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Perovskite solar cells can lower the price of the commercial solar cells by half compared
to current silicon solar cells, and their research has skyrocketed during the recent years.
In only seven years of research, their performance has exceeded 20 %, which makes them
the fastest growing photovoltaic technology ever.

The main obstacle to the commercialization of the perovskite solar cells is their low sta-
bility. The active, light absorbing perovskite material starts to degrade under the influence
of light, heat, humidity, and air, decreasing the device performance remarkably. The sta-
bility and the device performance of the cells have been improved by optimizing the cell
structure, and by replacing the most commonly used perovskite material, CH3NH3sPbls,
with multi cation perovskites. In spite of the improved cell stabilities, the most efficient
cells are still made in glove box in inert conditions under nitrogen gas.

In this Thesis, the influence of oxygen and humidity on the cell fabrication, on the cell
performance, namely the cell efficiency and stability, was systematically studied. The
influence was investigated for mesoscopic and planar cell architectures using both
CHsNH3Pblz and multi cation perovskite, and two different electron transport materials,
SnOz, and TiO2. The performance of the fabricated cells was compared to the data avail-
able in the literature for the state-of-the art solar cells, and to those of the devices fabri-
cated at the University of Cologne in inert conditions. The cell performance was analysed
quantitatively and qualitatively with IV measurement and SEM characterization, respec-
tively.

The cells with triple cation perovskite produced twice as high efficiencies as the cells
with CHaNHsPbls. The best device achieved an efficiency of 9.88 %, which is still far
from the state-of-the art cells fabricated in glove box (> 20 %). The fabrication of electron
transport layer in the ambient conditions had no influence on the cell performance. On
the other hand, the crystallization of perovskite layer was crucially affected by the ambi-
ent conditions.
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Perovskiittiaurinkokennot voivat laskea kaupallisten aurinkokennojen hintaa jopa puo-
leen nykyisesta ja niiden kehitys on kasvanut rajahdysmaisesti viime vuosien aikana.
Vain seitseman vuoden tutkimuksen aikana niiden hyétysuhde on ylittanyt 20 %, mikéa
tekee perovskiittikennoista historian nopeimmin kehittyneen valosahkdisen sovelluksen.

Suurimpana esteend perovskiittikennojen kaupallistamiselle on niiden heikko stabiili-
suus. Kennon aktiivinen, valoa absorboiva perovskiittimateriaali alkaa hajota valon, lam-
mon, kosteuden ja hapen lasna ollessa, mika alentaa kennon tehokkuutta merkittavasti.
Kennojen stabiilisuutta ja tehokkuutta on parannettu kennon rakenteen optimoinnilla ja
korvaamalla yleisimmin kaytetty perovskiittimateriaali, CH3NH3sPbls, monikationisilla
perovskiittimateriaaleilla. Kennojen stabiiliuden parantumisesta huolimatta, tehokkaim-
mat kennot valmistetaan edelleen inerteissé olosuhteissa typpihansikaskaapissa.

Tassa diplomitydssa tutkittiin hapen ja kosteuden vaikutuksia kennojen tehokkuuteen ja
stabiilisuuteen, systemaattisesti kennojen eri valmistusvaiheissa. Vaikutuksia tutkittiin
meso- ja tasorakenteisilla kennoilla kayttdmalla sekd CHsNH3sPbls, ettd monikationista
perovskiittia ja kahta eri elektroninkuljettajamateriaalia, TiOz:a ja SnO2:a. Valmistettujen
kennojen suorituskykyéa verrattiin tdimén hetken tehokkaimpien kennojen Kirjallisuusar-
voihin ja Kdlnin Yliopistossa, inerteissa olosuhteissa valmistettuihin kennoihin. Kenno-
jen toimintaa analysoitiin kvantitatiivisesti virta-jannite -mittauksilla seka kvalitatiivisesti
SEM mittauksilla.

