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ABSTRACT

Noora Lamminen: Development of antimony-based perovskite-inspired solar cells
Master of Science Thesis

Tampere University

Materials Science and Engineering

January 2022

One of the most important challenges to fight climate change is finding alternative clean energy
production methods. In just more than a decade, perovskite has become the most promising and
efficient emerging photovoltaic material. Halide perovskites are materials with an ABX3 crystal
structure, where A is a monovalent cation, B is a metal cation, and X is a halogen anion or a
mixture of several halogen anions. The most efficient halide perovskites have a mixture of organic
and inorganic cations as the A site and a lead Pb?* cation in the B site. However, because lead
is toxic there is a need to find new lead-free alternatives. One safer alternative to lead is antimony
(Sb).

This work focused on the fully inorganic perovskite-inspired material Cs3Shslg. It can be made
in two different crystal structures 0D and 2D. Of these, the 2D structure is more suited to solar
cell applications. The 2D structure has been difficult to obtain and in the past, strong acids like
HCI and HI and high temperatures have generally been needed. In this work, the 2D structure
was achieved with the use of an ammonium salt, namely methylammonium chloride. It is widely
adopted in perovskite research and is easy to handle inside a nitrogen-filled glovebox. The other
interest of this work was to improve the solar cell efficiency by forming the first hybrid organic-
inorganic cesium antimony perovskite-inspired material with the structure Css_,FA,Sbslg. This
was done by partly replacing cesium iodide (Csl) with formamidinium iodide (FAl) in the precursor
solution of the perovskite-inspired material.

Most efficient devices contained 20 and 50 mol% of FA in the total A cation amount. The
perovskite-inspired material thin films were characterized with electron microscopy, spectroscopy,
and X-ray diffraction and tested in solar cells. With the Cs3Sbalg perovskite-inspired material the
highest solar cell efficiency of 1.2% was reached. Partial substitution of Cs with FA improved
the efficiency of the solar cells, yielding 2.3% power conversion efficiency. In conclusion, this
work provided a new, fast, and safe method of forming the preferred 2D crystal structure of
Cs3Sbalg. In addition, the same method was successfully employed to synthesize a new hy-
brid Cs3_,FA,Sbalg material which significantly improved the solar cell efficiency compared to
the fully inorganic Cs3Sbalg. This work highlights the importance of developing new lead-free
perovskite-inspired compositions, as well as film engineering methods, to enable solar cells with
ever-growing efficiency.
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Puhtaiden energiantuotantomenetelmien kehittdminen ilmastonmuutoksen torjumiseksi on yk-
si aikamme tarkeimmista haasteista. Viimeisen vuosikymmenen aikana perovskiitista on tullut lu-
paavin ja tehokkain uusi valosdhkdinen materiaali. Halidiperovskiitit ovat materiaaleja, joilla on
ABXj3 rakenne, jossa A on yksiarvoinen kationi, B on metalli kationi ja X on halogeeni anioni tai
useamman halogeeni anionin seos. Tehokkaimmissa perovskiiteissa A paikalla on seos orgaani-
sia ja epdorgaanisia kationeita ja B paikalla lyijy Pb>* kationeita. Lyijyn myrkyllisyyden takia on
tarve 16ytaa lyijyttdmia vaihtoehtoja. Yksi turvallisempi vaihtoehto lyijylle on antimoni (Sb).

Téassa tydssa tutkittiin tdysin epaorgaanista perovskiittijohdannaista materiaalia Cs3Sbalg. Sita
voidaan valmistaa kahdessa eri kiderakenteessa: 2D ja 0D. Naista rakenteista paremmin aurinko-
kennosovelluksiin sopii 2D-rakenne. Sen valmistaminen on ollut vaikeaa ja on vaatinut vahvojen
happojen kuten HCI tai HI, seka korkeiden lampétilojen kayttéa. Tassa tydssa 2D-rakenteen val-
mistamisessa kaytettin ammoniumsuola metyyliammoniumkloridia. Sitéd kaytetaan yleisesti pe-
rovskiittitutkimuksessa ja sitéd on helppo kasitella typpi suojakaasukaapissa. Ty6én toinen tavoite
oli parantaa aurinkokennojen tehokkuutta valmistamalla uusi hybridi, orgaaninen-ep&orgaaninen,
cesium-antimoni perovskiittijohdannainen materiaali Cs3_,FA,Sbslg. Tdma saavutettiin korvaa-
malla osa cesiumjodidista formamidiniumjodidilla perovskiittijohdannaisen materiaalin esiliuokses-
sa.

Ty6én tehokkaimmat aurinkokennot tehtiin 20 ja 50 mooliprosentin FA maaralla A kationin ko-
konaismaarasta. Perovskiittijohdannaisen materiaalin ohutkalvoja tutkittiin elektronimikroskopial-
la, spektroskopialla ja rontgenkristallografialla, sekd kokonaisten aurinkokennojen valoaktiivisena
kerroksena. Cs3Sbalg perovskiittijohdannaisella materiaalilla korkein aurinkokennoissa saavutettu
tehokkuus oli 1.2%. Cesiumin osittainen korvaaminen formamidiniumilla paransi tehokkuutta 2.3%
asti. Yhteenvetona tydssa I6ydettiin uusi, nopea ja turvallinen metodi valmistaa 2D Cs3Sbalg mate-
riaalia. Lisaksi samaa metodia kaytettiin onnistuneesti uuden hybridi Cs3_,FA,Sbalg materiaalin
valmistukseen, jonka kéyttd paransi aurinkokennojen tehokkuutta merkittavasti verrattuna téysin
epdorgaaniseen Cs3Sbolg materiaaliin. Tassé tydssa korostuu uusien lyijyttdmien perovskiittijoh-
dannaisten materiaalien, seka kalvon valmistusmetodien kehittdmisen tarve, jotta aurinkokenno-
jen hyétysuhdetta voidaan parantaa.

Avainsanat: perovskiittijohdannainen, lyijytdn, antimoni, hybridi, aurinkokenno
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1. INTRODUCTION

Climate change and the resulting global warming are caused largely by the emission of
greenhouse gases from human activity and natural systems. The three main greenhouse
gases are carbon dioxide (COs), methane (CH,), and nitrous oxide (N,O). Of these gases,
the most widely produced is CO,, which is released into the atmosphere when fossil
fuels (like oil, coal, and natural gas) are burned.[1] The effects of climate change we
can currently experience include the increased likelihood of natural disasters like floods,
wildfires, storms, and droughts. These natural disasters cause harm to the environment,
all species, and result in large economic losses.[2]

According to the IPCC (Intergovernmental Panel on Climate Change) report by Masson-
Delmotte et al.,[3] in 2018 the climate has warmed by 1 °C compared to the pre-industrial
levels before humans started producing large amounts of greenhouse gases. By 2030 to
2050, this is expected to reach 1.5 °C with the current rate. The Paris agreement in 2015
aimed to limit the warming to 2 °C by 2100.[4] A key part in mitigating global warming is
the dramatic reduction in the emission of greenhouse gases, in particular the COs.

To reduce the CO, emissions it is important to find alternative renewable energy produc-
tion options to fossil fuels. In the European Union, the energy sector produces over 75%
of the greenhouse gas emissions. The goal is to reduce the emissions by 55% from the
level of 1990 by 2030 and to be climate neutral as a continent by 2050. In 2019, 19.7%
of energy in the European Union was produced by renewable sources, like solar, hydro,
and wind power. Of these sources, solar power is the fastest-growing renewable energy
production method.[5]

Solar energy has immense potential as it is the most abundant source of renewable en-
ergy.[6] It can be harvested using photovoltaic cells, which turn the energy of sunlight into
electricity or by converting concentrated sunlight into heat. The energy needs of the world
could be met by using only 0.3% of the global land area for solar farms.[7] Currently, the
photovoltaic market is mainly focused on crystalline silicon solar cells with them having
a 95% share of production.[8] Historically, the use of photovoltaic cells has been limited
due to the initial high price of the cells, but the price of silicon solar cells has fallen by over
200% since 1977 leading to growing popularity.[9]

A relatively new competitor in the photovoltaic market are halide perovskite semicon-



ductors. This term comprises a family of crystalline materials that can act as the light-
harvesting layer of a solar cell. Perovskite solar cells have been researched since 2009. In
just over a decade, they have reached comparable efficiencies to crystalline silicon solar
cells, which have been developed since the mid-1970s.[10] Perovskites can be solution-
processed into thin films, deposited onto flexible substrates, and combined with silicon
in tandem photovoltaic devices. The solution processing can significantly lower the man-
ufacturing costs compared to traditional silicon photovoltaics, as the cells can be made
using printing techniques. Furthermore, the flexible substrates allow for new applications
and low-weight devices, and the tandem devices can lead to high efficiencies.[11] The
research-cell efficiency of over 30% has been reached with tandem perovskite-silicon
cells.[10]

