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ABSTRACT

As anthropogenic global warming and climate change continues to intensify, it is more
important than ever to curb our use of fossil fuels for heat and electricity. The clean en-
ergy transition requires investment in photovoltaic (PV) technology to replace unsustainable
generation sources and to meet increasing electrification demand. Most currently available
PV modules use Si as the light absorber material. Advancements in the manufacturing
process of Si solar cells has led to a reduction in cost over the past decade, yet there are
still inherent difficulties in the refinement process. Next-generation PV must improve upon
Si by maintaining or increasing device efficiency while simplifying manufacturing. Metal
halide perovskite solar cells (PSC) have proven to meet these criteria, with >25% efficiency
and cost-effective fabrication options such as blade coating and ink jet printing. However,
degradation in perovskite materials under several environmental stressors (light, humidity,
temperature, bias, and oxygen) precludes commercial adoption. Stability testing of PSC is
time-consuming, particularly due to the large compositional space available. As a result,
methods to quickly vet the stability of various perovskite compositions are critically needed.
My Thesis addresses this open problem by applying automated, in situ characterization and
machine learning (ML) forecasting to PSC degradation studies.

First, I present a generalized ML roadmap for perovskite PV. I delineate three levels
of PSC design and provide examples of ML projects which could accelerate the development
process. Next, I design and build a high-throughput setup for in situ, environmental pho-
toluminescence (PL) spectroscopy, a technique which requires <2 seconds to acquire data.

The system uses a custom chamber containing up to 14 samples and an x-y translation stage
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to automatically move from one sample to the next. We select ten Cs,FA;_,Pb(Br,I;_,)s
perovskite thin films of varied composition and track changes in radiative recombination un-
der repeated 6-hour temperature and rH cycles. Using the high-throughput setup, I obtain
240 PL spectra every hour and 14,000 spectra over the course of a single experiment. The
temperature cycling results show increased non-radiative carrier recombination as samples
are heated above 23°C. We show that FA-rich perovskites with 10-30% Cs* have minimal
lattice strain which promotes high structural and thermal stability. During rH cycling, all
compositions displayed a PL enhancement with increasing rH as H,O passivates band gap
trap states and suppresses non-radiative recombination. FA-rich films show the greatest PL
increases over the course of the rH cycling while Cs-rich films reach a plateau in maximum
PL value after 5-10 cycles. Finally, I apply ML models to the datasets and generate forecasts
of environment-dependent PL responses. I use linear regression, Echo State Network (ESN),
and Auto-Regressive Integrated Moving Average with eXogenous regressors (ARIMAX) al-
gorithms. For the temperature cycling, I attain an average normalized root mean square
error (NRMSE) over all compositions of 24.4% (linear regression), 16.6% (ESN), and 7.3%
(ARIMAX) for prediction windows extending 70 hours into the future. For the rH cycling,
NRMSE values of 72.5% (linear regression) and 44.0% (ESN) indicate difficulty in tracking
long-term changes over a 50-hour window. Using ARIMAX with seasonality components, I
achieve an error of only 10.3%, demonstrating the algorithm’s capability to model complex,
non-linear data from varied perovskite compositions. My high-throughput characterization
results and accurate time series forecasts illustrate the potential of data-centric approaches
for perovskite stability investigations and showcase the promise of automation, data science,
and ML as tools to drive PSC commercialization.
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Chapter 1: Introduction to Perovskite Photovoltaics

1.1 Motivation for photovoltaic development

The realities of global warming and climate change necessitate a rapid, efficient tran-
sition away from fossil fuels towards purely renewable energy sources. Global leaders have
pledged transitions to net zero carbon dioxide emissions in the near future, with a common
target year of 2050 and some targets as early as 2030.[1] Meeting these goals will require
significant advancements in photovoltaic (PV) technology and deployment. In the United
States, solar accounted for 3% of total energy generation in 2020. To meet the 2050 target,
the US Department of Energy predicts that 20% of energy must be provided by PV.[2] There-
fore, new PV technology must be efficient, inexpensive, and possess a range of deployment
options including rooftop, ground-mounted, vehicle-mounted, and solar windows. The cur-
rent state-of-the-art solar modules use silicon as the light absorber material, with monocrys-
talline, polycrystalline, and thin-film Si solar together accounting for >70% of the total solar
market share.|[3] However, Si is defect-sensitive and wafer production for high-efficiency cells
requires expensive refinement through the Czochralski (CZ) process. Additionally, most Si
solar modules are brittle and rigid, limiting the scope of their deployment. Novel materials
with simple fabrication methods, comparable efficiency, and greater strain-tolerance could

thus have an important niche in photovoltaic deployment over the coming decades.



1.2 Progress and challenges in perovskite solar cells

Metal halide perovskite solar cells (PSC) have attracted interest as a high-efficiency,
low-cost alternative to Si photovoltaics. Additionally, perovskite devices are fabricated using
cost-effective, scalable methods such as blade coating, ink jet printing, and vapor phase
deposition.|4] The term “perovskite” refers to the ABXj3 structure of these materials, where
the A-site contains a monovalent cation, B-site contains a divalent cation, and the X-site
contains an anion. In photovoltaics, the perovskite A-site commonly contains organic cations
such as methylammonium (MA™) and formamidinium (FA™), inorganic cations such as Cs™
or Rb™, or a mixture. The B-site is almost exclusively occupied by Pb?*, though some work
has explored lead-free alternatives using Sn**. However, tin-based PSC have yet to reach
efficiencies and lifetimes comparable to those of the standard lead-based devices.|5| Halides
— typically I7, Br~, or Cl7, or some mixture of the three — occupy the X-site. Compositional
tuning of the A- and X-sites enables tailoring of the band gap, an attractive property for
optoelectronic applications. For example, substitution of I~ anions with smaller Br~ anions
causes contraction of the atomic lattice and a more favorable orbital overlap with the B-
site cation, increasing the band gap energy.|6] This band gap tunability makes perovskites
suitable both for single-junction solar cells and for “tandem” devices which contain multiple
absorber layers.

Recent advances in PSC have yielded power conversion efficiencies (PCE) exceeding
25% for single-junction devices and 29% for tandem perovskite-Si cells.[7, 8] The pace of
the PCE increase is unprecedented in the field of photovoltaics, and the research interest

in PSC has increased exponentially to match this historic trend.[4] The types of perovskite



absorber have also diversified, from the baseline methylammonium lead triiodide (MAPI)
system to more exotic alternatives such as lead-free, mixed-cation/anion, and all-inorganic
perovskites.|4]

As PSC approach commercialization, several experimental challenges slow their ad-
vancement, including the vast compositional parameter space available and the limited sta-
bility of perovskite materials under standard operating conditions (Figure 1.1). Various envi-
ronmental stressors (light, humidity, temperature, bias, and oxygen)[9, 10, 11, 12, 13, 14] have
been observed to initiate degradation in perovskite devices, impacting their optical and elec-
tronic performance and restricting photovoltaic (PV) device lifetimes to 3,000 hours.|[15] For
meaningful commercial deployment, these lifetimes must increase to >25 years for both all-
perovskite and perovskite-Si tandem devices.[16, 17| Perovskite degradation occurs through
different processes, including decomposition, degassing, phase transitions, and phase seg-
regation, depending on the chemical composition and the set of environmental stressors
applied.|7] Many compositions begin to degrade even in ambient conditions, including bench-
mark composition MAPbI;. Related mixed-halide compositions (MAPb(Br,I; — x)3) suffer

from ion migration.
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Figure 1.1: Key environmental stressors promoting degradation pathways in per-
ovskites.

Several recent works identify the A-site cation as instrumental in suppressing halide
segregation and increasing perovskite structural and phase stability. Alloying the A-site
with inorganic cations such as Cs* increases the thermal stability and PV device lifetime.[18]
However, pure CsPbl; has been shown to undergo phase changes in air, transitioning from the
desired black cubic/tetragonal perovskite phase («) to the photoinactive yellow hexagonal
phase (9). Utilizing mixed A-site compositions containing both Cs* and FA™ is an effective
approach to stabilize the o phase in ambient conditions, which is not possible for either of the
pure compositions (CsPbl; and FAPbI;), while simultaneously mitigating halide segregation.
The smaller ionic radius of Cs™ also promotes structural stability in the mixed perovskite
by reducing lattice strain.[19] These observations are consistent with the prevailing trend
in perovskite photovoltaics where mixed-site compositions yield the highest efficiencies and

device lifetimes.[8] Further exploration of mixed Cs-FA and Br-I compositional spaces is



necessary to understand and improve their demonstrated structural and thermal stability.

1.3 Charge carrier recombination physics

Photovoltaic devices require generation of mobile charge carriers in order to function,
which arise in the form of electron-hole pairs. Absorption of light energizes an electron
in the valence band and causes it to move to the conduction band, leaving behind a hole
(Figure 1.2a). Electrons in the conduction band often return to valence band energy states
causing charge carriers to annihilate one another. This process, termed recombination, may
either be radiative or nonradiative. Radiative recombination is unavoidable even in an ideal
solar cell. Figure 1.2b shows this process schematically, in which an electron travels directly
from the conduction band to the valence band and emits a photon produced with energy
equal to the semiconductor bandgap (E,). Nonradiative recombination in nonideal solar cells
typically arises due to defects that add electronic states within the bandgap, known as traps.
This trap-assisted recombination (also called Shockley-Read-Hall recombination) produces
radiation in the form of heat and adversely impacts the electronic performance (Figure 1.2c).
A second form of nonradiative recombination, Auger recombination, is also common in solar
cells. In the Auger process, an electron travels directly from band-to-band, but the energy

is transferred to another charge carrier within a band and no photon is produced (Figure

1.2d).[20, 21]
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Figure 1.2: Charge carrier generation and recombination in semiconductors. (a)
The standard generation process of photon excitation and creation of an electron-hole pair.
Upon generation, charge carriers may recombine through several pathways. (b) Radiative
recombination: an electron makes a direct band-to-band transition and emits a photon at the
bandgap energy. (c¢) Trap-assisted nonradiative recombination: an electron travels to a mid-
gap defect state and emits a phonon (heat) or a low-energy photon. (d) Auger nonradiative
recombination: an electron makes a band-to-band transition but transfers energy to another
charge carrier rather than emitting a photon.

1.4 The promise of machine learning and experimental automation

The current PSC design process involves careful compositional tuning,|22] systematic
fabrication and/or characterization for each active layer,[23, 24| and time-consuming stabil-
ity and aging tests.[25, 26] The high-dimensional perovskite parameter space and lengthy
testing times motivate the use of machine learning (ML) to resolve the integral effects of
environmental factors on the stability and performance of PSC without traversing every

single stressor combination for all possible compositions.|27] ML comprises a growing set of



versatile techniques with a wide range of applications, including traffic speed prediction,|28]
medical image screening,[29] and wind speed forecasting.[30] Thoughtful implementations of
ML algorithms for materials science have already shown potential to alter research paradigms
and drastically quicken the material design process. In energy generation, ML has been lever-
aged for Si PV to predict future system performance metrics or environmental conditions in
real-time.[31, 32| Furthermore, ML has applications in related fields such as energy storage,
where various research groups have implemented models to forecast the remaining useful
lifetime in batteries and fuel cells.|33, 34, 35, 36] Likewise, the PSC community will benefit
from novel research approaches involving ML, which greatly mitigate current experimental
impediments.

Automated and autonomous experimentation are additional toolkits with the poten-
tial to accelerate perovskite research efforts. Automated experiments are defined as any
which operate without human intervention. Automation can range from simple code to ac-
quire data at fixed intervals to entire robotic systems to fabricate and characterize samples.
These examples are distinct from autonomous experiments, which employ artificial intelli-
gence (Al) to analyze data and determine subsequent experiments based on the previous
results.[37] Coupling robotics and Al opens the door to closed-loop autonomous laborato-
ries, which can advance materials discovery without any human input beyond initial setup
and programming.[38, 39] ML, automated experiments, and fully autonomous laboratories
all have important niches in PSC development, complementing more traditional materials
science research techniques.[27] My Thesis utilizes these tools in concert with environmental
PL to advance knowledge of temperature- and humidity-induced degradation in perovskite

materials. I develop a novel, high-throughput experimental system for PL along with data



analysis and ML pipelines which generate forecasts of perovskite optical behavior under

various operating conditions.



Chapter 2: Research Objectives

In this thesis I accomplished the following research objectives by building a high-
throughput system for in situ, environmental photoluminescence (PL) spectroscopy which
I then used to acquire >25,000 PL spectra from halide perovskite thin films, analyze the
impact of temperature and relative humidity on radiative charge carrier recombination, and
finally train machine learning (ML) models to forecast PL emission.

(i) Develop a machine learning roadmap for perovskite solar cell develop-
ment. I conceptualized and illustrated a five-step framework for perovskite ML projects
that I demonstrated through three proof-of-concept examples trained with literature data.
The baseline projects are as follows: forecasting humidity-dependent PL in perovskite films
(achieved with 14% error), predicting temperature-dependent device power fluctuations (6%
error) and determining conductivity of a PV device layer via machine vision (19% error). A
data-driven approach for perovskite development is proposed, which includes autonomous
experimentation, ML, and feedback loops connecting compositional screening with long-term
optoelectronic device performance.

(ii) Design and fabricate an automated PL characterization system for pho-
tovoltaic materials. I designed and fabricated a custom setup for in situ, environmental

PL. Unlike most conventional PL systems, the setup acquires data from up to 14 samples



during a single experiment. This reduces the amount of time required 14-fold and ensures
that all samples are exposed to completely identical environmental conditions. I also devel-
oped a Python code to completely automate experiments lasting up to seven days. Real-time
monitoring and automated data processing further streamline the process.

(iii) Probe temperature- and humidity-induced photoluminescence dynam-
ics in Cs/FA-containing metal halide perovskites. Using the automated environmental
PL system, I investigated how light emission varies in Cs,FA;_,Pb(Br,I;_,)s perovskites as
a function of composition and environment. Temperature stress mimicking day-night cy-
cles shows a strong linear correlation with PL in all compositions. We found that FA- and
I-rich perovskites with 10-30% Cs content have high thermal stability, rapid recovery after
heat-stressing, and negligible long-term degradation. Relative humidity cycling instigates
moisture-induced PL enhancement as water passivates band gap trap states and promotes
radiative recombination, with FA-rich compositions exhibiting the greatest effect. Analysis
of spectral evolution over many cycles reveals red shifting and peak broadening in many
samples as water accumulates and triggers halide segregation. Our measurements elucidate
short- and long-term trends in PL as perovskites undergo repeated environmental stressing,
providing insight into their stability under real-world operating conditions.

(iv) Generate quantitative time-series forecasts of environmental PL trends
using machine learning. Applying the perovskite ML roadmap proposed previously, I
used the PL datasets to develop models that predict photo-emission using only temperature
and relative humidity as inputs. We explored linear regression, echo state neural networks,
and auto-regressive integrated moving average algorithms and identify the last as the most

promising approach. We achieved high accuracy for both the temperature cycling (7.3%

10



error) and humidity cycling (10.3% error) tasks over prediction windows covering 70+ and
50+ hours, respectively. This work validates our ML methodology and presents a broad
framework that can be extended to other perovskite compositions and environmental stres-

SOTsS.
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Chapter 3: Machine Learning Roadmap for Perovskite Solar Cell Development

In this chapter, we describe the utility of ML as a toolkit to accelerate PSC research
and development to an unprecedented pace. We begin with an overview of relevant ML
concepts, then detail our framework for applying learning algorithms to perovskites. We
dedicate a large portion of the discussion to three important stages in the PSC design
pipeline: compositional screening, perovskite layer synthesis and analysis, and full device
fabrication and testing. In each of these sections, we delineate the key questions to answer
and provide literature examples that apply ML to these questions. Next, we discuss ML
for spatially-resolved characterization and imaging projects. We also present three original
proof-of-concept examples, which apply baseline models to data from the scientific com-
munity. These demonstrative examples include time-series forecasting, predicting trends in
device degradation, and extracting information from images, with all associated data and
code publicly available at https://github.com/mgsrivastava/ML-perovskites for easy refer-
ence. Finally, we conclude with our vision for an integrated ML pipeline that spans multiple
stages of PSC design and highlight the most promising avenues for future work in ML for
perovskites. This chapter is adapted from M. Srivastava et al., J. Phys. Chem. Lett., 12,

7866-7877 (2021).

12



3.1 Overview of ML Concepts

We begin with a description of key ML-related concepts mentioned in this chapter.
ML algorithms for materials science research are often grouped into two broad categories:
supervised and unsupervised learning. Supervised learning processes involve input data that
is labeled with a known “correct answer,” and include regression and classification.[40] In
regression, the model predicts a continuous valued output based on one or multiple inputs.
Regression is useful for numerical predictions and time-series analysis, for example to forecast
PSC efficiency over time. Specific algorithms of interest are linear regression, ridge regression
(RR), decision trees, random forests (RF), and neural networks. Classification also involves
labeled input data, but the model output is non-continuous and instead sorts the input data
points into known categories.|[41] These algorithms (which include naive Bayes classifiers,
k-nearest neighbors, and support vector machines) are helpful for grouping data into classes,
for example to analyze occurrences of different types of known defects in perovskite films.
Note that many algorithms can perform both regression and classification. Unsupervised
learning uses data that is not previously labeled and includes clustering techniques such as
k-means.[42] Like classification, clustering sorts input data into groupings. This can elucidate
hidden trends in the data, for example to discover which types of defects commonly exist in
perovskite devices, where the defect classes are unknown.

