
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Figure 3.7. Characterization of FA(.8Cso.2Pb(Io.s3Bro.17)3 thin film. (a) Tauc plot with optical
bandgap extrapolation, (b) absolute intensity photoluminescence (AIPL) spectra with full peak
fit*? to determine quasi-fermi level splitting (QFLS) under 1 sun equivalent photon flux, (c) x-ray
diffraction pattern, and (d) scanning electron microscope image at 100kx magnification. QFLS
under 1 sun equivalent illumination is equal to 93% of the radiative limit. The perovskite displays
a strong absorption onset at the bandgap energy with clean morphology and diffraction pattern
indicative of a single perovskite phase.
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illumination. The devices made from the mixed cation, mixed halide films have good power
conversion efficiency and an open-circuit voltage that is 81% of the radiative limit. Despite the
films being thinner than desirable for high efficiency device fabrication, short-circuit current is
still >86% of the radiative limit.

3.8.2 Light Sources Used for All Degradation Experiments

We aim to replicate conditions of normal solar illumination (Standard AM 1.5 Global Spectrum).
To do so, we integrate the AM1.5 G spectrum above the bandgap of the perovskite to determine
that the equivalent photon flux above the bandgap (1.66 €V) is 1.5x10*! photons/m?/s. We perform
calibration on each of the light sources as follows.

In-situ Measurements: All in-situ degradation measurements are taken on samples placed in an
environmental control chamber in an upright microscope setup (Figure 3.4a provides a schematic
of this setup). The incident beams are fed through via a liquid light guide cable from a Lumencor
SpectraX Light Engine source. We use a Thorlabs Scanning Slit Optical Beam Profiler to assess
the shape and distribution of the incident beam that is shown on the sample for each of the
monochromatic LED emissions: red (~630 nm — red trace in Figure S3b), green (~540 nm — green
trace in Figure S3b), and blue (~440 nm — blue trace in Figure S3b). We then assess the total power
of the beam with an Oriel optical power meter. Homemade Python code is used to fit an appropriate
distribution to the curves and determine the total equivalent photon flux (in units of photons/m?/s)
for the various LEDs and output settings. This procedure can be done for any objective lens to
ensure proper calibration for both high magnification and low magnification lenses. The 1300 nm
probe light is generated by a Thorlabs Fiber-Coupled LED (M1300F1-1300nm), and the emission
spectrum is narrowed with a 1300 nm bandpass filter (Edmund Optics, 12nm FWHM).

Ex-situ Measurements: For ex-situ measurements, we illuminate perovskite samples in
environmental control chambers with a broad-spectrum white LED that has emission between 400
and 700 nm (gold trace in Figure S3b). The resulting emission appears white to the eye. To ensure
that the absorbed photon flux is close to that for those in the in-situ setup, we take single-junction
perovskite solar cells (identical to those discussed in SI section 1) and determine the short circuit
current under 1 sun equivalent illumination for the ~540 nm monochromatic LED in the
microscope setup. We then take this identical device and place it under the broad-spectrum white
LED and adjust the input power until identical short circuit current is reached. A standard silicon
reference photodiode is used to ensure that the photon flux is the same for all ex-situ degradation
experiments. In this way, we can achieve similar absorbed photon fluxes between the in-sifu and
ex-situ setups despite the varying spectral distributions of the light sources.
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Figure 3.9. Light sources used for degradation. (a) Schematic of the ex-sifu degradation setup.
(b) Spectral distribution of LED light sources used for degradation (blue, green, red, and broad
spectrum white) plotted with the FAo.8Cso.2Pb(Io.83Bro.17)3 perovskite film absorbance and the 1300
nm near-infrared LED (used to probe Pb° formation but not used as a stressor). All degradation
light sources are above the bandgap of the material while the 1300 nm probe beam is well below.

3.8.3 Identification of Degradation Products

Here, we present zoomed in diffractograms along with reference patterns for identification of the
crystalline degradation products that form during LID. The information is shown below in Figure
S4 and is identical that shown in Figure 1c. As discussed in the main text, the primary crystalline
degradation product that we observe is metallic lead (Pb®) which is identifiable by the (111) and
(200) reflections at 31.3° and 36.3°, respectively. At later stages of degradation, we also observe
the (001) reflection of cubic FAPbBr3 at ~14.8° and the (001) reflection of Pbl, at 12.6°. The former
may be the result of I loss which leaves behind a top layer of Br enriched perovskite while the
latter may form from simultaneous I loss and consumption of organic formamidinium. We also
observe a peak shift of the main (110) reflection of FAsCso.2Pb(0.83Br0.17)3 at ~14.1° to lower

angles suggesting that the lattice is expanding as the material decomposes.
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Figure 3.10. Identification of crystalline degradation products during LID at 65°C under 1
sun illumination. (a) Diffraction patterns of samples as fabricated and after 116 hours of photo
stress (background subtracted) along with simulated reference patterns for relevant degradation
products (reference patterns: Pb%: COD #1011119, PbI2: COD #1010062, a-FAPbBr;: COD
#7130785). (b-f) Zoomed-in look at the region of the diffractogram associated with plane
reflections for (b) Pb® (111), (c) Pb® (200), (d) FAsCso2Pb(o.s3Bro.17)3 (110), (¢) FAPbBr3 (001),
and (f) Pbl> (001).

To further probe the chemical makeup of the FACsPbIBr films before and after LID, we performed
x-ray photoelectron spectroscopy (XPS) on fresh and degraded films. Figure S5 presents the high
resolution Pb 4f spectra from these measurements. A low energy shoulder, indicative of metallic
lead, that is not present in the fresh film is observed in the degraded film. Voigt profile fits to the
high resolution Pb 4f spectra indicate that only Pb?* is present in the fresh film whereas both Pb**

and Pb® are present in the degraded film. The broadening of the Pb?" peaks after degradation
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suggests the presence of lead atoms that are in intermediate oxidation states in addition to those in

the pure 2+ and 0 state.**

Pb 4f;,
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Intensity (a.u.)
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Figure 3.11. XPS measurements of fresh and degraded films. High resolution Pb 4f spectra for
a fresh and degraded FACsPbIBr film. The degraded film was stressed at 145°C under 1 sun
equivalent illumination for 5 hours.

3.8.4 Estimation of Initial Reduced Lead Formation Rate Calculated From 1300 nm

Transmittance

Internal optical absorbance 4 is defined in the following ways:

A = logio(e) al = ~logyo ()

1-R

where a is the absorption coefficient at the measured wavelength, [ is the path length of the
absorbing medium (film thickness), T is the fractional transmittance of the film, and R is the
fractional reflectance. Thus, internal absorbance measurements enable direct measurements of

material thickness if the absorption coefficient is known. We can take the time derivative of

dA . . . .
absorbance (E) to calculate a change in material thickness assuming that the absorbance change
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is solely indicative of a singular species generation or consumption. If UV-Vis-NIR measurements
are done such that we can obtain both 7" and R at a given wavelength at various time points during
a degradation experiment, then the absolute internal absorbance is directly obtainable. If we have

multiple time points, then we can simply fit a line to a plot of absolute internal absorbance versus
: . dA . : .
time to determine g This result is true for any species so long as the absorbance change calculated

is attributable to that species alone. However, in our in-sifu degradation setup, we can only obtain
transmittance measurements. The setup is advantageous in that we can obtain data with high time
resolution that does not require us to remove samples from a given environment. To determine

rates, we aim rather to determine the change in absorbance with the following equation:

Tt=t 1— Reo
1= v () -on (2
0810 Ty 0810 1- R,
If changes in reflectance are small, then the second term in the above equation vanishes and we

arrive at an expression that relates transmittance changes alone to change in absorbance:

Tz
AA = - 10g10 <g#)

t=0

Dividing AA by the time interval AT during early degradation periods gives %. From this and as

described in previous publications on the chemical reaction kinetics of perovskite

34,35

semiconductors,”*”> we can then quantify the rate of chemical reaction for an absorbing species i

by the following equation:
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ro= pi-loge(10) . d_A
T Mi - Oli dt

where p; is the density, M; is the molecular weight, «; is the absorption coefficient for the
absorbing species i that is either being accumulated or depleted. % is the rate of change of

internal absorbance, calculated during ‘early-times’ (over the first ~120-240 minutes of a

degradation experiment).

A necessary step to quantifying rpp0 is to determine ap,0 (density and molecular weight of Pb°
are readily known but absorption coefficient is reported less). To determine the absorption
coefficient of Pb® across the visible and near-infrared, we deposited thin films (50 nm) of Pb’ on
glass slides and measured the internal absorbance by UV-Vis-NIR (determined from transmittance
and reflectance spectra). See Figure S6 below for the absorption coefficient spectrum determined
for 3 films. Variation is generally small, so we averaged the 3 spectra and used the average as our

experimentally determined absorption coefficient for PbP.
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Figure 3.12. Determination of Pb? Absorption Coefficient at 1300 nm. UV-Vis-NIR absorbance
measurement for metallic lead thin films (50 nm thickness). Thin films of lead were deposited by
thermal evaporation on soda-lime glass substrates. Calibration of the tuning factor on the thermal
evaporator was done by measuring film thicknesses with stylus profilometry. The absorption
coefficient of metallic lead was determined to be 1.26 x 10° cm™! at 1300 nm.

To determine the initial rate of lead formation in-situ, we focus on the sub perovskite bandgap
(near-infrared) region of the electromagnetic spectrum for optical characterization. In this region,
Pb? is the only species that will appreciably absorb light. Thus, sub bandgap absorbance changes
indicate the formation of Pb® as the perovskite degrades during light-induced degradation. For
accurate measurements, we need to select a wavelength that changes minimally in reflectance. To
determine an appropriate wavelength, we obtained ex-situ UV-Vis-NIR measurements of
transmittance, reflectance, and absorptance (calculated from A = 1 — T — R) over the course of
LID at 1 sun photon flux from a white LED at 65°C in a N filled glovebox. From these

measurements, we determined that 1300 nm measurements were optimal for quantifying rp,0 in-

situ. The results of this experiment are shown below in Figure S7.
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Figure 3.13. Ex-situ UV-Vis-NIR measurements to determine appropriate wavelength for Pb’
detection with in-situ transmittance. (a) Absorbance at 1300 nm over time calculated from
transmittance alone and with the effects of reflectance. Also included are (b) reflectance, (c)
absorptance, and (d) transmittance spectra over the course of degradation. The conditions of this
degradation experiment were 65°C under 1 sun equivalent illumination from a white LED
(emission between 400nm and 700nm) in an N> filled glovebox. S5a shows that the reflectance
changes are small during the early parts of degradation such that the rate of Pb® formation can be
determined accurately from 1300 nm transmittance measurements alone. Percent error between
the reflectance corrected and uncorrected fits is <5%.

3.8.5 Derivation of Rate Expression for Light-Induced Degradation Pathway

The plausible complete chemical reaction pathway with elementary steps for the light-induced
decomposition of FAPbI; is shown below. Here, we assume that FA* and I are much more reactive

than Cs" and Br, respectively, such that during early times we can consider only the reactions of
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FA*, T', and Pb**. Thus, we have a rate expression that considers FAPbI; as the reacting perovskite
species. The reaction yields the following net reaction of FAPbI; reacting with photons (via
photoexcited electrons and holes) to produce Pb® and I, gas (FAI is assumed to be the volatile

organic in this case):

FAPbI; + hv - Pb® + I, + FAI (LID)

The reaction starts with photoexcitation and proceeds via oxidation of iodide interstitials:

hv—-e +ht (1ILID)
FAPbl; = FAPbI} + I (2LID)
I'+h*>T (3LID)
FAPbIS + e —> FAI +Pb%+I (4LID)
21 51, (5LID)

Now, we derive a mathematical form for 7,0 based on the proposed pathway. From this pathway,

we begin with the following statement about 7p0:
Tppo = Tarip = KapipQe=Qpppprd

where a,- is the activity of electrons, dp4pp;+ s the activity of FAPbLL" in the perovskite structure,

and k,;;p 1s the temperature dependent rate constant for the forward reaction. We assume there to
be a RDS (step 3LID) that (with note that we have 1:1 stoichiometry) allows us to write the

following expression for 7p0:

Tppo = T3pp = KapipQp+ar
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where a,+ is the activity of holes, a;- is the activity of iodide defects in the perovskite structure,
and k5;;p is the temperature dependent rate constant for the forward reaction. If we assume that
the equilibrium kinetics of step 2LID are much faster than consumption of I in step 3LID, we

come to the final mathematical expression for rp0:

Exihn

— , n

Tppo = Korip€Xp | — kpT Iin (1)
where kg ;;p is the temperature independent prefactor, E:JZJ; p 1s the effective activation energy of

the LID decomposition reaction, [;,is the incident above bandgap photon flux, and n is the

effective order of the above bandgap photon flux.

Comments on assumptions for this degradation pathway

A primary assumption of the reaction pathway is related to the low electron affinity of Pb*". We
assume that the rate of Pb?" reduction to Pb® is determined by the loss of I, from the film.
Effectively, Pb>" (even in the presence of photoexcited conduction band electrons) is unlikely to
be reduced. However, the relative ease of oxidation of halide species, followed by mass transport
and removal from the film, creates an electrochemical driving force for electrons due to a charge
imbalance that develops as holes are consumed. Here, we choose to consider only the ‘early-time’
periods of degradation such that the activity of all intrinsic material defects remains relatively
constant. We also note that the final mathematical rate expression is identical to that which could
be formulated by a simple empirical expression (with the assumption that perovskite activity is

constant) from the net reaction equation.
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Lastly, we mention the assumption that FAPbI3 be considered the reactive perovskite unit where
we ignore the small affects associated with Cs* and Br. To test this, we fabricated FAo.3Cso2Pbls
(Eg~1.59 eV) and FAPbIz (Eg~1.51 eV) via the same methods as those use for the
FA0.8Cs0.2Pb(lo.83Bro.17)3 films. To obtain the black a-phase of FAPbI, an anneal temperature of
180°C was used. All other steps in the fabrication procedures are the same as those described in SI
section 1. We replicated the experimental conditions of Figure 1 in the main text (65°C, ~1 sun
equivalent photon flux in a stagnant N> filled glovebox) to determine if LID proceeds in these
compositions. We monitor the changes in the internal absorbance. Figure S8 shows the results of
this experiment where we can clearly observe that the sub bandgap absorbance increases for both
compositions after a 10-hour degradation period, suggesting that indeed Pb? is being formed during
LID. It appears that the rate of sub-bandgap absorbance increase (and thus the rate of Pb°
formation) appears to be slower in these compositions. The differences among the various FA-rich

compositions will be the subject of future studies.
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Figure 3.14. Ex-situ UV-Vis-NIR absorbance of FA(sCso.2Pblz and FAPbI; during LID.
Absorbance of (a) FA(3Cso2Pbls and (b) FAPbI; films before (black trace) and after (red trace) a
10-hour period of light-induced degradation at 65°C in a N> glovebox. Insets are zoomed in regions
from 700 to 1500 nm
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3.8.6 Influence of Photon Flux on Photoactive Species Activity

To determine the influence of above bandgap photon flux on photoexcited species activity, we
performed photon flux dependent photoconductivity measurements (see Figure 4c in the main
text). The justification for assigning the value n to this rate constant is explained in full in our prior
paper on MAPbI; degradation.? In brief, we can conclude that photoconductivity is directly

proportional to the photoactivity species activity with the following discussion.

By combining equations for the definition of thermodynamic activity of a species and assuming
quasi-thermal equilibrium of an intrinsic semiconductor, we can write the activity of photoexcited

holes in the perovskite under illumination as the following:

_ _kBT(ln Pn — In Nv) +E, — H’}(')l
a,+ = exp kT
where py,, N, E,,, and i} are the hole concentration, effective density of states in the valence band,
valence band energy level, and chemical potential of holes under some standard thermodynamic
condition, respectively. From this, we can pull out all constants into one (C) and conclude that

activity of holes (ay,) is directly proportional to hole concentration:
ap+ =C- pp

We also know that photoconductivity is directly proportional to concentrations of photoexcited

species by the following equation:
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mob

Gph =q (:uh Pn + :ugwbne)

where q and n, are the fundamental unit of electric charge and the electron concentration,
respectively. u™°? and pu*°? are the mobilities of holes and electrons, respectively (denoted as
such so as not to confuse with chemical potential). For an intrinsic semiconductor under 1 sun
illumination, the excited carrier populations should be much larger than the equilibrium

populations, and thus n, = py, so o, = q (u,’{”’b + pmob )ph. This allows us to conclude that

photoconductivity is directly proportional to activity of holes.