Monikationisen perovskiitin huomattiin parantavan kennojen hyotysuhdetta yli kaksin-
kertaiseksi CH3NHsPblz:a sisaltaviin kennoihin verrattuna. Tehokkain hapellisissa olo-
suhteissa valmistettu kenno saavutti jopa 9.88 % hyotysuhteen, mika on kuitenkin kau-
kana nykypdivan tehokkaiden kennojen hydtysuhteista (> 20 %). Elektroninkuljetusma-
teriaalin valmistusolosuhteilla ei huomattu olevan vaikutusta kennon tehokkuuteen. Pe-
rovskiitin valmistusvaiheen todettiin olevan vahvasti riippuvainen valmistusolosuhteista.
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1. INTRODUCTION

World energy demand has been estimated to increase by 40 % by the year 2035, thus
fulfilling the energy need is one of the most challenging aims of technology and research
[1, p. 3]. Photovoltaics are an attractive solution to this problem since solar energy is
world’s biggest energy resource: every minute enough sunlight reaches the Earth to meet
the energy need for the whole planet for one year. However, only 1 % of the electric
energy on the Earth is produced by solar energy. The most common solar cells commer-
cially available are today made of crystal structured silicon. These silicon cells have been
in the solar cell markets for 50 years and their development has been very slow. Present
commercial silicon structured solar cells provide on average ~15 % power conversion
efficiency (PCE), and their manufacture is rather expensive. [2, 3]

Perovskite solar cells (PSCs), among other third generation solar cells, pursue high effi-
ciency and low manufacture costs. Their desired features include flexibility and transpar-
ency, which make third generation solar cells suitable for a wide variety of novel appli-
cations of photovoltaic technology, e.g. building integrated photovoltaics, intelligent
packaging and wearable devices. Being organic-inorganic hybrid devices, PSCs allow
combining the typical features of inorganic materials, such as the great mobility of charge
carriers, great stability and easily compatible manufacture methods, with those of organic
materials, such as convertible absorption capacity and the facile material treatment. [2]

It has been calculated that PSCs can remarkably reduce the costs of solar cell production,
potentially lowering them to half of the corresponding costs of traditional silicon solar
cells. PSCs have been the fastest advanced photovoltaic device ever: in only seven years,
their PCE has increased from 9.7 % (2009) to 22.1 % (2016). [2, 4] The most commonly
applied PSC architectures are mesoscopic and planar PSCs. State-of-the-art PSCs are fab-
ricated in inert environment in glove box due to perovskites’ remarkable sensitivity to
light, oxygen, heat and moisture. The purpose of this work is to examine the influences
of ambient fabrication conditions compared to the cells fabricated in the glovebox. The
cells are fabricated in 1ISO 6 clean room at ~45 % relative humidity and ~21 °C tempera-
ture, indicated as ambient working conditions throughout this work. The performance and
the fabrication processes are compared to reference cells fabricated in glove box from the
latest articles and with the corresponding devices fabricated at the University of Cologne.
Both mesoscopic and planar cell architectures are investigated.

The different fabrication methods include two step sequential deposition of methylammo-
nium lead iodide, MAPbIz and one step antisolvent methods of MAPDbI; and Cs/MA/FA



triple cation perovskite. Two different compact layers, namely TiO. and SnO, are sepa-
rately applied to all the different cell structures under investigation. These two compact
layers and the two perovskite structures are applied to the record cells of today, and thus
show superior qualities in the cell performance. The quality of the fabricated compact
layers is also validated by collaborating with AK Mathur group at the University of Co-
logne. Samples with both SnO. and TiO, compact layers, in mesoscopic and planar struc-
tures, are fabricated in glove box and analyzed at the University of Cologne.

It is worth noting that, while the reported PSCs in literature are rarely fabricated in ambi-
ent conditions, the work aims to understand if the glove box is necessary for fabricating
high efficiency perovskite solar cells. By examining the compact layers fabricated in am-
bient air in inert conditions the possible necessity of glovebox in the cell fabrication can
more closely be pointed to the fabrication step of the compact layer or to the fabrication
step of the perovskite layer. The cell performance is evaluated by current-voltage (1V)
measurement and scanning electron microscope (SEM) imaging. Ageing of the best per-
forming cells is also investigated.

