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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 Pb2+ 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 Cs3Sb2I9. 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
HCl 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 Cs3−xFAxSb2I9. This
was done by partly replacing cesium iodide (CsI) with formamidinium iodide (FAI) 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 Cs3Sb2I9 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
Cs3Sb2I9. In addition, the same method was successfully employed to synthesize a new hy-
brid Cs3−xFAxSb2I9 material which significantly improved the solar cell efficiency compared to
the fully inorganic Cs3Sb2I9. 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.

Keywords: perovskite-inspired material, lead-free, antimony, hybrid, solar cell
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Noora Lamminen: Antimonipohjaisten perovskiittijohdannaisten aurinkokennojen kehitys
Diplomityö
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Materiaalitekniikka
Tammikuu 2022

Puhtaiden energiantuotantomenetelmien kehittäminen ilmastonmuutoksen torjumiseksi on yk-
si aikamme tärkeimmistä haasteista. Viimeisen vuosikymmenen aikana perovskiitista on tullut lu-
paavin ja tehokkain uusi valosähköinen materiaali. Halidiperovskiitit ovat materiaaleja, joilla on
ABX3 rakenne, jossa A on yksiarvoinen kationi, B on metalli kationi ja X on halogeeni anioni tai
useamman halogeeni anionin seos. Tehokkaimmissa perovskiiteissä A paikalla on seos orgaani-
sia ja epäorgaanisia kationeita ja B paikalla lyijy Pb2+ kationeita. Lyijyn myrkyllisyyden takia on
tarve löytää lyijyttömiä vaihtoehtoja. Yksi turvallisempi vaihtoehto lyijylle on antimoni (Sb).

Tässä työssä tutkittiin täysin epäorgaanista perovskiittijohdannaista materiaalia Cs3Sb2I9. Sitä
voidaan valmistaa kahdessa eri kiderakenteessa: 2D ja 0D. Näistä rakenteista paremmin aurinko-
kennosovelluksiin sopii 2D-rakenne. Sen valmistaminen on ollut vaikeaa ja on vaatinut vahvojen
happojen kuten HCl tai HI, sekä korkeiden lämpötilojen käyttöä. Tässä työssä 2D-rakenteen val-
mistamisessa käytettiin ammoniumsuola metyyliammoniumkloridia. Sitä käytetään yleisesti pe-
rovskiittitutkimuksessa ja sitä on helppo käsitellä typpi suojakaasukaapissa. Työn toinen tavoite
oli parantaa aurinkokennojen tehokkuutta valmistamalla uusi hybridi, orgaaninen-epäorgaaninen,
cesium-antimoni perovskiittijohdannainen materiaali Cs3−xFAxSb2I9. Tämä saavutettiin korvaa-
malla osa cesiumjodidista formamidiniumjodidilla perovskiittijohdannaisen materiaalin esiliuokses-
sa.

Työn tehokkaimmat aurinkokennot tehtiin 20 ja 50 mooliprosentin FA määrällä A kationin ko-
konaismäärästä. Perovskiittijohdannaisen materiaalin ohutkalvoja tutkittiin elektronimikroskopial-
la, spektroskopialla ja röntgenkristallografialla, sekä kokonaisten aurinkokennojen valoaktiivisena
kerroksena. Cs3Sb2I9 perovskiittijohdannaisella materiaalilla korkein aurinkokennoissa saavutettu
tehokkuus oli 1.2%. Cesiumin osittainen korvaaminen formamidiniumilla paransi tehokkuutta 2.3%
asti. Yhteenvetona työssä löydettiin uusi, nopea ja turvallinen metodi valmistaa 2D Cs3Sb2I9 mate-
riaalia. Lisäksi samaa metodia käytettiin onnistuneesti uuden hybridi Cs3−xFAxSb2I9 materiaalin
valmistukseen, jonka käyttö paransi aurinkokennojen tehokkuutta merkittävästi verrattuna täysin
epäorgaaniseen Cs3Sb2I9 materiaaliin. Tässä työssä korostuu uusien lyijyttömien perovskiittijoh-
dannaisten materiaalien, sekä kalvon valmistusmetodien kehittämisen tarve, jotta aurinkokenno-
jen hyötysuhdetta voidaan parantaa.

Avainsanat: perovskiittijohdannainen, lyijytön, antimoni, hybridi, aurinkokenno

Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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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 (CO2), methane (CH4), and nitrous oxide (N2O). Of these gases,

the most widely produced is CO2, 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 CO2.

To reduce the CO2 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-
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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 (IoT) 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 (Cs3Sb2I9) 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
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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 CO2 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.
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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 A3Sb2X9

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 (CaTiO3), 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 CaTiO3. 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, Pb2+), and X is a halogen

anion or a mixture of several halogen anions. Methylammonium lead triiodide, MAPbI3, 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, MAPbBr3, 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 MAPbI3. Dye-sensitized solar cells (DSSCs, first developed by O’Regan

and Grätzel)[22] consist of a mesoporous layer of titanium dioxide (TiO2) that has pho-

toactive dye molecules (the sensitizer) attached to the TiO2 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 TiO2 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
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et al.[24] with MAPbI3-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.

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 TiO2 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
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Figure 2.2. Energy alignment of a perovskite solar cell (adapted from literature).[27, 28]

oxides, like tin oxide (SnO2) and zinc oxide (ZnO), have also been used. However, the

downside of TiO2 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 (C60) and its derivative phenyl-C61-butyric acid methyl ester (PC61BM) 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-

(III)tris(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 TiO2 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
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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, Pb2+, replacement are therefore Sn2+, Ge2+, Sb3+, and Bi3+. 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 ABX3 perovskite structure. However,

these materials can form derivative structures like A3B2X9. 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]

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

A3Sb2X9 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−, Cl−, 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.
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Much of the research has focused on A3Sb2I9 compounds, where I− is in the X-site.