Thus, the power law fit of photoconductivity versus photon flux should yield a parameter that
accurately quantifies the incremental increase in photoexcited species activity with increases in
above bandgap photon flux (photons that cannot be absorbed will obviously not influence
photoexcited species activity). The absolute activity will be lumped into the pre-exponential factor
of equation 1, kq ;;p. Again, note that this result matches experimental data of metallic lead rates
quite well (figure 4d in the main text). The relationship between photoconductivity and incident
photon flux in solids has been discussed previously by Schellenberg and Kao.** They concluded

that it should take on the following form:

Opn X 18

where f typically takes a value between 0.5 and 1 (0.5 < f < 1) for solid semiconductors. Our

result of 0.72 in Figure 4c agrees with this earlier theoretical result.

3.8.7 Explanation of Procedure for Data Fitting and Testing
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Figure 3.15. Explanation of complete LID dataset. (a) Contour plot of model predicted 7,0 over
a range of temperatures and photon fluxes. On the contour plot are symbols that reference specific
conditions associated with the training dataset and test dataset. The training dataset (orange
squares) includes all runs degraded under 540 nm light that are at 1 sun or at 125°C (0.1-1 suns).
The test dataset (black circles) includes 540 nm illumination runs at 0.5 suns over a range of
temperatures (85, 95, 105, 115, 135, 145°C). It also includes 2 runs at 1.86 suns with a mixture of
wavelengths (white filled), duplicates of runs at 0.33 suns and temperatures of 378, 398, and 418
K for 440 nm (blue filled) and 630 nm (red fill) illumination (these points are offset to be
identifiable), and one run at 165°C, 1 sun to provide confidence in our hypothesis of Arrhenius
behavior over a wide range of temperatures. (b) Parity plot for the complete dataset that consists
of both training and test datasets combined (70 samples in total). (c) Histogram of the absolute
percent error for the complete dataset.

To determine each parameter of the LID equation 1, we perform the following fitting procedures:
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Activation Energy (Ef7},): The subset of the training dataset used for activation energy
determination is runs at 1 sun, 540 nm light, over temperatures from 85-145°C. From the averages
of rpp0 for identical conditions, we perform an Arrhenius fit (Figure 4b) to determine the activation
energy. The uncertainty associated with the activation energy is quantified by the standard error

of this linear fit.

Effective Order of [llumination (n): As described in the main text and in section S6 above, we first
perform photoconductivity versus photon flux measurements. With the knowledge that hole
activity follows a sublinear relationship with incident photon flux (a,+ o« [j}), we fit
photoconductivity data (o, o I;,) over a range of illumination intensities (0.1 to ~29 suns) and
find that the relationship can accurately be described for an n value of 0.72 (rounded from 0.716).
To confirm that 0.72 is an appropriate exponent to quantify the role of illumination on hole activity,
we performed a model fit (Figure 4d) in which the exponent is set to be 0.72 (rp,0 = A * 1372
where A is the only fitting parameter). We find that we can achieve an excellent fit to the data with
an 12 0f 0.97. To additionally confirm that this exponent is proper, we performed a fit (Figure S7)
to a model in which both the pre-exponent and n are fitting parameters (rp0 = A * I]},). Here, we
see that the fit results in an n of 0.718. Thus, we take 0.72 to be the value of n. The confirmation
data is comprised of runs at 125°C over a range of illumination intensities is also considered part

of the ‘training dataset.” All model fits are done with the curve_fit function within Python’s SciPy

library.
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Figure 3.16. Fit of rp,0 with varying photon flux. Initial rate of Pb? formation versus photon flux
(0.1-1 suns, 540 nm light) at 125°C . The exponent n is determined the be ~0.72, and r? of the fit
is 0.97. Error bars quantify the uncertainty with the standard error of the mean for runs at identical
conditions.

Preexponential Factor (k,;;5): After setting the E:,]Z];D and n, we take the whole training dataset

and calculate the preexponential that minimizes the sum of squared errors between the

experimentally determined rates and the model predicted. This is a linear fitting procedure

—0.61eV
kgT

(Observed rate = A - exp ( ) * [2:7% where A is the only fit parameter). We quantify the

uncertainty of this value with the standard error of the linear fit for A using the entire training

dataset

3.8.8 Speculation on the Role of O2 in Preventing Pb’ Formation

O presence in the ambient atmosphere, even in relatively small concentrations, alters the nature
of the chemical reactions that the perovskite undergoes. We can visualize this by the different

optical and optoelectronic progressions shown in Figures 2 and 3 in the main text. During
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photoexcitation, photoexcited electrons are likely to be taken up by adsorbed O, (03) to form
superoxide radicals (037"). Thus, the chemical plausibility of a reduction reaction (i.e., Pb**
reduction to Pb®) happening is substantially less likely based on this understanding alone. While it
is not possible for us to explicitly answer how O prevents Pb? formation, we can hypothesize
some plausible reactions that may occur. Principally, we want to determine what the reduced
species is since it is clearly not Pb?*. Note that, in many forms of halide perovskite decomposition,
I» is the oxidized decomposition product. When O, is absent from the ambient atmosphere, Pb*" is
reduced to Pb°. O is principally altering the species that is reduced (presumably by acting as a
catalyst or being consumed itself). We hypothesize two potential pathways that each begin with
superoxide radical formation: (A) proton abstraction from formamidinium to produce formamidine
and (B) lead-oxide formation. The two hypothetical processes begin with the adsorption of O> onto
a surface adsorption site followed by the uptake of a conduction band electron to form a superoxide

radical:

hv=e~ +h* (10)
0, + [¥] = 03 (20)
0;+e =057 (30)

Rather than electrons flowing from the conduction band directly to Pb** reduction, the electron
path is rerouted, being taken up by adsorbed O (a strong electron acceptor) and reacting instead
with an organic cation or directly with Pb?*. In either case, Pb** stays in its oxidized form as Pb(II)

or Pb(IV).

(A) Proton abstraction from formamidinium to produce formamidine:
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FAPbI, + 05~ = FA® + HOj + Pbl, + I~ (1A-0)
FA® - volatile organics (g 1) (2A-0)
HO; —>H, + 03 (3A-0)
I+ h* - %Iz (4A-0)

with the net reaction of:
FAPbI, + hv % FA? 4 Pbl, + -1, (A-O)

(B) Lead oxide formation:
FAPbI, + 05~ + e~ - Pb0, + 31 + FAT (1B-0)
217 +2h* > 1, (2B-0)
IT + FA! — FAI (3B-0)

with the net reaction of:
FAPbI, + 2hv + 0, — FAI + PbO, + 1, (B-0)

In each of the above cases, the reduced species is different than LID, but the oxidized species is
still I>. Future studies will seek to elucidate the reaction mechanisms for the photooxidation of FA-
rich perovskite compositions.

3.8.9 Effects of High Temperature Exposure

Due to the relatively slow rate of this reaction coupled with the specific sensitivity of our detection
instruments, we chose to fit the kinetic model with degradation experiments performed at elevated
temperatures (85°C and 145°C). To determine the effects of high temperature exposure on the
samples compared to high temperature with illumination, a FAosCso.2Pb(lo.83Bro.17)3 film was
degraded in our in-situ degradation chamber at 145°C (maximum temperature used for rate law

fitting) under 1 sun illumination from a monochromatic 540 nm green LED. Every hour for three
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hours, the sample was briefly removed from the flowing N> atmosphere to collect transmittance
spectra and XRD patterns inside and outside of the degradation beam area. Figure S9 shows the
results of these experiments. The changes in transmittance spectrum are very distinct between the
two regions (fig. S11a,c). For the illuminated region, the transmittance decreases significantly in
the low energy visible and near infrared with a slight increase at wavelengths below ~600 nm. In
contrast, the transmittance spectrum outside the illuminated region changes minimally over 3
hours. In agreement with our ex-sifu measurements shown in Figure 1, we again see the Pb® (111)
reflection at ~31.3° as well as the FAPbBr3 (001) reflection at ~14.8°. We do not observe the Pbl>
(001) peak at ~12.6° for the illuminated region but do observe a small peak associated with this
reflection in the unilluminated region. The appearance of this peak is most likely attributable to
thermal decomposition of formamidinium.?®> Thus, we cannot conclude that no degradation occurs
because of high temperature exposure, but it is apparent that any degradation occurring is quite
small in magnitude compared to LID at an identical temperature. Importantly, any degradation that
may be occurring appears to minimally affect the optical properties. We have also shown that high

temperatures are not required for LID Pb? formation in Figure 2.
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Figure 3.17. Effect of high temperature exposure versus high temperature exposure with
illumination. /n-situ degradation at 145°C, 1 sun green LED, flowing N». Image of the perovskite
sample after 2 hours of degradation with (a) sample dimensions and (b) with reference to area
illuminated by the microscope beam (red) and the unilluminated region outside the microscope
beam (yellow). (c. d) Transmittance spectrum and diffraction pattern (e, f) over the course of
degradation for the (c, e) illuminated region and (d, f) unilluminated region. The red and yellow
rectangles in (b) are the approximate area through which the transmittance measurements were
taken (as defined by a mask at the entrance of an integrating sphere); diffraction measurements are
also taken inside these denoted areas (x-ray beam area defined by a 0.3 mm collimator).

3.8.10 Influence of Encapsulation on Degradation Rate

To probe how the rate of Pb® formation is expected to change with encapsulation (and ensuing
trapping of volatile decomposition products), we encapsulated FAosCso2Pb(I.s3Bro.17); films with a
thin layer of polymethyl methacrylate (PMMA) via a spin coating procedure. PMMA precursor

solution was first prepared to a concentration of Smg/ml in chlorobenzene and subsequently spin



63

coated onto bare perovskite samples, followed by an anneal at 100°C for 10 minutes. Encapsulation
layer thickness was measured to be ~20 nm by stylus profilometry. An encapsulated and
unencapsulated FACsPbIBr film were degraded side-by-side at 55°C under 1 sun illumination
(broad-spectrum white LED) for 48 hours and characterized with UV-Vis-NIR absorption
measurements. Here, we measure the absorptance (to avoid interference effects from the PMMA)
by placing the sample in the center mount of an integrating sphere and plot the spectral absorbance
as defined by the negative logarithm of one minus the absorptance. The results of this experiment
are shown in Figure S11. Both encapsulated and unencapsulated films show negligible absorption
in the sub bandgap region prior to degradation. After the period of degradation, the sub bandgap

absorption increase is more pronounced in the unencapsulated film. This suggests that the trapping

of volatile degradation products (e.g., I») slows the net formation of Pb°.
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Figure 3.18. Light-induced degradation of FA(.sCso2Pb(lo.s3Bro.17)s with and without
encapsulation. Absorption versus wavelength for encapsulated (green) and unencapsulated
(black) mixed-cation, mixed-halide films before (solid) and after (dashed) a 48-hour period of

light-induced degradation. Conditions of the degradation were 55°C, 1 sun illumination from a
broad-spectrum white LED.
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4 Photooxidation Reaction Kinetics of Mixed Cation Mixed Halide Perovskite

This chapter describes experiments undertaken on FAo3Cso2Pb(Io.83Bro.17)3 perovskite thin
films to determine the reaction kinetics of photooxidation. Optical absorbance was tracked over
the course of exposure to oxygen, water, and illumination. Using the initial rate of absorbance loss
to estimate the rate of perovskite decomposition, we collect a comprehensive dataset spanning
variations in each stressor. This dataset is used for modeling of the relevant photooxidation
processes: dry photooxidation, water-accelerated photooxidation, and hydrate formation. This
chapter was published in the Journal of Materials Chemistry A in October of 2025.7° Reproduced
with permission”®; Copyright 2025 RSC Publishing.
4.1 Abstract

In this work, we use in situ absorbance measurements to study the kinetics of
photooxidation of a representative mixed-cation mixed-halide perovskite composition,
FAo.3Cs0.2Pb(lo.83Bro.17)3. We identify two dominant mechanisms of degradation in the presence of
oxygen: a dry photooxidation pathway (with surface reaction rate of (0.89 + 0.29) x 10 mol-m"
2.s'1 at 25°C in dry air under 1 sun equivalent photon flux) and a water-accelerated photooxidation
pathway (with a total surface reaction rate of (1.8 £+ 0.9) x 10 mol-m2-s1 at 25°C in 50% relative
humidity air under 1 sun equivalent photon flux). Notably, water vapor is found to increase the
total decomposition rate at lower temperatures but decrease the rate at higher temperatures
compared to dry conditions. We propose a temperature-dependent hydrate formation pathway to
explain this behavior and outline a possible degradation mechanism for both the dry and water-
accelerated photooxidation pathways. A mathematical expression for the initial decomposition rate

as a function of temperature, ambient partial pressures of water vapor and oxygen, and above
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bandgap photon flux is derived and fitted to observed rates based on the mechanistic analyses.
These results provide key insights into the kinetics of decomposition for commercially relevant
perovskite absorbers and may serve as a foundation for future device lifetime predictions when

coupled with time-dependent mass transfer simulations.

Water-accelerated Photooxidation (WPO)

Hzogas .
o Hydrate Formation (HF)
Dry-Photooxidation (DPO) Competitive 0,
Adsorption 8as
Oz,gas Q

WPO Volatile

DPO Volatile Products

Products

Figure 4.1. Photooxidation Reaction Kinetics of Mixed Cation Mixed Halide Perovskite

4.2 Introduction

Optoelectronic devices based on halide perovskite (HP) semiconductors are well-poised to
decrease the cost of electricity generation from sunlight if their stability in the presence of oxygen
and moisture can be managed by either encapsulation, gettering, or increased material stability.?
HPs have an ABX3 chemical formula and can be compositionally mixed at the A, B, and X sites
with several organic and inorganic monovalent cations, divalent metal cations, and halides,
respectively, to tailor the properties of the semiconductor. Of particular commercial interest are
state-of-the-art perovskite solar cells (PSCs) which have high power conversion efficiency and
low manufacturing costs using solution or vapor processing.’”*7 The tunable properties of halide
perovskites enable their integration into single-junction, all-perovskite multijunction, and
perovskite-on-silicon tandem solar cells. Currently, silicon photovoltaics (PV) dominate the global

PV market, and perovskite-on-silicon tandem solar cells offer the possibility of incrementally
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increasing the efficiency of the silicon-based PV without significant increased cost of
manufacturing. Thus, HPs tuned for enhanced stability and an optimal bandgap (~1.65-1.70 eV%)
when paired with a silicon bottom cell are of the most immediate commercial interest.

Alloyed lead-based HPs (APbX3) have optimized optoelectronic performance when
compositionally mixed at the A-site with formamidinium (CH(NH).*, FA) and cesium (Cs") to
optimize stability and performance?* and at the X-site with bromine and iodine to tune the
bandgap.”® For X-site bromine fractions greater than ~20%, optoelectronic quality and halide
phase segregation limit PSC device performance.’®?%:1% Thus, perovskite compositions optimized
for efficient tandem architecture implementation have a ~1.65 eV bandgap (containing slightly
less than 20% bromine at the X-site) which may then be made optically thin to achieve current

matching in a monolithic tandem.!*!

