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Abstract

Perovskite solar cells (PSCs), as an emerging type of photovoltaics, have reached be-
yond 20% efficiency within a decade. Technoeconomic analysis suggests that PSCs are
promising alternatives to the market-dominant silicon, because PSC manufacturing
processes are more cost effective due to their solution processing methods. However,
the prototypical perovskite material, methylammonium lead iodide (MAPbI3), is en-
vironmentally unstable and degrades in the presence of oxygen, light, and moisture.
Thus, despite its high initial performance, the degrading performance over time means
that the levelized cost of electricity (LCOE) of perovskites is prohibitively high. An
improved stability (targeting <0.25% degradation per year or less) could help improve
the LCOE of perovskites to surpass silicon.

Researchers have been incorporating low-dimensional (LD), such as 0D, 1D, or 2D
perovskites, to improve PSCs stability. We can obtain LD perovskites by changing
any A, B, or X ions in the ABX3 structures of high-performing 3D perovskites. The
A-site cations can be organic or inorganic, which give us a vast number of possible
perovskite compounds. Some common examples of 3D perovskite A-site cation are
methylammonium (MA) and formamidinium (FA). When the A-site is larger than
FA, it forms LD perovskite structures.

This thesis focuses on investigating how to incorporate the LD perovskites as a cap-
ping layer to improve the stability of MA-based perovskites, including how to screen
and select the A-site cations of LD perovskite capping layers that can improve the
MAPbI3 absorber stability, how to improve the stability of MAPb(IxBr1–x )3 mixed-
halide, a wide-bandgap absorber for tandem cells and indoor PV applications, and
how to incorporate capping layers in inverted p–i–n PSCs device architectures. These
3 questions are answered by combining high-throughput experiments with machine
learning analysis. The optoelectronic, structural, and chemical composition proper-
ties of the LD capping-3D perovskite absorber materials are probed to identify the
degradation mechanisms using advanced characterization methods. This deeper un-
derstanding of perovskite degradation and the strategies to solve the instability issue
are critical to push PSCs closer toward commercialization.
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Chapter 1

Introduction

1.1 Photovoltaics (PV) for climate change mitiga-

tion

The earth has experienced global cooling–warming cycles throughout centuries and

the evidence from the past 740,000 years can be observed from ice-sheet cores [16,

103]. Previously, the oscillations of 100,000-year and 20,000–40,000-year cycles are

attributed to natural causes; however, several studies have confirmed that the current

warming period is much more intense than previously observed warming periods [30,

103, 16]. Anthropogenic carbon emission, as shown in Figure 1-1 [37], has increased

significantly since 1760, the period when the industrial revolution began. Carbon

emission has been predicted to affect climate change significantly [28], even though

researchers still disagree on the exact number due to high uncertainty and complicated

feedback loops within the models. The global mean sea level has risen 8-9 inches since

1880, and in the United States, it translates to high-tide flooding that is 300-900%

more frequent than 50 years ago [77].

The effects of climate change are massive, such as more severe weather and rising

sea level [77]. Between 2016-2020, the average global economic losses from weather

catastrophes is around 285.60 billion US dollars, as shown in Figure 1-2 [106]. Looking

at the trend, this is likely going to keep increasing in the future. They could lead to

17



Figure 1-1: The 1758-2020 carbon dioxide emissions from global fossil fuel combustion
and industrial processes [37].

displacement and a climate refugee crisis [8]; hence, it is important to address and

mitigate the climate change issue early on. To solve this problem, during COP 21

2015 in Paris, more than 150 country representatives agreed to adopt a legally binding

international treaty on climate change to limit global warming below 2, preferably

1.5 degrees Celsius, compared to pre-industrial levels [139]. The Paris Agreement is

evaluated every 5 years, and each country is expected to take increasingly ambitious

climate action in subsequent meetings.

One significant contribution of anthropogenic carbon emission that has become

the center of climate change policy is from the energy sector. Energy is necessary

for almost every aspect of human life, and access to energy is synonymous with

access to civilization. Satisfying future energy demand that keeps growing while

decarbonizing the energy generation process presents an unprecedented challenge to

society. Transitioning to renewable energy is one strategy to mitigate climate change

effect. Therefore, Scientists and engineers globally have taken up the challenge to

assist in the development of lower-carbon energy technologies.

Between 2007-2019, the share of renewable power in energy generation has in-

creased from 5.2% to 13.4%, translating to 6.19 petawatts in 2017 [21]. The share

18



Figure 1-2: The global economic losses due to weather catastrophe in 2000-2020 [106].

of renewable energy in the energy mix continues to grow, despite the setbacks ex-

perienced by other energy types due to the COVID-19 pandemic in the past year

[1]. However, it is still insufficient to achieve the target of net zero by 2050. It will

require 300 GW/year addition of solar photovoltaics (PV) and about 170 GW/year

addition of wind power [1]. To achieve such an ambitious goal, a larger renewable

energy adoption is necessary. However, an increase in renewable energy share has

been slow due to its high installation and system cost, even after the government’s

subsidy [90], which prohibits getting closer to the zero-carbon emission goal. The

Paris Agreement has introduced a framework to achieve the carbon emission level

target, and one of them is fully realizing technology development and transfer [139].

Hence, technological advancement in renewable energy is critical to reduce its cost

and bring the zero-carbon solution into reality.

1.2 Background on perovskite solar cells (PSCs)

Achieving a high percentage of solar photovoltaics (PV) adoption in the energy mar-

ket is needed to minimize climate change globally [29, 1]. Silicon is currently the

dominant photovoltaic technology, with >90% market share. However, the cost of
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silicon manufacturing (and associated factories) presents a barrier for PV adoption.

Any technology that can reduce either the cost or initial capital expense investment

of solar manufacturing could help advance our climate goals.

Based on that, researchers are exploring less expensive alternative photovoltaic

materials, which need to cost less than the current market dominating silicon solar

panels. In the past decade, a newly emerging solar cell material called perovskite,

has reached beyond 20% efficiency [68], which is comparable to silicon performance.

Perovskite solar cells (PSCs) can be fabricated via solution processing methods, that

is more cost-effective and more versatile than silicon solar cells, and hence, very

promising [100]. Perovskite modules are predicted to cost less than crystalline silicon

modules and more mature thin-film technologies such as CdTe, as shown in Figure

1-3 [123]. c-Si, CdTe cost $0.60 and $0.64-0.76/WP , while inverted and perovskite

modules are predicted to cost around $0.41 and $0.57/WP , respectively [123, 23],

assuming comparable manufacturing scales can be achieved. The difference in cost

is mainly attributed to the solution processing of the perovskite deposition process,

enabled by the material’s defect-tolerant nature [12], which allows it to tolerate a

higher concentrations of contaminants, in comparison to silicon solar cells [107].

Despite the promising characteristics of perovskite solar cells, researchers still need

to understand and improve perovskite solar cell environmental stability. Current per-

ovskite alloys degrade within days, weeks, or months, depending on the compositions

and degradation conditions, and cannot compete with the �25-year lifetime of silicon

solar cells.

1.2.1 Perovskite structure and dimensionality

"Perovskite" originally refers to the mineral CaTiO3. More recently, its use has ex-

panded to include other crystals with identical cubic structure and shared ABX3

composition, where A and B refer to +1 and +2 cations, respectively, and X refers

to an anion in the -1 charge state. The recently-discovered type of material that is

utilized for solar cells is methylammonium lead iodide (MAPbI3), which contains the

polar molecule on the A site. Since then, some have broadened the usage of the term

20



Figure 1-3: The predicted module cost for inverted perovskite in comparison to other
PV technologies, assuming comparable manufacturing scale. [123].

"perovskite" to include other tin- and lead-halide materials with perovskite structure,

as shown in Figure 1-4; the A-site cation can be either be organic or inorganic. Addi-

tionally, "perovskite" has been used to refer to other materials inspired by MAPbI3

that do not assume the ABX3 composition and/or crystal structure; others call these

"perovskite-inspired materials." In this thesis, we use the term "perovskite" to re-

fer to the traditional MAPbI3, as well as perovskite-inspired materials that do not

assume the traditional ABX3 composition.

The traditional perovskite structure (shared by MAPI and CaTiO3) forms an

octahedron network with A-site cations as the ‘spacer’ in the center, making the

typical perovskites get their cubic structure.

Figure 1-4: The typical ABX3 structure of perovskites.

The high-performing perovskite solar cells have organic A-site cations, Pb (lead) as
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B-site cation, and a mix of I, Br, and Cl as X-anion [113]. However, high-performing

perovskite cells degrade readily in the presence of moisture, light, and oxygen [143, 93,

44, 43], and researchers are working on solving this problem. Addressing the stability

issue is the core topic of this thesis.

Goldschmidt’s tolerance factor

One way to improve these cells’ intrinsic stability is by introducing lower-dimensional

(LD) perovskite—0D, 1D, or 2D, by mixing and breaking up the 3D octahedron

network within the structures [25, 127]. To split the 3D octahedron network system-

atically, a large A-site cation can be introduced. To quantify the relations between

ionic radii of A, B, and X ions, we can use Goldschmidt’s tolerance factor [5], as

shown in Equation 1.1. Large A-site cations, which form LD perovskite, have large

ionic radii and Goldschmidt’s tolerance factor larger than 1.00.

t =
rA + rXp
2(rB + rX)

(1.1)

Methylammonium (MA)-based perovskites

Methylammonium (MA, CH3NH3
+)-based perovskite is one of the most common

PSC materials. This specific material fuels the early record-breaking efficiency in

PSCs. MA-based perovskite material, especially MAPbI3, has several advantages

compared to other halide perovskite materials. MAPbI3 has a direct bandgap of 1.55

eV, which is close to the maximum solar conversion efficiency based on Shockley-

Queisser limit: 1.34 eV, long charge-carrier diffusion lengths, defect tolerant nature,

and high charge charge-carrier mobilities [40]. MAPbI3 also has a tolerance factor

of 0.91 [11], making it a 3D perovskite. The crystal structure of MAPbI3 changes

depending on the temperature. At low temperature, 170K, 330K, and 400K, MAPbI3

has orthorhombic Pnma, tetragonal I4/mcm, cubic Pm3m, and tetragonal P4mm

structures, respectively [95]. In addition, MAPbI3 can be fabricated via solution-

processing, which opens up a lot of possible manufacturing routes for the materials.

Despite all the advantages, it is well-known that methylammonium halides are
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extremely hygroscopic, in comparison to other A-site cations, and readily dissolve

in water [20]. This is problematic, because one of MAPbI3 degradation routes is

the formation of PbI2 with CH3NH3I or MAI (Equation 1.2), which is hygroscopic.

MAPbI3 is therefore sensitive to humidity, and it is known to degrade readily in

high-humidity conditions. This challenge needs to be solved either by improving its

intrinsic stability, adding a barrier layer, or having a good device encapsulation.

1.2.2 Perovskite solar cells stability and degradation routes

One way to improve PSCs’ stability is by mixing LD perovskite into 3D perovskite

in the absorber, which improves the intrinsic material stability, as shown in Table

1.1. Different studies have explored various combinations of degradation conditions:

low-high RH or relative humidity (low: ambient RH or < 30% RH, high: > 50%

RH), low-high temperature (low: ambient temperature, high: > 50 �C), low-high

illumination (low: no illumination, high: � 1.0 sun), and gas (air, dry air, or inert

gas, usually N2). Various 3D-LD mixed perovskite absorbers have also been explored,

some of them focus on mixing 1D Pb-free with 3D perovskite [55], mixing LD per-

ovskite generated by changing the A-site cation of the perovskite [57, 73, 147, 151],

and mixing organic-free 2D with 3D perovskites for further stability enhancement

[76]. The aforementioned studies have shown improvement in environmental stabil-

ity, although the efficiencies have not reached 20%. In recent years, however, as shown

in Figure 1-5, few mixed 3D-2/1D perovskites have reached beyond 20%, however,

they mostly contain a trace amount of LD perovskites, which act as dopants. They

still perform below the NREL record efficiency cells, though.

The degradation mechanisms of MAPbI3 (CH3NH3PbI3), which is one of the most

well-studied lead-halide organic-inorganic perovskites, under humid condition hap-

pens by two competing reactions: the desorption of MAI (CH3NH3I) and the genera-

tion of the hydrate phase of MAPbI3 due to water incorporation, which are shown in

Equation 1.2, 1.3, and 1.4 [116]. As MAPbI3 degrades into PbI2, CH3NH3I is formed

in reaction 1.2. On the other hand, the reaction 1.3 is reversible, and under vacuum
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Composition mixtures Tempera-
ture

Relative
humidity,
gas

Illumi-
nation

Time Normal-
ized
PCE
re-
tained

Ref.

1 (MA–Cs)PbI3 with
PEA

50-60 �C 30-50%
RH, air

1.0-
sun

205
hours

⇠0-0.5,
de-
pends
on Cs
amount

[57]

2 FA0.79MA0.16Cs0.05
PbI2.5Br0.5 with PA

20 �C 45% RH,
air

- 2000
hours

⇠0.5 [147]

3 MA3Bi2I9 with MAPbI3 ambient
T

30% RH,
air

- 1000
hours

0.72 [55]

4 EDBEPbI4 with
MAPbI3

ambient
T

ambient
RH, air

- 3000
hours

⇠0.9 [73]

ambient
T

65% RH,
air

- 1000
hours

⇠0.9

5 (Cs0.05(MA0.17FA0.83)0.95
Pb(I0.83Br0.17)3)0.85
(HAPbI2Br)0.15

25 �C 30% RH,
air

- 2500
hours

⇠0.9 [151]

6 Cs2PbI2Cl2 with
CsPbI2.5Br0.5

80 �C 70% RH,
air

- 48
hours

⇠0.3 [76]

80 �C 30% RH,
air

- 96
hours

0.93

25 �C ambient
RH, N2

- 60 days
/ 1440
hours

0.95

Table 1.1: Review of mixed-composition PSCs tested for stability.
MA: methylammonium, FA: formamidinium, PEA: phenylethylammonium, PA:

propylammonium, HA: hydrazinium, PCE: power conversion efficiency.
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condition, the MAPbI3 can be reformed from its hydrate by H2O desorption [116].

CH3NH3PbI3 ��! PbI2 + CH3NH3I (or CH3NH2 +HI) (1.2)

CH3NH3PbI3 +H2O ��*)�� CH3NH3PbI3 ·H2O (1.3)

4CH3NH3PbI3 + 2H2O ��! (CH3NH3)4PbI6 · 2H2O+ 3PbI2 (1.4)

Unfortunately, despite the improvement in stability by mixing LD with 3D per-

ovskite, mixing too much LD into 3D perovskites results in lower device performance,

as shown in Figure 1-5. Finding the balance between PSCs’ stability and performance

through compositional exploration is important and needs to be investigated.

Figure 1-5: Research cell efficiencies for different perovskite dimensionality.
The comparison between best-research cell efficiencies of perovskites from National

Renewable Energy Lab (NREL) and the published 3D-LD perovskites in the form of
mixing from year to year [68, 41, 120].
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1.2.3 PSCs device architecture and fabrication

Photovoltaic materials fall in the semiconductor materials category. When there is

external source excitation, the material turns from insulator (non-conductive), into a

conductive state. This is due to the relatively low energy gap between valence band

maximum (VBM) and conduction band minimum (CBM), allowing charge carriers to

jump from one energy level to another upon energy excitation. The insulator, on the

other hand, has a high energy gap between the VBM and CBM, making it hard for

the charge-carrier hard to jump from one to another band, in contrast, the conductor

has its VBM and CBM overlapping with each other, allowing it to be conductive even

without excitation. The schematic of these three different types of materials is shown

in Figure 1-6.

Figure 1-6: The VBM and CBM of different type of materials.
VBM is valence band maximum, and CBM is conduction band minimum. Eg represents

the bandgap energy for the semiconductor materials, which is the difference between VBM
and CBM.

Unlike silicon solar cells, the perovskite solar cells (PSCs) device structure closely

resembles the organic photovoltaic device. The perovskite film only facilitates the

light excitation that causes electrons’ jump from VBM to CBM, leaving holes be-

hind. To extract the charge carriers and create current, it requires other layers,

called electron transport layer (ETL) and hole transport layer (HTL), in addition to

conduction layers. The structure is shown in Figure 1-7.

Depending on where the ETL and HTL sandwich the perovskite, there are two dif-

ferent PSCs device architecture: n–i–p (which is more widely known as normal struc-

ture and is more investigated within the field), and p–i–n structure (which is called in-
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Figure 1-7: The n–i–p device architecture for PSC.

verted structure). For the n–i–p structure, the ETL and HTL are deposited before and

after the perovskite film, while for p–i–n structure, it is the other way around. The

ETL for n–i–p architecture is usually TiO2 or SnO2, while for p–i–n structure is usu-

ally PCBM ([6,6]-phenyl C61 butyric acid methyl ester), C60, and their derivatives [84].

