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Abstract

In today’s environmental scenario, the pursuit of efficient, cost-effective, and environmen-
tally sustainable strategies to harvest renewable energy is accelerating.

Solar cells are a promising solution for sustainable energy production, offering efficient
photovoltaic energy conversion. Among these, perovskite solar cells have gathered signif-
icant attention due to their high efficiency and low-cost fabrication processes. However,
the practical application and marketability of perovskite solar cells are limited by their

lower performances compared to Silicon counterparts, and their instability over time.

One reason for these limitations is the mismatch in energy levels between the different
layers of the structure of the perovskite solar cell. Electrons and holes have to pass
through each layer and each different interface, and the ease with which this occurs,
directly affects the collection efficiency of the carriers and the final power conversion
efficiency of the device. Interface passivation can be employed to modify these interfaces

and promote better energy alignment.

In this thesis, three interfaces of a medium-bandgap hybrid inverted perovskite solar
cell are treated. Different quantities and deposition techniques of two self-assembled
monolayers and two inorganic salts are studied. Emphasis is brought on the analysis of
the performance and of the stability. The devices are furthermore characterized using
different spectroscopy techniques, such as photoluminescence, to gather further insight

into the behaviour of the passivated devices.
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]_ ‘ Introduction

The world is dealing with a critical climate crisis, with threatening consequences, such
as the widely acknowledged temperature increase. Rising carbon dioxide levels in the
atmosphere, caused by the use of fossil fuels, are prompting efforts to transition away
from conventional methods of energy production and toward renewable energy sources,
such as tidal energy, wind energy, biomass energy, and solar energy. Among these, solar
energy is the most abundant, due to the presence of the sun, which emits a large amount
of energy due to fusion of hydrogen nuclei, in the form of solar radiations. Solar energy is
available everywhere without any cost and it can be easily converted into electricity with

solar photovoltaics (PV).

Solar PV is one of the most cost-effective technologies for electricity generation and its
capacity is increasing, from around five gigawatts in 2005 to approximately 1.18 terawatts
in 2022 [3]. It contributed in 2023 to 5.4% out of the total 30.2% share of renewable
electricity (figure 1.1a) and in 2023 alone it accounted for three-quarters of renewable

capacity additions worldwide [4].

Looking to the future, the global energy portfolio is transitioning more towards renewable
energy, and it is projected to add more renewable capacity, within the next four years,
than has been installed since the first commercial renewable energy power plant was built
over a century ago [4]. Solar PV and wind will account for 95% of global renewable
expansion, benefiting from technology improvement, complementary renewable energy
policies, increased financing and dramatic cost reductions. The latter, can be illustrated
from figure 1.1b for example, which shows the price experience curve for PV modules,
i.e. the relationship between the cumulative shipments of a product and its average sales
price over time, depicting how the cost of producing PV modules decreases as more of

them are manufactured and sold [5] '

!In figure 1.1b, the last data point indicates the module shipment volume and average spot market
price at the end of 2022.
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Electricity generation by technology, 2000-2028
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Figure 1.1: (a) Share of renewable electricity generation by technology (2000-2028), from
[4], and (b) learning curve for module spot market price as a function of cumulative PV

module shipments, reproduced with permission from [5].

The building blocks of PV systems include cells, modules, panels and arrays.

The photovoltaic cell converts solar radiation directly into current electricity. Solar cells
are the building blocks for modules, which serve as the building blocks for panels and
complete PV systems [6] (see figure 1.2).

From a commercial standpoint, solar cells are initially investigated at the laboratory level.
Afterwards, attention shifts towards understanding their integration within modules and

panels, which are commercialized and utilized in everyday applications.

The metric to compare solar cells is based on the power conversion efficiency (PCE),

which is defined as the ratio of the output power to the input power given by the light.

Working principle and cause of losses in solar cells

The working principle of solar cells is based on the photoelectric effect, i.e. "the emission

of electrons or other free carriers when light shines on a material" [7].
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Figure 1.2: The basic building blocks for PV systems: cells, modules, and arrays, repro-

duced with permission from [6].
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Figure 1.3: Schematic of a solar cell, reproduced with permission from [8|.

On a general basis, solar cells are typically made of a semiconductor, able to absorb light,
sandwiched between two selective contacts. When exposed to sunlight, if the incident
photons have sufficient energy, i.e. exceeding the value of the band-gap, electrons in
the valence band of the semiconductor material absorb the photons energy and move
to the conduction band. There, a contact selective to the conduction band (an n-doped
semiconductor), collects conduction-band electrons and drives them to the external circuit.
The electrons lose their energy by doing work in the external circuit. Then, a second
contact, selective to the valence band (a p-type semiconductor), returns them to the
valence band with the same energy they started with, via the return loop of the circuit.
The movement of electrons in the external circuit and contacts is the electric current [8].

This mechanism is shown in figure 1.3.

Sunlight is a spectrum of photons distributed over a range of energy (figure Sla). Un-
doubtedly, the energy of those photons and the band-gap of the material are strictly linked

to the accomplishment of the photoelectric effect and consequently, to the efficiency of
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the device. In fact, only photons with energy higher than the band-gap can be absorbed
and contribute to the current formation. Additionally, the excess energy of those photons

is lost in a thermalization process, where the excited electrons "relax to the conduction

band edge" [9].

The dependency on the band-gap for absorption of photons and the thermatization pro-
cess, are examples of intrinsic losses of PV devices. Further sources of intrinsic losses are
discussed in detail in the literature [10, 11].

Intrinsic losses are unavoidable even in an ideal device, while extrinsic losses are theo-
retically avoidable [10]. Extrinsic losses include series resistance, parasitic recombination

and contact shadowing, which are explained in detail in the literature [12].

In 1961, W.Shockley and H.Queisser [13]| determined a power conversion efficiency limit
for single-junction devices with specific band-gaps taking only fundamental loss processes
into account [14|. The Shockley-Queisser limit is used as theoretical limit to quantify
the performance of devices, and their proximity to ideality. It is shown in figure 1.4 for a
solar cell operated at 298.15 K and illuminated with the AM 1.5G 2 spectral irradiance
as a function of the band-gap energy and the band-gap wavelength.

Small discrepancies from the Shockley-Queisser limit can be found in the literature, due to
a different standard sunlight spectrum, a different cell temperature or different numerical
methods [18-24].

Photovoltaic cells generations

Advances related to materials and manufacturing methods have had a significant role
behind the development of solar PV, resulting in their categorization into four generations
based on their development stage, as shown in figure 1.5 [25]. Each class of PV devices
displays distinct characteristics, progression and working principle. These distinctions
have contributed to varying efficiencies achieved over time, based on the distinct Shockley-

Queisser limits.

For simplicity, the focus will be mainly on solar cells, as they are the fundamental com-

ponents of PV systems.

2"The AM1.5 standard spectrum, established by the American Society for Testing and Materials
(ASTM) [15], serves as a uniform method for testing and certifying various solar cell types. The spectrum
simulates solar distribution in the Earth’s atmosphere after passing through 1.5 atmospheric thicknesses,
covering wavelengths from 280 nm to 4000 nm and their corresponding intensities. And the AM1.5G
spectrum encompasses the full range of solar radiation, including both direct and scattered radiation"
[16].
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Figure 1.4: Shockley-Queisser limit for a solar cell operated at 298.15 K and illuminated
with the AM 1.5G spectral irradiance as a function of (a) the band- gap energy and (b)
the band-gap wavelength. Plotted with the tabulated values of [17].

The first generation is based on mono-, poly-, multicrystalline silicon (Si), and single
[I1-V junctions 3, such as gallium arsenide (GaAs).

Silicon based solar cells were the first to appear on the market, due to an already developed
Si-based semiconductor production for microchips [27]. Today, crystalline silicon is the
dominant PV technology, with a market share of more than 97% in 2023 [4]. This is due to
their relatively high efficiencies, which increased from 6% when they were first introduced
in 1954 [28], to 27.09% in 2023 [29, 30|, and their high durability in time, close to 30 years
[31].

The second generation is based on thin film photovoltaic cell technology of microcrys-
talline silicon, amorphous silicon, copper indium gallium selenide (CIGS) and cadmium
telluride/cadmium sulfide (CdTe/CdS) photovoltaic cells. They were initially designed
with the intent to reduce costs, and they showed improved mechanical properties ideal
for flexible applications, but reduced efficiencies [25].

Thin-film technology contributed to about 5% of the total PV market in 2021 [32] and
shows relatively high values of the efficiency compared to the first generation. In 2023,
the highest efficiency recorded for CIGS solar cells was 23.64% [33, 34|, 22.6% for CdTe
devices [33|, while for amorphous silicon devices, 14.0% [33, 35].

The third generation relies on nanomaterials and emerging technologies. They include

organic molecules and polymers, quantum dots, dyes, perovskites, and modified structure

3"A TII-V compound semiconductor is an alloy, containing elements from groups III and V in the
periodic table" [26].
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Figure 1.5: Photovoltaic cell generations, from [25].

of the previously developed devices.

Organic solar cells are based on conductive organic polymers or small organic molecules
for light absorption and charge transport [36]. They are attractive due to their low cost
and solution-processability of the molecules, but they are not widely produced commer-
cially. This is in part due to their relatively low efficiencies, the highest of 19.2% in 2022
[37, 38].

Similar values are obtained for quantum dot solar cells, which established a 18.1% effi-
ciency in 2023 [38, 39].

Dye-Sensitized solar cells (DSSC) rely on a highly porous, nanocrystalline layer of tita-
nium dioxide (TiO;) in contact with an electrolyte solution containing organic dyes that
absorb light.
transparence, color capability, and mechanical flexibility [25], but lack in efficiency and
stability. In fact, the highest efficiency recorded for DSSC is 13% ([37, 40]), clearly critical

when compared to their second and first generations counterparts.

They are promising due to their simple fabrication, low material costs,

Multi-junction cells were conceived with the intention to overcome the Shockley-Queisser
limit. They are based on a stack of different light absorbers with decreasing band gap
energies, so that the highest-energy photons are absorbed by the material with the largest
band-gap, and lower-energy photons pass through the layer to reach a smaller band-gap
semiconductor, maximizing the number of photons used to convert sunlight in energy
[9].

limit of 46% under the standard solar spectrum and intensity, while three junctions could

In this way, two connected ideal semiconductor junctions could reach an efficiency
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reach 52% efficiency and, theoretically, up to 68% efficiency, with infinite junctions [41].
The highest efficiency achieved has a value of 39.5% in 2022 for a four-junction solar cell
[42, 43].

Perovskite solar cells employ perovskite materials as light absorbers. They present many
advantages, and relatively high efficiencies, but only at the laboratory level, due to inef-
ficiencies related to the exposure to the ambient. Further details and explanations follow

in section 1.1.

The fourth generation is based on nanostructures such as metal nanoparticles and metal
oxides, carbon nanotubes, graphene, and their derivatives. Graphene and its derivatives
are a promising area of research and their advantages in PV applications include flexibility,
environmental stability, low electrical resistivity, and photocatalytic features. Nonethe-
less, they are in the early stages of research and development [25].

Additional information on the fourth generation can be referenced in the existing literature

[44].

Figure 1.6 shows the highest confirmed conversion efficiencies for research cells of different
technologies, updated to March 2024, while figure S1b shows the obtained efficiencies
compared to the relative Shockley Queisser limit, updated to December 2023.
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Figure 1.6: Best research-cell efficiency chart, from [45].
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1.1. Perovskite solar cells

Perovskite solar cells (PSCs) are based on a perovskite material which acts as light ab-
sorber and charge carrier conductor.