There are many different applications for halide perovskites. The most common is pho-
tovoltaic cells. Other possible applications include light-emitting diodes (LEDs), lasers,
and photodetectors.[12, 13] The light absorption of perovskites lies in a range that is very
suitable to not only sunlight but indoor light as well.[14] This interesting characteristic of
perovskites enables the application of perovskite solar cells in small-size self-powered
sensors for the ever growing Internet of Things (loT) sector.[15]

The most efficient perovskites contain lead in their composition. Lead is recognized as a
hazardous material globally. Moody et al.[16] discuss that in the European Union the Re-
striction of Hazardous Substances Directive governs the use of lead in commercial electri-
cal and electronic equipment to prevent hazardous materials from entering the consumer
markets. The directive is based on the weight concentration of lead so that the products
have to contain under 1 000 mg of lead per kg of the total material. Even though currently
fixed location photovoltaic panels are exempt from the directive, this limits the use of lead-
containing perovskite-based products in many possible future applications like consumer
electronics. As the directive is based on the weight of the device, this creates an interest-
ing problem for the flexible devices as they are more lightweight than their glass-based
counterparts, but would require the same amount of lead.[16]

The before-mentioned reasons have led to the development of many different lead-free
perovskites and perovskite-inspired materials. The most commonly used elements to
replace lead are tin, germanium, antimony, and bismuth. In this thesis, the focus is on
antimony. The main goals of the thesis are firstly to develop the methods used in fabricat-
ing an antimony perovskite-inspired material (Cs3Sb,lg) and secondly to use the method
to develop this material further by adjusting the composition. The first goal aims to make
the fabrication process faster and safer. With the second goal the aim is to increase the
efficiency of the solar cells fabricated from these materials.

Antimony perovskite-inspired materials studied in this thesis could be used for indoor and
outdoor self-powered applications as a lead-free and low-cost alternative to lead-based



perovskite. The absence of lead is safer for both the users and the environment. The
estimated energy needed for the production of these types of devices is also small. The
estimated energy payback time (EPBT), i.e. the time a photovoltaic device needs to be
in operation to produce the same amount of energy used in its production, of perovskite
solar cells is lower than for any other photovoltaic system.[17] This means that the materi-
als studied in this thesis could be used to make safe devices with less energy consuming
production and a lower price than currently is available. This will help in increasing the
use of renewable green energy which will result in a lowered need for CO, emissions.

Next in this thesis, the basic theory behind the experiments and the main findings are
covered. More precisely, chapter 2 of this thesis will cover the theoretical background of
this work from the working principle of perovskite solar cells to the structure of perovskite
and perovskite-inspired materials and the key factors that influence the efficiency. In
chapter 3, the experimental section of this thesis is presented detailing the fabrication
of the films and devices and introducing the different characterization methods used in
this thesis. The results are presented in chapter 4 along with the discussion. In the final
chapter, the conclusions of this thesis and the future outlook are explored.



2. THEORETICAL BACKGROUND

This chapter presents the theoretical background of this work. In section 2.1, perovskites,
the working principles of perovskite solar cells, and perovskite-inspired materials (PIMs)
are discussed. In subsections 2.1.1, 2.1.2, and 2.1.3, special focus is given to A3SbsyXg
antimony PIMs, the dimensionality of perovskites and PIMs, and the different ways PIMs
can be crystallized. In section 2.2, the effect of the A-site cation on perovskites, with a
specific focus on antimony PIMs (subsection 2.2.1), is discussed.

2.1 Perovskite and perovskite-inspired materials

The first discovered perovskite was calcium titanate (CaTiOs), which was named after the
mineralogist L.A. Perovski. From there, perovskite has become an umbrella term for ma-
terials with the structure ABX3, which have a similar crystal structure to CaTiOs. In metal
halide perovskites, the A-site is a monovalent cation (often formamidinium, methylammo-
nium, and/or cesium), B is a metal cation (most often lead, Pb?*), and X is a halogen
anion or a mixture of several halogen anions. Methylammonium lead triiodide, MAPbl3, is
a commonly used lead halide perovskite where the A cation is methylammonium, the B
cation is lead and the X is the iodide anion.[18]

Halide perovskites have excellent optoelectric properties, such as a high absorption coef-
ficient[19] and a tunable bandgap.[20] Because of these properties, MAPbI3 and a similar
perovskite material, MAPDbBr3, were tested as sensitizers in dye-sensitized solar cells in
2009 by Kojima et al.[21] At the time the power conversion efficiency (PCE) of 3.8% was
reached with MAPbI;. Dye-sensitized solar cells (DSSCs, first developed by O’Regan
and Gratzel)[22] consist of a mesoporous layer of titanium dioxide (TiO,) that has pho-
toactive dye molecules (the sensitizer) attached to the TiO, particles, and is infiltrated
with an electrolyte solution. This layer is contained between a transparent conductive
oxide and platinum layer. The flow of electrons is created when light excites the dye cre-
ating free electrons, that are transferred to the TiO, and the dye is restored to the ground
state by the electrolyte. This allows the dye to be excited again.[23] However, these cells
were not stable with perovskite, as it started to dissolve in the electrolyte solutions. This
problem was solved when the liquid electrolyte was replaced with a solid hole-transport
material (HTM). The first fully solid-state perovskite solar cells were made in 2012 by Kim



et al.[24] with MAPbl;-based devices reaching the efficiency of 9.7% and improved sta-
bility. The hole-transport material 2,2’,7,7’-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-
spirobifluorene (spiro-OMeTAD) was used to replace the liquid electrolyte. Previously, the
spiro-OMeTAD had enabled the fabrication of the first solid-state DSSCs back in 1998.[25]
Figure 2.1 presents an example of solid-state lead-based perovskite solar cells.

Negative electrode

Positive electrode

Figure 2.1. Digital photograph of lead-based perovskite solar cells at Hybrid Solar Cells
group (TAU). The substrate contains three solar cells. A gold stripe has been added to
the FTO (negative electrode) to improve the contact.

The current halide perovskite solar cells employ the solid-state design developed by Kim
et al. in 2012. This means that perovskite (the light-harvesting layer) is sandwiched be-
tween an electron transport layer (ETL) and a hole transport layer (HTL). When photons
hit the light-harvesting layer, electrons are excited from the valence band to the conduc-
tion band, where they are free to move. The energy gap between the valence and the
conduction bands is called the bandgap. The bandgaps of perovskites are usually in the
range of 1.2 to 3 eV, with bandgaps over 1.7 eV usually considered wide-bandgaps.[26]
When the electrons are excited to the conduction band, vacancies are left behind by the
electrons. The vacancies can be thought of as positively charged holes, h™. As depicted
in Figure 2.2, the electrons travel to the electron transport layer that is connected to the
negative electrode and the holes to the hole transport layer that is connected to the pos-
itive electrode.[27] The negative electrode is usually a transparent conductive oxide like
fluorine-doped tin oxide (FTO) or indium tin oxide (ITO) and the positive electrode is a
metal like gold or silver. In the perovskite solar cells presented in Figure 2.1, the solar
cells are on glass covered by FTO, with TiO, as the ETL, spiro-OMeTAD as the HTM, and
gold as the positive electrode.

There are two important conditions a material needs to fullfill to be a suitable electron
transport material (ETM). First, it needs to be as transparent as possible to allow the light
to get through it into the active layer. Secondly, the lowest unoccupied molecular orbital
(LUMO) of the material must be lower than that of the perovskite conduction band to facil-
itate efficient charge transport and not block the electrons (see Figure 2.2).[29] The first
and still commonly used electron transport material is titanium dioxide.[24] Other metal



o,

Energy (eV)
4\

h+

Figure 2.2. Energy alignment of a perovskite solar cell (adapted from literature).[27, 28]

oxides, like tin oxide (SnO,) and zinc oxide (ZnO), have also been used. However, the
downside of TiO, is that it requires high temperatures (over 400 °C)[30] to form the layers
which consume energy and is not suitable for flexible substrates.[29] Organic molecules
like fullerene (Cgo) and its derivative phenyl-C61-butyric acid methyl ester (PCs;BM) can
also be used as ETMs.[31]

The first hole transport material used in solid-state perovskite solar cells was spiro-
OMeTAD[24] and it is still employed to achieve high efficiencies.[30] Spiro-OMeTAD is
usually doped with additives to improve its properties (hole-mobility and conductivity) as
an HTM. Commonly used additives are 4-tert-butylpyridine (TBP), lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI), and tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt-
(IMtris(bis(trifluoromethylsulfonyl)imide) (FK209). The main benefit of using doping is to
oxidize the spiro-OMeTAD molecule improving its conductivity. The polymer poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine (PTAA) is another commonly used HTM. PTAA can
be used with or without additives. The commonly used additives are LiTFSI and TBP.[28]
Another polymeric HTM is poly(3-hexylthiophene-2,5-diyl) (P3HT). Uncommonly for HTMs,
P3HT partially absorbs in the same range as perovskites. This absorption can enhance
the solar cells’ sensitization, but the effect is very small compared to the perovskite, as
most of the light gets absorbed by the perovskite layer before it gets to the HTM.[32] The
structures of spiro-OMeTAD, PTAA, and P3HT are presented in Figure 2.3.

