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ABSTRACT
Perovskite solar cells (PSCs) are the most promising technology among third-generation solar
cells and by far the most efficient solution-processable solar cells. Their greatest advantage is
low-energy production and their fabrication ability on lightweight and flexible substrates.
Currently, research is primarily focused on lead-based PSCs, which are the most efficient and
stable of those being explored. Although they offer the potential for efficient technologies, lead
toxicity is one of the factors hindering the commercialization of these solutions and poses
problems related to subsequent management and disposal. Minimizing lead content in
fabricated devices is the preferred approach to reducing potential lead exposure. In this
dissertation, two main strategies were explored for minimizing lead content: (i) decreasing
perovskite thickness and (ii) replacing lead with non-toxic tin in the perovskite composition.
The next challenge in real commercialization is that most research efforts have focused on
enhancing power conversion efficiency on small-area (~0.1 cm?) cells made on rigid substrates,
which are far from being commercialized. Therefore, this thesis also considers advancing the
development of large-area (>1 cm?) flexible perovskite solar cells and modules using various

perovskite compositions.

The first chapter provides a brief introduction to PSC technology, outlining its theoretical
aspects, working principle, and key features. The second chapter discusses concerns about lead
toxicity, including environmental and health impacts associated with lead-based perovskites. It
also analyses the main challenges associated with tin-based perovskites, proposed as the main
alternative to lead-based ones. The third and fourth chapters provide a detailed overview of
deposition and characterization techniques employed in the experimental section. The
experimental section consists of a series of three publications and one patent application, all of

which focus on the development and fabrication of PSCs with reduced lead content.

The first experimental chapter (Chapter 5) describes the reduction of the lead content by
reducing the perovskite thickness. However, the formation of very thin, homogeneous
perovskite layers becomes a challenge due to the strains present in the fabricated layers, and
thus the generation of discontinuities that reduce photovoltaic performance. The study presents
aworking PSC with the thinnest perovskite layer reported so far, obtained using the spin-
coating technique. The produced PSCs contain up to 50 times less lead than standard ones. By
reducing the thickness of the remaining layers, semi-transparent PSCs have been obtained, with

an application area far beyond the currently available opaque heavy silicon cells.



The second work (Chapter 6) focuses on the fundamental problem with the easy oxidation of
Sn?* into Sn**, resulting in poor stability of tin-based perovskites. It presents the development
of a novel method for the synthesis of tin(l1) iodide, a key precursor for the production of tin-
based perovskites. The resulting perovskite ink and perovskite layers were characterized by
significantly higher purity and stability compared to commercial precursors. This was achieved
by eliminating Sn** impurities, which have an impact on material degradation and consequently
reduce PSC performance. The work also demonstrates a flexible tin-based PSC with an active
area of 1 cm? The designed method has improved the performance and stability of the
fabricated cells, which represents a further step towards the development of lead-free tin

perovskite technology.

The third publication (Chapter 7) presents the first-ever report on a tin-based perovskite solar
module fabricated by a scalable blade-coating technique. This result was achieved through
a comprehensive approach that involved optimizing the perovskite composition, improving its
deposition process, and enhancing crystallization by replacing the commonly used hole
transport layer with its non-aqueous equivalent. An important part of the work was also
optimizing the laser ablation process, which enabled an electrical connection between adjacent
cells in the module. The champion device achieved 5.7% power conversion efficiency on a 25

cm? total module area.

The last part of the experimental section (Chapter 8) is about the patent application extending
the method presented in Chapter 6. The described method allows to obtain a variety of metal
halide salts, as well as perovskite precursor inks and powders. Perovskite layers prepared from
the perovskite precursor ink, using metal halides synthesized according to the described
method, are characterized by a lack or reduced amount of impurities compared to conventional

synthesis or commercially available precursors.

This work aims to push further the development of sustainable photovoltaics and demonstrate
that lead-reduced and lead-free PSCs can be produced on a large scale, giving them real
potential for commercialization. The hypothesis that large-area perovskite solar cells and
modules with a significant lead reduction can be successfully fabricated using perovskite ink

engineering will be proven.



STRESZCZENIE
Perowskitowe ogniwa stoneczne sg najbardziej obiecujgca technologig sposréd ogniw
stonecznych trzeciej generacji i najbardziej wydajnymi ogniwami stonecznymi wytwarzanymi
mokrymi technikami powlekania. Najwigksza ich zaleta jest niskoenergetyczny koszt produkcji
oraz mozliwo§¢ wytwarzania na lekkich i elastycznych podtozach. Obecnie prowadzone
badania sa skoncentrowane na perowskitowych ogniwach stonecznych na bazie otowiu, ktore
sg najbardziej stabilne i wydajne sposroéd eksplorowanych. Chociaz to one oferuja duzy
potencjal pod katem efektywnych technologii, to toksycznos¢ otowiu jest jednym z czynnikow
utrudniajacych komercjalizacje tych rozwigzan i stwarza realne problemy zwigzane z ich
pézniejszym gospodarowaniem i utylizacja. Zminimalizowanie zawartosci otowiu
w wytworzonych urzadzeniach jest preferowanym podejsciem w celu zmniejszenia
potencjalnej ekspozycji na otow. W niniejszej rozprawie doktorskiej zbadano dwie glowne
strategie minimalizacji zawarto$ci otowiu: (i) redukcja grubosci perowskitu oraz (i) zastagpienie
otowiu nietoksyczng cyng. Kolejnym wyzwaniem w komercjalizacji perowskitowych ogniw
stonecznych jest fakt, ze $rodowisko naukowe koncentruje si¢ gléwnie na zwigkszeniu
wydajnosci konwersji energii ogniw o malej powierzchni (~0,1 cm?) wykonanych na
sztywnych podtozach, ktore sg dalekie od mozliwosci wprowadzenia na rynek. W niniejszej
rozprawie przeprowadzono badania nad rozwojem elastycznych perowskitowych ogniw

stonecznych i modutéw o duzej powierzchni (>1 cm?) dla réznych sktadow perowskitu.

Pierwszy rozdzial stanowi krotkie wprowadzenie do technologii perowskitowych ogniw
stonecznych, przedstawiajgc ich teoretyczny opis, zasade dzialania oraz najwazniejsze
wilasciwosci. W rozdziale drugim omdowiona zostata problematyka toksycznosci perowskitow
na bazie otowiu, w tym potencjalny wptyw perowskitow na s$rodowisko oraz kwestie
zdrowotne. Przeanalizowano rowniez gldwne wyzwania zwigzane z perowskitami cynowymi,
ktore sg gtowng alternatywa dla perowskitow otlowiowych. Rozdziaty trzeci i czwarty zawieraja
przeglad technik osadzania i charakteryzacji stosowanych w cze$ci eksperymentalnej. Cze$¢
eksperymentalna sktada si¢ z serii trzech publikacji i jednego zgtoszenia patentowego,
z ktorych wszystkie koncentrujg si¢ na rozwoju i optymalizacji wytwarzania perowskitowych

ogniw stonecznych o obnizonej zawartosci otowiu.

Pierwszy rozdziat eksperymentalny (rozdziat 5) opisuje redukcje zawartosci olowiu poprzez
zmniejszenie grubosci warstwy perowskitu. Okazuje sie jednak, ze wytwarzanie bardzo
cienkich, jednorodnych warstw perowskitu jest duzym wyzwaniem ze wzgledu na naprezenia

obecne w wytworzonych warstwach, co moze prowadzi¢ do generowania niecigglosci

Vi



prowadzacych do zmniejszenia wydajnosci ogniw stonecznych. W pracy zaprezentowano
dzialajace ogniwo stoneczne z najcienszg jak dotad warstwa perowskitu uzyskang za pomoca
techniki powlekania obrotowego. Wyprodukowane ogniwa zawierajg do 50 razy mniej otowiu
niz standardowe. Zmniejszajac grubos¢ pozostalych warstw, uzyskano polprzezroczyste
perowskitowe ogniwa stoneczne, ktoérych obszar zastosowan znacznie wykracza poza obecnie

dostepne nieprzezroczyste ciezkie ogniwa krzemowe.

Druga praca (rozdzial 6) koncentruje si¢ na fundamentalnym problemie szybkiego utleniania
si¢ jonéow Sn?* do Sn**, co prowadzi do niskiej stabilnosci perowskitow na bazie cyny.
Przedstawiono w niej nowa metode syntezy jodku cyny(ll), kluczowego prekursora do
produkcji perowskitow cynowych. Otrzymany tusz perowskitowy i warstwy perowskitowe
charakteryzowaty si¢ znacznie wyzsza czysto$cig 1 stabilnoscia w pordéwnaniu do
komercyjnych prekursoréw. Osiagnieto to poprzez wyeliminowanie zanieczyszczen jonami
Sn**, ktore maja wplyw na degradacj¢ materialu i w konsekwencji zmniejszaja wydajnosé
ogniwa stonecznego. W pracy zademonstrowano rowniez elastyczne perowskitowe ogniwo
stoneczne na bazie cyny o powierzchni aktywnej 1 cm? Opracowana metoda poprawita
wydajnos¢ 1 stabilno$¢ wytworzonych ogniw, co stanowi kolejny krok w kierunku rozwoju

technologii perowskitow bezotowiowych.

Trzecia publikacja (rozdziat 7) przedstawia pierwsze w historii doniesienie na temat
perowskitowego modutu stonecznego na bazie cyny wykonanego za pomoca skalowalnej
techniki powlekania raklowego. Wynik ten zostat osiggnicty dzigki kompleksowemu podejsciu,
ktore obejmowato optymalizacje sktadu perowskitu, udoskonalenie procesu jego osadzania
oraz poprawe Kkrystalizacji poprzez zastgpienie powszechnie stosowanej warstwy
transportujacej dziury na jej bezwodny odpowiednik. Wazng czeScig pracy byla réwniez
optymalizacja procesu ablacji laserowej, ktora umozliwita potaczenie elektryczne miedzy
sgsiednimi ogniwami w module. Najlepszy modut osiagnat sprawnos¢ konwersji energii na

poziomie 5,7% na powierzchni catkowitej modutu wynoszacej 25 cm?,

Ostatni rozdzial cze$ci eksperymentalnej (rozdziat 8) dotyczy zgloszenia patentowego
rozszerzajacego metode przedstawionag w rozdziale 6. Opisana metoda pozwala na
otrzymywanie réznych soli halogenkdéw metali, a takze perowskitowych tuszy oraz proszkow.
Warstwy perowskitu przygotowane z roztworu prekursoroOw, wytworzonego przy uzyciu
halogenkéw metali zsyntezowanych zgodnie z przedstawiong metoda, charakteryzuja si¢
brakiem lub zmniejszong ilo$cig zanieczyszczen w porownaniu do konwencjonalnej syntezy

lub komercyjnie dostgpnych prekursorow.

Vii



Niniejsza praca ma na celu dalszy rozwdj zrownowazonej fotowoltaiki, pokazujac, ze
perowskitowe ogniwa i moduly stoneczne o obnizonej zawartosci otowiu moga by¢
produkowane na duza skalg, co daje im realny potencjal komercjalizacji. Udowodniona
zostanie hipoteza, ze perowskitowe ogniwa stoneczne i moduly o duzej powierzchni 0 znacznie
zredukowanej zawartosci otowiu mogg by¢ z powodzeniem wytwarzane dzieki odpowiedniej

inzynierii tuszu perowskitowego.
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Motivation and hypothesis

The widespread adoption of perovskite solar cells (PSCs) is currently limited by the use of toxic
lead, raising critical environmental and regulatory concerns. As a promising lead-free
alternative, tin-based perovskites offer comparable optoelectronic properties while potentially
mitigating toxicity issues. However, their commercialization remains challenging due to their
inherent instability, particularly the rapid oxidation of Sn?* to Sn** under ambient conditions.
Although various material engineering strategies have been explored, reliable and scalable
synthetic methods for producing high-purity, oxidation-resistant tin(11) iodide are still lacking.
Overcoming this bottleneck is essential for enabling the development of efficient, stable, and
environmentally friendly PSCs.

This dissertation aims to improve methods for the fabrication of lead-reduced perovskite solar
cells. The motivation for the research was outlined in Chapter 1.1 and is further expanded in
Chapter 2, where both the toxicity of lead-based perovskites and the potential alternative of tin-
based perovskites are discussed. Two deposition techniques were used to fabricate the
perovskite layers: spin-coating and blade-coating. In addition, a wide range of structural,
optical, and electrical characterization methods were used to assess material quality and device
performance, which are described in Chapter 4 and the Supporting Information section of the

related publications.

The structure of this dissertation is organized to reflect a logical progression from motivation
and hypothesis through experimental methods and results, concluding with innovation and
future perspectives. The hypothesis presented in the dissertation is that large-area perovskite
solar cells and modules with a significant lead reduction can be successfully fabricated using
perovskite ink engineering. To verify the hypothesis, detailed studies were carried out as
outlined in Chapters 5, 6, and 7. These chapters are complemented by the patent application
described in Chapter 8, which is an extension of the method reported in Chapter 6. The

dissertation presents three different experimental approaches to verify the hypothesis:

1. Fabrication of uniform ultra-thin perovskite layers using a tailored perovskite ink
composition based on highly pure precursors. The developed methodology enabled the
production of lightweight semi-transparent perovskite solar cells with significantly reduced

lead content.



2. Development of a method allowing the in-situ synthesis of tin-based perovskite ink with
minimal impurities affecting the quality and stability of the produced films and devices. The
new approach enabled the fabrication of completely lead-free perovskite solar cells with
remarkable performance and long-term stability.

3. Demonstration of the first-ever tin-based perovskite solar modules achieved through

optimization of the perovskite ink composition and additive engineering.



1 Introduction

1.1 Global warming and renewable energy sources

Global warming is one of humanity's biggest problems in the 21% century. It is the result of an
increase in greenhouse gases concentration (mainly carbon dioxide, methane, and nitrous oxide)
in the atmosphere, which then traps heat energy from the Earth's surface [1]. Radiative
imbalance leads to an increase in the average temperature of the planet, triggering a range of
adverse environmental changes. Some of these changes amplify the warming, causing an
avalanche effect. For instance, an increase in the average temperature of the planet causes
glaciers to melt, reducing Earth’s albedo and thus absorbing more heat.

The main idea to tackle global warming is to minimize the production of greenhouse gases. The
strategy now needs to change to keep warming below 1.5°C, as set out in the Paris Agreement
and reinforced in the Glasgow Pact. Many countries have committed to net-zero emission
targets by 2050 (including the European Union, United Kingdom, Japan, South Korea), 2060
(China), or 2070 (India) [2]. Quite a large amount of greenhouse gases is produced by burning
fossil fuels, which still contribute about 80% of the world's energy production [3]. One possible
solution is replacing fossil fuels with zero-carbon energy technologies, which include solar,

geothermal, and wind power.

Photovoltaic technology, which directly converts solar energy into electricity, offers a practical
and sustainable solution to meet the growing global demand for energy. Since the introduction
of the first generation of crystalline silicon solar cells in 1954, photovoltaics has undergone
significant evolution. Today, high-purity crystalline silicon remains the dominant photovoltaic
product for commercialization, achieving power conversion efficiencies (PCES) exceeding
27.6% and demonstrating long-term operational stability [4]. In principle, a solar cell absorbs
a specific spectrum of sunlight, and by the photoelectric effect, pairs of charge carriers are
generated. By separating and transporting electrons and holes to the corresponding electrodes,
a potential difference is created, and the generation of an electric current flow is possible.
Currently, the most popular material for absorbing solar radiation is crystalline silicon,
providing about 97% of total production [5]. The main disadvantages of such cells are the low
chances of further improvements in efficiency due to fundamental physical limitations, the
weight due to thick substrates, and the need to use high temperatures during the manufacturing

process, which has a direct effect on production costs. Although the price of silicon cells is



constantly decreasing, other solutions are being explored, which would be cheaper, more

efficient, and allow for expanding the area of potential applications.

The next generations of solar cells relate to thin-film cells, which require much less absorbing
material and can be deposited on flexible, lightweight substrates. The best-known types of
second-generation cells are those based on amorphous silicon, cadmium telluride (CdTe),
copper indium selenide (CIS), and copper indium gallium selenide (CIGS) [6]. The third
generation of cells includes dye-sensitized solar cells (DSSCs), organic solar cells (OSCs),
quantum dot solar cells (QDSCs), or perovskite solar cells (PSCs) [7]. Currently, the majority
of third-generation solar cells have certain drawbacks and limitations - in the case of DSSCs, it
is the liquid electrolyte, while in QDSCs the limitation is the high binding energy of the exciton
[8-9]. These concepts have both advantages and disadvantages. However, it is not necessary to
see them as a strict black and white contrast. There remains an area of the market where silicon
cells cannot be used. The fact that the new generation of solar cells can be manufactured on
flexible substrates allows them to be easily installed in many places inaccessible to heavy and
rigid silicon cells [10-11].

This thesis relates to the most promising technology from third-generation photovoltaics —

flexible perovskite solar cells.

1.2 Metal halide perovskites

Metal halide perovskites are a great candidate for absorber material for solar cells due to their
high absorption coefficient, tunable bandgap, and good charge transport properties [12]. The
term perovskite refers to materials with a general chemical formula ABXz and crystal structure
adopted by the mineral called perovskite, which consists of calcium titanium oxide (CaTiO3)

[13]. The crystal structure of perovskite is shown in Figure 1.

Figure 1. Cubic perovskite crystal structure. Reproduced with permission from Springer Nature [14].



Perovskite can be composed of many different elements. In the case of photovoltaic
applications, the A-site cation is usually methylammonium (CH3NHs*, MA™), formamidinium
(CH(NH2)2*, FA*") or cesium cation (Cs*), the B-site cation is lead (Pb?*) or tin (Sn?*) cation,
and the X-site anion is iodide (I") or bromide (Br’) anion. To form a photoactive perovskite
structure ABX3, the Goldschmidt tolerance factor t needs to be in the range 0.8 < t < 1, where

Ty +T‘X

i Tt W

and r,, rg, and ry is the ionic radius of the corresponding atom [15]. If t is greater than 1, it is
possible to form a two-dimensional layered structure. Usually, it is done by increasing the size
of the A-site cation [16]. Calculated tolerance factors for a few different A-site cations are

shown in Figure 2a.
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Figure 2. (a) Goldschmidt tolerance factor of APbls perovskite with different A-site cations: Cs — cesium, MA —
methylammonium, FA — formamidinium, DMA — dimethylammonium, EA — ethylammonium, GA — guanidinium,
AA — acetamidinium. Reprinted with permission from [16]. (b) Absorption coefficient spectra of MAPb(Brxl1-x)s.
Reproduced from [17] with permission from the Royal Society of Chemistry.

The X-site anion and B-site cation have the main influence on the bandgap. An exchange of the
X-site anion modifies the dimensions of the perovskite unit cell and thus the bandgap. A lower
bandgap is obtained for a bigger anion. In the case of MAPbX3, the bandgap can be tuned from
about 1.6 eV for MAPDI3 to 2.3 eV for MAPDbBr3 [17]. Absorption coefficient spectra for
different MAPDI3 to MAPDBI3 ratios are shown in Figure 2b.