Despite the large interest in these so-called mixed-cation
mixed-halide perovskites, detailed quantitative kinetic studies of the chemical reaction landscape
for these materials are limited. Prior studies on FA-rich perovskites have measured the kinetics of
degradation using in situ diffraction measurements,!%>!% in situ XPS,%%1%4 and thermogravimetric
analysis of gaseous products.!®> However, no prior works have quantitatively explored how the
rate of surface reaction varies as a function of oxygen, moisture, illumination, and temperature.
In this work, we have studied the photooxidation kinetics of the perovskite
FA0.8Cs0.2Pb(lo.83Bro.17)3, a representative composition for commercial application in tandem solar
cells with a bandgap of ~1.66 eV. In previous reports on the decomposition of MAPbI;*
(MA=methylammonium, CH3NH3;") and of FAo75Cso25SnosPboslz®, we used in situ

measurements of above-bandgap optical transmittance (7°) to determine the decomposition

reaction kinetics in response to environmental stressors. While the kinetic models presented in
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these reports help reveal the underlying chemical mechanisms responsible for perovskite
decomposition and clarify the critical roles played by oxygen, water, illumination, and
temperature, they have also proven valuable as predictive features in machine learning models
designed to forecast the stability of perovskite materials and devices.?>2%7 They may also be
coupled with simulations based on the drift-diffusion equations to estimate acceleration factors
and predict the performance of photovoltaic modules.!%

Recently, we have studied the reaction kinetics of light-induced metallic lead formation in
FA.3Cs0.2Pb(Io.33Bro.17)3 thin films using in situ sub-bandgap transmittance measurements.® In that
work, we identified that light-induced decomposition in an inert environment produces reduced
lead species whereas photooxidation decomposition (which dominates at >3% ambient oxygen)
produces insulating wide bandgap decomposition products. Given this critical distinction, we
conduct our kinetic study on FAosCso2Pb(lo.s3Bro.17); thin films under illumination with ambient
oxygen levels above 3%, where photooxidation definitively governs decomposition. Under these
conditions, above bandgap absorbance measurements exclusively probe photooxidative processes,
unaffected by any reduced lead species formation, thereby enabling precise, unambiguous kinetic
analysis. The thin films used throughout this study were fabricated by spin-coating with an anti-
solvent wash and exhibit 1-sun quasi-fermi level splitting greater than 90% of the radiative limit
in addition to ambipolar diffusion length exceeding 500 nm; their optoelectronic properties and
solar cell device performance have been previously reported.*¢

Here, we measure the material decomposition rate under controlled environmental
conditions in which temperature, relative humidity, oxygen partial pressure, and photon flux are
all controlled (refer to SI section 4.6.1 and SI Figure 4.5 for further discussion of this experimental

setup). As a degradation experiment proceeds, we collect a transmittance measurement in sifu
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(every 5 minutes). The change in absorbance with respect to time can be calculated from the

. . dA Ti= . . . - .
following equation: e —log,, (ﬁ), assuming reflectance is changing minimally relative to
t=0

transmittance, which is confirmed in SI section 4.6.2 (Figure 4.6). We focus on the ‘early-time’
degradation because the initial absorbance decay rate provides a direct measure of material

stability and correlates with the onset of material optoelectronic quality and device performance

34-36

decline.®>%7 From the change in absorbance, we determine the rate of perovskite loss as:
ploge10 dA . . .
Tperovskite = ~ oo where p, M, and « are the density, molecular weight, and absorption
Qo

coefficient (at the probe wavelength, 630 nm in all studies presented) of the perovskite,
respectively. Note that this is a ‘rate of disappearance’. We conducted timeseries experiments
(referred to as ‘runs’) across varied oxygen partial pressures, relative humidities, photon fluxes,
and temperatures. The combined results, discussed below, inform our proposed decomposition
pathways and underpin modeling of the overall decomposition rate as a function of each stressor.
4.3 Dry-Photooxidation (DPO) Kinetic Modeling

Figure 4.2 presents the timeseries absorbance decay and corresponding kinetic analyses for
runs conducted across varied photon fluxes, oxygen concentrations (all >3%), and temperatures in
humidity free environments. Figure 4.2a shows the change in absorbance over time for runs under
1 sun equivalent photon flux (1.5 x 10?! photons-m™-s1 for a 1.66 €V bandgap material) from a
540 nm monochromatic LED in dry air over a range of temperatures. In all cases, the absorbance
decreases over time, indicating the loss of light absorbing perovskite material due to its degradation
to wider bandgap materials (Eg > 1.97 eV / 630 nm). At higher temperatures, the films exhibit a
more rapid decline in absorbance. Figure 4.2b presents that data in an Arrhenius plot with an

observed activation energy determined from the Arrhenius fit to be 0.56 + 0.02 eV.
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For dry conditions with ambient O, and illumination, the most plausible reactive species

M), 3484107108 formed when an

driving perovskite decomposition is the superoxide radical (05~
adsorbed oxygen molecule takes up a conduction band electron. From a plausible reaction
mechanism based on several elementary steps (see SI section 4.6.5 for the full derivation), we
derive an expression that predicts the initial rate of perovskite loss in dry oxygen-containing
environments under illumination. In this derivation, it is only necessary to assume that the
elementary reaction step in which O3~ reacts with the perovskite (step 4 DPO, below) is the rate
determining step (RDS) and that all other elementary reactions are in quasi-equilibrium to arrive
at a mathematical expression for the dry photooxidation rate. Note that, while oxygen and/or
moisture (i.e., 05 and/or H,0") induced decomposition reactions have been found to decompose
FA-rich lead halide perovskites,'?-!1? the decomposition rate of the films under study in the dark
in both dry and 50% RH air is negligible compared to the rate under one sun (Figure 4.7), consistent
with prior reports.!!!"!!3 In light of this finding, contributions from kinetically slow dark oxidation

pathways are omitted in our modeling efforts throughout this manuscript. The proposed reaction

pathway for DPO is the following:

hv = e” +h? 1DPO

0, + [+] = 0} 2 DPO

05 +e” = 05" 3 DPO
FA(gCs,Pb(Igg3Brg17)3 + 05 " — Degradation Products 4 DPO

X-ray diffraction patterns recorded during photooxidation exhibit no additional peaks over
an extended period of degradation (SI Figure 4.8), indicating the absence of detectable crystalline
degradation products. It is probable that degradation products are a mixture of amorphous
compounds including delta phase pure or mixed cation/halide perovskites,'” lead halides

(PbX>),!* and residual organic decomposition products.® Vapor phase products are likely gaseous
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diatomic halides (X2)!'® and volatilized organic compounds.®® Despite this, so long as the
assumptions that step 4 DPO is the RDS and that the products do not absorb the incident probe

630 nm light hold, the resulting rate equation for DPO is the following:

Py, n

=k 1
Topo = E0PO TR Py (1 + Kam) )

-E/S, . o , :
where kppo = ko ppo €Xp (%), K, is the equilibrium constant associated with

oxygen adsorption (step 2 DPO), and Kj is the equilibrium constant associated with reduction of
adsorbed oxygen (step 3 DPO).

The experimentally observed rate data at 85°C is plotted over a range of oxygen partial
pressures (no humidity) under 1 sun photon flux in Figure 4.2c and over a range of photon fluxes
in dry air in Figure 4.2d. While empirical sublinear exponential fits to the data are quite good (red
traces in Figures 4.2¢ and 4.2d), the mechanistic models (blue and gold traces in Figures 4.2c and
4.2d, respectively) deliver an even better fit, providing important insights into the fidelity of the
derived mathematical form. Note that we have previously determined that the activity of
photoexcited species (electrons, n, in the case of photooxidation) scales as I’ for this
composition,*® where I;,, is the incident above bandgap photon flux. The mechanistic model in

Figure 4.2d (gold trace) is fit based on this result.
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Figure 4.2. Reaction Kinetics for Dry-Photooxidation (DPO). (a) Change in absorbance over
time for runs in dry air, 1 sun at 25°C, 45°C, 65°C, and 85°C. (b) Arrhenius plot for runs in dry air,
1 sun. Rate at 85°C versus (c) partial pressure of Oz and (d) photon flux with empirical power law
fits (red lines) and mechanistic model fits (blue and gold lines, respectively). (e) Parity plot for the
dry photooxidation model. Data includes 55 total runs in humidity free environments over a range
of O» partial pressure, photon fluxes, and temperatures demonstrating a strong fit of the model to
the data (symbol legend included below).

Runs at 1 sun, 21% O; over a range of temperatures are used to determine the effective
activation energy (Figure 4.2b). The entire dry dataset is used to determine the temperature
independent prefactor, k¢ ppo, and the two equilibrium rate constants, K, and K3, via the non-
linear least-squares method. K, and K; may have temperature dependences. However, the fit to the
data is quite good over a range of temperatures, oxygen partial pressures, and illumination
intensities (Figure 4.2¢), suggesting that associated temperature dependences are negligible over
the temperature ranges in this study. Because the fitting parameters are non-linear, we applied a
bootstrap procedure with 10,000 resamples (SI Figure 4.10) to estimate parameter uncertainty.!!

In this approach, we resampled the original data with replacement, refit the model to each synthetic
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dataset, and derived standard deviations and 95% confidence intervals from the resulting parameter
distributions. The final DPO parameter estimates and their uncertainty measures are presented in
Table 4-1. The dry photooxidation model fits the dry dataset (55 samples) with a median error,
mean error, and r? value of 12.8%, 18.0%, and 0.95, respectively, indicating an excellent fit of the
data (Figure 4.2¢). Expanded details for the fitting procedure for the dry photooxidation model are
included in SI section 4.6.6.
4.4 Water-Accelerated Photooxidation (WPO) Kinetic Modeling

Having established a model for decomposition of FA¢sCso.2Pb(lo.83Bro.17)3 in dry oxygen
containing environments under illumination, we next consider the influence of water on the overall
degradation rate. Our previous reports identified that the introduction of water vapor to an oxygen
containing atmosphere increases the net photooxidation rate of MAPbI3* and the net oxidation
rate of FA¢75Cs025SnosPboslz* This behavior is more pronounced at lower temperatures than
higher temperatures (posited to be a result of lower water surface coverage at higher temperatures
compared to lower temperatures). Figure 4.3 shows the results of several ‘on-off” experiments in
which the absorbance change of the FA¢.sCso.2Pb(Io.83Bro.17)3 films over the course of degradation
is observed. These experiments are conducted in the same environmental chamber described in SI
section 4.6.1. Each run begins in dry air at the specified temperature. After some time, humidity is
introduced into the chamber (50% RH). Finally, the gas flow is switched back to dry air. We isolate
the effect that the presence of water vapor has on the overall rate by comparing the absorbance
change over time in each of the three windows. The volume of the environmental chamber used is
~300 ml, and at a flow rate of 3 L/min of inlet gas, it reaches 99% of the way to its new humidity
set point in <30 seconds. This rapid exchange ensures that each humidity switch is effectively

instantaneous for these measurements.



73

Interestingly, we observe a unique phenomenon in which the effect of adding water is a net
increase in perovskite decomposition rate at lower temperatures (25°C, 45°C, Figures 4.3 a, b,
respectively) and a net decrease in rate at higher temperatures (65°C, 85°C, Figure 4.3 c, d,
respectively) compared to dry conditions. The associated water acceleration rate factor (50% RH
rate divided by the initial dry rate) for these runs are 2.47, 2.68, 0.77, and 0.53 for the 25°C, 45°C,
65°C, and 85°C run, respectively. This counterintuitive result is confirmed with ex situ spectral
absorption measurements (SI Figure 4.9).

Several surface reactions are possible that may produce other reactive oxygen species
(ROSs) in addition to superoxide when water vapor is also present in the ambient. These include
but are not limited to reactions between superoxide and adsorbed water to form hydroxyl radicals
and the further reactions to form hydrogen peroxide (both of which are strong oxidizers capable
of decomposing the perovskite!!7!'%), The generation of these additional, plausible ROSs may
activate alternative degradation pathways that, in total, could accelerate the decomposition rate of
FA(.8Cs0.2Pb(I0.83Bro.17)3 relative to that under dry conditions. Water may also competitively adsorb
with oxygen and/or form perovskite hydrates, reducing the surface coverage of oxygen and
superoxide and by extension lowering the superoxide induced decomposition rate (dry
photooxidation). If competitive adsorption of water effectively displaces oxygen and superoxide
from the surface, the net decomposition rate of FAo3Cso2Pb(Io.83Bro.17)3 under humid conditions
could be reduced compared to that under dry conditions. We propose that the interplay between
competitive adsorption and additional ROS generation underlies the observed temperature
dependent decomposition behavior. This posited explanation is further explained in the subsequent

paragraphs. We note that McAndrews et al. reported that moisture uptake can influence stability
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through stress-relaxation mechanisms,!!” which we do not explore here but acknowledge as a
possible contributing factor.

At lower temperatures, the exothermic water adsorption enthalpy outweighs the entropic
penalty, increasing surface H,O0* coverage relative to elevated temperatures. Adsorbed water then
reacts with 05 * to produce secondary ROSs such as hydroxyl radicals.'?° Hydroxyl radicals, or
other secondary ROSs, open an alternative decomposition route with a lower transition-state
energy barrier, yielding a reduced observed activation energy for the overall reaction.** Note that,
in order for water to react with superoxide radicals, we assume that it must be present as unreacted
adsorbed water (H,0%).

In contrast, at higher temperatures, there is a decrease in the net rate, implying the onset of
a competing water-mediated process that suppresses the net photooxidation rate. This high-
temperature slowdown motivates our proposal of a hydrated-perovskite pathway. We postulate
that, in the presence of water vapor, a surface hydration reaction between pristine perovskite and
gas-phase H>O rapidly reaches quasi-equilibrium with ambient humidity (observed predominately
at elevated temperatures), generating a hydrated perovskite phase. This process is fundamentally
different from simple water adsorption, where an adsorbed molecule can detach and return the site
to an active state. In the case of hydrate formation, vapor phase water first binds reversibly to an
available site and, from this precursor state, undergoes a surface rearrangement with the perovskite
lattice. This rearrangement produces a hydrate phase that annihilates the associated active site and
prevents the bound water molecule from participating in further ROS-generating reactions. Only

when the hydrate itself decomposes is the site restored.
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It is important to note the role of site sampling dynamics in the proposed pathways. In all
temperature regimes, adsorption sites are assumed to be sampled rapidly. Because both adsorption
and desorption are fast, equilibrium coverage, not kinetic limitation, governs surface occupancy.
At elevated temperatures, surface-bound free water (H,0*) coverage is low because excess thermal
energy drives rapid desorption, keeping the equilibrium coverage minimal. However, the same
thermal energy also enables hydrate formation at available active sites. Thus, due to rapid site
sampling and the strong driving force for hydrate formation, these sites are quickly occupied, and
the hydrate formation reaction proceeds.

In our model (below), we represent the hydrated species as (1) in quasi-equilibrium with
gas-phase water, (2) kinetically inactive toward degradation over the experimental timescale, and
(3) reversible in nature.'?!"'2° Functionally, an additional factor is introduced that accounts for
water’s effect on the total number of active adsorption sites on the perovskite surface. First-
principles calculations of perovskite—water interactions show that hydrate formation likelihood
depends on surface termination sites.!?® Combined experimental and theoretical studies further
demonstrate that water-induced degradation varies across crystal facets.!?” To capture this surface
heterogeneity, a factor that quantifies the fraction of total sites that are susceptible to hydrate
formation (fyarate) 1s included.