Rb3Sb2I9, K3Sb2I9,[40] and Cs3Sb2I9 have all been fabricated and tested in solar cells.[41]

Cs3Sb2I9 has been considered a promising option for solar cells. According to the results

obtained here at TAU Hybrid Solar Cells group, when the Cs3Sb2I9 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 A3Sb2X9

structure, the A-site cation is an organic cation like methylammonium or formamidinium.

Such materials include MA3Sb2I9,[43] MA3Sb2ClX I9−X ,[45] and FACs2Sb2I6Cl3.[44] The

highest PCE (3.0%) achieved with these materials was with MA3Sb2I7Cl2.[46] The highest

efficiencies in antimony A3Sb2X9 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 A3Sb2X9 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

ABX3 perovskites form a 3D structure, whereas the antimony PIMs form 2D or 0D struc-

tures. The A3B2X9 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 A3B2X9 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 [PbX6]− 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 [BX6]3− 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 [B2X9]3− 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 0D and 2D materials are presented in Figure 2.5. It is possible that two materials

with the same formula like Cs3Sb2I9 can be fabricated in both the 0D 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]

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 Cs3Sb2I9 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 Cs3Sb2I9 has led to more efficient devices.[42]

2.1.3 Crystallization of perovskite-inspired materials

Many of the A3Sb2X9 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 Cs3Sb2I9, which favors the

formation of the 0D structure in low-temperature fabrication condition, the 2D structure

was achieved first through a vapor method where SbI3 and CsI were co-evaporated. The

films were then annealed at temperatures ranging from 250 to 350 °C in the presence

of SbI3 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 SbI3 vapor.[55]The need for the SbI3 vapor is a result of the high annealing

temperature in which the SbI3 starts to otherwise evaporate away from the films while

they are being annealed.[55] In 2019 Umar et al.[50] introduced the hydrochloric acid

(HCl) 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 HCl 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 HCl addition,

the 2-propanol antisolvent was used.[50]

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

A3Sb2X9 PIMs. Peng et al.[41] incorporated Cl anions (ionic radius: 1.8 Å) into a fully

I (2.2 Å) 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 0D structure. The researchers were able to achieve the 2D structure

of Cs3Sb2Cl3I6 with annealing temperatures under 150 °C. The addition of Cl has also

been found beneficial for the stabilzation of the 2D structure in MA3Sb2ClxI9−x 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 ABX3 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 Pb2+. 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]

t =
rA + rX√
2(rB + rX)

, (2.1)

where the sum of the ionic radii of the A-site cation (rA) and the X-site anion (rX ) is di-

vided by the sum of the ionic radii of the B-site metal (rB) and the X-site anion times the

square root of two. When the t=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 Sb3+ (0.76 Å) is significantly smaller than that of Pb2+ (1.19 Å). This

enables the use of smaller cations, like K+, Rb+, and NH+
4 in A3Sb2X9 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 A3Sb2X9 PIMs favor the formation of the 2D struc-

ture.[37] Correa-Baena et al.[40] fabricated Cs3Sb2I9, Rb3Sb2I9 and K3Sb2I9 films by spin-

coating from precursors with no additives. Both the Rb3Sb2I9 and K3Sb2I9 formed the 2D
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Figure 2.7. The ionic radii of A-site cations K+, Rb+,[63] NH+
4 , [64] Cs+, MA+, FA+[65]

(adapted from literature).[37]

structures, while the Cs3Sb2I9 formed the 0D structure. (NH4)3Sb2I9 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+
4 , MA3Sb2I9 favors the 0D structure.[68]

Most of the A3Sb2X9 research has focused on single A-site cation PIMs.[40, 67, 68]

However, the mixed A-site cation PIM, consisting of comparatively large (FA+ and Cs+)

cations, FACs2Sb2I6Cl3 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 Cl−. 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 A3Sb2X9

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 A3Sb2X9 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 N2 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 Cs3Sb2I9 precursor was prepared by weighing antimony iodide (SbI3) and cesium

iodide (CsI) in a stoichiometric ratio according to Umar et al.[50] Different MACl con-

centrations were tested from 0 to 200 mol% compared to the amount of SbI3. The

Cs3−xFAxSb2I9 precursor was prepared with the optimum MACl concentration of 150 mol

% by replacing some of the A cation cesium with formamidinium. Formamidinium iodide

(FAI) was used as the replacement of CsI. 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%

FAI and 80% CsI 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

N2 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 (TiO2) 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 SbI3 (mg) CsI (mg) MACl (mg) FAI (mg) DMF (µl)

Cs3Sb2I9 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 µl of precursor

and 80 to 150 µl 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 (TiO2), the perovskite-inspired

material, a hole transport material, and gold as the counter electrode. This structure is

presented in Figure 3.1.

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 HCl 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 N2 gun.