The HTL for p–i–n architecture is usually spiro-OMeTAD (2,2’,7,7’-tetrakis(N,N-

pdimethoxyphenylamino)-9,9’-spirobifluorene) or PTAA (poly [bis(4-phenyl) (2,4,6-

trimethylphenyl) amine]), while for p–i–n structure is usually PEDOT:PSS (poly

(3,4-ethylenedioxythiophene) polystyrene sulphonate) [84]. The wide range of pos-

sible materials combination for each layer also allows low-temperature conditions

during the fabrication process, which is important for fabricating flexible perovskite

solar cells [153].

Looking at the layer atop of the perovskite absorber, one key feature that this

layer needs to have (HTL for n–i–p and ETL for p–i–n), if it is deposited via solution

processing, is the solvent compatibility between the top layer and the absorber. The

solution deposited at the top should not dissolve the perovskite absorber layer under-

neath. Once the solvent system is established, the available manufacturing process

for the device expands. Solution processing allows the perovskite and other layers

to be deposited via blade-coating, slot-die coating, screen-printing, spray-coating,

and inkjet printing [109]. Due to the high variability of the film morphology in

solution-based processing, researchers have also explored a vapor-based method that

is solvent-free but limits scaling-up methods [109]. Few examples of vapor-based pro-
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cesses are co-evaporation of organic and inorganic precursors (PVD) and alternating

precursor deposition [109].

1.3 Background on data-driven perovskite research

The PSCs-related research initiative utilizing data-driven processes, advanced statis-

tical methods, and machine learning emerge quite recently. The PSC research usually

focuses on experimental-based research or theoretical-based computational research,

such as density functional theory (DFT), to predict PSCs material properties and

see the feasibility of new composition materials. The data-driven perovskite research

initiative only started after PSCs reached more than 10% efficiency, indicating that

this material class is promising for the future generation of photovoltaic materials.

Since the halide organic-inorganic perovskite material class only gained traction in

the past decade, the exploration of wide compositional space and material properties

prediction dominates the data-driven perovskite research. This exploration benefits

the researchers in narrowing down the possible successful and synthesizable materials.

The examples for this type of machine learning research are bandgap prediction [105,

79, 125, 53], device recovery cycle prediction [52], perovskite formability [104, 99,

58, 112] or thermodynamic stability [74] prediction of a given A, B, and X ions,

classification of X-ray-diffraction (XRD) patterns [97, 130], and single crystal growth

prediction [64].

At the end of another spectrum, machine-learning-based perovskite research uses

active learning to drive the high-throughput experiment iteratively to achieve a target

value, which could range from optimizing composition to processing condition to

achieve a stable perovskite [131] or photoluminescence spectrum target [49].

1.3.1 Supervised learning for predicting material properties

Supervised learning is a method to find the relation between input (X) and output

(y). A linear regression, for instance, is a common technique that falls within the

supervised learning area. After a supervised learning model is trained, the model can
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predict the output of certain input variables, which is useful for PSCs-related research

where there is a wide, unexplored compositional space.

Supervised learning models are generally categorized as two: regression and clas-

sification. The main difference between the two methods is the type of output (y).

Regression models are used for continuous output, while classification models are

used for discrete output or categorical. Regression models have previously been used

for predicting bandgap [105, 79, 125, 53]. On the other hand, classification models

have previously been used for predicting single crystal growth (binary, yes/no) [64],

or perovskite dimensionality through XRD patterns [97, 130].

There are different types of supervised learning algorithms. Some examples are

as follows [31, 117].

1. Linear regression. This method fits a linear equation to relate the input with

the output of the model.

2. Support vector machine (SVM) or support vector regression (SVR). This works

by maximizing the distance between the classes.

3. Decision tree algorithm, such as random forest and gradient boosting tree. Tree-

based algorithms predict the output by splitting the population into subsets of

more homogeneous sub-population. The differentiator between subsets works

like a branch in a tree. It is usually used for classification, even though it is

now common to use it for regression by regressing each sub-population at the

end of the branch.

4. K-nearest neighbor. This algorithm works by assigning an unlabeled sample

point to the label of the nearest neighboring points. Choosing a good k is

therefore important in training the model.

5. Artificial neural network. This algorithm is based on the neurons, which act as

hidden layers between input and output. By tuning how many hidden layers

there are, each neuron’s weight, and the activation function, the neural network

can be trained.
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1.3.2 Unsupervised learning to find new insights

Unsupervised learning is a model training for labeled/unclassified data [154]. The

unsupervised learning method has not been as widely used as supervised learning

for PSCs. One example is using supervised learning to rationalize the key structural

parameter governing nonadiabatic electron-phonon coupling and the bandgap, which

is the I–I–I angle in methylammonium lead iodide (MAPbI3) perovskite [157]. In

other fields, unsupervised learning has been used to cluster the candidate materials for

solid-state lithium-ion conductors and discover novel conductors [156]. Unsupervised

learning has also been used to recommend materials for functional application based

on research literature [137].

1.3.3 Active learning for autonomous experiment

Active learning is a machine learning type where the algorithm can give suggestions

for the next round of experiments based on the data that it is already trained on.

This helps reduce bias from the experimenters and helps get into an optimum point,

which could be a minimum or maximum point(s) depending on the target, faster.

One commonly used algorithm for this purpose is Bayesian optimization (BO), which

utilizes Gaussian process regression to predict a new parameter based on the previ-

ously measured parameter [36]. BO has been applied to find the most stable lead

halide perovskite [131], the optimal band structure and thermal transport coefficient

for layered materials consisting of transition metal dichalcogenides [6], the success-

ful region for coarse-grained simulation of biomolecules [61], and the amorphous and

liquid hafnia (HfO2) generation over a wide range of conditions [118].

Researchers have tried optimizing PSCs for a bounded, low-dimensional space us-

ing active learning [131]. However, this leads to finding local minima/maxima within

the small space, although there is a high possibility that the global minima/maxima

of the target metric exist somewhere else. Therefore, the current challenge for ac-

tive learning in PSCs is its high-dimensional parameter space, considering multiple

layers in the PSC device, possible compositions for each layer, and variation of pro-
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cessing conditions for each layer and each composition. The current computational

power does not allow us to do grid search and full factorial sampling for the high-

dimensional space. Hence, knowing how to sample such high-dimensional space is

important to ensure that the researchers do not end up with local minima/maxima,

instead of global minima/maxima of the target metric in active learning methods.

1.4 Thesis outline

There are two ways of incorporating lower-dimensional (LD) perovskites in the pho-

toabsorber layer to improve MAPbI3 stability: mixing it in perovskite absorber (mix-

ing method), or depositing it on top of the absorber as a capping layer, or widely

known as buffer layer in photovoltaics research (capping method). The former method

has been explored widely, as shown in Table 1.1. However, a large addition of LD

perovskites in the mixing method leads to low efficiency, as shown in Figure 1-5, one

of the reasons is due to a reduction in charge-carrier mobility [46, 47]. In the cap-

ping method, the LD perovskite capping layer itself is expected not to interfere with

the bulk charge transport of the 3D perovskite, unlike the mixing method, but still

protect the material from the environment. Since this method only recently emerges,

much work still needs to be done in understanding how we pick the materials that

give the best performance in terms of stability and efficiency, and how we deposit

it for an inverted device. Therefore, this thesis focuses on the capping method for

improving PSCs, specifically the prototypical MA-based perovskites stability.

The primary areas in this thesis are shown in Table 1.2, where it covers the capping

layer material screening for improving the stability of MAPbI3 absorber (Chapter

3), the capping-mixed-halide pair screening for optimum stability (Chapter 4), the

capping layer exploration for MAPbI3 absorber in inverted PSCs (Chapter 5), and

implementing capping layer for improving the stability of absorbers beyond MAPbI3.
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Chapter Absorber Sample type GoalsFilm Device
3 MAPbI3 Yes - Capping materials

screening
4 MAPb(IxBr1�x)3 Yes Yes (n–i–p) Capping-absorber ma-

terials screening
5 MAPbI3 Yes - Deposition method de-

velopment
6 Cs0.17FA0.83PbI3 Yes Yes (p–i–n) Degradation mecha-

nism understanding

Table 1.2: Thesis chapters overview.
MA: methylammonium, FA: formamidinium.

1.4.1 Data-driven stability analysis for capped-MAPbI3 ab-

sorber

The first part of the thesis focuses on picking the capping layer material to extend

the stability of MAPbI3. Due to the large compositional space for the organic A-

site cation, as shown in Figure 1-8, a method to screen the materials under elevated

temperature and elevated humidity conditions is required to understand the design

guidelines for choosing the stable capping layer material. Once we have the design

guidelines for this capping layer, we need to optimize the deposition processing con-

dition.

A data-driven method is chosen to screen the capping layer materials and fab-

rication processing conditions simultaneously. The database’s molecular properties

coupled with the processing conditions, which are referred to as features, are trained

using supervised machine learning methods to predict the degradation onset on the

capped perovskite absorber films. The trained models are then used to analyze the

feature importance rank. This rank can investigate which features contribute signifi-

cantly to the degradation onset, shedding a light on which type of A-site cation will

improve the stability significantly.
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Figure 1-8: Amine organics available according to ZINC 15 database [126].
This figure only includes the substances with molecular weight up to 200 g/mol, and logP

from -1 to 3, totaling more than 200,000 possible amine organics.
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1.4.2 Capping layer screening for mixed-halide, MA-based ab-

sorber

After getting the design guidelines for choosing a capping layer material, the second

part of the thesis focuses on finding the optimum capping layer material for absorbers

with various bandgaps, especially considering that the perovskite bandgap is tunable

to fit various purposes, including perovskite-perovskite tandem cells, and indoor ap-

plication [85]. For those applications, we need different types of PSCs: narrow and

wide bandgap (NBG and WBG, correspondingly), which will capture the energy at

a specific light spectrum range.

One common way to increase the bandgap in PSCs is by mixing the halide in

X -anions of the perovskite absorber [3]. For NBG, the halide is usually iodine, while

for WBG, it is usually bromine or even chlorine, which has a smaller atomic mass

[3, 146]. This increase of bandgap is due to the change in Pb–I bond after Br or Cl

addition, making the structure distorted [87].

This thesis chapter focuses on screening the suitable capping layer for MA-based

wide bandgap perovskites. The optimum capping layer from previous chapter, along

with new 1D capping layers are introduced and tested. Advanced characterizations

are then used to investigate why certain capping-absorber pairs are better than the

others.

1.4.3 Improving the stability of MAPbI3 in inverted device

architecture

In the first two parts of the thesis, the capping layer is geared towards n–i–p device,

where the electron and hole transport layers (ETL and HTL) are located at the

bottom and top of the absorber, respectively. For this type of device, the capping

layer is deposited between the absorber and the HTL. However, in the inverted device,

i.e. p–i–n, the ETL and HTL are switched, so they are at the absorber’s top and

bottom.

Even though many PSCs research focuses on n–i–p device architecture, the p–i–
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n device also needs to be improved. Based on recent technoeconomic analysis, an

inverted perovskite solar module is expected to be cheaper ($0.41/WP ) [123], while

a normal (n–i–p) module is expected to cost $0.57/WP [23]. Thus, it is important

to push the boundary of p–i–n device stability to increase the probability of pushing

PSCs into the commercial market.

However, the inverted device architecture poses an extra challenge: where to de-

posit the capping layer best. Several studies have shown that there is currently no

consensus on where to best put the capping layer to improve both stability and per-

formance [67, 83, 45], as shown in Figure 1-9. When the capping layer is deposited

between the absorber and ETL, environmental stability is improved, which is ex-

pected. However, the device performance is similar to bare absorber with no capping

layer [83]. On the other hand, when the capping layer is deposited between both

interfaces with ETL and HTL, the stability is improved, but the device performance

is reduced [67]. The last option, which is inserting the capping layer between the

absorber and HTL, seems to work well to improve stability and help with the surface

passivation, which leads to a reduction in trap-assisted nonradiative recombination

and improved efficiency (c) [45]. The last option warrants a further investigation,

to understand the underlying mechanism behind the stability and performance im-

provement due to that particular capping layer configuration. In addition to that,

since the absorber and capping layer deposition relies on solution-based processing,

solvent compatibility becomes extremely essential. During each layer deposition, the

subsequent layer’s solvent choice should not dissolve the layers underneath.

This thesis focuses not only on finding the capping layer that works well in im-

proving stability but also soluble in the solvent that will be compatible with both

prior and subsequent layers.
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Figure 1-9: Possible locations for capping layer in a p–i–n PSCs device.
The 3 possible locations for the capping layer in p–i–n device are: in the interfaces with
both ETL and HTL (a) [67], in the interface with ETL (b) [83], and in the interface with

HTL (c) [45].

1.4.4 Departing from MAPbI3: the case of cesium-formamidinium-

based PSCs

After optimizing LD perovskites in the capping layer for specific MA-based absorbers,

and exploring the possible methods to deposit the capping layer for the inverted

devices, it is now time to bring the film-level optimization to the device level, even the

encapsulated device level. This is important to ensure that PSCs technology indeed

will be commercialized and present more alternatives in the solar panels market for

a smooth energy transition.

While MAPbI3 is a promising material for future solar panels, its challenging sta-

bility issue has also shifted researchers’ interests to discover alternative perovskite

materials. Some of the promising candidates are CsPbI3 and FAPbI3, and they

are sometimes also doped with MAPbBr3 and MAPbCl3, which also have high ef-

ficiency [59]. A study by Sun, et al. also shows that there is an optimum compo-

sition mixture between MAPbI3, FAPbI3, and CsPbI3 for better stability, which is

Cs0.17MA0.03FA0.80PbI3 [131]. This will also need to be optimized alongside other

layers within the device.

This thesis chapter focuses on the initial exploration of how Cs-FA-based PSCs’
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stability is different at the film and device level, especially in the inverted device

architecture that is predicted to cost lower in manufacturing. Different degradation

conditions are explored, such as high temperature but low humidity and high tem-

perature and humidity. We also observe how the degradation mechanisms in these

compositions are different from MAPbI3. In the case of FAPbI3 and CsFAPbI3, their

intrinsic phase stability determines the reliability of their PSCs. Both a-FAPbI3 and

a-CsPbI3 phase are dark and good solar cell materials at above 160 �C and room

temperature, respectively [148]. However, the d-FAPbI3 and d-CsPbI3 are yellow and

photovoltaically inactive below those temperatures [148]. Therefore, this intrinsically

unstable material poses a different set of challenges than the MA-based perovskite,

where the main culprit is humidity.

In the future, co-optimizing these absorbers and capping layers and other layers,

such as ETL, HTL, electrodes, and encapsulation, will be essential in finding the

most stable and high-performing PSCs. This thesis explores this direction, starting

by optimizing the capping layer for MA-based perovskite.
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Chapter 2

Fabrication, characterization, and

machine learning methods

2.1 Film and device fabrication methods

The film and device fabrication methods here represent the general fabrication pro-

tocols followed in this thesis. However, each project/thesis chapter might require a

slightly different set of samples. In some cases, samples are also sourced from collab-

orators, which are also fabricated in slightly different techniques.

2.1.1 Absorber film fabrication

The simplest perovskite absorber film is methylammonium lead iodide (MAPbI3).

This material can be deposited on either fluorine-doped tin oxide (FTO) glass or

microscope glass slides. The substrates are previously cut in 1-inch by 1-inch size and

cleaned in a sonicator with the following solutions, each for 15 minutes: 2% Hellmanex

in deionized (DI) water, DI water, and isopropyl alcohol. After that, the samples are

dried for 10 minutes before cleaned using UV-ozone cleaner for 15 minutes.

While the substrates are undergoing cleaning process, we prepare the perovskite

precursor solution. First, we prepare the PbI2 solution by mixing 1 gram of PbI2 (TCI,

99.99% trace metals basis) with 145 µL of dimethylsulfoxide or DMSO (Sigma-Aldrich,
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anhydrous � 99.9%) and 1301 µL of N,N -dimethylformamide or DMF (Sigma-Aldrich,

anhydrous 99.8%); the DMF: DMSO is in 9:1 ratio. Second, on a separate vial, for

every gram of methylammonium iodide (MAI > 99.99%, GreatCell Solar), add 505 µL

of the PbI2 solution, and 6 µL of 9:1 DMF: DMSO solution. As a result, we obtain a

PbI2-excess solution (1:1.09 MAI: PbI2).

65 µL of this solution is then deposited on the substrate and spin-coated using

a 2-step deposition. 10 seconds after the second step of the spincoating, 150 µL of

chlorobenzene is dropped as an anti-solvent.

2.1.2 Device fabrication

For the n–i–p device, the layers from the bottom to the top are FTO electrode, TiO2

compact and mesoporous or SnO2 layer for electron transport layer (ETL), perovskite

absorber, capping layer, spiro-OMeTAD layer for hole transport layer (HTL), and gold

electrode.

The FTO substrate is first etched using 1:1 HCl (Sigma-Aldrich): DI water so-

lution. Spread some of the zinc powder (Sigma-Aldrich) onto the part that will be

etched evenly. Drop roughly 1 mL of the DI water-HCl mix onto it. Brush off the zinc

powder. Clean with DI water, and repeat the etching process for the second time.

After that, clean using 3 different solutions in the sonicator: Hellmanex 2% with DI

water, DI water, and isopropyl alcohol.