Deep learning and neural networks are powerful techniques to make complex, accu-
rate predictions and are excellent candidates for perovskite PV applications. However, these
models lack the interpretability of simpler algorithms such as linear regression or decision

trees. Artificial neural networks (ANN), which are often referred to simply as “neural net-
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works (NN),” functionally mimic neurons in the brain.[43] Layers of neurons (or “nodes”)
perform calculations on input data then transfer the computed values to other layers. One
common type of neural network is the convolutional neural network (CNN), which is often
used for image analysis tasks such as object recognition or image classification.[44] CNN
models work best with large data sets comprising of at least hundreds of images. Another
class of NN is recurrent neural networks (RNN), which are unique in that they can retain a
“memory” of previous events in the data. Thus, RNN are particularly well-suited for time-
series prediction tasks. Echo state networks (ESN), one type of RNN; is often used to model
nonlinear systems.[45] ESN is notable because of its sparsely connected hidden-layer nodes,
an architecture which increases the model’s computational efficiency. Another useful type
of RNN is long short-term memory (LSTM), which can process data sequentially and learn
long-term trends.|[46]

Implementation of an ML model requires thoughtful data acquisition, pre-processing,
visualization, and feature engineering. Normalization is common, especially if there are many
input features with differing ranges of values. Obtaining enough data to train a model is
vital, as we illustrate in later sections. Baseline models should be trained on the information
available, then evaluated to determine if the data is sufficient or if more must be acquired.
In cases where training data is lacking, augmentation can create a larger training set.[47]
This may involve interpolation using linear combinations, adding noise, or image rotation
and mirroring.|48, 49] Recent work has also developed physics-informed data augmentation
strategies. For example, Oviedo et al. took advantage of physics domain knowledge to
augment an XRD data set through peak scaling, peak elimination, and pattern shifting.[48]
Such physics-driven augmentation is a rational, robust method to expand the sparse data
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sets that are common in materials research problems.

Finally, to optimize an ML model, hyperparameters (parameters which control the
learning process and must be set prior to training) are tuned to yield the best predictive
performance on a validation data set. This process is often automated using iterative or
grid-search approaches, which train many models with slightly different hyperparameters
to pinpoint the optimal values. After the model is finalized and hyperparameters are set,
it should be evaluated using additional data. Note that the data for this step (test set) is
distinct from both the data used to tune the model hyperparameters (validation set) and the
data used to train the model (train set). The question of what a “low” or “good” test error is
depends on the specific ML project. Researchers should consider how the model compares
to a human expert in terms of speed and accuracy. Some tasks, such as identifying subtle
trends in images, may not be feasible for humans. In these cases, a higher model error may
be acceptable.

If the test error is unreasonably high, several options exist to remedy the issue, includ-
ing obtaining more training data, using a different model (or comparing several models and
selecting the highest-performing), using different input features, and checking for overfitting.
Overfitting is a common issue in ML, where the model fits the training data too closely and
is unable to generalize. This issue is evident when the test error is significantly higher than
the training error. To prevent overfitting, simplify the model to increase generalizability.
Common approaches include removing data features, using more training data, and adding
regularization terms (which impose penalties to discourage overfitting) during model train-
ing. Ensemble learning techniques such as bagging, which combines predictions from several

models to “smooth out” the result, are also commonly used to mitigate overfitting.[50] Out-
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side of the brief overview presented here, we direct readers to several recent papers for more

detailed information on ML best practices focusing on materials science.[51, 52, 53]

3.2 Roadmap

The overarching goal of applying ML to PSC research is to elucidate novel physical
insights and drastically reduce the time to develop, characterize, and optimize devices. With
this in mind, we show how ML aids PSC design at three distinct stages: compositional
screening (Figure 3.1a), material fabrication and stability analysis (Figure 3.1b), and full
device development and testing (Figure 3.1c), as described in the following sections. At the
compositional level, elemental site occupancies are selected based on chemical and lattice
information. This elemental tuning is a time-consuming process, which ML expedites. For
example, Saidi and colleagues used a hierarchical CNN to predict the lattice constant and
octahedral tilt angle for ABX3 perovskites, then used these features as the input for a
second CNN to predict the material band gap.[54] Model input features were elemental and
structural descriptors such as ionization energies, electron affinities, and tolerance factor.
Using this network architecture, the authors predict band gap values varying from 0.2 to
6.0 eV, relevant for the design of optoelectronic devices such as tandem photovoltaics and
LEDs. The CNN performed remarkably well, providing bandgaps with a root-mean-square
error (RMSE) of only 0.02 eV (Figure 3.1d) compared to Density Functional Theory (DFT)
results.

With suitable elemental compositions established, PSC development reaches the mate-

rials level (Figure 3.1b). At this stage, perovskite fabrication parameters are set with critical
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absorber layer properties (such as light absorption and carrier mobility) in mind. Given per-
ovskites’ facile degradation, this focus also includes crucial stability testing to investigate the
underlying physical mechanisms. ML models can use past data to predict future perovskite
performance under various environmental stressors, including temperature, bias, humidity,
light, and oxygen.|55] For instance, Howard et al. implemented an echo state network (ESN)
to generate time-series predictions of humidity-dependent photoluminescence (PL) intensity
of MAPI thin films (Figure 3.1e), and demonstrate a 12-hour prediction window with <11%
normalized root-mean square error (NRMSE).[49] Extensions of this work to other combi-
nations of environmental stressors can leverage ML to identify the leading factors associated
with degradation under a given set of conditions.

At the full device level, investigations expand to include the remaining device layers,
such as the electron- (ETL) and hole-transport layers (HTL). MacLeod et al. recently
demonstrated a self-driving laboratory to select fabrication parameters for spiro-OMeTAD,
a common HTL used in PSC devices (Figure 3.1f).[56] At this stage, characterizing stability
under environmental stressors and standard operating conditions is again vital, and often
yields different results than for the perovskite layer alone due to interfacial effects such as
charge carrier recombination and contact resistance.|57]

Table 3.1 summarizes the key descriptors and common figures of merit for each devel-
opment level. ML models at a given level may use characteristic descriptors to predict figures
of merit, although they can also generate one descriptor using another or supply completely
different information — for instance to classify failure modes in full devices. At each level,
we highlight fruitful ML approaches and suggestions for future work. Some strategies, such

as high-throughput experimentation, improved data curation, and physics-based ML, apply
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equally to all levels and should be prioritized accordingly.
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Figure 3.1: Machine learning for perovskite solar cell development.(a) Compositional
screening, (b) material, and (c) device development /stability testing. At each stage, experi-
mental data from techniques such as X-ray diffraction (XRD), ultraviolet-visible spectroscopy
(UV-Vis), photoluminescence (PL), PL lifetime, and current-voltage (I-V) measurements is
fed into ML models to obtain key physical quantities and device figures of merit or to gener-
ate predictions. Specific examples of model outputs from literature are shown in (d)-(f). (d)
Band gaps for various perovskite compositions predicted using a convolutional neural net-
work (CNN) with elemental, structural, and precursor-based data as the experimental inputs.
Adapted with permission from reference [54]. Copyright 2020 The Authors, distributed un-
der Creative Commons CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).
(e) Time-series prediction of humidity-dependent PL intensity from an echo state network
(ESN) using past PL and rH data as inputs. Reprinted with permission from reference [49].
Copyright 2020 The Authors, distributed under arXiv.org non-exclusive license. (f) Map
of fabrication parameters (annealing time and dopant ratio) to maximize hole mobility in
spiro-OmeTAD, an organic hole transport material (HTM), from automated iterative exper-
iments using the Phoenics global Bayesian optimization algorithm. Adapted with permission
from reference [56]. Copyright 2020 The Authors, distributed under Creative Commons CC
BY-NC 4.0 license (https://creativecommons.org/licenses/by-nc/4.0/).
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Development
level

Key descriptors

Common figures of
merit

ML approaches and suggestions

Compositional
screening

Material fabrication
and stability

Device fabrication
and stability

Octahedral tilt angle, lattice con-
stants, bond length and angle,
ionization energies, XRD pat-
tern, UV-Vis spectrum, dimen-
sionality

Optical images and spectra,
XRD pattern, PL spectrum, PL
lifetime, fabrication and environ-
mental conditions

Optical images and spectra, J-V
curves, fabrication and environ-
mental conditions

Band gap, tolerance
factor, thermodynamic
quantities

Band gap, charge car-
rier mobility and life-
time

Efficiency, stability
(T80)7 VOC, JSCa
charge carrier mobility
and lifetime

Combining simulation (DFT)
with ML, established pipeline
to experimental validation

Time-series forecasting and
stability predictions

Time-series forecasting and
stability predictions, quality
control, failure analysis

High-throughput
data collection and
analysis,
physics-based ML,
shared databases,
standardized
supplementary
data files

Table 3.1: Promising directions for perovskite machine learning at three design levels. Lists key descriptors and
figures of merit along with suggestions for future investigations.



Given the extensive variability of questions that ML can address, we present a general-
ized roadmap that applies to all three levels of PSC development. The steps of this paradigm
are:

(1) identify the material question of interest;

(2) obtain sufficient data for model training;

(3) pre-process the data,

(4) apply feature engineering as needed,;

(5) optimize and test the model.

ML model selection is a vital step in the framework and may occur at various points.
The specifics of the selection process depend completely on the goals of the project. In the
PSC field, there are opportunities for both numerical prediction models, as in time-series
forecasting for PSC stability prediction, or classification algorithms, such as to classify types
of defects in a failure analysis task. As stated earlier, one common approach is to train
several models on the same data (step 5) and compare their predictive performance.|58,
59, 60] Another option is to choose an algorithm, or class of algorithms, immediately after
determining the specific materials question of interest (step 1). At this stage, model selection
requires a thorough understanding of the input data and of the desired output.

Step (2) underscores the importance of high-throughput systems, which involve dras-
tically shortened experiment times. Conducting such research often necessitates automated
data acquisition. Therefore, Figure 3.1 includes examples of suitable characterization meth-
ods for efficient collection of large amounts of data. At the compositional level, X-ray diffrac-
tion (XRD) and ultraviolet-visible spectroscopy (UV-Vis) are well-known techniques yielding
key crystallographic and optical properties that then inform compositional selection.|39, 61]
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At the perovskite material level, PL spectroscopy is a standard method to quickly char-
acterize charge carrier dynamics in thin films without requiring a full device or electrical
contacts.[20] Analysis of subtle patterns in spectroscopic PL or PL lifetime races is nearly
impossible for the human eye, but is attainable using computer vision, enabling deeper phys-
ical insight. Device-level techniques include optical transmittance and reflectance, optical
imaging, and current-voltage (I-V) measurements. These techniques are leveraged to calcu-
late device parameters such as fill factor (FF), maximum power point, and power conversion
efficiency (n).[62] The creation of shared data repositories can ease the burden of extensive
data collection, supporting rapid ML model training without the need for time-intensive
experimentation. In fact, large sets of crowd-sourced data have already been utilized for ML
training in materials science and chemistry, for example to predict reaction outcomes.|63]
Similarly, the baseline examples that we show in later sections rely on data shared by mem-
bers of the perovskite scientific community, illustrating the importance of collaborative ef-
forts. Searchable, centralized databases will streamline model training further, and likewise
depend heavily on community contributions.

Steps (3) and (4) involve data pre-processing and feature engineering and are crucial
in many ML pipelines. These steps often include data normalization, data augmentation,
and feature selection and transformation.[48, 49] The final step of the process is (5) model
optimization and testing, which includes hyperparameter tuning and evaluation on an unseen
test set. We provide detailed overviews for how this paradigm applies to each stage of
PSC development in this chapter, illustrated using specific examples from the literature and
our own work. Additionally, we explore the question of establishing correlations between
easily acquired characterization data and fundamental properties, which yields useful baseline
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indicators for promising performance. ML is particularly well suited for this task because
of its proven ability to quickly extract features from data that humans cannot, a capability
that has a variety of practical applications (for example, to analyze medical scans).[64] In the
following sections, we discuss the question of correlations in detail and provide our outlook

for how ML approaches at each stage can be holistically integrated.

3.3 ML for Compositional Screening

The central goal at the composition level is to efficiently screen for material composi-
tions suitable for PV that are thermodynamically and chemically stable. Traditional mate-
rial discovery approaches of trial-and-error and incremental improvement are not sufficient
given the vast parameter space of hybrid perovskite chemical compositions. Simulation-
based approaches such as DFT are an option to narrow the parameter space but are slow
and computationally expensive. One common approach is combining simulation data with
ML, which extracts figures of merit such as intrinsic dielectric breakdown strength,[58] band
gap,[65] and thermodynamic stability[59] from the data. In these studies, the ML component
generates additional information from a time-consuming DFT process. Alternatively, ML
algorithms can predict parameters such as lattice constants, octahedral angle, and band gaps
from atomic data alone.[54, 66, 67, 68, 69| Carefully selected models also operate significantly
faster and with less computational cost than DFT.

Another important facet of the compositional screening stage is high-throughput or
automated experiments, which enable rapid perovskite synthesis and data acquisition.|70]

Fewer studies have coupled ML models with automated experimentation, developing fully
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autonomous, self-driving laboratories.|39, 71, 72] Further work centered on high-throughput
structural characterization and analysis is needed to establish a coherent pipeline from broad
materials down-selection to precise compositional tuning and experimental validation.
Finally, we emphasize the importance of large data repositories, which greatly expedite
the compositional screening process. ML models require sufficient data to make high-quality
predictions, and the amount of data needed generally increases with model complexity. In
practice, the data size N needs to satisfy the condition for a good generalization: N >
O(W/e), where W denotes the number of free parameters in a model or neural network and
e signifies the fraction of permitted test error.[43] Many of the ML studies cited here used data
from large online repositories, including databases from the National Institute of Standards
and Technology (NIST) and the National Renewable Energy Laboratory (NREL).[38] The
existence of these repositories is one reason why current ML work in the PSC scientific
community is largely limited to compositional screening, as the material and device level lack
a similar data-sharing infrastructure and reporting protocols to support the effort.|7] In this
chapter, we therefore focus on the under-developed material and device levels, highlighting

several fundamental research questions that may benefit from an ML-based approach.

3.4 Example Projects

To showcase the ML project development process, we present three example projects
in the following sections using data currently available in the literature. Each project centers
a different facet of PSC design: the perovskite absorber layer, the full PV device, and the

hole-transport layer. Each example also uses a unique ML algorithm to demonstrate the
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breadth of model types and applications possible.

3.4.1 ML for material development: echo state network to predict triple-cation

PL output

The perovskite absorber material is the focus of a large proportion of investigations
in the PSC field. Key research questions at this level involve finding optimal fabrication
parameters while understanding and preventing material degradation. Numerous studies
have probed perovskite degradation patterns and mechanisms under various environmental
conditions, |9, 10, 11, 12, 13, 14| and there are many Review articles|62, 73, 74, 75] exploring
this topic at both the material and full device stages. However, far fewer investigations
apply high-throughput experimentation or ML models to perovskite material design, which
can reduce laboratory hours and inform avenues of future study. Additionally, analysis of
model features and weights can present unique physical insight.[60]

Like fabrication parameter selection, stability testing represents another major bot-
tleneck in the PSC development process, especially as devices near commercialization and
the perovskite absorber stability is thoroughly vetted. Once trained, predictive ML models
overcome this holdup by drastically reducing the time required to assess degradation in per-
ovskite materials. In recent work, Stoddard et al. used a linear regression model to forecast
perovskite decay time under variable environmental conditions and achieved an average er-
ror of 12.8% while decreasing the required testing time by one order of magnitude.|76] Such
single-point prediction, regression-based models have great utility and can achieve low error

even with a limited data set. Larger data sets enable the use of complex models with more
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powerful predictive ability, ultimately supporting long-term PSC performance forecasting
that tracks variations in figures of merit over time periods of interest extending hours, days,
or weeks ahead.

To demonstrate the power of a high-complexity model, we implement an FEcho
State Network (ESN), one class of RNN, to predict the PL intensity from a triple-cation
Cs0.05FA0.70MAg 16Pb(10.83Brg17)s thin film (Figure 3.2) while applying the 5-step roadmap
introduced earlier. The film was subject to cycling from 0-70% relative humidity (rH) while
the absolute light emission was measured every 15 seconds. Environmental humidity is
known to dynamically influence the PL response of perovskite films, as well as their underly-
ing phase and structure.[12, 73, 77] The rH-dependent curve (black dots in Figure 3.2) shows
clear cycling of the PL intensity in response to the 0-70% humidity cycles. Because this PL
response represents a dynamic system containing physical information from the triple-cation
film, there is strong indication that the response could be predictable, potentially using ML.
Analogously, the PL response depends on both the ambient humidity at the precise moment
of the measurement and on the changes that have already happened within the material —
specifically, the partially reversible hydration of the perovskite film over time.[12] In other
words, the material has “memory” of what has been experienced due to the history of the
environment. We choose ESN for this task as this model maps an input property (rH) to
an output (PL), where the output is a function of both the input property and the intrinsic
historical state of the material itself.|45] This “historical state” manifests in the data through
unique patterns over time, rather than a completely linear on-off PL response, and thus an
algorithm with a “memory” is desirable.