They were first introduced by Tsutomu Miyasaka et al. in 2009 with an efficiency of
3.8% [46], and with a rapid development over the past fourteen years, they reached an
efficiency of 26.1% for single-junction devices in 2023 [47]. This rapid improvement makes
PSCs expected to be comparable to crystalline silicon devices in the future, surpassing
other kinds of cells which suffered impediments in further improvement [48]. However,
the limited values of durability of PSCs pose a challenge to their commercialization. To
enter the market, they must comply with the stability criteria for thin-film photovoltaic
cells, which allow a maximum 10% degradation in initial performance over 1000 hours,
or for crystalline silicon solar cells, which allow only a 5% decrease in initial performance
[49].

Additional issues are related to toxicity and scalability.

Perovskites

Perovskites are a broad class of materials with a general stoichiometric formula ABX3,
where A and M are cations, while X is an anion. They exhibit a crystal structure defined

as a "network of corner-sharing BXg octahedra" [50], as shown in figure 1.7.

ABX, Perovskite
4 ®o-=A {Q&
oV

it

Figure 1.7: Perovskite crystal structure, showing all the atoms (left) or only the BXg

octahedral network and A atoms (right), reproduced with permission from [50].

The amount of natural perovskite minerals is limited, while synthetic ones can exist
in many complex formulas, such as metallic perovskites, hybrid organic-inorganic per-
ovskites, metal-free perovskites, and noble gas-based perovskites, depending on their el-
emental compositions [50]. Practically, one can combine a selection of elements at the
respective sites of the compound, satisfying the charge neutrality condition, making per-

ovskites broadly researched optoelectronic materials.
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Formability, geometric stability and distortion of crystal structures of perovskite materials
in the ABXj3 form can be estimated with the Goldschmidt tolerance factor, defined as

‘o (ra+7x) (1.1)

V2(rg +rx)
where 74, 7p and rx are the ionic radii for the ion in the A, B and X sites, respectively
[51]. A value between 0.8 and 1.0 indicates a cubic structure, while larger or smaller
values of tolerance factor usually result in nonperovskite structures [52].
Further studies have determined that the Goldschmidt tolerance factor is not sufficient to
predict the formation of the perovskite structure, but other parameters are needed. For

a detailed analysis, consult the literature [53, 54].

In terms of photovoltaic applications, halide perovskites are mostly employed, and they
are characterized by halides as their X anions.

Halide perovskites display many useful characteristics such as high light absorptivity,
great charge-carrier mobility, long exciton diffusion length, low exciton binding energy
and tunable band-gap [55].

Tuning the band-gap allows optical properties to be tailored for specific applications. In
photovoltaics, it would mean broadening the light absorption, aiming to absorb all visible
and some of the near-infrared light of the solar spectrum (as only an ideal light absorber
would) [56]. The band-gap can be varied by replacing the cations A and M with other
cations, or by changing the halide of the B-X bond.

Preparation methods of perovskite films

High performance and quality of the perovskite layer are closely correlated in PV devices,
thus it is crucial to fabricate high quality films with controlled morphology, crystallinity
and corresponding optoelectronic properties.

The development of perovskite film morphology during the crystallization significantly
influences several key factors of the final perovskite layer such as the efficiency of charge
dissociation, the dynamics of charge recombination, and diffusion lengths. The crystalliza-
tion behavior is strongly influenced by various critical factors, including the surrounding
environment, precursor composition, solvents, additives used and the deposition method

employed [54].

The surrounding environment influences the perovskite layer during its formation. In
fact, most perovskites are deposited and annealed in nitrogen (Ny) filled gloveboxes and

the presence of moisture due to the hydrogen in air could deteriorate or improve film
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properties [57|. The humidity has to be carefully controlled during the film formation.

The precuror stoichiometric composition and solvents affect film formation and quality as
well. Solvents are especially crucial in solution-based methods, and the solubility of the

precursors with the chosen solvent is of primary importance.

Additives can be included in the precursor solutions enhancing crystallinity, film coverage,

and resulting device performance [54].

The deposition methods are different, and include solution processing, vapour deposition,
and hybrid vapour-solution processing.

Solution processing entails low cost and ease of fabrication. The most widely used
technique is spin-coating, which employs the centripetal force of a rotating sample. It can
either be static or dynamic [58|, where the former consists in releasing the solution on a
still substrate, then put into rotation, while in the dynamic case the solution is released
on a sample which is already rotating. During the rotation the excess solvent evaporates
and the creation of the perovskite layer takes place [59].

It can either be carried out with one single solution being spin coated (one-step), or with
the sequential spin coating of two different solutions, containing the precursors of the
perovskite (two-step sequential deposition technique).

Both the viscosity of the fluid and the speed affect the thickness of the resulting layer.
After the spin coating, quenching may be employed, for crystal nucleation and growth
[60]. Often a thermal treatment may be also applied after the spin coating to initiate or
accelerate the reaction between the precursors. Thermal annealing consists in laying the
samples on a hotplate at different temperatures and for different durations of time, based
on the material and the purpose. The heat affects the atoms in the crystal lattice, leading

to changes of the physical and sometimes also chemical properties.

Vapour deposition techniques are a broad group of techniques, which usually result
in high-quality perovskite films but require the use of expensive vacuum facilities. As
for the solution processing, it can be carried out in one step or in two-step sequential
evaporations. They can either belong to the physical vapor deposition (PVD) or to the
chemical evaporation deposition (CVD) one.

One the techniques employed to deposit thin films throughout this thesis is thermal evap-
oration, part of the physical vapor deposition (PVD) family. It relies on the condensation
of vapors on the substrate surface the material to be deposited is evaporated from the
source due to heating at high temperatures.

A more exhaustive discussion of vapour deposition techniques can be found in the litera-
ture [61].
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Hybrid vapour-solution processes combine the previously discussed solution and

vapour processes.

Structure of perovskite solar cells

The easiest structure of perovskite solar cells is based on a perovskite active layer sand-
wiched between charge transport layers (CTLs) and two electrodes. When the device is
illuminated, the perovskite layer absorbs the light, so to generate photoexcited charges
which are then transported to the relative CTLs. Charge transport layers, either electron
transport layers (ETLs) or hole transport layers (HTLs), have the task of transporting

selected photoexcited charges to the respective electrodes.

There are two main architectures of perovskite solar cells, as depicted in figure 1.8: meso-
porous and planar (n-i-p and p-i-n). The mesoporous architecture is based on a meso-
porous electron transport layer within which the perovskite self assembles [62|. The planar
architecture instead, has compact charge transport layers and resembles the one of con-
ventional silicon-based solar cells [63].

Based on the order of the layers, it can be either regular (n-i-p), which consists of
glass/transparent conductive oxide (TCO)/ETL/perovskite/HTL /electrode, or inverted
(p-i-n), i.e. glass/TCO/HTL/perovskite/ETL/electrode.

Planar regular Meso Planar inverted
n-i-p n-i-p p-i-n

top electrode top electrode

:o};elgtrode

ETL

perovskite : perovskite perovskite

c-ETL nhe c&mp-ETL

T gass&TCO| [ ghss&TCO| 7

TCOl

Figure 1.8: PSCs structures, adapted with permission from [64]. Copyright 2018 American
Chemical Society.

Interface passivation

Despite the notorious increase of performances of PSCs over the past decade, there are
still limiting factors to further increments of the efficiencies. In particular, one can look

at the interfaces where several important physical processes occur.

In the first place, the perovskite layer interface is host to several surface and bulk defects,

which hinder the device performance. Such defects include vacancies, interstitial defects,
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lattice distortion by accumulated charges, and dissolved impurities [65, 66].

They can be attributed to the rapid crystallization due to wet chemical processes, which
leads to the formation of various crystal defects. Additionally, the crystal bonds in these
perovskites are predominantly of ionic bonding characters, with a small fraction of valence
bonding characters [67, 68|, which makes these crystals more sensitive to the environment
(humidity, oxygen, temperature). Crystal defects can also grow after the perovskite layer
has formed, during other steps of the device fabrication process, and during the operation
[69].

The defects present in the perovskite layer, both inside the grains and at the grain sur-
faces, have significant negative implications on charge carrier transport and charge carrier
extraction processes. They can capture photogenerated carriers, leading to nonradiative
recombination losses. Additionally, they can reduce the lifetime of carriers and induce
ion migration and diffusion. Carriers trapped by defects and migrating charged ions from
the bulk phase to the surface and grain boundaries accumulate at interfaces, causing
band bending, alterations in energy level arrangement, built-in electric field changes, and

nonradiative recombination losses at the interface [70, 71].

The behavior of carriers within the device is heavily influenced by the perovskite itself,
but also by the interfaces adjacent to it, namely the HTL/perovskite interface and the
perovskite/ETL interface. The efficiency of flow of photogenerated carriers from the light-
absorption layer to the n/p-type semiconductor relies on these interfaces.

Electrons and holes have to pass through several layers and encounter different interfaces.
When energy levels at the interfaces match, electrons and holes can pass through smoothly.
If that is not the case, imperfect interface energy band arrangement may be the cause of
non-radiative recombinations of the interface [71].

Figure S2 illustrates potential scenarios of energy level alignment at metal /organic and
organic/organic interfaces. In cases where vacuum level alignment does not take place,
charge transfer or chemical/physical interactions may occur, leading to the formation of

a dipole layer or band bending. Further details can be found in the literature [72].

To address these challenges, interface passivation or engineering techniques are employed.
This involves treating the interface between different materials to minimize defects or
imperfections at the boundary, or aligning the energy levels between different materials.
This helps to reduce the loss of charge carriers, enhance the efficiency of charge transport,
and improve overall device performance. Various methods can be utilized for interface
passivation, including employing self-assembled monolayers (SAMs), alkali salts or organic
salts [73].
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Challenges for the commercialization of PSCs

In addition to the relatively low efficiencies, which may be enhanced through interface
passivation, other challenges hinder the commercialization of PSCs. These include the

long-term stability, toxicity and scalability.

Long-term stability

The durability of PSC in outdoor conditions is compromised due to degradation. This is
due to several factors, which can be classified as extrinsic and intrinsic [74].

Extrinsic factors are related to the environment and include moisture, oxygen and ultra-
violet (UV) light exposure. Oxygen oxidises the organic compound of the cell, while the

moisture is present due to the hygroscopic * nature of amine salts [31].

Intrinsic factors are due to intrinsic instability of the bulk perovskite material and the
interface between the perovskite and the charge transport layers. These issues include
phase transitions of the perovskites, such as the irreversible shift of methylammonium
lead iodide (MAPDI3) from a tetragonal to cubic phase at 55°C, or the transition of for-
mamidinium lead iodide (FAPbI3) from the semiconducting « phase to the photoinactive
d phase in the ambient environment [76]. Further details on the intrinsic instability of

perovskites can be found in the existing literature |76, 77|.

The toxicity is attributed to the presence of lead (Pb) in the devices, which raises envi-
ronmental concerns [78]. Appropriate encapsulation is crucial to prevent Pb leakage in

the environment, ensuring the safety and commercial viability of these devices. [78].

Scalability

The term scalability refers to the shift from small-area solar cells, to large-area mini-
modules (<200cm?) and sub-modules (200-800 cm?), which serve as the basis for com-
mercialized PV devices. The increase of area is inevitably followed by a loss in efficiency,
due to higher series resistance, lower shunt resistance, non-uniform coating and the inac-
tive area of bus bars and interconnections. For PSCs, the efficiency experiences a greater

deterioration as the area increases, compared to other types of solar cells [79].

Further research has to be conducted on achieving uniform coating over large-area sub-
strates, obtaining better control of film formation, developing procedures for fabricating
and integrating perovskite modules, and comprehending the influence of device architec-

ture on module interconnection performance, as well as the reliability and stability of

4Hygroscopic: absorbing or attracting moisture from the air [75].
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module operation.

1.2. Thesis objective and organization

This thesis focuses on interface passivation of wide-bandgap hybrid inverted perovskite
solar cells, aiming to enhance their efficiency and long-term stability.