The compact TiO2 layer is done by doing spray pyrolysis. The etched-FTO glass

substrate is annealed on the hotplate at 500�C. Titanium diisopropoxide bis (acety-

lacetonate) (Sigma-Aldrich) is mixed with ethanol in a 1:10 ratio, with a total of 1

mL. Using a spray gun, the solution is sprayed to the substrate evenly. The substrate

is then annealed for another 30 minutes before being taken out. The stock solution

is made for the mesoporous solution by mixing 1:5 w/w of TiO2 paste: solvent mix

(3.5:1 terpineol: 2-methoxy ethanol, v/v). The mixed solution is then filtered to ob-

tain a homogeneous solution, and 60 µL of the solution is deposited on the substrate.

The substrate is then spincoated and annealed at 150 �C for 5 minutes.

The perovskite absorber is then deposited based on the protocol on Subsection
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2.1.1.

The precursor solution for spiro-OMeTAD is prepared by mixing 0.05 g of spiro-

OMeTAD (Sigma-Aldrich) with 11.33 µL of 1.8 M LiTFSI salt (Sigma-Aldrich) in ace-

tonitrile , 19.72 µL of tert-butylpyridine (Sigma-Aldrich), 4.90 µL of 0.25 M FK209 Co

salt (Dyenamo) in acetonitrile, and 546.9 µL of chlorobenzene. 60 µL of the solution

is then deposited on the substrate and spincoated.

For the gold electrode part, 100 nm of Au pellet is deposited using a thermal

evaporator. A mask is put over the substrate to define the active area for the solar

cells.

2.2 Materials characterization

To investigate the material, including structural, optoelectronic, and morphological

properties, various laboratory-based and synchrotron-based characterizations are con-

ducted at both film and device levels.

2.2.1 Laboratory-based characterization

UV-Vis spectrophotometer

The film’s transmission and reflection are measured using UV-Vis (PerkinElmer),

between 350-1000 nm. The absorptance can therefore be calculated by subtracting

the transmission and reflection from 100%. The bandgap can therefore be obtained

using the Tauc plot method [133]. The perovskite film is deposited on a glass substrate

for this measurement.

Fourier-transformed infrared (FTIR) spectroscopy

FTIR is a tool to measure the absorption or emission in the infrared spectrum. This

helps to identify certain compounds, especially in organics, within a sample of solid,

liquid, or gas. We can observe the signal from bond stretching, bending, and twist-

ing in the organics compound and use them as a molecular fingerprint to identify
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compounds’ presence. In this thesis, because we mostly focus on a thin-film surface,

we use ATR (attenuated total reflection) mode using ZnSe crystal, which probes the

chemical bonds on the surface. The perovskite film is deposited on a glass substrate

for this measurement.

X-ray diffraction (XRD)

X-ray diffraction can be used to measure the crystal structure. We use a powder X-

ray diffraction (PXRD) tool (SmartLab) to investigate what phases are present in the

sample. The optic setting is on general medium PB/PSA, using Cu K-↵ source, and

the XRD is usually measured between 2✓ = 5�-60�. The perovskite film is deposited on

a glass substrate for this measurement. The tool used is part of shared experimental

facilities, MIT Materials Research Laboratory.

Scanning electron microscopy (SEM)

The field-emission scanning electron microscope (FESEM, Zeiss Ultra 55, or Zeiss

Supra 55 VP) is used to observe the surface morphology, including the grain bound-

aries and the cross-section in the device. A low electron beam (3 keV) is used

to avoid damaging the samples. The perovskite films are deposited on FTO glass

substrates to avoid charge-buildup on the surface and are subsequently placed on an

SEM stub. FESEM tools used are part of shared experimental facilities, Harvard

University Center for Nanoscale System.

X-ray photoelectron spectroscopy (XPS)

XPS (Thermo Scientific K-Alpha+) is used to measure the elemental composition and

their chemical states on a sample’s surface using an X-ray source (Al K-↵). The field

gun is on, and the high-vacuum environment is maintained during the measurement.

Depending on the samples, we usually investigate the high-resolution signal of C 1s, N

1s, O 1s, Pb 4f, I 3d, Br 3d, and the XPS survey. The films are specifically deposited

on FTO glass. XPS tool used is a part of shared experimental facilities, Harvard

University Center for Nanoscale System.
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Device J-V characterization

Devices are measured using a J-V characterization tool that measures the current

density (J) and the voltage (V) using a source meter (Keithley 2420) as the devices

are illuminated using a solar simulator (Newport, Oriel Class AAA, 91195A, AM 1.5

G) at 100Wcm�2. Before the measurement is done, the tool is calibrated with a

Si-reference cell certified by NREL.

Degradation test

The degradation test is done in a chamber that is built at MIT PV Lab. The degra-

dation chamber consists of 4 important parts.

1. The hot plate. This hot plate can fit 4 ⇥ 7 samples with the size of 1 ⇥ 0.5

inches. This will maintain the temperature of the substrate at a certain level

throughout the test. There is a control system that helps to maintain the same

temperature at all times.

2. The relative humidity control system. Since the relative humidity (RH)

fluctuates depending not only on the system but also on the humidity outside

the chamber, having an RH control system is important to maintain the RH

throughout the degradation test. In this case, we use a simple Arduino program

connected with the Adafruit Si7021 humidity sensor, which drives the fan on

top of the water reservoir when the RH reaches a certain level.

3. The light source. The light source is important for capturing the images

clearly. Having a 1-sun light source, for instance, can be an option to introduce

light-induced degradation into the system. However, in this case, we minimize

such degradation and only use the 0.15-sun light source for the clarity of the

captured images.

4. The camera. The camera is a USB CMOS camera, without IR cut filter

(Thorlabs DCC1645C-SP3), which can be programmed using LabView to cap-

ture images every few minutes, for instance, throughout the degradation process.
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To ensure that the color of the captured images is the same as the actual color,

at the beginning of each run, an image of the X-Rite ColorChecker Passport

Photo is taken. A small ColorChecker Passport is also placed next to the sam-

ples as a color reference point. The colors are also calibrated using 3D thin-plate

spline color warping method in L*a*b color space, and the resulting data were

transformed back to red, green, blue (RGB) color space [86].

The images collected are in JPEG, PNG, and BMP formats. They are then

processed and calibrated. Finally, the average red, green, blue (RGB) values for each

time point for each data is extracted as a CSV file, based on the image analysis

protocols established in SPProC GitHub [136]. The time and RGB values for each

sample can then further be analyzed for different purposes.

2.2.2 Synchrotron-based characterization

We investigate the surface and the bulk crystal structure using a high-throughput

grazing-incidence wide-angle X-ray scattering (GIWAXS) at beamline 11-BM (CMS)

Complex Materials Scattering, NSLS-II, Brookhaven National Laboratory. The data

is processed using SciAnalysis to convert the WAXS images into the data in q-space.

The perovskite film is deposited on a 0.25-inch by 0.5-inch glass substrate (microscope

glass slides) for this measurement.

2.3 Machine learning methods

In some thesis chapters, machine learning-based analysis is used, specifically super-

vised learning using regression (continuous output) and Shapley value analysis. To

do these analyses, we need first to construct the dataset, either collecting from an

existing database, using the experimental data result, or obtaining from simulated

values.
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2.3.1 Dataset

Depending on the thesis chapters, the dataset comes from 3 different aforementioned

sources, (1) existing database (such as PubChem, ZINC15), (2) experimental result,

and (3) simulated values. Using the database is important in initial screening and

defining the compositional space. The experimental result is often used as the target

output for prediction in machine learning. Lastly, simulated values are important for

the novel materials which do not exist in the database yet, but are still important

for training the machine learning algorithm. In this case, we use ChemDraw and

ChemOffice software package (PerkinElmer) to find the approximate values of some

key properties, such as topological polar surface area and partition coefficient.

2.3.2 Regression model training

Scikit-learn package in Python is used to do regression model training [101]. Several

regression models are trained, including linear regression (LR), K-nearest neighbors

(KNN) regression [2], random forest (RF) regression [50], gradient boosting (GB)

regression with decision trees [38], support vector machine regression (SVR) [22], and

multilayer perceptron neural network (NN) with three hidden layers (each has 128,

256, and 64 units) using Adam solver [63]. Before training the models, the data is

pre-processed, such as normalization (calibrating the mean to zero and scaling to

unit variance). However, note that some models do not require normalization in their

data, such as tree-based models (random forest, gradient boosting). The next step

is tuning the hyperparameters for different models using the GridSearchCV function

in scikit-learn, which performs an exhaustive search for the best parameters with

the lowest 5-fold cross-validated root mean squared error (RMSE). The observation

versus prediction plot is generated to help to investigate if the model is overfitting.

2.3.3 Shapley value analysis

After training the regression models with the dataset and obtain the best model with

optimized hyperparameters, we can use another toolset to interpret the model and
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derive an insight from it. SHAP, which stands for Shapley Additive exPlanations

[80], serves as a feature importance rank that shows how each feature/input variable

affects the model’s output. SHAP is the state-of-the-art method of extracting feature

importance rank because it utilizes game-theory-based Shapley values to calculate

each feature/input variable’s contribution to the model’s output, resulting in a fairer

and more robust rank across various models.
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Chapter 3

Capping layer design for MAPbI3

3.1 Capping layer method and its large composi-

tional space

The capping layer method refers to the deposition of a thin layer of LD perovskite

atop of the perovskite absorber for improving stability or surface passivation. This

method emerges after researchers find that even though mixing LD perovskite into

3D perovskite absorber improves PSCs’ stability, the reduction in performance hin-

ders the further development of this mixing method. The added benefit of surface

passivation and band energy engineering for the capping method pushes the research

more towards this direction [149].

Incorporating LD perovskite as a capping layer has been shown to improve sta-

bility [94]. For example, depositing 2D phenylethylammonium (PEA) perovskite on

top of 3D formamidinium lead iodide (FAPbI3) perovskite improves the device sta-

bility for up to 60 days under ambient conditions (dark, 30-40% humidity, and 25
�C) [94]. Additionally, the surface passivation is also improved. For instance, the

same PEA-based 2D perovskite capping layer has been shown to improve the surface

passivation for methylammonium lead iodide (MAPbI3) film based on longer emis-

sion lifetime of capped film observed using the time-correlated single-photon counting

(TCSPC) method [19]. Comparing the same material deposited as absorber mixture

47



as supposed to capping layer, the capping device’s efficiency reaches 21.3% [94], in

contrast, the mixed perovskite only reaches 4.7% [121]. Using the mixing method, the

PEA/MA perovskite mixture results in mixed 2D/3D perovskite structure, namely

Ruddlesden-Popper structure (such as (PEA)2 (MA)2 [Pb3I10]) [121]. Even though

this method improves the stability for over 46 days with air exposure at 52% relative

humidity (RH), it only achieves sub-5% efficiency [121], unlike the device improve-

ment in the capping layer method that also benefits from surface passivation due to

reduced defects and trap states [19].

There are two categories of capping layer deposited: the LD perovskite layer and

the barrier layer. The LD perovskite layer is formed by reacting the AX ammonium

halide salts with the excess PbI2, forming a thin LD perovskite layer on the surface

[94, 19]. However, the barrier layer only forms a sacrificial layer at the top of the

absorber to reduce interaction between the perovskite with the layer on top, for

instance, fullerene end-capped polyethylene glycol (C60-PEG) [39], C12-silane [152],

trioctylphosphine oxide (TOPO) [7], and tetrafluoroterephthalic acid (TFTPA) [160].

This thesis chapter explores the LD perovskite capping layer instead of the large

molecules as a barrier layer.

The deposition of the LD perovskite capping layer is utilizing solution-based pro-

cessing, similar to the perovskite absorber. The difference between capping layer

deposition and absorber deposition is highlighted in Table 3.1. The notable differ-

ence is in the thickness; the capping layer is much thinner than the absorber layer

due to low capping layer precursor solution concentration and high spincoating speed

for the deposition.

As previously mentioned, one way to create LD perovskite is by introducing large

A-site cations, which is the same in the capping layer case. The capping layer

comes from AX salt, where A is the large cation, and X is the halide, which re-

acts with the excess PbI2 from the perovskite absorber layer underneath and forms

LD perovskite. Several capping layer materials have been explored, such as n-

hexyltrimethylammonium bromide [60], (CF3)3CO(CH2)3NH3I [26], Eu-porphyrin

complex [35], 1,8-octanediammonium iodide [81], diethylammonium iodide [56], 3-
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Absorber layer Capping layer

Solvent DMF and DMSO mixture Isopropyl alcohol (IPA)
Concentration Usually 1-1.5 M 5-20 mM range
Deposition step 2-step, with chloroben-

zene as anti-solvent
1-step, high speed

Annealing tempera-
ture

100 �C 100 �C

Annealing time
length

10 minutes 10 minutes

Table 3.1: The difference between capping and absorber layer deposition process.

phenyl-2-propen-1-amine [32], and many other organic halide salts encompass differ-

ent functional groups. Considering all the possible organic compositional space for

A-site cations is really large, as shown in Figure 1-8, and researchers currently use

the trial-and-error method to explore this space. It is also harder to compare each re-

sult side-by-side due to differences in degradation conditions, e.g., illumination level,

humidity level, gas within the chamber, heating temperature, and variability during

the deposition process. To move forward and ultimately find the best capping layer

material, screening various materials under the same degradation condition with uni-

form processing conditions deposition, and find the design guideline for the AX salts

are important and the main focus of this thesis part [48].

3.2 Project workflow

To find the best AX halide salts for the capping layer, understanding the design

guideline in selecting the material is important. The following research questions are

investigated to find the design guideline.

1. What kind of AX halide salt and processing condition extend the environmental

stability under elevated temperature and humidity of the perovskite absorber

the most?

2. What is the mechanism behind the stability improvement of the capping layer?
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To answer those research questions, a specific project workflow is introduced,

which is shown in Figure 3-1.

Figure 3-1: The workflow for obtaining capping layers design guidelines.

We start by choosing the halide salts that cover the varieties explored in the

literature. Since this part of the thesis focuses on the capping layer material screening,

the absorber material is kept the same throughout the project: methylammonium lead

iodide (MAPbI3). After the film is fabricated under 4 different annealing temperatures

(50, 75, 100, and 125 �C) and 3 different concentrations (5, 10, and 15 mM), totaling

12 different processing conditions.

The next part is data acquisition, and time efficiency is important in this case.

During the initial capping layer material screening, it is important to allocate the ex-

perimental time strategically because we want to start with the measurement that will

give us more data at the beginning and less data but a deeper understanding at the

end. Therefore, since the highest amount of data generation per time comes from the

environmental degradation chamber, where we degrade films, this data acquisition is

the first screening step. We also utilize advanced analysis and train machine learning

models to find how the processing condition and material properties affect material

stability. The material properties can be obtained easily from the PubChem 2019

database [62], and the machine learning models are available on the scikit-learn pack-
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age for Python [101]. SHAP analysis is conducted on the trained machine learning

models to understand further the interaction between the input (processing condi-

tions and molecular properties) and the output (the stability result) [80], showing the

feature importance ranking. This will help get the design guideline and inform us

what kind of molecular properties and processing conditions are important.

After finding the most stable capping layer material, we do various advanced

characterizations to understand the mechanism behind the capping layer’s stability

improvement. To understand the films’ crystal structure, we do X-ray diffraction

(XRD), as well as grazing incidence wide-angle X-ray scattering (GIWAXS), to see

how the bulk crystal structure changes in comparison to the surface. Besides the

crystal structure, we also look at the change within the organic A-site cations us-

ing Fourier-transform infrared spectroscopy. The morphology of the films is also

investigated using scanning electron microscopy (SEM). Lastly, the general chemi-

cal composition before and after degradation is checked using X-ray photoelectron

spectroscopy (XPS).

3.3 Capping layer materials screening

3.3.1 The materials and solvent choice

This thesis focuses on slightly larger A-site cations, with maximum carbon atoms of

16, and various functional groups such as phenyl, branched, and long alkyl chain.

The total number of A-site cations investigated is 15, as shown in Figure 3-2, but

we explore both iodine and bromine as the X-anions, totaling 21 different capping

layer materials. The 15 A-site cations are chosen due to their availability from the

perovskite precursor manufacturers, which provide large A-site cations to ensure Gold-

schmidt’s tolerance factor larger than 1.00 and form LD perovskite.

As previously mentioned, the absorber is uniform across the project, which is

methylammonium lead iodide (MAPbI3, CH3NH3PbI3). This specific absorber is cho-

sen because despite its high efficiency, it is well-known to be environmentally unstable
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Figure 3-2: The A-site cations explored for capping layer material.
The 15 A-site cations are 1. formamidinium (FA), 2. guanidinium (GA), 3.

ethylammonium (EA), 4. dimethylammonium (DMA), 5. iso-propylammonium (iPA), 6.
imidazolium (ID), 7. t-butylammonium (tBA), 8. phenylammonium (PhA), 9.

benzylammonium (BzA), 10. phenethylammonium (PEA), 11. n-octylammonium (OA),
12. dodcylammonium (DA), 13. tetrapropylammonium (TPA), 14.

phenyltriethylammonium (PTEA), and 15. tetrabutylammonium (TBA).
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in the presence of water, oxygen, and air [17, 88]. Improving its stability is therefore

essential. In addition, the fast degradation of MAPbI3 also allows us to collect more

data per time for each capping layer materials and each processing condition.