A compact TiO2 layer was deposited on the substrates with spray pyrolysis at 450 °C. The

TiO2 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 TiO2 layer was not desired. The compact

TiO2 films were then annealed at 450 °C for 45 minutes. The substrates were stored

in parafilm-sealed Petri dishes until use. The substrates were O2 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

N2 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 µl 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 µl 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 µl 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 (µl) 1000

TBP (µl) 14.4

1.8M LiTFSI (µl) 8.8

0.2M FK209 (µl) 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 N2 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 mm2 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 Kα radiation (λ

= 1.5406 Å) and a cathode voltage and current of 45 kV and 40 mA, respectively. The

range was 10-60 position [°2Θ] 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/cm2), 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 MACl

additive concentration was optimized to achieve the desired 2D phase of the Cs3Sb2I9
material. Section 4.2 discusses the formation of the new hybrid Cs3−xFAxSb2I9 material

with different formamidinium amounts. In section 4.3, the optimized films were character-

ized with different methods and the 2D structure of Cs3Sb2I9 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 MACl optimization

MACl was chosen as the additive because it has previously been used as an additive to

assist in crystallizing the MAPbI3 perovskite where the MACl did not stay in the structure.

[72, 73] Another material similar to the ones studied in this thesis, MA3Sb2ClxI9−x, has

also been made in its 2D phase with MACl but in that case, the MACl was used in forming

the structure.[45]

In this work our aim was to replace the concentrated HCl (aq. 37%) that has previously

been used as an additive to crystallize Cs3Sb2I9 in the 2D phase. Umar et al.[50] found

that, by adding a small amount of HCl in the DMF (30 µl/ml), the 2D phase of Cs3Sb2I9
was obtained. The 2D phase of Cs3Sb2I9 has also been achieved with the vapor-assisted

method by annealing at 250 °C in the presence of vapors of SbI3 in DMF[55] and through

co-evaporation of CsI and SbI3[52]. The 2D phase of a similar material, Cs3Sb2ClxI9−x,

has been achieved through the use of another additive, hydroiodic acid (HI)[41]. Here,

HCl was replaced by MACl. Hence, instead of adding HCl to the DMF, MACl was sim-

ply weighed and added to the other compounds and then dissolved in DMF. The clear

advantages are that MACl is a solid compound that is easy to handle in a glovebox and

it does not contain any water, unlike concentrated HCl 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 MACl concentration was optimized by determining the optimum MACl concentration
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in the Cs3Sb2I9 precursor experimentally. To this aim, precursors with MACl concen-

trations from 0 mol% to 200 mol%, compared to the amount of SbI3, 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 MACl films

with different concentrations are shown in a photograph in Figure 4.1. It is clear that, in

the absence of MACl 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 HCl 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.

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

UV-Vis absorption spectra of the films with varying MACl concentrations are presented

in Figure 4.2. The Cs3Sb2I9 reference is a film prepared according to Umar et al. [50].

From the figure, it can be seen that the absorbance grows with the MACl concentration.

The samples with MACl 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 MACl 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 µl to 150 µl, 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 MACl 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 Cs3Sb2I9 material. The authors found that

this approach increased the crystal size and reduced the roughness of their Cs3Sb2I9
films.

From these results, the optimum MACl concentration is 150 mol% relative to the amount

of SbI3. As antisolvent, 2-propanol led to the clearest films with 150 µl 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−xFAxSb2I9 material, the A-site of the

perovskite-inspired material structure (Cs) was partially replaced with FA in the precursor.
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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.

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 MACl 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 Cs3Sb2I9
reference is the same reference film as in Figure 4.2 and the Cs3Sb2I9 MACl 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 µl 2-propanol as the antisolvent. A similar material, FACs2Sb2I6Cl3, 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 HCl" refers to the reference Cs3Sb2I9, "with MACl" refers to the MACl method

Cs3Sb2I9, FA 20% and FA 50% are the Cs3−xFAxSb2I9 materials with 20% and 50% of

the A cation replaced with FA in the precursor. The films with both with HCl and MACl

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 HCl refers to Cs3Sb2I9
films prepared according to the protocol of Umar et al.[50]. The MACl refers to Cs3Sb2I9
films prepared with the method presented in this thesis. FA 20% and FA 50% refer to the
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Figure 4.6. SEM images of the studied materials as thin films spin coated on FTO.

Cs3−xFAxSb2I9 materials introduced in this thesis. The ideal values are for the stoichio-

metric amounts in the compounds. In both the films prepared with HCl or MACl 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 MACl was not retained in the films and that the

PIM structure was purely Cs3Sb2I9 without the iodine being replaced by the chlorine.

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

Sample HCl MACl FA 20 % FA 50 %

Experimental 2.1 2.3 1.2 0.9

Ideal 1.5 1.5 1.2 1

The XRD patterns were recorded from the samples "Cs3Sb2I9 with MACl 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 Cs3Sb2I9 reference. The "Cs3Sb2I9 with MACl

additive" sample contains some CsI impurities. This confirms the EDS results in Table

4.1 and SEM findings in Figure 4.6 to be CsI crystals in the films. The additional CsI is

not found in FA 20% and FA 50% as it was also not found in the SEM or the EDS.

Figure 4.7. XRD results of the studied samples.

4.4 Solar cell performance

The PIM materials studied in this work, namely Cs3Sb2I9 crystallized with the MACl 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 Cs3Sb2I9 material is presented in Figure 4.8. These values

are retrieved from the literature.

4.4.1 Cs3Sb2I9 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 Cs3Sb2I9,[50] P3HT,[74] PTAA,[28, 75] and spiro-
OMeTAD[71].

deviation in both PCE and Jsc. 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 Cs3Sb2I9 material solar cells are presented in Ap-

pendix B.

Table 4.2. Cs3Sb2I9 solar cell figures of merit.

