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Abstract

A photovoltaic (PV) device or a solar cell converts sunlight directly to electricity.
Mechanistically, a solar cell is a sandwich of multiple material layers. The interaction of photons
with the absorber layer in the middle of the sandwich leads to the creation of excited electrons; a
neighboring layer then extracts these electrons, and this unidirectional transport of electrons is by

definition an electrical current.

Silicon is the most commonly used material in commercial solar cells. But thin film solar cells
generally cost less and are easier to manufacture than silicon. Thin film solar cells are made by
coating a thin layer of a highly light-absorptive semiconductor material on a substrate. Typically,
the appearance of thin film layer semiconductor is dark which enables absorption of most of the
visible spectrum. Recent advancements in PV technologies have greatly improved their light-to-
electricity conversion efficiency and led to new solar materials that can be competitive alternatives

to commercialized silicon technologies.

One such promising material is halide perovskite. Perovskite solar cells (PSCs) can be printed,
coated, or vacuum-deposited on a substrate. They are typically easy to fabricate and reach power
conversion efficiencies (PCE) of higher than 20%. In the short period, PSCs have demonstrated a
fast growth of PCE from 3% in 2009 to over 25% in 2019. However, to be commercially feasible,
PSCs have to become stable and durable enough to operate for at least 20 years under outdoor
conditions (ISOS protocol)!'®). Therefore, the research community is focusing on the stability, as

well as scalability of PSCs.

Strategies for the fabrication of thin films are constantly developed and have significantly
benefited from the advent of high-throughput synthesis (HTS) and exploration methods. HTS
methods allow systematic preparation of combinatorial composition libraries to discover targeted
properties and functional materials. The HTS strategy provides a platform to combine various
ratios of materials by preparing a massive number of samples and screening optoelectronic
properties of the prepared library to find the optimized combinatorial ratios of multinary
compositions. The goal of this dissertation is to develop HTS methods for optimizing multinary

compositions for PSCs.

The dissertation introduces two high-throughput methods on how to optimize perovskite

materials for perovskite solar cell applications with a compositionally-graded film (CGF) platform.



The first method elaborates on the synthesis and characterization of binary halides MAPb(IxBri-
x)3 on a CGF with over 200 compositions getting synthesized in less than one minute and
characterized with a robotized spectrometer. The second method develops for the optimization of
triple cations on ternary CGF we call it t-CGF for investigating the most stable perovskite
CsxMAyFA/Pbls. We utilized the reported results for fabricating PSCs with high durability and

capable of being scaled up for commercialized.
The dissertation consists of 6 chapters:

Chapter 1 will introduce the fundamentals (structure and optoelectronic properties) of the
perovskite material. In addition, the objectives of the dissertation will be discussed at the end of

this chapter.

Chapter 2 will review the strategies for synthesizing and depositing thin films that are essential
for PSCs. We elaborate on most existing HTS methods for different applications including solar

cells, light-emitting diodes, batteries, thermoelectrics, and superconductors.

Chapter 3 will focus on experimental methods of preparation and characterization of perovskite

thin films used in this dissertation.

Chapter 4 will discuss our HTS of binary alloys. It is based on compositionally-graded films
(CGF) for optimizing binary compositions. As a showcase example, we focus on binary perovskite
HTS. We will also show how a spectrometer and a robotic arm could facilitate the high-throughput

characterization of synthesized materials.

Chapter 5 will discuss our HTS of ternary alloys. It is based on triple compositionally-gradient
films (t-CGFs) for optimizing ternary compositions. We apply our t-CGF strategy to discover a
range of stable ternary perovskites. We then use them to make PSCs and reveal three degradation

mechanisms in devices under operation as a function of composition.

Chapter 6 provides outlook for the use of these methods toward the improvement of the
functional materials for applications beyond solar. We also discuss how PSCs can be shaped by

the HTS methods toward commercialization.
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Chapter 1. Introduction

1-1. Abstract

Among various semiconductors for solar cell applications, perovskites as a new class of
semiconductors have demonstrated unique optoelectronic properties. Low cost-fabrication, direct
bandgap nature, broad bandgap tunability, high mobility of both electrons and holes, and long
diffusion lengths make perovskite materials highly competitive with other semiconductors that
either lack the given critical properties all at once or not comparable quantitatively with the
perovskites’ characteristics. Perovskite solar cells are not commercialized yet since durability and
scalability are two main concerns that need compositional optimization. This dissertation aims to
introduce methods for accelerating optimization to address issues with the durability and stability
of perovskite materials. In this chapter, we aim to familiarize the reader with the fundamentals of

perovskites.
1-2. Introduction

Efficient solar cell devices offer one of the promising solutions to reduce carbon dioxide
emissions. However, harnessing sunlight to generate electricity requires a cost-efficient
technology. Figure 1-1 demonstrates a chart of the best certified solar cell efficiencies since 197671,
Among all emerging photovoltaic architectures, perovskite solar cells (PSCs) surpass many other
solar cell technologies including CdTe and CIGS, and now compete with broadly-commercialized
Si technology. PSCs have first demonstrated an efficiency of 3.8% in 2009, and this value has now
reached 25.7%. The main reason for receiving wide attention in this research field is the low-cost
and environmentally friendly alternative compared to other solar cell technologies. Furthermore,
their tunable optoelectronic properties provide a promising future for the integration of PSCs with
other ones to create tandem solar cells, the most famous being in tandem with silicon technology

that reached a reported efficiency of over 30%!®!.
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Figure 1- 1 The best research solar cell efficiencies from 1976 to 2022,

Figure 1-2a shows the architecture of a typical PSC made of 5 layers on a glass substrate that

is stacked with electron-transport-layer (ETL), perovskite layer as an absorber, hole-transport-
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layer (HTL), and gold contacts. By choosing materials with different band alignments, one can
extract photogenerated electrons through one side and holes through the opposite side (Figure 1-
2b); this leads to an electrical current, and the difference in the energy of electrons and holes

generates an electrical voltage (i.e., electrical energy).
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Figure 1- 2. APSC is made of a, five layers on top of the substrate including ETL, perovskite layer
as an absorber, HTL, and contacts to exploit generated electron-hole pairs after separation. b,
Energy levels utilized five layers that direct separated electrons and holes toward the gold contacts
by bending the top or bottom of energy band levels.

1-3. Perovskite structure

Now we will introduce the crystal structure of perovskites. A perovskite is any material with a
crystal structure shown in Figure 1-3 following the formula ABX3, which was first discovered as
the mineral called perovskite consisting of calcium titanium oxide (CaTiOs). The letters in the
given perovskite formula represent different ions: A and B are both cations, while X is an anion.
In particular, a halide perovskite contains a monovalent organic and/or inorganic cation, B is a
divalent metal cation, and X is a halogen. The overall oxidation state of perovskite is neutral and
the geometric constraints limit the choices of suitable cations to form a stable composition with a
cubic crystal structure. The methylammonium (MA) lead iodide with the formulation of MAPbI3
is stable at room temperature but there are an enormous number of adopted perovskite
compositions! that facilitate various optoelectronic properties. For example, methylammonium

(MA) and formamidinium (FA) as organic cations and cesium (Cs) as an inorganic cation can be
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mixed in the A site, or metals (Pb, Sn, etc) in the B site, with an unlimited combinatorial ratio of

halogens (I, Br, or Cl) in X site.

Figure 1-3b shows a cubic perovskite structure of ABX3 composition, the lattice parameter can
be extracted from two Miller planes: from the (200) plane in which case the unit cell (a1) is
comprised of two radii of B and X; and from the (100) plane in which case the unit cell (a2) is
comprised of cathetus of the right-angle triangle whose hypotenuse is comprised of two radii of A

and X. The ratio of one to another, called Goldschmidt tolerance factor (t), (t =

a,/a; = ﬂ) has to be between 0.8 to 1 to form a stable perovskite. The tolerance factor
V2(rp+ry)

defines if the different ions fit in the overall cubic crystal structure of the perovskite.

a b

ABX,
Ammonium ions

(MA*FA*, Cs*)

Cation
e Metal ions
(Pb™%.Sn 2, etc.)
Anion 7 Halogen ions

N (I"Br-.andCl")

Figure 1- 3. Halide perovskite composition and its structure.

1-4. Optoelectronic properties of perovskite

Halide perovskite materials are a new class of semiconductors with a unique blend of

properties such as:
1. Low cost and capability of fabricating with simple methods at low temperatures.

2. They possess direct bandgap and broad absorption spectra with an absorption coefficient
of up to 10° cm™! that makes perovskite materials an efficient solar material. The advantage
of direct bandgap vs. indirect semiconductors such as silicon is that the perovskite material

can absorb sufficient photons while being 400 times thinner than silicon!'"!.

3. The tunability of bandgap energy can be achieved by modifying the metal or halide sites
in the perovskite composition. The combination of several compositions in one site also
tunes the bandgap that is in huge demand for constructing efficient perovskite-perovskite

tandem PSCs!!!],



4. Perovskite as an intrinsic semiconductor exhibit high mobility for both holes (~585 cm*V-
!s”! hole mobility of CsSnlz '?!) and electrons (e.g., electron mobility is even higher than

hole due to the low effective mass of electrons).
5. The diffusion length of generated charge carriers is considerably long!'3! (>175uml!4).

All the above-mentioned optoelectronic properties distinguish perovskite materials from many
of other materials that possess only some of the properties that are essential in boosting the

efficiency and performance of solar cell devices.
1-5. Objectives

The power conversion efficiency of halide perovskites show a promising potential to be
considered as an alternative to other existing solar technologies. However, a significant
technological challenge must be addressed first. PSCs suffer from compositional instability that
reduces the lifetime, and challengesscaling-up cells. This dissertation first reviews reported
strategies on multinary compositional optimization for different applications. It then offers two
novel strategies for the rapid optimization of binary and ternary compositions, using perovskite as
a study case material. We will identify a range of stable perovskites that we will then use to make

stable and efficient solar cells.



Chapter 2. A perspective on high-throughput
synthesis of thin films for the discovery of

energy materials

Note: This chapter is published and I as the first author contributed to research on relative

literature reviews and writing the perspective.
2-1. Abstract

Thin films are an integral part of many electronic and optoelectronic devices. They also provide
an excellent platform for material characterization. Therefore, strategies for making thin films are
constantly developed and have significantly benefited from the advent of high-throughput
synthesis (HTS) techniques. This chapter provides a summary of recent advances in HTS of thin
films from an experimentalist’s point of view. The work analyzes strategies of HTS and then in
detail discusses their use in applications that rely on thin films, such as solar cells, batteries,
superconductors, and thermoelectrics. This chapteralso summarizes some key challenges and

opportunities in the HTS of thin films.
2-2. Introduction

The pace of development of new technologies is often dependent on the advent of new

functional materials. To accelerate the exploration of new materials, high-throughput synthesis

(HTS) techniques are being developed to discover new compositions or to optimize known ones!!*>

201 Figure 2-1a depicts the main stages of high-throughput material discovery in a closed-loop

manner: high-throughput synthesis!?!l, high-throughput data-mining (i.e., characterization*?'), and

data analysis!'®23-2],

High-throughput synthesis, a key focus of this chapter, is arguably the most important

step!?1223932] and is essential for creating a high-quality dataset. Variations of HTS have been used

34-36]

for a long time in the solid-state peptide synthesis **), co-deposition! of ternary-alloys such as

[41]

ry38-4% and pharmaceutics*!l.