The solvent used for the capping layer is isopropyl alcohol (IPA) / 2-propanol

because it is commonly used for this layer [42]. Other solvents have also been explored,

such as chloroform, especially because IPA dissolves formamidinium iodide (FAI)

readily [149]. The solvent used for the absorber, on the other hand, uses a mixture of

N,N-dimethylformamide (DMF) with dimethyl sulfoxide (DMSO) in a 9:1 ratio. This

specific ratio is used after careful optimization with the absorber material to ensure

superior morphology and best uniformity.

2 key things need to be satisfied for this absorber-capping layer system.

1. The absorber needs to have an excess of PbI2, as a source of BX2 molecules for

the AX ammonium halide capping layer salts, which allows LD perovskite to

be formed at the surface. Therefore, there is no need to make the complete LD

perovskite precursor solution; it is sufficient to only dissolve the AX salt as the

precursor for the capping layer.

2. The solvent for the capping layer needs to be only slightly soluble on the surface

of the perovskite absorber to allow the reaction between excess PbI2 coming from

the absorber, with the AX salts from the capping layer material. Too much

absorber solubility in the capping layer solvent will dissolve the absorber layer,

while the opposite will not allow the LD perovskite to form. We are looking for

the solvent ’in the middle’, and IPA can act as one.

The capping layer precursor solution’s common density ranges from 1-10 mil-

ligram/milliliter (mg/mL) [42, 24], finding the right concentration is critical. Re-

searchers have also previously annealed the capped films at different temperatures,

varying between 75-150 �C [134, 42, 24]. For that reason, we purposely incorporate

the processing condition variables into the design of the experiment, which simulta-

neously increases the data points generated from the measurement. The films are

therefore fabricated under 4 different annealing temperatures (50, 75, 100, and 125
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�C) and 3 different concentrations (5, 10, and 15 mM), totaling to 12 different pro-

cessing conditions, as previously mentioned.

3.3.2 Degradation data acquisition

After the films are deposited, the first screening step tests the materials against the

elevated temperature and humidity conditions. The rationale behind this decision, as

opposed to doing other types of characterizations first, is that the degradation test

gives us more insight and data per unit time. The goal is to find the top material

from this degradation test, which will be characterized further to understand why it

exhibits such outstanding property in subsequent steps.

According to the aforementioned Equation 1.4, MAPbI3 or CH3NH3PbI3, in the

presence of water, degrades into two products, including PbI2. While MAPbI3 has a

dark color, PbI2 has a visible bright yellow color. The same degradation pathway is

expected in this thesis part due to the high humidity present in the chamber. The

degradation of MAPbI3 under high-humidity and room-temperature conditions can

be seen in Figure 3-3.

Figure 3-3: MAPbI3 degradation comparison at 0 and 125 minutes, under high hu-
midity and room temperature.

Left, right: 0 and 125 minute-degraded MAPbI3 samples.

During the degradation test, film images are captured every 3 minutes for around

1,000 minutes (16+ hours). Such fast degradation is attributed to the unstable nature

of MAPbI3, in comparison to other lead-halide perovskites, such as FAPbI3 [119].
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This degradation duration in 85%RH, 85 �C, and 0.16-sun conditions is sufficient to

capture the change in films color. The USB CMOS camera is sufficient to capture

degradation of the samples because the PbI2-based films degrade into specific products

with different colors, which is visible to the naked eye. After all the film images

are collected in JPEG format, the calibration process to transform the images into

average red, green, blue (RGB) colors at each time point for specific film is done

using Python. The output file is in CSV, which is ready for being used in training

the machine learning models. The average color change for various capping layers is

shown in Figure 3-4. Most of the capped films extend the stability of bare MAPbI3

films, however, PTEAI capping layer extended the stability the most (4 ± 2 and

1.3± 0.3 times over bare film and state-of-the-art OABr [149], respectively).

3.3.3 Machine learning training on a dataset

Generally, the machine learning (ML) model training can simply be described as

finding the model that relates the input (X) with the output (y). The input consists

of the data that we already have, or the ’knowns’, and the output is the outcome

that we would like to predict for the future dataset, or the ’unknowns’. Training

the models involves tweaking the model parameters until it reaches reasonably low

RMSE (root mean squared error) without overfitting. Overfitting will cause a model

to fail in predicting other sets of input, and several precautionary steps in avoiding

overfitting are taken in this project. Various machine learning algorithms have been

described in Section 1.3.

Input for ML models

In this project, the input will be the known variables: processing conditions and

capping layer material properties from the PubChem 2019 database [62]. 12 different

processing conditions for the capping layer deposition are introduced: 4 annealing

temperatures and 3 precursor solution concentrations. 12 material properties are

included for training the models from the database: molecular weight, x log P (or
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Figure 3-4: The average color change for bare and capped films.
The color change is extracted from averaging the RGB values for each of the films

fabricated at optimum condition that gives maximum onset: formamidinium iodide (FAI),
guanidinium iodide (GI), ethylammonium iodide (EAI), dimethylammonium iodide

(DMAI), iso-propylammonium iodide (iPAI), imidazolium iodide (IDI),
tert-butylammonium iodide (tBAI), phenylammonium iodide (PhAI), phenylammonium
bromide (PhABr), benzylammonium iodide (BzAI), benzylammonium bromide (BzABr),
phenylethylammonium iodide (PEAI), n-octylammonium iodide (OAI), n-octylammonium

bromide (OABr), phenyltriethylammonium iodide (PTEAI), dodecylammonium iodide
(DAI), dodecylammonium bromide (DABr), tetrapropylammonium iodide (TPAI),
tetrapropylammonium bromide (TPABr), tetrabutylammonium iodide (TBAI), and

tetrabutylammonium bromide (TBABr). The figure is adapted from Hartono, et al., "How
machine learning can help select capping layers to suppress perovskite degradation",

Nature Communications, 2020 [48] under CC-BY 4.0.

56



partition coefficient, indicating hydrophobicity or hydrophilicity of the molecules),

topological polar surface area (TPSA), complexity, the number of rotatable bonds,

the number of heavy atoms, the number of hydrogen-bond donors, and the number

of each element (carbon, hydrogen, bromine, nitrogen, and iodine).

Output for ML models

The output of ML models is how fast each material degrades under elevated tem-

perature and humidity conditions. Hence, the average RGB values can be used as a

parameter to describe how fast the degradation happens. Since the films degrade to

yellow color, the red and green (RG) values increase over time, while the blue values

stay relatively the same. Because red and green value change over time overlaps,

either one is sufficient to describe the film’s degradation, as shown in Figure 3-5a.

For this project, we use red color as the degradation parameter. We observe

that the film color stays dark until turning yellow abruptly, which is indicated by

a sudden increase in red color. To characterize such abrupt change, we can either

look at the red onset or the red slope, as shown in Figure 3-5b. The red onset is the

time-intercept of the fitted line of the most significant change in red color, while the

red slope is the slope of the same fitted line. The equation describing the degradation

onset is shown on Equation 3.1, where A is the red slope, t is the time, and R is the

calibrated red channel curve. The red onset is, therefore, the time-intercept of the

equation, or �B
A . However, since the time point where the film starts to yellow is

more appropriate for comparing the films, this project focuses on the onset instead of

the slope. Henceforth, the ML models’ output is the red onset, which will be called

degradation onset interchangeably, of each sample.

y = At+B,A =

✓
dR

dt

◆

max

(3.1)

The red onset distribution for five different capping layer material groups: carbon

atom < 5, carbon atom � 5 and long-chain, phenyl-based, branched, and no cap-

ping/bare films, is shown in Figure 3-6. Generally, the phenyl-based and branched
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Figure 3-5: Example of RGB values for capped and bare films, and their red onset
extraction.
The RGB values for bare and PTEAI-capped MAPbI3 films (a) and the red onset and the
red onset example for TBAI-capped film (b). The figure is adapted from Hartono, et al.,

"How machine learning can help select capping layers to suppress perovskite degradation",
Nature Communications, 2020 [48] under CC-BY 4.0.

groups are promising and show better stability than the bare films.

Training ML models

After collecting the data for both input (X) and output (y) of the machine learning

models, the next part is selecting the model that works with the data. Since the goal

predicts the future set of capping layer materials, the output, i.e., the degradation

onset, is continuous and not discrete. Therefore, the supervised machine learning al-

gorithm, specifically the regression model, is the most appropriate model for training.

The classification models are not suitable for the current dataset because the output

is not discrete.

Using scikit-learn package in Python [101], several regression models are trained:

linear regression (LR), K-nearest neighbors (KNN) regression [2], random forest (RF)

regression [50], gradient boosting (GB) regression with decision trees [38], support

vector machine regression (SVR) [22], and multilayer perceptron neural network (NN)

with three hidden layers (each has 128, 256, and 64 units) using Adam solver [63].

The data is pre-processed, the hyperparameters are tuned using GridSearchCV in
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Figure 3-6: The red onset distribution for different capping layer groups.
There are five different capping layer material groups based on their A-site cations: carbon
atom < 5, carbon atom � 5 and long-chain, phenyl-based, branched, and no capping/bare
films. The figure is adapted from Hartono, et al., "How machine learning can help select
capping layers to suppress perovskite degradation", Nature Communications, 2020 [48]

under CC-BY 4.0.

scikit-learn, and the model training is 5-fold cross-validated. The results are shown

in Table 3.2. The lowest cross-validated RMSE for non-normalized input is random

forest regression (104.8 minutes).

The graphs showing the comparison between non-normalized and normalized in-

put are shown in Figure 3-7. Generally, the tree-based algorithms perform better

than other models: 104 and 112 minutes for random forest regression and gradient

boosting algorithms. It is still considerably high, especially when comparing it with

the degradation onset range of 0-700 minutes. One of the reasons for high RMSE is

that the high variability of general MAPbI3 films [135]. In this study, the standard

deviation of the degradation onset of bare MAPbI3 films is around 45 minutes.

The comparison between degradation onset observation and prediction results of

linear regression and random forest regression is shown in Figure 3-8, which shows

the 80%:20% train: test split and the minimum overfitting. This figure also shows

how the random forest regression prediction is better than the linear regression one.

However, this project uses the capping layer materials, which are commonly used

and relatively small, using the random forest regression model to extrapolate and pre-

dict the degradation onset of much larger or entirely different A-site cation molecules
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Regression
algorithms

Hyperparameters
in scikit-learn

Train
RMSE
(minutes)

Test
RMSE
(minutes)

Cross-validated
RMSE (minutes)

Linear 61.8 84.0 164.3
K-nearest
neighbor

algorithm: ball
tree, neighbors: 3,
weights: uniform

46.4 91.2 148.3

Random for-
est

maximum depth:
4, estimators: 60

46.5 70.8 104.8

Gradient
boosting

maximum depth:
4, estimators: 30

41.7 78.5 112.3

Neural
network
(multilayer
perceptron)

hidden layer sizes:
128, 256, 64, max-
imum iteration:
10000, learning
rate: constant,
solver: adam,
alpha: 0.1, activa-
tion: relu

44.5 89.2 132.4

Support vec-
tor machine

C: 1000.0 41.3 142 169.0

Table 3.2: The machine learning algorithms, their optimized hyperparameters, and
cross-validated RMSE for non-normalized input.
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Figure 3-7: Cross-validated RMSE across different models for normalized and non-
normalized input.
The figure is adapted from Hartono, et al., "How machine learning can help select capping

layers to suppress perovskite degradation", Nature Communications, 2020 [48] under
CC-BY 4.0.
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Figure 3-8: The comparison between observation and prediction of linear regression
and random forest regression.
The figure is adapted from Hartono, et al., "How machine learning can help select capping

layers to suppress perovskite degradation", Nature Communications, 2020 [48] under
CC-BY 4.0.

should be done cautiously.

3.3.4 Interpreting trained model using Shapley value

After training the regression models with the dataset and obtaining the best model

with optimized hyperparameters, we can use another toolset to interpret the model

and derive an insight from it, SHAP (Shapley Additive exPlanations) [80]. We can

see the feature importance rank that shows how each feature/input variable affects

the model’s output.

The SHAP analysis for the random forest model that predicts red onset is shown

in Figure 3-9. Each point on the SHAP analysis figure comes from the observed

dataset. The x-axis shows the SHAP value, which corresponds to the degradation

onset. A positive SHAP value indicates higher degradation onset/more stable film

and vice versa. The yellow and purple data points indicate high and low feature

values, respectively. The total of 14 different input variables/features are ranked,

on the left side, with the most important one at the top. Based on this result,

the topological polar surface area (TPSA) comes out as the top, followed by the

number of hydrogen-bond donors and molecular weight. The first two actually give
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a clear result: to improve the stability, we need to pick the capping layers with the

smallest TPSA and lowest number of hydrogen-bond donors. TPSA and hydrogen-

bond donors are correlated (Pearson correlation coefficient of these two features is

0.81, as shown in Figure 3-10). The hydrogen-bond donor presents in a bond between

hydrogen and electronegative atoms (such as nitrogen), creating a more polar surface

area on the molecule. This evidence might support the previous findings on how

hydrogen bonding plays an important role in PSC degradation [124, 102, 159, 89, 92],

especially under high-humidity testing conditions such as the one in this study. The

next features in the rank are molecular weight, which indicates that capping layer

materials with higher molecular weights could also improve the stability to a certain

extent. The top rank of SHAP results is robust against different models, such as GB

with non-normalized dataset and SVR with the normalized dataset (Figure 3-11).

Figure 3-9: The SHAP analysis for non-normalized random forest regression model.
The figure is adapted from Hartono, et al., "How machine learning can help select capping

layers to suppress perovskite degradation", Nature Communications, 2020 [48] under
CC-BY 4.0.
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Figure 3-10: The Pearson correlation coefficients across different features.
The figure is adapted from Hartono, et al., "How machine learning can help select capping

layers to suppress perovskite degradation", Nature Communications, 2020 [48] under
CC-BY 4.0.
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Figure 3-11: The SHAP analysis for non-normalized gradient boosting with decision
trees (GB, left) and normalized support vector machine regression (SVR, right).
The figure is adapted from Hartono, et al., "How machine learning can help select capping

layers to suppress perovskite degradation", Nature Communications, 2020 [48] under
CC-BY 4.0.

The capping layer material that improves stability the most, PTEAI, has zero

hydrogen-bond donors and has 0 Å2 TPSA. Indeed, this combination is predicted

to improve the stability the most, based on the SHAP analysis. Comparing to the

published capping layer materials such as theophylline, caffeine, and theobromine

[141], if they were fabricated and degraded in the same manner as the materials in

this study, the onsets are predicted to happen at 103.2, 264.2, and 121.5, respectively,

lower than the PTEAI onset at (462±115) minutes. Based on the finding in this

study where quaternary ammonium group (NR4
+, R is an alkyl or an aryl group)

leads to improved stability, in future studies, it is worth exploring more complex,

higher molecular weight capping layer materials with such group.

3.4 Stable capping material characterization

To probe why certain capping layer materials perform better than the other, several

characterizations are conducted to observe the change in the crystal structure, mor-

phology, organic A-site cation, and surface chemical composition. The measurement
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is done to confirm that the findings in degradation data and see why PTEAI per-

forms the best as a capping layer in this study. For this part of the study, in general,

three different samples are being measured: bare, TPAI-capped, and PTEAI-capped

MAPbI3 films. The bare film serves as a control and benchmark during the mea-

surement, in contrast the TPAI-capped and PTEAI-capped films represent the fairly

good and the best stability performance across different materials. Both TPAI and

PTEAI also have the same number of carbons, 12, which warrants further investiga-

tion because their sizes and molecular weights are similar.

3.4.1 Surface versus bulk crystal structure

First, we check the crystal structures of the three samples using powder X-ray diffrac-

tion (PXRD). We use Rigaku SmartLab tool for the measurement, with Cu-K↵

sources. The 2✓-scan results for bare, TPAI-capped, and PTEAI-capped MAPbI3

films at 0, 460, and 640 minutes of degradation is shown in Figure 3-12. The purple

shade on the figure indicates the (110) phase of MAPbI3 based on the PXRD pattern

with ICSD collection code 250735 [128], and the yellow shade indicates the PbI2 phase

based on ICSD collection code 68819 [98].

Figure 3-12: The XRD comparison between bare, TPAI-capped, and PTEAI capped
MAPbI3 films at different time points of degradation.
The figure is adapted from Hartono, et al., "How machine learning can help select capping

layers to suppress perovskite degradation", Nature Communications, 2020 [48] under
CC-BY 4.0.