Chapter 2 covers the fundamental physics of the solar cell functioning from the photovol-
taic effect to the electron excitation in the molecule and light absorption in semiconductor
materials. Furthermore, the main parameters for solar cell characterization and charge
transport in the cell are discussed. Chapter 3 gives a detailed illustration of perovskite
materials, presents the different layers in the cells and the cell architectures. The cell fab-
rication and characterization methods are discussed in chapter 4 and finally the results are
presented in chapter 5. In chapter 6, the main results are summarized and the possible
future studies are suggested.



2. THEORETICAL BACKGROUND

The working principles of solar cells are the light absorption of the active material fol-
lowed by the formation of mobile charge carriers that transport the charges to the elec-
trodes. The charge carriers are finally conveyed to an external circuit to produce electric-
ity. [1, p. 430] In this chapter, the fundamental principles of solar cell operation are intro-
duced.

2.1 Fundamental Physics Behind the Solar Cells

The energy of a photon is given as follows

hc
E=— 1)

where 4 is the wavelength of the photon in meters, h is Planck’s constant and c is the
speed of light in vacuum. The energy of the photon is usually given in electron-volts
rather than in Joules, since the energy is very small. From equation 1, we can deduce that
a photon with a short wavelength has a higher energy compared to a photon with a high
wavelength. The wavelength of the visible light corresponds to a different color according
to the light visible spectrum. The lowest wavelengths of the visible light range are around
400 nm (blue color), while the highest wavelengths are around 750 nm (red color). The
energy corresponding to blue light at 400 nm is about 3.2 eV. When shifting to higher
wavelengths the energy decreases. At 750 nm, the corresponding energy of the photon is
1.7 eV which is nearly half of the photon with wavelength of 400 nm. [5, pp. 5-6]

The photovoltaic effect describes the transfer of charges, e.g. electrons in metal surfaces.
Light incident on a metal plate can be absorbed leading to the excitation of electrons to
unoccupied energy levels. If the electron gains sufficient amount of energy it will be
emitted from the metal surface and can be collected on another metal surface in the sur-
rounding system called collector. [6, p. 279] This is the fundamental phenomenon behind
the photovoltaic (PV) devices.

If two atoms are brought close together, a mutual coupling of atoms occur. This results a
change in energy conditions and each discrete energy level for an electron divides into
two individual states. This can be thought as an example of harmonic oscillators. If a
harmonic oscillator is coupled, the result are two new resonance frequencies. In a semi-
conductor crystalline material, there are infinite number of atoms that can couple together.
The result is an infinite number of individual energy levels which are hardly recognizable.
These levels form energy bands and they include all the energy states allowed for an
electron. Valence band is the highest occupied band or molecular orbital (HOMO), and
the conduction band is the lowest unoccupied band or molecular orbital (LUMO). The



zone between the two bands is the forbidden zone that an electron must overcome to
excite; the width of the forbidden zone is called bandgap. When the electron is excited to
the conduction band or LUMO level, the electron becomes a conductor electron, which
increases the conductivity of the material. Insulators, semiconductors and conductors can
be classified according to their bandgaps. For insulators the bandgap is rather big, typi-
cally over 3 eV which means that there are nearly any free electrons available even at
high temperatures. For semiconductors the bandgap is typically in the region between 3
eV and 0 eV and for conductors the valence and conduction bands overlap, indicating a
high degree of conductivity even at low temperatures. [7, pp. 47—49] As a general rule,
the narrower the bandgap of a material, the better are its conducting properties. Hence, in
order to harvest as many solar photons as possible, the bandgap of the semiconductor
should be minimized. [8, p. 56]

When the electron is released from the HOMO level, a gap in the crystal structure occurs.
This gap forms a hole in the structure and the process is electron-hole pair generation.
The narrower the band gap is the higher the electron-hole generation rate is [8, p. 56].
When the free electron returns from LUMO to HOMO level, the hole is filled and this is
called electron-hole pair recombination. The generation and recombination of electron-
hole pairs occurs continuously in the crystal resulting an average number of free electrons
and holes in the material. The average number of electrons and holes in the structure is
the carrier concentration. [7, pp. 49-50]