Fe-Cr-NiP7l as well as drug discove

Among HTS techniques, microfluidics, split & pool, and micro-pipetting have been dominant
platforms (Figure 2-1b). The other common HTS platform is based on thin films created by various

deposition methods such as sputtering, evaporating, and spraying. Though less explored (Figure

6



2-1b), the HTS of thin films offers some unique opportunities. First, material characterization
techniques are usually well-suited to apply for thin films. Second, many devices rely on the
development of thin films. For example, typical thin-film solar cells are made of at least five thin
films, including two electrodes, a light-absorber semiconductor, and two charge-carrier-selective

materials [*%,

This chapter discusses recent advances in the HTS of thin films. We first briefly summarize
major HTS techniques and then focus in detail on the HTS of thin films. We will then discuss the
HTS of thin films used to explore materials for energy-related applications, such as solar cells,
batteries, thermoelectric, and superconductors. To the best of our knowledge, there are only a few
review and perspective papers on HTS of thin films with a focus on the physical vapor deposition
of metals'*}] or organic solar cell materials!'>. This chapter instead emphasizes HTS of thin films
by solution-processed techniques for a broader family of energy-related materials. It is worth
noting that this chapter does not intend to cover all known thin-film HTS methods, but it rather
focuses on recent and illustrative approaches and emphasizes the importance of thin-film platforms

in the discovery of new materials.
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Figure 2- 1. High-throughput discovery of materials. a, Three-step closed-loop optimization and
discovery of materials. b, Number of publications on HTS platforms extracted from the Web of
Science using the keywords of “throughput or combinatorial “, and synthetic techniques, such as

“fluidic or microfluidic”, “split or pool”, nanoparticles”, and “films”. A decrease in the number of
publications in 2020 and 2021 is likely due COVID-19 pandemic.



2-3. High-throughput synthesis

Figure 2-2 illustrates common platforms of HTS of materials. We will now briefly discuss each

of these methods and then focus on the HTS of thin films.

Figure 2-2a shows the micro-pipetting platform that allows dispensing of liquids in a high-
throughput manner. The platform is widely used in the crystallization of proteins!**“*®!. This
method was recently used to synthesize halide perovskites, a promising emerging family of
materials for optoelectronic applications. The outcomes were characterized by convolutional
neural network-based image recognition, which led to the first synthesis of (3-PLA)2PbCls with

strong blue photoluminescence!*®].

Figure 2-2b displays the split and pool synthesis, in which two or more compounds are first
mixed to prepare a pool and then divided into several segments. Each of these segments is then
mixed again with new building blocks. The stepwise iteration in the split and pool approach allows
making a large number of samples, in geometrical progression =!I, The split and pool HTS is
widely used in the high-throughput synthesis and analysis of proteins and RNAsP?!,

53-56

Figure 2-2¢ demonstrates a microfluidic platform!>*%! that allows containing and controlling

(57

of fluids in micrometer dimensions in a spatiotemporal manner”). The controlled co-flowing

through the microfluidic channels leads to interfaces or mixed solutions where chemical reactions

[58,59

may occurl®®>1, Microfluidic-based HTS is widely used in the synthesis of nanoparticles and drug

(69T A microfluidic platform was recently used to study the nucleation

discovery and development.
mechanism of cesium lead halide perovskite nanocrystals, suggesting similarities with multinary
metal chalcogenide systems, but with much faster reaction kinetics!®’l. The microfluidic platform
can be also applied to build asymmetric bilayers using naturally derived lipids that mimic
mammalian cells, which then were used to quantify the effect that lipid asymmetry has on the

permeability of doxorubicin, an anthracycline class of chemotherapy drugs.[6!!
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Figure 2- 2. Schematic of various HTS platforms. a, Micro-pipetting platform (Reprinted with
permission from ref. [62)). b, Split & pool (Reprinted with permission from ref. [¢3), ¢, Microfluidic
platform (Reprinted with permission from ref. B7)). d, Scanning probe block copolymer
lithography (Reprinted with permission from ref. [®4) e Co-evaporation (Reprinted with
permission from ref. [651),

Figure 2-2d shows a dip-pen lithography approach to synthesize nanoparticles in a high-
throughput manner!®. This approach can deliver attoliter-scale volumes to the desired location
where a reaction can occur. The method has been widely used for making bimetallic
nanoparticles®®, and even a single trimetallic alloy nanoparticle!®”!. It was also used for
combinatorial synthesis of nanoparticles consisting of five different elements (Au, Ag, Cu, Co, and
Ni): a polymer preloaded with the appropriate metal salts was deposited onto a substrate and then

thermally annealed to create nanoparticles (Figure 2-2d).

Figure 2-2e shows one of the most common methods of creating a thin film library by physical-
vapor deposition!®® 7 This technique combines multi-target material deposition with mask
positioning to make compositionally-graded thin films!*}l. The moving mask at different angles
leads to the formation of gradient films on a substrate!%’!. Rotation of substrate by 120° in each co-
deposition process and controlling the speed of the mask for gradient formation of the layer lead
to the formation of multinary thin-film alloys (Figure 2-2¢). Thus, gradient thin films allow for
exploring full composition and process parameter spaces (Figure 2-3, right panel)’!! and material

interfaces and thicknesses!’?!.

Solution-processable methods are also used to make a library of materials based on thin-film
platforms, among which spin-coating is the most common. Spin-coating implies depositing films

from many solutions pre-made by discrete mixing of precursors, also termed fragmentary (or
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discontinuous) composition optimization (Figure 2-3, left panel). Since the fragmentary approach
is discontinuous and hence misses intermediate compositions, computational tools are usually used

to simulate the entire parameter spacel’?/.

In contrast, continuous composition optimization can cover the entire parameter space (Figure
2-3, right panel). This can be realized in compositionally-graded films made by physical vapor
deposition (Figure 2-2¢) or solution-processed techniques such as slot-die coating (Figure 2-3,
right panel). In the latter, two precursor inks are supplied into a slot-die reservoir, where the inks
are mixed and deposited on a substrate as a thin film. Because the supply rate of one ink is
increased over time, while the second one is decreased, this approach leads to the in-situ change
of composition (Figure 2-3, right panel) and eventually compositionally-graded films. The use of
this method in the optimization of organic and perovskite solar cell materials is discussed

below!7#H73],

Although an objective comparison of all discussed HTS platforms is challenging, the following
can be said (Table 3-1). Microfluidic and thin-film HTS platforms enable continuous composition
optimization, but they are limited to multiple components. For optimizing multi-component
compositions, nanoparticle and split and pool HTS platforms are best suited. Thin-film platform’s

ultimate products are thin films that lend themselves for device integration.

Table 3- 1. Characteristics of HTS platforms.

. Synthesizing methods Number of . .
Composition - Solid-state device
HTS platforms continuit Solution Physical-vapor| components to be compatibilit
y deposition optimized P y
Micro- .
pipetting Fragmentary Yes High No
Nanoparticles| Fragmentary Yes High No
Split & pool | Fragmentary Yes High No
Microfluidic Fragm_entary/ Yes Limited No
Continuous
Thin Films Fragmentary/ Yes Yes Limited Yes
Continuous

2-4. Applications of thin-film made by HTS

In this section, we will discuss the use of HTS of thin films in the development of novel
materials for applications in energy capture (solar cells, thermoelectric), energy storage (batteries),

and energy transport (superconductors).
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2-4-1. Solar cells

Emerging solar cells suffer from either low performance or stability!”). Since they are made of
multiple layers of thin films and each film is usually made of complex multinary components, their
composition and fabrication strategies are constantly explored to address the mentioned

challenges.

The common approach for the high-throughput exploration of solar cell materials is
fragmentary (or discontinuous) optimization of composition. Figure 2-3, left panel, and Figure 2-
4a illustrate examples of fragmentary optimization in which different precursor ratios are used to
make a library of organic and perovskite films, respectively,[’®73] which then were used to study
their performance and stability. In another work!””), a machine-learning algorithm was used to
optimize over 100 processing variations in fabricating organic photovoltaic devices. The
fragmentary approach was also adopted for inkjet printing of homogeneous compositions of
CsPb(Brxlix)3"8. Since the fragmentary approach is discontinuous and hence misses intermediate

compositions, computational tools are usually used to simulate the entire parameter space [*),

In contrast, continuous composition optimization can cover all possible intermediate phases.
This can be realized in compositionally-graded films in which the concentration of components
gradually changes along with the film. For instance, a pulsed infrared semiconductor laser was
adopted for thermal evaporation of perovskite precursor CH3NH3I/Pblz bilayer films where the
thickness of each layer was controlled to achieve gradient composition (Figure 2-4b). A movable
mask system was used to deposit combinatorial thin-film libraries!”®). The synthesized films were
used to fabricate solar cells and study the dependence of photovoltaic efficiency on precursor
stoichiometry and thickness. Similarly, other works used compositionally-graded thin films for the

optimization of organic or hybrid photovoltaic materials!®%,[461 [811 1821 [83]
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Figure 2- 3. Fragmentary vs. continuous-composition high-throughput synthesis of organic thin
films (Reprinted with permission from ref. [’8]). The left panel depicts the preparation of thin film
libraries by fragmentary approach in which distinct thin film compositions are made and studied.
The right panel depicts the preparation of thin film libraries by a continuous optimization approach
in which thin film composition is graded across the film. PCBM stands for Phenyl-C61-butyric
acid methyl ester, P3HT stands for Poly(3-hexylthiophene-2,5-dial), PCE stands for power
conversion efficiency of solar cells, and R2R stands for roll-to-roll processing.

We recently developed a solution-processed approach for fabricating compositionally-graded
films!7#. Our approach uses slot-die coating with two pumps, each programmed to supply different
solutions at a gradient rate in order to in-situ change the output composition. Figure 2-4c illustrates
an example of our compositionally-graded film prepared from MAPbI3 and MAPbBr3 perovskites.
The transition of color from pure MAPbI3 (black) into the pure MAPbBr3 (orange) indicates the
linear gradient composition of MAPb(IxBrix)s. The film was characterized by measuring
absorption and photoluminescence spectra in >200 locations, indicating a gradual shift of bandgap
across the film (Figure 2-4c). Access to the compositionally-graded films has also enabled the
observation of three distinct degradation mechanisms of perovskite alloys, depending on halide
content: iodide-rich perovskites degraded through desorption of organic component, bromide-rich
perovskite through hydration, while all intermediate alloys through phase segregation.!’

Stabilization of perovskite materials and solar cells is a subject of intense investigation.
12
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Figure 2- 4. Fragmentary vs. continuous high-throughput synthesis of perovskite thin films. a,
Fragmentary HTS of thin films made by spin-coating (Reprinted with permission from ref. ['®l). b,
Continuous compositionally-graded films synthesized by co-evaporation of two precursor
materials (Reprinted with permission from ref. 1), ¢, Top view of perovskite compositionally-
graded film (top panel) made by a slot-die coating of two precursor inks and characterized by
absorption (middle panel) and photoluminescence (bottom panel) spectroscopy (Reprinted with
permission from ref. [/4)

2-4-2. Light-emitting diodes

Replacing inefficient conventional light sources, which utilize one-third of electricity

(4] with power-saving LEDs could play a major role in the conservation of energy. LEDs

globally,
based on perovskites offer high external quantum efficiency, pure colors, and tunable emission
spectral®l. However, most-wanted blue perovskite LEDs suffer from low performance compared
to red and green ones!®, HTS platforms are currently used to discover stable and efficient blue

LED:s.