66



In bare MAPbI3 film, the MAPbI3 (110) phase has become PbI2 phase after 460

minutes of high-humidity and high-temperature degradation. On the other hand,

both TPAI-capped and PTEAI-capped films still preserve the MAPbI3 (110) peak

after 460 minutes. In the case of PTEAI-capped film, it even retains the (110) phase

after 640 minutes, even though the TPAI-capped already degraded. This serves as

evidence that PTEAI indeed improves stability the most. Additionally, looking at

the low angle peaks (< 10�), both TPAI-capped and PTEAI-capped films show extra

peaks that do not present at bare MAPbI3 film, indicating the LD perovskite peaks

presence, which helps to improve the stability of the films.

Looking at the low-angle peaks in PTEAI-capped films specifically, one interesting

thing happens. The 2✓ angle for the LD perovskite peaks for fresh sample (0 minutes)

and during degradation (460 and 640 minutes), the peaks location shift, which might

indicate that as PTEAI-capped MAPbI3 film degrades, one type of LD perovskite

that is initially formed changes, and becomes another LD perovskite phase.

However, PXRD data does not show whether certain phase dominates the bulk

versus the surface, which is important to investigate in the capping layer. We, there-

fore, measure the grazing incidence wide-angle X-ray scattering (GIWAXS) in 11-BM

beamline at NSLS-II, Brookhaven National Laboratory. At a different ✓ angle, GI-

WAXS probes different thicknesses of the films as shown in Figure 3-13. We use 13.5

keV X-ray beam energy. The scattering spectra are collected with an exposure time of

30 seconds by an area detector, DECTRIS Pilatus 8008, located 257 mm away from

the sample. The result is shown in q-space, where qr and qz indicate horizontal and

vertical axes. In this case, when ✓ = 0.12�, it probes the surface, while at ✓ = 0.2�, it

mostly probes a deeper thickness of the film and shows the bulk profile. The green

arrow indicates the MAPbI3 phase, while the white arrow shows the LD perovskite

phase. Looking at specifically the TPAI-capped and PTEAI-capped results, the sig-

nal of MAPbI3 is stronger at the bulk, in comparison, the LD perovskite signal is

stronger at the surface, confirming that the stratification of absorber and capping

layers are as expected.
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Figure 3-13: The GIWAXS comparison between bare, TPAI-capped, and PTEAI
capped MAPbI3 films at surface and bulk.
The green arrow indicates the MAPbI3 (110) phase, while the white arrow indicates the
PbI2 phase. The figure is adapted from Hartono, et al., "How machine learning can help
select capping layers to suppress perovskite degradation", Nature Communications, 2020

[48] under CC-BY 4.0.

3.4.2 Surface morphology change

After looking at how the crystal structure changes within the film, it is also impor-

tant to observe how the surface morphology changes using a ZEISS Ultra-55 field-

emission scanning electron microscope (FESEM). Various bare, TPAI-capped, and

PTEAI-capped films at different degradation time points: 0, 460, and 640 minutes,

are measured using the FESEM. The result is shown in Figure 3-14, and the scale

bar is 200 nm. In the fresh samples, the large grain boundaries, which can be clearly

observed in bare MAPbI3 are no longer visible in TPAI-capped and PTEAI-capped

films, indicating that the surface of the films is coated with LD perovskites based on

the previous crystal structure investigation. However, there is no clear trend with the

surface morphology of films degraded at 460 and 640 minutes, though it is clear that

pinholes start to form when films are degrading.
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Figure 3-14: The SEM comparison between bare, TPAI-capped, and PTEAI capped
MAPbI3 films at different degradation time points.

The scale bar is 200 nm. The figure is adapted from Hartono, et al., "How machine
learning can help select capping layers to suppress perovskite degradation", Nature

Communications, 2020 [48] under CC-BY 4.0.
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3.4.3 Organic A-site cation change

To probe how the organic A-site cations of capping layers at the surface change

over time, Fourier-transform infrared spectroscopy (FTIR) is conducted using Perkin-

Elmer Spectrum 400 tool. The comparison of FTIR spectroscopy results in attenu-

ated total reflection (ATR) geometry with ZnSe crystal for bare, TPAI-capped, and

PTEAI-capped MAPbI3 films at different degradation time points: 0, 460, and 640

minutes, are shown in Figure 3-15.

Figure 3-15: The FTIR comparison between bare, TPAI-capped, and PTEAI capped
MAPbI3 films at different degradation time points.
The figure is adapted from Hartono, et al., "How machine learning can help select capping

layers to suppress perovskite degradation", Nature Communications, 2020 [48] under
CC-BY 4.0.

The NH3
+ stretch signal at 3176 cm�1 coming only from methylammonium (MA)

because it does not exist in tetrapropylammonium (TPA) or phenyltriethylammonium

(PTEA), therefore serves as the MA indicator from the absorber. In this case, it is

clear that even at 460 minutes, the NH3
+ stretch has disappeared in bare and TPAI-

capped MAPbI3 films on the surface. However, we know that based on GIWAXS

and XRD results, at 460 minutes, the TPAI-capped film still has MAPbI3 left within
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the bulk. This indicates that at this time point (460 minutes), the MAPbI3 at the

surface of TPAI-capped has degraded, even though some of it is left within the bulk.

On the other hand, the MA in PTEAI-capped MAPbI3 film still presents even after

640 minutes, indicated by the presence of NH3
+ stretch. Besides NH3

+ stretch, the

other bonds that can be the sign of MA presence are NH3
+ bend and CH3 NH+

3

bend. Both of them also show similar results as the NH3
+ stretch.

3.4.4 Surface chemical composition change

To measure how the chemical composition changes before and during the degradation,

such as how water might attach to the surface of the capping layer, X-ray photoelec-

tron spectroscopy (XPS), specifically using Thermo Scientific K-Alpha+ XPS with

Al-K↵ excitation source, can help to investigate this. The XPS result is fit to C 1s, I

3d, N 1s, O 1s, and Pb 4f peaks, which allow the atomic percentages for each element

to be calculated. Figure 3-16a shows the comparison of the oxygen channel (O 1s for

bare and PTEAI-capped films across different degradation time points, and Figure

3-16b shows their atomic percentage.

Figure 3-16: The O 1s XPS comparison between bare and PTEAI capped MAPbI3
films at different degradation time points.
The figure is adapted from Hartono, et al., "How machine learning can help select capping

layers to suppress perovskite degradation", Nature Communications, 2020 [48] under
CC-BY 4.0.
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The oxygen presence, which might come from water (H2O), air (O2), or PbOx

[132, 129], increases as the bare MAPbI3 film degrades. However, this oxygen presence

is suppressed in our most stable film, PTEAI-capped MAPbI3. The atomic percentage

of O 1s increases to around 24% at 640 minutes of degradation in the bare film, while

the PTEAI-capped film stays below 1%.

3.5 Conclusion

This study presents a framework to utilize both high-throughput and more traditional

approaches to investigate which capping layer material could improve stability the

most for a perovskite absorber and derive the design guidelines for future study.

21 capping layer materials with MAPbI3 absorber are tested under 5%RH, 85 �C,

and 0.16-sun conditions. Regression models are trained to relate the capping layer

molecular properties and processing conditions with the degradation onsets. SHAP

analysis is then conducted on the trained models to extract the feature importance

rank and see which features contribute to the improvement in stability the most: the

small topological polar surface area of the organic capping layer molecule and the

small number of hydrogen-bond donors. Phenyltriethylammonium iodide (PTEAI)

improves the bare MAPbI3 film stability by more than 4 ± 2. The crystal structure

advanced characterization shows that low-dimensional perovskite is formed at the top

of the capped film’s surface, while SEM, FTIR, and XPS show that PTEAI capping

layer modifies the surface of the film that causes the suppression in oxygen-containing

compounds at the surface. The improvement in stability using the capping layer

method is therefore important in pushing PSCs closer towards commercialization.
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Chapter 4

Stable capping layer for mixed-halide,

MA-based absorber

4.1 Motivation for tuning perovskite bandgap by chang-

ing absorber composition

Currently, the record efficiency of single-junction PSCs has gone beyond 25%, compa-

rable to the efficiency of silicon solar cells [68]. A trend of using perovskite as a tandem

cell also emerges due to its bandgap tunability [70], making it a suitable candidate

material for both narrow- and wide-bandgap solar cells. The wide-bandgap PSCs

have also been used for indoor PV applications, specifically for the internet of things

(IoT) devices [85]. The bandgap tuning characteristic is possible by mixing differ-

ent X-anions/halides within the perovskite film, as shown in Table 4.1. As we shift

from iodine-based to bromine-based or even chlorine-based halide perovskites, the

bandgap also gradually increases. Therefore, both high-efficiency perovskite single-

junction and tandem cells benefit from mixing the perovskite absorber to improve

efficiency or induce bandgap change.

However, it is known that introducing halide mixture into the perovskite absorber

also causes phase segregation, creating iodine-rich and bromine-rich areas under illu-

mination [150]. These areas will be the initiation sites for the degradation cascading
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Composition Bandgap (eV)
MAPbI3 1.58
MAPbI2.8Br0.2 1.62
MAPbI2.6Br0.4 1.65
MAPbI2.4Br0.6 1.68
MAPbI2.2Br0.8 1.71
MAPbBr3 2.27

Table 4.1: The bandgap of MAPb(IxBr1�x)3.
The bandgap is based on the photoluminescence peak at 25 �C [3].

process. The phase separation occurs with a rate constant of 0.1-0.3 s �1, and the

dark recovery occurs at a longer timeline, in order of minutes to an hour [150]. The

fast phase separation but slow recovery process highlights the importance of con-

sidering stability while designing the perovskite absorber materials for photovoltaic

applications.

In this thesis chapter, we hypothesize that the optimal capping layer material for

stability changes as the film composition changes within the iodine-bromine series. We

also interrogate the underlying root causes. There is no systematic study investigating

how the change in bandgap due to changing halide composition affects the optimum

capping layer for stability. Answering these questions will help researchers better

design capping-absorber pairs for single-junction and tandem solar cells, as well as

other applications including indoor and IoT devices.

4.2 Project workflow

To find the stable, high-performing capping-absorber pairs for PSCs, we design a

workflow for this thesis chapter, shown in Figure 4-1. We start by fabricating films

consisting of MAPb(IxBr1�x)3 mixed-halide absorber with 10 1D perovskite capping

layer materials and PTEAI as the capping material benchmark from the previous

chapter. After the samples are degraded, the data is processed and analyzed using 2

methods: dissimilarity matrix for faster analysis of high-dimensional data and SHAP

analysis to extract the feature importance rank. The degradation mechanism is also

74



further discussed based on the results presented in this chapter.

Stability screening using degradation test

Faster degradation analysis: dissimilarity matrix 
and SHAP analysis

Film optoelectronic and structural 
characterization

10 1D capping layers 
and PTEAI as a 

benchmark

MAPb(IxBr1-x)3
absorber mixture

Goal: stable device and identification of 
underlying mechanism

Figure 4-1: The project workflow for this thesis chapter.

4.3 Capping-absorber pair screening

4.3.1 The materials choice

We source our 1D perovskite materials from our collaborator, Marie-Hélène Tremblay

(Marder Group, Georgia Institute of Technology) in powder form, making it easier to

dissolve the material in solvents for deposition. There are 10 different capping layer

materials, as shown in Figure 4-2, and the complete list is shown in Table 4.2. They

form 1D perovskites, and they are either phenyl-, cyclohexane- or naphthyl-based A-

site cations. PTEAI, the most stable capping layer from the previous chapter, is also

included in the screening as the benchmark. Various functional groups are present

in addition to amines, such as nitrile (R� C ⌘ N), ester (R� CO2 � R0), methoxy

(R�O� CH3), nitro (R� NO2), and alcohol (R�OH). Compared to the capping

layers investigated in the previous chapter, the capping layer materials in this chapter

are similar in size and have similar functional groups. Some of them, such as 3-I and
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6-I, as well as 4-I and 5-Cl, actually have the same functional groups in their A-

site cations. The only difference is one of them is ortho- (the functional groups are

adjacent to each other, in positions 1 and 2), and the other is meta- (the functional

groups are in positions 1 and 3). These differences could lead to an interaction change

between the A-site cations with the [PbX6]4� octahedra, and a change in material

density to a difference in how closely-packed the unit cell is.

Figure 4-2: The different A-site cations of the capping layer materials explored in this
chapter.

# Composition name Functional groups
1-Cl 2 CN–PEA–Cl Phenyl, ammonium, nitrile
2-Cl 2 CO2Me–PEA–Cl Phenyl, ammonium, ester
3-I 2 MeO–PEA–I Phenyl, ammonium, methoxy
4-I 2 NO2 –PEA–I Phenyl, ammonium, nitro
5-Cl 3 NO2 –PEA–Cl Phenyl, ammonium, nitro
6-I 3 MeO–PEA–I Phenyl, ammonium, methoxy
7-Cl 3 CO2Me–PEA–Cl Phenyl, ammonium, ester
8-Cl 2 HO–CycMA–Cl Cyclohexane, ammonium, alcohol
9-Cl 2 MeO–NEA–Cl Naphthyl, ammonium, methoxy
10-I 2 MeO–PMA–I Phenyl, ammonium, ester
PTEAI PTEA–I Phenyl, ammonium

Table 4.2: The functional groups making up the A-site cations.

76



4.3.2 Fast image data screening

After the capping layers are deposited atop of 25%-increment MAPbI3-MAPbBr3-

mixed absorber at two different concentrations, 5 and 10 mM (mmol/L), and annealed

at two different temperatures, 75 and 100 �C for 10 minutes, the films are aged in

degradation chamber under 80%RH, 85 �C, and 0.15-sun. The images of the films are

taken every 3 minutes. The same data acquisition protocol and image data analysis

for extracting the average red, green, blue (RGB) values at every time point as the

previous chapter are then conducted. The only difference is the image files being

analyzed are BMP instead of JPEG because they have higher resolution. A total

number of 420 samples is then further analyzed.

The averaged RGB color change result across different capping layer materials and

absorbers is shown in 4-3. It shows two different examples of bare and PTEAI-capped

films, showing the variation in degradation color change. The starting color of films

also varies based on their absorber composition due to the change in the bandgap.

Interestingly, in MAPb(I0.75Br0.25)3-based films, the stability is generally lower than

other films, even MAPbI3, regardless of capping layer type deposited.

The 9-Cl and PTEAI capping layer materials are selected to be further investi-

gated because they outperform the other capping layer materials, especially in I-rich

absorber materials. For example, in the case of MAPbI3 samples, PTEAI capping

can improve the bare film stability by (4 ± 2) times, while 9-Cl can improve by > 6

times. However, in the case of MAPb(I0.75Br0.25)3-based films, PTEAI capping can

improve the bare film stability by > 2 times, while the 9-Cl capping can only improve

it by > 1.2 times.

Unlike in the previous chapter, where the degradation from MAPbI3 to PbI2

is clear, in this alloy series, many of the films do not degrade from black to yellow,

because both the bandgap of the initial film is different, and the degradation pathways

and products may also be different. The fact that the data is 4-dimensional, consisting

of RGB and time for each sample, also adds another layer of complication.

To look at all the data faster simultaneously, a dissimilarity matrix is suitable
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8-Cl
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Bare
Bare
10-I
9-Cl
8-Cl
7-Cl
6-I
5-Cl
4-I
3-I
2-Cl
1-Cl
PTEAI
PTEAI

MAPbI3

MAPbBr3

MAPb(I0.75Br0.25)3 MAPb(I0.5Br0.5)3

MAPb(I0.25Br0.75)3

Figure 4-3: The degradation result across different capping layers and absorber com-
positions based on averaged RGB values.
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for looking at the overview of a large, multi-dimensional dataset. The m by m ma-

trix shows how dissimilar/ similar one sample with another. Each (a, b) matrix cell

contains a value, representing how dissimilar/ similar sample a and sample b is, by

calculating the distance between the 2 vectors of a and b.

Commonly used distance measures for similarity analysis are Minkowski (such as

Manhattan, Euclidean), L1, inner product (such as Jaccard, cosine), squared chord,

and squared L2 [108]. One of the distance measures, cosine similarity, has been widely

used for various purposes, including face verification [145, 91], text classification [71],

and automated essay scoring [69]. The robustness of the cosine distance measure is

proven from its cross-disciplinary use for evaluating the similarity between datasets.

In this chapter, a dissimilarity matrix is used to evaluate the aforementioned 4-

dimensional degradation data consisting of RGB values and time, to compare one

sample from the others. The 4-dimensional data is first pre-processed and collapsed

into a 1-dimensional vector before its dissimilarity value with another vector calcu-

lated by taking the distance between the two vectors. This helps to look at the pattern

in the data faster. The dissimilarity matrix is constructed using a pairwise distance

algorithm from scikit-learn [101], that computes the distance matrix between two vec-

tors for each sample pair for the entire dataset. Cosine similarity is used as a metric

due to its robustness and wide implementation. It calculates the L2-normalized dot

product of the two vectors. The larger the distance between the two vectors is, the

higher the dissimilarity matrix value is, and vice versa.