Type PCE (%) Fill factor (%) Jsc (mA/cm2) Voc (V) n of cells

No HTM 0.28 ± 0.21 44.5 ± 6.8 1.83 ± 1.11 0.30 ± 0.08 23

best 0.75 48.5 3.67 0.42

P3HT 0.50 ± 0.23 62.4 ± 4.2 1.51 ± 0.50 0.51 ± 0.04 12

best 0.93 68.4 2.44 0.56

PTAA 0.48 ± 0.39 52.5 ± 4.3 2.01 ± 1.48 0.42 ± 0.05 12

best 1.24 52.4 4.65 0.51

Spiro-OMeTAD 0.14 ± 0.16 70.5 ± 11.8 0.35 ± 0.35 0.52 ± 0.06 12

best 0.55 70.4 1.26 0.62

All the photovoltaic results of the Cs3Sb2I9 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 Cs3Sb2I9 solar cells without HTM can be compared to similar structures

from the literature. The state-of-the-art Cs3Sb2I9 solar cells, in which the PIM is crystal-

lized with HCl 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 Cs3Sb2I9 solar cells.

what was achieved with the best cell of this thesis, which had a PCE of 0.75%. With the

P3HT HTM, the Cs3Sb2I9 solar cells (where the PIM was prepared with HCl additive) have

reached the PCE of 2.48%[42] whereas in this work the highest PCE with Cs3Sb2I9 was

1.24% with PTAA. Our lower PCE might be due to the PIM layer. In particular, we note that

more CsI crystals are formed when the MACl-assisted crystallization is adopted instead

of the HCl-based approach. It might be possible to reach higher efficiencies if the amount

and size of CsI crystals in the Cs3Sb2I9 films could be reduced by film engineering.

4.4.2 FA 20% hybrid structure performance

Solar cells were also fabricated with the Cs3−xFAxSb2I9 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 (Cs3−xFAxSb2I9)

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 Voc compared to the HTM-free
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solar cells. The Jsc values and PCE of these cells have higher standard deviation com-

pared to the fully inorganic Cs3Sb2I9 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 (%) Jsc (mA/cm2) Voc (V) n of cells

No HTM 0.39 ± 0.30 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 0.45 ± 0.31 50.3 ± 5.5 1.52 ± 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

Cs3Sb2I9 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.

Figure 4.10. Statistical presentation of the figures of merit for the FA 20% solar cells.



28

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 Jsc. This indicates, that FA 50% has a different energy level alignment than

the Cs3Sb2I9 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 (%) Jsc (mA/cm2) Voc (V) n of cells

No HTM 0.55 ± 0.23 48.6 ± 6.2 2.84 ± 0.62 0.39 ± 0.13 23

best 1.10 59.1 3.59 0.52

P3HT 0.29 ± 0.23 59.2 ± 8.9 0.91 ± 0.50 0.47 ± 0.10 24

best 0.83 58.1 2.11 0.68

PTAA 1.18 ± 0.38 51.6 ± 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 ± 2.4 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, 4.10, 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 Cs3Sb2I9 solar cells

made with HCl 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% Cs3Sb2I9 with

the HCl additive and P3HT as the HTM,[42] and 2.15% with Cs3Sb2Cl3I6 with LZ-HTL-

1-1 as HTM[41], the Cs3−xFAxSb2I9 materials reached 2.25% with FA 20% (P3HT) and

1.90% with FA 50% (PTAA). With the FACs2Sb2I6Cl3 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 HCl-additive (instead of MACl) 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 Cs3Sb2I9 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 (HCl 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 Cs3Sb2I9 (crystallized with the HCl 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 Cs3Sb2I9 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.

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 A3Sb2X9 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], FAPbI3 is not structurally stable and it is sensitive to humidity.

MAPbI3, 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

Cs3Sb2I9. 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 (Cs3Sb2I9)

in a safer way than earlier reported. Second goal was to tune the composition of Cs3Sb2I9
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-TiO2/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 Cs3Sb2I9 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 CsI) 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 Cs3Sb2I9 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 Cs3Sb2I9 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 Cs3Sb2I9 material was lower than that reported

in the literature.[42, 50] This is likely due to the CsI crystals which disrupt the charge trans-

port inside the material. Film engineering strategies can be utilized to remove or reduce

the number of CsI 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−xFAxSb2I9 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.



34

REFERENCES

[1] Overview of Greenhouse Gases. 2021. URL: https://www.epa.gov/ghgemissions/
overview-greenhouse-gases (visited on 12/30/2021).

[2] Fawzy, S., Osman, A. I., Doran, J. and Rooney, D. W. Strategies for mitigation of

climate change: a review. Environmental Chemistry Letters (2020), pp. 1–26.

[3] Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, J., Shukla, P. R.,

Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock, R. et al. Global warming of 1.5

C. An IPCC Special Report on the impacts of global warming of 1.5 (2018).

[4] Agreement, P. Paris agreement. Report of the Conference of the Parties to the

United Nations Framework Convention on Climate Change (21st Session, 2015:

Paris). Retrived December. Vol. 4. HeinOnline. 2015, p. 2017.

[5] Renewable energy targets. 2021. URL: https : / / ec . europa . eu / energy /
topics/renewable-energy/directive-targets-and-rules/renewable-
energy-targets_en (visited on 12/30/2021).

[6] Panwar, N., Kaushik, S. and Kothari, S. Role of renewable energy sources in en-

vironmental protection: A review. Renewable and sustainable energy reviews 15.3

(2011), pp. 1513–1524.

[7] Solar and wind can meet world energy demand 100 times over. 2021. URL: https:
/ / carbontracker . org / solar - and - wind - can - meet - world - energy -
demand-100-times-over-renewables/ (visited on 12/30/2021).