The elementary reaction steps of the plausible water-accelerated photooxidation pathway

can be written as the following:

hv = e” +h? 1 WPO

0, + [+] = 03 2 WPO

0; +e = 05" 3 WPO

H,0 + [#] = H,0" 4 WPO
H,0" + 05" = OH™ + HO; 5 WPO

FA( gCso2Pb(Iyg3Bry17)3 + OH™ — Degradation Products 6 WPO
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Note that ROSs aside from OH™ may form under these conditions and contribute to
decomposition; here, we choose to model the hydroxyl mediated pathway while recognizing that
alternative ROS-driven routes may also operate. It is assumed that surface adsorbed water (H,0%)
remains in the low-coverage (linear) regime of the Langmuir isotherm, allowing omission from
the denominator of equation 2 below. Using the rate-determining step approximation (step 5 WPO)

with all prior steps in quasi-equilibrium, the resulting WPO rate equation is:

POZnPHZO

=k 2
Twpo = Kwro (e Py (1 + Kyn))? @)

eff
“E wpo

where kyypo = kowpo €Xp ( ), and K, and K; are again equilibrium constants associated

with oxygen adsorption and adsorbed oxygen reduction by conduction band electrons,
respectively. The complete derivation of the WPO rate equation is included in SI section 4.6.7.
The pathway for the hydrated perovskite formation can be written as the following:

HZO + [*]avail = HZO>|= 1 HF
H,0" + FA(gCsg2Pb(Igg3Bro17)3 & Hy0" - FAqgCsq2Pb(Igg3Bro17)3 2HF

An expression that captures the reduction in total surface adsorption sites ([*];o¢q;) due to
the hydrate formation (HF) pathway is presented below (equation 3). Because [*];o¢q; 18 contained
within the prefactor of the rate equations for both the DPO and WPO pathways (SI sections 4.6.6
and 4.6.7), it is necessary to modify both the DPO and WPO rate equations to account for relative
changes in this value. A site balance on total adsorption sites, incorporating temperature-dependent
equilibrium constants for hydrate formation, yields equation 3 below. A complete derivation is

provided in SI section 4.6.8. The following equation quantifies the fraction of total available active

adsorption sites relative to the total (f ctive = Feotal
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KhydratePHZO
factive =1— fhydrate K. P 1+ K
1+ 2 02( + 3") + KhydratePHZO

3)

where Kpy4rqte 18 @ temperature dependent equilibrium constant associated with hydrate formation

eff
_Athdrate

and is equal to Ko pyarqte €XP e
B

- fnydrate 18 the fraction of total sites that are available

actwater

to hydrate formation ([*] ). The fitting of the remaining parameters that define the WPO and

[*ltotal

HF pathways is discussed below.
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Figure 4.3. Water Vapor ‘On-off> Absorbance Tracking. Degradation at 1 sun equivalent
illumination in air at (a) 25°C, (b) 45°C, (c) 65°C, and (d) 85°C. Experiments start in dry air,
followed by 50% RH air, and then are switched back to dry air. The calculated rate for each
condition is calculated and shown in the plots. Note the difference in range of the change of
absorbance for each temperature.
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From the derivations for DPO, WPO, and the hydrate formation reaction, a total rate
equation for the photooxidation of FA¢sCso.2Pb(lo.s3Bro.17); in oxygen containing environments
under illumination is established. We begin by noting that the total rate is assumed to be a sum of
the contributions from the dry-photooxidation and water-accelerated photooxidation pathway:

Ttotal = Tpro t Twro
Including the effect that hydrate formation has on total adsorption sites, the total photooxidation

reaction rate can be written as the following:

Ny _[, Py, n 4k Po,nPy,0
roral T PPPO 1 + KyPy, (1 + Ksn) VPO (1 + Ko Py, (1 + K3n))?
2F0, 3 270, 3
4
KhydratePHzo ( )
Fhvirace 13K Po, U+ Kam) + K, Prg

Figure 4.4a shows the change in absorbance over time for runs in 50% RH at 25, 45, 65,
and 85°C. Reaction rates increase with temperature but less steeply than in dry air. Figure 4.4b is
an Arrhenius plot in which runs at 100% RH (dark blue) and 50% RH (light blue) are compared to
the dry-photooxidation model. At low temperatures (25-45°C), we observe a decrease in the
apparent activation energy with an increase in relative humidity. The magnitude of the observed
rate is also higher than the dry-photooxidation rate. These two results are commensurate with our
initial hypothesis of an additional water-accelerated photooxidation pathway that occurs
predominately at lower temperatures. Consistent with prior results on other perovskite
compositions, this pathway exhibits a negative effective activation energy because of the
substantial enthalpy of water adsorption.’*3> However, at high temperatures (45-85°C), the
apparent activation energy is nearly identical for runs at 50% RH and 100% RH. This observation

supports the hydrate formation hypothesis but also indicates that available hydrate formation sites
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are becoming saturated, with the surface coverage term approaching unity under these conditions.
Figure 4.4c is a plot of the rate of disappearance of perovskite versus the partial pressure of water
vapor for runs at 85°C under 1 sun in air. Here, the rate is accounted for almost entirely by reactions
precipitated by the formation of superoxide radical ([H,0*] is expected to be very low while
[H,0" - FA( gCsp2Pb(Iyg3Brg.17)3] is expected to be appreciable at this temperature). We model
the rate (the red line) as the dry-photooxidation rate at 85°C in dry air under 1 sun multiplied by
the hydrate formation factor (equation 3). This fit provides an estimate for the fraction of total
adsorption sites available for hydrate formation (fp,yqrqte = 0.55) in addition to a reference equilibrium

constant for hydrate formation (Kpygrqte (T = 85°C) = 47 kPa™1).
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Figure 4.4. Reaction Kinetics for Water-Accelerated Photooxidation and Hydrate Formation.
(a) Change in absorbance over time for runs in 50% RH air, 1 sun at 25°C, 45°C, 65°C, and 85°C.
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(b) Arrhenius plot for runs in 50% and 100% RH compared to DPO model predicted rates.
Apparent activation energies for low temperature (25-45°C) and high temperature (45-85°C) runs
are shown. (c) Observed rate versus partial pressure of water vapor at 85°C, 21% O, 1 sun
illumination with model fit. (d) Parity plot for the humid dataset (65 total samples across a range
of conditions with non-zero humidity, refer to Fig 1 for symbol legend).

To fit the remaining parameters (Eij,PO, AH;%mte, kowpo) that define the total rate

(equation 4), we divided the 65-sample humid dataset into multiple subsets defined by distinct
temperature ranges and performed a grid search optimization.!?® This exhaustive search is
necessary because activation energies appear in the exponent of the Arrhenius term, making

gradient-based methods extremely sensitive to initial guesses and prone to failure unless seeded

ff

very close to the true values. The grid search involves selecting pairs of E,”,,, and AH /s

hydrate
values over a broad range and fitting k y,po to optimize the fit. The results of these grid searches

are presented in SI section 4.6.9 and SI Figure 4.11. The most optimal parameters based on a

eff

eff
E hydrate

minimization of the sum of squared residuals are when of the parameters E,’,,, and AH

are equal to -0.12 eV and 1.48 eV, respectively.
In agreement with our prior work, we find that a negative effective activation energy
associated with WPO provides a strong fit to the data. We also find a relatively high activation

energy associated with hydrate formation which indicates that this process has a large energy

eff
hydrate

barrier to formation in this perovskite composition. As discussed in SI section 4.6.8, AH is
the sum of the enthalpy of adsorption for water vapor and the enthalpy of the hydrate formation
reaction. For the humid dataset, we achieve an excellent fit of the data with a median error, mean
error, and 12 value of 15.2%, 23.8%, and 0.92, respectively (Figure 4.4d). We have also included a
bootstrap procedure (SI section 4.6.9, SI Figure 4.12) identical to that done for the DPO parameters

to estimate the uncertainty of the fitted WPO and HF parameters. The final WPO and HF parameter
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estimates and their uncertainties are included in Table 4-1. Expanded details for the fitting
procedure for the water-accelerated photooxidation model and hydrate formation model are
included in SI section 4.6.9.

Table 4-1. Best-Fit Parameters for the Full Kinetic Photooxidation Model for
FAO.SCSO.ZPb(Io.s3Br0.17)3 Thin Films

Parameter Value Units
ko ppo (1.5+ 0.2) x 10716 mol - m~2-s~1 - kPa~! - (photons
. m—Z . S—l)—0.72

EBP9,, 0.56 + 0.02 eV
K, (9.5 +1.2) x 107 kPa~1
K, (23 + 0.4) x 10714 (photons - m™2 - s71)70.72
kowpo (1.3+ 0.2) x 107?%7 mol-m~2-s~1-kPa~? - (photons
. m—Z . S—l)—0.72

EY el —0.12 £ 0.12 eV
fhydrate 0.55 unitless
Ko,hydrate 3.2 x 10?2 kPa~?
eff
Athdrate 1.5+ 04 eV

4.5 Conclusion
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In conclusion, we identify two distinct oxygen and light-induced degradation pathways for

FA(3Cs0.2Pb(I0.83Bro.17)3 absorbers: (1) dry photooxidation (E:’];];O =0.56 eV, with only superoxide

radical as the oxidizing agent) and (2) water-accelerated photooxidation (Ej,]xpoz —0.12 eV,

includes secondary ROSs as reactants). In addition, we demonstrate that water vapor retards
decomposition at elevated temperatures in an oxygen containing environment, which is posited to
be a result of hydrate formation that decreases the number of available surface adsorption sites for
oxygen. A two-step reaction pathway for hydrate formation is used to derive an expression that
accurately quantifies water’s effect on total photooxidation rate. A complete rate expression for the
chemical decomposition of this representative mixed-cation mixed-halide perovskite is reported
and predicts the initial rate of degradation with low error (~14% median error for the total dataset
of 120 runs across a range of oxygen and water partial pressures, photon fluxes, and temperatures,
Fig S10). This model is determined from degradation runs with greater than 3% ambient oxygen.
However, in principle it provides an estimate at lower oxygen concentrations as well. It is,
however, important to note that the unscavenged electrons at low O partial pressures may react
with Pb?* to reduce it.>*6%!22 Our model should be accurate in quantifying the rate of perovskite
loss due to reaction with superoxide and other ROSs but will miss the Pb?>* reduction reaction at
low O partial pressure. To validate that the identified mechanisms are not unique to
FA03Cs02Pb(lo83Bro.17)3, we performed additional tests on FAogCso2Pb(lo9Bro.1)3 and
FA(3Cs0.2Pbl3 thin films (SI Figure 4.15), which showed similar trends under combined oxygen,
humidity, and illumination stresses. This model may also be useful in developing predictions of

module lifetime when coupled with models of moisture and oxygen ingress through an
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encapsulant, as well as the effects of slower escape and build-up of gaseous decomposition
products.
4.6 Supporting Information

4.6.1 Experimental Methods and Film Characterization

Sample Preparation: FAo3Cso2Pb(lo.s3Bro.17)3 thin films were fabricated by a spin-coating
procedure as described previously.*® In summary, stoichiometric CsI (FISHER SCIENTIFIC,
99.998%), FAI (Greatcell Solar Materials, >99.99%), Pbl, (TCI AMERICA, 99.99%, trace metals
basis) and PbBr, (TCI AMERICA, >98.0%) were dissolved in in 1/1 vol/vol N-methyl-2-
pyrrolidone (NMP)/dimethylformamide (DMF) and allowed to dissolve overnight to create
precursor inks. 50 pL of filtered precursor ink was spin coated on clean glass slides (4-part
sonication in Alconox and DI water, then DI water, then acetone, then 2-propanol followed by air
plasma treatment, all for 10 minutes) at 4000 rpm for 45 sec followed by a 0.6 ml of toluene
antisolvent drip with 15 sec remaining in the cycle. Samples were annealed at 120°C for 15 minutes
and averaged ~280 nm in thickness.

In-situ Decomposition Rate Experiments: Bare samples are placed in a Linkam Scientific
LTSE420-P environmental test chamber, outfitted with an electric heater, gas ports, and windows
above and below the sample to allow for light excitation and transmission. The oxygen content in
the atmosphere was maintained by mixing pure nitrogen (99.998%, 4.8 grade), air (0.0 grade “Extra
Dry”), and/or pure oxygen (99.5%, technical diving grade) with a set of Omega FMA5400/5500 mass
flow controllers and setting the total flow rate to 3L/min. For runs in humidified gas, the flow was
bubbled through a H>O/glycerol bath (H>O/glycerol ratio set to achieve a specific relative humidity
which was determined with a Fisher Scientific TraceableTM hygrometer, PN #11-661- 18). For
‘dry’ runs in humidity free environments, the gas stream was passed through a desiccant column
to eliminate trace moisture present in the gas cylinders. We use a calibrated 540 nm LED
(Lumencor SpectraX Light Engine, FWHM = 29nm) as the light source in a metallurgical upright
microscope (Olympus BX53M, equipped with an Olympus 5x objective lens), and adjust the input
power based on the sample band gap to obtain the desired photon flux. Periodically (every 5
minutes), we switch off the degradation beam and collect a measurement of transmittance with a
630 nm LED light source (FWHM = 14nm). The transmittance is measured by short-circuit current
measurements (detected using a Keithley 2400 source/measure unit) from an OSI Optoelectronics
UV-100DQ photodiode placed underneath the sample. All data collection is automated with a
Python Master control.
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Figure 4.5. Schematic of Degradation Setup.
1.3 Ex-situ Film Characterization:

X-ray Diffraction (XRD): Thin film X-ray diffraction measurements were collected with a Bruker
D8 Discover instrument equipped with a Pilatus 100K large area 2D detector and a Cu anode
(wavelength 1.542 A, Ko radiation). The X-ray beam size was defined with a 0.3 mm collimator.
UV-vis Absorbance: Optical absorbance spectra were collected from a PerkinElmer Lambda 1050
UV/vis/NIR spectrometer with an integrating sphere in laboratory atmosphere. Absorbance was
calculated from separate measurements of sample percent transmittance and sample percent
absorptance.

Table 4-2. FA¢.3Cso.2Pb(lo.s3Bro.17)3 Film Properties

Perovskite Material Property ~ Value Units
Density 4201 kg/m?
Abs. Coeff. 630 nm 4.53 x 10* cm’!
Molar Mass 0.627 kg/mol

4.6.2 Determination of Early-time Absorbance Changes from In-situ Transmittance

Measurements
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The in-situ transmittance measurements presented in the main text were conducted with a 630 nm
LED narrowed with a 630 nm bandpass filter (FWHM = 14 nm). To determine if this wavelength
is appropriate for accurate absorbance measurements from transmittance alone, we conducted ex-
situ measurements of reflectance and transmittance on FAogCso2Pb(Io.s3Bro.17)3 thin films to
calculate total absorbance change over the course of a period of photooxidation. The results of
these measurements are shown below in Figure 4.6. As shown in Figure 4.6d, the absorbance
change calculated over a 180-minute period of degradation from transmittance alone (approximate,
blue) is very similar to that calculated from both transmittance and reflectance (absolute, red). This
indicates that the reflectance change is small at this wavelength during early times of degradation.

Thus, we deem it appropriate to assess absorbance changes with transmittance changes alone as

done in the main text and as done previously.3*-3¢
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Figure 4.6. Selection of Accurate Probe Wavelength. (a) Transmittance, (b) reflectance, and (c)
absorbance as a function of wavelength for a FA( 3Cso.2Pb(lo.83Bro.17)3 thin film stressed in ambient
lab air (~60%RH, 25°C) under a 1 sun equivalent illumination from a solar simulator. The sample
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is removed periodically for UV-vis measurements. (d) Absorbance at 630 nm over the course of
degradation calculated from transmittance and reflectance (red) and transmittance alone (blue).
The results indicate that 630 nm transmittance measurements capture absorbance changes with
little error (~20%) due to reflectance changes. Data were collected using a Perkin-Elmer Lambda
1050 UV/Vis/NIR spectrometer equipped with an integrating sphere. Transmittance and
reflectance were independently measured by placing the sample on the front exterior mount and
rear exterior mount of the integrating sphere.

4.6.3 Comparing Photooxidation and Oxidation

To determine if pure oxidation processes (i.e., those facilitated by oxygen and/or oxygen plus water
without illumination) contribute to the decomposition rate, we conducted runs in which the
samples were kept in the dark at 85°C in dry air and 50%RH air. Because the probe transmittance
beam inherently exposes the sample to above bandgap photons that can cause photooxidation
decomposition (~0.33 suns exposure for ~20 sec per cycle), sample transmittance was only
measured once every two hours. The results of these experiments are shown in Figure 4.7 below
alongside representative runs at 1 sun (sampling transmittance at the standard time interval of 5
minutes with the 540 nm continuously on). We observe that decomposition is almost completely
retarded, indicating that oxidation plays a negligible role in the total decomposition rate. Oxidation
can almost certainly be ignored when assessing the stability of these materials for the application

of light absorbers in solar cells.
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Figure 4.7. Comparing photooxidation and oxidation. In situ absorbance measurements at of

FA0.3Cs0.2Pb(lo.83Bro.17)3 thin films degraded at 1 sun with 5-minute cycles and 0 sun with 2-hour
cycles in 50% RH air and dry air, respectively, at 85°C.

4.6.4 Ex-situ Diffraction and Absorption Measurements During Photooxidation
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Figure 4.8. Ex-situ X-ray Diffraction. Diffraction patterns of FAsCso2Pb(lo.83Bro.17)3 thin films
over the course of degradation in lab air (~40% RH air) under ~1 sun illumination from a white
light LED. No discernable peaks appear outside of the main perovskite peaks (denoted with
vertical dashed lines) despite significant reduction in perovskite peak intensities. All perovskite

peaks shift to higher angles, indicated a lattice contraction that is commensurate with loss of
organic formamidinium or I gas.
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Figure 4.9. Ex-situ UV-vis Absorbance During Photooxidation. Absorbance measurements of
FA0.38Cs0.2Pb(Io.83Bro.17)3 thin films degraded in air at (a) 25°C and at (b) 85°C over a period of 6
hours with (blue traces, 50% RH) and without moisture (brown traces). All samples were
illuminated with ~1 sun illumination from a white light LED and measurements were taken of the
pristine films before and after 6 hours of exposure. The results agree with those in the main text
that the rate of degradation increases at lower temperatures and decreases at higher temperatures
for samples under illumination with the addition of humidity to dry air.