Chapter 2 introduces the technical sides of the fabrication and characterization techniques
employed. The subsequent chapters are dedicated to three investigated regions of the

device:

e chapter 3 examines the passivation of the interface between the hole transport layer

and perovskite, referred to as bottom layer modifications (see figure 1.9a);

e chapter 4 delves into passivation of the perovskite, referred to as bulk modifica-

tions (see figure 1.9b);

e chapter 5 examines the passivation of the interface between perovskite and electron

transport layer, referred to as top layer modifications (see figure 1.9c¢).

HTL HTL HTL
Glass/ITO Glass/ITO Glass/ITO

(a) (b) (c)

Figure 1.9: Schematic representation of: (a) "bottom layer modifications", (b) "bulk

modifications" and (¢) "top layer modifications".
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2 ‘ Fabrication and

characterization

2.1. Fabrication

The fabrication work consisted in sequentially depositing the different layers of the stack
of the inverted perovskite solar cell. It has been carried out completely in the laboratories
at EnergyVille, Genk. The structure of the reference cell is described in the following

section, alongside the different tools and techniques employed.

2.2. Reference cell

The reference cell is the base device for the modifications implemented in the thesis.

The different materials chosen for the reference cell are listed in table 2.1 and shown in
figure S3a. A thorough table, including materials, thicknesses and deposition techniques,

can be found in the appendix (table S1).

Components Materials
Base substrate Glass and indium tin oxide (ITO)
Hole transport layer Nickel oxide (NiOx)
Perovskite FAPbI;
Lithium fluoride (LiF)
Electron transport layer Carbon 60 (Cgp)

Bathocuproine (BCP)

Metal Silver (Ag)

Table 2.1: Different layers and materials of the reference cell.

The base substrates are 3x3 cm squares, 0.7cm thick.They are made of glass and have
two ITO stripes, which are on one side on top of which the rest of the layers will be

deposited.

Before depositing the HTL, the substrates have to be cleaned. This is done to allow the
glass/ITO substrates to be properly ready for the depositions. It is carried out with an
ultra-sonicator in a diluted cleaning agent, water, acetone and isopropanol (IPA) baths.
An ultra-sonicator is a tool which employs sound energy to agitate particles in a liquid,

which leads to a cleaning effect.
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The hole transport layer, of NiOx, is deposited with linear sputtering, with a suited
tool, in a high-vacuum chamber (base pressure 1077 : 1078 Torr). Linear sputtering is
part of the PVD family, and it is based on condensation of vapors on the substrate surface
and the material to be deposited is evaporated from the source due to ion bombardment
[80]. In particular, DC sputtering was employed, where the power source is DC.

Afterwards it is annealed, on a hotplate at 300°C for 20 minutes. The thickness is 15 nm.

The perovskite used is FAPbI3 based [81] and it is composed of an organic and an
inorganic part. The inorganic part is constituted by lead iodide (Pbly), while the or-
ganic one is a solution of methylammonium iodide (MAI), formamidinium iodide (FAI),

methylammonium chloride (MACI) and a solvent, ethanol.

The perovskite is deposited via a hybrid approach, i.e. a two-step vapor-solution sequen-
tial deposition. Initially a 200 nm-thick Pbls layer is thermally evaporated on top of the
previously deposited HTL, and then 100uL of an organic solution is dynamically spin
coated on top for 35 seconds at 3000rpm. To conclude, the sample is annealed in air
at 130°C for 15 minutes. This last step is used to complete the crystallization of the

perovskite film.

The organic solution can be prepared in different concentrations: different thicknesses of
the Pbly layer, require different concentrations.
In the reference cell, for a 200 nm thick layer of Pbl,, the optimal concentration of the

organic solution for a complete conversion of the Pbl, into perovskite, is 0.43M.

The electron transport layer, composed by 0.8 nm of LiF, 30 nm of Cgy and 5nm of
BCP, is deposited in one unique step via thermal evaporation. This is carried out with a
suited tool, in a high-vacuum chamber (base pressure 10~ : 1078 Torr).

Despite being collectively labeled as ETL, it is essential to point out that Cgy is the
primary material serving this function. LiF is introduced for passivation [82] and BCP

acts as a buffer layer between the metal and Cgo [83].

The metal is deposited via thermal evaporation. sks (figure 2.1a) are used during the
deposition, in order to define the active area of the twelve cells and the electrodes con-
tacting the bottom ITO. In figure 2.1b it is possible to see the final sample, where the
internal twelve rectangles correspond to the cells, while the upper and lower rectangles

are used to contact the bottom part of the cells.
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Figure 2.1: (a) Mask used for the metal thermal evaporation and (b) the finished sample.

2.3. Characterizations and tests

2.3.1. Solar simulator

The solar simulator is a tool used to simulate 1-Sun illumination with light intensities
according to the AM1.5 spectrum. It applies different voltages across the cell to obtain
the current versus voltage curve (I-V); important parameters such as efficiency, short-
circuit current (I, ), open-circuit voltage (V,. ) and fill factor (F'F') are obtained from
the I-V curve.

Electrical parameters

The I-V curve of a solar cell is the result of the superposition of the dark IV curve of the

solar cell diode with the current generated by light. The diode law reads:

= Doferp(-) — 1] 1, (2.1)

nkgT
where [ is the dark saturation current, V' is the applied voltage, ¢ is the absolute value
of electron charge, kp is the Boltzmann’s constant, 7' is the absolute temperature (in
Kelvin), n is an ideality factor and I is the current generated by light. The curve is in
the fourth quadrant, but it is flipped by convention, as in figure 2.2. From the crossing of
the curve with the x and y axes, two important parameters are defined: the short circuit
current, [, i.e. the current when the voltage is null, and the open circuit voltage,
V,e, the voltage when the current is null. For an ideal cell, the short circuit current and
the current generated by light coincide, thus I, represents the highest value of current
achievable from the solar cell. In the same way, the open circuit voltage is the highest

achievable voltage in the device.
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Figure 2.2: I-V curve and P-V curve of a solar cell, from [84].

In picture 2.2, other than the curve of the current, also the power is shown. It is given by

the product of the voltage and the current:

P=V-I (2.2)

On this curve, it is possible to identify the maximum power point, Py;p, and as a con-
sequence, on the I-V curve, the maximum power voltage, Vj;p and the maximum power
current, Iyp.

The maximum power is needed to identify the fill factor, FF:

Pyp

FF =
‘/oc']sc

(2.3)

which represents the biggest area of the rectangle that can fit under the I-V curve and is

a measure of the quality of the solar cell.

The power conversion efficiency is defined as the ratio of the output power to the input
power given by the light, and can be expressed in terms of the V,. , the I, and the F'F,

as follows:
Pout o ‘/;)C.ISC.FF

2.4
P 2 (2:4)

’[7:

where P, is the input power.

2.3.2. Thermal stability test

Concerning stability, when the PSC is outdoor, it experiences exposure to various stressors,

including heat, light, humidity, and oxygen, leading to a gradual degradation of the cell
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over time. To investigate these factors, accelerated ageing protocols are implemented to
simulate the effect of years of outdoor operation within a condensed timeframe of weeks
or months. During these tests, PSCs are exposed to higher levels of at least one of the
stressors they would be exposed to during normal outdoor operation.

Several tests can be carried out in a laboratory, controlling the stress conditions, such as

air, humidity, temperature, or another stressor of interest [85].

In this work a thermal stability test was performed. It involved leaving the samples
on a hot-plate at 85°C for 1000 hours. It was carried out in the dark, in an Ny filled
glovebox. The samples were periodically monitored during the 41-day period, to evaluate

the decrease of performance over time.

The samples subjected to the thermal stability test presented a different solar cell layer
stack. In particular, a 70 nm-thick I'TO layer is sputtered between the electron transport
layer and the metal, to avoid metal diffusion to the lower layers, due to the high temper-
ature. The ITO is deposited with the help of a mask. The metal is then deposited with
a different mask than the one described for the reference cell (figure 2.1a), with smaller
areas, to deposit silver only outside of the actual active area of the cells, once again to
avoid any potential metal diffusion. The final sample is shown in figure 2.3b.

Table S2 lists the layers, materials and deposition techniques used in the reference cell
modified for the thermal stability test.

Due to the presence of the more resistive ITO, the performance of the cells is much lower

with respect to those cells having silver as the top electrode.

Figure 2.3: (a) Layer of ITO on top of the ETL (before deposition of the metal) and (b)
finished sample for the thermal stability test.



2| Fabrication and characterization 20

2.3.3. External Quantum Efficiency

The quantum efficiency is defined as the ratio of the carriers collected by the solar cell to
the number of incident photons with a distinct energy.

It is divided in external quantum efficiency (EQE) and internal quantum efficiency (IQE).
EQE is the ratio of number of charge carriers collected by the solar cell to the number of
incident photons, while IQE only takes into account the absorbed photons [86]. This is
the reason why the value of IQE is always higher than EQE.

Ideally, if all photons of the range of wavelengths considered were absorbed and the
resulting minority carriers collected, then the quantum efficiency would be a square curve
constant at 1, dropping solely for photons with energy below the band gap. This does

not happen in reality, due to recombination effects.

The EQE can also be used to obtain a current density by integrating the EQE values with
the AM1.5G spectrum, and it should be approximately equal to the short-circuit current
density J,., given by I,. divided by the area, measured in the J-V sweep:

5 =a [ BQBOY - @) ax (25)

A1

is photon flux corre-

where A\; and )\, are the initial and final wavelengths, and q)ﬁ}f” 15

sponding to the AM1.5 spectrum.

2.3.4. Photoluminescence spectroscopy

Photoluminescence spectroscopy, or PL, is a characterization technique which exploits a
photon flux. Light is directed onto a sample, causing photoexcitation and the subsequent
release of photons as carriers return to the relaxed state. This occurs when the impinging
photons have an energy greater than the band gap energy, thus the energy of the emitted
photon is directly related to the band gap energy.

The information obtained with PL spectroscopy is related to material imperfections and

impurities [87].

A schematic version of a classical PL setup is shown in figure 2.4.
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Figure 2.4: Classical PL setup, from [88].

There are two approaches to measure PL: steady-state and time-resolved. In the steady-
state case, the sample is continuously illuminated with a constant light source and it
mainly provides information on the band gap. In the time-resolved case instead, the
sample is pulsed with a short, intense light source, and the emitted photoluminescence is

monitored over time.

The time-resolved photoluminescence (TRPL) can provide information on charge-
carrier processes in PSCs, including charge separation, trapping, and surface and bulk
recombination. To obtain insight into these phenomena, different calculations can be
made with the TRPL spectra.
A first analysis could be fit the TRPL curve with the continuity equation [89]:

dn

pri G — kin — kon® — ksn® = G — nRy(n) (2.6)

where n is the charge carrier density, G' stands for the charge-density generation rate, k;
is first order charge-recombination rate, ko the second order recombination rate, k3 the

third order recombination rate and R;(n) is the total charge recombination rate:

Rt = kl + le’g + n2k’3 (27)

The first-order recombination rate represents the processes involving only one particle
(such as conduction-band electron, valence-band hole, or an exciton); the second-order
recombination rate describes those processes involving two particles and k3 those processes
involving three particles, i.e. Auger recombination.

Due to lack of data of the tool, this method cannot be implemented.

A second less precise way to interpret TRPL results [90], is to fit the experimental results
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with a bi-exponential function, such as

—t —t
I(t) = Arexp(—) + Asexp(—) (2.8)

T T2
where 7 is the fast decay lifetime and 75 is the slow decay lifetime. The fast decay lifetime
is related to the charge trapping process at the perovskite surface, while 7, is related to

the recombination process in the bulk [91].