Imperfection recombination occurs when ideal crystal structure is imperfect, e.g. due to
foreign atoms or crystal defects like empty lattices or crystal displacements. These im-
perfections create additional levels to the forbidden area between HOMO and LUMO
levels. Additional levels act as step levels for electrons and make returning to the HOMO
level simpler and more probable thus leading to increased recombination. Foreign atoms
create recombination centers in the crystal structure called traps. [7, pp. 70-71] For PV
applications, the recombination of charges is unfavorable since it decreases the carrier
concentration and thus hinders the current flow. The crystals in high efficiency solar cells
should be with high degree of purity in order to avoid remarkable recombination.

In the molecular lattice, the electrons of the outer atoms remain as open bonds since they
have no bonding partners leading to undesired surface recombination. When considering
the crystal surface, it becomes clear that the crystal structure of the active material on
solar cell should be single crystalline. The material should also provide long carrier life-
times and diffusion lengths. Carrier lifetime defines the average lifetime of the generated
electrons before recombination. Diffusion length describes the distance the generated
electrons travel before recombination. [7, p. 71]



2.2 Light Absorption

The main carrier generation in solar cell originates from the absorption of light. When a
photon enters the semiconductor, it generates electron-hole pairs in a thin layer specific
for the used materials. [9, p. 39] The amount of photocurrent in the cell depends on the
number of incident photons absorbed and the generated electron-hole pairs need to be
separated and brought to contacts. Part of the incident irradiance arriving to the cell sur-
face (Eo), is reflected (Er), part is penetrated to the cell (E1) and part of the penetrated
irradiance is passing through the cell (E2). The total absorbed irradiance in the cell (Eabs)
Is the difference between E; and Ez. [7, pp. 73—74] The absorption of the photons in the
cell is presented in Figure 1.

Irradiance E(x)

o

LI -

=y ¥
s Absorbed
portion E

Figure 1. Light absorption in solar cell. On the left is the energy diagram of the absorp-
tion and on the right is the schematic presentation of the irradiance absorption in the
cell. In the diagram the vertical axis presents the penetration depth x and the horizontal
axis presents the energy of the irradiance. d is the total thickness of the cell, Eo is the
energy of overall irradiance, Er is the energy of irradiance reflected from the cell sur-
face, E1 is the amount of irradiance penetrated to the cell and E is the amount of irra-
diance passing through the cell (adapted from Ref.[7, p. 74]]).

The absorption efficiency naos can be calculated as follows

E E.—E
Nabs = ;{l;s = 1E0 : (2)

and it is the relationship between the number of absorbed photons and the number of

incident photons arriving the cell surface. If the amount of reflected irradiance is small,

the absorption efficiency can reach values near to 100 %. The reflectance of the irradiance

can be reduced e.g. by using anti-reflection layer on top of the cell. The cell thickness has

an influence on the absorption since when the cell thickness d is as long as the penetration



depth x the amount of photons left over is minimum as can be seen in Figure 1. However,
the absorption efficiency is also dependent on the wavelength of the photons and as de-
picted in chapter 2.1 photons with high wavelengths are absorbed relatively weakly and
this would demand an effective cell to be relatively thick. For example, the infrared light
with a wavelength 1000 nm and a cell thick enough for 1 % loss of photons would have
a minimum thickness of approximately 900 wm which is very thick for photovoltaic de-
vices. Thick cells are expensive to produce and the high thickness of the cell causes quan-
tity of charge recombination on their way to the space charge region discussed in the next
chapter. With the use of optical reflector in the back of the solar cell, the optical path
distance can be doubled in the cell without raising the cell thickness. [7, pp. 74—75]

2.3 Charge Transportation

In organic solar cells, the absorption of photons creates excitons that are strongly bound
electron-hole pairs and they are practically neutral on the outwards. For this reason, or-
ganic solar cells include dissociation surfaces where the excitons are separated. In inor-
ganic solar cells, the exciton binding energy is relatively small and in the case of highly
crystalline materials, like perovskites, the exciton binding energy is negligible and free
charges form practically immediately after the absorption of the photon. Fast charge com-
bination is advantage related to organic solar cells since the formation and dissociation of
excitons require energy, which in turn has a negative influence on the cell performance.
[10]