4.6.5 Derivation of Rate Expression for Dry Photooxidation

For dry photooxidation, it is most likely that the perovskite decomposition proceeds through a
reaction with superoxide radical. The process begins by absorption of a photon (step 1) to create
an electron in the conduction band and a hole in the valence band. Oxygen then adsorbs (step 2)
to the surface at a surface adsorption site (suggested to be at iodide vacancies®*!3?).The adsorbed
oxygen then takes up a photoexcited electron from the conduction band. The superoxide radical

then reacts with the perovskite (step 4) in what is assumed to be the rate determining step (bolded).

1 DPO
hv =2 e~ +h* 2 DPO
0, + [¥] = 03 3 DPO
05 +e = 05 4 DPO

FA(gCsg2Pb(Ipg3Brg17)3 + 05 * — Degradation Products

We can first note that the rate of perovskite loss is equal to the rate determining step (assuming that all prior
steps are in quasi-equilibrium):

Toero = — T4
Applying that step 4 is rate limiting such that it is much slower than steps 1-3, we simplify the above to:
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3 =7_3
r,+rz=r3+r_,
T, =7_5
Solving for 1 pp;:
Toero = —ka[03 "]arappr
Solving for [0 *]:
3 =7_3
k3[03]n = k_3[07 "]
[0.2_*] = Keq,3n[O;]
T, =7_5

[O;] = Keq,ZPOZ [*]
[0.2_*] = Keq,SKeq,ZPOZn[*]
Doing a site balance for [*]:
[]r =[] + [02] + [037]

[{r =D+ 2+
*|r = [+] + [02] +[07"]

[
[*]T = [*] + Keq,ZPOZ [*] + Keq,3Keq,2P02n[*]
[*]T = [*](1 + Keq,ZPOZ (1 + Keq,3n))
[*]7 = [+]
(1 + Keg2Po, (1 + Keg3n))

Pozn
T
(1+Keq,2Po, (1+Keq,3n))

Tpero = —k4[03 " ]apappr = _k4Keq,3Keq,2aFAPb1[*]
I kppoPo,n
PPO 1 + Ko Po, (1 + Kan)

Under conditions where water vapor is also present, we need to account for the reduction in total active sit
concentration due to hydrate formation. This is done in SI section 8.

4.6.6 Model Fitting and Bootstrapping for Dry Photooxidation

To estimate the uncertainty of the parameter fits, we perform a bootstrapping procedure. The
procedure involves generating 10,000 datasets, each of which is created by sampling with
replacement from the dry dataset until the dataset size is matched (55 samples). From each of the
datasets, the parameters that define the DPO equation are fit using curve fit from the scipy package
in python. The results of these 10,000 iterations are shown below as histograms and are used to

determine the uncertainty associated with the fits.
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Figure 4.10. Bootstrapping Procedure for Dry Photooxidation Parameters. Histogram results
of bootstrapping procedure over 10,000 iterations for (a) kg ppo,(b) K3 , and (c) K3 . Mean, median,
5™ percentile, and 95™ percentile of the bootstrap fits is included as vertical lines. Black traces over

the histograms are skewed gaussians fit to the data (arbitrarily scaled).

Table 4-3. Explanation of Fitting Procedure for Dry-Photooxidation Parameters

Parameter
eff
E A,DPO
koppo

K,

K;

4.6.7 Derivation of Rate Expression for Water-accelerated Photooxidation

Subset of the data used for fitting

Runs in dry air under 1 sun equivalent illumination from 25°C to 85°C

Runs in dry oxygen containing environments (3 kPa to 101 kPa) with
varying illumination (0.1 to 1.86 suns)

Runs in dry oxygen containing environments (3 kPa to 101 kPa) with
varying illumination (0.1 to 1.86 suns)

Runs in dry oxygen containing environments (3 kPa to 101 kPa) with
varying illumination (0.1 to 1.86 suns)

In the presence of water and oxygen, we observe an increased rate of decomposition compared to

dry oxygen alone which decrease in its magnitude as temperature increases. This is likely due to

the adsorption phenomena of water and is encapsulated in the negative effective activation for the

water-accelerated photooxidation pathway that accounts for the changes in adsorption equilibrium
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constant at different temperatures. We hypothesize that the water-accelerated photooxidation

pathway takes the following form:

hv = e +ht 1 WPO
0, + [+] = 0% 2 WPO
0, +e = 05" 3 WPO
H,0 + [*] = H,0" 4 WPO
H,0" + 05" = OH™ + HO; 5 WPO
FA(5Csg2Pb(Ig3Bro17)3 + OH™ — Degradation Products 6 WPO
Now going ahead with the derivation:
Trappr = — 17

ros=0=mr,—1r,—1r3+71_3
roj*=0=1r3—1r3—15+75
Thoy =0 =15 —15 — 7%
THyor =0 =1, — 74— 15+ 75
o =0=15—1_5—1y
Solving for 1 4pp;:

_ —%
Teappr = —K7[HO™ ]apapp;
T5 - T6 + rT—S

Here we note that r_5 << 1 = 15 for our rate determining step assumption to remain logically
consistent:

Ts ® Te

And we continue noting that against step 5 is RDS and therefore quite slow:
T3 =T7_3
=T,
Ty =Ty
Ts5 =T

Noting that reactive oxygen species will react quickly with the perovskite:
s =17

Noting that the rate of loss of perovskite is equal to the rate limiting step:
Trappr = —ks[H,07][077]

Solving for [H,0*] while assuming that we are in equilibrium (i.e., step 4 forward and reverse
are fast kinetics):
Ty =Ty
k4PH20[*] = k_,[H,07]
[H,07] = Keq,4PH20[*]
And now solving for [0 "]:
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[0.2_* = Keq,3n[oz]
T, =72
k2P02 [] = k_,[03]
[OE] = Keq,ZPOZ [*]
[02_*] = Keq,ZKeq,3P02n[*]
Which gives for 1z 4pp;:
TraPbI = _kSKeq,4PH20[*]Keq,zKeq,3P02n[*]
= _kSKeq,ZKeq,BKquPOZPHZOn[*]Z
Now we need to solve a site balance for [*]:
[«]r = [*] + [03] + [05"] + [HO3'] + [H,0"]
Site balance continued and ignoring the small contribution of [HO5]:
[*]T = [*](1 + Keq,2P02 + Keq,ZKeq,3P02n+ Keq,4PH20)

[*] [+]T

 (1+Keq2P0,+Keq2Keq3Po,n+ KeqaPH,0)
Plugging this back into our equation for 7z 4pp;:
TraPbI = _kSKeq,ZKeq,3Keq,4P02PHZOn[*]2
[+]%
(14 Keq2Po, + Keq2Keq3Po,n+ KeqaPi,0)2
Here, we assume that K,q 4Py,0 << (1 + K¢q 2P0, + Keg2Keq,3P0,m) and thus water is in the
quasi-linear regime of the Langmuir isotherm:

TraPbl = _kSKeq,ZKeq,SKquPOZPHZOn

i [+1%
(14 Keq2Po,(1 + Keq3Po,n))2
_ kwpopozpﬁzon
(14 Keg2Po,(1 + Keq3Po,n))2

TraPb = _kSKeq,Z Keq3Keq,4Po,Phyo

Twpo

Excluding the effects of hydrate formation on adsorption site ‘poisoning’ at present, we can write
the final form of the WPO reaction as the following:

_ kwpopozpﬁzon
(14 Keg2Po,(1 + Keq3Po,n))2

Twpo

SI section 8 below describes how this term will be modified to account for hydrate formation.

4.6.8 Derivation of Active Site Concentration Change Due to Hydrate Formation

In the case of humid environments, we observe that the net rate of perovskite loss increases at

lower temperatures and decreases at higher temperatures compared to dry conditions. As such, we
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hypothesize that water acts to increase the decomposition rate by providing a pathway with lower
activation energy in which other ROSs decompose the perovskite. Section 7 of this supplement
discusses this pathway and provides a derivation. Water may also react with the perovskite to form
hydrate phases.!3! These have been observed to be reversible.!!%132133 If the formation of hydrate
phases negligibly affects the decomposition rate while consuming active adsorption sites, the
coverage of a specific reactant or reactant precursor on the perovskite surface (e.g. oxygen,
superoxide radical) would be lower compared to moisture free atmospheres. Thus, we hypothesize
following: (1) water adsorbs less favorably as temperature increases***°, (2) hydrate formation
increases with temperature, (3) only a specific fraction of adsorption sites can undergo hydrate
formation, and (4) the adsorption and desorption reaction rate constants are large such that rapid
site sampling is assumed. The implications of these hypotheses are the following: (1) surface
adsorbed water (H,0*) predominates at lower temperatures while (2) hydrate bound water (H,0" -
FA(gCsg,Pb(Ipg3Brg17)3) predominates at high temperatures (despite the fact that surface
coverage is lower, see below for further explanation). An additional underlying assumption is that
only surface adsorbed water can contribute to water-accelerated photooxidation reactions. Hydrate
bound water is assumed to have consumed a surface adsorption site and not be able to react while
bound in a hydrate (e.g. with superoxide radical). We begin with a derivation for hydrate formation
equilibrium kinetics to account for the decrease in observed rates at high temperatures. The

proposed reaction scheme is the following:

HZO + [*]avail = HZO>|=
1 HF

H,0" + FAgCso2Pb(Igg3Brg17)3 = Hp0" - FAggCso2Pb(lgg3Bro.17)3 2HF



To quantify the reduction in available active sites, we construct a parameter that asses the fraction of

active sites still available (fy¢tive):

f I [*]poisoned —1_ [HZO* ) FAO.SCSO.ZPb(lo_83Br0,17)3]
aetive [*]total [*]total

Now, solving for [H,0* - CHNH,NH;Pbl;]:
[H,0" - FA¢ gCso 2Pb(Ip.g3Bro.17)3] = Kreact@rappi[H20"]

= KreactaFAPbIPHZOKads [*]avait
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where K,qqc¢ 1 @ temperature dependent equilibrium constant for hydrate formation (step 2HF) and K45

is a temperature dependent equilibrium constant for water adsorption onto the perovskite surface (step

1HF). Note that [*] 444 is the number of free adsorption sites available for water adsorption and hydrate

formation. It is also available for oxygen adsorption, and thus, oxygen and superoxide radical are included

in the site balance for these sites.

Doing a site balance on water only free adsorption sites, [*]gpqir:

[*lavaittotal = [*lavau + [H20"] + [H;0" - FAggCsq2Pb(lgg3Bro17)3] + [03] + [0 7]
= [*lavait[1 + Pu,0Kaas + Kreact@rapbiPry0Kaas + KoPo, + K3K;Po,m]

[*]avail,total

1+ PHZOKads + KreactaFAPbIPHZOKads + Keq,ZPOZ + Keq,3Keq,2P02n

[*]avail =

Where we assume that the concentration of adsorbed water is small relative to the other adsorbed species

under all experimental conditions, (Py,0Kaas < 1+ Kreact@rappiPr,0Kaast K2Po, + K3K;Po,n.
Thus, we arrive at the following:

[*]avail,total

" 1+ Kreact@rappiPu,0Kaas + K2Po, (1 + Ksn)
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Therefore, we can now calculate [H,0" - FA( gCsy 2 Pb(Iyg3Brg.17)3] by plugging in for [*]4pqir:

KreactaFAPbIPHZOKads [*]avail,total
1+ Kreact@rapbrPu,0Kaas + K2Po, (1 + K3n)

[H,0" - FA( gCsq 2 Pb(Ig g3Bro.17)3] =

We can note that the number of total available adsorption sites is a function of [*]:p¢a::

[*]avail,total = fwater [*] total

Thus, plugging in for [*]avail,total:

fwater KreactaFAPbIPHZOKads [*] total
1+ Kreact@rapbrPr,0Kaas + K2Po,(1+ K3n)

[H,0" - FA( gCsq2Pb(Igg3Bro17)3] =

Now plugging back into the expression for f, tipe:

fwater KreactaFAPbIPHZOKads [*] total
1+ KreactrapbiPr,0Kaas + K2Po,(1 + K3n)

factive =
active [*]total

Therefore, we arrive the final form for f, ., Where we can also define a net temperature dependent

equilibrium constant for hydrate formation, Kyygrate = ArapbiKreactKads:

KhydratePHZO
1+ KhydratePHZO + KZPOZ (1 + K3n)

factive =1- fwater

Note that, based on the results of our rate measurements, we expect Kpy grqte to be a function of temperature

(likely obeying an Arrhenius relationship). Because Knyarate = Kreact@rapbiPu,0Kaas, the temperature
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dependences of Ky, qrqte Will involve both that associated with water adsorption (K,qs) and the hydrate

formation reaction (K..4-¢). Based on a Van’t Hoff analysis, we expect the function form of K., to be

the following:

eff
—AH hydrate

Kyater(T) = KO,hydrate exp kT
B

where the effective enthalpy of the hydrate formatted reaction is the sum of the enthalpy of the hydrate
formation reaction (2HF) and the adsorption enthalpy of water on the perovskite surface (1HF):

AHZ%mte = AH,pqct + AH, 4. Here, we expect AH, ;. to be negative and AH,..,.+ to be positive. The

temperature independent prefactor, Ko pyqrates Will include the entropic contributions of the two

equilibrium constants as well as the activity of the perovskite.

The functional form of this reaction shows that, as Py, increases, the active fraction of adsorption

sites on the perovskite surface will asymptote to 1-f,,4:e Which is equal to the number of sites not
susceptible to water adsorption and subsequent hydrate reaction. As discussed in the main text, to
determine the various parameters associated with the above equation, we fit the rate at 85°C, 1 sun,
21% O2 over a range of water vapor partial pressures (Figure 4.4c). Here, we perform the fit under
the assumption that the dry-photooxidation superoxide radical decomposition reactions dominate
the rate. Thus, the rate of ‘dry’ photooxidation (that is photooxidation due to superoxide radical
related decomposition) in humid environments becomes the following:

Tppowater = factive koo (T)Fo,

1+ Keq2Po,(1 + Keoqsn)

kppo (T)Pozn Knydrate (T)PHZO
= 1- fhydrate
1+ Keq,ZPOZ(l + Keq,3n) 1+ Khydrate (T)PHZO
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Similarly, we must adjust the water-accelerated photooxidation reaction to account for the
hydrate formation.

kWPOPOZPHZOn
1+ KoqoPo, (1 + Keq,gpozn)) 2
kWPOPOZPHZOn (1 —f Khydrate(T)PHZO )
(1 + K2P02(1 + KSPOZn)) 2 water 1+ Khydrate(T)PHZO + KZPOZ (1 + K3Tl)

rWPO,water = factive (

Therefore, the total photooxidation reaction, which can be written as the sum of the dry and
water-accelerated photooxidation pathways, is the following:

. (11— f Khydrate (T)PHZO
total water1 4+ Khydrate(T)PHZO + KZPOZ(1 + K3n)

kWPOPOZPHZOn + kDPOPOZn
(1+ KoPo, (14 KsPo,n)) 2 1 KaPo, (14 Ksm)

X

4.6.9 Model Fitting and Bootstrapping for Water-Accelerated Photooxidation and Hydrate

Formation

To initially assess the parameter landscape for the remaining fit parameters, we performed rigorous

grid search optimizations on various subsections of the humid dataset. For each fit,

ff

kwpo 1s allowed to vary while Ej’ wpo and AH el

hydrate 1€ fixed. The result of these searches are
shown below in Figure 4.11a-d. Also included are Arrhenius plots that allow for qualitative
comparison between the optimized model with fitted parameters and the data (Figure 4.11e-f). We
observe that 3 of the 4 subsets provide good fits the entire humid dataset. The subset of the dataset
that includes only runs between 55-85°C provides an obviously poor fit (Figure 4.11h). We observe

that the optimized parameters from this dataset are not optimized for fitting of the low temperature

data in which water accelerated photooxidation plays an important role in the overall rate.
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Figure 4.11. Grid parameter search optimization for subsections of the humid dataset. (a-d)
Contour plots for the grid search optimization with coefficient of determination plotted for (a) the
full humid dataset, (b) humid runs between 25-45°C, (c¢) humid runs between 45-85°C, and (d)
humid runs between 55-85°C. (e-f) Arrhenius plots of the measured rates (points with error bars)
and the model fit lines for the optimized parameters corresponding the each of the subsets. Table
S2 provides a list of each of these values.