1.3 Perovskite solar cells

1.3.1 Architectures and materials

The first perovskite solar cells originated from dye-sensitized solar cells, where the photoactive
material was incorporated into a mesoporous structure responsible for collecting and
transporting the generated charge carriers [18]. However, with the discovery of ambipolar
transport in perovskite and their large diffusion lengths of carriers, the mesoporous structure
was no longer required [19]. This advancement led to a much thinner planar architecture, where
all layers are separated. Typically, the perovskite layer is sandwiched between layers
responsible for selective carrier transport. The side through which light enters the solar cell
determines its architecture. In the n-i-p architecture, the light first passes through the electron
transport layer (ETL) and then the perovskite. Conversely, in the p-i-n architecture, light first
passes through the hole transport layer (HTL). Depending on the chosen architecture, different
materials are used for ETL and HTL to optimize performance. For ETL in n-i-p architecture,
the most common are TiO2 and SnOz and for HTL 2,2'7,7'-tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD) [20]. Unfortunately, Spiro-
OMEeTAD requires some highly hygroscopic additives to improve conductivity, which can
further affect the stability of PSC [21]. It can be overcome by the implementation of the p-i-n
architecture, where for HTL many more materials can be used. From inorganic materials, the
most promising are NiOx, CuSCN, and Cul, and from organic - poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA), poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) and poly(3-hexylthiophene-2,5-diyl) (P3HT) [20]. The typical materials for
ETLs are fullerene C60 and its derivatives [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
or 1°,1”°,4°,4>’-tetrahydro-di[1,4]Jmethanonaphthaleno[5,6]fullerene-C60 (ICBA) [22]. The
reason for different transport materials for n-i-p and p-i-n architecture is mainly the requirement
of high transparency of the first layer and solvent compatibility for material deposited on top
of the perovskite layer. For example, PEDOT:PSS aqueous dispersion is suitable as HTL in p-
i-n architecture but cannot be used directly as HTL in n-i-p architecture, as the water content

would dissolve the perovskite layer.

1.3.2 Working principle

In PSCs, the material responsible for absorbing light is perovskite. Photons of high enough
energy reaching the perovskite layer excite electrons in the valence band, leading to the
formation of an electron-hole pair. To generate current flow, these carrier pairs must be

separated and transported to the appropriate electrodes. Figure 3 illustrates this mechanism.



Due to the low binding energy of the exciton and high mobility of charge carriers, they can
easily reach the transport layers and then the electrodes. Charge carrier transport is enabled by
an electric field and diffusion driven by the concentration gradient [23]. However, the charge
carriers can recombine, which reduces the solar cell efficiency. In an ideal solar cell where only
radiative recombination occurs, it is possible to achieve the theoretical efficiency limit proposed
by Shockley and Queisser [24]. However, any non-radiative recombination results in efficiency
loss, varying from the Shockley-Queisser limit. Non-radiative recombination typically arises
from the presence of trap states, which form at grain boundaries in the perovskite or the interface

between different materials [25].

The predicted maximum efficiency for a single junction solar cell with an optimal absorber
bandgap close to 1.1 eV and a standard solar spectrum (AM1.5G, 1000 W/m?) is set at 33%.
That value can be increased if calculations are done for different light sources (white fluorescent
lamp, phosphor light-emitting diode). Maximum efficiency of about 57% is calculated for a
bandgap of 1.82 - 1.96 eV and an artificial light source [26]. That bandgap can be obtained for
perovskites, which opens a new area of application for them — indoor photovoltaics [11].
Shockley-Queisser limit can also be overcome by tandem solar cells, where two or more

absorber layers are connected in one device [27].
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Figure 3. Band diagram and main processes in PSC: 1) absorption of photon and free carrier generation; 2) charge

carrier transport; 3) charge extraction to electrodes. Reprinted from [28] with permission from Elsevier.



2 Choice of perovskite absorber layer

2.1 Toxicity aspects of lead-based perovskites

The optical and electrical properties of perovskites based on lead are nearly ideal for solar cell
applications. However, lead is a highly toxic element, raising significant concerns about
potential leaching from PSCs and resulting environmental contamination. Nevertheless, the
standard perovskite absorber is very thin (hundreds of nanometers). For example, in the case of
the MAPDI3 layer, approximately 33% of its mass is attributed to Pb. As a result, the total Pb
content in PSC is less than one gram per square meter. Despite this, small amounts of lead
contamination from PSCs pose a potential risk to soil and groundwater, where it could further
transfer to plants, wildlife, or humans, depending on the environmental context. The proper
management and disposal of PSCs at the end of their life cycle are essential to mitigate the risk.
However, minimizing lead content in perovskite composition or replacing it entirely with non-
toxic alternatives remains a critical goal. This is particularly important from the application
point of this technology, such as wearable electronics, where devices are in close contact with

humans.

Lead contamination can pose a significant risk at various stages of PSCs production and use.
The first stage, cell fabrication, involves two main processes: perovskite ink preparation and
ink deposition. During ink preparation, workers handle lead-based compounds, such as lead(ll)
iodide, often in powder form. This introduces potential exposure through dermal contact,
ingestion, or inhalation if proper precautions are not taken. Similarly, during the ink deposition
process, organic lead compounds, which are more bioavailable than inorganic forms, are used,
further increasing the risk of contamination [29-30]. However, these risks can be significantly

mitigated by adhering to proper work safety regulations.

The situation becomes more complicated when switching to the use and utilization of the cells
at the end of their life cycle. At this stage, the cells may be deployed in poorly controlled
environments such as on building rooftops. This raises concerns about potential sudden damage
and lead leakage into the environment. Regarding the utilization of cells, an important issue
here will be appropriate regulations for the collection and storage of used cells. However, it will
also be impossible to fully control where the used perovskite cell will go, especially when it
comes to smaller devices such as wearable electronics. To address these concerns, reducing the
amount of toxic lead or eliminating it entirely is a critical step in developing and

commercializing perovskite solar cells. In Chapter 5, the protocol for depositing ultrathin



perovskite layers was presented with the demonstration of the thinnest spin-coated perovskite
layer reported to date. The prepared PSCs contain up to 50 times less Pb than standard high-
performing analogs. By reducing the perovskite layer and silver electrode thickness, semi-
transparent PSCs were developed, enabling their use in many different applications such as

building-integrated photovoltaics.

2.2 Tin-based perovskites

To overcome the toxicity of lead-based perovskite solar cells, alternative perovskite
formulations were investigated. Apart from low toxicity, ideal Pb-free candidates for solar cell
absorbers should have narrow direct bandgaps, high optical absorption coefficients, high
charge-carrier mobilities, low exciton-binding energies, long charge-carrier lifetimes, and
excellent stability. Among all candidates, tin-based perovskites have gained the most attention
due to their very similar properties compared to lead-based perovskite, while offering
significantly reduced toxicity [30]. Tin has a comparable atomic radius and belongs to the same
Group IVA of the periodic table. Furthermore, tin-based perovskites feature a narrower bandgap
(1.2 -1.4 eV), which results in a higher theoretical limit of power conversion efficiency [31].
Unfortunately, tin-based perovskites have a few different features that negatively impact their
efficiency and stability. One key issue is their higher conduction band minimum and valence
band maximum level, which results in an energy mismatch with the charge transport layers
commonly optimized for lead-based perovskites. This mismatch leads to losses in both open-
circuit voltage and fill factor. However, the design of new transporting materials can prevent

these deficits. This is a dynamic and growing area of research within the PSCs.

The main challenge for tin-based perovskites stems from their chemical nature, particularly the
easy oxidation of Sn?* into Sn**, which results in p-type doping and deterioration of
optoelectronic properties. In lead-based perovskites, electrons in the 6s orbital of Pb?* are
electromagnetically screened by electrons on 4f and 5d orbitals, and they remain unshared,
which is called an inert-pair effect (lanthanide contraction) [32]. Electrons in the 5s orbital of
Sn?* are screened only by electrons on the 4d orbital, making oxidation into Sn** much easier
(Figure 4a). The redox potential of the Sn?*/Sn** couple is only 0.15 V, compared to 1.60 V for
the Pb?*/Pb** relative to the standard hydrogen electrode (SHE). This oxidation can occur via
external oxidizing agents or intrinsic instability. Within the perovskite lattice, Sn** defects are

metastable, allowing for the reverse reaction to occur:

Sn** - Sn?* + 2 h*, (2)



which will result in p-type doping of the perovskite [33]. Thus, it is crucial to ensure that a tin-
based perovskite precursor solution contains as few Sn** ions as possible. Unfortunately, even
highly pure commercial Snl, (declared as 99.999% purity) can contain up to 10% Snl4
impurities due to its inherent instability, which significantly impacts the optoelectronic
properties and stability of the resulting perovskite layers [34—-35]. On the perovskite surface,

a disproportionation reaction may also occur, leading to the formation of Sn** and metallic tin:

2Sn?* > Sn** + Sn + V. (3)

V& can act as electron traps, promoting lattice degradation into

The formed tin vacancy defects
AxSnlg and Snls. Combined with p-type doping, this leads to a shift of the absorption onset to
higher energies due to the Burstein-Moss effect. Consequently, increased non-radiative
recombination and reduced charge-carrier mobility significantly deteriorate the final

performance of PSCs [36].

b)
2+ Pb2* .
Pb " . p Sn2
and 4d1 >
652 5g2 ® Inert Electron 6s2 \.\‘?\’ \o Weak Electrophilicity
® Active Electron j on 6p Orbital .
Pb nucleus Sn nucleus i Electrqn on Ft.‘"y o Udm%/ SM " ::g:goErLei:;:'OphﬂlCIty
Occupied Orbital //
4f14 4d10
6p°
More Active s Electrons Higher Lewis Acidity

Figure 4. Difference between Pb?* and Sn?*: (a) electron screening, (b) Lewis acidity. Reprinted with permission
from [37]. Copyright 2021 American Chemical Society.

One additional challenge with tin-based perovskites arises from the high Lewis acidity of Sn?*,
which influences the crystallization rate of the perovskite (Figure 4b). Rapid crystallization
results in smaller crystal grains and higher defect density. Combined with the inherent
oxidation, these effects induce several unfavorable structural changes in the perovskite.
Furthermore, exposure to oxygen and moisture can lead to decomposition of tin-based

perovskites, as described by the following equations [34]:

2 ASnl; + 0, — Snl, + Sn0, + 2 Al (4)
Snl, + 2 Al > A,Snl,, (5)

Snl, + 2 H,0 — 4 HI + Sn0,, (6)

4 HI+ 0, - 21, + 2 H,0, (7)
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ASnl; + 1, - Snl, + AL (8)

To suppress the decomposition of tin-based perovskite, minimizing the presence of Sn** species
in the precursor ink or perovskite layer is crucial. Various strategies have been employed to
reduce/eliminate Sn** content, with most reports highlighting the use of SnF. additive
(optionally SnCly). This approach was first demonstrated in 2014 for the CsSnlz perovskite
[38]. SnF not only helps reduce Sn** content in the perovskite structure but also influences the
film crystallization, leading to an improved perovskite film morphology. Interestingly, SnF
does not act as a direct reducing agent for Sn**". Instead, it coordinates with Sn** through
a ligand exchange reaction between fluorides from SnF2 and iodides from Snla, resulting in the
formation of SnF4, which remains mostly at the grain boundaries and is unlikely to be

incorporated into the perovskite lattice [39].

Another option for minimizing Sn** content is the use of reducing additives such as Sn powder,
hypophosphorous acid, or hydrazine derivatives [40-42]. The addition of bulky organic cations
was also investigated [43-44]. In general, additives can function in three different ways: as
reducing agents that directly convert Sn** to Sn?*; as antioxidants that prevent Sn?* oxidation
by reacting with O, or by coordinating with Sn?*, thereby providing protection against Oz;
similar to the ligand exchange mechanisms observed for SnF, [45]. A schematic of these

mechanisms is shown in Figure 5.

Halide Exchange Redox Behavior )

Snl :
©\/E\© o —24 . Sni,Cl, snly —2 . snl,
NHACl

P
/ Antioxidant Behavior \

I Sn O
c'>”c

o+ o¢
Snl;

K Coordlnatuon Sacrificial Antioxidant ~/

Figure 5. A schematic of three different general working mechanisms of additives used in tin-based perovskites.

Reproduced from [45] with permission from the Royal Society of Chemistry.
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Most strategies for improving tin-based perovskite quality involve the use of additives in the
precursor solution, typically prepared from commercial Snl,. Alternatively, the quality of Snl
can be improved through synthesis and purification methods. However, processes are often
complex and time-consuming, highlighting the continued need for innovative strategies.
Chapter 6 discusses a novel approach to the in situ preparation of tin-based perovskite ink,
offering a simple and rapid method that effectively eliminates p-type doping by preventing the
formation of Sn** impurities in perovskite ink and deposited layers. Chapter 7 expands on this
by presenting a combination of different strategies, including the use of a quasi-2D perovskite

structure, a reducing agent, and an additive to control crystallization dynamics.
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3 Deposition techniques

3.1 Perovskite ink preparation

A thin perovskite layer can be deposited by thermal evaporation of solid-state precursors or by
wet methods in which the perovskite crystallizes from the precursor solution. Thermal
evaporation is a well-known method for obtaining highly uniform layers, but it is more
challenging to optimize for new perovskite compositions. In the research presented in this
thesis, thermal evaporation was used only for deposition of ETL and the top electrode, while
perovskite layers were fabricated using wet processes — spin-coating or blade-coating
techniques. Both methods require the prior preparation of the perovskite precursor solution. In
general, this involves dissolving perovskite precursors in an appropriate solvent mixture.
However, numerous factors influence the quality of the perovskite layer and final device
performance, starting with precursors purity, stochiometry, additives, preparation conditions,
and the time between solution preparation and deposition. The purity of materials is important
both for tin-based perovskites as well as lead-based as discussed in this thesis. The colloidal
precursor ink depends on the particle-solvent interactions, and the used precursors significantly
affect colloid formation, which influences the final morphology of perovskite layers. Impurities
can also act as non-radiative recombination centers or trap states, which deteriorate the
optoelectronic properties [46-47]. A more detailed description of ink chemistry was provided
in Chapter 5.

Stochiometry also plays a critical role in both lead-based and tin-based perovskites. Many
reports detailed that an excess of Pblz is beneficial for the final PSC efficiency [48-50]. In
quasi-2D perovskites, stochiometry has a strong impact on the crystallization and orientation
of perovskite grains [51-52]. Considering these relationships, detailed optimization of the
perovskite ink is essential for obtaining high-quality layers and efficient PSCs. The optimal
time for deposition can also vary among different compositions and used precursors. Achieving
a balance between precursor dissolution, intermediate species formation, and the aggregation
of complexes due to aging varies for each system and depends on its specific composition and

precursors.

3.2 Perovskite crystal growth

Perovskite crystal growth can be effectively described in the framework of the classical

nucleation theory, which involves the formation of monomers, supersaturation achieved
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through solvent evaporation, and diffusion-controlled crystal growth. The free energy of

a nucleus in this process is defined as [53]:
4
AG(7) = 4nriy + §7TT3AGV, (9)

where r is the radius of the nucleus, y is the surface free energy per unit area, and AGy, is the
free energy per unit volume of a crystal expressed as the difference between the free energy of
the monomer in the crystal and solution. AG (r) plot and critical radius 7. are shown in Figure
6a. To minimize free energy, nuclei smaller than r, cannot grow further and will re-dissolve

into smaller monomers. Only nuclei with a radius larger than rc can exist and grow further.
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Figure 6. (a) Free energy versus particle radius (solid line). Contributions from the surface and volume terms are
plotted as dashed lines. Reprinted with permission from [54]. Copyright 2009 John Wiley & Sons, Inc. (b) LaMer
diagram illustrating the nucleation and growth dynamics. Reproduced from [55] with permission from the Royal
Society of Chemistry.

Crystal growth of perovskites is induced by solvent evaporation and can be described using the
LaMer model. The process involves three stages, illustrated in the LaMer diagram shown in
Figure 6b. In the first stage, monomer concentration increases as the solvent volume decreases
over time. In the second stage, the concentration reaches a critical threshold known as the
supersaturation stage. Nucleation starts, and it leads to a reduction in monomer
concentration. Once the concentration falls below the critical supersaturation level [M]},;,, NO
further nucleation occurs (starting of stage 3). Crystal growth continues and is completed when

the monomer concentration drops below the solubility limit [M]sol [55].

Another model that can be applied to perovskite growth description is Ostwald ripening [56].
This model suggests that smaller particles dissolve, which causes the growth of large ones.
According to the Gibbs-Thomson theory, smaller particles dissolve more easily due to their

higher chemical potential [57]. This creates a concentration gradient between particles of
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different sizes. The concentration of dissolved components is higher around smaller perovskite
grains than larger ones. As described by Fick's first law, this gradient drives mass transport
from smaller to larger grains [58]. Consequently, large grains with lower chemical potential

continue to grow, while smaller grains gradually disappear.

3.3 Spin-coating

Spin-coating is a simple thin-film deposition technique that is widely used. Generally, in this
method, the material is applied to a substrate that is rotated at high speed. The centrifugal force
acting on the solution causes it to spread on the substrate. The final thickness of the film depends
most on the solution concentration and viscosity, as well as the spin-coater rotational speed.
However, conventional spin-coating can result in a low density of nuclei due to slow
evaporation of the perovskite host solvent. To produce uniform and dense layers, a high density
of nucleation centers is required at the same time. This is typically achieved by using antisolvent
treatment. The antisolvent is a solvent that is miscible with the perovskite host solvents but does
not dissolve the perovskite precursors. During the spin-coating process, antisolvent is applied
by dripping it onto the spinning substrate. It induces instant supersaturation in the precursor
solution by reducing the solubility of perovskite monomers, thereby promoting nucleation.
A schema of the fabrication of perovskite films with antisolvent treatment is presented in Figure
7.
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Figure 7. A schema of the perovskite layer fabrication process made with the spin-coating technique. Reprinted
from [59] under CC-BY 4.0 license.

In addition to standard parameters like spin-coating speed and perovskite solution
concentration, the quality of the resulting layer is strongly affected by the choice of antisolvent
and timing of its application. The timing can be considered in two aspects: the moment of
application of the antisolvent during the spin-coating process and the duration of its application.
In the first case, the optimal application time depends on spin-coating parameters, and it needs
to be optimized for every process. In the second aspect, controlling the application duration is
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more challenging, as it mainly depends on the operator’s technique. Therefore, the quality of
the produced layers and the performance of solar cells may vary depending on the pipetting
method used. With a fixed volume of antisolvent and a specific type of pipette, this application

duration depends only on the speed at which the pipette trigger is pressed.
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Figure 8. Different types of antisolvents and mechanisms involved in perovskite film formation. Reprinted from
[59] under CC-BY 4.0 license.