[8] Fraunhofer ISE: Photovoltaics Report. 2021. URL: https://www.ise.fraunhofer.
de/en/publications/studies/photovoltaics- report.html (visited on

12/30/2021).

[9] Kannan, N. and Vakeesan, D. Solar energy for future world:-A review. Renewable

and Sustainable Energy Reviews 62 (2016), pp. 1092–1105.

[10] Best Research-Cell Efficiency Chart. 2021. URL: https://www.nrel.gov/pv/
cell-efficiency.html (visited on 12/18/2021).

[11] Roy, P., Sinha, N. K., Tiwari, S. and Khare, A. A review on perovskite solar cells:

Evolution of architecture, fabrication techniques, commercialization issues and sta-

tus. Solar Energy 198 (2020), pp. 665–688.

[12] Zhang, W., Eperon, G. E. and Snaith, H. J. Metal halide perovskites for energy

applications. Nature Energy 1.6 (2016), pp. 1–8.

[13] Brittman, S., Adhyaksa, G. W. P. and Garnett, E. C. The expanding world of hybrid

perovskites: materials properties and emerging applications. MRS communications

5.1 (2015), pp. 7–26.

https://www.epa.gov/ghgemissions/overview-greenhouse-gases
https://www.epa.gov/ghgemissions/overview-greenhouse-gases
https://ec.europa.eu/energy/topics/renewable-energy/directive-targets-and-rules/renewable-energy-targets_en
https://ec.europa.eu/energy/topics/renewable-energy/directive-targets-and-rules/renewable-energy-targets_en
https://ec.europa.eu/energy/topics/renewable-energy/directive-targets-and-rules/renewable-energy-targets_en
https://carbontracker.org/solar-and-wind-can-meet-world-energy-demand-100-times-over-renewables/
https://carbontracker.org/solar-and-wind-can-meet-world-energy-demand-100-times-over-renewables/
https://carbontracker.org/solar-and-wind-can-meet-world-energy-demand-100-times-over-renewables/
https://www.ise.fraunhofer.de/en/publications/studies/photovoltaics-report.html
https://www.ise.fraunhofer.de/en/publications/studies/photovoltaics-report.html
https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html


35

[14] Ann, M. H., Kim, J., Kim, M., Alosaimi, G., Kim, D., Ha, N. Y., Seidel, J., Park, N.,

Yun, J. S. and Kim, J. H. Device design rules and operation principles of high-power

perovskite solar cells for indoor applications. Nano Energy 68 (2020), p. 104321.

[15] Kantareddy, S. N. R., Mathews, I., Sun, S., Layurova, M., Thapa, J., Correa-Baena,

J.-P., Bhattacharyya, R., Buonassisi, T., Sarma, S. E. and Peters, I. M. Perovskite

PV-powered RFID: Enabling low-cost self-powered IoT sensors. IEEE Sensors Jour-

nal 20.1 (2019), pp. 471–478.

[16] Moody, N., Sesena, S., deQuilettes, D. W., Dou, B. D., Swartwout, R., Buchman,

J. T., Johnson, A., Eze, U., Brenes, R., Johnston, M. et al. Assessing the regulatory

requirements of lead-based perovskite photovoltaics. Joule 4.5 (2020), pp. 970–

974.

[17] Gong, J., Darling, S. B. and You, F. Perovskite photovoltaics: life-cycle assessment

of energy and environmental impacts. Energy & Environmental Science 8.7 (2015),

pp. 1953–1968.

[18] Green, M. A., Ho-Baillie, A. and Snaith, H. J. The emergence of perovskite solar

cells. Nature photonics 8.7 (2014), pp. 506–514.

[19] Lee, M. M., Teuscher, J., Miyasaka, T., Murakami, T. N. and Snaith, H. J. Efficient

hybrid solar cells based on meso-superstructured organometal halide perovskites.

Science 338.6107 (2012), pp. 643–647.

[20] Eperon, G. E., Stranks, S. D., Menelaou, C., Johnston, M. B., Herz, L. M. and

Snaith, H. J. Formamidinium lead trihalide: a broadly tunable perovskite for effi-

cient planar heterojunction solar cells. Energy & Environmental Science 7.3 (2014),

pp. 982–988.

[21] Kojima, A., Teshima, K., Shirai, Y. and Miyasaka, T. Organometal halide perovskites

as visible-light sensitizers for photovoltaic cells. Journal of the American Chemical

Society 131.17 (2009), pp. 6050–6051.

[22] O’regan, B. and Grätzel, M. A low-cost, high-efficiency solar cell based on dye-

sensitized colloidal TiO 2 films. nature 353.6346 (1991), pp. 737–740.

[23] Hagfeldt, A., Boschloo, G., Sun, L., Kloo, L. and Pettersson, H. Dye-sensitized solar

cells. Chemical reviews 110.11 (2010), pp. 6595–6663.

[24] Kim, H.-S., Lee, C.-R., Im, J.-H., Lee, K.-B., Moehl, T., Marchioro, A., Moon, S.-J.,

Humphry-Baker, R., Yum, J.-H., Moser, J. E. et al. Lead iodide perovskite sensitized

all-solid-state submicron thin film mesoscopic solar cell with efficiency exceeding

9%. Scientific reports 2.1 (2012), pp. 1–7.

[25] Bach, U., Lupo, D., Comte, P., Moser, J.-E., Weissörtel, F., Salbeck, J., Spreitzer, H.

and Grätzel, M. Solid-state dye-sensitized mesoporous TiO 2 solar cells with high

photon-to-electron conversion efficiencies. Nature 395.6702 (1998), pp. 583–585.