Note that the grid search optimization is necessary due to the non-linearity of Eij{,PO and

AH,g{lmte which make simultaneous fitting challenging. Based on these results, we choose to

perform a bootstrap analysis of each of the parameters for specific parts of the dataset. Importantly,

the 25-45°C appears to be the most sensitive to the Ejfvj;m since WPO is important to the overall

rate at these temperatures and substantially less so at higher temperatures.

Table 4-4. Optimized Parameter Values for the WPO Grid Search Optimization

All Humid  25-45°C 45-85°C 55-85°C

rf
AHYT, | 1316 1.416 1276 0.905
gfr -0.011 -0.165 -0.016 -0.339
A, WPO

kwpo | 836x102 2.14x102 7.43x1026 2.07x 10
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2. | 0920 0.700 0.8440 0.740
20 humia | 0-920 0.917 0.920 -0.700

To determine the optimal parameter value and estimate the uncertainty of the parameter fits for
water accelerated photooxidation and hydrate formation, we perform a bootstrapping procedure
on specific temperature range subsets of the humid dataset. The general bootstrapping procedure
involves generating 10,000 datasets, each of which is created by sampling with replacement from
a specific subset of the humid dataset until the subset size is matched. From each of the subsets,
the desired fitting parameters that define the complete decomposition reaction equation are fit
using curve_fit from the scipy package in python. The results of these procedures are shown below
as histograms and are used to determine the uncertainty associated with the fits. The fitting
parameters are the activation energies associated with water accelerated photooxidation, the
effective enthalpy of hydrate formation, and the temperature independent prefactor for the WPO
reaction. The results of these bootstraps are shown below and the final optimized parameters with

uncertainties are included in Table 1 in the main text. An explanation of the fitting procedure is

included in table S3 below. In short, low temperature data (25-45°C) is used to fit E:,fV}IC/PO while

eff

eff
hydrate- H

hydrate values observed

the complete humid data is used to fit AH Based on the range of A

for the grid search optimization, we expect hydrate formation to play a negligible role at lower

Heff

hydrate value

temperature. This fact is demonstrated in Figure 4.13 where we use the lowest A
observed (corresponding to highest influence at lower temperatures) during the grid search
procedure to model the hydrate formation poisoning factor. The hydrate formation poisoning factor

is near unity across all water partial pressures below 45°C.
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Figure 4.12. Bootstrapping Procedure for Water-Accelerated Photooxidation and Hydrate

Formation Parameters. Histogram results of bootstrapping procedure over 10,000 iterations for
(a) E:f]f,m, (b) AH g{;mte, and (c) ko wpo. Mean, median, 5™ percentile, and 95" percentile of the
bootstrap fits is included. Black traces over the histograms are skewed gaussians fit to the data

(arbitrarily scaled).

Table 4-5. Explanation of Fitting Procedure for Water-Accelerated Photooxidation and
Hydrate Formation Parameters

Parameter Subset of the data used for fitting

E;f ﬁ/ o Runs in oxygen containing environments (3 kPa to 101 kPa) with
' varying illumination (0.1 to 1.86 suns) and humidity (0.1 to 2.3 kPa)

with set AH ,f%mt . and the following temperature range: 25-45°C

kowro Runs in oxygen containing environments (3 kPa to 101 kPa) with
varying illumination (0.1 to 1.86 suns) and humidity (0.1 to 2.3 kPa)

with set E:f v{/ po and AH e/l overall temperatures

hydrate
AHZf 1‘; Runs in oxygen containing environments (3 kPa to 101 kPa) with
ydrate varying illumination (0.1 to 1.86 suns) and humidity (0.1 to 2.3 kPa)
with set E:f v{/ po over all temperatures
fwater Runs in humid (0 to 2.3 kPa water vapor partial pressure) air at 85°C

kyatero Runs in humid (0 to 2.3 kPa water vapor partial pressure) air at 85°C
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Figure 4.13. Hydrate formation factor versus partial pressure of water over a range of
temperatures for AH Z’;{imte equal to 1.3 eV. Here, the effective enthalpy of hydrate formation
is chosen based on the preliminary grid searches that gave optimized fits around 1.3 eV for the
three good fits. Note that the optimized value (based on r? for the humid dataset) is 1.48 eV (Figure

4.12b).
4.6.10 Model Results for Full Dataset
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Figure 4.14. Statistics for fitting the complete dataset. (a) Parity plot for the full dataset that
includes both dry and humid runs (120 samples total). (b) Histogram of absolute percentage errors
for the full dataset. Mean, median, 5™ percentile, and 95" percentile of the errors is included.
Symbol legend is for the parity plot (a).

4.6.11 Ex-situ Photooxidation of FAp.sCso.2Pb(Ip.9Bry.1)3 and FA9.sCso.2Pbl;

To see how films of varying composition behave under combined stresses of oxygen, water, and

illumination, we fabricated FA¢sCso.2Pb(l0.9Bro.1)3 and FAosCso2Pbls perovskite thin films (via
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same methods as for the FAo3Cso.2Pb(lo.83Bro.17)3 films) and monitored their degradation with ex
situ UV-vis absorbance. The results of 4 total degradation experiments per composition are shown
in Figure 4.15 below. Note that these experiments were carried out under identical conditions to
those discussed in SI section 4.6.4 and shown in Figure 4.9. We observe that these films display
the same behavior as the FAsCso2Pb(lo.83Bro.17)3 films discussed in the main text. At elevated
temperatures (85°C), the net effect of adding water to dry air is a decrease in the photooxidation

rate while, at lower temperatures (25°C), the net effect is an increase in the photooxidation rate.

a 1.2 FAo.8CSo.2Pb(lo.9Bro.1)3 b Brl0| 1 sun|21% O, | 85°C C  Br10|1sun|21%0,|25°C
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Figure 4.15. Ex-situ UV-vis Absorbance During Photooxidation of Varying Compositions. (a,
d) UV-vis absorbance and normalized film PL intensity (PL collected from films illuminated with
1.5 x 10?! photons/m?/s from a 532 nm CW laser, refer to prior work for full PL collection details*®)
for fresh (a) FAosCso2Pb(lo9oBro.1)s and (d) FAosCso2Pbls perovskite thin films. Absorbance
measurements of (b, ¢) FAosCso.2Pb(Io.9Bro.1)3 and (e, f) FAosCso2Pbls thin films degraded in air
at (b, e) 85°C and at (c, f) 25°C over a period of 6 hours with (blue traces, 50% RH) and without
moisture (brown traces).
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5 Bromine Alloying Dictates the Stability Tradeoff Between Light and 1> Vapor Induced
Degradation Pathways in Mixed Halide Lead Perovskites

The work presented in this chapter is currently unpublished. This work is partially an
extension of the work presented in chapter 3 but also includes new experimental procedures in
which perovskite thin films are exposed to I» vapor, a known byproduct of various halide
perovskite decomposition reactions.
5.1 Abstract

Hybrid metal halide perovskite semiconductors are promising for next-generation, low-
cost optoelectronics, but their instability under operating and ambient conditions remains a central
challenge. Here, we examine the stability of FAosCso2Pb(I1-xBry)s thin films (x = 0, 0.1, 0.17).
Using sub-bandgap absorption spectroscopy under illumination in inert environments, we track
the formation kinetics of reduced lead species and find that increasing bromine content enhances
near-infrared absorption across a range of temperatures, indicating increased susceptibility to
reduced lead defect formation and reduced photostability. Complementary time-series
measurements of carrier diffusion length under photo-stress show a monotonic decrease in
characteristic decay times with increasing bromine fraction, establishing a correlation between
composition, diffusion length decay, and the formation rate of reduced lead species. Given that
iodine vapor is generated during light-induced decomposition and can accumulate in encapsulated
devices, we next investigated the impact of I» exposure to determine whether bromine
incorporation alters resistance to this secondary degradation pathway, which may act in parallel
during photostress in encapsulated perovskite solar cells. Optical analyses (photoluminescence and
absorption) reveal progressive redshifts in PL emission and absorption onset during I exposure,

motivating the use of X-ray diffraction to more directly track structural degradation. We find that
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bromine incorporation improves resistance to Ir>-induced degradation, slowing perovskite
transformation to non-perovskite delta phases. We propose that these contrasting stability trends
arise from defect energy level alignment, where bromide-rich compositions favor halide oxidation
due to their wider bandgaps, and from the stabilizing chemistry of mixed halides, in which LBr
formation helps suppress phase transformations. These results highlight a key trade-off: bromine
reduces intrinsic photostability but enhances stability against photogenerated iodine vapor.

5.2 Introduction

Lead halide perovskite semiconductors (APbX3) are promising absorber and emitter
materials for next-generation solar cells and light-emitting diodes.!3* Their tunable optoelectronic
properties, defect tolerance, high radiative efficiencies,'** and compatibility with both solution and
vapor processing!’® make them attractive for rapid commercial scale-up. However, their
widespread deployment ultimately hinges on understanding and controlling the chemical
decomposition pathways and phase transformations that limit the operational stability of
optoelectronic devices they comprise.

Perovskite solar cells in particular have attracted significant attention over the past decade
for their rapid efficiency gains, reaching ~27% for single-junction devices and ~35% for
perovskite—silicon tandems. Bandgap optimization and empirical performance studies have
converged on compositions alloyed with predominately formamidinium and cesium at the A-site,
paired with nearly pure iodide at the X-site for single-junction devices, and mixed iodide-bromide
alloys at the X-site for use as the top-cell absorber in tandems.?* Given the established
infrastructure of silicon photovoltaics, much of the commercial effort has focused on developing
perovskite—silicon tandem cells. Regardless, across all device architecture, long-term stability of

the perovskite absorber remains the critical factor governing commercial viability.
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Compositional tuning is a central strategy for tailoring the properties and stability of metal
halide perovskites. The earliest photovoltaic demonstrations employed methylammonium lead
triiodide (MAPbI;3) and tribromide (MAPbBr3) as absorbers in dye-sensitized solar cells.!*” Within
only a few years, however, formamidinium-rich perovskite compositions emerged as leading
candidates for higher-efficiency and more stable PSCs.?®138-140 These improvements are attributed
to the enhanced thermal stability and stronger hydrogen bonding interactions of the
formamidinium cation compared to the archetypal methylammonium.

While bromine alloying at the X-site unlocks higher bandgap compositions suitable for
multijunction PSCs, empirical studies show that bromine fractions above ~0.2 suffer from light-
induced halide phase segregation and generally exhibit lower optoelectronic quality than less
aggressively alloyed compositions.”®?:190:141 Some studies suggest that higher bromine contents
can be stabilized through A-site tuning, for example with large cesium fractions'#? or with bulky
cations that induce favorable strain and suppress halide phase segregation.!*!4* Despite these
promising strategies, long term device operation has yet to be demonstrated. Moreover, bandgaps
exceeding ~1.7 eV are unnecessary for current matching in two or four terminal tandem devices,
further constraining the practical design space for halide perovskites to <20% bromide at the X-
site.!*

The role of bromide in perovskite material stability remains debated, with several studies
reporting seemingly conflicting results. On one hand, bromine incorporation has been shown to
improve photovoltaic performance.®® Prior studies have identified that adding bromine to pure
iodide perovskites reduces non-radiative recombination, posited to be via reduction in hole
trapping!“® or optimizing the orientation of the formamidinium A-site cation.!*”-!*8 Furlan et al.

further reported that increasing bromide halide fraction (up to ~15%) in methylammonium based
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perovskite devices yielded better performing devices with improved morphology and
crystallinity.!*® More broadly, many earlier studies highlight that bromine can enhance device
performance by slowing crystallization kinetics, which yields larger grains with fewer trap
states.!>® However, such enhancements in initial optoelectronic quality and photovoltaic
performance largely represent instantaneous snapshots, providing limiting insight into long-term
operational stability and overlooking how bromine incorporation may also influence defect
energetics and halide oxidation chemistry.

Beyond improved crystallization and trap reduction, the long-term chemical, electronic,
and structural consequences of bromine incorporation remain less clear. Igbal et. al*® reported that,
even in films of similar apparent morphology, higher bromine concentrations led to reduced
photostability, correlated with diminishing octahedral tilting and a greater amount of non-
perovskite polytype inclusions, features previously identified as degradation seeds in perovskite
thin films>*% and devices.®® Studies by Hidalgo et al.!*! and LaFollette et al.!>?> demonstrated that
bromine incorporation suppresses low temperature phase transformations and alters the phase
transitions and thermal stability at elevated temperatures, respectively.

Alignment of the perovskite valence band with iodide defect levels is thought to critically
influence the favorability of iodine oxidation and subsequent halide loss.%® Accordingly, increasing
bromine concentrations can, somewhat counterintuitively, exacerbate mass loss and

photoinstability due to preferential halide oxidation.!>

Together, these findings suggest that
bromine incorporation may render perovskite films more susceptible to light-induced degradation

under inert conditions, the ultimate performance-limiting case of metal halide perovskites under

strong encapsulation, underscoring a central uncertainty: while bromine can improve morphology
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and initial performance, its impact on intrinsic photostability and iodine-driven degradation
remains unresolved.

In this study, we investigate the stability of FAosCso2Pb(I1-xBry)3 (x = 0, 0.1, 0.17) series
of perovskite thin films (FAo8Cso.2Pb(IixBrx)3, x =0, 0.1, 0.17) under light and heat stress as well
as controlled iodine vapor exposure, in order to clarify the impact of bromine incorporation on
long-term stability. Under photo stress, higher bromine fractions accelerate the formation of
reduced lead defects, a trend corroborated by in situ two-point photoconductivity measurements
in which higher bromine films see faster declines in measured ambipolar diffusion length. Because
I> is a key decomposition product of light-induced halide oxidation, we further examined the
response of these films to > vapor. While all compositions degrade under exposure, we find the
opposite trend: bromine-rich films exhibit greater resistance to I>-induced degradation.

5.3 Photostability of FAo.sCso.2Pb(11.xBrx); Films

The perovskite thin films studied here were fabricated by spin-coating on glass substrates,
with full details provided in the Supporting Information. Baseline characterization by UV-Vis
absorption, steady-state photoluminescence (PL), x-ray diffraction (XRD), and scanning electron
microscopy (SEM) confirmed the formation of a single perovskite crystalline phase with
comparable apparent grain sizes across compositions (SI Figure 5.5). As expected, the optical
bandgap increased with higher bromine content (SI Figure 5.5b), accompanied by diffraction peak
shifts to higher angles (SI Figure 5.5a) consistent with bromine incorporation into the lattice.

To confirm that halide phase segregation does not occur in the films of interest, we
performed steady-state PL. measurements under continuous excitation with a 532 nm CW laser in
an N> filled microscope stage. The normalized emission spectra were nearly identical across

compositions over a 60-minute period of continuous illumination (SI Figure 5.6), indicating that
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the materials do not exhibit halide segregation under illumination. Having established that the
films are phase-pure, morphologically comparable, and free from halide segregation that may
otherwise complicate stability results, we next examined their photostability across the
compositional range.

To assess photostability, the films were exposed to illumination from a broad-spectrum
LED (400-700 nm emission) inside a nitrogen-filled glovebox while maintained on a hotplate.
Spectral absorbance was periodically measured during exposure using a UV-vis spectrometer. The
LED flux was calibrated to correspond to one-sun absorbed photon flux, using the short-circuit
current density of a reference device fabricated from the x = 0.17 composition. Because the x =
0.1 and x = 0 films have lower bandgaps, their absorbed flux is expected to be slightly higher
(estimated <5%); however, this small variation does not affect the compositional comparisons
reported here.