When implementing complex ML algorithms such as neural networks, it is vital to
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use sufficient training data. Our raw data set consists of five 4-hour runs on samples
with identical compositions, where each run contains three humidity cycles and 240 data
points. The PL traits observed are unique to the perovskites, following the on-off cycle
of rH. Measurements under identical conditions were performed on a GaAs control solar
cell and no significant changes in the PL signal were observed (not shown). We augment
this data using a linear interpolation method[78, 79| to expand the data set to 60 runs
(14400 points) total, which are then stitched together randomly to generate one coherent
time-series. Note that such an augmentation routine assumes that the five collected runs
are a fair representation of the underlying material behavior, assumes that they encompass
sample-to-sample variance, and neglects effects from long-term degradation. The key
assumption here is that the physical properties (e.g. PL and the state of the material) are
a continuous function of parameters in the feature space (e.g. rH), thus similar parameters
should yield alike output. This is a critical conjecture that applies to the use of most NN
models to approximate solutions to complex problems. Researchers in materials science and
beyond have adopted data augmentation methods using a similar strategy, as in the XRD
peak-shifting example discussed in the “Brief Overview of ML Concepts” section.|[48, 49, 80]
For more information on data augmentation, we direct readers to several references which
discuss this topic at length.[47, 78, 79, 81] We then supply the ESN with time-series training
data tracking rH and PL from 2 hours (Figure 3.2a), 5 hours (Figure 3.2b), 10 hours (Figure
3.2c), and 20 hours (Figure 3.2d) of the expanded data set, holding out the remaining
hours for testing. At 2 hours, the ESN diverges from the data, and the NRMSE is over
100%. As the model receives additional training data, the NRMSE decreases steadily,

and the prediction (red line) visually shows the improved fit. By 20 hours, the ESN has
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learned details about the data sequence, such as the horizontal, low-PL intensity regions
between each humidity cycle, the slope of the PL increases and decreases, and the spiked
responses that occur at the beginning of some rH cycles. We then optimize the 20-hr model,
setting the network’s noise and spectral radius through a grid search approach (Figure
3.2e). While the exact hyperparameters vary between different algorithms, this tuning step
is crucial. The purposely poorly selected hyperparameters (Figure 3.2d, Prediction 1 and
2) lead to high prediction errors of 25.5% and 20.1%, respectively. By providing sufficient
training data and tuning our model hyperparameters, we ultimately achieve an NRMSE of
14.3% over a 12-hour prediction window (Figure 3.2d, Prediction 3). Demonstrative code
for this example, and all other example projects, is available on our github repository at
https://github.com /mgsrivastava/ML-perovskites. The repository includes both the Python
code necessary to replicate our analysis and a detailed outline of all computational steps

written in plain English. Appendix B also contains the plain English descriptions of our code.
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Figure 3.2: Predicting the optical response of perovskite thin films Echo state
network (ESN) predictions of photoluminescence (PL) for a metal halide perovskite
(Cs0.05FA0.70MAg.16Pb(Ip83Bro.17)3) thin film after (a) 2 hours, (b) 5 hours, (c¢) 10 hours,
and (d) 20 hours of training data. Augmented triple-cation data (black dots) is compared
with the ESN prediction (red line). As the model receives longer lengths of training data,
its predictions stabilize and the normalized root mean square error (NRMSE) decreases.
Predictions 1, 2 and 3 in (d) are obtained after 20 hours of training data with various ESN
hyperparameters (noise and spectral radius). (e) NRMSE for the three predictions shown
in (d) as hyperparameters are optimized using a grid search approach. The minimum value
found is 14.3%.

We envision further extensions of ML to several facets of the perovskite material stage,
where it serves as a powerful tool for accelerated stability testing and rational fabrication of
the perovskite layer. Future studies may involve integration with autonomous laboratories
to streamline the workflow from compositional selection to thin film fabrication to long-

term material stability testing. For the latter, the end goal is a model that generalizes

to unseen combinations of environmental conditions. ML can also enhance imaging-based
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investigations into degradation and defects at the material level, an exciting application

which we discuss in-depth in a later section.

3.4.2 ML for device development: long short-term memory for MAPI device
forecasting

Much of the work and key questions at the device level mirror those at the material
level. However, the degree of complexity multiplies with each added layer. Understanding
degradation under standard operating conditions and optimizing layer fabrication are es-
sential goals. Therefore, work at the device stage typically involves engineering interfaces
and architectures|82, 83, 84, 85] and investigating PSC stability (under stressors such as
light,[86, 87| temperature, |88, 89| bias,|75] oxygen,[90] and humidity[91]). As with the ma-
terial level, ML can quickly determine effective processing conditions for various layers.|56]
Furthermore, by employing large shared data repositories that include fabrication method-
ology and in situ chemical information, ML techniques at the material and device levels can
incorporate additional training features and potentially yield more accurate metrics to indi-
cate degradation far in advance. Clarifying which fundamental properties and environmental
conditions exert the most influence over long-term performance will, in turn, lead to more
targeted compositional engineering.

As an example, we use data from reference[89] to predict temperature-dependent
power output for MAPI cells at unseen temperatures, effectively using ML forecasting to
interpolate to untested environmental conditions. The raw experimental data consists of five

500-hr runs at -10, 20, 50, 65, and 95°C, which track variations in the device power. Each run
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contains one data point per hour, for a total of 2,500 points. We set aside one run (at 50°C)
to serve as our test set, leaving only 2,000 points for training. To enlarge this sparse data set,
we apply a linear interpolation technique to generate runs for temperatures between -10 and
95°C, with a 5°C step size. The resulting data set consists of 22 temperatures and 11,000
individual data points. Figure 3.3a shows a contour plot of the augmented data set, with
the ground truth experimental data marked with black lines. We again use augmentation as
a proof-of-concept in the ML workflow and assume that the experimental runs encompass
property (power) data over the parameter (temperature) space, such that we can linearly
interpolate to obtain sufficient training data and improve prediction accuracy.[81] In
practice, we need experimental data with more finely resolved temperature steps to ensure
that the data captures the full range of device behavior before augmentation. We then
train a long short-term memory (LSTM) model — another class of RNN — on the expanded
data set and attempt to predict cell behavior at the unseen temperature. LSTM processes
data sequentially to learn trends and, like the ESN, retains a history of the data over time.
Practically, the models differ in that the LSTM is more effective in learning long-term
trends but is also more computationally expensive. The model architecture consists of
an LSTM with five output units, a leaky rectified linear unit (ReLU) as the activation

function, a dropout layer to reduce overfitting, and a dense layer to output the prediction.[46]
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Figure 3.3: Predicting power output for MAPI devices at unseen temperatures.
(a) Augmented data set of 500-hour runs at temperatures ranging from -10 to 95°C, tracking
power output over time for MAPbI3 PV device. Black lines indicate ground truth experimen-
tal data (from reference [89]) and colored lines indicate augmented data. Four experimental
data sets (black, dotted) were used to generate the augmented training data while the final
set (black, dashed) was used for testing. (b) LSTM prediction (red) for the experimental
data run at 50°C (black). The data is normalized by its first point.

Using LSTM, we predict the full 500-hr power trace for the MAPI device at 50°C
with an NRMSE of only 5.5%. We show the visual fit of our model in Figure 3.3b, which
compares the LSTM prediction (red line) to ground truth experimental data (black dots).
Because the model uses the 20 previous hours to generate a prediction, the red line begins
at time = 20 hours. The LSTM learns the general trend of decreasing power and forecasts
the temperature-dependent behavior at 50°C almost perfectly for the first 70+ predicted
hours. Even as the prediction diverges over the course of 100s of hours, the overall NRMSE
remains under 6%. Our example here illustrates the potential that lies ahead in using ML
for time-series forecasting of device performance. We envision extensions to additional test
conditions (and combinations of conditions) to attain a systematic understanding of how

environmental stressors impact PSC over even longer time periods (years to decades).
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3.4.3 Visualizing correlations through imaging: convolutional neural network
to predict hole transport layer conductance

Finally, we discuss ML for spatially resolved characterization and imaging of per-
ovskites, which is highly relevant to both the material and device stages of development.
At the nanoscale, spatially resolved information is commonly used for defect analysis and
investigations of structure-property relationships. Here, ML can illustrate powerful connec-
tions between global device performance and morphological or structural information such
as surface roughness, grain inhomogeneities, and crystallinity. At the micro- and macro-
scopic levels, imaging methods have been extensively applied in inorganic PV to quickly
diagnose where device drawbacks occur (e.g. cracks on encapsulation, loss of electrical con-
tact). Characterization methods exist for several key device figures of merit, including carrier
lifetime, band gap, external voltage, reflectance, and resistance.|92] These methods involve
both scanning-based mapping and full-area capture techniques. Such approaches yield large,
information-rich data sets, which are difficult for humans to parse but are efficiently analyzed
using ML and multivariate statistics. There are then tremendous opportunities for combin-
ing ML methodology with 2D imaging/characterization techniques, which have garnered
increasing attention lately in perovskite-related research.[93] Pairing ML with optical mi-
croscopy studies is another potentially valuable approach, as machine vision analyzes images
faster than humans and quickly resolves trends. Recent work has used image-recognition to
automate the identification of perovskite single-crystal formation|94] and to classify defects
in spiro-OMeTAD thin films.[95] Both of these studies use a 2D CNN as a classifier. As

stated earlier, CNN perform sophisticated image analysis tasks and can establish compelling
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connections between images and key figures of merit while extracting hidden trends. Com-
pared to a fully connected deep neural network, CNN has a much smaller number of free
parameters available for adjustment and is more efficient in capturing key features in an
image.[43]

While CNN is commonly used for classification, it can work equally well for regres-
sion to produce a numerical prediction. Nevertheless, CNN-based regression has rarely been
attempted on hybrid perovskite materials. To illustrate the power of CNN in capturing
underlying trends from images that is all but intractable for humans, we construct a CNN
model to predict electrical conductance using dark-field (DF) images of spin-coated and ther-
mally annealed Spiro-OMeTAD thin films (a common HTM for PSCs). There is an essential
underlying correlation between material’s electrical conductivity and optical properties via
the dielectric function,|96] and consequently this is a potentially learnable problem. We use
data from a previous reference, where the DF images were acquired in an automated sam-
ple synthesis and characterization experiment pipeline, and the conductance was measured
using the traditional four-probe approach.[56] In total, we separate 210 original DF images
into training and testing sets with an 80:20% split. We further divide the training data
into train and validation sets with another 80:20% split. Each image has seven correspond-
ing conductance measurements acquired at different locations using I-V data. We average
all measurements into one value per image, and then normalize the data between 0 and 1.
During the training process, image data is augmented through random rotations, width and
height shifting, flipping, and zooming to ensure the model is fed with representative images.
Our CNN architecture consists of three 2D convolution layers (3x3x32, 3x3x64, and 3x3x64,

respectively), each of which is followed by a max pooling layer (2x2). To mitigate overfit-
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ting, the convolutional layers are L2 regularized. The network ends with two fully connected
layers (100 and 64 in size, respectively) prior to the output layer, which predicts a single
conductance value for each image. The weights are updated using ADAM optimizer at a
learning rate of 0.001.

Figure 3.4a-c shows examples of DF images on Spiro-OMeTAD thin films. The
lighter regions of the images indicate annealing-induced bubbling and dewetting of the films
during processing while the darker regions correspond to more uniform areas. However,
the degree of dewetting does not have an obvious correlation with the conductance, as the
example images in Figure 3.4 demonstrate. We emphasize that our close examination of
all 210 DF images confirms that they do not possess visually distinguishable patterns for
samples with high, medium, or low conductance. This renders impossible even qualitative
visual correlation with conductance value using human visual analysis alone. Yet, as
Figure 3.4d shows, the CNN model can analyze the underlying features of the images
and successfully predicts the conductance values with a reasonable uncertainty (20%
NRMSE). Considering the limited amount of image data tested here, the model has notably
acquired the “knowledge” or trend of the correlation between the DF images and electrical
conductance to an extent that would otherwise not be possible by human visual analysis.
Our example here demonstrates the remarkable potentiality of using ML-based analysis to
identify correlations hidden within microscope images and the opportunity that lies ahead

in PSC imaging/spatially resolved characterization.
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Figure 3.4: Correlating electrical conductance with dark field images. A CNN
model is trained to predict conductance of Spiro-OMeTAD thin films based on their dark
field images. Six examples of DF images are shown for samples with (a) low (b) medium and
(¢) high conductance values, which are normalized between 0 and 1 for simplicity without
the loss of generality. No visually distinguishable patterns can be found in these images with
different conductance value ranges. (d) The predicted conductance versus the true values
using the trained CNN model. Inset shows how these predicted values compare with the
true value for each dark field image in the test dataset. We present the conductance in a
normalized form to match the CNN training and testing processes, which are both done
using normalized values.

3.5 Challenges and Pitfalls

While ML serves as a powerful toolkit applicable to many problems in the PSC design
process, we emphasize that it is not applicable to every problem. Researchers must carefully
weigh the benefits of an ML approach and acknowledge the limitations to their results. The
first item to consider is data sparsity. As mentioned in previous sections, ML models require
adequate data for appropriate training, which is often a major precluding factor in materi-
als research. In the perovskite field, we face a lack of large, well-represented, and cleaned

experimental databases, which cover the full parameter space of PSC materials and devices,
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including more than simple compositional information (i.e. morphological information, fabri-
cation methods, and aging conditions). Automated experimentation and physics-driven ML
are two promising pathways to address this issue. A standard supplemental data file which
includes the previously mentioned parameters could also initiate the data-sharing infrastruc-
ture that is currently lacking. Researchers should also emphasize characterization techniques
which yield large, quickly acquired datasets. For example, in imaging, optical microscopy
methods are better suited for use in ML rather than advanced, time-consuming techniques
such as electron microscopy. Additionally, models will only provide high-quality predictions
if they are trained on high-quality data. Biased data collection and improper pre-processing
are common pitfalls in practical ML implementation and will negatively affect the validity
of the resulting model. It is equally important to train NN on negative examples — mean-
ing material and device data showing poor performance — as well as positive, but negative
examples are seldom reported in the literature. We again direct readers to recent papers
discussing specific techniques and best practices for applying ML to research in materials
science.|51, 52, 53| Ideally, NN and other models should be built to be robust to common
data issues, such as excessive noise or biased reporting. Some algorithms and techniques
have been widely adopted for these purposes, such as regularization penalty terms, drop-out
layers and other structural simplification, and Hessian-based pruning approaches.[43|

The information gained from ML also often presents limitations. Models which predict
promising perovskite compositions (through band gap or other key figures of merit) do not
guarantee that these compositions will produce optimal devices, nor do they account for ease
of material synthesis. Instead, ML at the compositional level narrows the parameter space

for more focused research at the material and device levels. By a similar token, optimizing
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parameters for a single device layer does not ensure optimized behavior in a complete device,
and experimental verification is crucial. We also note that ML models developed using
full devices will not inherently disentangle effects from each layer but may be trained to
do so if features from separate layers are incorporated. Finally, advanced deep learning
techniques produce models with convoluted architectures and parameters that tend to lack
simple physical interpretation. This reflects the general trade-off between interpretability and
prediction power seen in many ML algorithms, though analysis of global model predictions
and use of a physics-driven model design may yield greater interpretability. Before applying
ML, researchers must understand these and other limitations and develop a careful plan for

data acquisition, management, and processing.

3.6 Conclusions

In this chapter, we outlined an ML roadmap for PSC development and demonstrated
the principles using baseline models trained on currently available data. We included the
steps from start-to-finish for a given perovskite ML project, including (1) identify the material
question of interest, (2) obtain sufficient data for model training, (3) pre-process the data,
(4) apply feature engineering as needed, and (5) optimize and test the model. We presented
three examples showcasing this 5-step framework in action using MAPI and triple-cation
perovskites. First, we applied ML to time-series forecasting and predict PL from thin films
with an NRMSE of 14.3%. Second, we used ML to extrapolate device performance to
unseen temperature conditions (NRMSE = 5.5%). Finally, we extract film conductivity

from dark-field images alone (NRMSE = 19%). These example projects demonstrate the
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versatility of ML and its broad applicability to the perovskite field, and we refer readers
to our github repository to view all associated data and code, along with plain English
descriptions of all computational steps. Future ML models will identify leading factors for
perovskite degradation, integrate compositional discovery with long-term device stability,
and leverage imaging datasets to understand fundamental properties. Our framework is
also applicable to fields involving other renewable energy materials, such as thermoelectrics,
batteries, and catalysis.

ML, coupled with high-throughput or automated experimentation, offers a new
paradigm for conducting research in materials science and chemistry, with greater efficiency
and more in-depth physical insight than traditional trial-and-error methods. Materials re-
searchers in diverse fields ranging from phase mapping|97, 98| to quantum dots|99] to metallic
glasses[100] to photonics[101, 102] have begun transitioning to this novel approach. In the
perovskite scientific community, we propose a completely integrated ML pipeline that encom-
passes all three levels of PSC development (composition, material, and device) and includes
screening, fabrication, characterization, and stability testing. Such a paradigm would include
multiple models to establish feedback loops linking compositional discovery with long-term
material and device stability. Use of extensive data repositories, standard supplemental data
files, and physics-based ML strategies will facilitate tuning and testing steps for these mod-
els. There is a particular need for repositories of standardized perovskite stability testing
data, which could inform sophisticated time-series forecasting models that extrapolate to
unseen combinations of environmental stressors. This PSC pipeline takes advantage of our
current technological capabilities in ML, data science, and autonomous experimentation and

presents a rational pathway to accelerate the PSC commercialization process.

38



Chapter 4: High-throughput, Automated System for Environmental Photolu-

minescence

Traditional materials discovery and optimization relies on Edisonian, trial-and-error
methods which lead to long delay times between the first laboratory demonstration of a
promising technology and its commercial adoption. Perovskite solar cells (PSC) have seen a
meteoric rise in efficiency and research interest, but their development is hampered by this
slow, labor-intensive approach. Omne avenue to accelerate the process is high-throughput,
automated experimental systems, which gather large amounts of data from many candidate
materials in a short time. In this chapter, we design and fabricate an automated setup
for environmental photoluminescence (PL) spectroscopy, a common technique for perovskite
characterization requiring simple sample preparation and minimal time to acquire data (<2
seconds per spectrum). We construct a translation stage using two linear actuators and an
Arduino, then integrate temperature and humidity control, optical components, and real-
time monitoring and data analysis systems. Our in-situ PL system can accommodate up to

14 samples during a single experiment and collect > 3000 data files over 24 hours.
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4.1 Introduction to photoluminescence spectra in perovskites

Photoluminescence (PL) spectroscopy is a simple but valuable experimental technique
used to study light-matter interactions in semiconductors by collecting and spectrally re-
solving photons emitted through radiative recombination.[20] PL can be measured through
steady-state or time-resolved approaches. Steady-state PL uses a continuous laser excitation
focused onto a semiconducting material and a spectrometer to collect the resulting photons
(Figure 4.1).]20, 103] Time-resolved PL (TRPL) uses a pulsed laser and time-correlated
photon counting to measure the decay in radiative recombination after brief exposure to
the light source.|[104, 105] In this thesis, we focus exclusively on steady-state PL, which we
acquire over time as perovskite thin films are subjected to environmental stressors. We

emphasize the distinction between this time-series PL data and the TRPL technique.