Figures 2-5 a-b shows a fragmentary approach for optimizing blue-emitting perovskite thin
films!®”). Through composition engineering by incorporating Cl into the CsPbBr3 lattice, the work
first finds that the perovskite of CsPbClo.9Br2.1 composition offers a blue emission centered at 484
nm. Phenylethyl ammonium bromide is subsequently introduced into the CsPbClo.9Br2.1 perovskite
to passivate the traps and improve photoluminescence quantum yield from 0.15% to a maximum

of 27%.
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Figures2-5 c-d show a continuous approach toward the optimization of perovskite composition
for LEDs®®). The work uses dual-source physical vapor deposition of CsBr and PbBr: to prepare
continuous gradient films. The Cs/Pb ratio in the perovskite film gradually changes from one part
to another part of the film. The observed trend of device efficiency is explained as a trade-off
between photoluminescence quantum yield and injection efficiency (resistivity): samples with
high injection efficiency (low resistivity) and low photoluminescence quantum yield (and vice-
versa) lead to low LED efficiency. The LED performs best when these two figures are balanced,

achieved in samples with a Cs/Pb ratio of 1.17/1.
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Figure 2- 5 Fragmentary vs. continuous high-throughput synthesis of perovskite thin films for
LEDs. a, Photoluminescence (PL) spectra of CsPbCIxBrs— thin films with different molar ratios
of CsCl to CsBr. Reprinted with permission under a Creative Commons CC BY License from ref
74. Copyright 2019 Springer Nature. b, Trap densities and photoluminescence quantum yields
(PLQYSs) of CsPbClo.gBrz1 thin films with different ratios of phenyl-ethyl ammonium bromide
(PEABT). Reprinted with permission under a Creative Commons CC BY License from ref 74.
Copyright 2019 Springer Nature. ¢, Schematic of dual-source co-evaporation deposition for
perovskite film. Reprinted with permission from ref 75. Copyright 2019 John Wiley and Sons. d,
Spatially resolved external quantum efficiency (EQE mapping of assembled devices;
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photoluminescence quantum yield and (PLQY) and resistivity of perovskite films. Reprinted with
permission from ref 75. Copyright 2019 John Wiley and Sons.

2-4-3. Batteries

There is an urgent need for high-capacity, low-cost, and stable energy storage devices. Thin
films can offer a critical platform for screening the desired properties of battery materials such as
ionic diffusivity, capacity, phase stability, and volume expansion!®”). HTS of thin films is widely

(921 [

used in the development of anodes®”, cathodes®!), solid electrolytes®* 3] as well as organic

941931 The fragmentary HTS approach is common in synthesizing multinary

electrode materials!
battery material compositions. High-throughput sol-gel synthesis was earlier used to optimize
magnesium doping concentration for lithium ferrophosphate (LiFePOu4), a material of great interest
as a safe, environmentally friendly cathode for lithium-ion batteries (Figure 2-6a) °®). The work
has shown that magnesium substituted for iron in a precursor mixture (LiFe(1-yyMgyPO4) showed
better battery performance than when magnesium substituted for lithium in a precursor mixture
(LigxMgx2FePO4). A similar approach has been utilized for optimizing sodium-ion battery
cathodes, particularly the Na-Fe-Mn-O pseudo ternary system of high immediate interest*®! (Figure

2-6b).
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Figure 2- 6. Fragmentary vs. continuous high-throughput synthesis of thin films for battery
applications. a, Fragmentary HTS of LiFeu-yyMgyPO4 and Lia-xMgx2FePOs (Reprinted with
permission from ref. 8)); b, Continuous compositionally-graded films synthesized by co-
deposition of five precursors (Reprinted with permission from ref. [261),

2-4-4. Superconductors

The lack of an extensive material library of superconductors makes it challenging to investigate
the mechanism of much-needed high-temperature superconductivity. HTS platforms could provide

access to a more comprehensive library of superconductive materials®’l.
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Figure 2-7a illustrates an example of the preparation of a superconductor material library.
Fe70Co30 and V alloys using a shadow mask were deposited on a film grid®®). Then hysteresis loops
across the material library were measured. The co-sputtering technique with a gradient deposition

was also used in studying Fe-B binary systems on a Si wafer!*?],[190],

Figure 2-7b depicts the schematic of a continuous composition-gradient film made of high-
temperature superconducting compound YBa>Cu30Oy,, wherein the oxygen content (x) spatially
varies across the length of the sample!'°!). The YBa2Cu3Ox films were grown on a <001> SrTiO3
substrate using the pulsed laser ablation method!'%?). The continuity nature of oxygen pressure and

thermal effects along the film enables the fabrication of this graded film.
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Figure 2- 7. Fragmentary vs. continuous HTS of thin films for superconducting materials. a,
Fragmentary co-sputtering FezoCoso and V synthesis (Reprinted with permission from ref. €1y, b,
Continuous compositionally-graded YBa2CusOx (Reprinted with permission from ref. [1011),

2-4-5. Thermoelectrics

Thermoelectric materials are generally used in bulk form, but thin films can offer a platform
for optimizing thermoelectric properties such as thermal diffusivity, carrier mobility, Seebeck
coefficient, and other figures-of-merit as a function of chemical composition!’?!. The limited
number of known thermoelectric materials and their low-efficiency demand for HTS techniques

to discover and develop novel thermoelectric materials.

Synthesis of gradient film from a ternary system (CoSbs-LaFesSbi2-CeFesSbi2) made by
pulsed laser deposition was earlier reported 1%, A thermoelectric screening tool (Figure 2-8a)
capable of performing a temperature-dependent study spatially measuring the continuous gradient

film's Seebeck coefficient and electrical resistivity (Figure 2-8b)'%! HTS of thin films were also
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applied to study several other thermoelectric materials such as (Caix-ySrxLay)3Co40o!!%] Ti-Ni-

Snl'%l) and Al-Fe-Til'%7],
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Figure 2- 8. a, High-throughput temperature-dependent Seeback coefficient screening tool.
(Reprinted with permission from ref.1!%40). b, Seebeck coefficient contour plots for a ternary CoShs-
LaFesShi2-CeFesShi2 combinatorial film deposited on a quartz wafer (Reprinted with permission
from ref. [204),

2-5. Conclusion and outlook

Developing HTS of thin films is important to accelerate the exploration and investigation of
much-needed new materials to address some global challenges such as accessible and renewable
energy capture, storage, and transport. Thin films offer a unique platform for HTS of multi-
component compositions. Thin films are also compatible with many commercial devices. As
discussed above, fragmentary (discontinuous) alloy optimization is the most widespread, but it
misses intermediate compositions. In contrast, compositionally-graded films cover all-possible
alloys and hence offer access to the entire parameter space. The following challenges and

opportunities exist in the HTS of thin films.

Synthesis of multinary compositions (containing three or more components) on a substrate is
a challenge. In this regard, evaporation techniques with controllable parameters such as deposition
speed, movable masks, and substrate rotation enable printing up to senary (6 components) phases.
The gradient films with a higher number of components are harder to make, but microfluidic

platforms that store all-compositional spaces may allow the printing of multinary compositions.

Another challenge is the improper mixing of precursors, leading to inhomogeneous thin films
due to local phase segregation. Proper mixing can be achieved by co-evaporation (for physical-
vapor deposition) and turbulent flow of inks (for solution-processed deposition). This is
particularly a challenge for physical vapor deposition techniques in which a slow process may lead
to local phase segregation. In contrast, solution-processed techniques such as slot-die coating

provide a reservoir to ensure proper mixing of inks before being deposited on a substrate.
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Finally, high-throughput characterization techniques are yet to be developed to study the local
properties of thin films. It is already possible to measure optical properties (absorption and
photoluminescence) in a high-throughput manner. However, measuring local composition (e.g., by
X-ray fluorescence), structure (e.g., by X-ray diffraction), or electrical properties (e.g., by the four-

point probe) remains time-consuming.
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Chapter 3: Experimental methods

3-1. Abstract

As we discussed earlier in Chapter 2, the synthesizing methods for optimizing multinary
compositions are fragmentary and continuous. In this dissertation, we will discuss continuous
synthesis for binary and ternary compositions with which we will be able to optimize the most
stable combinatorial compositions for perovskite materials. In this chapter, we present the
ingredients and materials required for the synthesis of thin films. In addition, the methods of
fabrication and characterization instruments for PSCs, binary, and ternary optimization methods

will be elaborated.

3-2. Materials and preparation

3-2-1. Materials

Cesium iodide (Csl, > 99.99%) was purchased from Millipore Sigma. Formamidinium iodide
(FAIL, >99.99%), methylammonium iodide (MAI, >99.99%), and methylammonium bromide
(MABT, >99.99%) were purchased from Greatcell Solar Materials, lead(IT) iodide (Pblz, 99.99%)
from TCI Chemicals, as perovskite precursors. N, N-dimethyl formamide (DMF, 99.5%),
dimethylsulfoxide (DMSO, 99.5%), chlorobenzene (99.5%), and acetonitrile (ACN, >99.9%)
solvents were purchased from MiliporeSigma. Tin (IV) oxide (SnO2) 15% in H20 colloidal
dispersion solution was purchased from the Alfa Aesar. Sprio-OMeTAD was purchased from Xi’an
Polymer Light Technology Co., Ltd. Bis (trifluoromethane) sulfonimide lithium salt (Li-TFSI
99.95%) and cobalt salt (FK 209 Co(III) TFSI) were purchased from MiliporeSigma.

3-2-2. Material preparation

All chemicals and solvents were used without any further modification. For CGF fabrication,
we prepare perovskite inks by dissolving methylammonium halides CH3NH3X (X = Br or I) and
PbX> in dimethylformamide (DMF) to prepare 1 M solutions. For t-CGF we used different
perovskite inks with different concentrations by dissolving MAI (CH3NHsI), FAI (CHsIN2), Csl,
and Pbl2 in DMF and dimethyl sulfoxide (DMSO) with the ratio of (4:1) to prepare 1.4 M, 0.7 M,
and 0.28 M solutions of FAPbls, MAPDI3, and CsPbls, respectively

19



3-3. Fabrication

We fabricated binary compositionally-graded film (CGF), ternary compositionally-graded film
(t-CGF), and both small and large-size PSCs. We used a slot-die coating technique with two pump
Research Laboratory Coater (RLC) of infinityPV to fabricate CGF and t-CGF. For small-sized
PSCs, we used a spin-coater, but for large-sized PSCs, we utilized a blade coater. Figure 3-1 a-c
shows the slot-die coater, spin-coater, and blade coater, respectively. We used a thermal evaporator

to deposit gold contacts on PSCs (Figure 3-1d).

Slot-die coating is a solution-based deposition of thin films onto typically a substrate with a
flat surface. A solution is made of dissolving precursor, also called ink, is delivered to the surface
of the substrate through a slot-die coater’s head. The head has a high aspect ratio outlet that controls
the interaction of ink with the substrate. The aspect ratio and thickness of the thin film can be

adjusted by controlling the gap size, height, and speed of the head during the deposition process.

Spin coating is a common technique for applying thin films to substrates. By spinning a drop
of solution on substrates, the material and a solvent is spun at a determined high speed. The applied
centripetal force and surface tension of the ink together cause an even covering of the wet film that
can be annealed after the process. The thickness of the thin films can be controlled by the speed

and concentration of the ink.

Blade coating is a method of depositing a smooth thin film on a substrate. The blade has a
sharp adjustable distance from the surface of the substrate that is needed to be covered. After
placing the solution in front of the blade, the blade moves across in line with the surface creating
a wet film. The nitrogen blowing can aid to crystallize the solution and passivate the surface of the

thin film at the same time.
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Figure 3- 1. Instruments for fabrication: a. Research Laboratory Coater (RLC) for slot-die coating.
b. Spin-coater. c. Blade-coater. d. Thermal evaporator.