In general, the addition of the antisolvent on top of the perovskite precursor layer during spin-
coating involves two key processes. The first one is the diffusion of perovskite host solvents
into the antisolvent, which initiates nucleation and further growth of the perovskite layer. The
second process is the diffusion of precursor molecules, which is undesirable. The efficiency of
host solvent extraction while preserving the precursor composition is determined by the relative
differences in solvent-precursor interactions in the chosen antisolvent. Based on these
interactions, antisolvents can be classified into three categories [59]. The first category includes
solvents such as ethanol or isopropanol, which have high solubility of organic precursors and
high miscibility with host solvents. When such antisolvents are used, a significant portion of
the organic precursor is removed, leaving an excess of inorganic compounds (Pblz, Snly) in the
fabricated layer. Antisolvents of this type require a short contact time to effectively remove the
host solvents without significantly extracting organic halides. The second group consists of
antisolvents that exhibit low solubility for organic compounds while being well miscible with
the host solvents. Due to large differences in diffusion rates, good morphology layers can be
achieved by fast as well as slow antisolvent dripping rates. These solvents are, for example,

chlorobenzene, anisole, or ethyl acetate. The last type includes antisolvents that are relatively
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poor miscible with the perovskite precursor host solvents and require longer contact time to
provide efficient diffusion of host solvents into the antisolvent. Examples of such solvents
include toluene. A summary of the described processes for different types of antisolvents is

shown in Figure 8.

3.4 Blade-coating

Blade-coating is a technique commonly used to coat large-area substrates. In this method, the
ink is deposited by the movement of the blade along the substrate. A schematic illustration of
the blade-coating technique is shown in Figure 9. One key advantage of blade-coating over
spin-coating is cost-effectiveness, as it requires significantly less ink to coat the same area. On
the other hand, optimizing the blade-coating process is more complex because it involves
numerous factors that influence film thickness and morphology. The most important factors are
the speed of the blade and the gap between the blade and the substrate, although ink viscosity
and surface energy of the substrate must also be considered [60]. Apart from those facts, the
key difference between the blade-coating and the spin-coating is the inability to use the
antisolvent in the blade-coating process. To achieve the supersaturation in this method,
a different approach must be used. In this technique, supersaturation is achieved through strong
gas flow (gas quenching method). Typically, an air knife is placed just behind the blade, where
the ink is distributed. The gas flow enhances the solvent evaporation, leading to rapid
supersaturation of the perovskite ink. Another method of increasing the solvent evaporation rate
during blade-coating is heating the substrate. For optimal morphology and a uniform layer, the
applied temperature should be close to the boiling point of the perovskite host solvents [61].
Unfortunately, typical perovskite host solvents like N,N-dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO) have a boiling point above 150 °C, making it impractical to apply
such high temperatures to flexible poly(ethylene terephthalate) (PET) substrates. Thus, other
solvents with a lower boiling point and high vapor pressures are being explored for use in
perovskite solar cells fabrication with the blade-coating technique [62].
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Figure 9. A schematic illustration for gas-assisted blade-coating of perovskite thin films. Reprinted from [62] under
CC-BY-NC 4.0 license.
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4 Characterization techniques

4.1 Current-voltage measurements

The most common types of measurement techniques for every solar cell are current-voltage
characteristics. Perovskite solar cells are typically characterized under the standard AM1.5G
radiation spectrum (1000 W/m?) or low-light illumination conditions (typically 200 - 1000 Ix).
The AM1.5G spectrum represents the yearly average irradiance in the temperate latitudes on
the Earth (for AM1.5, the solar zenith angle is equal to 48.2°). The performance of the solar
cell can be described by three parameters derived from the measurement: the short-circuit
current (Iy.), the open-circuit voltage (V,.), and the fill factor (FF). The I, is the current
generated under illumination when the voltage across the solar cell is zero. The V. is the
maximum voltage that a solar cell can generate when no current flows through the circuit. The
FF is defined as the ratio of the maximum power PB,,,, generated by the solar cell to the product
of the V. and I:

Pmax
FF = -me% (10)
‘/OCISC

Graphically, it is the ratio of the area of the largest rectangle that fits under the current-voltage
(I-V) curve to the area of the rectangle determined by the values of V,. and I;.. The higher
values of these parameters lead to increased power conversion efficiency (PCE). The PCE is
defined as the ratio of the maximum power to the input power P;,, of the radiation:

Prax _ VoclscFF

PCE = =
p; p;

(11)

The short-circuit current is generally determined by the energy gap of the perovskite and the
thickness of its layer. However, if the charge collection is not sufficient, it can be significantly
reduced. The plot of theoretical values of short-circuit current density (Jq., I divided by the
active area of the solar cell) as a function of the absorber layer energy gap is shown in Figure
10a. Those calculations assume an optimal thickness of the absorber layer. However, if the
carrier diffusion lengths are insufficient relative to the layer thickness, significant current losses
can occur. Improving perovskite layer quality by reducing defect density can enhance diffusion
lengths, enabling better charge extraction and overall performance [63].

In the case of V., the maximum theoretical value is also determined by the energy gap. A larger

bandgap generally leads to a higher theoretical V., but on the other hand, it leads to lower J..
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The relationship between V. and the energy gap is shown in Figure 10b. In an ideal case, the

I, can be expressed as:
Voo = —, (12)

where q is the elementary charge, Er,, and E, are the quasi-Fermi energy levels of electrons

and holes, respectively [64-65]. Fermi energy level splitting results from the excitation of
electrons into the conduction band under external illumination. However, direct calculation of
Vo from the difference between Ep, and Ep, is not possible for PSCs due to energy gap tail

states — the density of states distribution in perovskites extends far into the energy gap [63-66].
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Figure 10. (a) The short-circuit current density Jsc and (b) the open-circuit voltage V.. calculated for the AM1.5G
irradiance as a function of the energy gap of the absorber. Reprinted from [67] with permission from Elsevier.
Considering the solar cell as an equivalent circuit comprising a constant-current source, a diode,
and an external load, the V. can be expressed as:

qV,, = nkyT - In (]— + 1), (13)
0

where n is the ideal coefficient of the diode, kg is the Boltzmann constant, T is the cell
temperature, and J, is the reverse saturation current density. The J, is the sum of currents
generated by radiative and non-radiative recombination [63]. The radiative recombination and
associated voltage losses are inevitable [68]. Therefore, the non-radiative recombination is the
critical factor influencing V., and it can lead to significant variations in J,. In the tin-based
PSCs, one of the main causes of V. loss is the oxidation of Sn?* to Sn** [69-70]. Strategies to

mitigate this voltage loss by eliminating Sn?* oxidation in PSCs are presented in Chapter 6.

The final parameter affecting PCE is the fill factor, which represents resistive losses in the
circuit. Both series resistance and shunt resistance influence the fill factor. Low FF is often

caused by high series resistance, which includes resistances of all layers and contacts, or low
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shunt resistance. The shunt resistance is often connected with the leakage current through
pinholes in the perovskite layer, where HTL and ETL may come into direct contact.
Additionally, non-radiative recombination can also affect this parameter [71]. Values of shunt

and series resistances can be extracted from the current-voltage curve (Figure 11).
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Figure 11. Series (Rs) and shunt resistance (Rsh) extraction from a single I-V curve under illumination. Reprinted
from [72] under CC-BY 4.0 license.

4.2 External quantum efficiency

The external quantum efficiency (EQE) is the standard measurement method for solar cells,
complementary to the current-voltage measurements. This method can validate J,. value
obtained from the current-voltage scan. Discrepancies between these values may arise from an
incorrectly calibrated solar simulator, inaccuracies due to a small device area, or differences in
measurement conditions (such as light intensity, measuring time) [73]. The EQE represents the
ratio of charge carriers generated and collected by the solar cell to incident photons at each
wavelength. The carrier flow at each wavelength can be calculated by multiplying the EQE
spectrum by the AM1.5G spectrum. Integrating the results over the entire wavelength range
gives J. of the solar cell:

e = | pEQEWAA, (14)
0

where ¢ (1) is the AM1.5G photon flux. The EQE spectrum also provides information about
wavelength ranges where the solar cell generates current inefficiently. Ideally, the EQE should
be equal to 100% for photon energies above the absorber bandgap and 0% below it. In practical
solar cells, the EQE is below 100% due to optical losses, such as absorption of the light by

21



inactive layers, and non-radiative recombination or insufficient charge carrier collection by
transport layers and electrodes. Due to the different penetration depths of the light, EQE
reduction in the high-energy region is associated with recombination at the front surface, while
for longer wavelengths it is associated with recombination at the rear surface. The EQE
spectrum and current density-voltage curve of a typical perovskite solar cell are shown in Figure
12.
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Figure 12. Current density-voltage curve and the EQE spectrum of a typical perovskite solar cell. Reprinted from
[74] under CC-BY 4.0 license.

Because of its direct relationship with the light absorption, the EQE measurement can provide
an estimated bandgap value of the absorber layer. Various methods are used to extract bandgap
value from EQE measurements, but for perovskite solar cells, the most accurate method
showing minimal deviation compared to absorption measurements is determining the inflection

point of the EQE curve derivative [75].

The standard EQE setup consists of the light source, monochromator, and current meter.
Usually, the light beam is modulated using an optical chopper, enabling measurement with
a lock-in amplifier. This allows the application of white light bias to simulate conditions similar
to current-voltage measurement. The lock-in amplifier isolates and measures only the current
generated by monochromatic probe light. The output current is then normalized to the number
of incident photons by reference to a solar cell with a known spectral response. Some of the
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EQE setups allow simultaneous measurement of the test cell and reference cell for better

accuracy.

In the case of PSCs, slight discrepancies can often be observed between J,. obtained from the
EQE and J,. from current-voltage measurements. This difference arises from a few possible
mechanisms. During measurements, ion migration within the perovskite layer can alter the local
crystal structure and cause defect migration [76]. The EQE measurement requires a much longer
time and thus may amplify these effects. On the other hand, ion movement can also be triggered
by external bias during current-voltage measurement. Additionally, due to the long response
time of PSCs, a high modulation frequency of the light beam can distort the measured current
[74-77]. Considering these factors, it is crucial to evaluate various conditions and

preconditioning protocols for PSCs to ensure accurate and reliable EQE measurement.

4.3 UV-Vis absorbance spectroscopy

Absorbance spectroscopy is a simple and quick method for optical characterization of thin
layers. It measures how much light the sample absorbs at each wavelength. The basic
absorbance setup includes a broadband light source, a monochromator, and a detector.
Absorbance (A) is closely related to the transmittance spectrum through the following equation:

I
A=1logio (7). (15)

where I is the transmittance of the reference sample (e.g., glass or flexible foil), and I is the
transmittance of the measured sample. If the sample thickness is known and the reflectance is
negligible, the absorption coefficient (a) can be calculated using the Bouguer-Beer-Lambert
law [78]:

= 11 (1")—‘41 (10) 2303A (16)
=g \7) T g R ety

where d is the thickness. Knowing the spectrum of the absorption coefficient, the bandgap

value can be easily extracted. The most suitable method is using Tauc’s relation [79]:

(ahv)% = B(hv — E), (17)

where B is a proportional constant, h is the Planck constant, v is the frequency of light, E is
the bandgap energy, and n depends on the electronic transition type. For a direct bandgap with

an allowed transition, n is equal to 0.5; for an indirect bandgap, n is equal to 2. By plotting the
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left side of the above equation against the photon energy hv and extrapolating the linear region

to 0, the bandgap of the material can be determined (Figure 13).
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Figure 13. (a) Tauc plot for semiconductors with a direct bandgap and (b) with an indirect bandgap. Reprinted
from [80] under CC-BY-NC-ND 4.0 license.

4.4 X-ray diffraction

X-ray diffraction (XRD) is a useful technique for determining a material's crystallographic
structure. Additionally, XRD can be used to evaluate perovskite grain size and intrinsic strains.
The working principle of XRD is based on Bragg’s law. When the X-ray beam is directed at
the sample, the material diffracts it. At specific angles (8), the path difference between rays
diffracted from adjacent atomic planes (2d sin8) is equal to a multiple of the wavelength (n4),

resulting in constructive interference (Figure 14):
2d sinf = nAa, (18)

where d is the distance between atomic planes, 6 is the angle between the X-ray beam and the
atomic plane (Bragg angle), and A is the X-ray wavelength [81]. By scanning across a range of
angles, the diffraction pattern is generated, providing insight into the material’s structural

properties.
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Figure 14. A schematic diagram showing Bragg’s law. Reprinted from [82] with the permission of AIP Publishing.

The main element in the laboratory-scale XRD setup is the X-ray source, where X-rays are
generated by high-energy electron collisions with a target metal. Electrons emitted from
a tungsten cathode are accelerated by an electric field to the anode. The characteristic radiation
IS metal-specific, consisting of discrete emission signals with energy corresponding to the
difference between specific energy levels of the metal atom. The anode material must also
possess a high melting point to withstand the heat generated by incident electrons. The most
common are copper anodes, producing X-rays with a wavelength of 1.54 A [83]. Heavier
elements than copper, such as molybdenum or silver, generate shorter wavelengths, leading to
contracted XRD patterns and reduced resolution. On the other hand, shorter wavelengths
increase penetration depth and can be used for specific samples with high X-ray absorption.
Synchrotron sources can also generate X-rays by bending high-energy relativistic electrons
from their path. That radiation is used for more advanced experiments such as grazing-incidence
wide-angle x-ray scattering (GIWAXS).

The most suitable for measuring flat samples is the Bragg-Brentano geometry, where X-rays
are diffracted from the sample, and the detector is placed at the same angle as the source [84].
It is also called reflection-based diffraction geometry. In the Debye-Scherrer geometry,
a transmission-based method, the X-rays pass through the sample [85]. The measurement can
be performed in two scanning modes: by moving the source and the detector simultaneously

(6-6 scan) or by rotating the sample and the detector (8-26 scan).

The XRD measurement produces a plot of diffraction intensity versus 26 angle. Beyond
identification of the crystallographic structure of the material, XRD provides insights into the
microstructure, including crystallite sizes and microstrains. The crystallite size D can be

calculated using the Scherrer equation:
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D= e WaM coso’

(19)

where K is the Scherrer constant, A is the X-ray wavelength, FWHM is the full-width at half-
maximum of the diffraction peak, and 8 is the Bragg angle [86]. Scherrer constant depends on
the shape of the crystallite. In the case of a sphere, the Scherrer constant is equal to 0.89, and
often that value is used for calculation, where the shape of crystallites is not known [87].
However, the obtained result may contain significant errors, due to the assumption that the peak
broadening is solely caused by crystallite size, which often is not true for samples with
numerous structural defects. The presence of those defects causes strains in the crystal lattice,
and that phenomenon can also cause the broadening of diffraction peaks [88]. Additional

broadening Bsirqin 1S €Xpressed as:
Bstrain = 4€ tand, (20)

where ¢ is a parameter related to microstrain [89]. The total broadening (proposed by

Williamson and Hall) is therefore given as [90-91]:

FWHM = + 4¢ tand. (21)
D cos6
In other form, it can be expressed as:
KA
FWHM cosf = o + 4¢ siné. (22)

Plotting the FWHM cos6 as a function of 4 sin6 for each Bragg peak should result in a linear

function with the intercept equal to %’1 and the slope equal to the microstrain parameter ¢.

4.5 Scanning electron microscopy

Scanning electron microscopy (SEM) was employed to investigate the topography of the
fabricated perovskites in this thesis. The main components of an SEM setup include an electron
source, an accelerating column, detectors, a vacuum pump, and a sample chamber (Figure 15).
Electrons are generated at the top of the column, accelerated, and passed through a series of
magnetic lenses to produce a finely focused beam. The beam position is controlled by
electromagnetic coils placed above the lenses. This allows point-by-point scanning of the
sample surface to generate a complete image. Additionally, to minimize electron scattering

caused by air molecules, measurements are conducted in a high-vacuum environment.
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Figure 15. A schema of the SEM setup. Reprinted from [92] under CC-BY-NC-ND 4.0 license.

The SEM measurement employs a focused beam of high-energy electrons to generate signals
from the investigated sample. The energy of the incident electrons is dissipated in the form of
signals that include secondary electrons (SE), backscattered electrons (BSE), and X-rays.
Secondary and backscattered electrons provide information about the surface of materials.
Secondary electrons originate from atoms near the surface region, offering detailed information
about the topography of the sample. Backscattered electrons are reflected from deeper regions
of the sample and are sensitive to the size of atoms; a higher atomic number results in more
electrons being reflected to the detector. X-rays are produced by inelastic collisions between
the electron beam and electrons in the atomic shells of the sample. As the excited electrons
return to lower energy states, they emit X-rays with wavelengths specific to the type of
transition and the atom involved. This principle underlies the operation of the X-ray source in
XRD measurements. Consequently, scanning electron microscopy can also be used to analyze
the elemental composition of the sample through energy-dispersive X-ray spectroscopy (EDX)

[93]. A schematic diagram showing the various signals is presented in Figure 16.

The electron beam penetrates the sample to a depth determined by the electron accelerating
voltage and the size of the atoms in the material. Greater penetration depth increases the volume
of the sample contributing to the signal, reducing spatial resolution. Therefore, the acceleration
voltage must be carefully selected based on the sample type and the desired information.
Another requirement is the good conductivity of the investigated material. For non-conductive

samples, a conductive coating is required to ensure high-quality imaging and accurate analysis.
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Otherwise, the charge accumulation can occur, distorting the electron beam and resulting in

a deformed image [94-95].
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Figure 16. A schematic diagram showing different types of signals generated during SEM measurement. Reprinted

from [96] with permission from Elsevier.

4.6 Other methods

This chapter provides a detailed description of the main characterization techniques in which
the author was directly involved. An understanding of the physical principles underlying these
methods has served as a fundamental tool for analyzing and interpreting the results, as well as
for formulating scientific conclusions. Several other measurement techniques, such as
photoluminescence (PL), dynamic light scattering (DLS), Fourier transform infrared
spectroscopy (FTIR), atomic force microscopy (AFM), X-ray photoelectron spectroscopy
(XPS), and nuclear magnetic resonance (NMR), were also utilized in the presented publications.
The author has participated in some of these measurements, although to a lesser extent. Detailed
measurement parameters are provided in the supplementary material (Supporting Information)

attached to the respective publications.
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5 Facile Preparation of Large-Area, Ultrathin,
Flexible Semi-Transparent Perovskite Solar
Cells via Spin-Coating

5.1 Overview

The publication presents an innovative approach to addressing environmental concerns in PSCs
by significantly reducing lead content through minimizing the thickness of the perovskite layer.
A groundbreaking achievement was realized with the fabrication of semi-transparent PSC,
utilizing the thinnest perovskite layer ever produced by the spin-coating technique. This marks
a significant advancement, as previous attempts to produce thinner layers by spin-coating (<50
nm) often resulted in non-uniform films with island-like structures. In the broader context, the
state-of-the-art for obtaining ultrathin perovskite layers mainly relies on vacuum deposition
techniques, which offer precise control over film thickness and uniformity. However, these
methods are often costly and less scalable compared to solution-based approaches. This study
bridges this gap by demonstrating that spin-coating can achieve comparable results in terms of
ultrathin layer fabrication. It shows both the technical feasibility and scalability of producing
efficient semi-transparent PSCs, which are excellent candidates for building-integrated
photovoltaics. This work not only sets a new benchmark for spin-coated PSCs but also paves
the way for future advancements in thin-film photovoltaics. By addressing challenges related
to uniformity, lead content, and scalability, it represents a critical step forward in the quest for

sustainable PSC technologies that are in line with modern energy and architectural demands.

5.2 Author’s contribution

Wiktor Zuraw performed and optimized the fabrication process of semi-transparent perovskite
solar cells presented in the article, carried out their current-voltage characteristics, and
participated in the preparation of the original manuscript text. The author also performed
transmittance, external quantum efficiency, and scanning electron microscopy measurements,
with the analysis and interpretation of the obtained results. Wiktor Zuraw and Lukasz Przypis

(co-supervisor) contributed equally to this work.