The steady-state photoluminescence (SSPL) provides information on the band gap.
In SSPL plots, a peak is observed due to the emission of photons by excited semiconductor
materials. The peak corresponds to a wavelength which is related to the bandgap of the
material, due to a relationship which allows to calculate the band gap from the peak

wavelength:
h-c
A
where h is Planck’s constant, c is the speed of light and A is the wavelength.

E,= (2.9)

The peak is around 800 nm, and the product h - ¢ is ~1240 nm, thus the band gap of the
utilized perovskite is ~1.55eV.

2.3.5. Scanning electron microscopy

Scanning electron microscopy (SEM) is an imaging technique based on a focused beam of
electrons impacting on a sample surface [92]. When this happens, the electrons interact
with the atoms of the surface producing different electrons detected by detectors. These
signals can be used to gather insights into the topography and composition of the surface.
The detectors are based on the type of electrons collected: secondary and back-scattered.
The latter derive from deeper regions of the sample, while the first originate from surface

regions, therefore they carry different types of information.

A schematic version of a classical SEM setup is shown in figure 2.5.
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Secondary
electron detector

Figure 2.5: Classical SEM setup, reproduced with permission from [93].

2.3.6. Transient photocurrent and photovoltage

The transient photocurrent (TPC) and transient photovoltage (TPV) techniques are based
on a perturbation by a modulated light on the device, and they give information on

properties such as the charge carrier lifetime [94].

For TPV, the solar cell is kept at open-circuit conditions and it is connected to an os-
cilloscope (figure 2.6a), while in the TPC, it is kept at short-circuit conditions and it is

connected to a small resistor (figure 2.6b).

Power
supply

Solar cell Solar cell

— A A
Oscilloscope
imQ

Nitrogen laser

Time

Figure 2.6: (a) Set-up for the TPC technique and (b) set-up for the TPV technique, both

reproduced with permission from [94].

For the TPV, the cell is initially exposed to a continuous light source, promoting a constant

V,e. Once the V,. is stable, the solar cell is excited with an additional short-lived laser
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pulse that generates a small perturbation of the V,.. The change in V,, is proportional to
the photo-generated carriers by the laser pulse.

In the TPC instead, a perturbation of the current is generated, via a laser pulse. The
resulting transient current is measured and integrated over time to calculate the amount

of photo-generated charges induced by the pulse.

2.3.7. X-ray diffraction

X-ray diffraction analysis (XRD) is a technique used to identify the crystal structures
present in a sample, evaluate the orientation of crystals and the average size of crystal
grains in micro/poly-crystalline materials.

It is based on the diffraction of X-ray radiation: the sample is irradiated by a monochro-
matic X-ray radiation, the radiation is diffracted by the crystals in the sample and the

intensity of the diffracted radiation is analyzed at different detection angles.

The XRD spectrum shows the intensity of the X-ray radiation detected as a function of

the detection angle.
A schematic version of a classical XRD setup is shown in figure 2.7.

X-ray detector
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" recieving
optics

incident™
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26
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Figure 2.7: Classical XRD setup, reproduced with permission from [95].
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3 ‘ Bottom layer modifications

This chapter is dedicated to the "bottom layer modifications", i.e. at the interface between
hole transport layer and perovskite. The approach is based on the use of self-assembled

monolayers, following different ideas and concepts.

3.1. Self-assembled monolayers in perovskite solar cells

To help mitigate the issues related to losses at the interfaces (see section 1.1), one of
the approaches implemented, especially in the latest years, is the use of self-assembled

monolayers.

SAMs are, as defined by Ali et al [96], "ordered arrays of organic molecules formed by the
spontaneous absorption onto a surface of molecular constituents from a vapor or liquid
phase."

Their peculiarities include their growth, which is based on solution-phase transport of
adsorbate molecules to the solid-liquid interface, adsorption on the substrate and two-
dimensional molecular organization [97] and their structure, (figure 3.1), which includes
an "ancoring group", which chemically attaches to the surface atoms. The variety of SAM
molecules and consequently of head groups, leads to an incredibly broad use of SAMs for

different applications.

< Terminal . petermines surface properties

group - Interacts with perovskite
Soator - Acts as a physical barrier
P - Interacts laterally via van der Waals force
Anchoring - Stabilizes surface atoms

group - Forms bonds with surface
Substrate

Figure 3.1: Structure of a SAM, adapted with permission from [98|. Copyright 2020
Advanced Energy Materials.

Historically, they have been used in light emitting diodes [99], field-effect transistors [100]
and lately in photovoltaics. In relation to perovskite solar cells, they have the great asset
of having a fabrication compatible with that of PSCs, which makes it easy to integrate
them in the PSCs’ structure.

In the past years SAM molecules have been implemented, either at the perovskite inter-
faces or in the perovskite itself, to obtain several positive effects and as a consequence,
improve the overall performance of the cell [96, 98].

Some of these effects may include:
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e influencing the morphology and increasing crystal quality of the perovskite layer,
as noticed by Li et al [101], who connected the better cristallinity of the perovskite
layer to the modifcation of the ETL with a self-assembled monolayer, and by other
groups [102-104];

L
Y A o .
= L St P / )
Substrate Substrate No SAM - SAM y

(a) (b)

Figure 3.2: Effect of SAMs in PSCs: (a) on crystallinity and (b) on grain size, adapted
with permission from [98]. Copyright 2020 Advanced Energy Materials.

e deactivating surface dangling bonds to reduce charge traps at the interfaces between
layers, as described by Wang et al. [105], who noticed a decrease in trap-assisted
recombination, or by Yang et al. [106], who studied exciton lifetimes related to

passivation of defects in perovskite films (with SAM-modified layers);

o— _"v

Charge traps
trap states. 3 H
m -é-l'.
g °o— —0:

Figure 3.3: Effect of SAMs in PSCs: charge traps, adapted with permission from [98|.
Copyright 2020 Advanced Energy Materials.

e affecting the interfacial dipole moment leading to a change in workfunction of the
surface, which controls the energy barrier at the interfaces, and in turn the flow of
carriers [106, 107];
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e increasing the charge transfer from the perovskite layer to the next one, as de-
termined by Azmi et al [108] and Bai et al [109], who studied the "quenching"
(decrease) in photoluminescence, strictly related to an increase in charge transfer,

with modification of charge transfer layers with SAMs;

e increasing the long-term stability of the cells, affecting the moisture resistance of

the perovskite layer [110];

e reducing or eliminating the hysteresis [111, 112].

SAMs can be incorporated into the PSCs structure in different fashions. A recent one is
the use of a SAM layer in place of the charge transport layer. In the case of n-i-p PSCs,
one of the first cases was the one by Topolovsek et al in 2017 [113], who used self-assembled
siloxane-functionalized fullerene molecules, eliminating the use of TiO, (which was the
reasond behind a few disadvantages, such as the need of high temperature sintering). For
HTLs in inverted PSCs, the first example was in 2018 with Magomedov et al [114], who
used a new hole transporting material (V1036) on ITO. SAMs replacing charge transport
layers have proved successful so far, and additonally, they reduce material consumption
and cost [115].

A few cases regard the use of SAMs directly into the perovskite, as done by Zheng et al
[2], who incorporated SAM molecules into the perovskite precursor solution in order to

obtain the HTL and the perovskite layer in one step.

SAMs can otherwise be implemented as passivation layers, mostly in relation to the per-
ovskite adjacent interfaces, which are critical for the performance of the cell. It may
help in terms of energy band alignment, benefiting the compatibility between the charge
transport layer and the perovskite.

In the case of n-i-p PSCs this has been carried out in several occasions, as in the already
quoted Li et al [101] or [102-104, 106, 108, 111], while for inverted PSCs, a couple of
different examples, who in particular use NiOx as hole transport layer, are Alghamdi et
al [1], or Mann et al [116].

This chapter is dedicated to the use of one type of SAM on top of sputtered NiOx,
following different deposition protocols, to try to improve the performance of the solar

cell.

3.1.1. Implementation of SAMs on top of the NiOx

Common techniques for deposition of SAMs into PSCs are based on both vapor-phase

and liquid-phase applications.
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In this section, the spin coating method has been applied. Different cases have been
studied: different concentrations of the applied SAM solution, adding steps after the spin
coating to improve the deposition step, and optimizing the perovskite’s organic solution

concentration after the incorporation of a SAM layer.

Me-4PACz

The type of SAM implemented is [4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl|phosphonic acid
and is commonly called Me-4PACz.

It is based on 4PACz, a carbazole! based self-assembly monolayer, with one alkyl chain?
and four carbon (C) atoms. Me-4PACz, in figure 3.4a, differs from 4PACz, shown in figure
3.4b, for the methyl group (CHj) attached to the carbazole molecule.

Figure 3.4: (a) Me-4Pacz structure, from [119] and (b) 4PACz structure, from [120].

Rinsing

As anticipated, a key component of SAM growth is the 2D molecular organization.
During the growth of a SAM, there may be an ezcess of unbound molecules, which may
turn out to damage the performance of the cell [121]. To remove them, a rinsing process
can be used. It consists in spin coating solvent on the sample. The solvent will evaporate,
thus it has no impact on the stack of the cell (it does not constitute an additional layer),

but it helps removing excess molecules.

3.2. Electrical results

I"Carbazole is an aromatic heterocyclic organic compound. It has a tricyclic structure, consisting of
two six-membered benzene rings fused on either side of a five-membered nitrogen-containing ring" [117].
2" An alkyl group is an alkane missing one hydrogen" [118].
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3.2.1. Optimal sequence of steps

The first investigation was on the appropriate sequence of steps to deposit Me-4PACz on
nickel oxide (the HTL). In fact, based on the literature, there are different approaches on
the order of annealing and rinsing, or on the eventual need of both. For example, Cassella
et al [121| do a "postrinse", i.e. rinsing after annealing, while Alghamdi et al [1], only

anneal after spin coating.

Four types of cells were compared: the reference, as described in section 2.2, only annealing

(red in figure 3.5), annealing and rinsing (blue) and only rinsing (green).
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Figure 3.5: Statistics on (a) Js. , (b) Vie , (¢) F'F, (d) PCE of cells: reference, Me-4PACxz

on top of NiOx (different combinations of annealing and rinsing).

For this first type of test, a standard concentration of 0.33mgmL™" for the Me-4PACz
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was used. It was spin coated at 3000 rpm for 30 seconds (similarly to the organic part of
the perovskite which is spin coated at the same speed but for 35 seconds). The annealing
was at 100°C for 10 minutes inside the glovebox and the rinsing was both static and
dynamic, one after the other, of 100um of ethanol (the same solvent used for the Me-
4PACz solution).

From the results in figure 3.5, it is quite clear how the best combination of steps is to
only rinse after spin coating.

It is relevant to note the great boost of V,,. with Me-4PACz compared to the reference cell
in figure 3.5b. Increasing the V,. in fact, is not an easy task, due to the already obtained

values close to the theoretical Shockley-Queisser limit [17].

3.2.2. Optimal concentration of Me-4PACz

In the first test, a standard concentration of Me-4PACz of 0.33 mg mL ™' was used, based
on previous experiences of the group in Energy Ville. To be more thorough, in a second

test, different concentrations of the SAM solution were analyzed.

In particular higher values were used, to inspect whether the rinsing step was no longer

effective when more SAM solution is spin coated on the NiOx layer.

In figure 3.6 the comparison of a reference cell, and cells with increasing concentrations
of Me-4PACz on top of NiOx is shown. The concentrations of the Me-4PACz solution
are 0.33mgmL ™" (as in figure 3.5), 0.7mgmL™"' and 1mgmL™'. (As in the previous
paragraph the SAM was spin coated at 3000 rpm for 30 seconds, and afterwards annealed
at 100°C for 10 minutes).