The HTM (like the ETM) is selected based on the valence and conduction bands of the
perovskite. Because there are a variety of different perovskites, there is also a need
for a variety of different HTMs and ETMs. The solar cell works most efficiently when
the HTM matches the perovskite in the way depicted in Figure 2.2 where the highest
occupied molecular orbital (HOMO) is close to the valence band of the perovskite. It
is also beneficial if the LUMO of the HTM is higher than the conduction band of the
perovskite to block the electrons.[33] The determination of these energy levels is however
difficult especially in the case of HTMs, as the energetics might change depending on the
perovskite/HTM interface.[28]
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Figure 2.3. Commonly used hole-transport materials spiro-OMeTAD,[28] PTAA,[28] and
P3HT.

Today, the most efficient perovskite solar cells reach over 25% PCE,[10] which means
they can utilize over 25% of the energy of the sunlight they are exposed to. They can
be compared to the most efficient single crystal silicon solar cells, which reach 26.7%
PCE.[10] Commercial silicon-based solar cells usually have an efficiency of 15 to 20%.[34]
One of the main advantages of perovskite solar cells is that they can be solution-processed
at low temperatures (< 150 °C). This means they can be fabricated by printing methods,
which would make the production easily up-scalable, low cost, and fast. As the perovskite
deposition does not require high temperatures, it is possible to use flexible substrates like
poly(ethylene terephthalate) (PET) instead of glass.[35]

The perovskite solar cells can be fabricated with a planar or mesoscopic architecture. In
the mesoscopic structure, a layer of mesoporous TiO, is used as the electron-transport
material and the perovskite infiltrates the mesoporous material. In a planar structure,
only a thin layer of the electron-transport material is used and the charges need to be
able to travel through the perovskite to reach the layer.[27] The first perovskite solar
cells were made with the mesoscopic structure that was deposited on the transparent
conductive oxide that was the negative electrode.[21, 24] This type of structure with sub-
strate/transparent conductive oxide/ETL/perovskite/HTL/metal is know as the regular (n-
i-p) structure. In the inverted (p-i-n) structure the hole transport layer and the electron
transport layer are on the opposite sides of the perovskite and the metal then acts as the
negative electrode. When the inverted structure is used, the HTL needs to be transpar-
ent as opposed to the ETL in the regular structure.[36] This work focuses on the regular
planar structured cells.

Lead halide perovskites have two key issues that hinder their use in commercial solar
cells. Firstly, they contain lead that is a toxic element. Secondly, they are unstable in



ambient conditions due to environmental factors like humidity, heat, and UV light.[37] The
stability concerns have been partially addressed with encapsulation, passivation layers,
and perovskite engineering (mixed A-site cation). Perovskite solar cells that can be in
operation for over 1 000 hours have been achieved.[30, 38]

Encapsulation is often thought of as a way to protect the environment and users from toxic
lead but there remain concerns about lead leakage from these devices.[16] Because of
this, several elements have been considered as possible replacement options for lead
in perovskites. The most common of these are tin, germanium, antimony, and bismuth.
Tin and germanium are from the same group on the periodic table as lead. Antimony
and bismuth are from the neighbouring group (see Figure 2.4). The ions of interest for
lead, Pb?", replacement are therefore Sn?*, Ge**, Sb3*, and Bi**. Though tin and
germanium are closest to lead in their properties, their divalent cations are quite reactive
leading to worse stability.[39] Antimony and bismuth are both less toxic than lead (and tin),
and more stable as ions compared to tin and germanium.[39] Because of their electronic
structure, antimony and bismuth can not form the ABX;3 perovskite structure. However,
these materials can form derivative structures like AsB>Xqy. The materials are therefore
referred to as perovskite-inspired or perovskite-based. In this work, the term perovskite-
inspired materials (PIMs) is adopted from now on. The bismuth-based PIMs have high
exciton binding energies making them less ideal for solar cell applications compared to
antimony-based PIMs.[40]

32
Ge
72.63
50 51
Sh Sb
118.7 121.8
82 83
Pb Bi

207.2 209.0

Figure 2.4. Section of the periodic table of elements with the elements of interest for
perovskite B-site.

2.1.1 Antimony PIMs

The research on antimony perovskite-inspired materials has focused on materials with the
A3SboXg structure.[40, 41, 42, 43, 44, 45] These materials can be made either as fully
inorganic or as hybrid organic-inorganic materials. With both types of materials, the X-site
anions have often been pure I, CI~, or Br~ or a mixture of these halide anions. Fully
inorganic materials have been fabricated with Rb™, K™, and Cs™ as the A-site cations.



Much of the research has focused on A3Sbsylg compounds, where I~ is in the X-site.
Rb3Sbslg, K3Sbslg,[40] and Cs3Sbslg have all been fabricated and tested in solar cells.[41]
Cs3Sbslg has been considered a promising option for solar cells. According to the results
obtained here at TAU Hybrid Solar Cells group, when the Cs3Sbylg was combined with
P3HT HTM the PCE of 2.5% was measured.[42] This is the highest reported for the n-i-p
structure of its kind to date.[41] In the hybrid organic-inorganic PIMs with the A3Sb,Xg
structure, the A-site cation is an organic cation like methylammonium or formamidinium.
Such materials include MA3Sbslg,[43] MA3SbyClxlg_ x,[45] and FACs,Sb,lgCls.[44] The
highest PCE (3.0%) achieved with these materials was with MA3Sb,1,Cl,.[46] The highest
efficiencies in antimony A3SbyXg were achieved with hybrid organic-inorganic materials
which is consistent with lead perovskites as well.[30] The effect of the A-site cation is
further discussed in Section 2.2.1.

The antimony PIMs have wide bandgaps (over 2 eV)[44], which is one of the reasons for
their overall low solar cell performance compared to the lead-based perovskite solar cells.
The wide-bandgap materials are however highly suitable for other applications such as in-
door photovoltaics (where the optimal bandgap is around 1.9 eV) and photodetectors.[47,
48] Indoor photovoltaics are solar cells that are designed to use indoor light (light bulbs,
LEDs, etc.) to produce energy instead of the sunlight conventional solar cells use. They
could be used to power sensors without the need to charge them or change batteries.[49]
Photodetectors are light sensors that can have multiple uses for example in biomedicine,
security, and smart homes.[47]

The A3SbyXg PIMs can form in two different structural dimensions: the dimer 0D and the
layered 2D forms.[41][50] The 2D structure has been identified as the most promising for
solar cell applications and both efficient solar cells mentioned in the previous paragraph
were made in the 2D structure.[42, 45] The dimensionality of perovskites and PIMs is
discussed further in the next Section 2.1.2.

2.1.2 Dimensionality

Perovskites and PIMs can be categorized based on their structural dimensionality. The
ABXj3 perovskites form a 3D structure, whereas the antimony PIMs form 2D or 0D struc-
tures. The A3BsXg PIMs are unable to form the 3D structure, as the materials inherently
have voids compared to the ABX3. This is caused by the fact that the A3ByXg is missing
every third B-site metal cation.[37] There is also a 1D structure, but the materials in this
thesis do not form that. The 3D perovskites consist of [PbXg]™ anions that are surrounded
by the organic A-site cations to form 3-dimensional arrays.[51] In the 2D structure, the ma-
terial consists of [BX¢]>~ anions that form corner-sharing sheets. These sheets or layers
are the reason the 2D structure is sometimes referred to as the layered structure. In the
0D structure, the material consists of [ByXo]>~ anions that form face-sharing clusters. The
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0D structure is also known as the dimer structure.[39, 41, 50, 52] The crystal structures
of the OD and 2D materials are presented in Figure 2.5. It is possible that two materials
with the same formula like Cs3Sbslyg can be fabricated in both the OD and the 2D struc-
ture. There are many ways to direct the structure formation during the crystallization of
the material. They are discussed more in Section 2.1.3. Currently, the most efficient solar
cells are fabricated using 3D perovskites, because the 3-dimensional structure allows for
the most efficient charge mobility inside the material. The lower dimensionality materials
can, however, have higher stabilities.[37, 51]

22,

0D 2D

Figure 2.5. Schematic crystal structures of 0D and 2D perovskite-inspired materials.
Reprinted (adapted) with permission from DOI: 10.1021/acs.chemmater.8b00676 Chem.
Mater. 2018, 30, 11, 3734-3742.[40] Copyright 2018 American Chemical Society.