3-3-1. CGF fabrication

Slot-die coating profile of CGFs is shown in Supplementary Figure 4-1. Two solutions were
placed in two Research Laboratory Coater (RLC) of infinityPV ApS slot-die coater pumps. First,
the dead volumes (from syringes to the end of the Y junction) were filled with inks at a speed of
0.05 ml/min, and then the Y junction was attached to the slot-die head. Second, the slot-die head
was filled with one ink until the ink appeared at the tip of the head at a speed of 0.24 ml/min. Third,
the first ink supply is stopped, but the second ink is pumped at 0.3 ml/min speed simultaneously
depositing the solution on the substrate. The mixed solution was deposited on a glass substrate
placed on a hot plate with a fixed temperature of 140 °C. The supplementary Movie " shows the
appearance of fabricated CFG.

3-3-2. t-CGF fabrication.

Perovskite inks were made by dissolving MAI, FAI, Csl, and Pbl> in DMF and DMSO with
the ratio of (4:1) to prepare 1.4 M, 0.7 M, and 0.28 M solutions of FAPbI3s, MAPbI3, and CsPbls,

respectively.

Slot-die coating was performed on InfinityPV Research Laboratory Coater (RLC) following
profiles shown in supplementary figure 4-1 (Appendix A). CsPblsz was deposited using one pump
with a tilted head: first, the dead volume and the reservoir were filled, and then the film was

deposited at a small speed. MAPbI3 and FAPbI3 were deposited in gradient thickness using two
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pumps. The dead volumes (from syringes to the end of the T junction) were filled with inks at a
speed of 0.01 ml/min, and then the T junction was attached to the slot-die head. The time required
to fill the slot-die head until the appearance of ink at the tip of the head at a speed of 0.3 ml/min
was measured to be 56 s. Then the first ink supply was paused, but the second string containing
DMF and DMSO with a 4:1 ratio was pumped at the same speed of 0.3 ml/min. The speed of the
moving head along the 260 mm was installed to be 260 mm/56 s = 4.64 mm/s to be able to linearly
dilute the stored ink in the reservoir. MAPbI3 and FAPbI3 were deposited in opposite directions.
The first and second layers were fabricated at 70°C; the final layer was deposited at 140°C.

3-3-3. PSC fabrication

The UV-Ozone treated glass/ITO substrates were coated with SnO2 by dropping 60 ul of mixed
SnO2:H20 (1:6). We used 6 ml deionized (DI) water and 1 ml of SnO2 15% in H20 colloidal
dispersion nanoparticles and then sonicated for 30 minutes and filtered with 0.45 pm
polyvinylidene difluoride (PVDF) syringe filter before deposition. 60 pl of the prepared tin oxide
solution is dropped and spin-coated for 1 minute with 3000 r.p.m., and repeating the process twice.
Then the substrate was annealed at 140 °C for 20 minutes and treated with UV-Ozone for 15
minutes. Perovskite solution was prepared by dissolving 1 molar mass of combinatorial ratios of
Csl, MAL, FAI, and Pblz on 0.666 ml of DMF : DMSO with the ratio of 1:10. Then 90 ul of mixed-
cation, single-halide perovskite (1.5 M) in the ambient air was deposited by a spinner at 500 r.p.m.
for 5s, 1000 r.p.m. for 5s, and 4500 r.p.m. for 30s. During the last step, 500 pl of chlorobenzene
was dropped on the film at 30 s, followed by annealing at 140 °C for 10 min. Spiro-OMeTAD
solution was prepared by dissolving 0.1 mg of spiro-OMeTAD powder in 1.1 ml of chlorobenzene,
0.039 ml of tBP, 0.023 ml of Li-TFSI (dissolved in acetonitrile, 540 mg/mL), and 0.01 ml of Co-
complex (dissolved in acetonitrile, 376 mg/mL) solution. Then 60 ul Spiro-OMeTAD was
dynamically spin-coated for 30 s. Finally, 70 nm gold was thermally evaporated (Angstrom
Engineering). All the solutions, i.e. perovskite and spiro-OMeTAD, were filtered with a 0.22 pm
polytetrafluoroethylene (PTEE) syringe filter.

3-4. Characterization

We used different tools for measuring our fabricated samples. For measuring the current-
voltage characteristics of our PSCs, we used a solar simulator (Figure 3-2a). To measure the
durability of the devices with different compositions, we used a Maximum-Power-Point box

(Figure 3-2b) with which the temperature of the environment can be elevated for accelerating the
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degradation mechanism. Figure 3-2c shows the spectrometer that is applied to measure
photoluminescence and absorption spectra in both CGF and t-CGF. In addition, we used a robot
arm (Figure 3-2d) to increase the accuracy of measurements which is very essential for high-

throughput screening purposes.

Figure 3- 2. Characterization tools: a. Solar simulator, b. Maximum-power-point (MPP) box, c.
Spectrometer with Xenon lamp, d. Robot arm.

The solar simulator produces illumination approximating natural sunlight in order to provide
an indoor test tool for laboratory applications. The provided spectrum illuminated by the solar
simulator should resemble the AM1.5 spectrum. The instrument simulates sunlight, and we use an
Ossila source meter to record the measuring parameters of the PSCs. The main parameters that we
need to quantify the performance of PSCs are peak power (Pmax), the short-circuit current density
(Jsc), the open circuit voltage (Voc), and the fill factor (FF). The reliable J-V measurement requires
standard test conditions in which the total irradiance on the solar cell should be equal to 1,000

watts per meter squared.

We measure current-voltage (J-V) characteristics after placing the PSCs under direct exposure
to the solar simulator’s light. The contacts (e.g., cathodes and anodes) of the PSC are attached to
the circuitry board that is considered a probe of the Ossila source meter. The experiment of result
aims to measure the power conversion efficiency (1) of PSCs through the measured J-V
characteristics. The Jsc is the current that flows through the external circuit while the solar cell is
shorted. The Jsc depends on the photon flux that is interacting with the PSC. The current density
also has direct proportionality on the area of the cell that is interacting with the solar simulator.
The Voc is the voltage at which no current flows through the PSC. It is considered the maximum

voltage that a PSC can deliver.

The fill factor (FF) is the ratio between the maximum power point (Pmax=Jmpp. Vmpp) and an

ideal maximum power point (Pideai= Jsc.Voc): FF=(Jmpp.Vmpp / Jsc.Voc). The power conversion
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efficiency is calculated as the ratio between the maximal generated power and the incident power
coming from the solar simulator with an irradiance of Ii=1000 W/m? The 7 is a fraction or

percentage of generated power over input which is calculated from 7 = Pmax/Iin = (Jsc.Voc.FF)/Iin.

For the durability test, we have the MPP test box that is connected to the probe of the Ossila
source meter (Figure 3-2b). The maximum power point operation is also considered as a stability
evaluation of the PSCs. The MPP box provides some stressed conditions such as room temperature
in relative humidity (RH) of 40%, with an elevated temperature (e.g., 60 °C). Since an Xe lamp
that provides a closer spectrum to AM1.5 has a short lifetime, we use a white LED instead as a
light source that has a limited visible spectrum to those of Xenon lamps. However, the generated
carrier concentration for both lamps is similar and the replacement with theLED is negligibly

impacting the performance of PSCs.

The gradient film measurements of all compositions were carried out via a UV-Vis AVENTES
spectrometer (AvaSpec-ULS2048CL-EVO-RS) in the reflection mode. The absorption spectra of
the gradient film were recorded in the wavelength range of 500-780 nm at the ambient temperature
with an auto-saving option every 200 ms while moving the reflection probe through the gradient
film. Using the same spectrometer in the reflection mode ranging from 500-780 nm, we measured
the photoluminescence (PL) peaks in a dark room every 2 s. A Dorna 2 robotic arm (Dorna

robotics) was used to automate the process of acquisition of CGF’s optical properties.

We also used other shared facilities that are available within the Centre for Advanced Materials
and Related Technology (CAMTEC) for characterization that is applied for validation of our
current experiments such as accomplishing powder X-ray diffraction (pXRD), nuclear magnetic

resonator (NMR) and scanning electron microscopy (SEM).
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Figure 3- 3. Characterization facilities: a, Scanning electron microscopy. b, PANalytical
Empyrean small angle X-ray scattering (SAXS) for powder X-ray diffraction measurement. c,
Nuclear magnetic resonance.

SEM images were captured with a Hitachi S-4800 FESEM. EDX was taken on a Bruker
Wuantax EDS system from Hitachi S-4800 FESEM (Figure 3-3a). For XRD measurements, a
PANalytical Empyrean system using a Cu source (K, 1.5406 A) was used. The data were collected
in high throughput manner using a SAXS stage and PIXcel2D detector (Figure 3-3b). NMR
spectra were acquired with a Bruker AVANCE-IIT 300 MHz spectrometer (Figure 3-3c).
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Chapter 4: High-throughput exploration of
halide perovskite Compositionally-Graded

Films and degradation mechanisms

Note: This chapter has multi-author contributors, I have contributed to developing the binary
optimization, synthesis of CGF via a slot-die coating, robotizing the characterization, measuring
the absorption and photoluminescence spectra, writing the MATLAB codes, analyzing the data
and plotting the figures.

4-1. Abstract

Functional materials are always looked after to address shortcomings of state-of-art devices.
The conventional approach to search for new material compositions is to synthesize and study a
limited number of alloys; however, this fragmented approach misses a significant fraction of
material alloys, which delays or disables the discovery of potential ‘magic’ compositions. Here we
report a strategy for fabricating compositional gradient films to synthesize all possible alloys from
binary systems in a single shot in less than 1 min. We use our approach to study an applied
challenge — the stability of halide perovskites, a promising and fast-growing class of
semiconductors for various optoelectronic applications. We synthesize all possible phases from a
binary system of MAPbI3 and MAPbBr3, and then study their optical, structural, and stability
properties in a high-throughput manner. We find that perovskite alloys experience three different
degradation mechanisms depending on halogen content: Br-rich perovskites degrade through
hydration, while I-rich perovskites do so the loss of organic component; all other intermediate
alloys degrade through segregation to Br-rich perovskite and lead iodide. The proposed method of
fabricating compositional gradient films paves avenues for discovering new materials and

processing parameters for a broad range of applications that rely on compositional engineering.
4-2. Introduction

Novel material compositions are always sought after to achieve new benchmarks in

1,[108] 109]

photovoltaics!'8H1%81  thermoelectrics!'®,  piezoelectrics! t]

101" catalysis!!!'!],  batteries!

112]
b

113] 114

superconductors!'!®!, magnetism!''¥, pharmaceuticals!'"”), lasers, LEDs!"'® and other fields.
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Materials science has hitherto mainly relied on a “trial-and-error” approach that led to many
important — but primarily serendipitous — discoveries of new materials or processing
parameters!!!”). For instance, NiTi shape memory alloy is one example of serendipitous
discovery!®l. A more recent example is the discovery of a noble metal-free nanoparticulate
electrocatalyst, CrMnFeCoNi, with catalytic activity for the oxygen reduction reaction!''”). Given
that the number of potential compounds rises exponentially in multi-atom mixtures, there is a need

for a more efficient and systematic search for new materials!'2°-127],

128111291 are developed to accelerate the discovery of materials by

High-throughput methods!
searching through ever-increasing vast space of multi-atom compositions!'*%). In addition, high-
throughput approaches provide access to big data that is now being used to train machine learning

131

algorithms!!*!, which predict and sometimes make new materials!'’l. In both high-throughput and

machine learning-assisted search, the output heavily relies on the number of available data

1321,(133

sets! 1. Figure. 4-1a depicts a common strategy in conventional high throughput methods for

compositional engineering!*?!