From the results, the helping effect of Me-4PACz once again catches the eyes, in particular
for the V,.. Concerning instead the concentration of the SAM, the differences are not as
relevant, but a too high amount of it seems to hinder the performance. From these results,

we assumed 0.33mgmL ™" to be a good compromise.
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Figure 3.6: Statistics on (a) Jg. , (b) Ve, (¢) FF, (d) PCE of cells: reference and different

concentrations of Me-4PACz solution.

3.2.3. Optimal concentration of perovskite

Once the optimal amount of Me-4PACz and the correct sequence of steps is established,
one could wonder whether there are any other factors to manipulate to boost the perfor-
mance. In particular, the concentration of the organic solution of the perovskite could
have an impact. In fact, modifying the NiOx-perovskite interface with the SAM, a slight

change in the perovskite layer itself could benefit the performance.

A third test was performed with different concentrations of the organic solution of the
perovskite: since the reference is 0.43M, a sample with a lower one (0.41M) and a higher
one (0.45M) were fabricated.
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In figure 3.7, the samples called "Me-4PACz + 0.41M/0.43M/0.45M" refer to devices
with Me-4PACz on top of NiOx with a 0.41M/0.43M/0.45M concentration of the organic

solution of the perovskite.
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Figure 3.7: Statistics on (a) Jg , (b) Vie , (¢) FF, (d) PCE of cells: reference, Me-4PACz

and different concentrations of the organic solution of the perovskite.

From the results in figure 3.7, it is possible to see a slight difference when changing
the concentration. In particular, while the V. is almost unaffected by the change in
concentration, the F'F' increases with increasing concentration. The combination of higher
V.. and higher F'F" for 0.45M, are probably the reason behind the higher efficiencies for this

concentration. Lower concentrations (0.41M) instead, seem to hinder the performance.

If the concentration is increased even more, up to 0.47M, a reduction of the performance
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is observed (figure S4).

In conclusion, the passivation of the NiOx interface with Me-4PACz significantly en-
hances the performance of the solar cell. The observed improvement in V,., and conse-
quently in PC'E| can likely be attributed to the facilitated transport of charge carriers
between the HTL and perovskite layers following the passivation of the HTL surface. Ya-
maguchi et al [122|, conducted similar experiments using a similar SAM, [2-(9H-carbazol-
9-yl)ethyl|phosphonic acid, commonly called 2PACz, on NiOx in an inverted PSC. They
used density functional theory calculations and electron spin resonance measurements to
determine the work function of NiOx. They observed an increase in the effective work
function of the NiOx layer, resulting in a higher flux of electrons transferring from the
perovskite layer to the HTL. This reduction in minority carrier density near the perovskite
layer surface led to a decrease in the effective surface-recombination velocity, consequently

enhancing both V,. and Jsc values.

The final parameters used for the characterizations and tests are listed in table S3.
Throughout the rest of the manuscript, this type of devices will be referred to as bottom

interface cell and its structure is shown in figure S3b.

3.2.4. Thermal stability test

One of the expected positive side effects of SAMs in the structure of the perovskite solar

cells is the increased stability [110].

Figure 3.8 shows the thermal stability test conducted for reference and bottom interface
cells. In particular, figure 3.8d shows a considerable decrease in PCE of both samples after
1000 hours. However, the reference cells maintain 19.5% of their original performance,
while the bottom interface cells retain 32.6%. This demonstrates how the incorporation
of Me-4PACz on the top of the hole transport layer effectively improves the stability of

solar cells, likely due to enhanced interface contact [109].
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Figure 3.8: Results of the thermal stability test of (a) Js. , (b) Vi , (¢) F'FF, (d) PCE of

the reference and bottom interface cells.

3.3. Material characterizations

3.3.1. External quantum efficiency

The external quantum efficiency plot shows how efficiently the solar cell converts photons

at different wavelengths into electric current.

In figure 3.9b, where the EQE spectra of the reference and bottom interface cells are shown,
it is revealed a consistent performance for values of the wavelength between 400 nm and
800 nm, followed by a decline beyond 800 nm. This decline corresponds to a wavelength of

~ 800 nm, as photons with energy below the band gap are not absorbed by the perovskite.
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According to relationship 2.9, this wavelength aligns with the 1.55eV band-gap of the

perovskite used in the study.
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Figure 3.9: (a) J-V curves and (b) EQE spectra and the integrated J. of reference and
bottom interface cells.

The EQE plots of the two types of cells show the same behaviour, with slightly higher
intensities of the bottom interface curve in the range of approximately 400-800 nm, com-
pared to the reference.

This is also reflected by the current curve obtained via relationship 2.5, resulting in a
slightly higher integrated J,. of 23.16 mA cm~2 for the bottom interface device with re-

spect to the measured 22.93 mA cm™2

value for the reference device. The discrepancy
between the integrated Jy. from EQE and the values from the J-V scan in figure 3.9a
is within an acceptable range of about ~ 0.2mA cm~2 for the reference device, and ~

0.3 mA cm™~2 for the bottom interface device, respectively.

3.3.2. Photoluminescence

Photoluminescence analyses are divided into time-resolved and steady-state measurements
(section 2.3.4).

The steady-state luminescence analysis of the reference and bottom interface cells is shown
in figure 3.10. The intensity of the bottom interface curve is higher, pointing to possibly

reduced recombination in the perovskite layer compared to the reference cell [1].
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Figure 3.10: Steady-state photoluminescence of reference and bottom interface cells.

No horizontal shift is observed. An horizontal variation would indicate a different bandgap,

but both devices utilize the same perovskite.

The time-resolved photoluminescence results of the reference and bottom interface cells,
alongside with their exponential fitting following equation 2.8, are shown in figure S5.

The parameters of the exponential fitting in figure S5 are listed in table S4.

3.3.3. Scanning electron microscopy

Top view scanning electron microscopy (SEM) was performed for both reference and

bottom interface cells.

Figure 3.11: Top SEM of (a) reference and (b) bottom interface cells.



3| Bottom layer modifications 37

In figure 3.11 it is possible to see the polycrystalline nature of the perovskite film and no
significant differences between the two types of films, implying that with or without the
Me-4PACz layer, the morphological properties are retained.

At the same time, it is possible to note the presence of a few whiter grains, visible as well in
figure 3.11 and in figure 3.12, where these grains are shown at a higher magnification. This
type of grains is believed to be due to residual lead iodide [123|. The presence of unreacted
Pbl, is considered the cause of intrinsic instability of the film under illumination, leading to
degradation under inert atmosphere and faster degradation upon exposure to illumination
and humidity [124]. The lack, or near absence, of these grains in the bottom interface case
compared to the reference, may be linked to the slightly increased stability when NiOx is
passivated with Me-4PACz.

Figure 3.12: Zoom of the top SEM of (a) reference and (b) bottom interface devices.

3.3.4. Transient photocurrent and photovoltage

To analyze the transient photocurrent and transient photovoltage results, the decay time

was calculated. It is defined as the time to reach about 37% of the initial potential decay.

For TPV, the reference cell has a lower decay time (1.561s) compared to the bottom
interface cell (1.61ps), possibly indicating a better charge extraction [125]. For TPC
instead, the reference cell has a higher decay time of 1.19 s, with respect to the bottom

interface’s 1.14 ps, suggesting less non-radiative recombination [126].

The decay constants for the cells in figure 3.13 are resumed in table S16.
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Figure 3.13: (a) TPC and (b) TPV for the reference and bottom interface cells.

3.3.5. X-ray diffraction

The XRD patterns of the reference and bottom interface cells are shown in figure 3.14.
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Figure 3.14: Comparison of XRD patterns of reference and bottom interface cells.

There are two dominant peaks, around 13.98° for the (001) plane, and around 28.3° for
the (002) plane [127]. Additionally, it is possible to see how the two types of cells have the
same dominant peaks, since peaks are associated to the presence of crystalline materials,
a class Me-4PACz does not belong to.

An interesting approach could be to measure the XRD spectra of sputtered NiOx alone,
and of sputtered NiOx and Me-4PACz on top of it, to see the differences brought by
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the SAM. This was done by Alghamdi et al [1], who spin-coated (2-(3,6-Dimethoxy-9H-
carbazol-9-yl)ethyl)phosphonic acid, commonly called MeO-2PACz, on sputtered NiOx.
They noticed no significant differences between the two films, indicating that MeO-2PACz
does not change the crystal structure of NiOx (figure S6). At the same time, analyzing the
addition of the perovskite, first on top of bare NiOx and then on top of NiOx and MeO-
2PACz (figure S7), they noticed more discrepancies, as for example the disappearance of

a peak due to residual Pbly, indicating improved perovskite crystallinity.

In the XRD spectra of our samples, there are no such significant variations. The peaks are
the same, but it is possible to observe higher intensities in the reference curve, which might
indicate enhanced crystallinity with respect to the bottom interface device [128]. In fact,
the peak intensity in an XRD pattern is related to the number of crystallographic planes
in the sample that are appropriately aligned to satisfy the Bragg’s law for constructive
interference.

It is important to point out that lower XRD peak intensity does not necessarily imply
lower overall performance of the solar cell (which would contradict figures 3.5, 3.6, 3.7).
The self-assembled monolayer is positively influencing the device in other ways, possibly

through improved interface quality, surface passivation, or other beneficial effects.

A further way to gain information from the XRD data is to calculate the full width half
maximum (FWHM) of the dominant peaks. The results for the plots in figure 3.14 are
listed in table S5. The lower value of FWHM of the bottom interface device compared to
the reference one, might be due to a decrease of vacancies or dislocation in the perovskite
film [129].
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4: ‘ Bulk modifications

Additives can be included in the perovskite precursor to improve crystallinity, film cover-

age, passivation of defects and overall resulting device performance [54, 130].

In this chapter, an attempt at additive engineering was carried out, following the approach
by Zheng et al [2], who obtained a power conversion efficiency of 24.5%, with the use of
SAMs into the perovskite precursor. In particular, their objective was to reduce the
number of processing steps: introducing a SAM into the perovskite precursor, both the
hole transport layer and the perovskite spontaneously formed in one step. This means
that the perovskite was deposited, in one step, directly on top of the ITO, rather than the
NiOx, reducing the complexity and cost of the process. Testing different concentrations
of Me-4PACz, they demonstrated that the optimal one was of 0.25mgmL ™, for a 1.55eV

bandgap perovskite, similar to the one implemented in this study.

In this next section, two types of SAMs into the perovskite precursor were implemented,
maintaining however the same cell structure, i.e. without eliminating NiOx, as in the case
of Zheng et al.

All of the layers of the cell are the same as the reference one, and the organic solution of

the perovskite is spin coated with the standard settings.

4.1. 2PACz

Other than Me-4PACz, a second SAM has been used, based on the molecule [2-(9H-
carbazol-9-yl)ethyl|phosphonic acid and commonly called 2PACz. As 4PACz (figure
4.1a), it is a carbazole based self-assembly monolayer, with one alkyl chain and two

carbon atoms. The 2PACz molecule is shown in figure 4.1b.

\ h
O=P—OH

OF’OH !
OH

(a) (b)

Figure 4.1: (a) 4PACz structure and (b) Me-2PACz structure, from [119].
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4.2. Electrical results

Both for Me-4PACz and 2PACz, three different concentrations were tested: 0.05 mgmL ™,
0.1mgmL™" and 0.15mgmL™". The results, in figures 4.2 and 4.3, show the cells with
SAM in the perovskite precursor, compared to the reference one; the only difference lays
in the perovkite, and more precisely, in the organic solution (the inorganic part, Pbls, is

thermally evaporated in the same way for all types of cells).
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Figure 4.2: Statistics on (a) Js. , (b) Vo, (¢) F'F, (d) PCE of cells: reference and different

concentrations of 2PACz in the perovskite precursor solution.