Intensity (A.U.)

N
Wavelength (nm)

Figure 4.1: Schematic representation of a steady-state PL spectrum. The green
arrows denote the FWHM, and the black arrow identifies the peak wavelength.
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Features of a PL spectrum include the peak location, peak value, and the full width
half max (FWHM). Each feature provides unique information about the structure and charge
carrier dynamics within the material. In general, the PL peak should be located at or close to
the semiconductor bandgap. In perovskites, E, can be significantly modulated by adjusting
ratios of ions on the A, B, and X lattice sites. Fundamentally, these changes influence the de-
gree of frontier orbital overlap in the crystal structure. The BX;* octahedron is critical since
the B and X orbitals determine the valence band maximum (E,) and the conduction band
minimum (E.).[103, 106] In this work, we explore modulations in Cs* to FA™ ratio on the
A-site and in Br~ to I~ ratio on the X-site. Although the BX;* octahedron is what directly
determines the band gap, changes to the A-site alter the lattice strain and impact the degree
of overlap between the B and X orbitals.[107, 108] Density functional theory (DFT) calcu-
lations indicate further contributions from more complicated physical mechanisms, such as
hydrogen bonding between the A-site cation and the octahedron, which also impact E,.[109]
As expected, X-site modifications have more dramatic effects since they directly influence
E, and E..[110, 111]| Increasing electronegativity of the X anion correspondingly increases
the PL peak energy, a trend referred to as a blue shift.[112]

The PL peak value indicates the level of radiative recombination in the perovskite.
Defects in the material introduce localized trap states within the bandgap which promote
nonradiative recombination and decrease the PL signal.[113] However, not all trap states
are created equal. Some states are “shallow,” meaning they are located close to the band
edges. These states are likely to trap either electrons or holes, but not both, making them
less active in SRH recombination. Conversely, “deep” trap states can trap both electrons
and holes and are more active and therefore more harmful to solar cell performance. This
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is one reason why Si solar cells must be manufactured from extremely high-purity, low-
defect Si wafers.[114] Perovskites are known to be more defect tolerant compared to other
semiconductors, another property that makes them attractive for PV.[115, 116] This is often
attributed to a greater density of shallow traps, although the exact mechanisms behind this
remarkable defect tolerance is still an open question.[117, 118, 119]

The FWHM is a useful check to quantify peak broadening in the spectrum. In theory,
radiative recombination events should emit a photon equal to the semiconductor bandgap,
but in practice we see a wider range of wavelengths in PL spectra. Peak broadening occurs
for several reasons, including lattice defects, impurities, and phonon scattering, all of which
shift the photon emission energy.[103, 120] Inhomogeneous chemical composition can also
create bandgap variation between regions of the sample.

Environmental conditions such as light, humidity, temperature, bias, and oxygen affect
PL peak location, peak value, and FWHM.[13, 88, 121, 122, 123] These changes are dynamic
over time and often nonlinear. They are also heavily composition-dependent, making com-
parison difficult even between perovskites from the same family.[124] Traversing the large
perovskite compositional parameter space and studying the effect of all stressors (and their
combinations) is unfeasible on the time scale needed to commercialize and meet net zero car-
bon emissions goals. Machine learning (ML) can accelerate this process by learning trends
between compositional ratios and responses to environmental stressors. Further, time-series
predictions tracking PL over changing environmental conditions can simulate real-world op-
erating conditions and provide an estimation of how the perovskite will perform in the future,

akin to a weather forecast.

42



4.2 Measuring PL from multiple samples during a single experiment

To acquire sufficient data to train complex ML models such as deep neural networks,
we require high-throughput sample characterization methods. Since perovskite thin film
degradation occurs on a scale of days, it is extremely useful to measure multiple samples
over the course of a single experiment. Typical bulk PL set-ups do not have this capability,
consisting of a small, stationary sample chamber that is exposed to laser illumination either
continuously or at fixed intervals while data is acquired.[20] Here, we introduce a novel
characterization system enabling efficient data collection from many samples at once. The
design objectives for the new system are:

(i) Acquires data from several samples during a single experiment

(ii) Exposes all samples to the same set of environmental stressors such that data can
be directly compared

(iii) Allows for automated data analysis and real-time monitoring

(iv) Ensures reproducibility and consistent conditions throughout experiments lasting

up to seven days

4.3 System design

The experimental setup consists of several parts that work in tandem to meet the
design objectives. Environmental stressors are controlled and monitored using temperature
and relative humidity setups. A custom enclosure houses multiple samples, and a translation

stage allows all samples to be measured within a single experiment. These systems are
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integrated into a bulk PL setup consisting of an excitation laser, various filters and collection

optics, and a spectrometer to record the resulting spectra.

4.3.1 Temperature and humidity control

Temperature is regulated by a Linkam PE120 thermoelectric heating stage with struc-
tural modifications to interface with our sample chamber. Relative humidity is controlled
using dry and wet Ny lines. The wet line flow passes through a water bubbler to introduce
moisture, and the rate of flow is adjusted using a mass flow controller (MFC) to ensure
precise control and reproducibility. A temperature and humidity sensor with a +1.8% rela-
tive humidity accuracy and a +0.2°C temperature accuracy is mounted in the chamber. All
samples are located within 10 cm of the sensor. Sensor values are logged by an Arduino at

regular intervals coinciding with acquisition of PL spectra.

4.3.2 Sample chamber

The chamber was machined from an Al alloy to reduce weight while retaining high
strength. Figure 4.2 shows computer generated images of the final chamber, which measures
6 x 6 inches and can comfortably house up to 14 samples sized at approximately 0.5 x 0.5
inches. A sensor is mounted inside the enclosure to monitor the temperature and relative
humidity levels. The exit wires for the sensor are sealed with epoxy to prevent oxygen or
other contaminants from entering during the experiment. The lid is secured using a rubber
O-ring and screws to prevent leakage. The samples are loaded and sealed inside the chamber

while within a Ny-filled glovebox.
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Figure 4.2: Computer assisted design (CAD) images of the sample enclosure. (a)
View with opaque lid, (b) view with semi-transparent lid to show interior details.

4.3.3 Translation stage

The sample chamber is mounted onto a custom-built translation stage consisting of two
linear actuators with NEMA 23 stepper motors. Both actuators are fitted with flat platforms
to mount samples or other structures. We mount one actuator directly to the optical table,
referred to as the “x-direction actuator.” The second actuator, referred to as the “y-direction
actuator,” is mounted vertically onto the x-direction actuator platform such that rotation of
the stepper motor moves the y-direction platform up and down relative to the optical table
surface. Identical motor drivers control each of the stepper motors. An Arduino interfaces
with both drivers, enabling synchronous motion of the stage in the x and y directions. Figure

4.3 summarizes the key components and interconnects for the experimental system.
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Figure 4.3: Key experimental interconnects. Python code on a PC coordinates the laser
excitation source, spectrometer, and Arduino. Motion of the translation stage is controlled
by two motor driver-stepper motor-linear actuator assemblies. The Arduino records envi-
ronmental data from a sensor inside the sample chamber and operates both motor drivers.
Inert N, gas is flowed through the chamber for the duration of the experiment.

4.3.4 Bulk PL optical path

All PL spectra are measured using a Princeton Instruments HRS-300 Spectrometer
equipped with a CCD camera detector. A 532 nm power-tunable diode laser is used as the
excitation source, set to achieve a power density between 50-100 mW cm™2 for all experi-
ments. The excitation light is cleaned with a 532 nm center wavelength band pass filter (4

nm FWHM). The laser is directed to the sample using mirrors and remains fixed throughout
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the experiment while the chamber moves via the x-y translation stage. Emitted light is par-
tially collected using a condenser lens placed at its focal distance from the sample surface.
A second lens focuses this light onto the spectrometer entrance slit. A 630 nm long pass
filter is mounted inside a lens tube and attached to the spectrometer entrance to block stray
reflected light from the laser. Figure 4.4 shows the complete optical path schematically. The
spectrometer is operated using a grating (groove density: 300 gr/mm) which disperses the
collected light to generate PL spectra. Custom python code coordinates data acquisition

from the spectrometer with translation stage motion and sensor logging.
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Figure 4.4: Experimental optical path for bulk PL. A 532 nm diode laser excites the
perovskite sample, instigating PL. Condenser and focuser lenses collect the signal and direct
it to the spectrometer. An initial band pass filter cleans the laser emission and a long pass
filter mounted onto the spectrometer entrance blocks any reflected laser light.

Figure 4.5 contains photographs of all final system components, including a view of

the environmental PL collection system in action (Figure 4.5d).
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Figure 4.5: Photographs of the final setup. (a) Sample chamber with environmental
sensor mounted. Wires exit through an epoxy-sealed plug to connect to the Arduino. Scale
bar is one inch. (b) Aerial view with the two collection lenses labeled. The focusing lens
directs PL onto the spectrometer entrance. A long-pass filter is mounted directly onto
the spectrometer (not visible in the image) to block reflected laser light. (c) Assembled
translation stage with x- and y-direction components marked in yellow. The x-direction
motor driver is also shown (white arrow). (d) Close-up of the setup with the chamber
mounted with one sample loaded and laser on.
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4.4  Conclusions

This chapter introduces our custom experimental setup for bulk environmental PL. The
system includes temperature and humidity control, optics to collect PL, and a spectrometer
to resolve the emission wavelengths. One unique feature of the setup is its translation stage,
which creates a mobile sample chamber and allows for measurements from multiple samples
(up to 14) over the course of a single experiment. A “high-throughput” system is one that
operates at a larger scale than the basic system, often integrating automation or robotics.
Thus, our high-throughput environmental PL presents a scaled version of typical bulk PL
which enables us to quickly obtain a suitable amount of data (>3000 files in 24 hours with
the chamber loaded to capacity) to train ML models. We also introduce the PL technique,
outline its fundamental physics, and describe key data features such as the peak location,
peak value, and FWHM.

In the following chapters, we present results acquired from this system. Following
the ML roadmap outlined previously, large amounts of training data are acquired from
high-throughput optical measurements to develop ML models. This approach can be ex-
tended or applied to other perovskite studies and other optical measurements. For ex-
ample, other researchers have developed robotic-driven “auto-labs” with an eye on ML
integration.[38, 56, 71, 125] Continued advancements in technology will bring about even
more sophisticated automation strategies and encourage a transition from the classical Edis-

onian model of scientific research to a streamlined, data-driven approach.
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Chapter 5:  Environmental PL Spectroscopy on Halide Perovskites

A thorough understanding of the effect of environmental stress on perovskite solar
cells (PSC) is required prior to their commercial development. Fabrication of full devices
is costly and time-consuming, while contactless measurements such as in situ photolumi-
nescence (PL) spectroscopy require only thin films. Here, we study the environmental PL
response of Cs,FA;_,Pb(Br,l;_,)s perovskites, a promising compositional group for future
PV applications. We probe the charge carrier recombination dynamics as the films are
exposed (for 140 hours) to temperature and relative humidity (rH) cycles which mimic real-
world weather conditions. Our results show decreases in radiative recombination and a blue
shift in the emission spectrum of all compositions as temperature increases. We also find
that FA-rich perovskites have greater structural stability, and their thermal degradation is
almost completely reversible. Both Cs-rich and FA-rich compositions display an increase in
PL as humidity increases, but the linearity of the response and long-term trends are highly
variable. Red shifts in emission after several rH cycles indicate halide segregation, a known
issue in PSC, is occurring in many samples. Combining both the temperature and rH re-
sults, we find that mixed-site occupancy tends to enhance perovskite stability, with FA-rich,
[-rich compositions showing consistently high radiative recombination rates throughout the

environmental stressing experiments.
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5.1 Environmental PL on perovskites

Perovskite materials show great promise for next-generation photovoltaic devices. How-
ever, their long-term stability under standard operating conditions must be proven prior to
commercialization and widespread use. Here, we focus on the effects of relative humidity
(rH) and temperature, both of which are dependent on local weather patterns. These stres-
sors are highly variable, with significant fluctuations during day-night cycles. Climate zones,
elevation, and time of year also have profound impacts on rH and temperature. Therefore,
thorough studies spanning wide ranges of environmental conditions are needed to accurately
evaluate the effects of weather on perovskites of varying composition.

In this work, we probe the effects of environmental stress on mixed cation perovskites to
increase understanding of the promising Cs-FA compositional space. We also explore halide-
mixing using I~ and Br™ anions. The prototypical perovskite composition is methylammo-
nium lead triiodide (MAPbI3), which contains the MAT (CH3NHZ) cation on the perovskite
A-site, Pb?T on the B-site, and the halide I~ on the X-site. However, MAPbI; is structurally
unstable at elevated temperatures, and the MA™ cation is chemically volatile.[89, 123] Conse-
quently, MAPbDI3 quickly degrades to MAI and Pbl, under thermal stressing, even in an inert
atmosphere. To avoid the detrimental effects of MA™T, we instead occupy the A-site with
formamidinium (FA™) and cesium (Cs™). Both of these cations form perovskites (FAPDbI;
and CsPbl;) with greater thermal stability at high temperatures.[126] CsPbls is of particu-
lar interest as a purely inorganic composition with superior resistance to temperature- and
moisture-induced degradation.[127] Despite its high-temperature stability, CsPbl; undergoes

a deleterious phase transition from the “black” photoactive cubic («) phase to the “yellow”

o1



photoinactive orthorhombic (d) phase at room temperature.[128, 129| Further, its band gap
(1.73 eV)[130] is wider than the ideal 1.4 ¢V for a PV cell to absorb the maximum number
of photons from the solar spectrum. FAPbI3 has a near-ideal band gap of 1.48 eV, but also
lacks room-temperature phase stability.[107, 126|

The origin of phase stability in these materials lies within the perovskite structure
itself. The ABXj structure consists of corner-sharing BX;* octahedra with the A-site cation
occupying cuboctahedral cavities formed by the octahedral network.[108] Changes to the
A-site have direct impacts on the lattice strain and the degree of octahedral tilting. The
impact of these lattice distortions on structural stability is quantified using the Goldschmidt
tolerance factor (t) as in Equation 5.1 below, where r4, 75, and rx are the A-, B-, and X-site
ionic radii.

TA+TXx

= T (5.1)

The ideal range of t for a perovskite is 0.9-1.0. Structures with tolerance factors 0.8-0.9
or 1.0-1.1 can still be stabilized, but exhibit greater octahedral tilt and lattice strain.[129]
Adding Cs™ to the A-site of FAPbI3 shifts the tolerance factor into the ideal range and
increases structural stability while reducing trap density.[131] Alloying also makes the « to
d phase transition unfavorable. This effect is driven by entropic gains from mixing FA* and
Cs™ and the high energy of formation for the § phase containing both cations.[128|

Mixed halide perovskites are beneficial for semiconducting applications since they
provide band gap tunability over a wide range and tend to produce highly efficient PV

devices.[4, 127, 132] The complete compositional space investigated in this chapter is shown
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in Figure 5.1. We focus on FA-rich compositions because their band gaps are more ideal for
PV, as previously discussed. The 10 compositions displayed are referred to throughout this

chapter using their ID number as assigned in Figure 5.1.
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Figure 5.1: Compositional space of the perovskite films. Ratios of Cs:FA are varied,
with a greater number of FA-rich samples since these have more promising band gaps for
solar cell applications. The halide ratio is also varied, focusing on I-rich compositions. The
samples are labeled 1-10 according to their compositional mix.

Here, we investigate the effects of repeated temperature and rH cycling on the optical
response of Cs,FA;_,Pb(Br,I;_,)s perovskite thin films by implementing environmental,
in situ PL spectroscopy. The 6-hour cycles imitate day-night weather variations and are
modeled based on typical summer weather in Sacramento, CA, where each cycle represents
one day. For example, during a single temperature cycle the chamber environment will heat
a typical summer high (30 to 50°C), cool to a typical summer low (15 to 25°C), then return
to an intermediate temperature before beginning the next cycle. We quantify the thin films’
real-time optical behavior using in situ PL spectroscopy, employing the high-throughput

experimental system discussed in Chapter 4. The PL spectrum provides insight into the
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radiative carrier recombination rate within the perovskites, which is directly linked to the
presence of trap states and lattice defects. Additionally, the value of the integrated PL
spectrum, termed absolute PL, is proportional to the Voo and, thus, a strong indicator of

PV device performance.

5.2 Experimental methods

5.2.1 Thin film fabrication

The samples investigated here were fabricated by our collaborators in the Correa-Baena
group at Georgia Institute of Technology.[19] Due to the poor solubility of CsBr in common
solvents like DMF and DMSO, 0.4 M perovskite precursor solutions are prepared for thin
film fabrication. Ratios of Cs:FA and Br:I are tuned using four master solutions of 0.4 M
CsPbls, FAPbI3, CsPbBrs, and FAPbBr;. The master solutions are generated by dissolving
combinations of chemical precursors under mild heat at 65°C for 1 hour. Solutions are
prepared in a Ns-filled glovebox with <2 ppm of Oy and H,O. Perovskite solutions with
desired Cs,FA;_,Pb(Br,l;_,)s; compositions are produced by mixing the master solutions in
corresponding molar ratios.