When the different dimensionalities are compared there are some clear trends. As men-
tioned before, the 3D materials display the highest charge mobility, which is also true in
2D materials when they are compared to the 0D materials.[37] In the case of the 2D ma-
terials it is important to note that the direction of the layers determines the direction in the
charge mobility is the most efficient. In the case of the planar structures presented in 2.1,
it is most beneficial if the layers are not parallel to the other layers.[41, 53] The bandgaps
of the materials also have a trend where the higher the dimensionality, the smaller the
bandgap is. A narrow bandgap allows the materials to maximize the photon harvesting
from the solar radiation, which is beneficial for solar cells.

Electronic dimensionality (first introduced by Xiao et al.[54]) is a concept where the focus
is not on the structural dimensionality but on how well the atomic orbitals of the materials
lower conduction and upper valance bands are connected. Electronic dimensionality is
especially relevant when the materials do not behave as expected based on their struc-
tural dimensionality. In [54], the low performance of Cs3Sbsly solar cells is suggested to
be related to their low electronic dimensionality. It is however notable that the PCE ref-
erenced in the work by Xiao et al. is from devices made in 2015 with the reported PCE
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below 0.1%[52] and since then the 2D Cs3Sbslg has led to more efficient devices.[42]

2.1.3 Crystallization of perovskite-inspired materials

Many of the A3SbyXg PIMs can form in either the 0D or the 2D structure. As the 2D is
the preferred structure for solar cell applications, much research has focused on ways to
synthesize the 2D structure of the material. In the case of Cs3Sbslg, which favors the
formation of the OD structure in low-temperature fabrication condition, the 2D structure
was achieved first through a vapor method where Sbl; and Csl were co-evaporated. The
films were then annealed at temperatures ranging from 250 to 350 °C in the presence
of Sbls vapor.[52] The simpler and faster spin-coating method can be used to form the
2D structure but this requires annealing at a relatively high temperature (250 °C) in the
presence of Sbls vapor.[55]The need for the Sbls vapor is a result of the high annealing
temperature in which the Sbls starts to otherwise evaporate away from the films while
they are being annealed.[55] In 2019 Umar et al.[50] introduced the hydrochloric acid
(HCI) additive to the precursor solution. This additive allowed them to incorporate chloride
ions, which acted as inhibitors for the 0D structure but did not affect the material by any
chlorine inclusion to the structure. With the HCI method by Umar et al., the 2D structure
was achieved at 160 °C, but the optimum temperature was determined to be 230 °C.

Spin-coating is based on attaching a substrate to a disc with a vacuum, depositing a liquid
precursor on the substrate, and then rotating the disk at a controlled speed until the sol-
vent of the precursor has evaporated and the film has been formed. This creates an even
film, whose thickness can be influenced by factors like, the composition of the precursor
and the speed of spinning. After the spin-coating, the films are often dried or annealed
on a hotplate to remove any remaining solvent.[56] In the antisolvent strategy, a second
solvent is added to the surface of the film during the spinning to reduce the solubility
compared to the original solvent and speed up the crystallization.[57] A schematic of the
antisolvent spin-coating process is presented in Figure 2.6. In the case of HCI addition,
the 2-propanol antisolvent was used.[50]

O O
N e —| I
g ‘—.
Deposition of . Addition of Annealing on
P Start of rotation . g
the precursor the antisolvent a hotplate

Figure 2.6. Schematic of the spin-coating process with antisolvent (adapted from litera-
ture).[57]
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The tuning of the X-site has been another way to achieve the desired 2D structure in
A3SbyoXg PIMs. Peng et al.[41] incorporated Cl anions (ionic radius: 1.8 A) into a fully
| (2.2 A) based system with the aim to shorten the B-X bond and, thus, enabling more
space for the A-site cations in the structure. This, in turn, is expected to prevent the
formation of the OD structure. The researchers were able to achieve the 2D structure
of Cs3Sb,Clslg with annealing temperatures under 150 °C. The addition of Cl has also
been found beneficial for the stabilzation of the 2D structure in MA3Sb,Cl.lg_,. by Jiang
et al.[45] with a low annealing temperature of 100 °C.

2.2 A-site cation

The role of the A-site cation in the conventional 3D ABX; perovskites is to stabilize the
3D structure and to give the material a neutral charge. The manipulation of the A-site
can lead to a rise in both efficiency and stability of the solar cells.[30, 58] The A-site is a
monovalent cation with ionic radius that is larger than that of Pb?". The ideal radii for the
elements making up the perovskite can be determined using the Goldschmidt tolerance
factor (t), which can be calculated with Equation 2.1[59]

R . (2.1)

V2(rg +7rx)’

where the sum of the ionic radii of the A-site cation (r4) and the X-site anion (rx) is di-
vided by the sum of the ionic radii of the B-site metal (rg) and the X-site anion times the
square root of two. When the ¢=1 the A-site cation is the correct size relative to B and
X'in an ideal 3D structure.[59, 60] If the A-site cation is too small or large, the 3D struc-
ture will be distorted. This has led to the use of three main cations (methylammonium,
formamidinium, and cesium) in perovskite research.[61, 62] Efficient devices are often
made using a mixture of all three cations to combine the high efficiency often provided
by the organic cations and the improved stability, which is commonly achieved with the
inorganic cations.[30]

2.2.1 The A-site cations in antimony PIMs

The ionic radius of Sb** (0.76 A) is significantly smaller than that of Pb?* (1.19 A). This
enables the use of smaller cations, like K+, Rb™, and NH; in A3Sb,Xy PIMs, which are
not in use with the ABX3 perovskites.[60] The ionic radii of different A-site cations are
presented in Figure 2.7. These values are retrieved from the literature.

The use of small A-site cations in A3SbyXg PIMs favor the formation of the 2D struc-
ture.[37] Correa-Baena et al.[40] fabricated Cs3Sbslg, Rb3Sbslg and K3Sbslg films by spin-
coating from precursors with no additives. Both the Rb3Sb,lg and K3Sbslg formed the 2D
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Figure 2.7. The ionic radii of A-site cations K+, Rb™,[63] NH/ , [64] Cs*, MAT, FAT[65]
(adapted from literature).[37]

structures, while the Cs3Sb,lg formed the 0D structure. (NH,4)3Sbslg has also been found
to crystallize in the 2D structure.[66, 67] As the MA™ cation is larger than the previously
mentioned K™, Rb™, and NH;, MA;Sb,l, favors the 0D structure.[68]

Most of the A3SbyXg research has focused on single A-site cation PIMs.[40, 67, 68]
However, the mixed A-site cation PIM, consisting of comparatively large (FAT and Cs™)
cations, FACs,Sb,1Cls has been reported in 2020 by Choi et al.[44] in the 2D structure.
The 2D structure was attributed to the short ionic radii of ClI~. Hydroiodic acid (HI) was
used as an additive in the precursor to improve the solubility, and an annealing temper-
ature of 200 °C was used. Based on the results reported in the literature, it is clear
that the A-site has a big effect on the efficiency, dimensionality, and stability of A3SbyXg
perovskite-inspired materials. In the case of the 3D ABX3 perovskites, a good balance
between these properties has been found using a mixed A- and X-site perovskite,[30]
which might emphasize the need to continue to research the mixed A-site (and X-site)
materials in the A3SbyXg perovskite-inspired materials as well.
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3. EXPERIMENTAL

In this chapter, the experimental parts of this work are presented. In section 3.1 the
film fabrication of the different perovskite-inspired materials studied in work is discussed.
Section 3.2 discusses the fabrication of the solar cells with the regular (n-i-p) structure.
The characterization of the PIM films with steady-state UV-Vis absorption spectroscopy,
X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive X-
ray spectroscopy (EDS) is discussed in section 3.3. In the final section 3.4, the J-V
measurements of the solar cells are discussed.

3.1 Perovskite-inspired material film fabrication

The perovskite-inspired material films in this work were all fabricated in a N, filled glove-
box by first preparing a precursor solution that contains the needed chemicals in stoichio-
metric ratios and then spin-coating the substrates with the precursor. The precursors were
made by weighing the needed compounds and dissolving them in N,N-dimethylformamide
(DMF) with the density of 444 mg/ml. The solutions were mixed with magnetic stirring for
at least 3 hours before they were used, to make sure all the compounds had dissolved.