A hypothetical example of a dissimilarity matrix is shown in Figure 4-4. If we have

two types of compositions, X and Y, where each of them has 2 samples, we get the

4 ⇥ 4 dissimilarity matrix. When the dissimilarity value is high, the color is yellow,

and when it is low, the color is purple, as shown in the color bar. Two things can be

compared in the dissimilarity matrix: comparison among the repeated compositions

(X and X, or Y and Y) and across different compositions (X and Y). The advantage

of using a dissimilarity matrix can be seen directly; regardless of the dataset size for

each sample, the distance between the two vectors can be observed in one value.

This chapter focuses on the RGB values between 0 and 999 minutes for the dis-
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Figure 4-4: A hypotethical example of dissimilarity matrix.

similarity matrix analysis. At 999 minutes, the films with poor stability have fully

degraded, while the ones with good stability can still maintain their colors. Each

sample has an RGB color for each time point, and this data can be appended into

one vector. The distance measure between this sample with other samples is then

calculated to form the dissimilarity matrix, which shows the film color change com-

parison during the first 999 minutes of degradation. The dissimilarity matrix of these

data using cosine distance measure is shown in Figure 4-5a.

A couple of observations can be made based on the dissimilarity matrix result, as

follows.

1. The MAPbI3-based films qualitatively have higher variations than the Br-containing

films.

2. The difference between 9-Cl and PTEAI capping layer are the most distinct

in the case of MAPb(I0.75Br0.25)3 absorber, in contrast, the two capping layer

materials are indifferent in improving the stability (up to 999 minutes) for Br-

rich absorbers, but especially for MAPbBr3.

3. Note that the dissimilarity matrix can only tell if one sample is different from

the other, but it cannot tell if one is better than the other. Therefore, it is still

important to check back the color changes in the degradation results in Figure

4-3 to to verify if the change is indeed an improvement.
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Figure 4-5: The dissimilarity matrix constructed using various distance measure of
bare, 9-Cl-, and PTEAI-capped films across the MAPbI3-MAPbBr3 series.

The distance measures used are cosine (a), Manhattan (b), and Euclidean (c).
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The result in the Figure 4-5 shows the dissimilarity matrix using a cosine distance

measure. However, it is also important to check the consistency in results using other

distance measures, such as Manhattan and Euclidean distance, as shown in Figure

4-5b, c. The main insights still hold across different distance measures calculated.

4.3.3 Shapley value analysis reveals the main degradation drivers

Shapley value analysis for extracting feature importance rank

Like the one conducted in the previous chapter, SHAP analysis is then performed

to understand the most important capping layer features for this data set. However,

we first need to train the dataset. We include 21 features as the input, includ-

ing the absorber amount, processing conditions, capping layer molecular properties,

and functional groups: the amount of MAPbBr3, number of chlorine and iodine

atoms, number of rotatable bonds, number of hydrogen-bond donors, topological in-

dex (that measures complexity), topological polar surface area, molecular weight,

partition coefficient, annealing temperature, concentration, and if certain functional

groups are present in the A-site cations, such as nitro, nitrile, benzene, naphthalene,

ester, methoxy, alcohol, primary or quaternary amine. Since the capping layer mate-

rials are novel and are mostly not available in the PubChem database, the capping

layer material properties are extracted from ChemDraw and ChemOffice applications

(PerkinElmer), including the topological polar surface area, topological index, parti-

tion coefficient, number of rotatable bond, and number of hydrogen-bond donor. The

functional groups are included in the feature list, as opposed to the number of certain

atoms (carbon, hydrogen, nitrogen, oxygen, heavy atoms) because these capping layer

materials have similar functional groups among each other, which could affect their

stability more significantly than the presence of certain atoms.

The output to the algorithm will be a metric indicating how fast, or slow, the

samples degrade. Unfortunately, the degradation onset metric that was introduced in

the previous chapter can no longer be used. There are several reasons why we need

to find a more suitable metric: we have different initial and final colors, the red and
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green values are no longer changing simultaneously, and the blue value is not relatively

constant throughout the degradation process. Instead, the differential area is used as

the instability metric, which is the area difference under the RGB sum curve between

the initial and final time point of interest. In this case, we are using 1,000 minutes

as the cut-off time, close to the 999 minutes cut-off time for the dissimilarity matrix

analysis, since most of the fast degrading films already change color, and the slow-

degrading films are in the process of changing color or still retain their initial color.

For this dataset, we observe the instability metric ranges between 5.6⇥ 103 - 3.0⇥ 105

minutes. The same instability metric has also been used in Bayesian optimization for

finding the most stable mixed-composition between CsPbI3, MAPbI3, and FAPbI3

[131], and using the same study’s differential area extraction code [136].

After collecting both input and output for the dataset, the non-normalized dataset

is then trained on different algorithms, such as linear regression, K-nearest neighbors

regression, random forest regression, gradient boosting with decision trees regression,

multi-layer perceptron (neural network) regression, and support vector regression

(SVR). The root mean squared error (RMSE) of these algorithms are shown in Fig-

ure 4-6. For the highest instability metric, the random forest regression and gradient

boosting with decision trees regression have an RMSE of 16.7% and 16.1%, re-

spectively. Random forest regression shows one of the lowest RMSE, and the same

algorithm is used for SHAP analysis to extract the feature importance rank, as shown

in Figure 4-7. The positive SHAP values indicate that the instability metric is high

and vice versa. Therefore, if we look at the top feature, MAPbBr3 amount, as we

shift from MAPbI3 to MAPbBr3, we start with moderate instability, go up, and end

up with low instability for 100% MAPbBr3.

Absorber’s light-induced halide segregation as the primary degradation

driver

As we previously observe in dissimilarity matrices, the amount of MAPbBr3 in the

absorber dominates the stability outcome. This feature comes out as the top feature

in the SHAP feature importance rank. The addition of MAPbBr3 into the MAPbI3
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Figure 4-6: The RMSE for random forest algorithm, with non-normalized input.

absorber leads to unstable films, in comparison to the pure end-member films like

MAPbI3 or MAPbBr3. This phenomenon has been previously investigated and is well-

known within the research field. The MAPb(IxBr1�x)3 material system is intrinsically

unstable due to light-induced halide phase segregation, where under illumination,

the mixed-halide perovskite segregates into I-rich region and Br-rich region [13, 14].

Different models have been investigated by researchers to explain how this anion phase

segregation in MAPb(IxBr1�x)3 alloys is initiated. There is a couple of reasons, for

example, due to its intrinsically metastable mixed-halide alloys [15], polaron formation

that leads to local strain [9, 10], positive free energies of mixing [33, 111, 142], electrons

trapped by defect states and holes trapped in I-rich domains causing electric fields

that drive demixing [65], trapped carrier concentration gradient leading to strain

or thermalization energy [4], and surface defect carrier trapping leading to electric

field-induced anion drift [51, 7].

These studies agree that light-induced anion phase segregation is reversible if

the mixed-halide materials are subjected to a light-dark duty cycle. However, in

this thesis chapter, all the films are subjected to prolonged illumination during the
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Figure 4-7: SHAP analysis result of the top 20 features based on a trained random
forest algorithm.
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degradation. They do not undergo the illumination duty cycle, making it one of the

main degradation pathways within the films.

A study by Hoke [51] also reports how the phase segregation starts happening

at x = 0.8 for MAPb(IxBr1�x)3 mixed-halide perovskite, while Draguta [33] reports

that at x = 0.88, the mixing free energy profile starts to change under illumination.

Regardless of the x-limit, this thesis chapter explores the MAPb(IxBr1�x)3 mixed-

halide in 25%-increments, starting with x = 0.75, lower than the x-limit; hence, we

can conclude that the mixed-halide absorber films that we investigate in this chapter

indeed undergo light-induced anion phase segregation.

A clearer look at this phenomenon can also be seen in Figure 4-8, which shows

the instability metric distribution comparison of various absorber compositions for

bare, PTEAI-capped, and 9-Cl-capped films. While the capping layer can help in

some absorbers, such as 9-Cl in MAPbBr3 films, it only decreases the instability by

a modest amount.

Figure 4-8: Instability metric distribution of various absorber compositions for bare,
PTEAI-capped, and 9-Cl-capped films.

Note that the mixed-halide absorber has such a large distribution of instability

metric, indicating the variance within the same sample set. This is actually common

within the MAPb(IxBr1�x)3 series, where the film quality and microcrystallinity are

sensitive from processing condition variations, which in return affect the photoseg-
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regation kinetics and the resulting film stability [54]. Therefore, it is not surprising

that we observe a high variation of film stability even for the same set of samples.

Capping layer material selection based on functional groups for improved

stability

A study by Belisle and colleagues [7] suggests that the photoinduced halide segrega-

tion is caused by carrier trapping and surface defects, leading to electric field-induced

anion drift. They suggest that passivating surfaces can suppress this degradation

route to reduce electron traps. In their study, they introduce an electron-donating

ligand, which is also a Lewis base, trioctylphosphine oxide (TOPO), to reduce non-

radiative recombination. Note that TOPO would be a large molecule sitting on top

of the absorber, as supposed to react with the excess-Pb to form LD perovskite, like

the ones explored in this thesis. The main difference is the capping layer materials in

this chapter have positive A-site cations, they are Lewis acid (electron-pair acceptor),

even though the functional groups do have electron lone pairs. However, this still

suggests that the capping layer could be one route in suppressing the light-induced

halide segregation. Based on the result in the previous section, the capping layer is

limited in reducing the instability of various absorbers.

Looking at the features affecting stability significantly, excluding the amount of

MAPbBr3, the next 3 most important features are the topological index that describes

complexity, ester group, and topological polar surface area. Both topological index

and topological polar surface area as top features agree with the findings in the

previous Chapter 3. However, we see that the presence of ester group in the A-site

cations, such as in 2-Cl (2 CO2Me–PEA–Cl) and 7-Cl (3 CO2Me–PEA–Cl), actually

reduce the film stability. This is especially clear in the case of I-rich absorber, as shown

in Figure 4-3. The requirements for ester groups to undergo hydrolysis are nucleophile

availability, such as water and heat, present during the degradation process. The

organic A-site cations in 2-Cl and 7-Cl can degrade this way.

Interestingly, based on the SHAP dependence analysis, the combination of the

amount of MAPbBr3 and the presence of the nitro group, such as in 4-I (2 NO2 –PEA–I)
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and 5-Cl (3 NO2 –PEA–Cl), affects the stability differently, as shown in Figure 4-9.

In an I-rich absorber, having a capping layer with a nitro group leads to an unstable

film, while in a Br-rich absorber, having a nitro group leads to a stable film. The nitro

functional group needs to be in the strong acid condition to undergo the hydrolysis

process, which is unlikely to happen. On the other hand, the nitro group actually has

the highest number of lone pairs, coming from the terminal oxygen atoms of –NO2,

among the functional groups explored in this study. Therefore, the capping layer

material with a nitro group is a Brønsted-Lowry base capable of accepting more pro-

tons than other functional groups in this set of materials. However, the underlying

mechanism for observing Br-dependent stability for the nitro-based-capped film still

needs to be investigated further.

Figure 4-9: The SHAP dependence result for amount of MAPbBr3 and the nitro
group presence.

If we consider the degradation pathway of MAPbI3 in Equation 1.2, where methy-

lammonium iodide, as one of the products from MAPbI3 degradation, is converted

to methylamine and hydroiodic acid in the presence of water, light, and oxygen [92],

it is also possible that the A-site cations of the capping layer are also deprotonated.

Therefore, depending on how likely the LD perovskite degrade into its AX salt, and

how easily the A-site cations get deprotonated, that will also determine how fast the
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degradation proceeds.

A complete discussion on degradation mechanisms is further elaborated in Section

4.5.

4.4 Stable capping material characterization

After seeing how the 9-Cl generally outperforms the stability of other 1D perovskite

capping layers, we need to investigate the reason behind this improvement carefully.

Optical and structural properties are investigated, as well as the topography and

surface photovoltage. Surface photovoltage result is especially needed to understand

how the electrostatic properties on the surface change after introducing a new capping

layer and the shift from I-rich to Br-rich absorber with higher anion electronegativity.

4.4.1 Optical and structural properties

The optical properties and the bandgaps need to be checked because these capping-

absorber pairs will be used for tandem cells or indoor PV cells. The absorptance

measurement for 9-Cl-capped and bare films is shown in Figure 4-10. The thicker

color lines indicate the 9-Cl-capped film, while the thinner color lines indicate the

bare films. Since the absorptance plots are quite similar for capped film and its

corresponding bare film, there is no significant change of the bandgap between the

capped and the bare films. As more Br is added to the MAPbI3, the absorptance is

blue-shifted, indicating the increase in the bandgap.

The crystal structure of 9-Cl-capped film for MAPb(IxBr1�x)3 can also be seen in

Figure 4-11. Two things can be immediately observed as more bromine is added to the

absorber, (1) the MAPbI3 peak at 14.12� is shifted to 14.96� peak of MAPbBr3, and

(2) the PbI2 peak at 12.56� is shifted to 13.4� peak of MAPbBr3. Interestingly, the

9-Cl low-dimensional perovskite forms different phases, depending on the perovskite

absorber composition. In the case of MAPbI3, the low-dimensional perovskite phase

appears at 6.08� and 6.52�, while in MAPbBr3, the phase appears at 8.84�.
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Figure 4-10: The absorptance of 9-Cl-capped film for MAPb(IxBr1�x)3 series.

Figure 4-11: The crystal structure of the 9-Cl-capped MAPb(IxBr1�x)3 series.
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4.4.2 Topography and surface photovoltage

We collaborate with a team led by Dr. Sarah Wieghold at Argonne National Labo-

ratory to examine the topography and the surface photovoltage of capped- and bare

films. The atomic force microscopy (AFM) result reveals the surface topography for

the bare and 9-Cl-capped film of MAPbI3 and MAPb(I0.5Br0.5)3 is shown in Figure 4-

12. In the 9-Cl-capped film, the surface roughness is reduced by more than 50% than

the bare film of MAPbI3, showing the reduction in pinholes, and better film coverage,

which will improve device performance. However, this is not always the case. In the

case of MAPb(I0.75Br0.25)3, the deposition of the 9-Cl capping layer actually makes

the film surface rough, possibly introducing pinholes that will hurt device efficiency.

Figure 4-12: The AFM of bare and 9-Cl-capped films from MAPbI3 to
MAPb(I0.5Br0.5)3.

The scale bar is 1 µm.

To understand how the illumination-induced surface potential change as a capping

layer is introduced, surface photovoltage (SPV) measurement is conducted. Figure 4-

13 shows the summary of SPV results showing the absolute potential change between

dark and white light-illuminated measurements for bare, PTEAI-capped, and 9-Cl-

capped MAPb(IxBr1�x)3 films. The I-rich absorber materials show negative potential

change, indicating p-type material, while the Br-rich show positive potential change,
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indicating n-type material. Compared to the bare films, introducing a 9-Cl capping

layer alters the SPV more significantly and makes the absolute potential change effect

more pronounced.

MAPbI3 MAPbBr3

Bare
PTEAI-capped
9-Cl-capped

Figure 4-13: The surface photovoltage result of bare and 9-Cl-capped films from
MAPbI3 to MAPbBr3.

4.5 Discussion on the degradation mechanism

Looking at the stressors present during degradation: illumination, humidity, oxygen,

and heat, we foresee 4 possible routes of degradation: anion drift, the breakdown

of organics (including deprotonation of A-site cations), crystal structure change, and

oxygen adsorption. The surface photovoltage result supports the aninon drift hypoth-

esis, but the other 3 routes cannot be excluded.

We hypothesize that the anion the capping layer holds a certain net electrostatic

charge, which causes anion drift observed previously [82]. This results in the ac-

cumulation of anions within the interface between the capping and absorber layers

and induces the second phase formation. Based on the SPV data, the capping layer

changes the net electrostatic charge on the surface.

It is also possible that the organics are breaking down, specifically the A-site

cations of the 2D/1D perovskite undergoing deprotonation, where it loses H+ and

converts the ammonium cation into an amine, which is already investigated in the case
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of phenethylammonium cation [114, 34]. Note that the deprotonation cannot happen

in quaternary ammonium such as PTEA+ in PTEAI, therefore, another degradation

mechanism takes place for this particular compound. The rest of the capping layers

explored have primary ammonium, and thus, can undergo deprotonation. The pKa

measures how likely a compound gives up a proton; therefore, low pKa corresponds to

a stronger acid, with a higher likelihood of giving up a proton. Based on the simulated

pKa values for 1D organics A-site cations, 4-I (2 NO2 –PEA–I) is more likely to give

up its proton (pKa = 9.35), while 9-Cl (2 MeO–NEA–Cl) and 6-I (3 MeO–PEA–I)

are less likely to be deprotonated (pKa = 9.92 and 9.99, respectively). On the other

hand, the branches breaking down from relatively stable phenyl/naphthyl rings in the

capping A-site cations is unlikely to happen because their reactions are kinetically

not favorable. These reactions require higher energy, and sometimes, a very basic or

acidic condition to proceed.

The crystal structures also possibly change, similar to the case of Ruddlesden-

Popper perovskite that has its n number of layers reduced due to the presence of water

[114, 144]. Depending on how thermodynamically stable these secondary phases are,

these could accelerate or decelerate the degradation process [144]. For instance, in

butylammonium iodide, the secondary phases are stoichiometrically more hydropho-

bic, improving material stability [144].