Semiconductors are poor electrical conductors which need to be doped by introducing
foreign atoms into their crystal structures in order to make them sufficient electric con-
ductors for PV applications. Doping the structure with an atom that easily donates free
electrons to the crystal lattice is called n-doping. On the contrary, an atom that has have
incomplete bonds can donate holes to the structure and this is called p-doping. Holes and
free electrons can move in the crystal lattice creating a conduction. The reason why sem-
iconductors are used in PV applications instead of conductors is that their features can be
easily modified by n- and p-doping. Combining the p- and n-doped materials together
creates a p-n junction where the free charges diffuse due to the concentration gradient.
Finally, the free charges recombine with the holes or electrons in the opposite regions of
the cell. In the junction area, there are almost no free charges that the fixed charges could
compensate and the rising number of fixed charges in the junction area finally creates an
electrical field. The electric field pushes the electrons to the n-doped region and the holes
to the p-doped region creating a new balance where diffusion and field current cancel
each other and a space charge region is present. Space charge region causes a potential
difference through the region called diffusion voltage. [7, pp. 53—55]

When a voltage is applied to the p-n junction in the forward direction the electrons are
driven into the n-region. In the p-n junction the electrons are however hindered to move
into the p-region due to the space charge region field and the electrons back up at the



border of the region while reducing the charge region by neutralization of the positive
fixed charges. The same behavior occurs also on the p-region with the holes and finally,
when increasing the voltage the space charge region disappears completely and a current
can flow. The voltage required for the current flow is the open circuit voltage, Voc. When
a reverse voltage is applied to the p-n junction, the space charge region is enlarged and
only a minimal reverse current flows. [7, pp. 58]

The cell efficiency can be improved by manipulating the distance the charge carriers
travel through the cells to the electrodes. High efficiency cells demand ideal charge carrier
travel distances, which are affected by all the cell layers and their interfaces. [11] The
interface between two different materials forms an electric heterojunction and its charac-
teristics are dependent not only of the band gaps, but also the electron affinities and the
ionization energies of both of the materials have influence on it [12]. High efficiency also
requires excellent absorption ability, balanced charge transportation and long diffusion in
perovskite layer [2].

2.4 Parameters for Solar Cell Characterization

Spectrum of light originating from the sun is called the solar irradiance. The solar irradi-
ance can be standardized by the specific air mass (AM) spectrum. Air mass is ratio of the
direct optical path length of solar irradiance through the Earth’s atmosphere, Ly, relative
to the zenith path length, L.

L 1

AM = =~
Lg cosB

()

6 is the zenith angle of incidence irradiance. Equation 2 gives the air mass at average sea
level. For photovoltaic industry, the standardized air mass for solar cell characterization
is AM 1.5 which refers to a 48.19° solar zenith angle. As can be deduced, the real solar
irradiance depends strongly on the time of the day and month since the position of the sun
is not constant. In addition, the composition of the atmosphere and the weather have an
influence on the solar irradiance. [5, pp. 7-8] On a clear sunny day, a radiation value
received to the Earth can be 1000 W/m?. The standard test conditions for solar modules
are defined for AM 1.5 and total irradiance of 1000 W/m? which is suitable for determin-
ing the peak power of a solar cell. [7, p. 24]

Most important factors when evaluating the effectiveness of solar cells are PCE, fill factor
FF, short circuit current density Jsc and Voc and these can be determined by measuring the
current-voltage (IV) curve for the cell. A typical IV-curve measured for a solar cell is
presented in Figure 2. The PCE for the cell can be calculated as

PCE = P = JmVm — JscVocFF (3)

in Pin Pin



where Pr, is the maximum power generated and Jm and Vm are corresponding current den-
sity and voltage for the Pm. Pin is the incident light power on the device. In Figure 2 P
corresponds the power in maximum power point, Mpp. [12, 13] The theoretical limit of
the solar cell is highly dependent of the bandgap of specific material. For example, me-
thylammonium lead iodide, MAPbIs has an average bandgap of 1.55-1.60 eV and the
corresponding maximum PCE would be 30-31 %. With a band gap between 1.1 and 1.4
eV the theoretical limit approaches to 33 %. For materials with higher bandgap, the the-
oretical PCE decreases almost linearly due to low photon harvesting. In the case of lower
bandgaps, the voltage is low and most of the energy is lost due to thermalization thus
leading to low PCEs. [8, p. 62]