5.3 Publication
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ABSTRACT: The development of emerging photovoltaic technology has Spin-coated ultrathin

promoted the innovation of building-integrated photovoltaics (BIPV) not perovskite solar cells >1 cm? active
only in lower cost and simpler processing technology but also in a variety of area

additional features such as flexibility and transparency. Semitransparent
solar cells that allow partial transmission of visible light are excellent
candidates for BIPVs owing to their unique properties and potential for
integrated energy solutions. In this work, we present a straightforward and
highly reproducible protocol for depositing extremely uniform and ultrathin
perovskite layers. Our solution-processed perovskite solar cells, fabricated
on flexible polymer substrates with large active area (1 cm?), achieved a
noteworthy 5.7% power conversion efficiency (PCE) under standard e
conditions (AM 1.5G radiation, 100 mW cm™2) accompanied by an Average perovsifie ficiness
Visible Transmittance (AVT) of 21.5% for full device architecture with a 10

nm thick silver electrode. We present a simple yet elegant fabrication

procedure for semitransparent perovskite solar cells without any additional antireflective layers. Furthermore, we fabricated working
perovskite solar cells with the thinnest active layer of spin-coated MAPbI; reported so far (10 nm) exhibiting 1.9% PCE and 41.1%
AVT (62.9% AVT without electrode). These results hold great promise for the integration of perovskite-based semitransparent solar
cells into real-world applications, advancing the landscape of renewable energy.

KEYWORDS: semitransparent solar cells, flexible solar cells, metal halide perovskites, spin-coating, methylammonium lead iodide
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. . . to enter the building, it simultaneously reduces the energy
organic inorganic perovskites (HOIPs) appear as a truly game-

. . . . consumption. Additionally, it can control the spread of heat,
changing family of materials for energy conversion due to the - . 8210 o
. - . . . providing both temperature and visual comfort. In addition
unique combination of optoelectronic properties and relatively
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are by far the most efficient solution-processable solar cells, lo;h;;ro s:z:s for semitransparent perovskite lavers involves
with a record power conversion efficiency (PCE) of 26.1% for 4 P P 4

. . . 6 . . overcoming several technical challenges. One of the primary
single-junction opaque solar cells.” Despite impressive concerns is maintaining uniform ultrathin film coverage while
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Table 1. Characteristics of Semi-Transparent PSCs with Active Layer Thickness below 100 nm

active area device architecture

glass 0.06 cm*>  FTO/c-TiO,/AAO(honeycomb shaped scaffold) + MAPbI,  Cl,/Spiro-OMeTAD/

MoO,/ITO
glass, 0.16 cm? FTO/c-TiO,/MAPbI,/Spiro-OMeTAD/MoO,/Au/MoO,
glass 0.06 cm®>  ITO/PTAA/Cs,,FAyoPbl, Br,,/PCBM/BCP/Al/Ag
flex 0.08 cm? ITO/MoO,/TaTm/MAPbI;/Cg,/BCP/Cu/Ag
glass 0.12 cm? ITO/PEDOT:PSS/MAPbI,/PCBM/Au/LiF
glass 0.05 cm? ITO/PTAA/PEA-CsPbl,/PCBM/BCP/Al/Ag
This work:
flex 1.00 cm?
flex 1.00 cm?

1ZO/PEDOT:PSS/MAPDI,/Cg4,/BCP/Ag
1ZO/PEDOT:PSS/MAPDI;/C4,/BCP/Ag

“Spin-coated. "Vacuum deposited perovskite layer.

AVT (%), spectral

thickness PCE range ref
90 nm®  8.50% 43, 400—800 21
54 nm“  5.30% 31, 370—740 22
50 nm”  6.93% 31— 20
50 nm”  4.03% 19, — 23
40 nm”  3.40% 35, 400—800 24
10 nm®  3.60% 54, — 20
30 nm®  5.70% 21.5, 300—900

10 nm®  1.90% 41.1, 300—900

transparent perovskite films can be obtained using diverse well-
established deposition techniques such as spin—coating,12
blade-coating,"” and dip-coating.'* These methods are very
convenient considering further scaling-up, however, thickness
control within the crucial for transparency sub-100 nm range is
significantly limited."”> Therefore, new approaches to over-
coming these obstacles have been developed.

First, the so-called spontaneous dewetting, which employs
the treatment of as-prepared perovskite thin film with low-
vapor-pressure solvent.'” This method results in an archipe-
lago-like microstructure (randomly grown perovskite islands)
of an active layer providing the neutral color of full devices.
Another alternative is mesh-assisted deposition which leads to
a similar microstructure with partial coverage of the perovskite
film on the substrate which is achieved by controlled growth in
a grid structure.'”"” The major disadvantage of these two
methods, putting aside the additional processing step, is that
electron- and hole-transporting materials (ETM and HTM
respectively) are in direct contact. Quite recently preparation
of conformal perovskite 10 nm layer using vacuum evaporation
has been reported.”® Despite promising results, the entire
fabrication process is much more complex, though, and
therefore more challenging for scaling up. Hence, the
preparation of sub-100 nm perovskite films with a conformal
profile in the wet process is still a challenge. In Table 1, we
provide a summary that compares our results to previously
reported solution-processed and thermally evaporated semi-
transparent perovskite devices.”'>* Here it is worth noting
that taking into account active area and flexible substrate our
results are unprecedented in terms of PCE and AVT.
Furthermore, one should note that considering real-world
applications and technological significance our process is the
only one which does not require vacuum evaporation or
specially prepared substrates.

Understanding the formation mechanism of solid perovskite
film from precursor solution is one of the fundamental rules for
the preparation of high-quality perovskite films. However, few
studies have focused on the effect of colloidal characteristics on
the formation of perovskite films. In our work, we deem that
high-quality spin-coated ultrathin perovskite films can be
obtained by designing and controlling the colloidal character-
istics of the perovskite precursor. A comprehensive under-
standing of precursor solution impurities and their effect on
the material properties is essential for the improvement of
photovoltaic performance. It directly impacts the thin film
quality and device performance. Precursor purity in solution is
also considered to affect the characteristics of the perovskite
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films such as crystal growth, charge carrier recombination
dynamics, and electron/hole diffusion length.25 Even common
methods, such as raw material mixing, can yield lead polyhalide
coordination complexes. Solvent molecules may compete as
ligands for Pb**. The presence of these complexes,
intermediate phases, or impurities hampers nucleation and
crystal growth, affecting the physiochemical properties and
reproducibility. Precursor ink, typically colloidal, depends on
particle—solvent interactions. The size and concentration of
colloids affect the film quality and morphology. Lead
polyhalide networks in the solution impact the crystallization
rate and final properties. Colloid formation and stabilization
are influenced by precursor purity. Defects and grain
boundaries cause performance losses.

Importantly, our objective was not to optimize the device
structure for the best performance or PL emission. Instead, our
aim was to demonstrate that using simple processing, i.e., spin-
coating of an ultrathin perovskite layer by one-step method-
ology, we are still able to obtain good performance with high
transparency of PSCs on large-area flexible substrates. We are
convinced that our methodology is not limited solely to spin-
coating, but it holds great promise for other wet fabrication
methods of PSCs such as blade-coating or slot-die-coating as
they also rely on ink chemistry.

B RESULTS AND DISCUSSION

Keeping in mind all the complexities related to the precursor
ink composition, we decided to follow the quote ‘simplicity is
the keynote of all true elegance’ by Coco Channel, i.e., we used
highly pure raw materials without additives. To avoid the use
of hydroiodic acid and accompanying hypophosphorous acid
(HPA) stabilizer, we synthesized MAI using molecular iodine
as a halide source, which was subsequently reduced in situ by
formic acid, resulting in the production of highly pure
methylammonium iodide.*® Furthermore, this method enables
effective purification of MAI, particularly from residual iodine,
which contributes to its exceptional stability without the
requirement for external stabilizers, as evidenced in Figures S3
and S4. Additional discussion on the precursor ink chemistry is
detailed in the Supporting Information. Although in this work
we used freshly synthesized MAI, in Figure S1 two year old
MAI without any evidence of aging is presented (ie., no
yellowing which originates from the presence of free-iodine can
be observed). As a lead source, we used commercial Pbl, of
high purity (see Figure S2). The inks were prepared by
dissolving precursors in DMF:DMSO mixture (9.0:1.1, v/v).

https://doi.org/10.1021/acsaem.4c00517
ACS Appl. Energy Mater. 2024, 7, 4803—4812
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Figure 1. (a) Colloidal properties of perovskite precursors at room temperature—size distribution by dynamic light scattering for fresh inks: black
—0.085 M, pink —0.050 M, red —0.037 M; (b) aged ink 0.050 M: pink—fresh, magenta —48 h, ruby —7 days; (c) FTIR spectra of perovskite
precursors with different concentrations: blue —1.00 M, green —0.050 M, re —0.037 M.

The resulting dispersion was stirred for 2 h at room
temperature to get the transparent inks.

First, we started the characterization of the prepared
perovskite precursor solution by the rheological properties of
the perovskite precursor solution. We measured dynamic light
scattering (DLS). The perovskite precursor inks prepared by
our strategy demonstrated a narrow size distribution of
colloidal particles with a distribution around 100 nm (Figure
1a). The presence of a small and narrowly distributed particle
size is beneficial for the creation of dense and compact packed
grain structures in the resulting films.””*® Additionally, it is
noteworthy that the elimination of larger micrometer-sized
particle distribution is accomplished through the use of
ultrapure precursors.

Plausible, in our philosophy, using ultrapure methylammo-
nium iodide and lead iodide, the solvation of perovskite
precursors in the DMF/DMSO solvent system was systematic.
Colloidal nuclei were well-formed, and the dissolution of the
precursor occurred at a similar rate. Finally, a narrow size
distribution of the particles in the solution was obtained. These
nanosized particles are not likely iodoplumbate complexes but
are probably perovskite-solvent complexes like the intermedi-
ate phase. In contrast, in the typical MAPbI; precursor ink, the
formation of the colloid may be affected by insoluble
impurities, which introduce the seeds leading to the growth
of bigger particles. Furthermore, we conducted an investigation
into the stability of our inks over time, performing DLS
measurements after 48 h and 7 days. Impressively, our inks
exhibited remarkable stability over time, showing no signs of
particle aggregation (Figure 1b). For the investigation of the
chemistry of precursor solutions, MAPbI; inks with various
concentrations at RT were studied by using FTIR spectros-
copy. It can be clearly seen in. Figure lc that the position of
bands is independent of the concentration of perovskite.
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The following spectral features for each ink can be
distinguished; S—O and C—S stretching vibrations related to
interactions of DMSO with Pb* at ~1000 cm™!; N—H
stretching in the range between 3200 and 3450 cm™; and C—
H stretching in the range of 2800—3000 cm™". Moreover, there
is a sharp feature at 1650 cm™' which most likely can be
ascribed to the C=0 bond of pure DMF. Therefore, one can
conclude that the affinity of MAI toward Pbl, is higher than
that of DMF toward Pbl,, so the colloidal clusters of
perovskite-solvent complexes are formed by the substitution
of MAI for DMF. Similar observations and effects were
reported in the literature.””*" It is worth mentioning that a
small shoulder observed for the band at 1650 cm™ may be
ascribed to MAI well-solvated by the DMF molecules. This
interaction may play an important role in the formation of
small colloidal clusters in precursor ink. We further used the
as-prepared inks to fabricate perovskite layers on glass
substrates using an antisolvent quenching approach. The
spin-coating of the perovskite precursor solution involves an
antisolvent treatment to facilitate the removal of the host
solvent(s) molecules and as a consequence initiate the
crystallization of the perovskite film. Several studies have
reported the optimal conditions for this step, and it has been
shown that antisolvent—solvent interactions, such as dipole—
dipole interactions, modulate the dynamics of the process.”'
The film morphology is affected by composition-dependent
liquid-crystal dynamics and competing crystallization routes
that occur during the crucial stages of film formation. To
optimize the process, a broad variety of solvents was examined,
and it was found that the type of antisolvent used limits the
window of operation for morphology and power conversion
efficiency (PCE).>*™*° Therefore, the solvent-engineering
technique is critically important for this process. We tried
different solvents along with the use of diverse antisolvents to
control the crystallization dynamics and nucleation of the

https://doi.org/10.1021/acsaem.4c00517
ACS Appl. Energy Mater. 2024, 7, 4803—4812
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Figure 2. (a) SEM images of 3 nm MAPI films on a glass substrate. (b,c) AFM images and RMS roughness values of 3 nm MAPI films on glass. (d)

Absorbance spectra of 30, 20, 10, and 3 nm MAPbI; films.
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Figure 3. (a) XRD patterns of the MAPbI, perovskite films deposited from various precursor concentrations. (b) XRD patterns of ultrathin
perovskite films. (c) Calculated microstrain and average crystallite size were determined from XRD patterns by performing a Willamson—Hall

analysis.

perovskite film. We found that toluene as an antisolvent,
together with the DMF/DMSO solvent system allowed us to
achieve highly reproducible protocol resulting in extremely
uniform, pinhole-free films exhibiting low surface roughness as
determined using profilometer and AFM. It is worth
emphasizing that these characteristics were obtained for
concentrations in the range of 0.008—2.5 M (Figure S5). As
we further investigated the thicknesses of thin films using both
profilometer and ellipsometry measurements, we observed that
the relationship between the concentration of precursor ink
and thickness of the perovskite film is linear, following the
equation:

Thickness of MAPbL film (nm)

= 260 X [concentration of ink (M)] (1)
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We further explored the limits of the applicability of the
method with the preparation of more and more diluted inks.
This led us to conclude that using additive-free precursors in
DME:DMSO-toluene solvent-antisolvent system, it is possible
to control the thickness in the range of 3—625 nm. The upper
limit results from the solubility of MAPDI; in the investigated
solvent system (2.5M), beyond which attempting to create a
more concentrated ink immediately resulted in ink failure.
Importantly, the linear correlation was preserved throughout
the entire concentration range (Figure S6). Importantly, the
linear correlation has been preserved in the whole range
(Figure S6). For further characterization of the ultrathin
MAPbBL, 4, (below 50 nm), we performed atomic force
microscopy (AFM), X-ray diffraction (XRD), and scanning
electron microscope (SEM) studies. The SEM and AFM

https://doi.org/10.1021/acsaem.4c00517
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images of the resultant spin-coated below 3 nm MAPbI; films
on glass substrates are shown in Figure 2a—c.

The AFM and SEM images both illustrate that the MAPbI;
layers possess a uniform morphology with a smooth surface,
exhibiting a low root-mean-square (RMS) roughness value of
less than 1 nm (additionally, analysis of the thickness and
topography of the 3 nm film was presented in the Supporting
Information, see Figures S17 and S18). However, for thinner
films, islands were observed, which can increase the roughness.
These fluctuations in thickness can be attributed to various
factors, particularly during the formation of the initial layers.
Considering that our film thickness is only a few times larger
than the lattice constant of MAPbIL;, that the early stages of
crystallization play a significant role in shaping the topography
and morphology of the final layer. In these initial stages,
perovskite islands begin to grow on the surface. These islands
may exhibit a greater affinity for connecting with other
perovskite islands rather than the substrate, leading to potential
aggregation based on lattice matching. This process likely
results in the presence of protruding grains on the surface,
thereby contributing to the observed thickness variations. The
absorbance spectra of the 30, 20, 10, and 3 nm-thick films are
shown in Figure 2d. Due to its higher thickness, the 30 and 20
nm perovskite films absorb more light than 10 and 3 nm. For
10 and 3 nm films the absorption coefficient changes
substantially. The XRD patterns of the spin-coated MAPDI3
films on glass substrates are shown in Figure 3a. Despite their
thicknesses, all the deposited perovskite layers showed high
crystallinity reaching an almost excellent tetragonal cell (space
group I4cm). In XRD patterns, regardless of the film’s
thickness, the presence of (110), (220), (310), (224) and
(314) diffraction peaks confirm the formation of the tetragonal
perovskite structure. Interestingly, we noticed variations in the
relative intensity of the (110) peak among the films (Figures 3a
and S8), indicating differences in crystallinity. Table S1 shows
the peak intensity and the peak full-width half-maximum
(fwhm) of individual crystallite of MAPbI; perovskite films
measured by the spectral fitting of XRD measurement data as
well as the individual crystallite dimensions of the perovskite
films, which have been calculated using the Debye—Scherrer
equation (Equation S2). The peak intensity and individual
crystallite dimensions of the perovskite films have been
reported in Table SI. Notably, an intriguing trend emerges:
as the film thickness falls below 200 nm, the crystallite size
consistently grows with the film’s thickness. However, once the
thickness exceeds 200 nm, saturation sets in, leading to a stable
crystallite size.

In parallel, we performed microstrain analysis on the same
XRD patterns (Figure 3c) to assess lattice imperfections and
structural defects such as dislocations, stacking faults, and grain
boundaries. Line broadening, quantified by fwhm values of
diffraction peaks, was employed to estimate both crystallite size
and microstrain. This analysis has shown that, in addition to
the reduction in crystallite size, there is an increase in
microstrain as the film thickness decreases. The microstrain
reaches 0.1% for 40 nm, indicating lattice distortion. For films
with a thickness of up to 100 nm, the lattice relaxation is
observed. The opposite, for the ultrathin layer below 40 nm
microstrain reached 2%. That value can be overestimated, it is
essential to note that the below 40 nm film exhibited weak
peak intensity, which could introduce relatively large errors
into the final microstrain value compared to the other samples.
This comprehensive characterization sheds light on the
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crystallinity and microstructural properties of our MAPDI;
perovskite films, providing valuable insights into their perform-
ance and potential applications.

These results are of significant importance as they represent
the first-ever structural investigation of ultrathin MAPDI; films,
ranging from below 30 nm down to just a few nanometers in
thickness. The reduction in thickness aimed at achieving a high
average visible transmittance (AVT) value comes with a trade-
off: reduction of effective conversion light to photocurrent.
Additionally, we confirmed that this reduction introduces
substantial lattice strains in the MAPbI; film. These lattice
strains can be attributed to reduced stability and hindered
charge transgort, as carrier mobility closely correlates with
lattice strain.>®*” This, in turn, affects the efficiency of carrier
collection and may contribute to the formation of defect
centers, which can adversely impact the performance of solar
cells.”® Recognizing the potential for overestimating lattice
strain in films below 40 nm, we decided to conduct further
investigations on solar cell fabrication with two different
thicknesses of MAPDbI;. One thickness corresponds to 30 nm,
where lattice strains increase dramatically; photovoltaic
performance parameters of devices show whether we over-
estimated lattice strain or not. The second thickness is 10 nm;
this aims to explore the feasibility of fabricating functional solar
junctions with a photoactive layer at the nanometer scale.

Moreover, for comprehensive and fundamental optical
characterization of the spin-coated layers, we measured PL
using a continuous wave green laser (532 nm, 2.33 eV) as an
excitation source. To demonstrate that our fabrication method
is reproducible, we measured at least 7 spin-coated samples of
each thickness in exactly the same measurement conditions
(50 4W exc. power, 300 K, under vacuum).

The representative spectra are shown in Figure 4. The shape
of PL and peak position (~1.6 eV) for samples thicker than
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Figure 4. Normalized PL spectra recorded for the samples of different
thickness.