For 2PACz, all of the values seem to be lower than the reference, except for the V. ,
which is comparable. Overall, looking at the PCE, in figure 4.2d, we can affirm 2PACz

in the perovskite precursor solution does not benefit the performance.
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The same can be observed for Me-4PACz, in figure 4.3, where no concentrations seem to

have positive effects.
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Figure 4.3: Statistics on (a) Js. , (b) Vo, (¢) F'F, (d) PCE of cells: reference and different

concentrations of Me-4PACz in the perovskite precursor solution.

Increasing the concentrations even further to 0.2mgmL ™" and 0.4mgmL™", leads to an

even worse performance (figure S8).

The difference between these results and those of Zheng et al [2]|, may be partly due to

the diverse structures of the devices. Firstly, they did not incorporate a hole transport

layer (NiOx) in their work, a component that we chose to include in our cells. Secondly,

they utilized a different perovskite, deposited in one step, whereas we employed a two-step

sequential deposition process.
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4.3. Material characterizations

The characterizations and tests were carried out on cells with Me-4PACz on top of NiOx
(bottom interface cell) and a 0.1 mgmL™" concentration of Me-4PACz in the perovskite
precursor.

The final choice of layers is listed in table S6 and throughout the rest of the manuscript,
this type of cell will be referred to as Me-4PACz treated (figure S3c). In simpler terms,
the Me-4PAC% treated cell is the bottom interface cell (table S3) with a difference in the

perovskite organic solution, which includes Me-4PACz.

4.3.1. External quantum efficiency

The EQE spectra in figure 4.4 for the Me-4PAC% treated devices are shown in figure
4.4b. As expected from the results in figure 4.3a, the Me-4PAC?% treated curve is slightly
lower than the bottom interface one, with values of integrated J,. of 22.69mA cm~2 and

23.16 mA cm~? respectively.
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Figure 4.4: (a) J-V curves and (b) EQE spectra and the integrated J,. of bottom interface
and Me-4PACz treated devices.

The discrepancy between the integrated J. from EQE and the values from the J-V scan
in figure 4.4a is about ~ 0.8mA cm~2 for the Me-4PACz treated device, and about ~

0.9mA cm™2 for the bottom interface devices.

Furthermore, in figure 4.4a, the Me-4PACz-treated slope is less pronounced than the

bottom interface one, indicating that the series resistance is higher [131]. It may be due
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to the presence of non-conducting molecules, belonging to the SAM, which hinder the

transport of charges.

4.3.2. Photoluminescence

Figure 4.5 displays the steady-state luminescence analysis of both the bottom interface
and Me-4PACz treated cells.

The bottom interface curve exhibits a lower intensity, suggesting a potential reduction
in the recombination of electron-hole pairs compared to the Me-4PACx treated cell [132].
Additionally the graph reveals an unchanged horizontal position of the peak, implying
that the bandgap remains unaltered after the inclusion of Me-4PACz in the perovskite

precursor.

—— Bottom interface
—— Me-4PACz treated
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Figure 4.5: Steady-state photoluminescence of bottom interface and Me-4PAC% treated
cells.

The time-resolved photoluminescence results of the bottom interface and Me-4PACz treated
cells, alongside with their exponential fitting following equation 2.8, are shown in figure

S9. The parameters of the exponential fitting in figure S9 are listed in table S7.

4.3.3. X-ray diffraction

The XRD patterns of the bottom interface and Me-4PACx treated cells are shown in figure
4.6, alongside the FWHM values listed in table S5.
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Figure 4.6: Comparison of XRD patterns of bottom interface and Me-4PACz treated cells.

As in figure 3.14, showing the XRD plot of the reference and bottom interface devices,
the two samples have the same peaks, with a difference in the intensity. In this case, the
bottom interface films have higher intensity, indicating a possible enhanced crystallinity
with respect to the Me-4PACx treated ones.

The differences observed in the XRD plot may be due to alterations in the crystal structure
of the resulting perovskite film. In fact, Me-4PACz could have influenced the nucleation
and growth of the perovskite crystal, leading to differences in crystal size, orientation,
and overall morphology. For example, Zheng et al [2] noticed, with the help of scanning
electron microscopy images (figure S10), that the average grain size of a perovskite film
with Me-4PACz in 0.5 mgmL ™" concentration is slightly larger than that of a perovskite
film without the SAM; increasing the concentration of Me-4PACz to 2mgmL ™" instead,

reduces the size again.



46

5 ‘ Top layer modifications

Once both the interface between hole transport layer and perovskite, and the perovskite
itself, have been altered, the only (relevant) interface left is the top one, between perovskite
and ETL. In this case, as for the additives in the perovskite structure (chapter 4), several
can be the approaches: Lewis acids/bases [133], polymers [134], organic halide salts [135],
SAMs [112] and more.

For this work, two inorganic salts, caesium iodide (Csl) and caesium bromide (CsBr),

were employed on top of the perovskite surface.

It is crucial to point out that realizing modifications on the upper interface could be more
critical than realizing them on the lower one, due to the delicate nature of the perovskite
layer, posing a challenge in discerning whether the applied modifications are effectively
detrimental to the overall cell performance, or solely harmful to the integrity of the per-
ovskite. As a consequence, the initial focus was exclusively dedicated to investigating the

influence of solvents on the perovskite surface integrity.

The choice of solvents was dictated by the inorganic salts themselves, CsI and CsBr,
knowing with certainty of their solubility in methanol [136]. Methanol is a highly polar
solvent, where polarity is, as defined by Katritzky et al [137], the "capacity of a solvent
for solvating dissolved charged or dipolar species". In simpler terms, polar solvents, which
have large dipole moments, can dissolve substances with similar polarities, such as ionic
or polar compounds.

Solvents can be classified as more or less polar, based on a scale [138], where water is
at the top of the list. Generally, a more polar solvent might be considered "stronger",
as it is more effective in dissolving salts. However, this strength could potentially lead
to increased damage to the perovskite, adding an additional layer of complexity to the

solvent selection process.

5.1. Influence of different solvents on the perovskite

surface

Testing the influence of the solvents, involved spin coating 100 pL. of methanol, ethanol or
isopropanol onto the perovskite surface, at 3000 rpm for 30 seconds, followed by annealing

at 100°C for five minutes.

Given that solvents evaporate, as observed in the rinsing step detailed in chapter 3, they

do not constitute an additional layer, thus no effects are expected from the solvent. If a
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worse performance of the cell is observed, the solvent has likely damaged the perovskite

surface.

Regarding the solvents, methanol is more polar than ethanol, followed by IPA. From
previous experience in the laboratory, IPA has no known effect on the used perovkite,

hence the the most interesting results would be the one of ethanol and methanol.
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Figure 5.1: Statistics on (a) Js , (b) Vo, (¢) F'F, (d) PCE of cells: reference and different

solvents on the perovskite surface.

The results in figure 5.1, confirm what was expected. The samples with IPA, the least
polar solvent, have a very similar performance to the reference cell; on the contrary, as the
polarity of the solvent grows, from IPA to ethanol to methanol, the performance degrades,

indicating damage to the perovskite surface. These results lead us to the conclusion that
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using methanol or ethanol, will not boost the performance, independently of the salt itself.

5.2. The solubility issue

While the effect of the solvent on the perovskite is of elementary importance, a second
crucial factor to consider is the solubility of the two salts. As a consequence, coincidentally
with the "solvent tests", the strength of methanol, ethanol and IPA on Csl were tested
(only Csl was used, due to the similar nature of CsI and CsBr).

As learnt from Baumeler et al [136], who examined the same materials on a slightly
different perovskite solar cell, Csl is soluble in methanol. Following their results, who
concluded that the optimal concentration of Csl for passivation of their devices was of
2.5mgmL ™!, we obtained both a 2.5 mgmL™" and 5 mg mL ™" solution of CsI in methanol,
requiring only a few hours in the ultra-sonicator.

Challenges emerge with less polar solvents. Using ethanol, only a 2.5 mgmL™" solution
was achieved, whereas a 5mgmL™" solution failed to dissolve. Clearly, using IPA, the
least polar solvent, the dissolution of the salt becomes even more challenging: not even a

1 mgmL~! solution was accomplished.

Combining these results with those showed in figure 5.1, a seemingly unbeatable challenge
rises: ethanol and methanol effectively dissolve the salt but harm the perovskite, whereas
IPA leaves the surface unaffected, but a solution of Csl with it is not achievable.

A tentative approach to divert from these problems, detailed in section 5.3, is the intro-
duction of a "protection layer" between the perovskite and the solution of salt; this would
allow the use of more polar solvents, such as methanol, but at the same time adding an

additional layer of complexity to the choice of materials and the structure of the cell.

Table S8 lists the relevant results obtained for different solvents and percentages of them,
in terms of dissolution of Csl. The results obtained with different percentages of IPA and

ethanol spin coated on the perovskite surface, are shown in figure S11.

5.3. Use of a protection layer for the perovskite

The protection layer of choice was constituted by a solution of thiopheneethylammonium

iodide (TEAI), spin coated on top of the perovskite and afterwards annealed.

A first test was carried out, with TEAI only followed by ethanol or methanol (IPA was
no longer considered, due to its inability to dissolve CsI). The samples are compared to
the bottom interface cell (all of the samples, when compared to the bottom interface cell

rather than the reference one, have Me-4Pacz on top of NiOx as well).
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Figure 5.2: Statistics on (a) Js. , (b) Vi , (¢) F'F, (d) PCE of cells: bottom interface and
different solvents combined with the protection layer (TEAT).

From the results in figure 5.2, two clear conclusions can be drawn. With the addition
of the protection layer, the differences between methanol and ethanol become almost ir-
relevant: the two performances, in red and blue in figure 5.2, are essentially equivalent,
contrarily to figure 5.1, where the higher polarity lead to a worsening effect on the results.
On a second note, despite the incorporation of TEAI, there is a clear drop in the per-
formance. Ideally, a good result would lead to no differences compared to the bottom
interface cell, analogously to those cells treated solely with plain IPA on top of the per-
ovskite surface (figure 5.1). The observed disparity in results suggests that even with the

protective layer, the two polar solvents damage the perovskite surface.

This issue is observed with the addition of CsI as well, always following TEAI, for solutions
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of CsI both in ethanol and methanol (figure S12). The salt solution was spin coated with

the same settings.

Different combination of settings of the spin coating could still be tried: varying speed
and time of rotation, the thickness of the resulting layer changes. After the results of the
"solvent tests" though, we assumed safe to conclude that the main issues, the solubility

and the deterioration of the perovskite, derive from the use of solvents.

What if there was a way to include the salts without solvents? This could be done via
thermal evaporation. It would have different advantages: in terms of time for example,
due to the fact that the thermal evaporation includes all samples at once, while the spin
coating has to be executed sample by sample. Additionally, it would eliminate the need
for solvents. Most importantly, successful evaporation could serve as a valuable asset for

scaling up, eliminating the spin coating, which is not effective for large area cells |79].

5.4. Evaporated Csl and CsBr

Evaporating the two salts, the most crucial parameter to control is the thickness. Different

thicknesses were tested, starting from as thin as 0.3nm, up to 4 or 5nm.

Regarding Csl, slightly better results were observed for 1.5 nm (figure S13) than for thinner
layers. This encouraged us to increase the thickness, up to 4nm, as shown in figure 5.3.
It is possible to see a slight improvement for a thickness of 3nm, while increasing to 4nm

leads to a drop in the performance.

Regarding CsBr instead, the results were similar, but no thickness exceeded the perfor-

mance of the bottom interface devices (figure S14).

To conclude, the presence of 3nm of evaporated Csl seems to have a slightly positive

influence on the performance of the cell.
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The tests were carried out for both reference and bottom interface cells with the addition of

3nm of evaporated Csl between the perovskite layer and the ETL, referred to as reference

+ Csl, and bottom interface + CsI devices.

They are described in tables S9 and S10, and shown in figure S3d and S3e respectively.

In the thermal stability test, a small modification to the cell structure was made to include

a further examination in the same test.