[26] Yang, T. C.-J., Fiala, P., Jeangros, Q. and Ballif, C. High-bandgap perovskite mate-

rials for multijunction solar cells. Joule 2.8 (2018), pp. 1421–1436.



36

[27] Park, N.-G. Perovskite solar cells: an emerging photovoltaic technology. Materials

today 18.2 (2015), pp. 65–72.

[28] Rombach, F. M., Haque, S. A. and Macdonald, T. J. Lessons learned from spiro-

OMeTAD and PTAA in perovskite solar cells. Energy & Environmental Science

(2021).

[29] Mahmood, K., Sarwar, S. and Mehran, M. T. Current status of electron transport lay-

ers in perovskite solar cells: materials and properties. Rsc Advances 7.28 (2017),

pp. 17044–17062.

[30] Saliba, M., Matsui, T., Seo, J.-Y., Domanski, K., Correa-Baena, J.-P., Nazeerud-

din, M. K., Zakeeruddin, S. M., Tress, W., Abate, A., Hagfeldt, A. et al. Cesium-

containing triple cation perovskite solar cells: improved stability, reproducibility and

high efficiency. Energy & environmental science 9.6 (2016), pp. 1989–1997.

[31] Said, A. A., Xie, J. and Zhang, Q. Recent progress in organic electron transport

materials in inverted perovskite solar cells. Small 15.27 (2019), p. 1900854.

[32] Shariatinia, Z. Recent progress in development of diverse kinds of hole transport

materials for the perovskite solar cells: A review. Renewable and Sustainable En-

ergy Reviews 119 (2020), p. 109608.

[33] Bakr, Z. H., Wali, Q., Fakharuddin, A., Schmidt-Mende, L., Brown, T. M. and Jose,

R. Advances in hole transport materials engineering for stable and efficient per-

ovskite solar cells. Nano Energy 34 (2017), pp. 271–305.

[34] Saga, T. Advances in crystalline silicon solar cell technology for industrial mass

production. npg asia materials 2.3 (2010), pp. 96–102.

[35] Yang, Z., Chueh, C.-C., Zuo, F., Kim, J. H., Liang, P.-W. and Jen, A. K.-Y. High-

performance fully printable perovskite solar cells via blade-coating technique under

the ambient condition. Advanced Energy Materials 5.13 (2015), p. 1500328.

[36] Liu, T., Chen, K., Hu, Q., Zhu, R. and Gong, Q. Inverted perovskite solar cells:

progresses and perspectives. Advanced Energy Materials 6.17 (2016), p. 1600457.

[37] Hoye, R. L., Hidalgo, J., Jagt, R. A., Correa-Baena, J.-P., Fix, T. and MacManus-

Driscoll, J. L. The Role of Dimensionality on the Optoelectronic Properties of Oxide

and Halide Perovskites, and their Halide Derivatives. Advanced Energy Materials

(2021), p. 2100499.

[38] Bush, K. A., Palmstrom, A. F., Zhengshan, J. Y., Boccard, M., Cheacharoen, R.,

Mailoa, J. P., McMeekin, D. P., Hoye, R. L., Bailie, C. D., Leijtens, T. et al. 23.6%-

efficient monolithic perovskite/silicon tandem solar cells with improved stability. Na-

ture Energy 2.4 (2017), pp. 1–7.

[39] Jin, Z., Zhang, Z., Xiu, J., Song, H., Gatti, T. and He, Z. A critical review on bismuth

and antimony halide based perovskites and their derivatives for photovoltaic appli-

cations: recent advances and challenges. Journal of Materials Chemistry A 8.32

(2020), pp. 16166–16188.



37

[40] Correa-Baena, J.-P., Nienhaus, L., Kurchin, R. C., Shin, S. S., Wieghold, S., Putri

Hartono, N. T., Layurova, M., Klein, N. D., Poindexter, J. R., Polizzotti, A. et al. A-

Site Cation in Inorganic A 3Sb2I9 Perovskite Influences Structural Dimensionality,

Exciton Binding Energy, and Solar Cell Performance. Chemistry of Materials 30.11

(2018), pp. 3734–3742.

[41] Peng, Y., Li, F., Wang, Y., Li, Y., Hoye, R. L., Feng, L., Xia, K. and Pecunia, V.

Enhanced photoconversion efficiency in cesium-antimony-halide perovskite deriva-

tives by tuning crystallographic dimensionality. Applied Materials Today 19 (2020),

p. 100637.

[42] Hiltunen, A., Lamminen, N., Salonen, H., Liu, M. and Vivo, P. Efficiency improve-

ment for perovskite-inspired Cs3Sb2I9 solar cells using P3HT as the hole transport

material. Sustainable Energy & Fuels (2022).

[43] Hebig, J.-C., Kuhn, I., Flohre, J. and Kirchartz, T. Optoelectronic properties of (CH3NH3)

3Sb2I9 thin films for photovoltaic applications. ACS Energy Letters 1.1 (2016),

pp. 309–314.

[44] Choi, Y. K., Heo, J. H., Hong, K.-H. and Im, S. H. Dual-site mixed layer-structured

FA x Cs 3- x Sb 2 I 6 Cl 3 Pb-free metal halide perovskite solar cells. RSC Advances

10.30 (2020), pp. 17724–17730.