The Cs3Sbslg precursor was prepared by weighing antimony iodide (Sbls) and cesium
iodide (Csl) in a stoichiometric ratio according to Umar et al.[50] Different MACI con-
centrations were tested from 0 to 200 mol% compared to the amount of Sbl;. The
Cs;_,.FA,.Sbsly precursor was prepared with the optimum MACI concentration of 150 mol
% by replacing some of the A cation cesium with formamidinium. Formamidinium iodide
(FAI) was used as the replacement of Csl. Different amounts of FA were tested from 0
to 100% of the total A cation amount. The precursors and resulting films are referred to
as FA and the amount of formamidinium in the structure, so that FA 20% contains 20%
FAl and 80% Csl of the total A cation amount. The typical compound amounts in the
different precursors are listed in Table 3.1. All the chemicals used in this thesis are listed
in appendix A.

All the films were deposited on clean 2 by 2 cm substrate pieces by spin coating in the
N, filled glovebox. The substrates were microscopy glass, fluorine-doped tin oxide (FTO,
from Greatcell Solar Materials, TEC15 2.2 mm thick), or FTO that was covered with a
layer of titanium dioxide (TiO;) based on the intended use of the film. The spin coating
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Table 3.1. Typical compound amounts in the different precursors.

PIM | Sbl; (mg) | Csl (mg) | MACI (mg) | FAI (mg) | DMF (ul)
Cs3Sboly | 140 108.6 28.2 - 624
FA 20% 140 86.9 28.2 14.4 607
FA 50 % 140 54.3 28.2 35.9 583

program was 3000 rpm for 30 seconds with a 5-second acceleration. 35 pl of precursor
and 80 to 150 pl of antisolvent was used. 2-propanol and chlorobenzene were tested
as antisolvents. The antisolvent was added on the substrate during the spinning at the
point when the film was starting to change color. This was slightly dependent on the
precursor but between 12 to 15 seconds after the program was started. The spin coating
was also tested with no antisolvent. After the spin coating, the films were directly moved
to a hotplate for annealing. 140 °C and 233 °C annealing temperatures were tested.

3.2 Solar cell fabrication

The solar cells were fabricated with a regular (n-i-p) solar cell structure where the sub-
strate is glass covered with a conductive material, then an electron transport layer, the
active layer, hole transport material (HTM), and finally a counter electrode. In this work,
those layers were glass, FTO, compact titanium dioxide (TiO), the perovskite-inspired
material, a hole transport material, and gold as the counter electrode. This structure is
presented in Figure 3.1.

Au

HTM

PIM

Tio,

FTO

Glass

Figure 3.1. Solar cell structure

The solar cells studied in this thesis were fabricated on 2 by 2 cm etched FTO substrates.
The substrates were patterned by using tape to protect the FTO that was not removed
in the etching. A thin layer of zinc (Zn) powder was applied to the desired etching area.
The substrates were placed in 2M HCI solution for 5 minutes. The excess Zn powder was
brushed away with a toothbrush and the substrates were rinsed well with water. After the
etching, the substrates were washed with a toothbrush in 2% Mucasol cleaning solution
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and rinsed well with water. They were then cleaned by ultrasound sonication in a sonic
bath in ultra-pure water, acetone, and 2-propanol for 15 minutes in each solvent. After
this, the substrates were dried using a No gun.

A compact TiO, layer was deposited on the substrates with spray pyrolysis at 450 °C. The
TiO, precursor was made from 1.5 ml titanium diisopropoxide bis(acetylacetonate) 75
weight% stock solution and 6.5 ml 2-propanol. The precursor was deposited on the films
at 450 °C with 13 spray cycles with 20 seconds between each cycle. Glass microscopy
slides were used to protect the area where the TiO, layer was not desired. The compact
TiO, films were then annealed at 450 °C for 45 minutes. The substrates were stored
in parafiim-sealed Petri dishes until use. The substrates were O, plasma cleaned for 1
minute at medium power before the PIM layer was deposited according to the previous
chapter 3.1.

The different HTM layers were deposited on top of the PIM layer by spin coating in the
N, glovebox. Three different HTMs were used in this thesis. The HTMs used were P3HT,
PTAA, and spiro-OMeTAD. Solar cells were also fabricated with no HTMs.

The P3HT layer was fabricated using a method from literature [69] with a 20 mg/ml so-
lution of P3HT in chlorobenzene. 80 pl of the solution was spin-coated on the PIM layer
with the spin coating program 2000 rpm for 30 seconds, dynamically. The PTAA layer was
fabricated using 0.5 mg/ml solution of PTAA in toluene. 100 pl of the solution was added
on the PIM layer before the start of the spin coating program. The program was 5000 rpm
for 30 seconds with an acceleration of 1000 rpm/s. After the spin-coating, the PTAA layer
was annealed at 100 °C on a hotplate for 10 minutes. The method was adapted from
literature.[70] The spiro-OMeTAD layer was fabricated using doped 28mM spiro-OMeTAD
solution in chlorobenzene according to literature.[71] The dopants were 0.2M FK209 solu-
tion in acetonitrile, 1.8M LiTFSI solution in acetonitrile, and TBP. Their final concentrations
were FK209 0.1, LiTFSI 0.53, and TBP 3.2 moles of additive per mole of spiro-OMeTAD.
The typical amounts are listed in Table 3.2. The films were deposited by dynamically spin
coating 80 pl of solution. The spin coating program had two steps which were 200 rpm
for 1.8 seconds and then 1800 rpm for 30 seconds.

Table 3.2. Typical amounts in the spiro-OMeTAD solution.

Compound Amount
Spiro-OMeTAD (mg) 36.2
Chlorobenzene (ul) 1000

TBP (ul) 14.4
1.8M LiTFSI () 8.8
0.2M FK209 (ul) 14.5

In the case of the spiro-OMeTAD HTM, the substrates were moved to a dry box overnight.
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The other HTMs and solar cells without HTMs were kept in the N, glovebox. After the night
all the substrates were wiped with DMSO and in the case of P3HT with chlorobenzene
to create the negative connection point for the solar cell measurements and masked with
evaporation masks to create the functional solar cells and positive electrodes. The final
layer of 100 nm thick Au was then thermally evaporated on the substrates with an Edwards
Auto 306 evaporator. All substrates held 3 solar cells with an area of 20 mm? each.

3.3 Characterization

The steady-state UV-vis measurements were carried out on PIM films on glass using
a glass reference with the Shimadzu UV-1900i Spectrophotometer. The X-ray diffrac-
tion measurements were taken from PIM films on glass using the Malvern Panalytical
Empyrean Alpha 1, which was used in powder diffraction mode using Cu K« radiation (A
= 1.5406 A) and a cathode voltage and current of 45 kV and 40 mA, respectively. The
range was 10-60 position [20] copper, the step size was 0.0131303°, and the time per
step was 17 seconds. The electron microscopy characterization was performed on the
PIM films on clean FTO with the Zeiss UltraPlus FE-SEM instrument. It was operated in
inlens mode with 3 kV acceleration voltage. The energy-dispersive X-ray spectroscopy
(EDS) study was conducted with the same electron microscope and with the acceleration
voltage of 10 kV.

3.4 J-V measurements

The solar cells were measured on the same day the Au layer was deposited with the
Sciencetech SS150-AAA solar simulator. The calibration of the solar simulator to 1 Sun
(100 mW/cm?), was done using the Newport KG5 filtered reference cell (91150-KG5 Ref-
erence cell and meter). The J-V curves were measured using a 4-wire setup with the
Keithley 2450 source measure unit. The sweep rate was 50 mV/s. For the stability study,
the solar cells were kept in ambient condition in aluminum foil covered Petri dishes.
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4. RESULTS AND DISCUSSION

In this chapter, the main results of this work are presented. First, in section 4.1 the MACI
additive concentration was optimized to achieve the desired 2D phase of the Cs3Sbslg
material. Section 4.2 discusses the formation of the new hybrid Cs;_,FA,Sbylg material
with different formamidinium amounts. In section 4.3, the optimized films were character-
ized with different methods and the 2D structure of Cs3Sbylg was confirmed. Section 4.4
presents the solar cell performance of the different types of solar cells fabricated in this
thesis. In the final section 4.5, the solar cells were characterized again after 5 weeks and
their stability is discussed.