225 nm is typical for those reported for MAPDI,
previously.*° Interestingly, we observed that the behavior
of the PL peak was significantly affected by thin film thickness.
First of all, the PL is shifted to higher energy with decreasing
thickness (Figure S7). Of course, one could expect such a shift
in the case of very thin samples (as it can be related to
quantum confinement and built-in strain), but here it was
clearly observed in the whole investigated thickness range.
Another possible explanation is related to the hypothesis that
emission in HOIPs such as MAPbI; is governed by bistable
amphoteric native defects (BANDs), i.e., defects whose nature

https://doi.org/10.1021/acsaem.4c00517
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perovskite films.

:13d. (b) XPS spectra of MAPDI, S and 30 nm films: Pb 4f. (c) XRD patterns of ultrathin

(donor/acceptor) and formation energy are controlled by the
location of Fermi energy.""** Assuming that due to the
increased surface-to-volume ratio in thinner films, the
concentration of BANDs is higher, one can expect such a
behavior of the PL peak. A further interesting feature in PL
spectra is related to the thickness range between 50 and 225
nm. Here, the peak is undeniably accompanied by a low-
energetic shoulder. The existence of multiple peaks/shoulders
in MAPDI; spectra was usually reported below phase transition
temperature (ie., 160 K; tetragonal — orthorhombic) and it
was often ascribed to the presence of tetragonal domains in the
orthorhombic lattice. Nevertheless, our process does not
involve the use of low temperatures. Moreover, XRD patterns
did not reveal any signs of different phases and we performed
measurements at RT so it is unlikely that the low-energetic
shoulder originates from the different phase inclusions.
However, this emission may be also related to the contribution
of BANDs or different defect states within the bandgap. This
hypothesis is quite plausible since we were able to observe PL
using below bandgap excitation (787 nm, 1.57 eV). As there
was a clear risk that ultrathin MAPbI; layers may be more
prone to degradation (eventually resulting in the formation of
Pbl,) when exposed to ambient air.

That effect was reported in the XRD of the ultrathin layer at
ambient conditions (Figure Sc). That reason, why we used X-
ray photoelectron spectroscopy (XPS) to verify if the material
is chemically uniform. The spectra shown in Figure Sa,b clearly
indicate the formation of pure MAPDI; for both evaluated
ultrathin films (S and 30 nm). The Pb 4f peaks of the $
nm_MAPDI; film exhibit higher binding energy compared with
30 nm_MAPDI;. To be specific, Figure Sa shows distinguished
Pb 4f,/, and Pb 4f;;, peaks for 30 nm_MAPbI; at 137.7 and
142.7 eV, respectively. The corresponding Pb peaks of 5
nm_MAPDI; were shifted to a higher binding energy of 138.6
eV for Pb 4f,, and 143.5 eV for Pb 4f;,,, which could be
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attributed to the changed chemical environment. Note that
both the distinguished I 3d;,, (619.9 V) and 1343/, (631.5 eV)
peaks for S nm_MAPDI; are also shifted toward higher binding
energy compared to those of the 30 nm_MAPbL, film (617.5
and 627.1 eV) (Figure Sb). This shift suggests a change in the
chemical environment of the [Pbls]*" octahedron, probably a
deformation of the complex arrangement with decreasing
dimensionality.

Finally, encouraged by the results obtained for ultrathin
films, we fabricated flexible semitransparent PSCs with planar
architecture and inverted configuration (p-i-n), (active area of
1 cm?) using the diluted, additive-free inks on flex substrate
with the following structure PET/indium zinc oxide (IZO)/
PEDOT:PSS/MAPbI,;/C60/bathocuproine (BCP)/Ag (Fig-
ure 7a). Here, it is worth noting that in general fabrication
of top electrodes for semitransparent PSCs is a separate, yet
very important, issue being the subject of numerous studies.
Among many approaches, the most common are direct
deposition of transparent conductive oxides-based top electro-
des without protective buffer layers, fabrication of three-
dimensional amorphous ITO (a-ITO)/Ag mesh directly on
semitransparent perovskite solar cells, and using a dielectric/
metal/dielectric (DMD) multilayer film as the top transparent
electrode.*’ Continuing the idea of a simple approach, we
decided to deposit just 10 nm of silver layer without any
additional antireflective coatings. AVT (between 300 and 900
nm spectral region) for the evaluated PSCs was calculated
using the formula®™*

/ 3201(,1)1“(1)61/1

900
/;00 1(2)d (2)

where I(1) is the photon flux under AM 1.5G illumination and
T(A) is the photopic response of the human eyes. We achieved
a current density (J,.) of 8.68 mA/cm?® and combined with an

AVT =

https://doi.org/10.1021/acsaem.4c00517
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open-circuit voltage (V,.) of 0.92 V, and fill-factor (FF) of
71.5% this resulted in a PCE of 5.7% for the champion device
under AM 1.5G irradiation (Figures 6b, 7a and S19). The
champion device combining high performance and good
transparency (AVT of 21.5%) was obtained for the PSC
consisting of a 30 nm MAPbI, layer and 10 nm of Ag (Figure
6¢). The digital photograph of the corresponding device in
Figure 6d depicts the overall optical transparency and color
neutrality. We also tried to fabricate a PSC with the thinnest
ever MAPDI; layer, 10 nm. An impressive PSC with PCE of
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1.9% and AVT of 41.1% (62.9% without Ag electrode) is
achieved when the active layer reaches only 10 nm of thickness
(Figure 6b,c). These devices also demonstrate high reprodu-
cibility with an average efficiency of 1.8 + 0.1%, as shown in
Figure 6b.

As a common trend in all of these devices, a gradual decrease
in the J,. with decreasing perovskite layer thickness is observed
due to reduced photon absorption, especially when the active
layer was reduced to 10 nm. This trend is also reflected in the
overall PCEs of the completed devices. Notably, the decrease is

https://doi.org/10.1021/acsaem.4c00517
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more rapid for the 10 nm_MAPDI; devices than that of the 30
nm_MAPDI; ones as a combined result of a significant
decrease in FF, V_, and J.. This is consistent with the fact that
the fabrication of perovskite films below 10 nm of thickness
formed a film with high lattice strain (up to 2%). Probably,
fabrication of that type of ultrathin film on a more thick
PEDOT:PSS with high roughness of the surface leads to more
defects at the PEDOT:PSS/MAPbI; interlayer. Nevertheless,
the PEDOT:PSS layer has good uniformity without any
pinholes as seen in the SEM images (Figure 7c). In summary,
the 30 nm_MAPbDI; PSC is the technical limit for minimizing
the thickness of the active layer. Further decreasing thickness
affected with increasing lattice strains and decrease of
absorption coefficient, so drastically dropped all device
performance parameters. To ensure the reliability and
performance of the manufactured perovskite solar cells
(PSCs), we conducted stability assessments by measuring the
stabilized power output in proximity to the maximum power
point (MPP). When measuring the photocurrent precisely at
the MPP under continuous AM 1.5G illumination, the
performance of the fabricated semitransparent PSCs exhibited
excellent stability.

H CONCLUSIONS

We developed a simple, yet elegant, protocol using solvent
engineering for the deposition of extremely uniform and
ultrathin perovskite layers. Probably, the high reproducibility
and the ability to control a wide range of molar concentrations
were made possible through the stabilization of an
intermediate phase using a precisely formulated precursor
solution realized via a chemistry precursor solution. Starting
from high-purity additive-free materials, we were able to
control the thickness of uniform MAPDI; film in a range of 3—
625 nm. These results will provide an effective strategy for the
fabrication of uniform semitransparent perovskite solar cells
based on ultrathin MAPbI;, demonstrated 5.7% PCE under
standard conditions (AM 1.5 G radiation, 100 mW cm™2) for
30 nm_MaPbl;-based cells. Remarkably, we achieved 1.9%
PCE for 10 nm_MAPDI;. These results represent a key
advancement for producing ultralightweight, highly transparent
devices with reduced lead content—a significant leap toward
sustainability. Our findings also illuminate a promising path for
continued research in this field, promising further innovation
and development in the future.
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Experimental Section
Materials :

The substrate consisted of a 210 pm thick PET substrate covered with a layer of Indium
Zinc Oxide (IZO; =270 nm) with a sheet resistance of 15-20 Q sq ! and a transparency of 80%
was purchased from Eastman. (Shenzhen, China). MAI was synthesised using previously
reported method!. Pbl, was purchased from Solaveni GmbH, N, N-dimethylformamide (DMF,
99.8%), dimethyl sulfoxide (DMSO, 99,9%), toluene (99% anhydrous), bathocuproine (BCP,

99% HPLC), Ce0 (99.9%) were purchased from Sigma Aldrich. PEDOT:PSS Al 4083 dispersion
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was purchased from Ossila. All of the above materials are commercial products and can be used

directly without further processing.
Device fabrication:

Solution preparation: Additive-free MAI powder synthesised! (1 equiv.) and Pbl, (1
equiv.) were sequentially added to 1 mL of a mixture of DMF:DMSO (9.0:1.1, v/v) stirred at

room temperature for 6 h to form the perovskite precursor solution of the desired concentration.

Device fabrication: PET/IZO substrates (18x13 mm? pieces) were patterned by dipping
one side in the HCI solution (15 wt% in deionized water). The etched substrates were cleaned
by ultrasonication in deionized water and isopropanol for 7 minutes in each solvent and dried
by nitrogen flow. Before layer processing, substrates were treated with oxygen plasma for 2
minutes. The PEDOT:PSS dispersion was spin-coated at 5000 rpm for 40 seconds, followed by
annealing at 120°C for 30 minutes. The perovskite solution was spin-coated on the top of
PEDOT:PSS with 6000 rpm for 30 seconds (2 seconds of acceleration). Anhydrous toluene (100
pL) was dispensed on the sample 20 seconds before the end of the spinning program. After
drying at room temperature (RT) for 2 minutes, the as-prepared structure was transferred to a
hotplate and annealed at 100°C for 30 minutes. A 25 nm layer of Cso was thermally evaporated
on top of the perovskite layer as the electron transport layer, followed by 5 nm of BCP as a

buffer layer and 10 nm of Ag as a top electrode.
Material and device characterization and measurement

Dvynamic light scattering

The dynamic light scattering (DLS) was recorded by 90Plus PALS (Brookhaven Instruments

Corporation).

Fourier transform infrared spectroscopy
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The Fourier transform infrared spectroscopy (FTIR) was measured by a Bruker Vertex 80v

spectrometer, the concentration of perovskite precursors was 0.25 M, 0.50 M, and 1.00 M.

Profilometer measurements

Samples had their thickness and roughness measured using a Veeco Dektak 150 Profilometer.

AFM measurements

Atomic force microscopy (AFM) topographic images were performed using A Park Systems

Atomic Force Microscope

Scanning electron microscopy

Top-view morphology images of samples were obtained with a field emission SEM (Phenom
ProX), which had an accelerating voltage of 5 kV with a working distance of 8.0 mm. Cross-
section images were developed by deploying a focus ion beam scanning electron microscope,
FIB-SEM (FEI Helios 600), which had an accelerating voltage of 2 kV. The samples for

measurement were prepared by depositing carbon and platinum films on the top side.

X-ray diffraction measurements

X-ray diffraction (XRD) patterns were collected with Rigaku MiniFlex600 (Cu Ka radiation,
A=1.5406 A) diffractometer. The samples were measured using 0-20 scans. The set-up was
equipped with a copper anode and a graphite monochromator to select Cu Ka radiation (20 5—

50 deg; the diffractograms were scanned using 0.1 deg steps and a counting time of 1 s per

step).

Optical characterization

Transmission spectra were measured in a spectrophotometer (Edinburgh Instruments FSS5),
using an Xe lamp light source (spectral range 300-900 nm), an integration time of 0.2 seconds,

and a spectral spacing between points of 5 nm. Ellipsometry data were collected in a Semilab
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SE-2000 ellipsometer, using an illumination angle of 70 degrees, and a spectral range 300-2500

nm.

Photoluminescence measurements

Steady-state photoluminescence (PL) spectra were measured using an experimental setup
equipped with a Peltier-cooled Avantes CCD spectrometer (AvaSpec-ULS2048x64TEC-EVO)

and appropriate optics. The samples were excited with a 532 nm semiconductor laser.

X-ray Photoelectron Spectroscopy measurements

The XPS (X-ray Photoelectron Spectroscopy) measurements were performed under UHV
(Ultrahigh vacuum) conditions. The base pressure in the analysis chamber was < 2:10-10 mbar.
The photoemission process was initiated using an AlKa radiation source (1486.6 eV) oriented
at 55° to the normal of the samples. The energy of the photoelectrons was determined with the

VGScienta R3000 spectrometer. The energy step was set to AE = 0.1 eV.

Current-voltage measurements

For the device operation measurements at simulated AM1.5G irradiation (100 mA cm2), an
AAA-rated solar simulator (Abet Technologies, sun 2000) was used, calibrated against an RR-
208-K G5 silicon reference cell (Abet Technologies). Solar cells were masked with a 0.64 cm?
shadow mask. The stabilized power conversion efficiency (SPO) was measured at the maximum

power point voltage for 30 s.
Additional discussion — ink chemistry

An in-depth understanding of the precursor ink chemistry is essential for the wet
fabrication methods of PSCs as it directly affects thin film quality and, as a consequence, the
device’s performance. Even the most common method involving direct mixing of raw materials

(i.e. monovalent halide and lead(II) halide) can result in the formation of various lead polyhalide
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coordination complexes such as [Pbls]", [Pbls]*, [Pbls]*, [Pbls]* . Moreover, it should be kept
in mind that solvent molecules may compete with iodide anions as ligands for the Pb>". The
presence of lead polyiodides and lead-solvent coordination complexes, as well as the formation
of the so-called intermediate phase, and/or introduction of impurities to the film adversely
impacts the nucleation and crystal growth of the HOIPs, which brings a great deal of uncertainty
in terms of reproducibility of physiochemical (in particular optoelectronic) properties of the
resultant perovskite thin films. The MHP precursor ink is usually colloidal, and the interactions
between perovskite particles and solvent critically affect the deposition process. During spin-
coating the sol-precursors undergo transformation to wet gel films upon the removal of solvent.
The size and concentration of the colloids clearly impact the crystal quality as well as the
morphology of the perovskite thin film. The above-mentioned lead polyhalide networks which
may be present in the precursor solution can offer preferential sites for heterogeneous
nucleation, which in turn affects the rate of crystallization and final film properties. An in-depth
understanding of these complexities remains not fully resolved. One of the major factors for
colloid formation/stabilization is affected by the purity of the perovskite precursor in the
solution. Several studies have concluded that defects and grain boundaries in perovskite films
are the main cause of performance losses or hysteresis. The fabrication of HOIP thin films by
the so-called wet methods is known to introduce impurities in the film. Impurities themselves
have a dramatic effect on controlling and regulating the deposition rate of MAI. The impurities
of MAI play an important role in the fabrication process and have a significant impact on the
performance of perovskite solar cells. Hypophosphorous acid (HPA) present in hydroiodic acid
(HI) as a reactant to synthesize MAI by reacting with methylamine has been performed by
Zhang et al, MA;HPA. This in turn could lead to the formation of insoluble Pb(H2PO:)>
nanoparticles during the perovskite precursor solution preparation. It was suggested that these

nanoparticles could act as nucleation centers during perovskite thin-film crystallization and
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support large domain formation. Similarly, other impurities (unreacted acid, amines, halogens)
can affect the colloidal chemistry occurring in the perovskite precursor solution, which in turn
would have an impact on the nucleation process and perovskite thin-film morphology. The
quality of the second component of MAPbI; also plays a pivotal role in the photovoltaic
performance of perovskite solar cells. The experimental studies suggest that the use of Pbl
precursor with high purity is important for the photovoltaic performance of perovskite solar
cells. The impact of Pbl purity has been illustrated by a comparison of the material of 98.0%
purity and highly pure (99.999%) showing that the former results in low crystallinity of HOIP
thin film and a significant drop in charge carrier lifetime and diffusion length. The impurities
originating from Pbl (i.e. Pb(OH)2, PbO(OH), Pb(OH)I. Pb(OH)I) introduce traps in the bulk

film which in turn act as non-radiative recombination centres, reducing device’s performance.

Figure S1. Two years old synthesized MAI without any evidence of aging.
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Figure S2. Solubility test of Pbl> in DMF/DMSO system (9.0:1.1).
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Figure S3. "H NMR of MAL.
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0.037M.
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XRD Analysis

The X-ray diffraction patterns are shown in Figure 3a.
The d-spacing for each thickness was found from the angle of the perovskite (110) and (220)
peaks using Braggs law:

2dsinf = nA (Equation S1)

Scherrer Equation
Smaller grains lead to larger FWHM since there are fewer aligned crystal planes to contribute
to diffraction. The grain size can therefore be found from the full width at half maximum

(FWHM) of the perovskite peaks, using the Scherrer equation:

_ Ka
- Bcos6

(Equation S2)
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where D is the crystallite size, 3 is the FWHM in radians, A = 0.15406 nm is the wavelength of
the X-rays, 0 is the Bragg angle, and K is known as the shape factor which is determined by the

definition of the peak breadth and the shape of the crystallite, K = 0.8859.

Williamson-Hall Plot
The Scherrer formula is only valid when the crystallite size is the main contribution and
broadening due to micro-strain (i.e. the distribution of lattice plane spacing in the sample) can

be neglected. When microstrain is included, the formula is given by

B = Dfot il 4etand (Equation S3)

This expression can be rearranged to give

K.

B = DCO)L 5 + 4ctan6 (Equation S4)

Plotting a graph with y = Bcos6 and x = 4sin6 allows us to determine the strain from the gradient

and the crystallite size from the intercept.
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Tabel S1. Tetragonal lattice parameters, strains, and XRD Peak (110) parameters for MAPbI3

Thin-Film Samples.

Thickness 20 Intensity FWHM D Microstrains

nm deg. a.u. deg. nm %

10 13,82 3817 1,1912 6,9 2,07393
20 13,75 7167 0,8573 9,6 1,49799
40 13,89 22404 0,3070 26,1 1,09972
93 13,84 15850 0,1959 40,8 0,07045
128 13,67 56275 0,1602 49,9 0,05832
200 13,75 121767 0,1642 48,7 0,05944
250 13,82 119167 0,1669 48,0 0,06007
315 13,74 100883 0,1722 46,5 0,06238
400 13,68 137825 0,1521 52,6 0,05532
500 13,72 219883 0,1502 53,3 0,05447
625 13,69 359017 0,1302 61,4 0,04734
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Figure S14. a-i) SEM images of MAPDI; layer with different thickness.
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Figure S15. SEM images and grain size distribution of the perovskite thin films — 250 nm and 128 nm.