, when several compositions are combinatorially prepared and
studied. However, this ‘fragmented approach’ provides discrete data sets!'3#, which, unfortunately,
misses most of the compositions in between to form a complete experimental data set. Therefore,
there is a significant need for a comprehensive method of fabrication of multinary phases to search

for new compositions in a systematic manner!2%-6>1331,

Here we show an approach for a synthesis of all possible phases in binary systems in one shot.
We achieve this by developing a strategy for the fabrication of compositional gradient films
(CGFs), where the film starts with one composition and gradually transitions to another through
alloying. We apply our strategy to study a binary system of MAPbIs and MAPbBr3 perovskites, a
promising and fast-growing class of semiconductors for optoelectronics. In particular, perovskite
solar cells recently achieved 25.5% power conversion efficiency!”!, which is large is due to
compositional engineering. Using our method, we prepare hundreds of perovskite alloys in less
than 1 min, then study their optical and structural stability in a high throughput manner and report

compositionally stable alloy regions.
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Spin coating MAPb(I,Bry_,)s

Head

Figure 4- 1 Schematic of approaches for material composition optimization. a, Conventional
approach to fabricate a limited number of compositions; b, Fabrication of compositional gradient
films (CGFs) that include all possible phases from binary systems in one shot.

4-3. Results and discussion

We chose a slot-die coating method to fabricate CGFs. This method is promising for roll-to-
roll fabrication and commercialization of solution-processed materials, including polymer and

§[1361,(137

perovskite solar cells and light-emitting diode 1. Therefore, using slot-die coating will allow

simultaneous optimization of processing parameters to develop device-integrable thin films.

The slot-die coating method uses a pump to supply a solution to a slot-die head that prints
material on a substrate. We added a second pump and connected the outputs of the two solution
supplies (Figure. 4-1b) using a unidirectional Y junction. The liquid mixture then flows into a slot-
die head reservoir where it experiences a sudden change in cross-section area and shape (from

circular to truncated cylinder), leading to proper mixing!3®l,

We first programmed one pump to decrease its solution supply gradually while the other pump
increased it. However, this approach led to nonlinear and discontinuous gradient films due to the
delayed arrival of the second ink as it starts at a low speed. We then alternated the ink supply using
the slot-die coating profile depicted in Supplementary Figure 4-1. After filling the slot-die head
with one ink, we stopped its supply and started supplying the second ink at high speed,
simultaneously moving the slot-die along the substrate. This alternated ink supply approach
allowed for the in-situ mixing of two solutions and in-situ gradient change of the final solution

composition and enabled the fabrication of CGFs, as we show below.
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Figure 4-2a,b show top- and side-views of CGF prepared from MAPbBr3; and MAPbI3
solutions on a 28 cm long substrate fabricated within less than 1 min. The visual appearance of the
film, i.e., continuous yellow-to-black transition through the film, indicates that the film is made of
MAPDBr3 and MAPbIs at /=0 and / = 28 cm, respectively, and all possible MAPb(IxBrix)3 alloys

while moving through the length of the film from one side to another.

To validate the gradient nature of the CGF, we measured the absorption bandgap along the
center of the film. We used a robotic arm to slide a spectrometer’s reflection probe to measure
CGF’s optical properties in equally-spaced 215 locations along the center of the film
(Supplementary Figure 4-2 ). We then processed the data using a MATLAB code to compute the
Tauc plot and the bandgaps (Figure. 4-2d,e). The bandgaps of the CGF indeed gradually decrease
from 2.23 to 1.62 eV while moving from / = 0 to / = 28 (cm), validating the successful formation

of all alloys on a single film. Raw absorption figures are shown in Supplementary Figure 4-3.
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Figure 4- 2 Characterization of CGF. a, side-view and b, top-view of CGF; ¢, Quantification of
heterogeneity across the width of the CGF by normalizing absorption and PL bandgaps to the
center of the CGF; d, Normalized absorption Tauc plots of fresh CGF and e, extracted absorption
bandgaps for 215 locations; f, Normalized PL spectra of fresh CGF and g) extracted PL bandgaps
for 215 locations.

Next, we measured the photoluminescence (PL) of the CGF using the same optical probe (raw
figures are shown in Supplementary Figure 4-4). We then processed the data using MATLAB code
(MATLAB File 2) to normalize the PL spectra (Figure. 4-2f) and calculate the PL bandgaps
(Figure. 4-2g). As expected, the PL bandgaps of the CGF follow the absorption bandgap trend
(Figure. 4-2g, ).

Supplementary Figure 4 shows ras PL data and extracted PL intensity and the full-width at
half-maximum (FWHM) of the CGF. The bromide (x <0.15) and iodide-dominant (x > 0.7) regions
show excellent PL color purity with FWHM of less than 40 nm, while MAPb(IxBr1x)3 alloys
demonstrate significantly broad FWHM exceeding 50 nm, likely due to phase
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139],[140],[141

segregation! 1. The bromine-dominant perovskite region along the film shows strong PL

peaks, in line with the recent findings of impressive green-emitting Br-rich perovskites!!4?].

We also performed micro-X-ray diffraction (mXRD) (Figures 4-3b) to gain insights into the
structural evolution of the CGF along the film. The first-order reflection of (001) planes has
gradually shifted to lower diffraction angles (larger unit cell parameters), with the increase of /

indicating of successful formation of solid MAPb(IxBri-x)3 alloys along the film!!'4],

To quantify film heterogeneity across the width of the CGF, we measured the absorption, and
PL bandgaps along 11 parallel lines distanced 1 mm from one another using the robotic arm. We
then normalized the bandgaps to the center of the CGF and show thus-obtained color maps in
Figure 4-2c. The figures demonstrate excellent homogeneity of the CGFs across the film (width);
heterogeneity does not exceed +8.5% and is mainly located at the edges of the film likely due to
delayed exit of the ink from the sides of the slot-die head (positive heterogeneity values) or

advanced release of ink due to roughness of the substrate (negative heterogeneity values).
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Figure 4- 3 Stability of MAPb(IxBri1x)s CGFs. a, Photographs of fresh and aged CGF film; b,
MXRD spectra of fresh (black) and aged (orange) CGFs. The Bragg peaks assigned to perovskite
(}), Pbl2 (*), MA4PDbls*2H20 (#), and MAPDbBTr3 and PbBr2 hydrates (+) are labeled.

The stability of halide perovskites is the subject of ongoing investigations. Compositional
engineering, including I-Br alloying, has been an efficient method of addressing this issue. Taking
advantage of all possible alloys on our CGF, we used it to study the stability of perovskite alloys.
We aged the perovskite CGF at 30-40% relative humidity at room temperature and regularly
measured absorption, PL, and mXRD. To quantify the change by aging, we normalized the
extracted values such as bandgap and lattice parameters of the aged film to those of fresh film
(Supplementary Figure 4-6. a-c) in the same location. In this representation, any inclination from
unity in the figures would indicate degradation. Figure. 4-3a compares fresh CGF with the aged
one, demonstrating a significant visual color change in most parts of the film, except in the Br-rich
region at x < 0.2; this agrees with optical and structural characterization results that show Br-rich

regions experience the lowest degree of degradation (Supplementary Figure 4-6. a-c).

Global inspection of mXRD spectra (Figure. 4-3b) indicates three degradation regimes in
MAPDb(IxBrix)s3 alloys as a function of composition. In the Br-rich region with x < 0.1, degradation
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is mainly due to hydration and formation of hydrated PbBr2 and MAPbBr3 (corresponding changes
are shown in Figure. 4-3b)[144+143] T the iodide-rich region with x >0.9, decomposition is mainly
due to the loss of the MAI and significant release of Pblz (a sharp increase of Pbl> peak). In
MAPDb(IxBrix)s alloys with  0.1<x < 0.9, degradation mostly occurs through segregation to Br-
rich perovskite (shift of perovskite peak to higher diffraction angles in Figure. 4-3b) and
MA4PbI6*2H20 and Pbl>.[1*] This, to the best of our knowledge, is the first observation of multiple

degradation modes in I-Br halide perovskite alloys!!47],[148],

In summary, we demonstrated a strategy for the fabrication of compositionally gradient film,
a method that allows synthesizing all possible phases from binary systems in one shot. To
exemplify the use of this method, we applied it to find stable regions in MAPb(IxBrix)3
compositions. This method can be used to search processing conditions and novel materials for
batteries, catalysis, superconductors, and other fields, where compositional engineering plays a
pivotal role. In Supplementary Figure 4-7, we show CuBrxClix CGF, which can be used to
optimize the Cu catalyst for CO: electroreduction. We have future works aimed at expanding the
fabrication of ternary CGFs. The approach detailed in this work provides access to the gap-free
database of multinary materials enabling efficient and accurate machine-learning guided discovery

of materials.
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Chapter 5 High-throughput exploration of triple-
cation perovskites via all-in-one

compositionally-graded films

Note: This chapter has multi-author contributors, I have contributed to purposing the theory of
ternary optimization, synthesizing with slot-die coating, designing the acceleration chamber for
the degradation process, robotizing the characterization, measuring the samples with a
spectrometer, collecting other characterization data, plotting and analyzing the graphs, fabricating

perovskite solar cells, measuring the solar cell devices, collecting the MPP test results.
5-1. Abstract

Energy devices, among many others, heavily rely on combinatorial material optimization.
However, new material alloys are classically developed by studying only a fraction of giant
chemical space, while many intermediate compositions remain unmade in light of the lack of
methods to synthesize gapless material libraries. Here we report a high-throughput
experimentation strategy to synthesize ternary structures from solution with no gap in composition.
We apply this strategy to make all CsyMA,FA:Pbls perovskite alloys (MA and FA stand for
methylammonium and formamidinium, respectively), in less than 10 min, on a single film, on
which we then study 520 unique alloys. By aging all these alloys in air supersaturated with
moisture, we find a range of stable perovskites which we then use to make efficient and stable
solar cells in relaxed fabrication conditions, in ambient air. This platform provides access to an
unprecedented library of compositional space with no unmade alloys, and hence aids in a

comprehensive accelerated discovery of materials.
5-2. Introduction

Many important technologies such as solar cells, light-emitting diodes, batteries,
superconductors, and thermoelectrics rely on how fast materials are discovered or developed.
Because the best materials are often a blend of multiple components, high-throughput
experimentations (HTEs), [15-2628:34,45.62,69.74.77.78,93,115,12L134,149-168] hoth for making and studying

150]

mixtures/alloys, have recently gained major attention! However, state-of-art HTEs are
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unfortunately able to make only a fraction of possible compositions and then employ machine
learning algorithms to extrapolate to unmade compositional spacel!6416¢1%] Being able to make
all possible alloys would provide access to unprecedentedly large material libraries, but this

remains a challenge.