4.1 MACI optimization

MACI was chosen as the additive because it has previously been used as an additive to
assist in crystallizing the MAPbI; perovskite where the MACI did not stay in the structure.
[72, 73] Another material similar to the ones studied in this thesis, MA3Sb,Cl,ly_., has
also been made in its 2D phase with MACI but in that case, the MACI was used in forming
the structure.[45]

In this work our aim was to replace the concentrated HCI (aq. 37%) that has previously
been used as an additive to crystallize Cs3Sbslgy in the 2D phase. Umar et al.[50] found
that, by adding a small amount of HCI in the DMF (30 pl/ml), the 2D phase of Cs3Sbsly
was obtained. The 2D phase of Cs3Sb,ly has also been achieved with the vapor-assisted
method by annealing at 250 °C in the presence of vapors of Sbl; in DMF[55] and through
co-evaporation of Csl and Sbl;[52]. The 2D phase of a similar material, Cs3SbyCl.lg ..,
has been achieved through the use of another additive, hydroiodic acid (HI)[41]. Here,
HCI was replaced by MACI. Hence, instead of adding HCI to the DMF, MACI was sim-
ply weighed and added to the other compounds and then dissolved in DMF. The clear
advantages are that MACI is a solid compound that is easy to handle in a glovebox and
it does not contain any water, unlike concentrated HCI which ideally should not be used
in a glovebox. The method presented in this thesis utilizes lower temperatures, safer
chemicals, and the PIM films are achieved through spin-coating, making it also suitable
for printed electronics.

The MACI concentration was optimized by determining the optimum MACI concentration
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in the Cs3Sbhslg precursor experimentally. To this aim, precursors with MACI concen-
trations from 0 mol% to 200 mol%, compared to the amount of Sbls;, were made. The
precursor with 200 mol% did not dissolve completely upon stirring. Larger concentrations
were not attempted as the precursor has to be entirely dissolved to prepare smooth films,
and filtration would make it difficult to determine the actual concentrations of compounds.
The optimization was monitored visually and with steady-state UV-Vis absorption spec-
troscopy from spin-coated films that were deposited on glass substrates. The MACI films
with different concentrations are shown in a photograph in Figure 4.1. It is clear that, in
the absence of MACI in the precursors, the resulting film has a different (yellow) color.
This is consistent with a previously reported method [50] where they also showed that the
film is yellow, without HCI in their case, and not the red color that is usually associated
with the desired 2D phase.[52] The film with 150 mol% showed the deepest red color
among the films.

0 mol% 50 mol % 100 mol% 150 mol%

Figure 4.1. Digital photograph of films with different MACI amounts.

UV-Vis absorption spectra of the films with varying MACI concentrations are presented
in Figure 4.2. The Cs3Sbsly reference is a film prepared according to Umar et al. [50].
From the figure, it can be seen that the absorbance grows with the MACI concentration.
The samples with MACI concentrations from 0 to 100% start absorbing light at a lower
wavelength than the reference, which might indicate incomplete crystallization. However,
the sample with 150 mol% clearly displays a steep absorption onset at 600 nm matching
well with that of the reference film. There is more scattering present in the films prepared
with the MACI method compared to the reference.

Along with the various concentrations, various antisolvents and annealing temperatures
were also tried. Chlorobenzene and 2-propanol were tried as antisolvents and films were
also fabricated without any antisolvent. With no antisolvent, the films became rough and
matte. 2-propanol produced brighter and clearer films, which we considered a sign of
better film quality, so it was selected as the antisolvent. When the 2-propanol amount
was increased from 80 ul to 150 pl, the film quality also improved. The different annealing
temperatures that were tested were 140 °C and 233 °C. The films turned red on the 140
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Figure 4.2. UV-Vis absorption spectra of the films with different MACI concentrations.

°C hotplate, but the films annealed at 233 °C were brighter. When samples were moved
from the lower to the higher temperature, it was also visibly clear that the color of the film
became deeper which indicates the crystallization was still ongoing. It was also found
that, when the films were annealed at both temperatures, the film quality was much better
than if they were only annealed at the higher temperature. This can be seen in Figure 4.3
where a) has been annealed only at the higher temperature and b) has been annealed at
both temperatures consecutively. Film b) is brighter, more uniform, and has fewer holes.
A similar approach has been presented in the literature[55], where the spin-coated films
were pre-annealed at 70 °C to remove the solvent, before being transferred to a hotplate
at 250 °C to enable the crystallization of the Cs3Sbylg material. The authors found that
this approach increased the crystal size and reduced the roughness of their Cs3Sbslg
films.

From these results, the optimum MACI concentration is 150 mol% relative to the amount
of Sbls. As antisolvent, 2-propanol led to the clearest films with 150 pl of antisolvent. The
optimum annealing was realized by heating for 5 minutes on a 140 °C hotplate followed
by 10 minutes of annealing at a 233 °C hotplate.

4.2 Hybrid structure

To form the targeted hybrid organic-inorganic Cs3_,FA,Sbslg material, the A-site of the
perovskite-inspired material structure (Cs) was partially replaced with FA in the precursor.
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a) " b) ; '

Figure 4.3. Films annealed at a) 233 °C and b) first at 140 °C and then at 233 <C.

The whole range from 0 % replacement to full 100 % replacement was tested first as films
and then in complete solar cell structures. The range of FA replacements in the active
layer (i.e. the perovskite-inspired material) led to films of slightly different colors, as can
be seen from a photograph of the corresponding photovoltaic devices (Figure 4.4). The
color of the films remains nearly unchanged until the replacement surpasses 50% (in
mols): films with FA 75% is orange and that with FA 100% is yellow.

FA 0% FA 10% FA 20% FA 50% FAT75% FA 100%

Figure 4.4. Digital photograph of solar cells with different FA amounts in the light harvest-
ing layer.

The FA materials were optimized first visually and with absorbance measurements as
films on glass, and then in terms of solar cell performance. The same antisolvents
and annealing temperatures as in the MACI optimization test (section 4.1) were tested.
The 2-propanol was found to be the most appropriate antisolvent for all FA replacement
amounts, judging by the color and brightness of the films. The FA 100% was not stable
at 233 °C, as the film started to completely disappear during annealing. The absorbance
spectra of different FA replacement amounts can be seen in Figure 4.5. The Cs3Shslg
reference is the same reference film as in Figure 4.2 and the Cs3Sbylg MACI is the 150
mol% film from the same figure. From the different FA amounts, the FA 20% has the
broadest absorption.

FA 20% and FA 50% were chosen as the key materials and focus of this thesis, based on
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Figure 4.5. UV-Vis absorption spectra of the films with different FA concentrations.

their visual appearance, absorbance spectra, and their solar cell results, which are dis-
cussed in Section 4.4. The optimal film fabrication conditions were the spin-coating with
150 ul 2-propanol as the antisolvent. A similar material, FACs,SbslgCl3, with a mixture
of FA and Cs in the A cation site has already been presented in the literature.[44] In the
literature it was formed by spin-coating with the additive HI in the precursor to enhance
the solubility.

4.3 Film characterization

The optimized films were characterized with scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD). The SEM images,
taken from the top of the perovskite-inspired material films, are shown in Figure 4.6
where "with HCI" refers to the reference Cs3Sbsly, "with MACI" refers to the MACI method
Cs3Sbsyly, FA 20% and FA 50% are the Css_, FA,Sbylg materials with 20% and 50% of
the A cation replaced with FA in the precursor. The films with both with HCI and MACI
additives show large and non-uniform crystal grains. The FA 20% and FA 50% films are
more uniform but the crystal size is quite small.

The EDS study focused on determining the ratio between the cesium and antimony
amounts of the samples. The results are shown in Table 4.1. The HCI refers to Cs3Shslg
films prepared according to the protocol of Umar et al.[50]. The MACI refers to Cs3Sbslg
films prepared with the method presented in this thesis. FA 20% and FA 50% refer to the
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With HCI ~ With MACI

Figure 4.6. SEM images of the studied materials as thin films spin coated on FTO.

Css_,FA,Sbslg materials introduced in this thesis. The ideal values are for the stoichio-
metric amounts in the compounds. In both the films prepared with HCI or MACI method,
this ratio is not the same as the ideal ratio. This might mean that the large crystals seen
in Figure 4.6 are partly containing cesium. The ideal ratios between cesium and antimony
are lower for FA 20% and FA 50% because some of the cesium has been replaced by
formamidinium. As formamidinium is composed of carbon, nitrogen, and hydrogen, it is
not detectable in EDS. The reduction in the experimental amounts of cesium seems to
indicate that the replacement has been successful in at least reducing the cesium content
very close to the ideal amount. This might also explain why there are no large crystals
in the FA 20% and FA 50% films in Figure 4.6. No significant amounts of chloride were
found in the films, which indicates that the MACI was not retained in the films and that the
PIM structure was purely Cs3Sbslg without the iodine being replaced by the chlorine.

Table 4.1. Averaged Cs/Sb ratio determined using EDS.