Moment-Based

Average value: 0.00 nm

RMS roughness (Sq): 3517 nm

RMS (grain-wise): 3517 nm

Mean roughness (Sa): 2499 nm

Skew (Ssk): 218 41 nm
Excess kurtosis: 1335

Order-Based

Minimum: -13.93 nm

Maximum: 40.56 nm -14 nm
Median: <0.13 nm

Maximum peak height (Sp):  40.56 nm
Maximum pit depth (Sv): 1393 nm
Maximum height (Sz): 5449 nm

Figure S16. AFM images and statistical analysis of surface topography of the perovskite thin films 10 nm.
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6 Carboxylic Acid-Assisted Synthesis of
Tin(ll) lodide: Key for Stable Large-Area Lead-
Free Perovskite Solar Cells

6.1 Overview

The second publication outlines a key development strategy to accelerate the complete
replacement of lead-based PSCs with tin-based ones. As mentioned in Chapter 2, tin-based
perovskites are a promising alternative due to their lower toxicity, but they are inherently
affected by stability issues due to the p-doping behavior of the tin perovskite precursors, which
accelerates degradation. This study addresses this fundamental problem by introducing a novel
method for the synthesis of Snl, using elemental tin and iodine, catalyzed by carboxylic acid.
The proposed method offers a simple and efficient approach for synthesizing high-purity Snl;
under mild conditions. Additionally, the synthesis can be performed directly in solvents suitable
for the preparation of perovskite inks, streamlining the production process. The resulting
perovskite ink and fabricated layers demonstrated significantly improved performance and
enhanced resistance to oxidation compared to commercial precursors. Using this processing
philosophy, flexible tin-based PSCs with an active area of 1 cm? were fabricated, achieving
a remarkable power conversion efficiency. The presented work shows a significant step forward

in the development of lead-free perovskite technology.

6.2 Author’s contribution

Wiktor Zuraw performed and optimized the fabrication process of tin-based perovskite solar
cells presented in the article, carried out their current-voltage characteristics, external quantum
efficiency measurements, and participated in the preparation of the original manuscript text.
The author also performed structural, morphological, and optical characterization (scanning
electron microscopy, X-ray diffraction, and photoluminescence measurements) with the
analysis and interpretation of the obtained results. Wiktor Zuraw and Lukasz Przypis (co-

supervisor) contributed equally to this work.

6.3 Publication

60



Downloaded via 77.222.230.64 on January 14, 2025 at 21:35:03 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

AC

Ehergy
\

This article is licensed under CC-BY 4.0 © (®

http://pubs.acs.org/journal/aelccp

Carboxylic Acid-Assisted Synthesis of Tin(ll)
lodide: Key for Stable Large-Area Lead-Free

Perovskite Solar Cells

Wiktor Zuraw,” Dominik Kubicki, Robert Kudrawiec, and Lukasz Przypis*’-“t

Cite This: ACS Energy Lett. 2024, 9, 4509-4515

I: I Read Online

ACCESS|

[l Metrics & More ‘

Article Recommendations |

@ Supporting Information

ABSTRACT: Despite significant progress in tin-based perovskites, the
development of stable and high-performance tin-based perovskite solar
cells (TPSCs) remains a challenge. In this pursuit, a multitude of
strategies have been explored, encompassing the use of reducing agents,
antioxidants, bulky cations, and customized solvent systems. We propose
an improved approach for synthesizing Snl, from elemental tin and iodine.
Here, we generate tin nanoparticles grafted with a carboxylic acid in situ
from tin powder—carboxylic acid-assisted synthesis (CAAS). This
methodology not only improves the synthesis process of Snl, but also
enhances precursor stability against oxidation. We use ''*Sn MAS NMR to
study the atomic-level structure of the resulting FASnI; thin films and find
that the CAAS approach leads to highly pure and unoxidized material. We
report remarkable reproducibility in fabricating large-area (1 cm?) flexible

Ultra-pure
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Reaction limited by liquid-solid In-situ preparation of
P interface tin-based perovskite ink
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TPSCs with significant improvement in open-circuit voltage leading to the champion device showing a power conversion

efficiency of 8.35%.

etal-halide perovskites have emerged as game-

I\ /I changing materials for energy conversion. Their
unique optoelectronic properties and straightfor-

ward fabrication processes hold great promise. These light-
weight and cost-effective materials can be manufactured at high
throughput using inexpensive raw materials and minimal
energy inputs. Among solution-processable solar cells, lead-
based perovskite solar cells are on the top with an impressive
power conversion efficiency (PCE) of 26.1% for single-
junction opaque solar cells.' However, Pb toxicity poses a
significant challenge for practical life applications. To address
this problem, the most likely substitute is tin (Sn), which like
Pb, is also a group 14 metal. In addition, Sn-based perovskites
display similar or superior electronic and optical properties
compared to Pb-based perovskites, such as higher charge
carrier mobilities and long-lived hot carriers.” The organic—
inorganic tin-based perovskites show good semiconducting
behavior with an optical bandgap in the range of 1.2—-1.4
eV.’™ The first investigation about their application in
optoelectronic devices was reported in 2012 for CsSnl,.°
Since then, the development of tin perovskites has expanded to
various optoelectronic fields, including photovoltaics, light-
emitting devices, and photosensors.7_10 Despite these
favorable optoelectronic properties, tin-based perovskite solar
cells (TPSCs) still show PCEs that are much lower than those
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of their Pb counterparts. This is mainly attributed to the
propensity of the metastable Sn** in the perovskite lattice to be
oxidized to p-type Sn*' defects in the presence of oxygen
during the device fabrication (self-doping), or spontaneously
through disproportionation in tin-poor environments.'"' There-
fore, stopping or controlling this oxidation pathway is one of
the requirements to achieve efficient and stable TPSCs. For
this reason, several strategies have been employed to tackle the
oxidation of Sn*". These include purifying or synthesizing hig -
purity Snl, to minimize Snl, content in the precursor,1 13
adding bulky A-site cations to stabilize the resulting films, or
the use of new solvent systems to avoid oxidation by dimethyl
sulfoxide (DMSO)."*™"" To mitigate Sn** oxidation during
fabrication processes, reducing agents or antioxidants are used.
Several reducing agents have been implemented, including
metallic Sn powder,'® hypophosphate,'® sodium borohy-
dride,”® and various organic compounds.n_24 As for the
antioxidants, the most extensively described is SnF,.*®
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Additionally, various sulfur organic derivatives have been used
for this purpose.”**” Most of these approaches are increasingly
used simultaneously to fabricate high-performing TPSCs
(Figure 1).

Solvents system

Reducing agents )

Bulky cations

Figure 1. Advancing TPSCs: strategies for enhanced performance.

In this work, we present a novel approach for the synthesis
of ultrapure tin(II) iodide, a critical component in the
fabrication of TPSCs. Our methodology involves the surface
functionalization of tin nanoparticles (NPs) with carboxylic
acid ligands, dubbed carboxylic acid-assisted synthesis
(CAAS). This method is not only aimed at synthesizing
tin(II) iodide but also at hindering the oxidation process. The
incorporation of carboxylic acid ligands serves a dual purpose.
We expect a synergistic effect wherein these ligands positively
interact with the tin-based perovskite compound during the
crystallization stage. This interaction is pivotal for the
formation of a stable perovskite structure. To study the
influence of CAAS on the device performance, we fabricated
flexible perovskite solar cells with an active area of >1 cm® The
champion device exhibits a PCE of 8.35%, with an open-circuit
voltage (V,.) of 0.59 V, a short-circuit current density (J.) of
21.60 mA/cm?, and a fill factor (FF) of 66.5%.

The synthesis of Snl, from elements has been reported in
the literature,”® and the use of tin NPs to improve tin-based
perovskite ink has also been demonstrated.** In our study, by

combining these methodologies, we have proposed a novel
approach to synthesize Snl, in order to obtain a stable tin-
based perovskite ink that is not only more resistant to
oxidation but also exhibits high device efficiencies. We start by
inspecting the key stage of the Snl, in situ synthesis, the solid—
liquid interface interaction of metallic tin and the I,-DMSO
complex. This interface is the limiting factor for the reaction.
Therefore, to fully control this reaction, it is important to
optimize this step. To achieve this, we focused on customizing
that interface by increasing the surface area to volume ratio.
This approach aimed to overcome limitations and facilitate
faster and more efficient synthesis of pure and stable Snl,.
Metal NPs exhibit highly reduced sizes, resulting in
significantly enhanced reactivity, ideal for promoting the
desired reaction pathway. To achieve this goal, we applied
grafted tin NPs for Snl, synthesis. By combining the
advantages of Snl, synthesis from elements and in situ Sn-
nanoparticle generation, we anticipate significant enhancement
in the performance of tin-based perovskite inks. Moreover, due
to the boosted reaction rate, this method enables the
production of Snl, in a variety of solvent systems and provides
the possibility to work in noninert atmospheres. This opens
doors to improved lead-free perovskite solar cell technologies.

The most comprehensive methodology for the preparation
of metal NPs involves treatment assisted with ligands.””~>' We
chose to use carboxylic acids as ligands capable of modifying
the tin surface. Moreover, carboxylic acids were reported in the
literature as effective additives that aid in the formation and
crystallization of perovskites.”” > Therefore, in our concept,
carboxylic acid serves not only as an agent for the formation of
Sn-NPs for the synthesis of tin(II) iodide but also can
positively affect perovskite formation.

We started the verification of the hypothesis about the key
role of nanoparticles by looking for an approach that would
involve the formation of Sn-NPs. In general, carboxylic acid
can form stabilizing interactions with tin in three different
ways.”” The first is dipole attraction (I), where the —OH group
from a carboxylic acid interacts with metallic tin, which being a
strong Lewis acid, has a strong affinity for groups containing
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Figure 2. (a) Grafting of tin NPs with carboxylic acid—potential interactions. (b) Comparison of reactions with tin powder vs CAAS-SnL,.
(c) Plausible mechanism of tin(II) iodide formation catalyzed by carboxylic acid.
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Figure 3. Images of Snl, precursor solution in DMF:DMSO for different times of exposure to the air: control (on the left) and CAAS-Snl,

(on the right).

oxygen. Another configuration is carboxylic acid acting as a
pincer ligand (II), where the negative dipole moment is shared
between two oxygen atoms. The last option combines the first
two, forming a bridge-type interaction (III) where one
carboxylic unit interacts with two tin centers (Figure 2a).

In the CAAS approach, interactions of the carboxylic acid
with tin are enough to form Sn-NPs and recrystallize the
surface of tin powder (Figure 2b and Figure S2). Additionally,
the anchored carboxylic acid units on the reaction surface can
interact positively with iodine molecules, further enhancing the
progress of the reaction. In light of the above facts, the natural
choice was formic acid, the simplest carboxylic acid. Many
preparation protocols for metallic nanoclusters using formic
acid were reported in the literature.**™*° In further experi-
ments, we focus on this acid to develop the perovskite ink
preparation procedure. However, for a broader evaluation, we
showed that the synthesis of SnI, based on the CAAS approach
is possible using different carboxylic acids (typical reducing
agents or with additional functional groups), which opens the
door to introducing additives tailored to the desired
composition (Supplementary Discussion 1).

Based on these observations, we propose a plausible pathway
for Snl, formation in the CAAS process (Figure 2c). In the first
step, carboxylic acid coordinates with metallic tin, forming a
carboxylic acid-tin complex. In Figure 2a, we present three
possible interactions for the carboxylic acid to the tin atom:
dipole, pincer, and bridged interaction. However, it is more
likely that the carbonyl oxygen of the carboxylic acid
coordinates with the tin atom due to its higher nucleophilicity,
making the pincer form of the complex the most probable. In
the next step, an iodine molecule coordinates with the tin-
carboxylic acid complex. The carboxylic acid facilitates the
oxidative addition of iodine to the tin atom, forming Snl, and
regenerating the carboxylic acid for the next catalytic cycle.
This proposed stabilization mechanism would explain the
observed faster and more efficient reaction under carboxylic
acid treatment. We expect that carboxylic acid will have a
positive effect on perovskite crystallization. Moreover, the
metallic tin NPs suppress the formation of Sn** ions through
the reaction Sn® + Sn** — 28n**.

In our approach, we observed that the reaction proceeded at
a faster rate compared to the protocol previously reported in
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the literature (standard synthesis)*® — in our method, the
formation of Snl, happened immediately. The comparison of
the reaction rates between these methods is shown in Figure
S3. The enhanced reaction facilitated by Sn-NPs offers
numerous advantages for tin-based perovskite ink preparation,
including easy scalability for large-scale production and the
preparation of Snl, in a variety of solvents (Figure S4).
Moreover, our method does not require highly restrictive
conditions (Figure SS), making it more practical for large-scale
production. To evaluate the stability of our ink, we conducted
an aging test under controlled conditions (Figure 3). After 2 h,
the CAAS-Snl, solution maintained its vibrant yellow color
without any signs of aging, in contrast to the control
(commercial Snl,) sample which promptly turned red. Based
on these results, we conclude that, in line with our initial
assumptions, the CAAS ink is more resistant to oxidation.
Remarkably, these perovskite inks show no signs of aging after
2 years of storage in an N-filled glovebox (Figure S6).

Next, we investigated how CAAS influences perovskite film
formation. We prepared perovskite precursor solutions by
mixing CAAS-Snl, (target) and commercial Snl, (control) in
DMF:DMSO with FAI and SnF, in a 1:1:0.1 molar ratio.
Using the spin-coating technique with antisolvent approach,
we fabricated highly reproducible uniform perovskite films. We
analyzed the composition of perovskite layers using X-ray
diffraction (XRD) and did not observe peaks corresponding to
the 2D perovskite structure or additive (Figure S7). In the next
step, we characterized the morphology of films using a
scanning electron microscope (SEM). We confirmed a large
grain size that was tightly packed in the film (Figure S8). The
photoluminescence (PL) spectrum shown in Figure S$9
displays higher emission for the CAAS-FASnI; layer than for
control FASnI;. These results indicate that the CAAS method
enables the formation of high-quality perovskite films.

We next study the atomic-level structure of the material
using solid-state NMR. '*?Sn Magic Angle Spinning (MAS)
NMR has been shown to be highly sensitive to the Sn
oxidation state in halide perovskites in solution*' and the solid
state.”> Notably, the solid-state spectrum of the Sn** perovskite
species is sensitive to disproportionation (self-doping) with
materials prepared under reducing conditions giving rise to
narrow signals and the signal substantially broadening when

https://doi.org/10.1021/acsenergylett.4c02027
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Figure S. (a) J-V parameters and (b) EQE spectra of TPSCs for CAAS-Snl, and commercial Snl, (control). (¢) J-V reverse scan for fresh and

aged champion device (inset: picture of the flexible TPSC).

the material is exposed to air (Figure 4a, middle spectra).®
Figure 4b shows 'Sn MAS NMR spectra of a sample
fabricated using the one-step antisolvent CAAS approach. The
spectra show only the presence of FASnl; whose signal is
narrow (85.2 + 0.8 ppm) and comparable to that previously
reported for MASnl; prepared in the presence of strongly
reducing H;PO,. There are no detectable signals of metallic tin
and FA,Snl,. These results indicate that the material is fully in
its Sn**, unoxidized form. *C MAS NMR spectra of the
material show the presence of the formate (C=O0) and
ethylenediammonium signals (Figure 4c), used as additives in
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the fabrication process, and residual DMSO, indicating that
these species are preserved in the solid material after thin film
fabrication. Cross-polarization (CP) and echo spectra are
qualitatively similar to CP preferentially enhancing rigid local
environments of the sample.

To study the influence of CAAS-Snl, on device perform-
ance, we fabricated large-area (active area of 1 cm?) flexible
perovskite solar cells with the simple perovskite composition
and device structure: PET/IZO/PEDOT:PSS/FASnl;/Cqyy/
BCP/Ag. Ethylenediammonium diiodide (EDAIL,) was used as
an additive in perovskite precursor solution as a commonly

https://doi.org/10.1021/acsenergylett.4c02027
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known compound in TPSCs which improves reproducibility
and device performance.”* We observed a significant increase
in V. and thus PCE for devices made from CAAS-Snl,
compared to commercial Snl, (Figure Sa). This is consistent
with the ssNMR and PL results and is ascribed to a reduced
defect density due to a decreased amount of Sn*" impurities
which play the role of nonradiative recombination centers.*
We note that many factors can influence V. and lower values
compared to state-of-the-art can result from the large-area
flexible substrate and simple 3D perovskite composition
without any passivation layers.*>*” Short-circuit current was
similar for both approaches and was mainly in the range of
18—20 mA/cm? (Figure Sa). External quantum efficiency
(EQE) spectra did not show considerable differences between
both methods. Maximum EQE up to 77% was obtained for 510
nm and integrated J,. matches with J. obtained from current
density—voltage (J-V) scan (Figure 5b). The thickness of both
perovskite layers was the same and reached 190 + 10 nm
(Figure S10). Additionally, CAAS showed better reproduci-
bility of prepared PSCs with an average PCE of 7.17 + 0.15%,
compared to the average PCE of 6.07 + 0.51% for PSCs made
from commercial Snl,.

To study the charge carrier transport in prepared TPSCs, we
measured dark J-V characteristics shown in Figure S11. The
device with the CAAS layer exhibited a lower dark current
density which can be attributed to the lower density of bulk or
interface defect states. The relationship between reverse
saturation dark current density (J,) and V. is given by V. =
BT 1 e 48

K’
constant, T is an absolute temperature and q is an elementary
charge. The lower ], obtained for CAAS leads to higher V.
which agrees with the V. values obtained from J-V light
measurements.

We also assessed the stability of unencapsulated PSCs inside
an N,-filled glovebox. In the literature, it was reported that
EDAI, causes slow relaxation of the perovskite structure
resulting in increasing performance in time with maximum
PCE after 1—3 months of storage.*” We expected that effect in
our PSCs but to avoid the influence of oxygen and water
during J-V measurements in ambient conditions, we
remeasured the champion device after 7 months of storage
and we obtained PCE of 7.96%. Surprisingly, after 2 weeks
PCE increased up to 8.35% which is the highest reported PCE
for flexible lead-free PSC with a large active area (Figure Sc).
That result also indicates that exposing devices to ambient
conditions for a few minutes during J-V measurements can
accelerate the passivation and crystal relaxation effect of
EDAL. PV parameters for the champion cell and record results
from the literature are summarized in Table S1. The stability of
the device under ambient conditions is presented in Figure
S12. After 2000 h of storage on air (35—40% RH) the prepared
device (without any encapsulation or passivation layer)
retained 40% of the initial PCE.