[45] Jiang, F., Yang, D., Jiang, Y., Liu, T., Zhao, X., Ming, Y., Luo, B., Qin, F., Fan, J.,

Han, H. et al. Chlorine-incorporation-induced formation of the layered phase for

antimony-based lead-free perovskite solar cells. Journal of the American Chemical

Society 140.3 (2018), pp. 1019–1027.

[46] Yang, Y., Liu, C., Cai, M., Liao, Y., Ding, Y., Ma, S., Liu, X., Guli, M., Dai, S. and

Nazeeruddin, M. K. Dimension-controlled growth of antimony-based perovskite-like

halides for lead-free and semitransparent photovoltaics. ACS applied materials &

interfaces 12.14 (2020), pp. 17062–17069.

[47] Mei, J., Liu, M., Vivo, P. and Pecunia, V. Two-Dimensional Antimony-Based Perovskite-

Inspired Materials for High-Performance Self-Powered Photodetectors. Advanced

Functional Materials (2021), p. 2106295.

[48] Peng, Y., Huq, T. N., Mei, J., Portilla, L., Jagt, R. A., Occhipinti, L. G., MacManus-

Driscoll, J. L., Hoye, R. L. and Pecunia, V. Lead-free perovskite-inspired absorbers

for indoor photovoltaics. Advanced Energy Materials 11.1 (2021), p. 2002761.

[49] Li, B., Hou, B. and Amaratunga, G. A. Indoor photovoltaics, The Next Big Trend in

solution-processed solar cells. InfoMat 3.5 (2021), pp. 445–459.

[50] Umar, F., Zhang, J., Jin, Z., Muhammad, I., Yang, X., Deng, H., Jahangeer, K., Hu,

Q., Song, H. and Tang, J. Dimensionality Controlling of Cs3Sb2I9 for Efficient All-

Inorganic Planar Thin Film Solar Cells by HCl-Assisted Solution Method. Advanced

optical materials 7.5 (2019). ISSN: 2195-1071.

[51] Etgar, L. The merit of perovskite’s dimensionality; can this replace the 3D halide

perovskite?: Energy & Environmental Science 11.2 (2018), pp. 234–242.



38

[52] Saparov, B., Hong, F., Sun, J.-P., Duan, H.-S., Meng, W., Cameron, S., Hill, I. G.,

Yan, Y. and Mitzi, D. B. Thin-film preparation and characterization of Cs3Sb2I9: a

lead-free layered perovskite semiconductor. Chemistry of Materials 27.16 (2015),

pp. 5622–5632.

[53] Xiao, Z., Song, Z. and Yan, Y. From lead halide perovskites to lead-free metal

halide perovskites and perovskite derivatives. Advanced Materials 31.47 (2019),

p. 1803792.

[54] Xiao, Z., Meng, W., Wang, J., Mitzi, D. B. and Yan, Y. Searching for promising new

perovskite-based photovoltaic absorbers: the importance of electronic dimension-

ality. Materials Horizons 4.2 (2017), pp. 206–216.

[55] Singh, A., Boopathi, K. M., Mohapatra, A., Chen, Y. F., Li, G. and Chu, C. W.

Photovoltaic performance of vapor-assisted solution-processed layer polymorph of

Cs3Sb2I9. ACS applied materials & interfaces 10.3 (2018), pp. 2566–2573.

[56] Comprehensive guide for nanocoatings technology. Volume 4, Application and com-

mercialization. eng. New York, [New York, 2015.

[57] Xiao, M., Huang, F., Huang, W., Dkhissi, Y., Zhu, Y., Etheridge, J., Gray-Weale, A.,

Bach, U., Cheng, Y.-B. and Spiccia, L. A fast deposition-crystallization procedure

for highly efficient lead iodide perovskite thin-film solar cells. Angewandte Chemie

International Edition 53.37 (2014), pp. 9898–9903.

[58] Ünlü, F., Jung, E., Haddad, J., Kulkarni, A., Öz, S., Choi, H., Fischer, T., Chakraborty,

S., Kirchartz, T. and Mathur, S. Understanding the interplay of stability and ef-

ficiency in A-site engineered lead halide perovskites. APL materials 8.7 (2020),

p. 070901.

[59] Goldschmidt, V. M. Die gesetze der krystallochemie. Naturwissenschaften 14.21

(1926), pp. 477–485.

[60] Kour, R., Arya, S., Verma, S., Gupta, J., Bandhoria, P., Bharti, V., Datt, R. and

Gupta, V. Potential substitutes for replacement of lead in perovskite solar cells: A

review. Global Challenges 3.11 (2019), p. 1900050.

[61] Gao, W., Chen, C., Ran, C., Zheng, H., Dong, H., Xia, Y., Chen, Y. and Huang,

W. A-Site Cation Engineering of Metal Halide Perovskites: Version 3.0 of Efficient

Tin-Based Lead-Free Perovskite Solar Cells. Advanced Functional Materials 30.34

(2020), p. 2000794.

[62] Stoumpos, C. C. and Kanatzidis, M. G. The renaissance of halide perovskites and

their evolution as emerging semiconductors. Accounts of chemical research 48.10

(2015), pp. 2791–2802.

[63] Nie, R., Sumukam, R. R., Reddy, S. H., Banavoth, M. and Seok, S. I. Lead-free

perovskite solar cells enabled by hetero-valent substitutes. Energy & Environmental

Science 13.8 (2020), pp. 2363–2385.

[64] Broach, R. W. and Kirchner, R. M. Structures of the K+ and NH4+ forms of Linde J.

Microporous and mesoporous materials 143.2-3 (2011), pp. 398–400.