Figure 5.1a-c displays absorbance spectra of the FAo.8Cso2Pb(I1xBrx)3 thin films over the
course of photo stress from a white LED at 35°C. Note that absorbance is calculated from separate
measurements of sample percent transmittance and reflectance and thus accurately quantifies the
film ‘internal absorbance’ which is linearly proportional to light absorbing material in the beam
path. Across all compositions, a steady increase in near-infrared sub-bandgap absorption is
observed over the course of photostress. We have previously attributed this sub-bandgap feature
to the formation of reduced lead species (likely metallic Pb°®) generated during light-induced
decomposition.*® Thus, assuming that the sub bandgap absorption is due to the presence of reduced
lead defects, the rate at which the sub bandgap absorption increases can be used to quantify the
rate. This approach enables quantitative comparison of the susceptibility to defect generation

across the three compositions.
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Figure 5.1d shows the time evolution of absorbance at 1000 nm, chosen as an optimal probe
for Pb? detection because it lies well below the bandgap of all compositions yet remains within an
energy range where Pb? exhibits appreciable absorption. Linear fits to the absorbance increase
reveal a clear compositional trend: x = 0.17 generates reduced lead defects most rapidly, followed
by x = 0.1, with x = 0 showing the slowest rate of defect formation. Given the detrimental impact
of Pb® on carrier transport and overall optoelectronic performance,’%3%68:154155 these results
provide direct evidence that bromine incorporation accelerates light-induced degradation in inert
environments.

In addition to measurements at 35°C, absorbance was also tracked for samples held at 55°C
and 85°C (SI Figure 5.7 and 5.8). Linear fits, as shown in Figure 5.1d for the samples stressed at
35°C, were performed for each composition at all 3 temperatures to extract comparative defect
formation rates. These rates are summarized in Arrhenius plots separated by composition (Figure
5.1e) and also listed in SI Table 5-1.. The temperature dependence is well described by Arrhenius
behavior, with activation energies ranging from 0.3 to 0.6 eV. Importantly, across the entire
temperature range examined, spanning the generally accepted daytime operating conditions of
fielded perovskite modules,!>® the x = 0.17 films consistently exhibit the fastest rate of reduced-

lead defect formation, followed by x = 0.1 and x = 0.
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Figure 5.1. Absorption changes during photo stress of FA.sCso.2Pb(IxBrix)3 Thin Films. UV-
vis absorbance spectra of (a) FAosCso2Pbls, (b) FAosCso2Pb(IooBroi);, and (c)
FA0.3Cs0.2Pb(Io.83Bro.17)3 during photo stress (1 sun, broad spectrum white LED) at 35°C in a N2
glovebox over the course of 20 days. (d) Change in 1000 nm absorbance over the course of 20
days for each of the film compositions with linear fits. (e) Arrhenius plot for measured rate of sub
bandgap absorption at 1000 nm.

To directly probe the degradation of charge transport properties, we performed in situ
measurements of ambipolar diffusion length (Lp) using a two-point photoconductivity method,

described in detail in our prior reports.®6-82:8%144 Tn

short, gold contacts were deposited on the
sample with a channel width of 0.01 cm. The films were placed in a microscope stage fitted with
electrical wiring and gas ports used for continuous nitrogen purging. Films were subject to
continuous illumination from a calibrated 540 nm monochromatic LED source fed through an
upright microscope with photoconductivity measurements taken every 5 minutes.

This approach is particularly valuable because Lp captures the combined effects of carrier

lifetime and carrier mobility. The diffusion length was calculated using the relationship previously

GphkT

derived by Stoddard et al.: Lp = , where a,,, is the measured photoconductivity, kT is

2q%G p
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Boltzmann’s constant multiplied by temperature, q is the charge on the electron, and G is the
photogeneration rate.®* Time-series measurements were collected during continuous illumination
at multiple temperatures for each composition (Figure 5.2a—c). To quantify degradation kinetics,
we extracted the characteristic rate of Lp decline by taking the reciprocal of the time required for
Lp to decrease to 80% of its maximum value (T80-Lp). This procedure enables direct comparison
of photostability across bromide fractions, analogous to the analysis of sub-bandgap absorbance.
Figure 5.2a-c shows normalized timeseries measurements (referred to as runs) for
FA(3Cs0.2Pb(IxBrix)3 films during degradation under one-sun equivalent photon flux (calibrated
to the x = 0.17 composition) at several temperatures. In several runs, an initial increase in Lp is
observed at early times, after which the diffusion length declines nearly monotonically. Consistent
with the sub-bandgap absorption results in Figure 5.1, the x = 0.17 films exhibit the fastest Lp
decay at all temperatures, followed by x = 0.1 and then x = 0, indicating reduced photostability

with increasing bromine content.
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Figure 5.2. Optoelectronic quality decline of FA(.sCso.2Pb(IxBrix)3 Thin Films during photo
stress. Normalized ambipolar diffusion length of (a) FAo3Cso2Pbls, (b) FA03Cso2Pb(Io.9Bro.1)3 ,
and (c) FA¢3Cso.2Pb(Io.33Bro.17)3 over time at various temperatures while stressed under 1.5 x 10?!
photons/(m?s) (540 nm green LED filtered light, ~55 mW/cm?). (d) Arrhenius plot for the
characteristic rate of ambipolar diffusion length decline (1 / T80). Note that the 35°C run was not
collected due to its expected length (~27 days) but instead was approximated (indicated by an open
circle) based on Arrhenius relationship. (e) Characteristic rate of diffusion length decline versus
rate of 1000 nm absorbance increases for the three compositions at 35°C, establishing a causal link
between reduced lead defect formation, material composition, and optoelectronic quality decline.
Runs that did not reach T80-LD were extrapolated based on a linear fit to the ~linear part of the
curves.

Figure 5.2d summarizes the extracted Lp decline rates for all runs in an Arrhenius plot.
Fits to the data yield a consistent activation energy of ~0.6 eV across compositions. This value lies
within the range typically associated with ionic motion in metal halide perovskites and matches
the activation energy we previously reported for reduced-lead defect formation in x = 0.17 films.*
Notably, Jiang et. al also reported a similar ~0.6 eV barrier for efficiency decline (1/T80-PCE) in
high-performance (>24% PCE) p-i-n single junction cells,'>” suggesting the possibility of similar

rate limiting processes underlying both device performance decline and the transport degradation
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observed here. Across all conditions, the trend remains clear: higher bromine fractions accelerate
Lp decay.

Figure 5.2e compares the characteristic rate of Lp decline with the rate of 1000 nm sub-
bandgap absorbance growth at 35°C across the three compositions. A strong, nearly linear
correlation is observed, directly linking transport degradation with the formation of reduced-lead
defects. Taken together, the results in Figures 5.1 and 5.2 establish an unambiguous correlation
between bromine composition, defect generation, and optoelectronic property loss, underscoring
the critical role of material composition in governing photostability. While these results
demonstrate that bromine incorporation accelerates intrinsic photodegradation through enhanced
reduced-lead defect formation, the impact of bromine on stability to I> vapor, a decomposition
product of light-induced reactions that can accumulate and accelerate degradation even in well-
encapsulated devices, remains unresolved.

5.4 Impact of I> Vapor Exposure on FA.sCso2Pb(I:Bri.x)3 Films
Because iodide-containing perovskites readily expel iodine under

photoexcitationf&”’l 15,154,158,159

much research has focused on understanding their chemical
stability in the presence of I vapor. A broad consensus in the literature is that iodide ions are
oxidized by photoexcited holes to form I, which can subsequently escape the film. This same
process is also implicated in halide phase segregation phenomena.’>!331% Consequently,
understanding how > vapor interacts with halide perovskites is critical for developing a
comprehensive picture of all the photochemical pathways that can occur over decades-long device
operation. Several studies have further identified I, buildup as a direct cause of device failure. For

example, Fu et al. performed an extensive root-cause analysis of FA-based PSCs under combined

light and heat stress, concluding that I> generation during operation dramatically accelerates device
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breakdown.”? Similarly, Khadka et al. showed that I, formation in PSCs is strongly correlated with
cell-level degradation.

At the film level, Wang et al. demonstrated that MAPbI3 rapidly degrades to Pbl> in the
presence of I vapor and further showed that FA-based perovskites, including FAosCso2Pbls, are
also susceptible to I» induced decomposition.”® Importantly, they found that increasing bromine
concentrations in MAPb(IxBri.x); improved resistance to chemical conversion to Pbl, upon I
exposure. However, systematic studies of mixed-cation mixed-halide compositions spanning a
range of bromine fractions remain lacking, preventing direct comparison of stability trends of this
class of perovskites. Moreover, comprehensive investigations linking intrinsic photostability with
I vapor stability, mimicking the parallel degradation pathways expected in well-encapsulated solar
cells, are not yet available. Here, we test the > vapor stability of the films of interest by exposing
them to controlled I> environments and monitoring the resulting optical and structural changes.

Figure 5.3 presents UV-vis absorption and steady-state PL measurements collected on
separate films exposed to controlled ambient 1> vapor for 0, 20, 40, 60, 90, and 120 minutes.
Separate films were used at each time point to avoid artifacts from repeated ambient exposure, and
all experiments were performed in a nitrogen-filled glovebox to isolate the effects of I vapor alone
(see SI for details). Figure 5.3a—c show the evolution of PL spectra during exposure (samples and
solid I held at 25°C), revealing a pronounced redshift with increasing time that is consistent with
the formation of iodine-rich phases. For the mixed-halide compositions (x = 0.1, 0.17), this process
resembles light-induced halide phase segregation.!>® Interestingly, even the pure-iodide perovskite
exhibits substantial redshifts in both PL center of mass and peak wavelength (Figure 5.3d). This
behavior may arise from (1) filling of iodide vacancies or (2) cation segregation and subsequent

carrier funneling into lower-bandgap FA-rich domains. Notably, the PL center of mass shifts well
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below the ~1.65 eV edge typically associated with halide phase segregation, suggesting significant
iodine incorporation into the lattice beyond that which can be achieved with light stress alone.
Figure 5.3e-g show the absorbance spectra taken on the same films, along with optical
bandgaps extracted by Tauc fitting. A pronounced redshift in the absorption onset is observed for
all compositions, with the calculated bandgaps decreasing continuously over the course of
exposure. This shift is consistent with the formation of lower-bandgap phases, either iodine-rich
domains or segregated cation phases that dominate the absorption onset. Importantly, despite the
redshift, the absorbance at higher photon energies (shorter wavelengths) decreases for all films. A
simple bandgap reduction would instead be expected to increase absorption uniformly across the
visible spectrum (~1.8-3.1 eV). The decrease in high-energy absorption therefore indicates
concurrent chemical decomposition of the perovskite lattice. Together, optical results reveal two
parallel processes under I> vapor exposure: (1) iodine intercalation into the lattice, producing

redshifts in PL and bandgap, and (2) surface-driven chemical decomposition of the perovskite.
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Figure 5.3. Optical Analysis of FA¢3Cso2Pb(IxBrix); Thin Films Upon Exposure to I, vapor.
(a-c) Photoluminescence spectra of (a) FAosCso2Pbls, (b) FAosCso2Pb(Io9Bro.1)3, and (c)
FAo3Cs0.2Pb(Ig3Bro.17); over the period of 120 minutes of exposure to xx Pa of I, vapor. (d)
Calculated PL center of max and corresponding photon energy for each composition over the
period of exposure. (e-g) Photoluminescence spectra of (e) FAosCso2Pbls, (f)
FA0.3Cs0.2Pb(lo.9Bro.1)3, and (g) FA0.8Cso2Pb(Is3Bro.17)3 over the period of 120 minutes of I vapor
exposure. (h) Optical bandgap calculated from a Tauc fit for composition over time.

From a stability comparison perspective, the red shift of the optical properties prevents
direct kinetic analysis, since a changing bandgap introduces uncertainty in the absorption
coefficients. Consistent absorption coefficients have underpinned prior kinetic studies based on
absorbance measurements.**3° To circumvent this limitation, we turned to x-ray diffraction (XRD),
which directly probes crystalline structure and enables quantitative kinetic analysis when tracked
over the course of degradation. Accordingly, we performed identical [>-exposure experiments, with
the only modification being that films were maintained at 45°C. This elevated temperature
accelerates degradation by increasing the I vapor concentration, thereby improving resolution of

stability differences between compositions.
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The XRD results are shown in Figure 5.4, with zoomed-in diffractograms highlighting
phase evolution. Kinetic modeling was focused on the least-overlapped, phase-diagnostic
reflections: the (110) perovskite (~13.9°), (002) 3-CsPbl; (~9.8°), and (110) 5-FAPbI3 (~11.9°),
highlighted in light blue, orange, and green in Figure 5.4a-c. We also note the presence of the (001)
Pbl; reflection at 12.6° (purple highlight in Figure 5.4a-c), Additional reflections from these phases
are visible and follow similar qualitative evolution (SI Figure 5.9 shows a broader two-theta range)
but were not modeled individually to avoid overlap and low-SNR bias. Figure 5.4d—f presents the
integrated time-series intensities for the (110) perovskite peak, the (002) 5-CsPbl; peak, and the
(110) 6-FAPbI3, respectively. Substantial loss of the (110) reflection is observed in the x = 0 films,
whereas the x = 0.1 films show only modest loss and the x = 0.17 films show negligible loss over
the 120-minute exposure. This stability trend is corroborated by the secondary phases: the 3-CsPbls
peak grows rapidly in x = 0, more slowly in x = 0.1, and is suppressed in x = 0.17, while the d-
FAPbI3 peak exhibits dramatic growth only in x = 0 with very minimal growth in the bromide
containing films. Taken together, these results demonstrate that higher bromine content
substantially improves phase stability under 1> vapor exposure, suppressing both perovskite

decomposition and the emergence of non-perovskite 6-phases.
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Figure 5.4. XRD Analysis of FA(.sCso.2Pb(IxBrix)3 Thin Films Upon Exposure to I vapor. (a-
¢) XRD patterns of (a) FA03Cso2Pbls, (b) FAo3Cso2Pb(Io.9Bro.1)3, and (¢) FAsCso2Pb(Ig3Bro.17)3
over the period of 120 minutes of exposure to xx Pa of I» vapor. Integrated peak areas over the
120-minute exposure period for the (d) main perovskite (110) peak, (e) 5-CsPbI3 (002) peak, and
(f) and the 3-FAPbI; (110) peak.

5.5 Discussion and Outlook

We characterized the stability of FAosCso2Pb(IxBrix)3 (x=0, 0.1, 0.17) thin films under
photo-stress and controlled I> vapor exposure, stressors that are expected to act in parallel in well-
encapsulated perovskite solar cells. Under photo-stress, increasing bromide content accelerates the
formation of reduced-lead defects. Consistently, in sifu measurements of ambipolar diffusion
length reveal faster decay in bromide-rich films, establishing a clear correlation between
composition, susceptibility to defect formation, and the loss of optoelectronic performance.

In contrast, when exposed to I vapor, bromine rich films exhibit markedly greater

structural stability. Optical measurements revealed progressive redshifts in photoluminescence and
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absorption onsets, commensurate with iodine intercalation into the lattice. Complimentary XRD
analysis captured the kinetics of phase evolution, showing that the 17% and 10% bromine films
retained the parent perovskite phase more effectively than the pure-iodide composition. Bromine-
containing films also exhibited slower growth of non-perovskite & phases. These results
demonstrate that while bromide incorporation is detrimental under intrinsic photostress, it
enhances resistance to extrinsic iodine vapor, underscoring a fundamental trade-off in stability
pathways.

These contrasting stability trends can be rationalized by two complementary factors. First,
bromine-rich compositions exhibit deeper valence band levels, which increase the thermodynamic
driving force for iodide oxidation. This accelerates reduced-lead defect formation under
photostress, a process thought to depend critically on iodide oxidation that consumes photoexcited
holes and leaves behind excess electrons. Xu et al. confirmed this mechanism experimentally using
quartz crystal microbalance measurements, which showed increasing halide loss at higher bromine
fractions in inorganic perovskites.!>® It is also notable that Sn-based perovskites, which have
narrower bandgaps due to Sn substitution for Pb, show exceptional light stability and do not
undergo halide segregation even at high bromine fractions.®® Second, in the presence of iodine
vapor, bromine incorporation may promote the formation of .Br~ polyhalide complexes. These
species are thought to mediate halide exchange and drive segregation into iodide-rich and bromide-
rich domains.!>*1%" At the same time, their formation may also act as a chemical buffer by
sequestering reactive I»/I37, thereby suppressing the nucleation of non-perovskite d-phases.
Together, these mechanisms provide a framework for understanding why bromide simultaneously

undermines intrinsic photostability while enhancing resistance to extrinsic > vapor.
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Compositional tuning remains a central strategy for optimizing both performance and
stability in perovskite materials and devices. Establishing which processes ultimately limit
performance is therefore critical to guiding composition choice. High efficiency and stability have
been demonstrated across a wide range of perovskite compositions, but our photostability results
help clarify why recent reports of pure-iodide perovskites have achieved such exceptional stability
and performance.!®!-!92 Nevertheless, even limited 1> evolution over time may still drive
degradation, posing a challenge to realizing the decade-long operational lifetimes required for
photovoltaic modules.