One field which would benefit from HTE is halide perovskites, a family of semiconductors
that offers an unusually long charge-carrier diffusion length for solution-processed materials!!7%
1741 Halide perovskites hence were widely researched for a range of optoelectronics. Particularly,
perovskite solar cells (PSCs)!'?>175-177] showed unprecedented rapid progress, in large part due to
perovskite compositional engineering. For instance, the formamidinium plumboiodide (FAPbI3)
perovskite is an important photovoltaic absorber as it has an optimal bandgap of ~1.5 eV; but it
unfortunately easily transforms to a different polymorph with an undesired large bandgap of 2.5
eV. Stabilizing FAPbIs by alloying with different cations and/or halogens led to record-breaking
PSCs!'78, However, this process has hitherto relied on a fragmentary approach, when only a
fraction of enormous compositional space was made and studied. It is therefore essential to develop
platforms that allow making all multinary alloys, particularly due to further needs for

commercially-relevant stable perovskites!'>!:192:167.179-185]

Here we report an approach to synthesize and characterize all possible ternary alloys from a
solution in less than 10 min. We apply our approach to make CsxMA,FA:Pbls perovskite alloys on
a single film, on which we then study 520 unique material compositions via a high-throughput
optical characterization tool. We also study the stability of all these alloys in a high-humidity
environment and find a range of ternary perovskites which remain intact under these harsh
conditions. We observe the unique role of each component — organic cations aid in stabilizing
perovskite structure, while an inorganic cation (cesium) — in the crystallization of pin-hole free
films. We then make solar cells using perovskites from the defined humidity-stable range and test
the unencapsulated devices at elevated temperatures. We further reveal three distinct degradation
pathways in operational devices as a function of composition: (1) mixed-halide mixed-cation PSCs
degrade by losing photocurrent and photovoltage; (2) single-halide organic-rich PSCs lose either
photocurrent or photovoltage; and (3) single-halide inorganic-rich PSCs show the longest

operational stability.
5-3. Results and discussion

In a cubic perovskite structure of ABX3 composition, the lattice parameter can be extracted

from two Miller planes (Figure 5-1a): from the (200) plane in which case the unit cell (a1) is
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comprised of two radii of B and X; and from the (100) plane in which case the unit cell (a2) is
comprised of cathetus of the right-angle triangle whose hypotenuse is comprised of two radii of A
and X. The ratio of a2/a1, known as Goldschmidt tolerance factor (¢), should be close to unity to

form a stable perovskite with no/little structural distortion.!36]
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Figure 5- 1. Computing effective tolerance factor of triple cation perovskites. a, Schematic of
perovskite cubic unit cell with ABX3 composition; b, 1D superlattice of ABXs with triple A-
cations showcasing accumulated offset (A= |a, — a,|); ¢, Computed effective Goldschmidt
tolerance factor for triple cation perovskites for 0.88 < tefr < 1.

We applied Goldschmidt’s theory to assess the structural stability of iodide triple-A-cation
perovskites, CsxMA,FA:Pbls, where x+y+z=1. Note that we did not consider mixed halides, as
they are known!’#, also shown below, to be prone to phase segregation. If the ternary perovskite
is represented as a 1D superlattice of N = n; + n, + n3 unit cells (Figure 5-1b), where n1, n2, and
n3 define the ratio of A-site cations (x =n,/N,y =n,/N,z =n3/N), then the effective
tolerance factor is torr = (na, + nya; + n3 a,)/Na,, where a,, aj, a, are (100) lattice constants
with Cs, MA, and FA, respectively (Supplementary Note 1 in appendix B). Taking t,sr > 0.88 as
a criterion to form a stable cubic perovskite structure,!'®”) we defined the compositional range of
CssMAyFA:Pbl3tobe 0 <x<0.2,0<y<1,and 0 <z <1 (Figure 5-1c).

We then sought to synthesize the ternary alloys of the defined compositional range. Making
them by a traditional ‘fragmentary’ approach would not only be time-consuming (e.g., 10°
compositions only for 10% increments), but would also miss many intermediate compositions. We

recently demonstrated a high-throughput approach to synthesize all possible binary alloys on a
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single thin film, which we termed compositionally-graded film (CGF)"*, via in-situ compositional

change of deposition ink. However, our original CGF approach was limited to only binary systems.

We hence upgraded our approach to be able to achieve ternary CGF (t-CGF) by coating
gradient films of three ingredients sequentially, but with varying gradient directions (Figure 5-2a).
We fabricated individual graded films by slot-die coating (Supplementary Note 3 in appendix B).
To achieve t-CGFs, we deposited three layers sequentially, on top of each other, with varying
thicknesses to cover the entire compositional space with asymmetric combinatorial ratios

(Supplementary Note 2, and Supplementary Figure 5-1 in Appendix B).

We fabricated the t-CGF on a substrate of 130 cm? area (5 cm width and 26 cm length). Figure
5-2b provides the detailed three-step fabrication conditions of CsyxMA,FA:Pbls t-CGFs. First,
CsPbls film was deposited by a tilted slot-die head to achieve a thickness gradient across the width
of the substrate (Supplementary Figures 5-2a,b). MAPbI3 was then deposited on top of CsPbls film
by an in-situ decrease of ink concentration to achieve a thickness gradient across the length of the
substrate (Supplementary Figures 5-2c,d). Finally, FAPbls film was deposited on top of
CsPbls/MAPDIs sandwich film, but its thickness gradient was opposite to MAPbI.
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Figure 5- 2. Fabrication of CsxMAyFA:Pblst-CGFs. a, Schematic of sequential deposition of three
layers by slot-die coating, and robotized high-throughput screening by an optical spectrometer. b,
Three steps of synthesizing t-CGFs; the first layer is made by a tilted slot-die head with one pump
profile to form a gradient of CsPbls across the width of the substrate; the second and third layers
are deposited by the straight slot-die head with two pump profiles to deposit gradient films of
MAPbIs and FAPbIs, respectively, across the length of the substrate; coating of subsequent layers
dissolve previous one(s) and recrystallize into new perovskite compositions. ¢, Absorption spectra
after each step of fabrication. d, Variation of normalized absorbance as a function of wavelength
across the film for three sequential layers. e, Normalized absorbance to global maximum
showcasing gradient thickness; the gray color of the surface shows standard deviation across the
film.

To assess the capability of our approach in the fabrication of thickness-graded films, we
measured absorption spectra for every 0.25 cm? segment of the substrate, which sums up to 520
locations (130 cm?/0.25 cm? i.e., 52 in length x 10 in width). We used a robotic arm and a reflection
probe of a spectrometer to collect all spectra in 10 min (Supplementary Figure 5-3, ). Since
absorbance directly depends on the absorber’s thickness (Beer-Lambert law), we used absorbance
value (4) to estimate the spatial thickness of films for each deposited layer. Figure 5-2c shows the
spectra for each layer at 520 locations. From the maximum variance of absorbance as a function
of wavelength, S(1), along the t-CGF (Supplementary Note 4 in appendix B), we found the photon
wavelength that exhibits the highest sensitivity to the absorber’s thickness (Figure 5-2d). The
S(A) shows a clear red-shift by adding each layer indicating successful alloying of compositions
in each deposition step. We used the maximum S(A) value to map thickness gradience along and
across the fabricated t-CGF in each step (Figure 5-2e¢). We indeed found that all three layers
(CsPbls, MAPbIs, and FAPbI3) were deposited in a gradient with a low standard deviation of ¢ <
102 of relative absorbance (Figure 5-2¢) that guarantees alloying of all designed combinatorial

ratios.

The exact composition of CsxMA,FA:Pbl; in a specific location of t-CGF can be determined
from its spatial coordinates (just like the coordinates can be calculated from the given composition,
as discussed in Supplementary Note 1). But we sought to validate the compositional distribution
of the CsxMA,FA:Pbl; t-CGF by conventional analytical methods (Supplementary Note 5 in
appendix B). The ratios of organic and inorganic ions, identified by NMR and EDX, from multiple
locations, were in good agreement with the expected compositions (Supplementary Figures 5-4 in
appendix B and figure 5). Powder XRD shows single peaks corresponding to the perovskite phase
indicating the successful formation of alloys (Supplementary Figures 5-6a-c), rather than multi-
layered structures in which case one would expect to observe multiple perovskite diffraction peaks.
We thus conclude that each subsequent slot-die-coating dissolved the previous layers and

crystallized as a new alloy:
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2: MAPDI3( 3: FAPDI3(
CSPbI3(l) —> CSPbI3(S) _— CS MA Pb13(s) _— CS MA FA Pb13(s),

where / and s stand for the solution and solid, respectively

Powder XRD spectra show shrinkage of the crystal lattice parameters from FA-rich perovskite
to Cs and MA-rich perovskites, again indicating the successful formation of ternary gradient film
(Supplementary Figure 5-6¢). In addition, the full-width at half maxima of XRD peaks indicate
that the Cs-rich films are made of larger crystallites (Supplementary Figure 5-6d); this observation
is further supported by surface SEM-images of Cs-less and Cs-containing perovskite films
(Supplementary Figure 5-9).

The t-CGFs provide an unprecedented dense library to study the properties and stability of
alloys, unlike conventional approaches which study only a fragment of possible compositions. We
measured the bandgap and Urbach energy of CsxMA,FA:Pbls alloys at 520 locations. The bandgap,
as expected, increased from ~1.50 (eV) for FA-rich perovskite to ~1.61 (eV) for MA- and Cs-rich
perovskite (Supplementary Figure 5-7a). All studied CsxMA,FA:Pbl; alloys, when fresh, show a
relatively small Urbach energy of 2043 meV demonstrating low energy disorder and hence can be

used to make performing cells!®!#%,

Figure 5-3a and 3b show the fresh t-CGF of CsxMA,FA:Pbls, and the same after it was aged at
99% relative humidity for 92 days, respectively. The humidity stress discolored a major portion of
the t-CGF, while only its small area remained black (Figure 5-3b). To quantify the stability of
ternary alloys, we measured absorbance (Figure 5-3¢) of the fresh and aged t-CGF, and then looked
at the ratio of absorbance values at 784 nm: in this analysis, more deviation of this ratio from the
unity means more change, or instability, of the composition. The stable range shown in Figure 5-
3b, when decoded to composition (Supplementary Note 1), is made of CsyMA,FA:Pbls with x <
0.1;0.1 <y<0.25;0.75 <z<0.9 (Figure 5-3f). Supplementary Figure 5-7 shows the optoelectronic
properties of the t-CGF in real space. We re-synthesized this stable range again and indeed
confirmed that this combinational range remained black when exposed to identical humidity stress

(Supplementary Figure 5-8).
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Figure 5- 3. Stability test of CsxMAyFA:Pblst-CGF. a, Image of fresh t-CGF of CsxMAyFA:Pbls.
b, Image of the same t-CGF aged for 92 days under 99% relative humidity; the dashed rectangle
shows perovskite compositions that experienced no/little color change. ¢, Bandgaps, d, Urbach
energies, e, Absorbance values, f, Ratio of absorbance values of the aged to fresh at the wavelength
of 784 nm for 520 locations (compositions).