FF characterizes the shape of the IVV-curve measured for the cell and represents how dif-
ficult or easy the extraction of the photogenerated carriers is out of the solar cell. The FF
can be seen in Figure 2, where it is presented as the lined area below the voltage axis. FF
can be expressed in terms of P, Jsc and Voc as follows

P, 1%
]SCVOC ]SCVOC

Ideal curve forms a rectangular area with the J- and V-axis and its FF is 1. In reality, the
ideal FF is though never achieved because of physical limitations, thus the FF is always
less than 1. The maximum FF reported for PV devices is about 90 %. [12, 13]
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Figure 2. Typical current-voltage curve measured for solar cell in dark (dashed line)
and light (solid line). The most important parameters for cell characterization, FF, Js
and Vo, are illustrated in the picture. Also maximum power point Mp, and correspond-

ing maximum current density Jn and voltage Vi for Mpp are presented (adapted from

Ref. [13] with permission of Royal Society of Chemistry, Copyright 2013).



Short circuit current is the highest current value at short circuit conditions (voltage across
the cell is zero). Js is the short circuit current divided by the active area of the cell. As
can be seen in the Figure 2 Jsc occurs when Vo is zero and it is equal to the photocurrent.
External quantum efficiency (EQE) is the ratio of the photogenerated electrons collected
to the number of incident photons at specific wavelength. Js is directly related to EQE
and it can be defined as:

)Lmax
Jse = 7o [ EQE * Py (DA d2 5)

where q is the elementary charge, Pin is the incident input power and Amax and Amin are the
maximum and minimum wavelengths of the occurred photons. [12] The theoretical max-
imum Jsc for an ideal material is strongly dependent on the bandgap of the material as
described also for the PCE before. For MAPbIz with bandgap of 1.55-1.6 eV the corre-
sponding theoretical Js; is about 25 mA cm™. With higher bandgaps, the Jsc decreases
radically and on the contrary rises rapidly for lower bandgap values. [8, pp. 62—63]

Vo is the maximum voltage a solar cell can provide to an external circuit. As can be seen
in the Figure 2, Voc occurs at the point where Jsc is zero. Vo is presented as follows

Voc = %(lEHOMO,Dl — |ELumoa]) — 0.3V (6)

where EHomo,p is the energy of the HOMO level of electron donor and ELumo,a is the
energy of the LUMO level of the electron acceptor. The equation 6 is empirically derived
by measuring the Voc for several different devices, while keeping the acceptor material
constant. The equation 6 suggests that the Vo is directly proportional to the bandgap of
heterojunction. The 0.3 V is the empirical loss factor. [12, 14]
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3. PEROVSKITE SOLAR CELLS

Hybrid organic-inorganic perovskite materials were recognized as excellent semiconduc-
tor materials in the 1990’s but they were not studied as absorbing agents in solar cells
until 2009. [15] It was noticed that perovskite have excellent optical and electric proper-
ties. After that, the research on perovskite materials and their photovoltaic applications
have been widely studied. In this chapter, different perovskite structures and the favorable
qualifications for high efficiency perovskite solar cells are presented. In addition, differ-
ent solar cell architectures and the constituents of the solar cell structures are introduced.