The perovskite precursor solution is spin-coated onto a conductive glass, fluorine-tin-
oxide (FTO) coated substrate pre-heated to 65°C using a two-step spin-coating process.
The first spin-coating step is 10 seconds at 500 rpm with an acceleration of 250 rpm s~!.
The second step is 70 seconds at 2000 rpm with an acceleration rate of 1000 rpm s™!. An

antisolvent, CB (250 pL) is dripped onto the sample 5 seconds before the end of the second

step. Following the spin-coating, all films are annealed for 5 minutes at 65°C.
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5.2.2 Environmental PL spectroscopy

A 532 nm power-tunable diode laser is used as the excitation source for PL. The laser
power is set to achieve a power density of 50-100 mW cm~2 for all experiments. The excitation
light is cleaned with a 532 nm center wavelength band pass filter (10 nm FWHM). The laser
is directed to the sample using mirrors and remains fixed throughout the experiment while
the chamber moves via the x-y translation stage. Emitted light is partially collected using
a condenser lens placed at its focal distance from the sample surface. A second lens focuses
this light onto the spectrometer entrance slit. A 630 nm long pass filter is mounted inside a
lens tube and attached to the spectrometer entrance to block stray reflected light from the
laser. The spectrometer is operated using a 300 g/mm grating which disperses the collected
light to generate PL spectra.

The environmental conditions of all measurements are controlled using a thermoelectric
heating stage and dry and wet Ny flow lines for tunable temperature and rH (see Chapter 4
for details). A temperature and humidity sensor is mounted in the chamber with all samples
located within 10 ¢cm of the sensor. The sensor is accurate to +1.8% relative humidity
and +0.2°C. Sensor values are logged by an Arduino at regular intervals coinciding with
acquisition of PL spectra. The sample enclosure is loaded in a sealed Ns-filled glovebox
with a tH <1% to prevent exposure to air. The chamber is mounted onto a custom-built
translation stage consisting of two linear actuators which enable x and y motion (Figure 4.3,
4.5). During the experiment, the stage shifts to expose each sample to the laser in turn, then
holds so that spectral PL data can be acquired. The hold time is 15 seconds per sample, and

data is collected from each sample every 6 minutes. All samples are simultaneously exposed
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to the same environmental conditions and experience identical laser excitation for the same

total amount of time.

5.3 Temperature cycling results

First, we investigate the effects of temperature on Cs-FA perovskites. To eliminate
effects of other environmental stressors, Ny gas is continually flowed through the sample
chamber and the rH is kept <3%. Samples 7, 8, and 10 were subjected to regular temper-
ature cycling from 15 to 45°C, a typical temperature range for summertime in Sacramento.
Eight 6-hour temperature cycles imitate one week of summer weather. We choose these three
FA-rich compositions for their ideal tolerance factors (0.9-1.0) and homogenous microstruc-
ture post-annealing.[19] PL spectra for each sample were acquired every six minutes, giving
a total of 480 spectra per sample over the experiment. Figure 5.2a shows the maximum
PL values for the three compositions in teal (sample 7), blue (sample 8), and gray (sam-
ple 10). The red dashed line indicates the synchronous temperature profile experienced by
all samples. The trends in Figure 5.2a are as expected for perovskite materials, showing a
substantial decrease in PL as the temperature increases followed by PL recovery as the tem-
perature decreases.[103]| Physically, this behavior is caused by the addition of thermal energy,
which increases the probability of exciton dissociation and non-radiative recombination. The
temperature dependence on PL is approximately linear throughout the duration of the ex-
periment with no long-term degradation observed even after eight cycles. The peak shifting
trends (Figure 5.2b-d) are also consistent with prior results for perovskites. All samples show

a blue shift at high temperatures and a red shift at low temperatures, although the magnitude
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of these shifts differs. Most semiconductors, including silicon, show the opposite behavior
(red shift as temperature increases) due to changes in the Fermi distribution and weakened
interatomic bonding as the lattice undergoes thermal expansion.[133] However, temperature
also affects electron-lattice interactions, causing movement of the conduction and valence
band edges. The exact origin of the temperature-induced PL blue shift in perovskites is
still debated. Likely contributors are the reversed ordering of states in the electronic band
structure|[134] and unusually strong electron-phonon coupling that is sensitive to octahedral

tilting.[135]
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Figure 5.2: Temperature-dependent maximum PL and peak shift of mixed-cation
perovskites. (a) Maximum PL intensity tracking for sample 7 (teal), 8 (blue), and 10 (gray)
over time. The secondary y-axis denotes the temperature (red dashed line). (b)-(d) Shift in
the PL peak location during the temperature cycling. The horizontal dashed line indicates
the initial peak location in nm. Data was acquired simultaneously from the three samples.

To better illustrate the dramatic spectral evolution in the PL signal, we plot all collected
spectra from a single temperature cycle (Figure 5.3), divided into those collected during

heating, cooling, and holding at the coldest temperature. Note that during the temperature
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hold there is no discernable change in the spectrum shape or peak value. This result verifies

that temperature shifts are what gives rise to all observed variation in the PL time series.
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Figure 5.3: Spectral evolution of PL emission during a single temperature cycle.
PL spectra plotted as the perovskite is heated to 50°C over 2.5 hours, cooled to 15°C over

2.5 hours, then held at 15°C for 1 hour for samples 7 (a-c), 8 (d-f), and 10 (g-i).

Black

arrows denote passage of time as the spectrum color changes from purple to beige. Spectra
for all samples are collected every 6 minutes.

We further probe the effect of dynamic temperature changes by altering the tempera-

ture profile to reflect the irregularities in weather patterns. In the real world, it is very rare
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for subsequent days to have the exact same high and low temperatures, though the range
of high and low values will remain relatively consistent during a 1 or 2-week period of a
season. With this constraint in mind we generate more realistic cycles, allowing the high
temperatures to vary within a range of 30 to 50°C and the low temperatures within a range
of 15 to 25°C. Figure 5.4 shows the final profile (black lines), which consists of 22 cycles
each lasting 6 hours. We also expand the compositional space to include all samples 1-10.
The evolution of maximum PL intensity for each of the 10 samples (Figure 5.5) maintains
the previously observed linear dependence even with the added irregularity in temperature
profile.

However, there is evidence of long-term degradation in many of the samples. Figure
5.4 tracks the PL peak for each of the samples. Again, we observe a strong correlation
between the temperature (black lines) and PL intensity (colored lines). Over the course of
22 irregular temperature cycles some samples show a broader decrease in PL after repeated
heat stress events. This decay is most stark for samples 1 and 3, with more subtle trends
displayed by other samples such as 2, 4, and 9. Other compositions, like samples 7 and 10,

show little decay.
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Figure 5.4: Effect of irregular temperature cycling on PL. Maximum PL intensity
for samples 1-10, as indicated (a)-(j), subjected to irregular temperature cycling for 132
hours. The temperature profile is shown (black line) on each plot. The left y-axis denotes
the normalized PL while the right y-axis is the normalized temperature (colored and black
arrows are shown as a guide to the eye). Each temperature cycle is 6 hours with a high value
between 30 and 50°C and a low value between 15 and 25°C.

To analyze these trends in more detail, we visualize the sample-dependent spectral
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evolution in Figure 5.5a-j. Spectra are plotted from five time points during the experiment:
0 hours, 10.5 hours, 58 hours, 82 hours, and 137 hours. At each of these time points, the
environmental conditions in the sample enclosure were identical (23°C, rH <3%). Therefore,
although the conditions when the spectra were collected are consistent, their location within
in the PL time series differs. In almost every sample, the PL shows a decay which accumulates
over time. The recovery in PL from the first marked spectra (taken at 0 hours) to the final
spectra (taken at 137 hours) ranges from 95% (sample 7) to only 35% (sample 1). The average
recovery is 63% with a standard deviation of 15%. Lack of complete PL recovery could be
indicative of irreversible changes in the material, which may be chemical or morphological in
character. To verify this observation, we rested the samples in a dark, Na-filled environment
for 12 days and subsequently found significant increase in their PL response. Recovery in
comparison to the PL spectra acquired at 0 hours ranges from 100% (samples 2, 7, and 9) to
61% (sample 3) with an average of 85% and standard deviation of 13%. This result indicates
a strong time-dependence on perovskite optical recovery upon temperature stressing and is
consistent with previous observations about rest and recovery in PSC.[55] One explanation
for this behavior is that although degradation is reversible, it is driven by a kinetically
limited process that requires days to complete. Therefore, over the fast time scale of the
experimental temperature cycles (6 hours per cycle), the samples are unable to recover
sufficiently, and a long-term trend of accumulated degradation appears. Contributions from
irreversible degradation processes are also possible, particularly for samples which were not

able to completely recover the PL even after 12 days rest.
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Figure 5.5: Spectral evolution over 21 irregular temperature cycles. PL spectra for
samples 1-10 as marked in subplots (a)-(j) plotted at five time points during the 132-hour
experiment. Each spectrum is taken under identical environmental conditions (23°C, rH
<3%) at the following time points: 0, 10.5, 58, 82, and 137 hours. Spectra are normalized
relative to the t=0 spectrum. Black arrows denote the passage of time from the lightest to
darkest spectrum.

The response to temperature and subsequent recovery are also highly dependent on the
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perovskite composition. Compositions with higher FA* content show more rapid recovery
and resistance to long-term degradation. These observations are in line with fundamen-
tal understandings of phase stability in perovskites, which rely on minimizing lattice strain
and maximizing enthalpy of formation for undesired photoinactive phases. This is because
reduced lattice strain leads to lower defect concentrations which increases carrier lifetimes
and decreases incidences of non-radiative recombination. In the FA-Cs system, adding the
smaller Cs* cation increases the structural stability of the lattice. However, the effect is
limited as too many Cs™ ions will unfavorably shrink the lattice, imposing strain and push-
ing the tolerance factor below the ideal range for a cubic perovskite. Based on our results,
a modest Cs™ content of 10-30% yields the greatest thermal stability. This is consistent
with previous results showing ease of fabrication and high efficiency for Fa;_,Cs,Pbls with
15-25% Cs™.[108, 128, 136] Small amounts of Cs* have also been shown to produce highly
oriented perovskite films, reducing non-radiative recombination by suppressing trap state
formation.[137] By contrast, the two compositions with the highest Cs™ content (samples 1
and 2) display irregular PL peak shapes and large decays over the course of the temperature
cycling tests (Figure 5.5). The effects of halide content are more difficult to discern given
only three Br:I ratios were studied. Of these, the Br-rich compositions (samples 1-5) show
poorer PL emission and recovery compared to the high-performing samples. Previous stud-
ies have shown that a small amount of the Br™ anion stabilizes FAPbI; due to its higher
electronegativity compared to I7. This creates a stronger Coulombic interaction between the
halide and the A- and B-site cations, which suppresses unwanted phase changes. Conversely,
Br-rich compositions can lead to increased halide segregation, which generates defect trap

states that act as centers for non-radiative recombination.|[14| Sample 7, with composition
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(Csa/6FA4/6)Pb(Bry/215/2) combines the positive effects of both A-site and X-site alloying,
leading to a high-performing material that shows negligible long-term degradation even after

22 temperature cycles (Figure 5.4, 5.5).

5.4 Humidity cycling results

We also investigate the effects of rH on the same Cs-FA perovskite compositions. Here,
we hold the temperature constant at 22°C and cycle the rH from 5-70%, again modeling
based on typical Sacramento summer weather. Samples 1-10 are exposed to eighteen 6-hour
rH cycles. All other experimental conditions are identical to the temperature cycling ex-
periments. Note that while the sample compositions are consistent, we use fresh pieces of
each and adjust optical fine-tuning between experiments. Therefore, any direct quantitative
comparison between the temperature and rH cycling results must be done with caution.
Here, we focus on qualitative and relative comparisons, tracking time series evolution of nor-
malized figures of merit. Figure 5.6 illustrates the transitions in PL for three representative
samples (7, 8, and 10) over the course of one rH cycle. Contrary to the temperature-induced
degradation, the initial increase to 70% rH produces a significant enhancement in radiative
recombination all samples. As the rH decreases to <5%, a corresponding decrease in PL

peak value is observed.
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Figure 5.6: Spectral evolution of PL emission during a single humidity cycle. PL
spectra plotted as the relative humidity (rH) is increased to 70% 2.5 hours, decreased to
<5% over 2.5 hours, then held at <5% for 1 hour for samples 7 (a-c), 8 (d-f), and 10 (g-i).
Black arrows denote passage of time as the spectrum color changes from purple to beige.
Spectra for all samples are collected every 6 minutes.

This result is inverse to the behavior of typical solar cells, which show a loss in per-
formance upon exposure to humid air.[138, 139] However, similar effects have been observed
in perovskite material systems. The presence of moisture in the environment passivates

trap states located within the semiconductor band gap. This reduces the prevalence of non-
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radiative recombination events and gives rise to this seemingly counterintuitive behavior.
While the general trend of humidity-induced PL enhancement is consistent for all samples,
we observe composition-dependent fluctuations in behavior both across single cycles and over
the course of several days of cycling (Figure 5.7). Most samples show an overall increase
in the maximum PL intensity over many cycles, in some cases reaching the CCD detector
saturation point (sample 5, 10). Higher FA™ content (samples 5, 8, 10) show high sensitiv-
ity to the presence of moisture compared to those with lower FAT content (samples 1, 2).
The low-FA™ samples also display a plateau in PL increase after 5-10 rH cycles. Once this
plateau is reached, the accumulated PL enhancement after each rH cycle is minimal. Two
samples (3, 9) show drastically different behavior. Rather than accumulating PL enhance-
ment over time, the material undergoes a decrease and subsequent plateau. Samples 3 and
9 have intermediate Cs:FA ratios and are located at the extremes in terms of tested halide
content, with chemical formulas (Csz/sFA3z/6)Pb(Brily) and (Csg/sFAsz/6)Pbls, respectively.
Interestingly, the intermediate halide composition (Csz/sFA3/6)Pb(Bry/2l5/2) (sample 6) does

not display the same trend.
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Figure 5.7: Effect of humidity cycling on PL. Maximum PL intensity for samples 1-10
(a)-(j) subjected to relative humidity (rH) cycling for 118 hours. The rH profile is shown
(black line) on each plot. The left y-axis denotes the normalized PL while the right y-axis
is the normalized temperature (colored and black arrows are shown as a guide to the eye).
Each 6-hour cycle ranges from <5% to 70% rH while the temperature is held constant at
22°C.
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To visualize the long-term spectral evolution from rH cycling, we again plot several
spectra taken under identical environmental conditions (rH <5%, T = 22°C) for each sample
(Figure 5.8). The spectra shown were acquired after the 2nd, 7th, 12th, and 17th cycles.
The final, darkest spectrum was taken after all 18 rH cycles were completed and the samples
were held an inert rH <5% condition for 10 hours. Most of the samples (1, 4, 5, 6, 7) exhibit
a red shift in PL peak location and a broadening of the PL emission spectrum over repeated
rH cycling. The observed peak shift ranges from 10 nm (sample 7) to over 20 nm (sample
1). Notably, the pure-I compositions (samples 9 and 10) show negligible peak shifting. Since
[~ is larger than Br™, it distorts the atomic lattice, weakening atomic orbital overlap and
reducing the bandgap. Ion migration in mixed-halide compositions into I-rich and Br-rich
domains will thus manifest macroscopically as a decrease in bandgap, a shift to longer PL
wavelengths, and a broadening of the emission peak.|77, 129]| Therefore, we can attribute
the observed multi-cycle trends in peak location and width to likely halide segregation.

In terms of the peak PL value, the A-site composition exerts significant control over
the multi-cycle behavior. FA-rich compositions (samples 4, 5, 7, 8, 10) display the greatest
moisture-induced enhancement in radiative recombination, while the Cs-rich compositions
(samples 1, 2) show limited improvement. Compositions with a 1:1 Cs:FA ratio display
contrasting effects, some exhibiting a decrease in PL intensity (samples 3, 9) and one showing
a significant increase (sample 6). These trends could be due to local phase segregation,
microstructural inhomogeneity and voids, or structural distortions dependent on the Br:I
ratio.[19, 129] Further investigation is needed to determine the specific physical mechanisms
for PL enhancement and decay in these samples. Our results demonstrate the remarkably

complex interplay between rH and PL in perovskite films, which we show is heavily dependent
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on both composition and time of exposure.
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Figure 5.8: Spectral evolution over 18 humidity cycles. PL spectra for samples 1-10
(a)-(j) plotted at five time points during the 118-hour experiment. Each spectrum is taken
under identical environmental conditions (22°C, rH <5%) after 2, 7, 12, and 17 cycles. The
final spectrum is taken after 18 cycles and a 10-hour rest in an inert atmosphere. Black
arrows denote the passage of time from the lightest to darkest spectrum.
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5.5  Conclusions

To conclude, we have presented a study of environmental PL on 10 Cs-FA-containing
lead halide perovskite films of varying composition. We employ a high-throughput optical
characterization system using a translatable sample stage to acquire PL spectra from samples
subjected to regular temperature and humidity cycling as well as irregular temperature
cycling. Conditions were selected to mimic summertime weather in Sacramento, CA and
each experiment consists of 8-18 cycles, representing several weeks of typical environmental
exposure.

Our temperature-cycling results reveal a strong, near-linear PL response and blue shift-
ing of the peak at high temperature. After 22 cycles of irregular temperature fluctuations, we
observe irreversible degradation in several samples. The FA-rich compositions with modest
(10-30%) Cs™ content exhibited less irreversible losses in radiative recombination and greater
thermal resistance due to their structural and phase stability. On the halide site, small ad-
ditions of Br~ (17%) led to faster PL recovery as the increased anionic electronegativity also
improves structural stability. Sample 7, composition (Csy/sFA4/6)Pb(Bry/2l5/2), showed the
most advantageous A- and X-site mixing and recovered 100% of the initial PL output even
after 22 cycles of thermal stressing.