39

[65] Amat, A., Mosconi, E., Ronca, E., Quarti, C., Umari, P., Nazeeruddin, M. K., Gratzel,

M. and De Angelis, F. Cation-induced band-gap tuning in organohalide perovskites:

interplay of spin–orbit coupling and octahedra tilting. Nano letters 14.6 (2014),

pp. 3608–3616.

[66] Zuo, C. and Ding, L. Lead-free Perovskite Materials (NH4) 3Sb2IxBr9- x. Ange-

wandte Chemie 129.23 (2017), pp. 6628–6632.

[67] Kumar, P., Ahmad, K., Dagar, J., Unger, E. and Mobin, S. M. Two-Step Deposition

Approach for Lead Free (NH4) 3Sb2I9 Perovskite Solar Cells with Enhanced Open

Circuit Voltage and Performance. ChemElectroChem 8.16 (2021), pp. 3150–3154.

[68] Boopathi, K. M., Karuppuswamy, P., Singh, A., Hanmandlu, C., Lin, L., Abbas, S. A.,

Chang, C. C., Wang, P. C., Li, G. and Chu, C. W. Solution-processable antimony-

based light-absorbing materials beyond lead halide perovskites. Journal of Materi-

als Chemistry A 5.39 (2017), pp. 20843–20850.

[69] Yang, L., Cappel, U. B., Unger, E. L., Karlsson, M., Karlsson, K. M., Gabrielsson,

E., Sun, L., Boschloo, G., Hagfeldt, A. and Johansson, E. M. J. Comparing spiro-

OMeTAD and P3HT hole conductors in efficient solid state dye-sensitized solar

cells. eng. Physical chemistry chemical physics : PCCP 14.2 (2012), pp. 779–789.

ISSN: 1463-9076.

[70] Luo, J., Xia, J., Yang, H., Chen, L., Wan, Z., Han, F., Malik, H. A., Zhu, X. and

Jia, C. Toward high-efficiency, hysteresis-less, stable perovskite solar cells: Un-

usual doping of a hole-transporting material using a fluorine-containing hydropho-

bic Lewis acid. eng. Energy & environmental science 11.8 (2018), pp. 2035–2045.

ISSN: 1754-5692.

[71] Li, R., Liu, M., Matta, S. K., Hiltunen, A., Deng, Z., Wang, C., Dai, Z., Russo, S. P.,

Vivo, P. and Zhang, H. Sulfonated Dopant-Free Hole-Transport Material Promotes

Interfacial Charge Transfer Dynamics for Highly Stable Perovskite Solar Cells. eng.

Advanced Sustainable Systems (2021), pp. 2100244–. ISSN: 2366-7486.

[72] Zhao, Y. and Zhu, K. CH3NH3Cl-assisted one-step solution growth of CH3NH3PbI3:

structure, charge-carrier dynamics, and photovoltaic properties of perovskite solar

cells. The Journal of Physical Chemistry C 118.18 (2014), pp. 9412–9418.

[73] Guo, F., Qiu, S., Hu, J., Wang, H., Cai, B., Li, J., Yuan, X., Liu, X., Forberich, K.,

Brabec, C. J. et al. A Generalized Crystallization Protocol for Scalable Deposition of

High-Quality Perovskite Thin Films for Photovoltaic Applications. Advanced Science

6.17 (2019), p. 1901067.

[74] Tsoi, W. C., Spencer, S. J., Yang, L., Ballantyne, A. M., Nicholson, P. G., Turnbull, A.,

Shard, A. G., Murphy, C. E., Bradley, D. D., Nelson, J. et al. Effect of crystallization

on the electronic energy levels and thin film morphology of P3HT: PCBM blends.

Macromolecules 44.8 (2011), pp. 2944–2952.

[75] Xu, G., Xue, R., Stuard, S. J., Ade, H., Zhang, C., Yao, J., Li, Y. and Li, Y. Re-

ducing Energy Disorder of Hole Transport Layer by Charge Transfer Complex for



40

High Performance p–i–n Perovskite Solar Cells. Advanced Materials 33.13 (2021),

p. 2006753.



41

APPENDIX A: LIST OF CHEMICALS

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

Chemical Producer

DMF, anhydrous 99.8% Alfa Aesar

SbI3, 99.999 % Fisher

CsI, 99.999% ABCR

MACl over 99.99% Greatcell Solar Materials

FAI, over 99.99% Greatcell Solar Materials

2-propanol, anhydrous 99.5 % Merck Sigma-Aldrich

Chlorobenzene, anhydrous 99.8% Sigma-Aldrich

HCl, fuming over 37 % Merck Sigma-Aldrich

Titanium diisopropoxide bis(acetylacetonate), Sigma-Aldrich

75 wt. % in 2-propanol

2-propanol, over 99.8 % Honeywell

P3HT, electronic grade, regioregular Rieke Metals

PTAA Lumtec

Toluene, anhydrous Sigma-Aldrich

Spiro-OMeTAD, over 99.5% Lumtec

FK209, over 95% Dyenamo

LiTFSI, 99.95% trace metals basis Sigma-Aldrich

Acetonitrile, anhydrous 99.8% Sigma-Aldrich

TBP, 96% Sigma-Aldrich
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APPENDIX B: J-V CURVES OF THE DIFFERENT TYPES

OF SOLAR CELLS

The J-V curves of good Cs3Sb2I9, 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.

Figure B.1. The J-V curves of the different Cs3Sb2I9 material solar cells.
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Figure B.2. The J-V curves of the different types of FA 20% cells.

Figure B.3. The J-V curves of the different types of FA 50 % cells.
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