Inspired by this finding of a range of stable ternary perovskites, we fabricated solar cells in a
conventional architecture (Glass/ITO/SnOz2/Perovskite/Spiro-OMeTAD/Au) in ambient air. We
chose three types of mono-halide perovskites from the defined stable range, which we name FA-,
MA-, and Cs-rich regions (exact compositions are shown in Figure 5-4 and Supplementary Figure
5-11). Our champion device showed ~22% power conversion efficiency (Supplementary Figure 5-
10a); further optimizations (e.g, device architecture, selective carrier transport materials, interface
engineering), not the subject of this study, may lead to higher efficiencies. We also fabricated
mixed-halide perovskite solar cells (Cso.0sMAo.15FA0.8Pbl2.5sBro.as) which, we showed recently!!78],
demonstrates over 500 hours of maximum power point operational stability at room temperature

when encapsulated.
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To study the stability of PSCs, we measured their current-voltage characteristics in ambient air
at ~57% RH at 60 °C without encapsulation. These conditions represent accelerated tests by a
factor of ~10* compared to encapsulated devices tested with no heating stress (Supplementary
Figure 5-12). Mixed halide perovskites demonstrate rapid degradation of all photovoltaic figures-
of-merit when tested in these conditions due to phase segregation at high temperatures (Figure 5-
4a). This agrees with their rapid loss of efficiency when tested under maximum power point
operation unencapsulated at 60 °C (Supplementary Figure 5-10). MA-rich perovskites experience
rapid loss of Jsc due to the loss of MA (Figure 5-4a), while FA-rich perovskites experience a rapid
loss of Voc due to polymorphism of FA-rich perovskites (Figure 5-4a). Cs-containing perovskites,
among all, show the least loss in all photovoltaic parameters likely due to the improved
morphology of perovskites (Figure 5-4a). We further fabricated PSCs from 8 locations of the
defined stable region of ternary perovskites (Supplementary Figure 5-11). Figure 5-4c, 4d, and
Supplementary Figure 5-12 show the trends as a function of composition, based on which we
conclude that Jsc loss can be minimized with the increase of FA and Cs components, while the

presence of the optimum amount of MA is needed to minimize the Voc loss.

d
Measurement conditions: RH: 57%, Ambient air, Unencapsulated, 60° C
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Figure 5- 4. Operational stability of ternary perovskite solar cells. a, Evolution of current-voltage
characteristics of perovskite solar cells in ambient air at ~57% RH at 60 °C without encapsulation.
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b, Selected compositions from the stable region in the ternary diagram. c, Loss of short circuit
current density (Jsc), and d, open circuit voltage (Vo) as a function of perovskite composition
within ¥ h of test in ambient air at ~57% RH at 60 °C without encapsulation.

5-4. Conclusion

Compositional engineering is arguably a key knob in developing new materials. We reported
a strategy for the synthesis of all possible ternary compositions. Applying our platform to halide
perovskites, we reported a range of perovskite compositions that remained stable in moisture-
supersaturated air and demonstrated their use in fabricating perovskite solar cells in ambient
conditions. These compositions can be promising candidates for the commercialization of PSCs
because they can be fabricated in relaxed conditions, and can be easily upscaled as they were made
by a commercially-relevant slot-die coating method (Supplementary Figure 5-13). While we
demonstrated the use of t-CGFs for a comprehensive exploration of ternary perovskites, this

approach can be adopted for any other mixtures that can be solution-processed.
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Chapter 6: Conclusions and outlook

6-1. Conclusions

Significant research activity enabled perovskite solar cells reach high efficiencies compared
with other existing technologies. Given the fact that the maximum record efficiency of PSCs is
just 1% below that of the highest efficiency silicon solar cells, the potential for commercialization
of perovskite material is a likely opportunity. But challenges faced by perovskite technology make
it uncertain as to if and when it can achieve gigawatt-scale deployment. In the meantime, many
different applications can support higher dollar-per-watt costs and durability issues including
transportation, building integrated PV, aerospace, and the Internet of Things. Sustainable growth
of the perovskite industry depends on the progress in compositional optimization that is needed to
adopt new perovskite composition with competitive efficiency and lifetime compared with the

existing technology.

One of the key drivers pushing thin film solar cells closer to the spotlight is the possibility of
easily scalable solution processing. Solar cells made from perovskite, organic, and dye-sensitized
materials can be fabricated within minutes, with each layer deposited as a solution using standard
methods such as slot-die coating. Printing and coating methods are well suited to roll-to-roll
manufacturing and economical solar cell fabrication. The simplicity allows manufacturers a high

degree of independence and the ability to carry out every step of the solar cell fabrication in-house.

Solution-based processing is an important strategy that differentiates PSCs from other PV
technology that consumes intensive energy with complication in fabrication. Solution-processable
devices utilize the in-situ synthesis of all layers at a low temperature and without vacuum

equipment.

High-throughput methods are systematic and powerful platforms for conducting chemistry
experiments for solving the complex problems of functional materials. Combining several
compositions with various ratios results in different material properties. The synthesis of unlimited
combinatorial ratios and characterizing the library is a key step in the high-throughput experiment.
To achieve targeted properties required by the industry, a high-throughput platform has to be a
solution-based process and close to a roll-to-roll manufacturing frame. The slot-die coating

technique is a suitable platform to apply a high-throughput strategy. The current dissertation
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provides two unique HTS methods to optimize both binary and ternary compositions that can be

considered as a robust approach toward solving the PSCs commercialization issues.

Overall, the introduced methods optimized the durability of perovskite composition and
demonstrated the potential of fabricating homogeneous thin films that is essential for scaling up.
Perovskite solar cells have the potential to develop into a high-efficiency, low-cost module
technology for commercial power sector deployment, with throughput rates and energy payback
times superior to state-of-art PV technologies. Major efforts of the research in the perovskite
community are directed to increase device size, demonstrating relevant outdoor durability, and

making processes robust to knock the potential of perovskite in the solar energy sector.
6-2. Future opportunities

In the continuation of the reported research, we define the following potential directions:

- Optimizing wide-bandgap for perovskite materials is one of the projects that can be conducted
by utilizing the CGF approach with using FAPbBr3 and CsPbls. The stabilized wide-bandgap

perovskite is one of the demands for the integration of tandem solar cells with high efficiency.

- Additive and dopants with a small percentage of contribution in perovskite compositions
bring new optoelectronic properties or improved morphology. The optimization of additives and
dopants is in the scope of the research community, and the CGF approach can accelerate the

process and provide a clear image of the material effect on the perovskite compositions.

- Quaternary and multinary compositionally-graded film that is beyond triple composition
optimizations can be a complete step in the future for increasing the chemical space under
exploration. The asymmetric mapping and quasi multinary in the high-throughput synthesis is an
opportunity to prepare enormous combinatorial combinations in several steps to cover all chemical

spaces which is a unique strategy in the history of material discovery.

The provided methods in this dissertation are not limited to the perovskite materials and can
be applied to different material fields with slight changes in the setups for high-throughput
experimentation. For instance, optimization of battery materials that we discussed in the fourth

chapter, was used to make a family of catalysts for COz reduction from binary of CuClz and CuBr.
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Supplementary figure 4- 2 Robotic arm for high-throughput optical characterization of

compositional gradient films.
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Supplementary figure 4- 3 The absorption spectra for a, fresh, b, 7-days, and ¢, 20-days aged
CGFs. (d-f) Normalized Tauc plots for the absorption spectra of d, fresh, e, 7-days, and f, 20-days
aged CGFs. The figure's maple color indicates the measurement data by position ranging from 1=0
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Supplementary figure 4- 4 The PL spectra for a, fresh, and aged after b, 7 days and ¢, 20 days
exposing the CGF to the ambient condition. The normalized PL spectra for d, fresh, and aged after
e, 7 days, and f, 20 days. g, the intensity profile of the fresh CGF with the dash-dots showing the
average deviation along the CGF; h) the full-width-half-maximum (FWHM) of the peaks for fresh
CGF with the dash-dots showing the average deviation along the CGF.
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Comparing the diffraction pattern of fresh (black) and the aged (orange) CGF
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Supplementary figure 4- 5 Comparing the mXRD spectra of fresh (black) CGF vs. a, 10-days

aged (orange), b, 20-days aged (orange), and ¢, 30-days aged (orange) CGF.
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Supplementary figure 4- 6 Stability of CGF by normalizing a, computed bandgaps from
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measuring photoluminescence spectra of aged films over the fresh one; ¢, computed lattice

parameters from measuring pXRD peaks over the fresh one.

CuBr,; (5]

Appearance of the gradient ﬁlfrm binary systems

Normalized intensity ©

pXRD results from different positions
A l=24cm CuBr,

j VY
) i‘

1

B | A

> [=0cm CucCl,
10 20 30 40 50 60
26 (degree)

Supplementary figure 4- 7 CuBrxClix CGF and its corresponding mXRD spectra.
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Appendic B:

Supplementary Note 1. Effective tolerance factor

Here we derive the effective tolerance factor for a superlattice possessing triple cations with three different
lattice constants: ra, rs, and rx are the radii of A, B, and X sites, respectively, of the ABX3 composition. The
lattice constant estimated in (100) and (200) planes, shown in Figure 5-1a, are a; = 2(rx+rg) and az =
V2(ra+ry), respectively. The tolerance factor is then

t=ax/a )
The lattice constant for the (100) plane can vary due to dissimilar ionic radii of A in triple-cation perovskite
(a,, aZ/ ,and a,).

Assuming a rectangular mapping area of w = 5 (cm) and [ = 26 (cm), we normalize the positions in two
dimensions (e.g., x; = [0; 26] and y; = [0; 5]) to (X;Y;) as follow:

Xp=[1-2|andy, =2 (0<X,%<1) @
The combinatorial contribution of three cations are a, b, and c:

a=f(X,¥), b =g(X,Y), and ¢ = h(X;,Y)) 3)
and the total combinatorial contribution range of triple compositions is

o = aY; +b|1 — X;| + cX;; (c=1) 4)

in which a, b, and c are the maximum combinatorial contribution ranges of each cation, respectively. For full
ternary combinatorial composition, the maximum values of a, b, and c are 1. For a quasi-ternary composition
that considers only a limited range of contribution, the a, b, and ¢ vary based on the considered range of
optimization. The first, second, and third terms in (4) are related to combinatory indices of Cs, MA, and FA,
respectively. Then the optimization composition as a function of space is:

CSa(%)MAb(l1_UXL'|)FAC(%)PbIS (5)
with an effective tolerance factor of:

[ ()b (e ()
: /e

1—xi|+c.xi)] (6)

g

teff

Supplementary Note 2: Symmetric vs. asymmetric mapping

One of the critical steps in preparing a t-CGF is to map the position of synthesized compositions, i.e.,
identifying the unknown values (e.g., X, y, and z) in the CsxMAyFA;Pblsas a function of position (X and Y) in
the film. The symmetric mapping approach considers a full combinatorial range of the unknown values in a
composition with a linear trend in cartesian space. For example, in a binary combinatorial system, two
unknown values in AxBy composition map x and y values in a linear manner (y =1 —x) from 0 to 1 in two
opposite gradient directions. On the other hand, an asymmetric mapping approach considers a quasi-
combinatorial range in which the growth rates of unknown values are not equal in one space length. The

asymmetric map enables the investigation of a large map area of one component to be dominant in the
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combinatorial contribution range. Supplementary Figure 5-1 shows asymmetric mapping ranges for the quasi-

ternary composition of CsxyMAyFA,PDIs.
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Supplementary figure 5- 1. Mapping quasi-triple composition of CsyMAyFA;Pbls. a, x = a (%) values in

c Length (cm)
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CsxMAyFA;Pbl3 for the maximum contribution range of Cs equal to 0.2 possessing a small area map. b, y =

b ('%Xl') values in CsyMAyFA,Pbls for the maximum contribution range of MA equal to 0.5 possessing a
moderate area map with a fast-decaying rate from left to right. ¢, z = ¢ (%) values in CsxMAyFA,Pblsfor the

contribution range of FA equal to 1 possessing a large area map with a slow decaying rate.

Supplementary Note 3: Synthesizing t-CGFs with slot die coating

We used slot-die coating to fabricate compositionally gradient films. The slot-die coating was facilitated by
two pumps that supply the precursors and/or solvents to the reservoir of the slot-die head. We used a PC mode
controller to program the volume and speed of injecting inks and/or solvents. The gradient program enables the
pumps to provide gradient pressure on syringes and thus changing the combinatorial ratio of ink to be printed
on a substrate. Since the substrate is placed on a hot plate, any deposited composition is crystallized due to the
quick removal of solvents. Here we used two profiles for synthesizing gradient thickness in the width and
length of substrates.