In conclusion, we have demonstrated that halide alloying plays a critical role in dictating
the light-induced degradation kinetics of mixed-cation, mixed-halide lead halide perovskites.
Bromine incorporation accelerates the formation of reduced-lead defects under photo-stress,
leading to faster transport degradation, yet simultaneously suppresses perovskite decomposition
under I vapor exposure by stabilizing the parent phase against d-phase growth. These dual
behaviors highlight the need to evaluate compositional stability across both intrinsic and extrinsic
degradation pathways, as these processes may act in parallel under device-relevant conditions.
More broadly, our findings underscore that compositional engineering must be considered not only
in terms of initial efficiency but also with respect to the coupled chemical and electronic processes
that determine long-term operational stability. Future efforts to integrate defect energetics, halide
chemistry, and encapsulation strategies will be critical for realizing perovskite modules with

reliable, decades-long lifetimes.
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5.6 Supporting Information
5.6.1 Experimental Methods and Film Characterization

Sample Preparation: FAo3Cso2Pb(I1xBrx); precursor inks were prepared by dissolving
stoichiometric CsI (FISHER SCIENTIFIC, 99.998%), FAI (Greatcell Solar Materials, >99.99%),
Pbl, (TCI AMERICA, 99.99%, trace metals basis) and PbBr, (TCI AMERICA, >98.0%) at 1 M
concentration in 1/1 vol/vol N-methyl-2-pyrrolidone (NMP)/dimethylformamide (DMF), then
allowed to dissolve overnight at 25°C. Glass substrates (15mm square) were cleaned with a four-
step procedure by sonicating for 10 minutes each in (1) Alconox and DI water, then (2) DI water,
then (3) acetone, and finally (4) 2-propanol. Shortly before spin coating, the substrates were
cleaned for 10 minutes in an air plasma. FAsCso2Pb(11-xBry)3 thin films were fabricated via spin
coating in a N2-filled glovebox. Before spin coating, the precursor inks were filtered through a 0.2

um PTFE filter. 50 pL of the filtered precursor ink was spin coated at 4000 rpm for 45 sec. With
15 seconds remaining in the spin cycle, an antisolvent wash of 0.6 ml of toluene was dripped onto
the sample to induce crystallization. Upon completion of the 45 second spin cycle, the films were
annealed on a ceramic hotplate at 120°C for 15 minutes. Films for each composition averaged
~300 nm in thickness as measured with a Bruker OM-DektakXT stylus profilometer. For
degradation experiments in which diffusion length measurements are also taken, 80nm Au contact
pads (separation of 0.01 cm) were deposited via thermal evaporation at a rate of 2 A/s.

Perovskite Film Characterization: Scanning electron microscopy (SEM) micrographs were
obtained using a ThermoFisher Scientific Apreo-S. Thin film X-ray diffraction (XRD)
measurements were collected with a Bruker D8 Discover instrument equipped with a Pilatus 100K
large area 2D detector and a Cu anode (wavelength 1.542 A, Ko radiation). The X-ray beam size
was defined with a 0.3 mm collimator. Optical absorbance spectra were collected from a
PerkinElmer Lambda 1050 UV/vis/NIR spectrometer with an integrating sphere in laboratory
atmosphere. Absorbance was calculated from separate measurements of sample percent
transmittance and sample percent reflectance. Absorptance was calculatedas A =1 —7 — R. PL
spectra were obtained with a modified Horiba LabRAM HR-800 with 532 nm laser excitation and
a 10x objective lens. The adjustable confocal hole was set to 800 um, and a 150 gr/mm Czerny—
Turner monochromator blazed at 500 nm was used. To account for spectral artifacts in the
detection system, a calibration procedure was done using a blackbody source (IR- 301, Infrared
Systems Development) at 850, 950, and 1050 °C with a 10 pum pinhole (the calibration factor was
averaged between the three temperatures to minimize error). To calculate 1 sun excitation flux, an
Oriel optical power meter and Thorlabs beam profiler were used to set the photon flux equal to
above bandgap photon flux of the AM1.5 GT solar spectrum (reference for the 1.66 eV x = 0.17
films).

In situ Optoelectronic Degradation Experiments: For these degradation experiments, we place
the sample, prepared as described above (with Au contact pads), in a Linkam Scientific LTSE420-
P environmental test chamber, outfitted with an electric heater, gas ports, electrical probes, and
windows above and below the sample. The atmosphere was controlled by connecting a cylinder
of N2 (99.998%, 4.8 grade, Praxair) through an Omega FMA5400/5500 mass flow controller to
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the gas port on the Linkam chamber, maintaining a constant total gas flow set at 3.0 L/min. We
use a calibrated 540 nm LED (Lumencor SpectraX Light Engine) as the light source in a
metallurgical upright microscope (Olympus BX53M, equipped with a 5x Mitutoyo Plan Apo NIR
HR objective lens), and adjust the input power based on the sample band gap to obtain the desired
1 sun equivalent flux of above-band gap photons under the AM1.5G spectrum. Photoconductivity
was measured by connecting Au contacts to a Keithley 2420 source meter and sourcing + or — 3V
while measuring current. The polarity of the applied voltage is switched every measurement to
prevent artifacts from ion migration and buildup over the duration of the experiment due to
consistent applied voltage. All data collected is automated with a Python master control program
that takes measurements every 5 minutes. This general procedure has been described previously.??
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Figure 5.5. Characterization of Fresh FA¢sCso2Pb(I11xBrx); Thin Films. (a) Diffractograms, (b)
absorbance spectra with Tauc bandgap energy fits, (c) normalized photoluminescence spectra, and
(d) scanning electron micrographs of the perovskite thin films.

5.6.2 Photoluminescence Stability Measurements

To assess stability in the spectral photoluminescence necessary to exclude halide phase segregation
as a competing factor in the degradation of film optoelectronic quality, the PL spectrum of the thin
films was measured over the course of continuous illumination from a 532 continuous wave laser

(calibrated to 1-sun equivalent photon flux for the x = 0.17 composition). The PL was measured
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every minute for the first 10 minutes of exposure, followed by every 10 minutes until 60 total

minutes. Films were maintained in a dry N> ambient at 35°C.
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Figure 5.6. Photoluminescence spectral stability measurements. Normalized
photoluminescence spectra of (a) FAosCso2Pbls, (b) FAosCso2Pb(Io9Bro.1)3, and (c)
FA0.3Cs0.2Pb(Io.83Bro.17)3 perovskite thin films, respectively, before and after 1 hour of photo stress
from 532 nm CW laser illumination (1.5 x 10?! photos/(m?s) [~55 mW/cm?]) at 35°C under flowing
Na. PL center of mass is tracked over time and plotted below each spectrum (measured at multiple
time points), demonstrating the spectral stability for each of the samples under standard

1llumination conditions.

5.6.3 Change in Absorbance of all films at all temperatures

Here, we report the acquired absorbance spectrum for each of the films at the elevated temperatures
of 55°C and 85°C. The raw data is included in Fig S3. The calculated absorbance at 1000 nm versus

time is shown in FigS4. The linear fits to the absorbance at 1000 nm versus time is included in

Table S1.
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Figure 5.7. Absorbance spectra for Light-Induced Degradation of FA3Cso.2Pb(I1.xBrx)s Thin
Films. Absorbance spectra of (a,d) FAosCso2Pbls, (b,e) FAosCso2Pb(IooBro.1)3, and (c,f)
FAo.3Cso.2Pb(Io.83Bro.17)3 perovskite thin films, respectively, over the course of photo stress from a
broad spectrum white LED illumination at 55°C (a-c) and 85°C (d-f) in a N glovebox. Separate
measurements of sample percent transmittance and percent reflectance were taken to calculate the
film absorbance at each time point. The 1000 nm absorbance at each time point is used to calculate
the rate of sub bandgap absorbance increase as a proxy for reduced lead species.
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Figure 5.8. Timeseries 1000 nm absorbance for FAosCso.2Pb(I1xBrx)s Thin Films During
Photostress. Change in 1000 nm absorbance at (a) 85°C, (b) 55°C, and (c) 35°C for
FA0.3Cs0.2Pb(I1xBrx)s thin films. The data presented is here is the same as that presented in Fig S3
above and Fig S4c is identical to Fig2d in the main text.
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Table 5-1. Change in absorbance per unit time for FA¢.sCso.2Pb(I1-xBry)s3 thin films at 35°C,

55°C, and 85°C.
Temp. \ Comp. | x=0 x=0.1 x=0.17
dA/dt @ 35°C 0.87 1.17 2.64
1000 nm 55°C 2.23 4.41 5.23
(1/min)
x 10 85°C 6.07 26.3 34.2
5.6.4 X-ray Diffraction Peak Identification
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Figure 5.9. XRD Peak Identification of FAosCso.2Pb(I1-xBrx)s; Thin Films Over the Course of
I Vapor Exposure. Diffractograms of (a) FAsCso.2Pbls, (b) FA03Cso2Pb(lo.9Bro.1)3, and (c)
FA0.3Cs0.2Pb(lo.83Bro.17)3 perovskite thin films over the course of 120 minutes of I exposure. (d)
Diffractograms of reference crystalline species for product identification, included lab made &-
FAPbI; and simulated §-CsPbls (CIF file retrieved from The Materials Project, mp-540839'%%) and
Pbl, (CIF file retrieved from the Crystallography OPEN Database, COD #1010062!%). Simulated
diffraction patterns were simulated on Vesta software using CIF files from publicly available
databases.
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6 Conclusions and Outlook

Metal halide perovskites represent an extraordinary class of semiconductors that have
challenged long-standing assumptions about what defines a high-quality optoelectronic material.
Whereas previous generations of solar absorbers required expensive, precision manufacturing to
achieve near-perfect crystallinity, perovskites achieve exceptional performance through simple,
low-cost processing from solution or vapor. This remarkable combination of ease of fabrication
and high efficiency has made halide perovskites a leading candidate for the next generation of
scalable, low-cost photovoltaic modules, positioning them to play a pivotal role in the global clean
energy transition. However, despite their promise, these materials are not without significant
challenges.!®®

These challenges arise almost entirely from stability issues associated with the perovskite
absorber itself. Owing to their ionic nature, halide perovskites are chemically reactive with many
species present in the ambient environment, most notably oxygen and water, and can even undergo
self-driven degradation under illumination through reactions involving photoexcited charge
carriers and the formation of decomposition byproducts such as molecular iodine. As a result,
stability remains the critical hurdle presently limiting the commercialization of these materials and
the next generation of optoelectronic devices they enable.!%® While the majority of this work has
focused on elucidating the kinetics and mechanisms of perovskite decomposition, it is worth
reflecting on recent advances and emerging strategies aimed at overcoming these stability
challenges.
6.1 Recent Advances in Perovskite Solar Cell Performance and Stability

Contemporary research in perovskite solar cells (PSCs) largely focuses on two

architectures: (1) single-junction devices and (2) perovskite-on-silicon tandems. Although all-
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perovskite tandem structures once attracted significant attention, their development has been
hindered by the limited efficiency and poor stability of low-bandgap (~1.2 eV) tin-based
perovskites. These materials are prone to oxidation of Sn** to Sn*', which induces p-type doping
and accelerates degradation in the presence of oxygen.!¢” Recent progress in PSC performance and
stability has therefore been driven primarily by advances in interface passivation, interlayer
engineering, and improvements in absorber film quality and defect passivation.

Device interlayer passivation aims to enhance both performance and stability by
incorporating additional layers that suppress the undesirable migration of ions, atoms, and
molecules between adjacent device layers while also improving mechanical integrity. These
passivation layers can be introduced at either the top or buried interfaces between the perovskite
absorber and the charge transport layers. Li et al. demonstrated that incorporating a two-
dimensional (2D) graphene layer at the top interface improved device stability and mechanical
robustness.!®® Similarly, Zai et al. showed that introducing 2D molybdenum disulfide (MoS.) at
the buried interface effectively inhibited ion migration within the perovskite layer.!® Other studies
have explored the use of 2D perovskite interlayers to improve both performance and stability.!%!7!
However, these 2D perovskite structures are likely subject to degradation pathways similar to those
of their 3D counterparts. Consequently, more robust materials like MoS, and graphene may
represent more durable strategies for interfacial passivation, mechanical reinforcement, and ion
blocking.

Recent progress in absorber quality has also yielded notable improvements in both

performance and operational stability for a-FAPbI3 through the development of novel growth

strategies. Sidhik et al. demonstrated that two-dimensional perovskite layers can effectively seed
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the formation of structurally robust a.-FAPbI3, enhancing phase stability and device longevity.'®!

Similarly, Zhang et al. employed an iodine intercalation approach to achieve highly stable a-
FAPDI; films with improved crystallinity and resistance to phase degradation.!®? In both cases, the
resulting devices exhibited minimal efficiency loss after more than 1,000 hours of continuous
operation at 85°C under one-sun illumination.

In the context of the work presented here, two-dimensional (2D) device interlayers
represent an excellent strategy for mitigating the intrinsic challenges associated with three-
dimensional (3D) perovskite materials. Such interlayers can enhance the mechanical integrity of
the inherently soft perovskite lattice while simultaneously suppressing ionic migration, making
them highly valuable for improving both device efficiency and stability. Likewise, the controlled
growth of high-quality, pure-iodide perovskites offers a promising pathway to reduce the
compositional inhomogeneities that often compromise the performance and long-term stability of
alloyed perovskite systems. The relatively narrow bandgap of a-FAPbI; also reduces the driving
force for halide oxidation, further supporting its stability. Thus, strategies that suppress the
undesirable but thermodynamically favored transition to the 6-phase could offer substantial upside
for achieving simultaneously efficient and durable perovskite solar cells.

6.2 Toward Efficient and Stable Perovskite Solar Modules

A key challenge facing the current trajectory of perovskite research is the limited
availability of module-level stability data. Most studies that investigate device stability report
results from small-area test cells—typically less than 1 cm?>—comparing new fabrication or
passivation strategies against control devices. While such studies are invaluable for uncovering

fundamental mechanisms and advancing materials design, their relevance to commercial-scale
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modules remains indirect. At this stage of perovskite PV maturity, field-validated module data are
essential for bridging the gap between laboratory success and industrial deployment.?’” The
Photovoltaic Accelerator for Commercializing Technologies (PACT), a joint initiative between
Sandia National Laboratories and the National Renewable Energy Laboratory, has made important
progress toward this goal by deploying perovskite modules for real-world testing, initiating the
critical cycle of field learning needed to advance commercialization. These efforts mark an
exciting and necessary step toward realizing the full potential of perovskite photovoltaics.

Several early-stage companies are actively pursuing the commercialization of perovskite
photovoltaics, though most remain in preliminary stages as stability challenges continue to be
addressed. Oxford Photovoltaics stands out as a leading example, having introduced commercial
perovskite—silicon tandem modules and reported module efficiencies approaching 27% for an area
of 1.6 m?.!'”? These milestones are highly encouraging and demonstrate tangible progress toward
market readiness. Nonetheless, continued fundamental research into perovskite chemistry, coupled
with applied studies on cell and module engineering, will be essential for establishing the lifetime
guarantees and bankability required for large-scale adoption. Equally critical is for the field to
learn from the deployment practices of existing photovoltaic technologies and accelerate the
installation of perovskite modules in outdoor environments to gather real-world performance data.
6.3 Concluding Thoughts

The work presented in this thesis sought to elucidate the fundamental properties of alloyed
perovskite semiconductors and their implications for next-generation photovoltaic technologies.
Although perovskite PV has advanced remarkably, thanks to the efforts of thousands of researchers
worldwide, many questions remain, particularly regarding long-term stability and module-scale

performance. In the author’s view, perovskite photovoltaics face a challenging but achievable path
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toward commercialization, with the foremost hurdle being the realization of operational lifetimes
spanning multiple decades. Achieving this goal will require continued investigation into
chemically and mechanically robust interlayers, as well as intrinsically stable perovskite absorber
compositions, to enable the development of truly durable, high-efficiency solar modules capable

of contributing meaningfully to the global energy transition.
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