In summary, we have introduced a novel method for the
synthesis of ultrapure and stable Snl,, using a nanoparticle-
based approach with carboxylic acid ligands (CAAS-Snl,).
This innovative method involves nanoparticle surface
functionalization, which we have demonstrated using various
carboxylic acids, with formic acid showing the most promising
results. The absence of Sn*" species and the long-term stability
of the Snl, ink were confirmed through aging tests. '**Sn solid-
state MAS NMR analysis revealed that this approach effectively

where 7 is an ideality factor, k is a Boltzmann’s
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eliminates self-doping, with the FASnl; prepared in this way
being free of Sn*". This method serves as a versatile platform
for the in situ preparation of tin-based perovskite ink. The
fabricated large-area (1 cm?®) flexible TPSCs achieved a
remarkable PCE of 8.35%. These findings not only advance
lead-free perovskite solar cell technology but also pave the way
for scalable production of high-performance devices.
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Experimental Section

Materials:

Tin powder (99.8%, Thermo Scientific, 325 mesh), iodine 99.5% (Sigma-Aldrich), formic acid
99% (Thermo Scientific), tin(Il) iodide (anhydroBeads™ 10 mesh, 99.99% trace metals basis,
Sigma-Aldrich), formamidinium iodide (FAI, 99.9%, Ajay North America), tin(Il) fluoride
(5nF2, 99%, Sigma-Aldrich), ethylenediammonium diiodide (EDAI, >98.0%, Sigma-Aldrich),
poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS, Clevios Al 4083
dispersion), fullerene-Ceo (99.9%, Sigma-Aldrich), bathocuproine (BCP, 99.99%, Sigma-
Aldrich), silver (99.99%, Kurt. J. Lesker), N,N-dimethylformamide (DMF, 99.8%, Sigma-
Aldrich), dimethyl sulfoxide (DMSO, 99.9%, Sigma-Aldrich), toluene (99.8%, Sigma-Aldrich)

were used without further purification. Indium zinc oxide (IZO)-coated polyethylene
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terephthalate (PET) substrates (sheet resistance of 15 -07') were bought from Eastman

Chemical Company.
Perovskite film fabrication:

Under a nitrogen atmosphere, the tin powder was suspended in 1 mL of DMF:DMSO 4:1 (v/v).
Subsequently, 15 ul of formic acid was added, resulting in a greyish-dense dispersion. The
dispersion was stirred for 4 hours. The 0.8 mmol of iodine was added gradually to the
dispersion under vigorous stirring. The mixture was further agitated for 15 minutes and Snl:
solution was obtained. The precursor solution for the FASnIs perovskite film was prepared by
mixing Snl: ink with 0.8 mmol of FAI and 0.08 mmol of SnF.. For solar cells fabrication,
additionally, 2 mol% of EDAI> was added to the perovskite precursor solution. For comparison
with commercial Snlz, a ,Control” solution was made by mixing Snlz, FAIL, SnF:, formic acid,
and tin powder (additionally EDAL for solar cells) with the same molar ratio to form 0.8 M
perovskite solution. Before deposition, the solution was filtered by a 0.22 um PTFE filter. The
perovskite precursor solution was spin-coated at 6000 rpm for 30 s with a ramping rate of
3000 rpm-s~'. Toluene was dropped onto the surface at the 10t second. The resulting film was

annealed at 50 °C for 1 minute and at 100 °C for 10 minutes.
Solar cell fabrication:

Perovskite solar cells were fabricated on flexible polyethylene terephthalate (PET) foil. IZO-
coated PET substrates were etched by dipping one side in the HCI solution (15 wt% in
deionized water) and then cleaned by ultrasonication in deionized water and isopropanol for
10 minutes in each solvent and dried by nitrogen flow. After that, substrates were treated with
oxygen plasma for 2 minutes. The PEDOT:PSS dispersion was spin-coated at 5000 rpm for 45
seconds, followed by annealing at 120 °C for 30 minutes. The perovskite films were deposited
as mentioned above. Then 30 nm of fullerene Ce and 5 nm of BCP were sequentially
evaporated on the perovskite layer. Finally, 100 nm of silver electrode was deposited on top of

devices by thermal evaporation through a shadow mask resulting in an active area of >1 cm?.

69



Characterization:

Solid-state NMR

Solid-state MAS NMR spectra of 1°Sn (186.5 MHz) were recorded on a Bruker Avance Neo
11.7 T spectrometer equipped with a 3.2 mm MAS probe using 154 kHz (**Sn) and 62.5 kHz
(*C) RF strength. The recycle delays were as follows: for 1°Sn, 5 ms for the metallic tin and
FA:2Snls regions, and 1 s for the FASnIs region, in accordance with reference’; for *C echo, 10
s, for 'TH-3C CP, 15 s. Number of scans: for '°Sn, 30000 (metallic tin region), 25600 (FA2Snle
region), 1664 for the FASnIs region; for 1°C, 4096 (echo), 2712 (CP). '“Sn chemical shifts were
referenced to neat SnO: at -604 ppm. ®C chemical shifts were referenced to the CH carbon

(38.48 ppm) of neat adamantane.

Current-voltage measurements

Current density-voltage measurements were carried out by a Keithley 2461 source measure
unit. The solar cells were illuminated under ambient conditions with a simulated AM1.5G
irradiation of 100 mW-cm? using an AAA-rated solar simulator obtained from Abet
Technologies, sun 2000 which was calibrated against an RR-208-KGS5 silicon reference cell also

procured from Abet Technologies.

X-ray diffraction measurements
X-ray diffraction (XRD) patterns were collected with Rigaku MiniFlex600 (Cu Ka radiation,

A=1.5406 A) diffractometer. The samples were measured using 0-20 scans. The setup was
equipped with a copper anode and a graphite monochromator to select Cu Ka radiation (20

5-50 deg; the diffractograms were scanned using 0.1 deg steps and a counting time of 1 s per

step).

Scanning electron microscopy

Top-view morphology images of samples were obtained with a field emission SEM (Phenom
ProX), which had an accelerating voltage of 10 kV with a working distance of 8.0 mm. Cross-
section images were developed by deploying a focus ion beam scanning electron microscope,

FIB-SEM (FEI Helios 600), which had an accelerating voltage of 2 kV.
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Photoluminescence measurements

Photoluminescence measurements were performed with the Photon Etc IMA-VIS setup.

A green laser (wavelength: 532 nm) was used as the excitation source.

External quantum efficiency

External quantum efficiency measurements were obtained with the Bentham PVE300

photovoltaic QE system.

Supplementary Discussion 1:

In addition to the simple formic acid (ForA), we also tested oxalic acid (OxA, closely
resembling ForA), citric acid (featuring additional oxygen atoms, CitA), 2,3-
pyrazinedicarboxylic acid (with nitrogen atoms, PDCA), and 2,5-thiophenedicarboxylic acid
(incorporating an extra sulfur atom, TDCA). Heteroatoms in those acids (such as O, N, S) act
as Lewis bases, conceivably leading to additional interactions with the tin metal surface. These
interactions have the potential to influence the formation of Snlz and the properties of the final
perovskite ink. Furthermore, our selected additives can be classified into two categories:
reducing agents and compounds with strong coordination abilities to metals (Figure S1a). This
distinction was crucial as we aimed to discern which factor plays a more significant role in the
formation of Snl. Firstly, we suspended the tin powder in DMF:DMSO 4:1 (v/v) solution and
then we added carboxylic acid (Figure S1b). Except PDCA, for other dispersions we got grey-
milky color. The tin powder appeared to be uniformly distributed within the solvent mixture.
For the PDCA, we obtained a yellow dispersion which we attribute to the oxidation of Sn’ to
Sn?* ions by this acid. PDCA can also strongly coordinate with metal ions resulting in a
polymeric structure.? In the next step, tin powder activated in this way was reacted with iodine
beads (Figure Slc). The reaction was fastest for ForA, and also immediate effects were
observed for TDCA and CitA — we obtained yellow solutions indicating that all of the iodine
has reacted. The reaction was slower with OxA and PDCA. However, with OxA, tin was in the
end converted to Snlz. The observation of the orange-red color in the PDCA system indicated
potential further evolution to Sn*, which can strongly interact with PDCA.2 To confirm the
identity of the compound formed in this case, a simple test was conducted by adding

formamidinium iodide (FAI) to the ink. If Snl> was indeed formed, perovskite-complex should
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have occurred in the presence of the organic component. However, no change in color to
yellow was observed even after adding an equal volume of the organic component. The ink
retained its intense red color for at least 24 hours. We concluded that the production of
perovskite ink was not achievable in this system. In summary, the synthesis of Snl> based on
CAAS is possible using the versatile nature of carboxylic acids. However, competitive

complexation may occur if the carboxylic acid interacts too strongly with the tin ions, as

observed with PDCA.

a)
Reducing agents

jl\ ! s <
HO H HO'

OH
o
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OH
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Figure S1. (a) Structures of tested carboxylic acids with highlighted additional functionalities;
(b) Interaction of different carboxylic acids with tin powder; c) Reaction progress after adding iodine
(after 5 minutes).

Figure S2. Tin metallic flakes collected after Snl: ink preparation.
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Figure S3. Comparison of Snlz synthesis progress over time a) 30 minutes; b) 2 hours - standard
synthesis vs. CAAS method in DMSO.

e

Figure S4. 20 ml of FASnls ink prepared using the CAAS method.
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OUTSIDE After24 h OUTSIDE

B |

Figure S5. Comparison of Snlz synthesis progress over time under ambient conditions a) 5 minutes;
b) 24 hours - standard synthesis vs. CAAS method in DMSO.

Figure S6. Two years old FASnIsink stored in the glove-box.
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Figure S7. XRD of FASnI; films based on commercial Snlz (Control) and CAAS method.

Figure S8. SEM images of FASnIs films based on commercial Snlz (Control) and CAAS method.
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Figure S9. Photoluminescence spectra for control and CAAS-Snl: FASnls layers.
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Figure S10. FIB-SEM image of the CAAS-Snl> TPSC.
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Figure S11. Dark J-V scans for control and CAAS-Snl> TPSCs.
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Figure S12. Stability of prepared TPSCs exposed to an ambient atmosphere (35-40% RH).
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Table S1. State-of-the-art large-area spin-coated tin-based perovskite solar cells.

Active ]
Substrate area * Voc (V) FF (%) | PCE (%) Strategy
(mA/cm?)
(cm?)
Rigid 1.02 19.59 0.53 61 6.33 MACI vapor annealing?®
. Conjugated organic cation
Rigid 1 17.57 0.56 72.0 7.08 o
additive*
Rigid 1 20.25 0.63 61.2 7.8 CsSnls stabilizer®
Rigid 1 19.80 0.68 66.2 8.9 N-type additive®
Rigid 1.02 19.96 0.77 65.7 10.09 2-step deposition method”
. Modification of
Rigid 1.02 22.69 0.775 68.6 12.05 , o
NiOx/perovskite interface?
Flexible 1 19.98 0.56 58.8 6.6 CsSnls stabilizer®
Flexible 1 21.60 0.59 65.5 8.35 This work
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7 Large-Area, Flexible, Lead-Free Sn-
Perovskite Solar Modules

7.1 Overview

The publication presents the fabrication of the first-ever tin-based perovskite solar module using
a scalable blade-coating technique, marking a significant milestone in the development of lead-
free perovskite technology. This achievement is the result of several interlinked innovations.
Firstly, a 3D/2D perovskite composition was designed, combining the structural stability of 2D
layers with the excellent optoelectronic properties of 3D perovskite. This hybrid composition
addressed the inherent instability of tin-based perovskites, which has been a major obstacle in
the field. Secondly, additive engineering has further stabilized the tin-based perovskite structure
by mitigating the effects of p-doping and oxidation. A key element of this success was the novel
synthesis of high-purity tin(11) iodide, described in Chapter 6. In addition to material innovation,
attention was given to optimizing the perovskite interface with the hole transport layer and
adjusting the laser scribing process. This work represents a crucial step towards the
commercialization of tin-based perovskite solar cells, offering a sustainable and
environmentally friendly alternative to lead-based systems. The successful realization of this

module demonstrates the potential of lead-free perovskites for industrial-scale production.

7.2 Author’s contribution

Wiktor Zuraw performed and optimized the fabrication of tin-based perovskite solar modules
presented in the article, carried out their current-voltage characteristics, analyzed and
interpreted all measurements included in the publication, and prepared the original manuscript

text. Additionally, Wiktor Zuraw is the corresponding author of this publication.
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ABSTRACT: For the first time, large-area, flexible organic—inorganic tin /~ N\
perovskite solar modules are fabricated by means of an industry- ; 3
compatible and scalable blade-coating technique. An 8-cell intercon- l pe'°'<:i° 4

U

nected mini module with dimensions of 25 cm® (active area = 8 X 1.5
cm?®) reached 5.7% power conversion efficiency under 1000 W/m? (AM
1.5G) and 9.4% under 2000 Ix (white-LED).

P 1 etal halide perovskites have gained attention over or pure DMSO compositions.” Moreover, these challenges are

the past decade due to their promise in optoelec- exacerbated when making large-area devices, as the antisolvent
tronic and photovoltaic applications. Perovskite process cannot be used to promote crystallization, in contrast
solar cells (PSCs) have achieved up to 26% power conversion to small-area devices made by spin-coating.

efficiency (PCE) for singlejunction devices." Despite their
excellent properties, Pb-based perovskites can be problematic
in real-life applications due to concerns about their toxicity.”
Recently, much attention has been paid to Sn-based PSCs,
with a reported PCE close to 15%.> However, all the reports
available in the literature refer to small-area cells made with
non-scalable techniques such as spin-coating. Therefore, the

Very recently we have successfully deposited FASnI; Pb-free
perovskite via a blade-coating technique for the first time. N-
Butylammonium acetate (BAAc) was used as an additive to
control the crystallization dynamics, allowing the fabrication of
solar cells with an active area of 1 cm? and a PCE of 3.7%.°
However, further scaling up requires module preparation with

development of methods that allow the fabrication of uniform, solar cells interconnected in series, and more material research

large-area thin films is a key step toward the commercialization is needed to improve the performance.

of lead-free perovskite photovoltaics. Here, we present the first report of blade-coated flexible,
The main reason for the rather slow development of Sn- lead-free perovskite solar modules. We also illustrate how

based perovskites is the easy oxidation of Sn** into Sn**, which proper 3D/2D perovskite composition can help in the

induces several degradation mechanisms and device perform- crystallization of the film, as well as how the choice of hole

ance losses.” Another challenge is obtaining uniform layers, as transport material (HTM) can drastically affect the final
the crystallization kinetics of Sn-based perovskites is faster

compared to Pb analogues, producing non-uniform and
pinhole-containing films.” These facts could be addressed by
using additives to reduce Sn®* oxidation and to delay the
crystallization, or by changing the solvent system, for example,
increasing the dimethyl sulfoxide (DMSO) content.’ However,
DMSO is known as a solvent that can accelerate Sn**
oxidation. Even though alternative solvent systems have been
proposed in the literature, the highest efficiencies have been
obtained using DMSO mixed with dimethylformamide (DMF)

efficiency of the fabricated mini module. Finally, we
demonstrate the potential of Sn-based perovskite solar devices
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with an achieved 5.7% PCE on a 25 cm? flexible module for
1000 W/m? irradiance (AM 1.5G) and 9.4% PCE for 2000 Ix.

Experimental details are provided in the Supporting
Information. Briefly, we aimed for a hybrid 3D/2D perovskite
composition ((BAgsPEAs),FA;Sn,l;;) with the addition of an
ionic liquid (BAAc) and a reducing agent (NaBH,).”~"" Figure
la)b shows the structural and morphological characterization
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Figure 1. (a) X-ray diffraction pattern and (b) top-view scanning
electron microscopy image of a blade-coated (BAysPEA;),-
FA;Sn,,; layer. (c) Normalized photoluminescence and (d)
UV—vis absorbance spectra of the corresponding film.

of the blade-coated perovskite layer. The XRD pattern shows
the typical diffraction peaks for the (100) and (200) planes
around 14° and 28° and additional signals below S°
representative of low-dimensional perovskite phases.'> Sim-
ilarly, the photoluminescence spectrum displays not only the
expected peak for 3D FASnI; around 850 nm but also peaks at
lower wavelengths that can be assi%ned to contributions from
the quasi-2D phases, see Figure lc.'” These emission bands are
correlated with exciton resonances in the absorbance spectrum
shown in Figure 1d."

Modules were fabricated in a p-i-n configuration with the
following structure: polyethylene terephthalate (PET)/indium
tin oxide (ITO)/HTM/(BAgsPEA,s),FA;Sn,l,;/Ceo/batho-
cuproine (BCP)/Ag. As HTM we used (1) an aqueous
poly(3,4-ethylenedioxythiophene)—poly(styrenesulfonate)
(PEDOT:PSS) dispersion, (2) a PEDOT dispersion in
toluene, and (3) a nickel oxide dispersion (NiO,). For every
HTM, we investigated the optimal P2 line processing
conditions. P2 processing parameters are presented in Tables
S1 and S2. Although PEDOT:PSS is the most widely used
HTM in the fabrication of Sn-based PSCs, in our case, the
maximum obtained efficiency was 1%. Despite using different
laser powers during the P2 process, the short-circuit current
density (J,.) obtained for each variant was very low, see Figure
S1. We suspect that this is related to the re-absorption of water
by the PEDOT:PSS during the P2 process, which was
conducted in ambient conditions (25% RH).'> Current
density—voltage (J—V) parameters for NiO, are shown in
Figure S2. We observed a significant increase in J,. and fill
factor (FF) compared to modules with PEDOT:PSS, but it is
known that NiO, can promote the oxidation of Sn-based

4886

82

perovskites and is also more prone to mechanical damage from
bending, which is a significant parameter for the application of
flexible solar cells.'*

Recently, Di Girolamo et al. successfully employed a non-
aqueous HTM source for Sn-based PSCs."® With the PEDOT/
ALO; bilayer we achieved a J, of 16.04 mA/cm? and
combined with an open-circuit voltage (V,.) of 4.85 V, this
resulted in a PCE of 5.7% for the champion module under AM
1.5G illumination. A photograph of the fabricated module and
forward scans for champion devices with varying HTMs are
displayed in Figure 2a,b, and dark scans are plotted in Figure
S3. The J—V parameters and J—V scans for the champion
module are shown in Figures S4 and SS.
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Figure 2. (a) Picture of the module, (b) J—V forward scans for
different HTMs, (c) shelf-stability in N, for the champion (19.6 A)
and a module fabricated with higher P2 laser power (19.8 A), and
(d) J-V forward scans for the champion module for 1000 and
2000 Ix illuminance.

We also assessed the stability of our modules over time, see
Figure 2¢. Non-encapsulated samples were kept inside an N,-
filled glovebox under dark conditions and were exposed to
ambient conditions for J—V measurements periodically (30%
RH). The laser power applied during the P2 patterning had a
large impact on the module performance but did not play a
significant role in the long-term durability. The difference in
stability in the first 1600 h might relate to the air exposure time
during P2 processing, but most modules achieved 80% of the
initial efficiency (Tgy) after 2000 h, and after 3300 h they
obtained similar values in the range of 70—80% of the initial
PCE. The evolution of J—V parameters over time for the rest of
the modules fabricated on PEDOT/ALO; is shown in Figure
S6. A significant obstacle during the module fabrication is the
degradation of the perovskite layer, which is exposed to the
ambient atmosphere during the P2 process. Performing all the
steps in an N, atmosphere could improve the module’s final
performance and stability even further, but this would be
problematic for mass production, and a trade-off would be
needed. Our results prove that, despite performing most of the
steps in an ambient atmosphere—except for perovskite, Cgy/
BCP, and Ag deposition—we were still able to obtain
satisfactory module performance and stability, see Figure S7.

https://doi.org/10.1021/acsenergylett.3c02066
ACS Energy Lett. 2023, 8, 4885—4887
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Finally, we tested the module behavior at low illuminance
conditions, since recently there has been a growing interest in
using PSCs for indoor applications.'® We achieved 7.0% and
9.4% PCE for 1000 and 2000 kx (366 and 738 4W/cm?),
respectively, see Figure 2d. The measurement setup and
absolute spectrum for each illuminance are shown in Figures
S8 and S9. This result represents a significant milestone for
indoor applications of flexible Sn-based perovskite modules
and shows a path forward for further research on this topic.