To achieve a gradient thin film in width for CsPbls, we applied one pump profile of the slot-die coater
(Supplementary Figure 5-2a) and tilted the slot-die head to fabricate a gradient thickness across the width of
the substrate (Supplementary Figure 5-2b). This leads to a gradient thickness across the substrate.

To achieve a gradient film in length for MAPbIs, we used two pump profiles (Supplementary Figure 5-2c¢). We
filled the reservoir of the slot-die head with MAPbI3 and halted it during the deposition and instead supplied
solvent from another pump to dilute the ink in situ. FAPbI; was deposited in the same way but in an opposite
gradient direction.

Generally, we measured the time needed to fill the reservoir from pump A to calculate the optimized speed of

pump B for considerable dilution of the stored perovskite ink. We set a pre-annealing temperature of 70 °C for
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the two first layers to keep the gradient map of thickness constant for the next steps, and the last layer is
deposited at 140 °C.
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Supplementary figure 5- 2. Slot-die coating profiles and the schematics of two different setups. a, One-pump
profile: Filling the reservoir of the head with CsPblz while the speed of the head is zero, and supplying the
head with the same ink and a proper speed of pumping while the head is moving b, The setup for achieving
gradient in width: A tilted head setup supplied from one pump. ¢, Two-pump profile: Filling the reservoir of
the head with a perovskite ink while the speed of the head is zero and supplying the head with a proper solvent
and a calculated speed. d, The setup for achieving gradient thickness in length: A straight head setup supplied

from two pumps to dilute the filled ink by solvent while the head is moving along the substrate.

Supplementary Note 4: High-throughput data-analysis

After slot-die coating of each layer, we conducted high-throughput screening using absorbance (A) at 520
locations to quantify the trend of combinatorial ratios. First, we normalized the measured absorption spectra
and calculated the variance of S(1) = Ar-max -Ar-min for 10 lines of measurement as a function of wavelength.

Then we plotted all S(1) for quantifying the sensitivity of spectra on the thickness of the deposited thin film.
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The first set of data is collected from the first layer of depositing CsPbls which exhibits a broader range of
sensitivity.

We also plotted the local quantification map as shown in the second set of analyses shown in Figure 5-2e for
validating the quality of t-CGF layers’l. We picked the maximum S(1) to normalize all Absorbance values of
that specific wavelength in 10 measured lines to the maximum corresponding value. We mapped the results in
height to demonstrate the linearity of the gradient deposition direction. Similarly, we normalized the
absorbance values (A) of the datasets to the average values across the width of deposition.
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Supplementary figure 5- 3. High-throughput screening of the ternary t-CGF. a, High-throughput map of two
opposite CGFs through the length with FAPbl3, MAPbI3, and one t-CGF across the width from the top; b,
Details of robotized measurement via robot arm grabbing the probe of the spectrometer and positioning on top

of the t-CGF sample; ¢, High-throughput measurement path for screening the ternary t-CGF via robot arm.

Supplementary Note 5: Validating the synthesized library

After synthesizing all compositionally gradient films in a t-CGF, we characterized them with different
techniques for validating the designed chemical space.

First, we used NMR to explore the ratio of organic cations (e.g., MA and FA) through the length since their
gradient ratio is designed to change in length. Supplementary Figure 5-4a shows the results of NMR spectra in
four positions. The varying peaks at different ppm values of NMR measured results (supplementary figure 5-
4a) are interpreted and Supplementary Figure 5-4a shows ratios of organic compounds with different values of

FA over MA through the given real space. Supplementary Figure 5-4b compares the designed and measured
data and shows good agreement between those.
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Supplementary figure 5- 4. Validating organic compound ratios along the t-CGF via NMR. a, Normalized raw
NMR data; b, the comparison of designed/experiment ratios of MA over FA through the t-CGF in four spots.
We also used EDX to confirm the variation of cesium, lead, and iodine. We prepared samples from three
regions across the width of the t-CGF. Supplementary Figure 5-5 shows the average values with the error bars
for three compounds including Cs (left), Pb (middle), and I (right) at 1 (cm), 2.5 (cm), and 4 (cm). The average
atomic numbers show the overall ingredient compound of the samples. The results from EDX validate the

dominant variation of only the Cs compound across the width of the t-CGF and being constant for the two
other compounds as we designed.
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Supplementary figure 5- 5. Quantifying gradient deposition by measuring the content of atoms across the
width of the t-CGF via EDX. a, Cesium (Cs) over lead (Pb). b, lodine (I) over lead (Pb).
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Lastly, we used pXRD to identify grain size and lattice parameters. We divided the prepared ternary library
into two bands with 4 samples starting from the FA-rich region toward the MA-rich segment. We designated
four color plots as blue, red, green, and orange for specifying Cs rich band, Cs poor band, FA rich region, and
MA rich segment, respectively. Supplementary Figures 6a and 6b show the pXRD results for the Cs rich and
Cs poor bands having Pbl, peak around 26 = 12.6 and peaks corresponding to perovskite of Miller planes of
(100), (011), and (111) at around 26 = 14, 19.81, and 24.29, respectively. We measured four samples in both
Cs rich and poor bands at 1 (cm), 9 (cm), 17 (cm), and 25 (cm) along the fabricated ternary t-CGF.
Supplementary Figure 5-5¢ shows the zoomed-in peaks of Pbl, and only (100) perovskite peak to demonstrate
details of the peak representing a transition in peak positioning and the variation of full-width at half-
maximum of the measured pXRD results. The grain size can be also affected by fabrication factors such as
annealing duration[8912%0L91 \we ysed the Scherrer equation to compute the average grain sizes through the
CGF921128] The analysis shows that the Cs rich band possesses a larger grain size than the Cs poor band

region. Similarly, the grain size becomes bigger by reaching the MA-rich segment (Supplementary Figure 5-6).
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Supplementary figure 5- 6. Characterizing Cs-rich and Cs-poor bands via pXRD. a, Four positions from the Cs
rich band of the fabricated t-CGF, b, Four positions from the Cs poor band of the fabricated t-CGF, c,
Zoomed-in peaks for only (100) crystal planes of perovskite and the Pbl, peaks to demonstrate the transition of
the perovskite peak position and full-width at half-maximum. d, Average grain size transition through the t-
CGF from FA rich segment toward the MA-rich segment for two bands. e, Lattice parameter transition through
the t-CGF from FA rich segment toward the MA-rich segment for two bands.
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Supplementary figure 5- 7. High-throughput screening t-CGF with mapping the optoelectronic properties of
520 compositions of CsxMAyFA,Pbls on a real location. a, Bandgaps, b, Urbach energies, ¢, Absorbance
values at 784 nm, d, The ratio of absorbance values of the aged to fresh at the wavelength of 784 nm for 520

locations (compositions).

57



a Aged t-CGF
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Csf

Supplementary figure 5- 8. Re-optimizing t-CGF in three steps. a, Aged t-CGF of the large map is of
CsxMAyFA;Pblz with stable region b, Re-synthesizing a fresh t-CGF of the previously shown map; ¢, Aged t-
CGF under 99% relative humidity for 20 days.
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Supplementary figure 5- 9. Characterizing two compositions to analyze ternary cations on stabilization of
perovskite. a, pXRD; b, SEM results for ternary perovskite showing cross-sectional view (up) and top view

(bottom) ¢, SEM image of binary cation perovskite showing cross-sectional view (up) and top view (bottom).
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Supplementary figure 5- 10. Comparing the operational stability of two PSCs from the inks including the

single-halide perovskites from the discovered ranges including ink 1: Csp.09MAg.12FAq 79Pbl3 vs. mixed-halide
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perovskites (ink 2: Csp.0sMAg.15FAg g0Pbl255Bro45). a, Champion PSCs fabricated from the specified stable
region in which the sample 4 (S4) has Jsc=-24.7 (mA/cm2), Voc=1.14 volt, FF(%)=79.6, and PCE(%)=22.39
in reverse biased. b, The maximum power point measurement under no encapsulation and no nitrogen blowing
at 45° C for single-halide including ink 1 (black), the other compositions are from the discovered range
reported in this article (red stars), and the mixed halide perovskite (ink 2 with blue stars); Inset: the

appearances of two solar cell devices with the given compositions that are exposed to the ambient air after ~ 3

months.

Measurement conditions: RH: 57%, Ambient air, Unencapsulated, 60° C
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Supplementary figure 5- 11. Categorizing degradation mechanism of mixed triple cation CsxMAyFA,Pblz from
the discovered region by tracking the evolution of current-voltage characteristics of perovskite solar cells in
ambient air at ~57% RH at 60 °C without encapsulation. The compositions of PSCs are divided into the Cs-

rich region (up), and the Cs-poor region for different MA/FA ratios (down).
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Supplementary figure 5- 12. Categorizing degradation mechanism of fixed-halide from the discovered region

vs. mixed-halide perovskites under high stress (e.g., elevated temperature up to 60° C, RH 57%, without

sealing). The mixed-halide perovskite is reported to have at least 500 hours of stability, but exhibits only 100

(s) under the given conditions; this represents a factor of 1.8*10* in accelerating the degradation.

Large scale PSCs

Cs-rich region (homogeneous)

Cs-poor region (inhomogeneous)

Supplementary figure 5- 13. Comparing homogeneity of the compositions for scaling-up purposes. The

fabricated large-scale PSCs with Cs-rich (left) and Cs-poor (right).
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Appendix C: Publications

First-authored papers:

Shahram Moradi, Soumya Kundu, Makhsud I. Saidaminov. "High-throughput exploration
of halide perovskite compositionally-graded films and degradation mechanism".

Communications Materials 3 (2022): 1-5

Shahram Moradi, Soumya Kundu, Makhsud I. Saidaminov. "High-Throughput Synthesis
of Thin Films for the Discovery of Energy Materials: A Perspective". ACS Materials Au 2
(2022): 516-524

Shahram Moradi, Mahdi Zavvari, Yashar Zehforoosh, Armin Arashmehr, Jens Bornemann.
"Eliminating excess phase accumulation in a continuous perturbed heterogeneous planar
photonic crystal." Photonics and Nanostructures-Fundamentals and Applications 48

(2022): 100985.

(Submitted) Shahram Moradi, Soumya Kundu, Muhammad Awais, Yuki Haruta, Hai-Dang
Nguyen, Dongyang Zhang, Makhsud I. Saidaminov, "High-Throughput Exploration of

Triple Cation Perovskites via Ternary Compositionally-Graded Films". Submitted.

Co-authored papers:

Soumya Kundu, Dongyang Zhang, Abdelrahman M Askar, Erin G Moloney, Michael M

Adachi, Ayesha Nadeem, Shahram Moradi, Vishal Yeddu, Ahmed L Abdelhady, Oleksandr
Voznyy, Makhsud I Saidaminov, "Bismuth Stabilizes the a-Phase of Formamidinium Lead Iodide

Perovskite Single Crystals." ACS Materials Letters 4 (2022): 707-712.

Erin G. Moloney, Deepak Thrithamarassery Gangadharan, Vishal Yeddu, Dongyang Zhang,

Shahram Moradi, Abdelragman M. Askar, Michael M. Adachi, David C. Leitch, and Makhsud
I. Saidaminov. "Inhibition of Amine-Water Proton Exchange Stabilizes Perovskite Ink for Scalable

Solar Cell Fabrication" 34.10 (2022): 4394-4402

Yanhong Wang, Jingzhi Wu, Shahram Moradi, Reuven Gordon, "Generating and detecting

high-frequency liquid-based sound resonances with nanoplasmonics." Nano Letters 19.10 (2019):
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