The rH-dependent PL also supports the efficacy of mixed-composition perovskites.
Most compositions studied showed increases in radiative recombination as band gap
trap states are passivated by H;O. The FA-rich perovskites had the starkest moisture-
dependent responses, led by sample 5 and 10 (compositions (Cs;/6FA5/6)Pb(Bril,) and

(Cs1/6FA5/6)Pbls, respectively). The four weakest PL enhancements were all from sam-
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ples with 50% or more Cs* content on the A-site, with two of these (samples 3 and 9)
showing an overall decrease in PL after 18 rH cycles. Our results also show red shifting
and broadening of the emission spectra over the course of multiple rH cycles in most of the
mixed-halide compositions. This is a signature of halide migration. However, all of these
samples still showed an overall PL increase over the course of the experiment. Based on both
the temperature and rH results, the FA-rich samples (5, 7, 8, and 10) presented the great-
est environmental resilience and consistently high levels of radiative carrier recombination,
signaling their potential for use in perovskite PV devices.

The large amount of data presented in this chapter (>10,000 PL spectra per experi-
ment) is also sufficient to train predictive ML models. In the following chapter, we apply
various time series forecasting algorithms to the dataset which generate predictions of max-

imum PL intensity using only the environmental parameters (temperature and rH).
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Chapter 6: Quantitative Time Series Forecasts of Perovskite Photoemission

Ensuring long-term stability is the largest remaining hurdle to perovskite photo-
voltaic (PV) commercialization. Current testing procedures are costly and time-intensive,
making them infeasible to conduct for the entirety of the vast perovskite compositional
space. Improved material screening processes, which leverage high-throughput data acqui-
sition, automated analysis, and machine learning (ML) pipelines, can greatly accelerate
the design process. In this chapter, we apply linear regression, recurrent neural networks,
and auto-regressive moving average models to forecast the photoluminescence response in
Cs,FA;_,Pb(Br,I;_,); perovskite films subject to temperature and rH cycling. The cham-
pion models achieve average errors of <8% (temperature cycling task) and <11% (rH cycling
task) with forecast windows spanning 8 to 11 day-night cycles. This work demonstrates a
broadly applicable ML framework that can be extended to other combinations of environ-
mental stressors and perovskite compositions. Time-series forecasts, in concert with in-
depth materials studies and real-world field testing, comprise a rational approach to stable

perovskite device development and eventual commercial adoption.
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6.1 Introduction to time series forecasting

Perovskite solar cells (PSC) have shown great promise as next-generation PV de-
vices, but their degradation under standard operating conditions hinders their commercial
adoption.[140, 141] Studies of PSC stability can last for weeks or months, making it un-
tenable to fully investigate every possible perovskite composition. Machine learning (ML)
serves as a toolkit to hasten the vetting and commercialization processes. Specifically, time
series predictions of optoelectronic performance based on past behavior can quickly identify
which candidate perovskites are likely to remain stable over long periods. This drastically
reduces the amount of time needed to identify and thoroughly test promising compositions.
Beyond materials screening, time series forecasting has applicability for real-time data an-
alytics of PSC operating in the field. For example, a homeowner with PSC modules could
receive an automated forecast of output from the solar system over the following several
days and adjust their electricity consumption to better align with times of highest power
production. Conceptually, this is similar to checking the weather forecast and planning an
outdoor activity on a day with a low chance of rain. These predictions are especially im-
portant for PSC, which have reversible degradation pathways and are highly sensitive to
changes in environmental conditions such as ambient temperature|75, 88, 89| and relative
humidity (rH).[12, 77]

Time series prediction is a common task in ML and has been applied successfully in
other energy-centric applications, such as predicting remaining lifetime in batteries based
on discharge characteristics,[35] determining future solar irradiance using historical data,|32]

and estimating production from Si solar panels from images of cloud cover.[31] However, few
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researchers have applied similar techniques to PSC development. Many ML approaches in the
field seek to accelerate the compositional screening process, often using simulations or high-
throughput data acquisition systems to train the models.[54, 67, 70, 72| Other work includes
defect identification and fabrication optimization for spiro-OMeTAD thin films[56, 95| and
single point predictions of perovskite film degradation under environmental stress.|76]
Here, we implement time series forecasting models to predict the maximum photolu-
minescence (PL) emission from mixed-cation, mixed-halide perovskite thin films subjected
to temperature and rH cycling. The details regarding the environmental PL. measurements
are provided in Chapter 4 and 5. Three ML algorithms are applied to the data: linear re-
gression, Echo State Networks (ESN), and Auto-Regressive Integrated Moving Average with
eXogenous variables (ARIMAX). Using these computational tools, we generate forecasts of
PL performance 8+ cycles into the future with an average normalized root mean square error
(NRMSE) of <8% for the temperature cycling prediction task and <11% for the rH cycling
task. This work expands upon our previous ML research[27, 49| by extending the range of
environmental stressors and widening the predictive window. Moreover, we develop com-
putational frameworks that are composition-agnostic, applying identical steps to PL data
from perovskites with varied Cs:FA and Br:I ratios. The low average error of our models
shows the remarkable ability of ML to generalize across feature spaces and adapt to diverse
datasets. This indicates that our methods can be extended to other environmental condi-
tions and perovskite compositional groups, as well as to full PSC devices and, eventually, to

operational PV arrays.
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6.2 Computational methods

6.2.1 Data preprocessing

As described in Chapter 4, data is acquired in the form of PL spectra at sequential
time points. The temperature and rH in the chamber are measured simultaneously and their
values are associated with each spectrum. Sampling rates for all experiments were adjusted
so that every sample was measured at 6-minute intervals, for a total of 10 spectra per hour
per sample. With 10 samples, this amounts to 100 spectra per hour and 14,000 total spectra
for our 140-hour experiments.

Data is sorted into a dictionary with keys for each sample ID. The PL .csv files are
divided by sample and inserted into the dictionary as wavelength vs intensity. Calculations
are performed on each file to extract the maximum PL value (a.u.), the peak location (in
nm), the integrated absolute PL (a.u.), and the FWHM (in nm). In summary, each “data
point” contains the following information:

(1) Full PL spectral data as wavelength vs intensity

(2) Time at which spectrum was acquired (in minutes, from beginning of the experi-
ment)

(3) Temperature and rH at the time the spectrum was acquired

(4) Spectrum figures of merit (maximum PL, peak location, absolute PL, FWHM)

To prepare the data for ML, we first trim the dataset so that only the hours of tem-
perature or rH cycling are included. In other words, we remove hours at the beginning and

end of the dataset where the samples were held in steady environments to equilibrate (see
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Figures 5.4 and 5.7). We are left with 132 hours of data for the irregular temperature cy-
cling and 118 hours of data for the rH cycling (Figure 6.1). This is important because our
time series forecasting models will learn long-term trends which imitate real-world weather
conditions and segments where the environment is artificially held constant will negatively
impact learning and predictive capability. Next, we normalize the temperature, rH, and
maximum PL such that their values vary from -1 to 1. This is necessary for the neural

network activation functions to avoid runaway growth of network weights.|52]
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Figure 6.1: Environmental datasets used for ML. (a) Temperature cycling and (b)
relative humidity (rH) cycling data are split into training/validation and testing sets. The
dark gray regions are removed prior to MLL model development.
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6.2.2 Linear regression predictions on environmental PL data

We apply a baseline linear regression model to the PL time series. Temperature and
rH (Figure 6.1) are the sole inputs to the regression. The model is trained on 50% of the
data using a least-squares curve fitting method to determine the a, b, and ¢ constants. The
remaining 50% of the data is used for testing. The regression equation to predict the PL at
time n is as follows:

PLyea(n) =axT(n)+bxrH(n)+c (6.1)

The test performance is evaluated using the normalized root mean square error

(NRMSE):

" (Zgz - yi)2
=1

NRMSE(%) = 100 * n (6.2)

Ymaz — Ymin

Where n is the number of data points, ¢ is the predicted PL, and y is the experimentally
observed PL. The normalization step (Ymaz — Ymin) enables direct quantitative comparison

between all ML models.

6.2.3 Echo state network predictions on environmental PL data

An Echo State Network (ESN) is applied to the environmental PL data.[45] We use
an open-source Python implementation (pyESN) as our ESN algorithm. See Appendix B
for full descriptions of all code used in this chapter. The network contains 250 nodes with
a sparsity of 0.1. We use 50% of the data for training and validation and 50% for testing.

During training, the ESN updates the network states in a sparsely connected neural network
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to minimize the NRMSE. The update equation for each network state (X) is:

X(n) =tanh(Wi,[rH,T(n)] + WX (n — 1)) + Cv(n) (6.3)

The prediction function is:

PLyea(n) = Wou[rH, T(n) : X(n)] (6.4)

The hyperbolic tangent is used as the activation function for network updates. The
network weights — input weight matrix W, , output weight matrix W,,;, and reservoir weight
matrix W — are randomly generated at the start of the training. The update process uses the
input weights for the incoming environmental data vector rH, T'(n) and the reservoir weights
from the previous time step X (n —1). Random noise is added as a regularization parameter
to mitigate overfitting, where C is the noise scaling and v(n) is the noise vector. The
prediction function uses the output weight matrix, the environmental data vector, and the
network states set during training to calculate the PL at time n. Network hyperparameters
(noise and spectral radius) are set using a grid search approach on the validation set. The

predictive performance is then evaluated using the test set, as will be shown in Section 6.3.

6.2.4 Auto-regressive integrated moving average predictions on environmental

PL data

We generate statistical time series forecasting models for the PL data. The Auto-

Regressive Integrated Moving Average with eXogenous regressors (ARIMAX) model is used

78



as the baseline for both the irregular temperature cycling and rH cycling data. In the latter
case, we also introduce a seasonality component to the algorithm and use a Seasonal ARI-
MAX (or SARIMAX) model. The Python statsmodels module is used for implementation
of both variants. Again, 50% of the data is used for training and 50% for testing. The
(p,d, q) parameters for ARIMAX and the additional (P, D, @, s) parameters for SARIMAX
are determined using stationarity tests and examination of the autocorrelation and partial

autocorrelation plots for the training data. The full SARIMAX equation is:

AdAgth,pred = 0(B)’A"PL, + ¢(B)? A%, + B,urH, + BrT;

+0(B)PAPPL, + ®(B)9AP¢, + AYAP¢, (6.5)

Where A is the differencing operator and B is the backshift operator. Therefore, the
0(B)PA?PL; term represents a polynomial function with terms for each lagged time step up
to p for the differenced time series. The coefficients for each term are included in 6 and d is
the order of differencing applied to the data. The other terms in the equation are interpreted

as follows:

o AIAD PLi preq: predicts PL value at time ¢ with differencing of order d and seasonal

differencing of order D applied

e ¢(B)4A%;: polynomial function of the lagged error terms with order ¢, coefficients ¢,

and differencing of order d applied
o [B,.yrH;: rH value at time ¢t multiplied by coefficient 3,y

e (7T, temperature value at time ¢ multiplied by coefficient S
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e O(B)PAPPL;: polynomial function of lagged seasonal terms with order P, coefficients

O, and differencing order of D applied

e ®(B)?ADl¢;: polynomial function of the lagged seasonal error terms with order @,

coefficients ®, and differencing order of D applied
o AYAD¢;: error term with differencing of order d and seasonal differencing of order D

For the ARIMAX model, the terms including seasonality (5th and 6th) and all seasonal
differencing operators AL are removed. During training, all coefficients (6, ¢, 8,1, Br, ©, ®)

are set. The predictive performance is then evaluated using the test set.

6.3 ML results and discussion

6.3.1 Forecasting temperature-dependent PL response

We apply three ML algorithms of varying complexity to time series PL data from
Cs,FA;_,Pb(Br,I;_,); perovskites. See the previous chapter for a detailed description of
the samples used and the data acquisition methods. Table 6.1 reviews the compositions
for the samples, which are numbered 1-10 (see Figure 5.1 for graphical representation of
the sample space). Here, we focus solely on computational methods to identify the most
promising approach for perovskite time series forecasting. To evaluate how well ML, models
can predict over a compositional range, we use standardized methods across the sample set.
This adaptability is critical given the vast compositional space for metal halide perovskites.
The practicality and time effectiveness of ML methods would be severely reduced if different

optimization processes requiring human inputs were necessary to train a different model

80



for every sample (in this case, the human time cost to fit all samples would be increased 10x).

Sample ID Chemical formula Br:I ratio Cs:FA ratio

1 (Css/6FA 1 /6)Pb(Br1lz) 1:2 5:1
2 (CS4/6FA2/6)Pb(B1“112) 1:2 2:1
3 (CSg/GFAg/G)Pb(BIIIQ) 1:2 1:1
4 (CSQ/GFA4/6)Pb(Br112) 1:2 1:2
5 (CSl/GFA5/6)Pb(Br112) 1:2 1:5
6 (CSg/ﬁFAg/G)Pb(Br1/215/2) 1:5 1:1
7 (CSQ/6FA4/6)Pb(Br1/215/2) 1:5 1:2
8 (Csl/6FA5/6)Pb(Br1/215/2) 1:5 1:5
9 (CS3/6FA3/6)Pb13 I~ only 1:1
10 (Csl/ﬁFA5/6)Pb13 I~ only 1:5

Table 6.1: Sample compositions and ID numbers.

First, we implement a baseline linear regression algorithm using a 50-50% train-test
split. The model uses rH, temperature, and PL training data to determine the regression
coefficients. For the test set, rH and temperature datapoints (Figure 6.1a) are inputted to
the model, which then generates a PL forecast. The test results are displayed in Figure
6.2 for all samples, where the black line is the regression prediction, and the colored circles
are the experimental data. We use the normalized root mean square error (NRMSE) met-
ric, which is scale-invariant and enables direct comparison between models. The predictive
performance is highly variable between samples, and the NRMSE values range from 82.8%
(sample 1) to 4.9% (sample 7). However, the NRMSE is <20% in most cases, and the average
across all samples is 24.4%, indicating the general linear correlation between temperature
and maximum PL value observed during the experiment. Note that although a separate
regression is generated for each sample, the process is completely automated, and the fitting
takes <0.01 second per sample on a computer with 16 GB of RAM. Therefore, this is a
composition-agnostic approach with very high computational efficiency.
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Figure 6.2: Forecasting temperature-dependent PL using linear regression. Test set
predictions (black lines) and experimental data (colored dots) for samples 1-10 as indicated
in each subplot (a)-(j). A 50-50% train-test split is used for all samples. Temperature and

50 60 70

Time (h)

rH are the sole inputs to the regression during testing. Average NRMSE is 24.4%.
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To improve upon the linear regression prediction accuracy while preserving computa-
tion efficiency, we develop Echo State Networks (ESN) to model the data. ESN are a form
of recurrent neural network (RNN), where “recurrent” means that the network retains a dy-
namic memory of past states.[45] This makes RNN uniquely suited to time series analysis
and allows them to learn historical trends in the data. ESN have a sparsely connected hidden

Y

layer, also called a “reservoir,” in which not all neurons are linked to one another (Figure
6.3). This mitigates the vanishing gradient problem, where small values propagated through
neural layers in a deep network go to zero as they are repeatedly multiplied. This is an
issue because the network learns through gradient descent and requires nonzero gradients
for effective. We can solve the problem with sparse connections as in ESN so that small
values are not self-multiplied as often and better retained in the network. The structure
of ESN also reduces the time required to train the network when compared to other RNN
variants. EESN have been successful in time series prediction tasks across many applications,

including forecasting fuel cell and battery lifetimes,[33, 34] wind speed,[30, 142| and energy

consumption.|143]
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pred
Temp /
Input layer Hidden reservoir layer Output layer

Figure 6.3: Schematic of Echo State Network (ESN) to forecast environmental PL.
Environmental inputs (rH and temperature) enter a sparsely connected reservoir of neurons
which outputs a prediction for the PL value. During training, the network updates the input,
reservoir, and output weight matrices to minimize error between its PL predictions and the
experimental data. At the testing stage, the weights are constant, and the ESN generates
forecasts based only on the rH and temperature data at each time point.

We set aside the latter 50% of the data for testing. For all compositions, we implement
a 250-node ESN with a sparsity of 0.1 (meaning 10% of recurrent weights are set to zero).
These values were selected based to provide a balance between complexity and computational
efficiency.[144] The network has two additional hyperparameters which must be tuned prior
to model evaluation. These are noise, a regularization hyperparameter that adds random
noise to each neuron, and spectral radius of the recurrent weight matrix, which is a scaling
parameter for the matrix eigenvalues. We use a grid search approach to optimize these values
for each sample (Figure 6.4). For this process, we subdivide the non-test data into training
and validation sets, with a 25-25-50% train-validation-test split. This is a testing-heavy split

which we select to probe the limits of ESN in long-term prediction tasks.
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Figure 6.4: Optimizing ESN hyperparameters for temperature-dependent PL with
a grid search approach. Heatmaps for samples 1-10 as indicated on each subplot (a)-(j).
The network is trained on each combination of hyperparameters (noise and spectral radius)
and the NRMSE is calculated from validation data predictions. The white boxes indicate
the hyperparameters selected for each model.
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Figure 6.5 shows the test set performance of the optimized ESN models for each com-
position. The qualitative fit and consistency of prediction accuracy across samples are both
greatly improved from the linear regression results. Quantitatively, the average NRMSE
drops to 16.2%, a >30% improvement from the regression. The model still struggles with
sample 1 (NRMSE = 50.8%), likely due to the long-term decay exhibited by that sample.
Although ESN can learn historical trends, this “memory” is limited and does not encompass
the entire 132 hours of data. As in the linear regression, we train and optimize separate
models for each composition, but use a standardized, fully automated process. Most of the
time is spent on the hyperparameter tuning step, which here requires training and validation
for 30 models per sample to fill in all of the hyperparameter combinations seen in the Figure
6.4 heatmaps. Even so, the time to train, optimize, and test each ESN is <4 seconds. These
4 seconds of computational time then yield a 70-hour prediction window with <15% NRMSE

for most samples.
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Figure 6.5: Forecasting temperature-dependent PL using ESN. Test set predictions
(black lines) and experimental data (colored dots) for samples 1-10 as indicated in each
subplot (a)-(j). A 25-25-50% train-validation-test split is used for all sample compositions.
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past PL values and trends to generate predictions. Average NRMSE is 16.2%
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We further refine the predictive performance using a statistical modeling approach:
ARIMAX (Auto-Regressive Integrated Moving Average with eXogenous variables).[145] In
the clean energy field, variations of auto-regressive moving average models have been em-
ployed to create forecasts for wind|[142] and PV generation|146] and to predict future elec-
tricity prices.[147] Like a linear regression, ARIMAX sets interpretable coefficients during
the fitting process, an advantage over black box neural networks like ESN. Each part of
the model corresponds to terms in the forecasting equation (see Computational Methods
section).|148] Auto-regressive terms (p) are added to incorporate the effects of past PL mea-
surements on the PL at the current time. For example, p=1 adds a term for the PL value
at t — 1 while p=2 adds terms for the PL values at ¢ — 1 and ¢t — 2. The integrative param-
eter (d) corresponds to the order of differencing, where a differenced time series is simply
equal to the change between points in the original time series. Moving average terms (q) are
similar to auto-regressive terms but relate to the error at past time steps rather than the
PL value. Exogenous variables provide additional input to the model and in this case are
rH and temperature. See the computational methods (section 6.2.4) for the full ARIMAX
equation (Equation 6.5).