In summary, we present the first report on Pb-free
perovskite modules, formed by blade-coating on flexible
substrates, demonstrating that Sn-based perovskite photo-
voltaic modules can be successfully prepared using scalable
techniques. After optimization of the HTM/perovskite inter-
face with a PEDOT/ALO; bilayer, the champion module
achieved a power conversion efficiency of 5.7% under AM
1.5G 1 sun illumination and 9.4% under low light conditions.
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Materials

Unless otherwise stated, all the materials were purchased from Sigma-Aldrich and used as
received. Indium tin oxide (ITO)-coated polyethylene terephthalate (PET) substrates were
bought from Eastman Chemical Company. PEDOT:PSS Al 4083 aqueous dispersion and
PEDOT:complex HTL Solar 3 dispersion in toluene were purchased from Ossila. Tin(I) iodine
(Snlz, >99.99%) ink was received from Solaveni. Silver (Ag, 99.99%) was purchased from
Kurt. J. Lesker. Formamidinium iodide (FAI) was purchased from Ajay North America.
Phenethylammonium iodide (PEAI), and butylammonium iodide (BAI) were purchased from

Greatcell Solar Materials.
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Butylammonium acetate (BAAc) synthesis

Acetic acid and butylamine were mixed in a molar ratio of 1:1. First, butylamine was put into
stirring in a round bottom flask in an ice bath, and then a diluted solution of acetic acid in
ethanol (1:1, v/v) was dropwise added to the flask under vigorous stirring. After the addition of
acetic acid, the reaction was left in the ice bath and continuous steering for 2 hours. After that,
the mixture was rotary evaporated at 60 °C for 1 h. The resultant liquid product was put into a
fridge for 2 hours to crystallize, and then washed with diethyl ether and recrystallized three to
five times. The resultant product was dissolved in absolute ethanol and was rotary evaporated
at 60 °C for 1 h. Finally, it was cooled down to room temperature to obtain the final liquid

product of BAAc.
Nickel oxide dispersion preparation

Nickel oxide nanoparticles were prepared from a 5 mol L™ aqueous solution of nickel(II) nitrate
hexahydrate, tetramethylammonium hydroxide was added to achieve a pH of 10; the
precipitated Ni(OH), was washed with deionized water five times, then dried at 80 °C and
calcinated at 270 °C for 2 h, after which a black fine powder was collected. The suspension was

prepared with nanoparticles concentration of 20 mg mL! in a HO:EtOH (85:15 v/v%) mixture.
(BAo.sPEA0.5)2FA3Snal13 precursor solution formulation

First, 3% molar concentration of sodium borohydride NaBH4, 10% molar concentration of
SnF», and 60 mg mL"' BAAc were added to a 0.6 mol L™! ink of Snl, precursor in DMF:DMSO
(4:1). Then FAI, BAI, PEAI were added in a (3:1:1) molar ratio and stirred at room temperature
until a clear yellow solution was obtained. Before use the solutions were passed through a 0.22

um PTFE filter.
Module fabrication

ITO-coated PET sheets were patterned using a near-infrared laser (1064 nm wavelength),
followed by a washing process with isopropanol. Then, the sheets were dried with N> flow and
subsequently introduced in an oxygen-plasma chamber for 3 min. The PEDOT:PSS dispersion
diluted in ethanol (6:1, v/v), nickel oxide dispersion, or PEDOT:complex dispersion was filtered
with a 0.45 pum filter. Then, every dispersion were deposited through a blade-coating technique
using an effective gap of 125 pm at a velocity of 2.5 mm's™ for PEDOT:PSS and nickel oxide
dispersions and at a velocity of 5 mm's™ for the PEDOT:complex dispersion. The obtained films
were annealed at 100 °C for 30 min. Additionally, for PEDOT:complex layer a AbOs wetting
layer was deposited using 1 wt% Al2Os dispersion in isopropanol, 250 um effective gap and 5

mm's™ velocity. The perovskite deposition was done in N> filled glovebox by blade-coating
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with an effective gap of 150 um and a velocity of 0.7 mms™\. During the coating, the film was
dried with a nitrogen flow through an air knife. Then, the sheets were annealed at 80 °C for 10
minutes and at 100 °C for 20 min. A 30 nm layer of Ceo was thermally evaporated on top of the
perovskite layer as the electron transport layer, followed by 5 nm of BCP as a buffer layer. All
layers except ITO were patterned (P2) in an ambient atmosphere (~30 min exposure) for the
interconnection between cells. Then, 100 nm of Ag was deposited through a shadow mask to

obtain the electrical insulation between electrodes of adjacent cells.
Film/module characterization

Scanning electron microscopy

Top-view morphology images of samples were obtained with a field emission SEM (Phenom

ProX), which had an accelerating voltage of 10 kV.

X-ray diffraction measurements

X-ray diffraction (XRD) patterns were collected with Rigaku MiniFlex600 (Cu K, radiation,
A=1.5406 A) diffractometer.

Current-voltage measurements

J-V measurements were carried out by a Keithley 2461 source measure unit. The solar cells
were illuminated with a simulated AM1.5G irradiation of 100 mW/cm? using an AAA-rated
solar simulator obtained from Abet Technologies, sun 2000, which was calibrated against an
RR-208-K G5 silicon reference cell also procured from Abet Technologies. Measurements in
low-light conditions were performed under a warm white LED (CLU028-1201C4-303H7M5-
F1, Citizen Electronics, ~3280 K). The spectrum of 1000 and 2000 1x illuminance was measured
with the spectrometer SEKONIC C-800 Spectromaster and then, proper irradiance was

calculated.

Absorption and photoluminescence measurements

Absorption spectra, and steady-state photoluminescence measurements were performed with
the Edinburgh Instruments FS5 Spectrofluorometer. Samples were excited with a 405 nm laser

diode.
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Table S1. P2 processing parameters.

Current 18.8-19.8 A
Frequency 3000 Hz

Speed 600 mm/s
Line width 80 um
Pulse width 1.6 us

Table S2. Laser power versus output power dependence.

Laser
current | 18.8 18.9 19.0 | 19.1 19.2 19.3 194 | 19.5 19.6 | 19.7 19.8
(A)
Output
power | 0.796 | 0.835 | 0.875 | 0.923 | 0.971 | 1.019 | 1.067 | 1.115 | 1.164 | 1.212 | 1.260
(W)
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Figure S1. J-V parameters of solar modules fabricated on PEDOT:PSS for different laser operating currents.
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Figure S5. Forward and reverse J-V scan for the champion module.
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Figure S7. Stabilized power output at maximum power point for the champion module after 3300 hours of
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Figure S8. The experimental setup for J-V measurements in low illuminance conditions.
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Figure S9. Spectrum of the warm white LED (~3280 K) at 1000 and 2000 Ix.
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8 Patent application

Title: A METHOD FOR SYNTHESIZING HALIDE SALTS, A HALIDE SALT BASED
PEROVSKITE INK AND POWDER AND A HALIDE SALT BASED PEROVSKITE
International application number: PCT/EP2024/061436

Publication number and date: WO/2024/223762 31.10.2024
Priority number and date: 23461567.2 (EP) 28.04.2023

Inventors: Przypis Lukasz, Zuraw Wiktor

Abstract: A method for synthesizing halide salts of a Formula MeY*X7y, wherein
MeY" represents a cation of a metal having a valency y, and X" represents an anion of a halogen
(X2). The method comprises reacting a first reactant comprising the metal at a zero oxidation
degree (Me) in a powder form and an organic acid (A) in a solvent (S), wherein the molar ratio
of the metal (Me°) to the organic acid (A) is in the range of 0.1:1.0 to 2.0:1.0 with a second
reactant being a diatom halogen: Xo.

8.1 Background of the invention

Thin-film perovskite solar cells feature good efficiency and substantially low production costs.
Unlike traditional silicon solar cells, thin-film perovskite solar cells can be deposited on flexible
substrates, which makes them suitable for use in applications such as flexible and portable
electronics, building-integrated photovoltaics, vehicles, etc. Perovskites for perovskite solar
cells, such as ABXas-type perovskites, can be produced from suitable precursor compounds,
including metal halide salts (MeXy), such as Snlz and SnBr2, Pblz, or PbBr.. The presence of
impurities in the perovskite precursors, including metal halide salts MeXy, where X typically
represents |, Br, or Cl, is highly undesired because the impurities can cause defects in formed
perovskite material as well as influence perovskite film morphology, and contribute to forming
recombination centers for charge carriers, thereby, reducing both efficiency and stability of
PSCs. Among the impurities typically detected in the perovskite precursors, Sn(IV) cations
(Sn*"), being a result of oxidation of tin perovskite precursors (SnXz), are considered an
inevitable severe drawback. For instance, even highly pure Snlz, such as that commercially
available from Sigma-Aldrich or Alfa Aesar, may contain a substantial amount of Sn**.
Moreover, batches of Snl, from the same provider can vary in purity, resulting in big differences

in photovoltaic efficiency of the PSCs comprising the perovskite formed using these precursors.
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Thereby, the oxidation of Sn?* to Sn** can occur during both the preparation of perovskite
precursor solutions and perovskite film fabrication, leading to inferior device reproducibility.
Certain impurities may be created further, for example, due to the oxidative action of ambient

oxygen molecules on the perovskite material in the PSC.

For the reasons mentioned above, perovskite materials - including those based on metal halides
- are prone to accelerated material degradation and reduced light absorption over a substantially
short time in PSCs. From the patent literature, there are known various attempts aiming at
minimizing the presence of defects and impurities, such as tin(IV) cations, in the perovskite
material and methods for preparing metal halides of improved purity to be used as perovskite
precursors. However, the known methods for synthesizing metal halides as well as forming
perovskites from inks comprising these metal halide salts do not provide a satisfactory effect of

purity of the synthesized metal halide salts, inks, powders, and perovskites.

8.2 Description of the invention

The aim of the present disclosure is to provide a method for synthesizing metal halide salts, as
well as preparing perovskite precursor inks, powders, and perovskites based on these metal
halide salts that can be devoid of at least one of the above inconveniences, particularly, to
minimize the presence of defects and impurities in both the metal halide salts serving as
perovskite precursors as well as perovskites themselves, thereby, optimizing perovskite solar

cells performance.

In one aspect of the present disclosure, there is provided a method for synthesizing halide salts
of a formula Me¥*Xy, wherein Me¥* represents a cation of a metal having a valency y, and X
represents an anion of a halogen (X2). The method comprises reacting a first reactant
comprising the metal at a zero oxidation degree (Me°) in a powder form and an organic acid
(A) in a solvent (S), wherein the molar ratio of the metal (Me°) to the organic acid (A) is in the

range of 0.1:1.0 to 2.0:1.0 with a second reactant being a diatom halogen: X.

The method may comprise obtaining the first reactant by preparing a mixture of components:
the metal (Me®) in a powder form comprising particles of the metal (Me®), the organic acid, and
the solvent, and mixing components for 5 minutes to 24 hours whilst heating components to the

temperature from the range of 20 to 100°C.

Said, reacting the first reactant with the second reactant can be carried out directly after

obtaining the first reactant.
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The metal (Me®) can be selected from the group consisting of Al, Ag, Bi, Cd, Co, Cu, Fe, Ga,
Ge, Hf, Hg, Mn, Nb, Ni, Pb, Sc, Sn, Ta, Ti, Tl, V, Y, Zn, and Zr.

The cation (Me¥*) of the metal can be selected from the group consisting of Ag*, Bi®*, Cs*, Cu,
Ge?*, Mn?*, Pb?*, Sn?*, and Zn?*,

The diatom halogen (X2) can be selected from the group consisting of Br., and I,

The organic acid can be at least one acid selected from the group consisting of formic acid,
propanoic acid, hexanoic acid, myristic acid, oxalic acid, maleic acid, tartaric acid, 1,4-
cyclohexanodicarboxylic acid, sebacic acid, japanic acid, phtalic acid, isophtalic acid,
terephtalic acid, 2,5-furandicarboxylic acid, tricarboxylic acid, citric acid, agaric acid, gallic
acid, 1,2,3,4-butanetetracarboxylic acid, and pyromellitic acid, or any mixture of two or more
thereof.

The solvent can be selected from polar protic solvents selected from water, methanol, ethanol,
isopropanol, n-butanol, ethylene glycol, glycerol, or a mixture of two or more thereof being
miscible to each other, or aprotic polar solvents selected from ethyl acetate, acetonitrile,
dimethylformamide, dimethyl sulfoxide, dioxane, gamma-butyrolactone, tetrahydrofuran, or a
mixture of two or more thereof being miscible to each other, or said nonpolar solvents selected
from chloroform, chlorobenzene, toluene, or a mixture of two or more thereof being miscible
to each other, and wherein the weight ratio of the metal (Me®) to the solvent (S) in the mixture
is in the range of 2:1 to 25:1

The method may comprise, whilst reacting, heating reactants to a temperature from the range

of 20 to 100°C till obtaining a post-reaction system comprising the halide salt.

The method may further comprise obtaining a perovskite precursor in the form of ink or powder
by introducing to said post-reaction system, a second component (AX) selected from the group
consisting of methyl ammonium iodide (MAI), formamidinium iodide (FAI), n-
octylammonium iodide (OAIl), phenylethylammonium bromide (PEABr), or metal halide

(MeXy), such as Csl, CsBr, in an amount effective for the perovskite precursor synthesis.

The method may further comprise forming a photoactive perovskite (AMeXs) from the
perovskite precursor by coating a substrate with said perovskite precursor, and annealing the

perovskite precursor coat to a temperature suitable for crystallizing the photoactive perovskite.

In another aspect, the invention relates to a halide salt obtained by the method as described

herein.
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In yet another aspect, the invention relates to a perovskite precursor in the form of ink or
powder, obtained by reacting the halide salt as described herein with a second reagent (AX) for
the perovskite precursor synthesis.

The invention further relates to a photoactive perovskite layer (AMeX3) prepared from the

perovskite precursor as described herein.
These and other features of the invention are schematically shown in Figure 17 and Figure 18.

Me® Particles of
I\/]e0 Particles of \ R(COOH),

R(COOH), v

. Y
.
.
R(COOQH), Recrystalization

—» ° —>
3)8 Solvent C%%
d]:)oo OQOQ @
Mg’ Me-clusters Me-nanoparticles
(powder form) (Firts Reactant)

Figure 17. A schema of the process of preparing a first reactant for metal halide synthesis.

R(COOH
Me® % First Reactant

(Metal in a powder form) ~ >0vent

X2

MeXy _AX__> AMeX;

Post-reaction Perovskite
system ink or powder

Figure 18. A schema of the method for preparing an ink or powder, followed by preparing a perovskite (AMeX3),

using synthesized metal halides.

8.3 Summary

The main aspect of the method, according to the present disclosure, is the use of elemental
halides (X2) and metals at zero oxidation degree (Me®) such that the first reactant and the second
reactant can show improved purity. Further, due to the simple composition of the obtained post-
reaction system, preparation of the ink (serving as a perovskite precursor) or powder can be
carried out in situ — at the place of metal halide synthesis, no further isolation or purification
steps of the obtained metal halide salt is needed since all post-reaction components can become

ink components or powder. Thereby, the risk of further contamination of the perovskite
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precursors obtained therefrom is reduced. Furthermore, the metal halides, inks, and powders
based on the synthesized metal halide salts show a considerably reduced tendency to generate
impurities in them. Therefore, the level of impurities in the perovskite precursors, prepared
according to the present disclosure, originating from both external sources and intrinsically

generated, is considerably decreased.

The metal halides synthesized according to the present disclosure, as well as inks, powders, and
perovskites prepared therefrom, exhibit improved purity (having no or reduced amount of
impurities). Therefore, the lifespan and efficiency of the perovskite photoactive materials based
on the metal halides synthesized according to the present disclosure are improved. This is
especially noticeable for the tin(ll) halides (SnX>) such as Snl> and SnBr», since standard
compounds of tin(l1) - synthesized according to standard methods - are prone to contamination
with Sn** (being the product of Sn?* oxidation). Unlike the standard tin(11) halides, the tin(lI)
halides prepared according to the present disclosure lack or have a reduced amount of Sn**
compared to conventional synthesis or commercially available ones. The same applies to inks,
powders, and perovskites prepared therefrom, which have shown no or considerably reduced
concentration of Sn** ions. The metal halides serving as the perovskite precursors can show
substantially improved purity, whereas said purity can be maintained at a constant level within
one production batch and from one batch to another. This enables one to achieve minor or no
differences in photovoltaic efficiency of the PCSs comprising the perovskites based on inks or
powders according to the present disclosure, leading to increased device reproducibility and

therefore reliable quality.
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9 Conclusions

This dissertation focuses on the development of lead-reduced perovskite solar cells,
emphasizing the fabrication of flexible perovskite devices that demonstrate direct
implementation and application potential. The presented results confirm that it is possible to

fabricate large-area lead-reduced PSCs by engineering the composition of the perovskite ink.

The experimental section explores different possible approaches to fabricating lead-reduced
perovskite solar cells. First, the approach of reducing lead content by minimizing the amount
of perovskite material used in the cell was demonstrated. By engineering perovskite ink with
highly pure precursors, uniform and ultrathin perovskite layers with thickness controlled
between 3-625 nm were successfully fabricated. These results represent a significant
advancement in the production of lightweight, semi-transparent PSCs based on ultrathin
MAPDI3, offering a path towards sustainable and highly transparent devices with reduced lead

content.

The next step towards lead-reduced PSCs involves the complete replacement of lead with tin.
However, this introduces challenges related to the low performance and stability of the devices.
The second publication presented in this thesis demonstrates an innovative approach to the
synthesis of the crucial precursor for tin-based perovskites - tin(Il) iodide. The developed
method allows the synthesis of ultrapure and stable Snl», using a nanoparticle-based approach
with carboxylic acid ligands. Additionally, this method not only ensures the absence of Sn**
impurities but also serves as a versatile platform for the in situ preparation of a tin-based
perovskite ink. The fabricated large-area flexible tin-based PSCs have achieved remarkable
performance and long-term stability, highlighting the potential of lead-free perovskite

technology for scalable and sustainable solar energy solutions.

An important aspect of the commercialization of lead-free perovskite photovoltaics is the
development of fabrication methods for large-area perovskite solar modules. The third
publication presented in this dissertation is the first report on lead-free perovskite modules
fabricated by the blade-coating technique on flexible substrates, demonstrating that tin-based
perovskite devices can be successfully prepared using scalable deposition methods. This was
achieved by optimizing the composition of the perovskite ink and modifying the solvent system
for the hole transport layer deposition. Furthermore, the results demonstrate that lead-free

perovskite devices can be fabricated using scalable methods, setting a milestone for indoor
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applications of flexible tin-based perovskite modules, pointing the way to further progress in
this field.

The last part of the experimental work presents a patented method for synthesizing perovskite
precursor inks and powders. These inks can be used directly without any further purification
steps, which significantly reduces the introduction of impurities into the perovskite precursor
system. The perovskite inks and powders exhibit superior purity compared to inks prepared
from commercially available precursors, leading to improved power conversion efficiency of
PSCs fabricated using this method.

In summary, the research presented in this thesis confirms the hypothesis that, with
appropriate engineering of perovskite ink, it is possible to fabricate large-area perovskite
solar cells and modules with significantly reduced lead content. The findings underscore the
potential of lead-reduced and lead-free photovoltaics in real-world applications, offering a

sustainable and scalable alternative for next-generation solar energy solutions.
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