Another degradation pathway is driven by oxygen adsorption, which eventually

turns into superoxide formation [96]. The generation of superoxide anions initiates the

degradation under light, which oxidizes the perovskite surface and slowly hydrates the

inner perovskite, despite the very low humidity condition. Investigating the likelihood

of low-dimensional perovskites getting oxidized in future studies will be required in

unraveling how capping layer materials might help to suppress the oxygen adsorption-

based degradation.

It is challenging to pinpoint which degradation route among these 4 dominates

when all the stressors are present during the aging test. The dominating degradation

mechanism likely differs across these 1D capping layer materials and the mixed-halide

absorbers.
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4.6 Conclusion

In this chapter, we investigate the effect of mixed-halide absorber composition on the

optimum capping layer material. 10 new 1D perovskite and PTEAI capping materials,

which form 55 different combinations of capping-absorber pairs are explored. We

discover a new capping layer, 2 MeO–NEA–Cl (9-Cl), that improves the stability of

MAPbI3 and MAPbBr3 by about 25%, in comparison to the previous capping layer

champion material: PTEAI.

We discover that the intrinsic absorber stability plays a more important role in

film degradation than the capping layer type itself. There is a limitation in saving

absorbers with intrinsically poor stability using the capping layer method. There

are also 4 possible routes of degradation due to the presence of oxygen, heat, water,

and illumination: anion drift, the breakdown of organics (including deprotonation

of A-site cations), crystal structure change, and oxygen adsorption. While surface

photovoltage measurements certainly support the anion drift hypothesis, at present,

we cannot exclude any of these four mechanisms or their combinations.

We also use a new method to analyze a 4-dimensional dataset from degradation

test images called distance measure, which helps to construct the dissimilarity matrix.

This matrix is useful in looking at the whole dataset and pick which one stands out

the most. We also use SHAP analysis, which is already introduced in the previous

chapter, to look at how various functional groups in the capping layers affect the film

stability to a certain degree.
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Chapter 5

Improving stability of MAPbI3 in

inverted device architecture

5.1 A low-cost inverted structure needs a boost in

stability

In previous chapters, we focused on the more common PSC architecture, the n–i–p

device, and deposited capping layers on top of a bare perovskite absorber. However,

based on a recent technoeconomic analysis, perovskite photovoltaic modules with an

inverted architecture, p–i–n, is expected to be around 28% cheaper ($0.41/WP for

p–i–n versus $0.57/WP for n–i–p) due to the differences in ETL, HTL, and electrode

layer materials [123, 23]. However, limited studies incorporate capping layers for PSC

devices in p–i–n configuration, as mentioned in Section 1.4.3.

There are 3 different ways capping layers can be inserted into the p–i–n device

architecture, as shown in Figure 1-9: at the bottom (between HTL and absorber),

at the top (between ETL and absorber), and both bottom and top of the perovskite

absorber layer. When the capping layer is deposited at the top, the stability has

improved, but the performance is similar to those without the capping layer [83].

When the capping layer is deposited at both top and bottom of the absorber, the

performance is reduced even though the stability is improved [67]. Inserting the
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capping/low-dimensional perovskite layer at the bottom can improve both stability

and surface passivation, leading to decreased nonradiative recombination and im-

proved efficiency, as shown in a paper by Hangoma and colleagues [45]. The stability

is not due to the protection provided by the capping layer against humidity and ion

diffusion in the case of top layer deposition, but it is mainly due to larger grains and

a more compact film [45]. The paper suggests that the 2D perovskites serve as a

template that helps the crystal growth of the 3D perovskite on top. The 2D phase,

after the annealing step of the absorber deposition, also disappears, leaving a more

crystalline 3D perovskite phase [45]. Therefore, this particular way is different from

what we are aiming for.

In fact, the disappearance of the 2D phase after annealing might be due to capping

layer solubility in the DMF: DMSO solution being used to deposit the absorber on top.

Therefore, if we would like to continue using solution-processing-based deposition to

achieve the stratified layers of capping layer at the bottom and absorber at the top,

we need to investigate the solvent compatibility for both layers. A solvent chosen for

a layer’s deposition might or might not dissolve the layers underneath.

In this thesis chapter, we, therefore, shift our focus to explore a method to incor-

porate the capping layer in an inverted device, specifically inserting the capping layer

at the bottom. This structure is chosen because we have so far observed that the

capping layer in a n–i–p device architecture allows efficient electron-hole extraction,

which leads to a better performance, due to a good band alignment with the HTL

and absorber [155]. Hence, this suggests that depositing capping layer at the bottom

could lead to an efficiency improvement and possibly a stability boost for p–i–n PSC

devices.

The first step that we need to take is testing solubility to determine the solubility

limit of our materials, and to identify compatible capping-absorber pairings. This

is illustrated in Figure 5-1. We first need to deposit the capping material AIXI ,

that is deposited with solvent M . The absorber, AIIBXII
3 , is subsequently deposited

with solvent N . We expect that there would be two outcomes, (1) the solvent N

dissolves very little capping material (AIXI), and as a result, we get 2 stratified
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layers, or (2) solvent N dissolves the capping material completely, and we end up

with a mixed-3D/LD perovskite.

Capping

Absorber

Capping material 
AIXI deposited with 

solvent M

Depositing 
absorber AIIBXII3

with solvent N

Forms 2 layers (✓)

Forms 1 layer with 
3D/LD-mixed 
perovskite (✘)

Solvent N
dissolves AIXI

very little

Solvent N
dissolves AIXI

completely

Figure 5-1: The possible outcomes of bottom capping layer deposition.

5.2 Solubility test for bottom capping layer

Since we stick with the solution-processing deposition method, we need to do a solu-

bility test to find the solvent systems compatible with our materials. The following

solubility tests were conducted.

1. The AIXI capping layer needs to be dissolved in solvent M in 10-20 mM con-

centration.

2. The AIIBXII
3 absorber needs to be dissolved in solvent N in preferably 1.2

mol/L (M) concentration.

3. The absorber solvent, N , does not dissolve the capping layer already deposited

and annealed (AIXI).

Based on these criteria, we test different solvents with different polarities. The

capping layer material is the stable capping layer material from Chapter 3, phenyltri-

ethylammonium iodide (PTEAI) in 10 mM (mmol/L) concentration. The absorber

material is MAPbI3, with ⇠1.2 M (mol/L) concentration. The solvents tested, from
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less to more polar [18], are toluene, chlorobenzene, diethyl ether, isopropyl alcohol,

acetone, acetonitrile, and dimethylformamide (DMF). The result of the solvent tests

is shown in Table 5.1. We can only dissolve the AIIBXII
3 powder in DMF, or more

polar solvent with such high absorber concentration. However, this will immediately

dissolve the capping layer underneath. Therefore, depositing the capping layer at the

bottom with this method will not work. We need to find an alternative method to

still deposit the capping layer at the bottom.

Solvents 10 mM capping layer solubility ⇠1.2 M absorber solubility
Toluene No No
Chlorobenzene No No
Diethyl ether No No
Isopropyl alcohol Yes No
Acetone Yes No
Acetonitrile Yes No
DMF Yes Yes

Table 5.1: The solubility test result for both capping layer and absorber materials.
The polarity of the solvent increases as we go down the list.

5.3 A new strategy: switching capping and absorber

layer for the bottom capping layer

One workaround to still deposit the capping layer at the bottom and absorber at

the top is by switching the materials. We can treat the MAI, or methylammonium

iodide, as a capping layer while mixing PTEAI with PbI2 to form the bottom layer.

With this new strategy, we might not obtain good film morphology right away, and

this will thus need several rounds of optimization, especially if we bring the film to

the device level. In this thesis chapter, we describe the development of a deposition

method that can obtain a MAPbI3 phase with a LD perovskite phase at the bottom

of the film.
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5.3.1 Deposition method

In DMF mixed with dimethylsulfoxide (DMSO) solvent, the PbI2 in 1.34 M concen-

tration can be dissolved easily. The addition of 10 mM PTEAI into this solution

still produces a homogeneous solution. In this case, we are using 4: 1 DMF: DMSO

solvent, which is commonly used in halide perovskite deposition. In the future, this

DMF: DMSO ratio will need to be optimized because researchers have found that

the change in the ratio of these two solvents controls the crystal growth during the

deposition and annealing, which are responsible for the film morphology [75, 115].

To maintain the 1: 1.09 ratio of MAI: PbI2, with an excess of lead (II) iodide, the

film will need to have 1.34 M of PbI2 and 1.22 M of MAI. However, due to the MAI

solubility limit in IPA (isopropyl alcohol), the MAI concentration being dissolved is

0.62 M. Therefore, in this thesis chapter, the AIXI is PTEAI, the BXII
2 is PbI2, and

the AIIXII is MAI. The solvent M for both AIXI and BXII
2 is 4: 1 DMF: DMSO,

and the solvent N for AIIXII is IPA (isopropyl alcohol).

The next step is to investigate which deposition method is suitable for our ma-

terials. Since the solubility test shows that the absorber’s solvent will dissolve the

capping layer, it is impossible to do the same deposition method as the previous chap-

ters. Two alternative deposition methods are proposed, as shown in Figure 5-2. First,

we can do a 2-step deposition (#2, capping method) by depositing the mix of AIXI

capping layer with BXII
2 and annealing them, then depositing the AIIXII next and

annealing them again for the second time. Second, we do a 1-step deposition (#3,

anti-solvent method) by depositing both the AIXI capping layer with BXII
2 , then,

instead of depositing chlorobenzene as anti-solvent, we deposit the AIIXII as anti-

solvent and finally anneal them once. The table explaining these 2 different methods

is shown in Table 5.2.

Using the proposed method #2, where we deposit MAI as a capping layer, we

immediately see an encouraging result. As soon as the MAI gets deposited in the

second layer, the film color changes from yellow to brown. After spincoating, the film

is annealed at 100 �C for 10 minutes, and the film turns completely dark, as shown

99



Figure 5-2: The different deposition methods explored for bottom capping layer.

Method #2, capping method #3, anti-solvent method
AIXI ,
BXII

2 , and
solvent M

10 mM PTEAI, 0.673 M or 1.345
M PbI2, in 4: 1 DMF: DMSO

10 mM PTEAI, 0.673 M or 1.345
M PbI2, in 4: 1 DMF: DMSO

AIIXII and
solvent N

0.617 M MAI in IPA 0.617 M MAI in IPA

Step 1 de-
position

10 mM PTEAI mixed with 0.673
M or 1.345 M PbI2, in 4: 1
DMF: DMSO is deposited, with
2-step deposition. Chloroben-
zene is used as anti-solvent. The
film is annealed at 100 �C for 10
minutes.

10 mM PTEAI mixed with 0.673
M or 1.345 M PbI2, in 4: 1 DMF:
DMSO is deposited, with 2-step
deposition. 0.617M MAI in IPA.
The film is annealed at 100 �C
for 10 minutes.

Step 2 de-
position

0.617M MAI in IPA is deposited
on top of first layer, with no anti-
solvent. The film is annealed at
100 �C for 10 minutes.

-

Table 5.2: The summary of proposed methods for depositing bottom capping layer.
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in Figure 5-3. After fabricating the samples using both methods, we need to check

how their surface morphology changes, whether we get a compact film, the polycrys-

talline structure within the films, their chemical compositions, their optoelectronic

properties, and lastly, but more importantly, if we indeed get 2 stratified layers of LD

PTEAI perovskite at the bottom layer, and MAPbI3 perovskite absorber at the top

layer.

Figure 5-3: The film color change for method #2, using MAI as the capping layer.
The scale bar is 1 cm.

5.3.2 Surface morphology

To see how the surface morphology changes after MAI deposition either as a capping

layer or as an anti-solvent, we use scanning electron microscopy (SEM, ZEISS Ultra-

55). The result is shown in Figure 5-4.

The 0.67 M PbI2 with 10 mM PTEAI in the first layer introduces textured surfaces,

in comparison to the 1.34 M PbI2 with 10 mM PTEAI. However, note that the latter

introduces a lot more excess of PbI2, which could increase the intrinsic instability

at the expense of more compact, pinhole-free film, for an efficiency boost [78]. The

0.67 M PbI2 with 10 mM PTEAI film one is also likely to be thinner, as observed in

the case of mixed-perovskite FA0.83MA0.17Pb(I0.83Br0.17)3 [27]. ⇠0.65 and ⇠1.25 M

precursor solution correspond to roughly 100 and 380 nm films, respectively [27].

After depositing the 2nd layer, we can observe the difference between method #2,

MAI as capping layer, and method #3, MAI as anti-solvent. Adding MAI as anti-
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Figure 5-4: The surface morphology of bottom capping layer, for both capping and
anti-solvent methods.

The scale bar is 500 nm.

solvent allows the MAI to react with the PbI2 precursor underneath in intermediate

step. This results in smoother film, as shown in Figure 5-4. The only difference

between low versus high concentration of PbI2 in the anti-solvent method is that

high PbI2 concentration leads to larger grains, while for low concentration, it leads

to smaller grains.

On the other hand, method #2, where we add MAI as a capping layer and has

an annealing step between the two depositions, results in a rougher surface with a

large variety of grain sizes. Therefore, we conclude that it is best to use method #3,

where we add MAI as anti-solvent, to have a film with large grains and small grain

size variations.

5.3.3 Structural properties

Next, we characterize our films to determine whether or not we created the MAPbI3

phase. We use an X-ray diffraction tool (Rigaku SmartLab), using Cu K-↵ radiation,

to check the phases within the polycrystalline film. The result is shown in Figure 5-5.

We observe the MAPbI3 phase at 2✓ = 14.08� on all the films being compared:
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Figure 5-5: The XRD results for both 0.673 and 1.345 M PbI2 with 10 mM PTEAI
films with MAI as capping and as anti-solvent.

The red- and green-shaded area refers to PbI2 and MAPbI3 phase peaks.

0.673 and 1.345 M of PbI2 mixed with 10 mM PTEAI, with 0.617 M of MAI as

anti-solvent or as capping layer. The low-angle peak at 9.76� might be coming from

low-dimensional perovskite formed. We also observe that a higher concentration of

PbI2 leads to a better crystallinity and a reduction in PbI2 phase. The significant

excess of PbI2 might actually lead to another, different LD perovskite phase formation.

Between the 2 deposition methods, MAI as anti-solvent and as capping, the MAPbI3

phase presence is higher in the case of MAI as anti-solvent. If we look at the peaks

at 18�-20�, these peaks may originate from the Ruddlesden-Popper series formed

within the films, similar to the ones present in (BA)2(MA)Pb2I7, (BA)2(MA)2Pb3I10,

and (BA)2(MA)3Pb4I10, with ICSD collection codes 252315, 252316, and 252317,

respectively [127].

The XRD in each sample is measured at different !, 0.08�, 0.2�, 1�, and 2.5�, where

! is the incident angle between the sample and the X-ray source. We were hoping

that we would distinguish the bottom versus top layer diffraction results, however,

due to attenuation in both X-ray beam and diffracted signal, it is hard to investigate
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and measure the crystal structure in a high degree of certainty. A synchrotron-based

GIWAXS method, as being used in Chapter 3, might help distinguish the surface

from the bulk layer, but it will be harder to determine the phase(s) in the bottom

layer.

5.3.4 Optical properties

The absorptance comparison of both 0.673, 1.345 M PbI2 and 10 mM PTEAI, with

0.617 M MAI as anti-solvent and capping layer is shown in Figure 5-6. Both the

10 mM PTEAI with 0.673 and 1.345 M of PbI2 films are yellow, consistent with the

absorptance drop at 520 nm. For MAI-capped and MAI as anti-solvent cases, however,

the absorptance drop happens at a longer wavelength, around 800 nm, similar to the

bare MAPbI3 and MAPbI3 with PTEAI capping at the top. This, therefore, confirms

that the bandgap in these films is unaltered with the deposition of PTEAI capping

at the bottom and MAPbI3 absorber at the top.

PTEAI & 0.673M PbI2
PTEAI & 0.673M PbI2, 
0.617M MAI as AS
PTEAI & 0.673M PbI2, 
0.617M MAI as cap
PTEAI & 1.345M PbI2
PTEAI & 1.345M PbI2, 
0.617M MAI as AS
PTEAI & 1.345M PbI2, 
0.617M MAI as cap
MAPbI3 with PTEAI (top)
MAPbI3

Figure 5-6: The absorptance results for both 0.673 and 1.345 M PbI2 with 10 mM
PTEAI films with MAI as capping and as anti-solvent.

Deposited as cap refers to the capping layer method (#2), while AS refers to the
anti-solvent method (#3).

We also observe that for both 0.673 and 1.345 M PbI2 with 10 mM PTEAI films,

and 0.617 M MAI MAI deposited at the top, the absorptances are higher when we

deposit the MAI using the anti-solvent method, as supposed to the capping layer
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method. In the case of 0.673 M PbI2 films, we even observe a 20%-difference in

absorptances for the wavelengths below 800 nm between the anti-solvent and capping

layer method. This, therefore, supports the previous findings that the MAI in PTEAI

and PbI2 films is best deposited using the anti-solvent method.