Sample HCI | MACI | FA20 % | FA 50 %
Experimental | 2.1 2.3 1.2 0.9
Ideal 15| 15 1.2 1

The XRD patterns were recorded from the samples "Cs3Sbylg with MACI additive", FA
20%, and FA 50%. The results are presented in Figure 4.7. The analysis reveals that
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the studied compounds match with the Cs3Sbslg reference. The "Cs3Sbslg with MACI
additive" sample contains some Csl impurities. This confirms the EDS results in Table
4.1 and SEM findings in Figure 4.6 to be Csl crystals in the films. The additional Csl is
not found in FA 20% and FA 50% as it was also not found in the SEM or the EDS.
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Figure 4.7. XRD results of the studied samples.

4.4 Solar cell performance

The PIM materials studied in this work, namely Cs3Sbsly crystallized with the MACI ad-
ditive, were employed as light-harvesting layers in solar cells (see the structure in Figure
3.1), containing or not an HTM (P3HT, PTAA, and spiro-OMeTAD). An energy level dia-
gram of the HTMs and the Cs3Sbylg material is presented in Figure 4.8. These values
are retrieved from the literature.

4.4.1 Cs3Sbsly performance

Table 4.2 presents the characteristics of the champion solar cells, the averaged param-
eters of all the measured cells with the standard deviations, as well as the number (n)
of cells tested for each type of structure. The highest power conversion efficiency (PCE)
was achieved with PTAA as the HTM. However, this set also shows the highest standard
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Figure 4.8. Energy level diagram of Cs3Sbsly,[50] P3HT,[74] PTAA,[28, 75] and spiro-
OMeTAD[71].

deviation in both PCE and J,.. Hence, the more stable HTM with the highest average
efficiency of corresponding devices is P3HT. Spiro-OMeTAD is not a good HTM for this
perovskite-inspired material as it produces cells with lower efficiency than cells without
any HTM. This might be caused by an incompatible interface between the PIM and the

spiro-OMeTAD. J-V curves of good Cs3Sbylg material solar cells are presented in Ap-
pendix B.

Table 4.2. Cs3Sb,ly solar cell figures of merit.

Type PCE (%) Fill factor (%) | Js. (MA/cm?) Ve (V) n of cells
No HTM 0.28+0.21| 445+6.8 1.83+1.11 | 0.30 + 0.08 23
best 0.75 48.5 3.67 0.42
P3HT 0.504+0.23 | 624 +42 1.51 +£0.50 | 0.51 +0.04 12
best 0.93 68.4 2.44 0.56
PTAA 048 +039 | 525+43 2.01 +1.48 | 0.42 +0.05 12
best 1.24 52.4 4.65 0.51
Spiro-OMeTAD | 0.14+0.16 | 705+ 11.8 | 0.354+0.35 | 0.52 + 0.06 12
best 0.55 70.4 1.26 0.62

All the photovoltaic results of the Cs3Sbslg solar cells investigated in this thesis are pre-
sented in a statistical presentation in Figure 4.9, where the line in the middle of the colored
boxes represents the median value. The box represents the 25 % of the upper and lower
bounds from the median and the lines the values that fall within 1.5 times the boxes upper
or lower bounds. Any data that lies out of that range is represented as x marks.

The results of the Cs3Sbsly solar cells without HTM can be compared to similar structures
from the literature. The state-of-the-art Cs3Sbsly solar cells, in which the PIM is crystal-
lized with HCI additive, have the PCE of 1.2% without HTM.[50] This value is higher than
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Figure 4.9. Statistical presentation of the figures of merit for the Cs3Sb,ly solar cells.

what was achieved with the best cell of this thesis, which had a PCE of 0.75%. With the
P3HT HTM, the Cs3Sbslg solar cells (where the PIM was prepared with HCI additive) have
reached the PCE of 2.48%[42] whereas in this work the highest PCE with Cs3Sb,lg was
1.24% with PTAA. Our lower PCE might be due to the PIM layer. In particular, we note that
more Csl crystals are formed when the MACI-assisted crystallization is adopted instead
of the HCI-based approach. It might be possible to reach higher efficiencies if the amount
and size of Csl crystals in the Cs3Sb,ly films could be reduced by film engineering.

4.4.2 FA 20% hybrid structure performance

Solar cells were also fabricated with the Cs3_,FA,Sbslg active layer with 20 and 50%
replacement of Cs with FA in the precursor (referred to as FA 20% and FA 50%, respec-
tively). With FA 20% and FA 50%, both annealing temperatures (140 °C and 233 °C) were
tested in solar cells. It was observed that the FA containing materials (Csz_,FA,Sbalg)
starting from 20% replacement did not require the higher temperature (233 °C) to fully
crystallize and the annealing step was fixed as 10 minutes at 140 °C.

Table 4.3 presents the characteristics of the champion solar cells, the averaged parame-
ters of all the measured cells with the standard deviations, as well as the number (n) of
cells tested for each type of structure. The champion PCE was achieved with the P3HT-
based devices. All the HTMs lead to enhanced PCE and V,. compared to the HTM-free
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solar cells. The J,. values and PCE of these cells have higher standard deviation com-

pared to the fully inorganic Cs3Sbyly material solar cells. J-V curves of good FA 20%

solar cells are presented in Appendix B.

Table 4.3. FA 20% solar cell figures of merit.

Type PCE (%) Fill factor (%) | J.. (MA/cm?) Ve (V) n of cells
No HTM 0394+030| 51.7+7.0 1.91 +£1.29 | 0.39 + 0.08 18
best 1.08 56.8 4.04 0.47
P3HT 0.53+0.66 | 56.6 + 6.1 1.71 £1.82 | 0.49 +0.14 18
best 2.25 50.6 5.62 0.79
PTAA 0454031 | 50.3+55 1.52 4+ 0.82 | 0.57 +0.08 18
best 1.18 50.2 3.32 0.71
Spiro-OMeTAD | 0.31 = 0.51 | 63.0 9.3 0.67 £0.99 | 0.57 £0.12 15
best 1.91 63.3 3.69 0.82

The statistical representation of all of the FA 20% cells in this thesis is presented in Figure

4.10. There is less variance between the different types of solar cells compared to the

Cs3Shslg solar cells in Figure 4.9. Spiro-OMeTAD does not seem to be the most suited

HTM for FA 20% as both the PCE average and median are lower than in cells with no

HTM, even though it gives a comparatively high open-circuit voltage and fill factor.
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Figure 4.10. Statistical presentation of the figures of merit for the FA 20% solar cells.
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4.4.3 FA 50% hybrid structure performance

Table 4.4 presents the characteristics of the champion solar cells, the averaged param-
eters of all the measured cells with the standard deviations, as well as the number (n)
of cells tested for each type of structure. The highest PCE was achieved with PTAA in
the average and as the champion solar cell. The P3HT-based solar cells have the lowest
PCE and Js.. This indicates, that FA 50% has a different energy level alignment than
the Cs3Sbslg material (see Figure 4.8) that performed well with P3HT-based devices. J-V
curves of good FA 50% solar cells are presented in Appendix B.

Table 4.4. FA 50% solar cell figures of merit.

Type PCE (%) Fill factor (%) | Js. (MA/cm?) Ve (V) n of cells
No HTM 0.554+0.23 | 486 +6.2 2844+ 0.62 | 0.39 +0.13 23
best 1.10 59.1 3.59 0.52
P3HT 0.294+0.23 | 59.2+89 0.91 +0.50 | 0.47 £ 0.10 24
best 0.83 58.1 2.11 0.68
PTAA 118+ 038 | 516+7.2 3.76 + 0.57 | 0.60 £+ 0.07 15
best 1.90 55.5 4.69 0.73
Spiro-OMeTAD | 0.60 - 0.35 | 62.3 =24 1.33 £ 0.68 | 0.70 & 0.07 15
best 1.32 61.5 2.58 0.83

The statistical representation of all of the FA 50% cells in this study is presented in Figure
4.11. From this figure and the results presented in Table 4.4 it seems like spiro-OMeTAD
is not the optimal HTM for FA 50% with the PCE being so close to that of HTM-free
devices.

In conclusion, it is clear when comparing the Tables 4.2, 4.3 and 4.4 as well as Figures
4.9, 410, and 4.11 that the FA addition in the structure makes the solar cells more effi-
cient. When FA 20% and FA 50% are compared to the state-of-the-art Cs3Sbslg solar cells
made with HCI additive that have the PCE of 1.2% without HTM [50], FA 20% and FA 50%
are very close to the same efficiency with PCEs 1.08% and 1.10%, respectively. When
comparing with the state-of-the-art in similar structures with a HTM, 2.48% Cs3Sbslg with
the HCI additive and P3HT as the HTM,[42] and 2.15% with Cs3Sb,Cl;lg with LZ-HTL-
1-1 as HTM[41], the Cs3_,FA,Sbsly materials reached 2.25% with FA 20% (P3HT) and
1.90% with FA 50% (PTAA). With the FACs,SbslsCls structure the reported PCE was
1.05% with PTAA [44], here the average with FA 50% and PTAA was 1.18%. The re-
sults indicate that, the crystallization of the PIMs with HCI-additive (instead of MACI) may
further enhance the performance of corresponding solar cells.
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Figure 4.11. Statistical presentation of the figures of merit for the FA 50% solar cells.