Prior to fitting, the (p,d, q) of the ARIMAX model must be set. One common way of
determining these values is by deconstructing the time series and visualizing lags between
adjacent time steps.[147| Figures 6.6 and 6.7 show the plots used to choose an appropriate
(p,d,q). To maintain a composition-agnostic framework as in the linear regression and
ESN implementations, we deconstruct only the time series for a single sample and use the
results to extrapolate to other compositions. Sample 6 is selected for deconstruction as it has

intermediate Cs:FA and Br:I ratios, with a full chemical formula of (083/6FA3/6)Pb(Br1/215/2).
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First, the latter 50% of the data is set aside for testing. The training data shows both a
long-term downward trend and a strong seasonality (Figure 6.6a). This result is evidence of
non-stationarity in the time series, meaning that the mean and variance of the data change
over time. For ARIMAX to be effective, we take the first order difference (Figure 6.6b) to
obtain a stationary data set. The seasonality is still present in the differenced data, but
to keep model complexity low we do not add seasonal components, as these effects will be

adequately accounted for by the exogenous temperature variable.
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Figure 6.6: Original and differenced temperature-dependent PL time series for
sample 6. (a) Sample 6 training data after preprocessing. Values are normalized between
-1 and 1. A 50-50% train-test split is applied. (b) First order differenced training data. The
PL value at the immediately preceding time step is subtracted from each point. The first
data point is removed because it has no preceding time step.

To determine the number of auto-regressive and moving average terms to include, we

plot the autocorrelation and partial autocorrelation plots for sample 6 differenced training
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data (Figure 6.7). The autocorrelations follow the pattern of temperature cycling. Each
temperature cycle includes 60 data points, so it is expected to have strong negative auto-
correlations at 30 and 90 lags along with strong positive autocorrelations at 60 and 120
lags. However, most of these effects are captured by the exogenous variables. Additionally,
the autocorrelation plot includes both direct and indirect effects of lagged data points (for
instance, if the PL at lag 2 influences the PL at lag 1 which in turn influences the PL at lag
0, that is an indirect effect). The partial autocorrelation plot (Figure 6.7b) subtracts out the
indirect effects, leaving only direct impacts (i.e., the influence of the PL at lag 2 on the PL
at lag 0, independent of the PL at lag 1). From this, we can see that only the first two lagged
PL values have an impact outside of the 95% confidence interval (blue shaded region). Some
later points show partial autocorrelation slightly beyond the shaded region, which we ignore
for model simplicity. Based on these observations, we include two auto-regressive terms and
zero moving average terms, for a final (p, d, q) of (2,1,0).

All 10 samples are fit with ARIMAX (2, 1,0) models, which are evaluated on the test
set data (Figure 6.8) with excellent qualitative accuracy. Although the ARIMAX terms
were not optimized for each individual composition, the NRMSE values are similar and the
average error is just 7.3%, indicating the flexibility of this computational approach. The
time to fit each model is also low (<2 seconds). The ARIMAX function can be interpreted
based on the included terms, which are the two exogenous variables (rH, temperature) and
two auto-regressive terms (at lag 1 and 2). Therefore, for the differenced time series, highly
accurate predictions can be produced based on the environmental conditions at a given
time point and from the PL at the two prior time points (which encompass the previous 12
minutes).
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Figure 6.7: Autocorrelation and partial autocorrelation for the differenced
temperature-dependent PL time series. (a) Pearson correlation coefficient (PCC) be-
tween a time point (lag 0) and the 140 preceding time steps in the sample 6 first order
differenced training data. Includes both direct and indirect correlations. (b) Direct corre-
lations between a time point and the 140 preceding time steps, with indirect correlations
removed. Values at each lag are calculated by subtracting the correlations from all shorter
lags (e.g., removing the effect of intervening time steps). The light blue area denotes the
95% confidence interval. Correlations within this interval can be attributed to random fluc-
tuations.
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Figure 6.8: Forecasting temperature-dependent PL using ARIMAX. Test set pre-
dictions (black lines) and experimental data (colored dots) for samples 1-10 as indicated in
each subplot (a)-(j). A 50-50% train -test split is used for all sample compositions. Tem-
perature and rH are the sole inputs to the network during testing. The model also includes
two auto-regressive terms and one differencing term which use observations at previous time

steps. Average NRMSE is 7.3%.
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6.3.2 Forecasting rH-dependent PL response

In this Section, we demonstrate the broad applicability of our computational models
to various combinations of environmental stressors by applying linear regression, ESN, and
ARIMAX to the rH cycling data. The experimental data significantly different from the
irregular temperature cycling in that many of the samples show a long-term upward trend
which is difficult to predict using simple methods like linear regression and sparsely connected
networks with limited memory like the ESN. We omit samples 5 and 10 from computational
analysis as saturation of the spectrometer CCD is non-physical and obscures trends in the
latter half of the experiment (see Figure 5.7). Following the same training and testing
processes as previously, we generate forecasts (Figure 6.9 and 6.11). Heatmaps for ESN
hyperparameter tuning are shown in Figure 6.10. The linear regression models present a
poor visual fit and have an average NRMSE of 72.5% (Figure 6.9). The ESN performs
significantly better with an average of 54.1%. However, this error is still large enough that

the ESN completely diverges from the experimental data in some cases (Figure 6.11b, e, f).
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Figure 6.9: Forecasting rH-dependent PL using linear regression. Test set predictions
(black lines) and experimental data (colored dots) for samples 1-4 and 6-9 as indicated in each
subplot (a)-(h). A 50-50% train-test split is used for all sample compositions. Temperature
and rH are the sole inputs to the regression during testing. The regression does not account
for long-term trends in the data and diverges from the experimental result in most cases.

Average NRMSE is 72.5%.
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Figure 6.10: Optimizing ESN hyperparameters for rH-dependent PL with a grid
search approach. Heatmaps for samples 1-4 and 6-9 as indicated on each subplot (a)-(h).
The network is trained on each combination of hyperparameters (noise and spectral radius)
and the NRMSE is calculated from validation data predictions. The white boxes indicate
the hyperparameters selected for each model.
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Figure 6.11: Forecasting rH-dependent PL using ESN. Test set predictions (black
lines) and experimental data (colored dots) for samples 1-4 and 6-9 as indicated in each
subplot (a)-(h). A 25-25-50% train-validation-test split is used for all sample compositions.
Temperature and rH are the sole inputs to the network during testing. The ESN also uses
past PL values and trends to generate predictions but struggles to learn long-term trends
and diverges significantly from the experimental results in some cases (a, e, f). Average
NRMSE is 54.1%.

To set parameters for the ARIMAX model, we again deconstruct the time series
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for sample 6. We add a seasonality component to the algorithm (Seasonal ARIMAX or
SARIMAX) since strong long-term trends are present over many rH cycles.[146, 149] The
SARIMAX hyperparameters are (P, D, (Q, s) where s is the season length — in this case 60
data points (i.e. one 6-hour cycle). (P, D, Q) are equivalent to the ARIMAX (p,d,q) but
on the seasonal level, meaning that they are relative to the PL at 60 lags. Taking the first
difference of the sample 6 data and applying seasonal differencing (Figure 6.12) effectively

creates a stationary time series.
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Figure 6.12: Original and twice-differenced rH-dependent PL time series for sam-
ple 6. (a) Sample 6 training data after preprocessing. Values are normalized between -1
and 1. A 50-50% train-test split is applied. (b) Differenced training data. Two differencing
steps are applied. (1) First order differencing: the PL value of the immediately preceding
time step is subtracted from each point. The first data point is removed because it has no
preceding time step. (2) First order seasonal differencing: the PL value of the time step at
lag 60 is subtracted from each point. Lag 60 is selected to match the number of data points
in each 6-hour rH cycle. The first 60 data points are removed.
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Figure 6.13 shows the autocorrelation and partial autocorrelation for the differenced
data. Unlike the differenced temperature cycling data (Figure 6.6), the twice differenced
rH cycling data shows negative autocorrelation and partial autocorrelation at lag 1. This
is an indication that moving average terms should be introduced.[145] The final SARIMAX
selected is (0,1,1) (0,1, 1,60). The seasonality components increase the computational com-
plexity, and the time to fit the model increases to 60-120 seconds for a 16GB RAM computer.
Although significantly greater than the fitting time for the other ML models, this time is still
several orders of magnitude lower than the SARIMAX forecasting window (50+ hours). We
also caution that exact fitting times depend heavily on the specifications of the PC and how
many background processes are running simultaneously. However, the order of magnitude
fit time should be consistent across similar devices. The SARIMAX results show excellent

visual fit (Figure 6.14) and the average NRMSE is only 10.3%.
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Figure 6.13: Autocorrelation and partial autocorrelation for the twice-differenced
rH-dependent PL time series. (a) Pearson correlation coefficient (PCC) between a time
point (lag 0) and the 140 preceding time steps in the sample 6 differenced training data.
Includes both direct and indirect correlations. (b) Direct correlations between a time point
and the 140 preceding time steps, with indirect correlations removed. The light blue area
denotes the 95% confidence interval. Correlations within this interval can be attributed to
random fluctuations.
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Figure 6.14: Forecasting temperature-dependent PL using SARIMAX. Test set
predictions (black lines) and experimental data (colored dots) for samples 1-4 and 6-9 as
indicated in each subplot (a)-(h). A 50-50% train -test split is used for all sample compo-
sitions. Temperature and rH are the sole inputs to the network during testing. The model
also includes two differencing steps and two moving average terms which use observations at
previous time steps. Average NRMSE is 10.3%.
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6.4 Comparison of ML models

A model performance comparison for both the irregular temperature cycling and rH
cycling prediction tasks is shown in Figure 6.15. The linear regression models have the
highest NRMSE for nearly every sample, followed by the ESN, and finally the (S)ARIMAX.
Our results show that linear regression is not an adequate ML approach for non-stationary
time series, as expected. The black box nature of neural networks makes analysis of the ESN
performance difficult, but the lack of long-term memory in the model is certainly problematic.
Other types of RNN could produce higher quality predictions. For example, long short-term
memory (LSTM)|46] or gated recurrent unit (GRU)[150] models, which use input and forget
gates to remove irrelevant information from the network hidden state while retaining key
information. However, the training and hyperparameter tuning process is more complex for
these algorithms, and their computational cost must be weighed against any reductions in
error.

Some prediction tasks are challenging for every algorithm, specifically sample 1 in the
temperature cycling and sample 2 in the rH cycling. For sample 1, we attribute this to the
decay in PL over many cycles, a pattern observed strongly in this composition but not in
others. The models struggle to identify the uncommon trend, although the ARIMAX still
achieves a reasonable error (<20%). Physically, the PL loss indicates that irreversible heat-
induced degradation occurs in Cs-rich compositions (sample 1 contains the highest proportion
of Cs™). Sample 2 is also Cs-rich and shows unique responses during rH cycling. Even the
high-performing SARIMAX model does not perfectly learn the PL peak behavior (Figure

6.14b). The sample 2 pattern has a distinct ridge in PL that occurs in the middle of every
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rH cycle. No other sample displays a highly ridged shape, making this another inherently
difficult task for any ML algorithm. However, beyond these outlier cases, (S)ARIMAX has
excellent predictive capability, <10% NRMSE for temperature cycling tasks and <15% for

rH cycling tasks.
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Figure 6.15: Quantitative comparison of ML algorithms. NRMSE values of PL fore-
casts produced by linear regression (gray), ESN (blue), and (S)ARIMAX (green) models.
Comparisons are plotted for (a) samples 1-10 during temperature cycling and (b) samples
1-4 and 6-9 during rH cycling.
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6.5 Conclusions

In this chapter, we demonstrate the capabilities of ML in forecasting environmental
responses in Cs,FA;_,Pb(Br,I;_,)s perovskites. Using the temperature and rH cycling data
from chapter 5, we train three algorithms: linear regression, ESN, and (S)ARIMAX. We
find that all models perform reasonably well on the temperature cycling data, with aver-
age NRMSE values of 24.4% (linear regression), 16.2% (ESN), and 7.3% (ARIMAX) over a
70+ hour prediction window (11 day-night cycles). The rH cycling created more non-linear
responses in the perovskite films, likely due to the increased complexity of the physical
mechanisms involved, including water adsorption and trap state passivation. Patterns in
the time series also differed more significantly for the rH cycling, causing lower prediction
accuracy for the linear regression (average NRMSE 72.5%) and the ESN (54.1%). We modify
the ARIMAX forecasting method slightly by adding seasonality trends and moving average
terms to capture the additional complexity in the data. This SARIMAX approach is highly
successful and the average prediction NRMSE is only 10.3% over the 50+ hour prediction
window (8 day-night cycles). However, the computational cost of adding seasonality terms
is substantial, and for environmental stressors with mostly linear PL responses (e.g., tem-
perature), the ARIMAX method is more efficient. In all cases, we use composition-agnostic
ML approaches so that human input is only required once. This makes the consistently low
(S)ARIMAX error values (<24% for all samples) even more notable.

Our results are extremely promising for future research in perovskite time series fore-
casting. The generalizability of our methods to multiple compositions can help shorten the

time required for compositional tuning, which is currently a major bottleneck in the PSC
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design process. We also use PL spectroscopy, a simple, contactless characterization method,
exclusively for our models. The high-throughput setup (see Chapter 4) and Python analysis
pipelines further simplify acquisition and preprocessing of adequately large datasets for ML.
Time series predictions on this data can then serve as a valuable diagnostic tool to easily
screen perovskite thin films without the use of expensive, time-consuming measurements.
We envision extensions of this work to include other environmental stressors beyond tem-
perature and rH (such as bias, light, and oxygen). Combinations of many stressors can
mimic operating conditions in various geographic locations, providing insight into perovskite

stability without necessitating lengthy experiments at each individual location.
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Chapter 7:  Conclusions and Outlook on Perovskite Stability and Machine

Learning

In this Thesis, I investigated the effect of two environmental stressors (temperature
and rH) on charge carrier recombination dynamics in halide perovskites with varying com-
positions. To accomplish this, I leveraged standard materials characterization techniques
alongside computer science-based tools including high-throughput experimental systems,
automated data management and analysis, and ML. Using a custom in situ environmen-
tal PL setup, I collected over 25,000 spectra (data files), each containing spectrally resolved
information that provided physical insight into thermal degradation, moisture-induced pas-
sivation, and halide segregation in perovskite thin films. We applied ML to this large data
set and developed models that accurately predict future PL output based on environmental
conditions and past behavior.

First, we proposed a ML framework for perovskite PV. We review all stages of devel-
opment: initial compositional screening, material fabrication and optimization, and finally
full device design and stability testing. To illustrate our 5-step roadmap, we presented
original example projects, which showcase the widespread applicability of ML to different
facets of perovskite research and development. This forward-looking perspective seeks to

cultivate a synergy between materials science and computer engineering, rejecting random

105



trial-and-error experimentation in favor of rational, data-driven methods.

To apply the framework to an advanced, large-scale project, a massive data set was re-
quired. With this purpose, I designed and built a high-throughput environmental PL system
with the capability to collect data from 14 samples during the same experiment. A micro-
electronics system, coordinated by a Python script that manages a single Arduino, forms
the basis for this setup. Using the Arduino-controlled 2-D translation stage and automated
data we obtained the tens of thousands of files needed for meaningful ML implementation.

Before the model building, we analyzed and visualized the data and elucidated phys-
ical trends across the Cs,FA;_,Pb(Br,I;_,)s; compositional space, using samples fabricated
by the Correa-Baena group at the Georgia Institute of Technology. Ten samples of varied
compositions were exposed to temperature and rH cycles which approximated weather dur-
ing a typical Sacramento summer. Accelerated 6-hour day-night cycles showed that these
perovskites are highly sensitive to their environment, both during a single cycle and over the
course of many cycles. We found evidence of increased exciton dissociation and non-radiative
carrier recombination as samples were heated above room temperature (23°C). Over time,
the samples showed both reversible and irreversible degradation, with a strong composition-
dependance. FA-rich films were more thermally stable than their Cs-rich counterparts, but
the mixed composition (Csy/sFA4/6)Pb(Bry/2l5/2) performed best. We confirmed that a Cs™
content of 10-30% promotes thermal stability by reducing strain in the perovskite structure
and optimizing the tolerance factor. Mixed halide compositions also performed well, with
small amounts of Br~ suppressing undesired phase changes. Tests after the samples were
rested in a dark, inert environment revealed full PL recovery in some compositions, while

other compositions recover only 60-70% of their initial absolute PL emission, indicating
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irreversible degradation and possible phase changes within the material.