The reason behind this lays in the LiF layer, depicted by us as a built-in part of the ETL,

which is actually an additional layer introduced for surface passivation [82].
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Notably, Baumeler et al. [136] suggest that the Csl layer is expected to contribute to
stability improvement. To assess whether the Csl alone can enhance stability without
the presence of LiF, cells of the same type were fabricated with and without LiF. If this
were successful, it would eliminate the need for the LiF layer, reducing material and time

consumption.

The first results in figure 5.4 show the comparison between the reference cell (table S1),
the reference cell with the addition of Csl but not LiF, and the reference cell with both
Csl and LiF (table S9).

For clarity, table S11 lists the stack of the three samples in figure 5.4 (please note that
the ITO between electron transport layer and metal is introduced only for the sake of the

thermal stability test, as detailed in section 2.3.2).

The same analysis was done for the bottom interface cells in figure 5.5: bottom interface
cells (table S3) were compared to those with the addition of Csl without LiF and with
the addition of both CsI and LiF (table S10).

Table S12 lists the stack of the three types of cells of the test in figure 5.5.
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Figure 5.4: Results of the thermal stability test of (a) Js. , (b) Vo , (¢) FFF, (d) PCE of
the reference and cells with Csl, with and without LiF.

From figure 5.4d, it is possible to observe a significant difference between the cells with
and without Csl. Specifically, while the reference cells sustain 19.5% of their initial per-
formance, the reference + CsI cells in blue retain 33.6%. This is a similar value to the
bottom interface cell, which has a final performance of 32.6%. Therefore, the addition of
Me-4PAcz on top of the HTL or the evaporation of Csl before the ETL, yield comparable

results in terms of stability.

Additionally, when LiF is removed from the ETL, the PCE after 1000 hours is higher.
The light blue curve in figure 5.4d maintains 64.6% of the initial PCE, in contrast to the
blue curve, which retains 33.6%.
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The same behaviour can be observed for the bottom interface cells in figure 5.5. The
samples with CsI maintain a higher performance, respectively 45.6% and 54.9% with and

without LiF, while the bottom interface cell retains 32.6% of the initial performance.
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Figure 5.5: Results of the thermal stability test of (a) Js. , (b) Vi , (¢) FF, (d) PCE of
the bottom interface and cells with Csl, with and without LiF.

Examining figure 5.6 provides insights into the PCE over time for all types of devices,
allowing us to draw conclusions on the impact of the various added layers on stability.
The two higher curves are for those devices with Csl but without LiF. The middle two
curves are for devices with Csl and LiF. The two lowest results are for those devices
without Csl, and the addition only of Me-4PACz between the HTL and the perovskite,
or the reference cell alone.

These findings support the notion of Csl contributing positively to stability, while high-
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lighting the unfavorable influence of LiF in terms of stability.
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Figure 5.6: Results of the thermal stability test of PC'E of all types of cells.

A peculiar phenomenon that can be observed is how, while for the bottom interface device
the Me-4PACz helps with the stability when compared to the reference devices, when Csl
is added (and LiF removed), the Me-4PACz is no longer advantageous. Several factors
could account for this, and conducting tests with a larger amount of samples for a more
accurate statistical analysis may help confirm these findings. Additionally, it is important
to note that while Me-4PACz may not be as beneficial in terms of stability, it is in terms

of initial performance.

A second aspect that can be pointed out is the significantly reduced PCE values observed
after the thermal stability test. Typically, literature suggests an anticipated PCE range of
70% to 90% after 1000 hours, in contrast to the observed low values of around 20%. These
reduced values are probably due to the BCP, the last component of the ETL, which is
confirmed to show fast aggregation at the temperature of 85°C [139]. For thermal stability
tests, it is wiser to replace the BCP with inorganic metal oxides to exclude its negative

effect.

5.6. Material characterizations



5| Top layer modifications 56

5.6.1. External quantum efficiency

The analyses were carried out for the reference + CsI cells (table S9) and the bottom
interface + Csl devices (table S10).

The EQE plots of reference and bottom interface cells with evaporated Csl between the
perovskite and the electron transport layer are shown in figure S15b and 5.7b respectively.
The values of J,. are for 23.16 mA cm ™2 and 23.36 mA cm™? for the bottom interface
devices, with and without CsI respectively, and of 22.93 mA cm~2 and 23.14 mA cm~2 for
the reference devices.

The discrepancy between the integrated J,. from EQE and the values from the J-V scan
in figures S15a and 5.7a is about 22.69 mA cm=2 ~ 0.7mA cm~2 for the bottom interface

device and 0.8 mA cm™~2for the bottom interface device.
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Figure 5.7: (a) J-V curves and (b) EQE spectra and the integrated J,. of bottom interface

and bottom interface + Csl devices.

The EQE curves of all the types of cells, alongside a table containing all the values of

integrated and measured J,., are shown in figure S16 and table S13.

5.6.2. Photoluminescence

In the steady-state luminescence analyses, the application of Csl over the perovskite seems
to have the same consequences, both in the reference and bottom interface case, as shown
in figure 5.8. In fact, both the reference and bottom interface curves have higher intensities
than their counterparts without salt, with the same position of the peak with respect to

the wavelength.
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Figure 5.8: SSPL of (a) reference and reference +CsI cells and (b) bottom interface and
bottom interface + Csl cells.

The time-resolved photoluminescence results of the cells with Csl on top of the perovskite,
alongside their exponential fitting following equation 2.8, are shown in figure S17. The
parameters of the exponential fitting in figure S17 are listed in table S14.

Figure S18 and table S15 show and list the TRPL plots and exponential fitting data for
all types of cells.

The steady-state photoluminescence curves of all types of cells are shown in figure S19.

5.6.3. Scanning electron microscopy

Figure 5.9 shows the top SEM of the reference cell, compared to the bottom interface with
Csl on top of the perovskite (bottom interface + Csl, described in table S10 and shown
in figure S3e).

There is a clear difference between the two films: the presence of the whiter grains due to
residual Pbly is no longer visible when Csl is evaporated on top of the perovskite. This
confirms the relationship between residual Pbl, and stability: with the evaporation of CslI,
the white grains are no longer visible and the performance in time is greatly improved, as

confirmed by the thermal stability test, in figures 5.4 and 5.5.
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Figure 5.9: SEM of (a) reference and (b) bottom interface + CsI cells.

5.6.4. Transient photocurrent and photovoltage

Similarly to the photoluminescence analyses, we conducted TPC and TPV analyses on
reference + Csl cells (table S9).

The decay time of the reference cell for TPC is lower than the relative cell with the
addition of Csl, denoting a better charge extraction. For TPV the reference cell has a

higher decay time indicating less non-radiative recombinations.
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1.0

o
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Figure 5.10: (a) TPC and (b) TPV for the reference and reference + CsI cells.

The decay constants for the cells in figure 5.10 are resumed in table S16.
Figures S20 and S21 contains the TPC and TPV plots for the three types of cells (refer-

ence, bottom interface and reference + CsI).
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5.6.5. X-ray diffraction

The XRD patterns of the reference + CsI and bottom interface + Csl cells are shown in
figure 5.11, alongside with the FWHM values listed in table S5.

It is possible to observe the same peaks present also in the case of the Me-4PACz treated
films (figure 4.6). The reference cells with Csl on top of the perovskite have lower in-
tensity with respect to the reference, implying a worse crystallinity. The same happens

for the bottom interface cells with Csl, which have lower values than the bottom interface

counterparts.
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Figure 5.11: XRD of (a) reference and reference + CsI cells and (b) bottom interface and
bottom interface + Csl cells.
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6 ‘ Conclusions

In this study, interface engineering techniques were applied to medium-bandgap perovskite
solar cells to enhance their efficiency and stability over time.

Passivation of the hole transport layer surface with Me-4PACz resulted in a significant in-
crease in the open-circuit voltage, thereby boosting the overall power conversion efficiency.
However, implementation of the same material into the perovskite precursor solution led
to performance losses.

Engineering of the interface between the perovskite layer and the electron transport layer
using inorganic salts provided valuable insights. This included the influence of different
solvents on the perovskite surface and the comparative advantages of thermal evaporation
over spin coating. Notably, the deposition of CsI on top of the perovskite hinted at po-
tential positive effects, indicating possibilities for further investigation to optimize device

performance.

The investigation into the thermal stability revealed the roles of Csl, Me-4PACz, and LiF
on the long-term durability of the devices. While our study involved a limited number of
devices tested over 1000 hours, expanding the sample size and conducting other types of
stability tests will provide a more comprehensive understanding of stability, a fundamental

aspect in the advancement of perovskite solar cell technology.

Furthermore, spectroscopy techniques were employed to gather further insight into the
behavior of the passivated devices. Initial interpretations were made based on the obtained
results and existing literature on similar devices, and further investigation is necessary to

validate these assumptions and expand our understanding.

In conclusion, this work highlights the role and the struggles of interface engineering in
enhancing the performance and stability of perovskite solar cells. The findings contribute

to the ongoing efforts to develop efficient and sustainable future.
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Supplementary Information

Chapter 1: introduction

1: Working principle and losses

Notes for figure Sla:

e BB6000K stands for "black body with a surface temperature of 6000K",
where a black body is "a theoretical object that completely absorbs all of the
light that it receives and reflects none" [140];

e Defined by ASTM [15, 16|, AM1.5D, AM1.5G and AMO are terrestrial

spectral irradiance distributions, direct normal, hemispherical on 37° tilted

surface, and just outside the earths atmosphere, respectively.

Note for figure S1b: DB limit stands for "detailed balance limit", i.e. Shockley-

Queisser limit.
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Figure S1: (a) Solar spectrum according to ASTM G173-03 compared to the spectrum
used by Shockley and Queisser of a black body with a surface temperature of 6000 K,
reproduced with permission from [17]|, and (b) fraction of the Shockley-Queisser limit

(black line) achieved by record-efficiency cells, gray lines showing 75% and 50% of the

o
nc-Si —.— °
SbSSe  a-Si:H
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1.1 1.3 15 1.7
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limit, updated to December 2023, reproduced with permission from [141, 142].
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1.1: PSCs challenges
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Figure S2: a) Energy levels of metal and organic material before contact. b) Various
cases of energy level diagrams of metal/organic interface after contact ((i) vacuum level
alignment; (ii and iii) dipole layer formation; (iv and v) occurrence of band bending). c)
Energy levels of organic and organic materials before contact. d) Various cases of energy
level diagrams of organic/organic interface after contact (i, vacuum level alignment; ii
and iii, dipole layer formation; iv and v, occurrence of band bending). Reproduced with

permission from [72].

Chapter 2: fabrication and characterization

2.2 Reference cell

Ag
LiF/Cgq/BCP
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Ag
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Figure S3: Structures of the (a) reference, (b) bottom interface, (c¢) Me-4PACz treated,
(d) reference + CsI and (e) bottom interface + CsI cells.
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7

Layer Material Deposition Thickness/
Concentration
HTL Nickel oxide DC sputtering 15 nm
Perovskite Lead iodide Thermal evaporation 200nm
Organic solution | Spin coating and annealing 0.43M
Lithium fluoride Thermal evaporation 0.8nm
ETL Carbon 60 Thermal evaporation 30nm
Bathocuproine Thermal evaporation bSnm
Metal Silver or Copper Thermal evaporation 100nm
Table S1: Reference cell.
2.3.2 Thermal stability test
Layer Material Deposition Thickness/
Concentration
HTL Nickel oxide DC sputtering 15 nm
Perovskite Lead iodide Thermal evaporation 200nm
Organic solution | Spin coating and annealing 0.43M
Lithium fluoride Thermal evaporation 0.8nm
ETL Carbon 60 Thermal evaporation 30nm
Bathocuproine Thermal evaporation onm
Additional layer ITO DC sputtering 70nm
Metal Silver Thermal evaporation 100nm

Table S2: Reference cell used for the thermal stability test.