4.5 Stability

In this section, the stability of the solar cells was followed after five weeks of storage in
ambient (T= 20°C), dark, conditions by periodically characterizing the devices. For each
PIM, with all the HTMs, and without HTM three solar cells were monitored. The PCE of the
different Cs3Sbslg solar cells after five weeks is presented in the statistical representation
in Figure 4.12. Solar cells without HTM were the most stable. Some of the HTM-free
devices showed a slight improvement within the five weeks monitoring time. The PCE
of PTAA- and spiro-OMeTAD-based cells decreased over time. The least stable solar
cells contained P3HT. This is consistent with our earlier results,[42] where the efficiency
of the P3HT solar cells employing the same PIM (HCI method) and P3HT dropped to the
same level as the devices without HTM in four weeks. Here, in five weeks the PCE of
P3HT devices has fallen below that of the HTM-free devices. According to other reports,
stability of solar cells made with Cs3Sbsly (crystallized with the HCI additive) can remained
nearly unchanged (retaining over 90% of their initial efficiency) in ambient conditions for
60 days.[50]

The solar cell efficiency of the different FA 20% solar cells after 5 weeks of shelf-storage
is presented in Figure 4.13. HTM-free devices have retained their initial PCE the most
among the investigated structures but begin to show signs of degradation judging from the
drop of average PCE. The efficiency of the spiro-OMeTAD devices has the most variance
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Figure 4.12. The PCE of the different Cs3Sb,ly solar cells on day 1 and after 5 weeks.

in both day one and week five results but the efficiency has not decreased dramatically.
Both the PTAA- and especially the P3HT-containing cells presented the most significant
PCE drop, making it appear as if they might even accelerate the FA 20 % decay.
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Figure 4.13. The PCE of the different FA 20% solar cells on day 1 and after 5 weeks.

The solar cell efficiency of the different FA 50% solar cells after five weeks is presented
in Figure 4.14. All devices have showed a significant drop in efficiency down to around
0.1%. As the HTM-free devices also showed a significant drop in PCE, we can conclude
that the FA 50% material itself is unstable. P3HT-based solar cells were the most stable
though their initial efficiency was quite low. As the cells were stored in the dark, the most
likely degrading factors were humidity and oxygen.
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Figure 4.14. The PCE of the different FA 50% solar cells on day 1 and after 5 weeks.

There is a clear trend in Figures 4.12, 4.13, and 4.14 that FA is detrimental to the sta-
bility: when the replacement of Cs with FA is higher, the cells degrade more severely.
Interestingly, in literature, the mixing of both A and X sites in A3Sb,Xgy perovskite inspired
materials has been suggested as a way to improve the stability of the materials.[44] Here,
however, the cation mixing was only performed at the A-site. When these results are
compared to the earlier development in lead perovskites, similar trends can be seen. In
the work of Saliba et al.[30], FAPbI; is not structurally stable and it is sensitive to humidity.
MAPDI3, though it can reach quite high efficiencies, is moisture and thermally sensitive.
The inorganic perovskites however showed good thermal stability. This is also mirrored
in the results here where the addition of FA leads to lower stability but higher efficiency.
In[30], the authors also found that addition of Cs to FA/MA mixed perovskite leads to more
uniform films, which was also observed here with more uniform films for the PIM with a
mixture of organic and inorganic cations at the A site.
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5. CONCLUSION

This thesis focused on the improvement of the already known perovskite-inspired material
Cs3Sbslg. The goals of this thesis were firstly to pioneer the use of methylammonium chlo-
ride to form the 2D structure of cesium antimony perovskite-inspired material (Cs3Sbslg)
in a safer way than earlier reported. Second goal was to tune the composition of Cs3Sbslg
by incorporating formamidinium in the A-site of the material with the aim of enhancing the
solar cell efficiency. The study was carried out by first forming films of the materials
and studying them visually and with steady-state UV-vis absorption spectroscopy, X-ray
diffraction, electron microscopy, and energy-dispersive X-ray spectroscopy. The films
were also utilized as the active layers of solar cells with the regular planar structure. The
solar cells consisted of glass/FTO/compact-TiOy/active layer/HTM/Au. The HTMs used in
this thesis were P3HT, PTAA, and spiro-OMeTAD. Solar cells were also fabricated without
the HTM layer. The stability of the materials was studied by characterizing the solar cells
again after 5 weeks of storage in ambient conditions.

The first goal was met with the formation of 2D Cs3Sbylg which was confirmed by the
X-ray diffraction analysis. The films made with the method developed in this thesis were
2D, but they did contain a larger amount of crystals (most likely Csl) within the film, as
seen by the electron microscopy images compared to earlier methods, in which the films
were produced with hydrochloric acid additive. The champion solar cell power conversion
efficiency of 1.2% was achieved using the PTAA HTM. However, on average, the highest
PCE was obtained using P3HT as the HTM. The fully inorganic Cs3Sbsylg material also
produced the most stable films during the 5 week monitoring time.

The second goal was met with the partial-to-full replacement of cesium with formami-
dinium in the precursors of the films. The most efficient solar cells were produced with
films that had 20 and 50% replacement of cesium, so they were chosen as the focus of
this study. The champion solar cell had 2.25% PCE, which was achieved with FA 20%.
Interestingly, P3HT was not always found to be the best HTM for these materials. With
the FA 20% material, the highest PCE was achieved with the P3HT HTM and with FA
50% the PTAA HTM. The second goal can be considered to have been met as the PCE
of the devices was raised considerably. With the Cs3Sb,lg material, the average PCE of
solar cells fabricated without HTM was 0.28%, with FA 20% it was 0.39%, and with FA
50% it was 0.55%.
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The PCE of the solar cells with the known Cs3Sb,lg material was lower than that reported
in the literature.[42, 50] This is likely due to the Csl crystals which disrupt the charge trans-
port inside the material. Film engineering strategies can be utilized to remove or reduce
the number of Csl crystals to allow for better charge transport. With the FA materials, the
crystal size was quite small compared to the fully inorganic materials. The slowing down
of the crystallization process with film engineering strategies like pre-annealing (which
was used in the case of the fully inorganic material and for other similar materials)[55]
can result in better film quality and higher efficiencies.

As the Cs3_,FA,Sb,ylg materials have not been reported before in literature, an important
next step would be to study the materials further and to discover their exact structures.
The study of their dimensionality, charge transport properties, bandgaps, and other pho-
tophysical and chemical properties will be important future goals. As the antimony-based
perovskite-inspired materials are not likely to reach efficiencies as high as the lead-based
ones, they should be considered for other types of applications. With this in mind, studies
of antimony-based devices under indoor light illumination should be intensified in the fu-
ture, especially for the emerging new compositions of antimony-based perovskite deriva-
tives.
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APPENDIX A: LIST OF CHEMICALS

Table A.1. List of all chemicals used in the thesis.

Chemical Producer

DMF, anhydrous 99.8% Alfa Aesar
Sbls, 99.999 % Fisher
Csl, 99.999% ABCR

MACI over 99.99%

FAI, over 99.99%
2-propanol, anhydrous 99.5 %
Chlorobenzene, anhydrous 99.8%
HCI, fuming over 37 %
Titanium diisopropoxide bis(acetylacetonate),
75 wt. % in 2-propanol
2-propanol, over 99.8 %
P3HT, electronic grade, regioregular
PTAA
Toluene, anhydrous
Spiro-OMeTAD, over 99.5%
FK209, over 95%

LiTFSI, 99.95% trace metals basis
Acetonitrile, anhydrous 99.8%
TBP, 96%

Greatcell Solar Materials
Greatcell Solar Materials
Merck Sigma-Aldrich
Sigma-Aldrich
Merck Sigma-Aldrich
Sigma-Aldrich

Honeywell
Rieke Metals
Lumtec
Sigma-Aldrich
Lumtec
Dyenamo
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
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APPENDIX B: J-V CURVES OF THE DIFFERENT TYPES
OF SOLAR CELLS

The J-V curves of good Cs3Sbslg, FA 20%, and FA 50% material solar cells with the
different HTMs and without HTM are presented in Figures B.1, B.2, and B.3, respectively.
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Figure B.1. The J-V curves of the different Cs3Sb,ly material solar cells.
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Figure B.2. The J-V curves of the different types of FA 20% cells.
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Figure B.3. The J-V curves of the different types of FA 50 % cells.
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