The rH cycling experiment provided further insight into physical processes and carrier
dynamics within the perovskite thin films. All compositions displayed PL enhancement
due to moisture-induced trap state passivation which reduced instances of non-radiative
recombination. Long-term trends showed variability across the compositional space. FA-
rich compositions displayed the greatest accumulated PL increases over many rH cycles.
Conversely, Cs-rich compositions reached a plateau after 5-10 rH cycles. We also observed
peak broadening and PL red shifts, signatures of halide segregation, in many mixed-halide
compositions. Our observations evidenced a complex interplay between environment and
light emission, which includes both PL-enhancing and PL-reducing mechanisms.

Finally, we linked the environmental PL datasets back to our ML framework. We
implemented and compared the accuracy of three time-series forecasting algorithms: linear
regression, ESN, and (S)ARIMAX. First, we sorted and pre-processed the data, combining
rH, temperature, and PL observations into time-correlated “data points.” We then trained
and validated the models on the first 50% of each dataset and used the remaining 50% to
test their ability to predict the maximum PL value at every time step with only the rH
and temperature as inputs. The models obtained average errors of 24.4% (linear regression),
16.6% (ESN) and 7.3% (ARIMAX) on the temperature cycling data. These predictions span
over 70+ hours, equivalent to 11 day-night cycles. For the rH cycling, we demonstrated 72.5%
(linear regression), 44.0% (ESN), and 10.3% (SARIMAX) error over 50+ hours, representing
8 day-night cycles. For every ML task, we ensured that our methods were composition-
agnostic, meaning that the same process could be used for all samples.

The extremely low error for the SARIMAX model is offset by its computational cost and
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fitting time, which was 1-2 orders of magnitude longer than that of the ESN. We quantified
the consequences of this trade-off by comparing the SARIMAX fitting time to the length of
the prediction window. We calculated a 1:1500 ratio between these times, indicating that the
fitting process remains highly effective for this task. The ratio could be further optimized
by using a computer with >16 GB RAM.

In sum, our results demonstrated the sensitivity of halide perovskites to a multitude
of factors — overall composition, site-specific elemental ratios, and environmental condi-
tions (both current and past). Further, we showcased the ability of statistical models like
the (S)ARIMAX to extract long-term trends in data and produce accurate predictions for
variable compositions without human intervention. Future work could shift to long-term
degradation tests under combinations of environmental stressors. Based on our results,
mixed-halide, FA-rich compositions with modest amounts of Cs* show the most promise for
a highly stable performance and eventual commercialization. Specific follow-up experiments
of interest include:

(1) Environmental PL on Cs,FA;_,Pb(Br,I;_,)s perovskites under simultaneous tem-
perature and rH cycling. Environmental profiles can be selected to mimic diverse climates
from around the globe, pinpointing the compositions best suited to each location. ML mod-
els can then provide insight into long-term stability considering local weather patterns along
with perovskite composition.

(2) Extrapolative ML that can predict PL responses from unseen compositions. This
will require data from 30-50 samples to enable computer-generated suggestions of optimal,
untested compositions. A feedback loop can couple these predictions with verification ex-

periments to fine-tune the model.
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The time series prediction methods presented here can be extended to device level tests
as well, where PV figures of merit such as V¢, Jsc, fill factor, and efficiency are tracked and
forecasted over time. By leveraging high-throughput systems for stability testing, we can
obtain data for many samples simultaneously. ML methods can then provide rapid insight
into long-term behavior, greatly reducing the time required to vet each device. Furthermore,
as PSC are installed in the field, real-time efficiency and power output forecasts can inform
homeowner energy use and utility grid management. For example, a warning could be issued
when incoming weather conditions are likely to trigger long-term deterioration in the solar
cells. Automated systems could then shelter the PSC during the weather event, increasing
device lifetimes by ensuring they are not subjected to extreme environmental stress. This is
merely one example of the potential that lies ahead in ML-assisted perovskite PV develop-
ment. Using tools from the fields of data science, robotics, and artificial intelligence, we can
capitalize on such opportunities and rationally accelerate the commercialization process of

reliable halide perovskite solar cells.
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Appendix: B Code Descriptions

B.1 Code used in Chapter 3

In chapter 3, we presented three ML examples. The code and data associated with these ex-
amples is available on github (https://github.com/mgsrivastava/ML-perovskites). All code
is written in Python and presented in Jupyter notebook format. Here we explain the con-
tents of the notebooks to a non-coding audience, breaking down each part of the process

according to our 5-step machine learning roadmap (as described in the main text of chapter

3).

B.1.1 Echo state network for triple-cation PL output

(1) Identify the materials question of interest: The question here is whether we
can predict the absolute PL from a triple-cation perovskite thin film based on the ambient
humidity level (holding the ambient temperature constant). These predictions would allow
us to estimate how well the material would perform in high vs low humidity environments.
(2) Obtain sufficient data for model training: The data for this project was collected
using a custom-built environmental sample chamber. PL data was collected in a confocal

microscope over three experiments, each lasting 4 hours. This is a small amount of data
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for complex ML algorithms like neural networks, so we augment the raw data during the
pre-processing step. Note that, in practice, more experimental data is desired for ML imple-
mentations (see chapter 5 and 6).

(3) Pre-process the data:

Information about the raw data:

e In total: 720 time-series data points, where each point contains a humidity level and a
PL value. Data is in the form of five 4-hour runs of humidity cycling on samples with

identical compositions. Each run contains three humidity cycles and 240 data points.
The pre-processing steps are as follows:

e Create a pandas dataframe and load the data.

e Clean the data files (remove gaps, cut to equal duration) and resample such that data

points are 15 seconds apart.

e Scale the values for relative humidity (rH) and PL from -1 to 1 (since ML algorithms

are sensitive to the relative scale of the features).

e Augment the data using a linear interpolation method. Essentially, this creates several
"intermediate" rH-PL runs that are weighted linear combinations of the experimental
runs. This routine thus does not introduce any data points outside of the bounds of the

raw data. After augmentation, the data set consists of 14400 time-series data points.

e Randomly stitch together the runs, one after another, to create a single (much longer)
time-series. This final data set contains over 60 hours of data, and is graphed in the
"Data pre-processing" section of this notebook.
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(4) Apply feature engineering as needed:

We create additional features for model training:
e Humidity gradient (captures how quickly the humidity is rising or falling)
e Cumulative moisture exposure

(5) Optimize and test the model: The model is constructed using the pyESN open-source
implementation of the ESN algorithm. The code is available online in a github repository
created by user cknd (https://github.com/cknd/pyESN). The data is split into 80% training
and 20% validation sets. Hyperparameters are optimized using a grid search approach, which
systematically steps through different hyperparameter values to locate the combination with

the lowest validation error. Hyperparameters of interest are:

e Random noise applied to each neuron in the network, serves as a regularization term

to mitigate overfitting
e Spectral radius of the recurrent weight matrix which links neurons together

Validation set NRMSE values range from 29.2% (worst case) to 14.3% (best case) depending

on hyperparameter selection.

B.1.2 Long short-term memory for MAPI devices

(1) Identify the materials question of interest: The question here is how to forecast
long-term degradation in MAPI solar cells under environmental stress (in this case, temper-

ature).
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(2) Obtain sufficient data for model training: We use data from the publication:
Holzhey, P., et al. A chain is as strong as its weakest link — Stability study of MAPbI; under
light and temperature. Materials Today 29, 10-19, doi:10.1016/j.mattod.2018.10.017 (2019).
The authors track solar cell power output over a long time frame (500 hours) for cells held
at five different temperatures (-10, 20, 50, 65, and 95°C).

(3) Pre-process the data:

Information about the raw data:

e In total: five 500-hour runs on MAPI solar cell samples, with the temperature held
constant throughout each run. Each time-series data point contains the time (in hours)

and device power.
The pre-processing steps are as follows:

e Create a pandas dataframe and load the data.

e Clean the data files (cut to equal duration) and resample such that data points are 60

seconds apart.

e Normalize the power data.

e Hold out one entire experimental data file (at 50°C) and set aside for testing.

e Augment the data using a linear interpolation method. Essentially, this creates several
"intermediate" temperature-power runs that are weighted linear combinations of the
experimental runs. This routine thus does not introduce any data points outside of the
bounds of the raw data, and does not include the held out data file. After augmentation,
the data set consists of 11000 time-series data points.
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e Randomly stitch together the runs, one after another, to create a single (much longer)

time-series.

e Split the stitched-together time series into 70% training and 30% validation sets.

(4) Apply feature engineering as needed: We do not use feature engineering in this
case.

(5) Optimize and test the model: A long short-term memory (LSTM) model is con-
structed constructed and trained using the keras deep learning framework. The network

architecture consists of:

Five input units

A leaky rectified linear unit (ReLU) as the activation function

A dropout layer to mitigate overfitting

A dense layer to output the prediction

Interested readers can find more information about each of these layers at
https://www.tensorflow.org/api docs/python/tf/keras/layers. The LSTM is trained over
the course of 200 epochs, where each epoch invovles stepping through all of the training and
validation data. Finally, the model is evaluated on the unseen test set: the experimental run
at 50°C that was held our prior to data augmentation and training. The LSTM predicts the

entire 500 hour time-series with an NRMSE of only 5.5%.
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B.1.3 Convolutional neural network for HTL conductance

(1) Identify the materials question of interest: The question here is whether we can
predict the conductance value for PSC hole-transport layers (Spiro-OMeTAD) based on
optical images alone. Such a prediction links optical and electronic properties, and can save
time by reducing the number of characterization steps necessary to evaluate each thin film.
(2) Obtain sufficient data for model training: We use data from the publication:
MacLeod, B. P., et al. Self-driving laboratory for accelerated discovery of thin-film materials.
Sci Adv 6 (2020). The authors use high-throughput robotic synthesis and characterization
to quickly acquire large amounts of data.

(3) Pre-process the data:

Information about the raw data:

e In total: 2x35=70 samples

e For each sample, there are 7 different [-V data for conductance measurement taken at

different location (70x7=490).

e For each sample, there are 3 images for spin-coated Spiro-OMeTAD layer after anneal-
ing (70x3=210), taken from different areas of the sample. All the original image files

are of the size (4000, 3000) for width and height, respectively.

The pre-processing steps are as follows:

e For each sample, average the 7 different conductance data for labeling.

e Duplicate each conductance data point twice, so they align with the image data.
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e Normalize the conductance data.

e Convert the PIL image instances into numpy array.

e Split the data into train and test sets.

(4) Apply feature engineering as needed: We do not use explicit feature engineering,
but we do augment the data through random rotations, width and height shifting, flipping,
and zooming of the raw data images. This is a very common practice for machine vision
tasks, where it is essential to provide the model with representative training data (ideally
this will encompass all types of images the model may encounter during later testing and
usage).

(5) Optimize and test the model: The convolutional neural network (CNN) is con-
structed and trained using the keras deep learning framework. The network architecture

consists of:

Three 2D convolution layers (3x3x32, 3x3x64, 3x3x64), each followed by a max pooling

layer (2x2)

Regularization for each convolutional layer to mitigate overfitting

Two fully connected layers (100 and 64 in size)

Single-value output layer that predicts conductance for each image

Interested readers can find more information about each of these layers at
https://www.tensorflow.org/api docs/python/tf/keras/layers. The model is trained on 64%

of the data. 16% of the data serves as the validation set. Finally, the CNN is evaluated on
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the remaining 20% of the data (test set). Our final CNN is able to predict conductance
values with an NRMSE of 21% based on dark field images alone, an impossible task for
human visual analysis. The CNN data_analysis notebook contains further visualization of

the model results.

B.2 Code used in Chapter 6

In chapter 6, we applied three types of ML algorithms to the environmental PL datasets
presented in chapter 5. The code and data associated with these examples is available upon
request to the author. All code is written in Python and presented in Jupyter notebook
format. Here we explain the contents of the notebooks to a non-coding audience. Steps are

in chronological order as presented in the Jupyter notebooks.

B.2.1 Functions and models

This notebook contains data processing and scaling functions as well as the ESN implemen-

tation code. The code in this notebook is utilized by both notebook 2 and 3.

B.2.2 Time series forecasts on temperature cycling data

(1) Load and visualize the environmental data (rH, temp): This data was pulled
from a sensor placed inside the sample chamber and recorded by the Arduino. We use the
plot to determine how much data must be “trimmed” from the beginning and end of the
experiment (see Figure 6.1).

(2) Sort and process the data:
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Information about the raw data:

e In total: 15,920 data files (1592 per sample, 10 samples).

e [iles are in .csv format.

e Each file contains data for a single PL spectrum. There are six columns of data, but

we only need the wavelength (third column) and PL intensity (sixth column).

Processing steps are as follows:

e Navigate to the PC directory where the data files are stored.

e Create a pandas dataframe (full PL_df) which will be populated by all of the data,

sorted by sample ID.
e Use pandas to step through each PL .csv file.
— Drop the unnecessary data columns, retaining only the wavelength and intensity.
Store these as a dataframe (PL_ df).

— Label the wavelength vs intensity data with a number (file num) indicated when

it was acquired.

— Calculate the time at which the spectrum was acquired (in minutes, from the

beginning of the experiment).

— Calculate figures of merit for the wavelength vs intensity data. These are the
maximum PL (maxPL), FWHM (fwhm), PL peak location (peak loc), and the

area under the PL curve (peak area).
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— Add the PL_df, maxPL, fwhm, peak loc, peak area, and time min to the

full PL _df under the appropriate sample ID.

e Once all .csv files have been processed, the full PL _df is returned. We will use this

dataframe extensively for analysis and visualization.

(3) Visualize the data: We plot the first spectrum from all samples to quickly view the
relative peak locations and shapes. Next, we visualize the spectral evolution of PL emission
by selecting spectra at 0, 10.5, 58, 82, and 137 hours and plotting these for each sample. We
also plot the maximum PL value (normalized according to the first point) for each sample
along with the temperature profile. Finally, we plot spectra after a 12 day post-experiment
rest in a dark, Ny-filled environment. We calculate the recovery % for each sample. See
chapter 5 for an analysis of the data trends.

(4) Scale the data: This is the final pre-processing step before ML. We scale the rH,
temperature, and PL data such that the values for each are between -1 and 1. We populate
a new pandas dataframe for ML purposes. This dataframe contains the following, for each

sample:

e The scaled environmental data

e Scaled maximum PL values, time-correlated with the environmental data

e The scaler function used on the PL data

(6) Linear regression: We implement a linear regression model for each sample using a
50-50% train-test split. We use the curve fit() function from the SciPy open-source Python
library for model fitting. Finally, we visualize the testing results (Figure 6.2)
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(7) Echo state network: We implement Echo State Network (ESN) neural networks
for each sample using a 25-25-50% train-validation-test split. We use the pyESN open-
source implementation. The code for pyESN is reproduced in our “functions and models”
notebook. It is also available online in a github repository created by user cknd
(https://github.com/cknd /pyESN).

First, we tune the hyperparameters for each sample. We use a grid search approach
to find the optimal spectral radius and noise values, which we store in numpy arrays
(min_radius, min_noise). During this process, we use 25% of the data for training and
25% for validation (i.e., to calculate the NRMSE for a given set of hyperparameters). The
remaining 50% of data is not used or seen by any of the models. The two lines using the
train_test split() function from the scikit-learn (sklearn) ML library create the three data
sets. We visualize the testing results. Using the previously selected hyperparameters, ESN
for each sample generate predictions on the test data (Figure 6.5).

(8) ARIMAX: Several steps are required to train the ARIMAX. Refer to chapter 6 for

detailed discussion and analysis of each step. Brief descriptions are provided below.

e Visualize the seasonal decomposition of the sample 6 data

e Plot the original and first-differenced sample 6 data

e Plot the autocorrelation (acf) and partial autocorrelation (pacf) for the first-differenced

sample 6 data

e Based on the acf and pacf, we select model order (p, d, q) to be (2, 1, 0)

We then fit ARIMAX (2, 1, 0) models on the training data for each sample. We use a 50-50%
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train-test split. Finally, we evaluate and visualize the test set performance of the ARIMAX
models (Figure 6.8).

(9) Model comparison: We print the list of test errors for each model on all samples.
We also calculate and print the average error for each model. See Figure 6.15a for visual

comparison.

B.2.3 Time series forecasts on rH cycling data

(1) Load and visualize the environmental data (rH, temp):

Identical procedure as used for temperature cycling data (Appendix B.2.2).

(2) Sort and process the data:

Identical procedure as used for temperature cycling data (Appendix B.2.2).

(3) Visualize the data: We plot the first spectrum from all samples to quickly view the
relative peak locations and shapes. Next, we visualize the spectral evolution of PL emission
by selecting spectra at 0, 32, 63, 92, 122, and 143 hours and plotting these for each sample.
We also plot the maximum PL value (normalized according to the first point) for each sample
along with the temperature profile.

(4) Scale the data:

Identical procedure as used for temperature cycling data (Appendix B.2.2).

(6) Linear regression:

Identical procedure as used for temperature cycling data (Appendix B.2.2). See Figure 6.9
for test set predictions.

(7) Echo state network:
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Identical procedure as used for temperature cycling data (Appendix B.2.2). See Figure 6.11
for test set predictions.
(8) SARIMAX: Several steps are required to train the SARIMAX. Refer to chapter 6 for

detailed discussion and analysis of each step. Brief descriptions are provided below.

Visualize the seasonal decomposition of the sample 6 data

Plot the original and first-differenced sample 6 data

Plot the autocorrelation (acf) and partial autocorrelation (pact) for the first-differenced

sample 6 data

Based on the acf and pacf, we select model order (p, d, q)(P, D, Q, s) to be (0, 1, 1)(0,

1, 1, 60)

We then fit SARIMAX (0, 1, 1)(0, 1, 1, 60) models on the training data for each sample.
We use a 50-50% train-test split. Finally, we evaluate and visualize the test set performance
of the SARIMAX models (Figure 6.14).

(9) Model comparison: We print the list of test errors for each model on all samples.
We also calculate and print the average error for each model. See Figure 6.15b for visual

comparison.
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