5.3.5 Degradation test result

The degradation results for both 0.673 and 1.345 M PbI2 with 10 mM PTEAI films

with MAI as capping and as anti-solvent are shown in Figure 5-7. The degradation

test was under 85 �C, 80±5% relative humidity, and 0.15-sun.

MAPbI3

MAPbI3 with PTEAI (top)

1.345M PbI2 & PTEAI

0.673M PbI2 & PTEAI

1.345M PbI2 & PTEAI, MAI as cap

0.673M PbI2 & PTEAI, MAI as cap

1.345M PbI2 & PTEAI, MAI as AS

0.673M PbI2 & PTEAI, MAI as AS

Figure 5-7: The degradation results for both 0.673 and 1.345 M PbI2 with 10 mM
PTEAI films with MAI as capping and as anti-solvent, under high humidity and
temperature.

We observe that the initial film colors are different, which is consistent with the

UV-Vis results. Without MAI deposition, the fresh films have a yellow color. Looking

at the films with MAI deposited as a capping layer, it is not as stable as the films with

MAI deposited as anti-solvent. This confirms that depositing MAI as an anti-solvent

indeed is better than depositing it as a capping layer. We also observe that a higher

PbI2 excess amount in the film leads to unstable film due to accelerated photode-

composition of PbI2 into lead and iodine, a phenomenon that has been investigated

in the literature [138]. Surprisingly, the stratified film with MAI deposited at the
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top and PTEAI and PbI2 at the bottom still achieves higher stability at half of the

precursor concentration, or approximately 0.3 of the thickness of MAPbI3 film. It is

also comparable with the stability of MAPbI3 with PTEAI capping layer at the top,

even though due to reduced thickness, the starting film color is slightly lighter.

5.4 Conclusion and outlook

The bottom capping layer, where the MAI is deposited on top of the mixture of

0.673 M PbI2 and 10 mM PTEAI with anti-solvent method, leads to around 5 times

improvement in stability compared to the bare MAPbI3. This result is similar to

having the PTEAI as a top capping layer of thicker MAPbI3 absorber. This deposition

method is, therefore, promising to achieve the bottom capping layer that we need.

However, further investigation in their band alignment and ensuring that we indeed

get stratified layers, needs to be done.

Based on various characterizations, depositing the MAI using the anti-solvent

method provides a better film quality than using the capping layer method. To

achieve even better film quality, 3 optimization steps still need to be done: (1) the

composition and processing conditions to achieve desired morphology, (2) the solvents

in precursor solutions to be able to have a higher concentration, and thus, a thicker

film, and (3) the capping layer type to achieve better stability.

Another route to explore is using evaporation method. Even though it is less scal-

able in comparison to the solution processing method, it is solvent-free, generally a

cleaner process, and the film thickness can be controlled more easily [140]. Using sub-

sequent evaporation method, we can technically first deposit the LD perovskite cap-

ping layer at the bottom, before co-evaporating the AX and BX2 precursors. There

is currently no published study on this, which might be a sign that this method is ac-

tually challenging to execute [140]. Researchers have also observed that the different

deposition steps need to be done in separate chambers to avoid cross-contamination,

and it is hard to ensure the stoichiometry of co-evaporation method, which might

lead to secondary phase formation [140]. Additionally, the methylammonium-based
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perovskite has its own set of challenges to be deposited using evaporation method.

First, the MA-based perovskite generally has smaller grains when deposited with this

method in comparison to solution-based processing [140]. Second, the evaporation of

MAI is harder to control due to its high vapor pressure and it is easily deprotonated to

methylamine during the deposition [140]. These need to be considered as researchers

explore this evaporation method to deposit the bottom capping layer.
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Chapter 6

Beyond MAPbI3: improving the

stability of

cesium-formamidinium-based

perovskites

6.1 Mixed A-site cations drive high-efficiency devices

Various high-efficiency PSCs depart from using purely MAPbI3 absorbers, and start

incorporating mixed-cation, mixed-halide perovskites, such as (FAPbI3)0.95(MAPbBr3)0.05

[59], Cs0.17FA0.83PbI3 [110], or Cs0.05FA0.85MA0.10Pb(I0.97Br0.03)3 [158], with optimum

capping layer and stable HTL material. Some of these devices have reached around

24%, with bandgaps between 1.5 and 1.6 eV, making them attractive alternatives to

the perovskites based only on MA.

Even the MA-free perovskites still have a stability issue, albeit due to different

reasons. In MA-based perovskites, the environmental humidity level plays a signif-

icant role. However, the intrinsic phase instability of CsPbI3 and FAPbI3 is due to

thermodynamic instability, as mentioned in Section 1.4.4. The desired a phase of

CsPbI3 and FAPbI3 are dark and photovoltaically active, however, they are only sta-

109



ble at high-temperature [148]. At room temperature, they turn into their respective d

phases, which are yellow, and lead to significantly lower efficiency [148]. Incorporating

a small amount of MA has been shown to suppress phase separation of mixed-halide

perovskites [131]. Finding a way to improve the phase stability in these mixed-halide

compositions is, therefore, a key next step to improve the stability of lead-halide

PSCs.

6.2 Shifting from film-level to device-level screening

We previously focused on film-level optimization, trying to answer which capping

layer material will improve the stability of certain perovskite absorbers. However, as

previously shown in Chapter 4, the answer to this question is not straightforward.

Despite the necessary research on understanding each layer’s degradation process, the

outcome of the degradation test in a full device stack will still be different because of

interface effects. Therefore, the co-optimization of all layers within the device is key

to maximizing stability.

In this part of the thesis, we test our optimum capping layer in a full device stack

to observe the degradation process. We also shift to using a capping layer at the

top, between the absorber and the ETL, in a p–i–n inverted device, to investigate

how the top capping layer might prevent degradation. The devices are tested in

different degradation conditions, high and low humidity. Some parts of this thesis,

specifically the device fabrication and measurement, are performed in collaboration

with the Dauskardt group at Stanford University.

6.2.1 Effects of capping layers in low- and high-humidity en-

vironments

We first investigate the films, with their p–i–n optimum absorber, Cs0.17FA0.83PbI3,

and deposit 10 mM of PTEAI on top. This particular absorber composition does

not have excess PbI2. The combination of CsPbI3 and FAPbI3 in 17% and 83% is
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also more stable [131] than methylammonium-based films that have been investigated

throughout this thesis. Cs0.17FA0.83PbI3 absorber also has good efficiency, making it

one of the best composition alternatives for PSCs [110].

The films are then degraded at high temperature (85 �C), 0.15-sun illumination,

and two humidity conditions: low (20±5)% and high (85±5)% relative humidity.

The result is shown in Figure 6-1. It shows that in the low-humidity condition,

the PTEAI capping layer does not improve the stability, however, in high humidity,

the PTEAI capping layer on top of absorber starts to extend the stability of the

Cs0.17FA0.83PbI3 film. This means that the capping layer effectively prevents the

formation of hydrates, which further leads to the formation of PbI2. Interestingly,

the capped-film in high humidity outperforms the capped-film in low humidity. This

warrants a further investigation to understand how the degradation route changes in

high humidity, which is supposed to be harsher, versus in low humidity conditions.

Figure 6-1: The degradation results for low and high humidity and high temperature
for Cs0.17FA0.83PbI3 films with PTEAI top capping layers.

Low humidity is (20±5)% RH, and high humidity is (80±5)% RH.

6.2.2 Silver electrode layer-induced degradation

Fabricating a full device stack requires a lot of resources and time, so we need to

find a way to degrade as few device layers as possible but get the degradation output

that represents the device-level degradation. Device architecture in p–i–n devices

consists of the following layers, from bottom to top: indium-doped tin oxide (ITO)
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glass as the bottom electrode, NiO as the hole transport layer (HTL), Cs0.17FA0.83PbI3

perovskite absorber, PTEAI capping layer, C60 and BCP as electron transport layer

(ETL), and the silver metal electrode at the top, with established fabrication protocols

[110]. Some of the layers’ deposition require thermal evaporation, while others only

need solution-based processing. Depositing the whole device stack is therefore not as

practical as fabricating films for the high-throughput experiment.

To find alternatives, we need to find a degradation route that happens due to

layers other than the absorber within the device. We suspect that one important

degradation mode presents in devices but not in films related to the metal electrode

layer, which is silver. There is reported evidence that iodine anions diffuse through

the ETL, and forming silver (I) iodide AgI on the surface [72]. The AgI barrier results

in poor charge transport, which affects the efficiency significantly. Incorporating a

metal layer on the film is therefore important to mimic the device-level degradation

process. We deposit a 30 nm silver layer at the top of the capping layer or the absorber

directly, in the case of a control set of samples, to understand how the capping layer

at the top might prevent the ion diffusion in the device [72], which is detrimental to

device stability.

We flip the samples, with the silver layer touching the hot plate, to still capture

the images of films. We degrade them in a low humidity condition (20±5)% RH, at

85 �C, and 0.15-sun illumination level. The result is shown in Figure 6-2, showing

the PTEAI capping for Cs0.17FA0.83PbI3 absorber indeed helps to prevent the iodine

anions from diffusing and forming AgI and makes the film lasts longer. It also confirms

that the capping layer can act as a barrier layer. Note that the degradation timescale

is longer than previous chapters with MA-based perovskites because Cs-FA-based

perovskites are more stable, and the samples are also flipped during degradation.

6.2.3 Fully encapsulated device degradation

We also degrade the fully encapsulated device, which has all the aforementioned

layers, and the butyl encapsulation. This prevents the water molecule from getting

in. The samples are degraded under damp heat condition with high temperature and
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Figure 6-2: The degradation results for low humidity and high temperature for
Cs0.17FA0.83PbI3 film with PTEAI top capping and silver layer.

Low humidity is 20±5% RH. The films are flipped (the silver layer is facing down).

humidity (85%RH/85 �C).

The result is shown in Table 6.1. It shows that after 160 minutes, while the

device efficiency average with no PTEAI capping layer is reduced to 0.77, the average

of devices with PTEAI capping layer is reduced to 0.68 of initial efficiency. The

PTEAI-capped film performs worse, which raises a question, why this differs from

the previous film-level results. There could be several reasons, and they need to be

investigated further. First, other interfacial interactions, such as between ETL and

the capping layer, which affect the degradation process significantly could be present.

Second, there might be some interactions between butyl and capping layer on the

sides, which could also affect the degradation process.

Time (minutes) Efficiency ratio
No PTEAI top capping PTEAI top capping

160 0.77 0.68
404 0.75 0.60
613 0.72 0.58
763 0.70 0.55

Table 6.1: The efficiency ratio average between aged and fresh encapsulated device
under damp heat (85%RH/85 �C) degradation test.

6.3 Conclusion and outlook

We observe that the Cs-FA-based perovskite absorbers generally lead to better stabil-

ity. Under high humidity, high-temperature conditions, they degrade between 2,000+
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(for non-flipped films) to 10,000+ minutes (for flipped films). Compared to MA-based

only perovskite absorbers that degrade within hundred minutes, the Cs-FA-based per-

ovskite absorbers are more stable. However, incorporating small MA-based perovskite

might be beneficial to further suppress the phase separation in the future.

When we transfer this Cs-FA-based perovskite with PTEAI top capping layer

from film-level to the device-level, specifically in p–i–n device architecture, we start

observing how the absorber-capping pair degrades and interacts with other layers

and plays an important role in determining the stability. Under low humidity and

high temperature, capping layer may help slow down the iodine anions which diffuse

through the ETL and forming AgI with the silver electrode. We also observe that the

aging test conditions also affect the degradation processes differently.

Therefore, exploring the mixed perovskite compositions, tailoring them with suit-

able capping layer, and moving from film- to device-level degradation test are neces-

sary to explore and realize the device-level benefits of capping layers.
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Chapter 7

Discussion and Conclusion

7.1 Summary of key results

The contributions of this work are two-fold: the scientific discovery and the data-

driven approach.

From the scientific discovery side, 21 capping layer materials are screened for their

stability effect on MAPbI3 absorber. A new capping layer, phenyltriethylammonium

iodide (PTEAI), is discovered and has a great potential to extend the stability of cer-

tain types of perovskite absorber under a specific degradation test condition. PTEAI

top capping layer improves the stability of bare MAPbI3 by ⇠4 times. We also explore

10 new 1D perovskites and PTEAI capping layers with MAPb(IxBr1�x)3 absorbers,

totaling 55 different capping-absorber material combinations. One of the 1D capping

layers, 2 MeO–NEA–Cl, improves the stability of certain MAPb(IxBr1�x)3 compo-

sitions similarly or better than PTEAI. Besides, we discover that the capping layer

capability in improving the mixed-halide absorber is limited; the intrinsic stability of

the absorber still dominates the stability outcome. Lastly, we discover a new deposi-

tion method for the capping layer between the hole-transport layer and the absorber

in the inverted device architecture: first, we deposit the capping layer material mixed

with PbI2 powder, and second, we deposit the MAI solution as anti-solvent.

From the data-driven approach side, we utilize Shapley value analysis to determine

the most impactful molecular properties and processing conditions that lead to better
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film stability. We also use the distance metric to compare 4-dimensional data, time

and RGB color values, across different samples. Both methods are important as we

evaluate increasingly higher-dimensional datasets in the future.

7.2 Future generation of LD capping layer PSCs

The thesis focuses on improving the methylammonium-based perovskite absorber and

discusses the device performance results. In the future, the LD capping layer will be

tuned based on the conduction and valence bands, especially as we explore a larger

perovskite absorber compositional space beyond MAPbI3. This will help avoid band

misalignment, which can initiate degradation domains on the interface due to the

accumulation of charges and hinder efficient charge-carrier extraction.

It is also important to control the crystal growth orientation of the LD perovskite

capping layer in the future. The crystal preferably grows vertically to facilitate a

more efficient charge transport without sacrificing the stability it provides. Several

methods are already implemented in the case of 2D-3D mixed perovskite absorber,

such as by doping the 2D perovskites with certain ions, for example, K+ [66], or by

combining hot casting method with a certain solvent, for instance, DMSO [122].

7.3 Toward PSCs device integration

The capping-absorber pair screening in the Chapter 4 shows an important step to-

wards finding the most stable capping-absorber layer that might improve surface

passivation. We synthesize a total of 55 different capping-absorber material combi-

nations. 10 of them are 1D perovskite, which is less explored as capping layers in the

literature. In the future, co-optimization of all layers, including the encapsulation

material, will be the key to find the PSCs with optimum stability and performance.

Currently, the perovskite capping-absorber pair stability result does not consider

the interaction between these layers with both ETL and HTL and the electrodes. We

also observe in the Chapter 6 that as we move beyond MA-based perovskite and shift
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to the device level, the interaction between the layers becomes more complicated. This

creates a problem. Based on what we observe in the capping-absorber pair screening

in Chapter 4, the most stable capping layer for one mixed-halide absorber composition

is not necessarily the case for another absorber composition. This indicates a high

probability that several combinations of PSC layers, which are very different from

each other, lead to similar performance or stability. Hence, optimizing one layer at a

time may not lead to the most efficient and/or stable device. In the future, we will

need to co-optimize all the layers together.

Co-optimizing all the layers, which will reveal the global optimum stability and

efficiency, will be possible in the future as computational power increases and high-

throughput experiment (HTE) hardware improves. The suitable HTE setup for per-

ovskite fabrication will enable high sample output that, in turn, will generate a large

amount of data per time. Since halide perovskites can be fabricated via solution pro-

cessing, various high-throughput deposition methods, such as drop casting or doctor

blading, can be supported. Finally, to match the fast data generation, high compu-

tational power will be required to process and analyze the data. This unlocks the

possibility to investigate highly dimensional data coming for complex systems, such

as PSCs.

7.4 Closing remarks

The progress in PSCs is essential because they are predicted to be less expensive than

silicon solar cells, despite their similar efficiencies. This will help lower the LCOE

of solar panels and make it a more attractive renewable energy source from an in-

vestment standpoint. One of the challenges in bringing PSCs closer to the market

is their environmental stability, which has been addressed with different strategies

in this thesis. Hopefully, this important contribution will push PSCs closer to com-

mercialization and help curb carbon emissions by enabling a transition to cleaner

energy.
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Appendix A

Code

The code presented in this thesis is available at MIT Photovoltaics Research Labo-

ratory GitHub repository (https://github.com/pv-lab). The specific locations for

each part of the thesis is as following:

1. The capping-layer GitHub repository to accompany Chapter 3 project, is avail-

able at (https://github.com/PV-Lab/capping-layer), which includes the

screening of capping layer material for specific absorber, and utilizing random

forest regression and SHAP value analysis to interpret the trained models.

2. The GitHub repository for dissimilarity matrix will be available on PV Lab

GitHub page to accompany Chapter 4 project after the publication submission.

This code focuses on utilizing dissimilarity matrix for comparing a large, multi-

dimensional dataset, and to spot the differences and similarities right away using

distance metric, such as cosine, Euclidean, or Manhattan.
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