Chapter 3: bottom layer modifications
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3.2.3 Optimal concentration of perovskite
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Figure S4: Statistics on (a) Jg., (b) Vi, (¢) F'F, (d) PCE of cells: Me-4PACz on top of

NiOx and higher concentrations of the organic solution of the perovskite.
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Layer Material Deposition Thickness/
Concentration
HTL Nickel oxide DC sputtering 15 nm
Additional layer Me-4PACz Spin coating and rinsing 0.33mg/ml
Perovskite Lead iodide Thermal evaporation 200nm
Organic solution | Spin coating and annealing 0.43M
Lithium fluoride Thermal evaporation 0.8nm
ETL Carbon 60 Thermal evaporation 30nm
Bathocuproine Thermal evaporation Snm
Metal Silver Thermal evaporation 100nm

Table S3: Bottom interface cell.

3.3.2 Photoluminescence
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Figure S5: Time-resolved photoluminescence of reference and bottom interface cells.
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Reference bottom interface
A, 150.48 + 4.88 179.99 4+ 4.22
7 | (73.52 £ 4.37) ns | (58.38 + 2.52)ns
A, 743.19 £+ 3.95 739.02 + 3.90

T2 | (488.86 + 6.32) ns

(362.50 + 3.0) ns

80

Table S4: Parameters of the TRPL exponential fit for reference and bottom interface cells.

3.3.5 X-ray diffraction
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Figure S6: (¢) XRD patterns for NiOx and (d) XRD patterns for NiOx/MeO-2PACz

SAM, reproduced with permission from [1].
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Figure S7: (c) XRD patterns for perovskite films on pristine NiOx and (d) XRD for

modified NiOx, reproduced with permission from [1].
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Reference | Bottom | Me-4PACz | Reference | Bottom interface
interface treated + Csl + Csl
13.98° 0.168 0.163 0.162 0.167 0.167
28.3° 0.185 0.185 0.189 0.188 0.181

Table S5: FWHM of the peaks of the XRD data of all cells

Chapter 4:

4.2 Electrical results

bulk modifications
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Figure S8: Statistics on (a) Jg, (b) Vo, (¢) FF, (d) PCE of cells: reference and higher

concentrations of Me-4PACz in the perovskite precursor solution.
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4.3 Characterizations and tests

Layer Material Deposition Thickness/
Concentration
HTL Nickel oxide DC sputtering 15 nm
Additional layer Me-4PACz Spin coating and rinsing 0.33mg/ml
Perovskite Lead iodide Thermal evaporation 200nm
Organic solution | Spin coating and annealing 0.43M
+ Me-4PACz +0.1mg/ml
Lithium fluoride Thermal evaporation 0.8nm
ETL Carbon 60 Thermal evaporation 30nm
Bathocuproine Thermal evaporation Snm
Metal Silver Thermal evaporation 100nm

Table S6: Me-4PACz treated cell.

4.3.2 Photoluminescence
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Figure S9: Time-resolved photoluminescence of bottom interface and Me-4PAcz treated

cells, alongside their biexponential fit.
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Bottom interface | Me-4PACz treated
A 179.99 4 4.22 188.07 + 8.16
'E] (58.38 £+ 2.52)ns (92.76 + 4.86) ns
A, 739.02 £+ 3.90 747.58 £+ 6.97
To (362.50 + 3.0) ns (470.10 + 7.77) ns

Table S7: Parameters of the TRPL exponential fit for bottom interface

treated cells.

4.3.3 X-ray diffraction

Figure S10: SEM images of (a) neat perovskite film, (b) perovskite film processed with 0.5
mg/mL Me-4PACz in precursor, (c) perovskite film processed with 1 mg/mL Me-4PACz

concentrations in precursor, and (d) perovskite film processed with 2 mg/mL Me-4PACz

in precursor, reproduced with permission from [2].

Chapter 5: top layer modifications

and Me-4PAC%
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5.2 The solubility issue

Solvent(s) Concentration Solubility
[PA Img/ml Not dissolved
Ethanol 2.5mg/ml Dissolved
Ethanol 5mg/ml Not dissolved
Methanol 2.5mg/ml Dissolved
Methanol 5mg/ml Dissolved
33% IPA 66% ethanol 2.5mg/ml Dissolved
66% IPA 33% ethanol 2.5 mg/ml Not (entirely) dissolved

Table S&: Results of different solvents used to dissolve Csl.

84



| Supplementary Information

234
23.2 4
23.0
o
5
22.8
2 °
£ .
2
- 2264 ° °
° e
22.4 A ’ %0
T Min + Max
22.2 4 i l_ o Mean
T T T
Bottom interface 33% IPA, 66% 33% Ethanol, 66%
Ethanol IPA
(a)
78 4 T T Min = Max
@ Mean
° B
76 4 @ 0
P 00
°
»
= 74 N
W > 2
o " —
724
——
704
68 —

T
Bottom interface

T
33% IPA, 66%

Ethanol

()

T
33% Ethanol, 66%

IPA

T Min = Max
1.057 s Mean

1.050

1.043

>
3 1.036
1.029

1.022

1.015

1.008 -

T T T
Bottom interface 33% IPA, 66% 33% Ethanol, 66%

Ethanol IPA

(b)

T Min + Max
Mean

T_:Q ohﬁa:_+

= 1761 =
o
& 172

16.8

16.4

16.0

T T
33% IPA,66%  33% Ethanol, 66%
Ethanol IPA

T
Bottom interface

(d)

85

Figure S11: Statistics on (a) Js., (b) Vi, (¢) FF, (d) PCE of cells: bottom interface

and different percentages of IPA and ethanol on top of the perovskite surface. These

results prove again the correlation between polarity of the solvent and worsening of the

performance.
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5.3 Use of a protection layer for the perovskite
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Figure S12: Statistics on (a) Js, (b) Vo, (¢) F'F, (d) PCE of cells: bottom interface and
Csl combined with the protection layer (TEAI).
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5.4 Evaporated Csl and CsBr
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Figure S13: Statistics on (a) Js, (b) Vo, (¢) F'F, (d) PCE of cells: bottom interface and
evaporated Csl.
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Figure S14: Statistics on (a) Js., (b) Vo, (¢) FF, (d) PCE of cells: bottom interface and
evaporated CsBr.
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5.6 Characterizations and tests
Layer Material Deposition Thickness/
Concentration
HTL Nickel oxide DC sputtering 15 nm
Perovskite Lead iodide Thermal evaporation 200 nm
Organic solution | Spin coating and annealing 0.43M
Additional layer Csl Thermal evaporation 3nm
Lithium fluoride Thermal evaporation 0.8nm
ETL Carbon 60 Thermal evaporation 30nm
Bathocuproine Thermal evaporation dnm
Metal Silver Thermal evaporation 100 nm
Table S9: Reference + CsI cell.
Layer Material Deposition Thickness/
Concentration
HTL Nickel oxide DC sputtering 15 nm
Additional layer Me-4PACz Spin coating and rinsing 0.33mg/ml
Perovskite Lead iodide Thermal evaporation 200 nm
Organic solution | Spin coating and annealing 0.43M
Additional layer Csl Thermal evaporation 3nm
Lithium fluoride Thermal evaporation 0.8nm
ETL Carbon 60 Thermal evaporation 30 nm
Bathocuproine Thermal evaporation dnm
Metal Silver Thermal evaporation 100 nm

Table S10: Bottom interface + Csl cell.
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5.5 Thermal stability test

90

Reference | Reference 4 CsI (no LiF) | Reference + Csl
Nickel oxide Nickel oxide Nickel oxide
Perovskite Perovskite Perovskite
- Csl Csl

LiF - LiF

Ceo Ceo Ceo

BCP BCP BCP

ITO ITO ITO

Silver Silver Silver

Table S11: Reference, reference + Csl (no LiF) and reference + Csl devices (used for
the thermal stability test in figure 5.4).

Bottom interface | Bottom interface + CsI (no LiF) | Bottom interface + CsI
Nickel oxide Nickel oxide Nickel oxide
Perovskite Perovskite Perovskite
Me-4PACz Me-4PACz Me-4PACz
- Csl Csl
LiF - LiF
Ceo Ceo Ceo
BCP BCP BCP
ITO ITO ITO
Silver Silver Silver

Table S12: Bottom interface, bottom interface + CsI (no LiF) and bottom interface +

CsI devices (used for the thermal stability test in figure 5.5).
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5.6.1 External quantum efficiency
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Figure S15: (a) J-V curves and (b) EQE spectra and the integrated Jsc of reference and

reference + Csl devices.
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Figure S16: (a) EQE spectra of all types of cells and (b) zoom on the central part.
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Type of cell Integrated J,. | Measured Jg
Reference 22.93 mA -cm™2 | 22.7 mA - cm ™2
Bottom interface 23.16 mA -cm™2 | 22.8 mA - cm ™2
Me-4PACz treated 2269 mA -cm~2 | 21.8 mA - cm 2
Reference + CsI 23.14 mA -cm™2 | 23.2 mA - cm ™2
Bottom interface + CsI | 23.36 mA - cm™2 | 24.1 mA - cm ™2

Table S13: Integrated (from the EQE) and measured J,. for all types of cells.

Intensity (a.u.)

5.6.2 Photoluminescence
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Figure S17: TRPL of (a) reference and reference + CsI cells and (b) bottom interface

and bottom interface +Csl cells.

Reference Reference Bottom interface | Bottom interface
+ Csl -+ Csl
Aq 150.48 + 4.88 179.78 4+ 3.82 179.99 + 4.22 199.24 + 4.97
71 | (73.52 +£4.37) ns | (53.41 £ 2.12) ns | (58.38 + 2.52)ns (71.04 + 2.82) ns
A 743.19 + 3.95 T41.77 £ 3.59 739.02 + 3.90 693.06 £+ 4.37
Ty | (488.86 £ 6.32) ns | (338.70+ 2.40)ns | (362.50 £+ 3.0) ns (426.94 + 4.96)ns

Table S14: Parameters of the TRPL exponential fit for reference, reference + Csl, bottom

interface and bottom interface + Csl cells.
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Figure S18: Time-resolved photoluminescence of all the types of cells.
Reference Bottom Me-4PACz Reference Bottom
interface treated + Csl interface + Csl
A, 150.48 & 4.88 | 179.99 4 4.22 | 188.07 £ 8.16 | 179.78 + 3.82 199.24 4+ 4.97
71 [ns| | 73.52 £ 4.37 | 58.38 +2.52 | 92.76 + 4.86 | 53.41 £+ 2.12 71.04 £+ 2.82
A, 743.19 £+ 3.95 | 739.02 + 3.90 | 747.58 + 6.97 | 741.77 £+ 3.59 693.06 + 4.37
To [ns| | 488.86 + 6.32 | 362.50 + 3.0 | 470.10 + 7.77 | 338.70+ 2.40 426.94 4+ 4.96

Table S15: Parameters of the TRPL exponential fit for all the cells.
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Figure S19: Steady-state photoluminescence of all the types of cells.

5.6.4 Transient photocurrent and photovoltage
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Figure S20: (a) TPC analyses of reference, bottom interface and reference + CsI cells

and (b) zoom on the peak.
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Figure S21: Transient photovoltage analyses of reference, bottom interface and reference

+ Csl cells.

Decay constant | Reference | Bottom interface | Reference + CsI

TPC 1.19 us 1.14 ps 1.23 us
TPV 1.56 us 1.61 us 1.20 ps

Table S16: Decay constants of the TPC and TPV anaylses: reference, bottom interface

and reference + Csl cells.
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5.6.5 X-ray diffraction
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Figure S22: X-ray diffraction of all the types of cells.
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Figure S23: Zoom on (a) first and(b) second peak in the XRD plot of all types of cells.
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