3.1 Perovskite Structure

Perovskite refers originally to inorganic, crystalline mineral and it has a common ideal
formula of ABXa. In the formula, A is a cation, B is usually a metal ion with a charge +2
like Pb?*, Sn?*, or Cu?*, and X is a halide and usually CI", Br-or I". As usually, the overall
structure must be electrically neutral. Small organic cations like CH3NHs* (methylammo-
nium, MA), C2HsNHs*™ (ethylammonium) and HC(NH2)." (formamidinium, FA) can re-
place the inorganic A cation when the perovskite becomes an organic-inorganic hybrid
material. [2] Cation A has +1 charge and it is the most important component of the per-
ovskite molecule. The cation A determines the structure and the crystal size of perovskite
and it directly influences the stability and optoelectronic properties of the perovskite. [16]
In principle, an applicable molecular cation A has to be small enough not to break the
three-dimensional perovskite network. On the other hand, the crystal properties become
highly anisotropic and exciton binding energies become stronger when the charge carrier
masses increase which are unfavorable properties in photovoltaic applications. [8, p. 2]

Perovskites exist in different cubic structures and they can have several different proper-
ties depending on the cubic and the molecular structure. For example, perovskites with
insulating, semiconducting and superconducting properties are known. Perovskites are
heteropolar crystals for which the stability is influenced by Madelung electrostatic poten-
tial. For group VII anions like halides, the electrostatic stabilization is weak, leading to
low solid-state ionization potentials. This property is a desired feature for charge transfer
materials, and makes halide perovskites suitable material for photovoltaic devices. [8, p.
2]

Perovskite has a generic cubic crystalline structure. In the three-dimensional cubic struc-
ture, the cations are located in the eight corners of the unit cells, and the cations are sur-
rounded by 12 X anions. B cations are located in the middle of the unit cells and they are
surrounded by six X anions forming [BXs]* octahedral. The three-dimensional cubic
structure is presented in Figure 3.
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Figure 3. Crystal structure of perovskite (adapted from Ref. [17] with permission of
Elsevier, Copyright 2016).

Ideal perovskite structure is inflexible. Since there are no adjustable atomic position pa-
rameters in the unit cell of perovskite all compositional changes would be adapted by a
change in lattice parameter which is simply a sum of the bond lengths. As can be seen
from Figure 3, the edge of the unit cell, a, is the B—X bond length times two:

2B-X)=a (7

The width of the three-dimensional octahedral cage site is two times the A—X bond
length:

2(4—X) =V2a (8)

By dividing the equation 8 by equation 7, we get that the ideal crystal structure gives the
ration for the bond lengths as follows

(A-X) _

0= V2 (9)
The equation 9 was figured by Goldschmidt, in 1926, to predict the probability of ions to
form a perovskite structure phase. The equation 9 can be represented with respect to ionic
radii, r, as follows

Ta10) _ /7 (10)

(rg—rx)

where ra is the radius of cation A, rg is the cation B and rx is the radius of the anion. The
equation 10 is called the Goldschmidt’s rule and it can be represented with respect to
tolerance factor, t
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ra—T
- \/(2(?3—)2() =1 (11)

Equation 11 represents that an ideal perovskite structure would have a tolerance factor 1.
[18, pp. 6—10] The tolerance factor is a reasonable prediction for the perovskite structure
to be formed. For perovskites it has been found that the cubic structure is typically formed
when 0.78 < t < 1.05. However, the perovskite structure has been argued not to be stable
even for the most favorable tolerance factor range, which is between 0.8 and 0.9. This is
why an additional factor needs to be considered to a more precise prediction for perov-
skite structure formation. Additional factor for this purpose is octahedral factor, x, which
can be represented as follows

= :_i (12)
When determining the formability of alkali metal halide perovskites with t-x mapping,
the formation of perovskite is found in the region between 0.813 <t < 1.107 and 0.442 <
u < 0.895. [19, pp. 244-246]

Perovskite materials have exceptional material properties resulting in high performance
solar cells. These properties include a remarkably high absorption over the visible spec-
trum, low exciton binding energy, charge carrier diffusion lengths in the pm range, a sharp
optical band edge and a tunable band gap by replacing the cations and anion in the mole-
cule. These properties are introduced in the next chapter.

3.1.1 Single Cation Perovskites

The most widely studied perovskite material is MAPbIs. The single cation perovskite
refers here to the number of cation ‘A’ in the molecule. Accordingly, MAPDI3 is a single
cation perovskite. In organic-inorganic perovskites the [Pbls]* octahedral can form three-
, two-, one- or zero-dimensional networks maintaining the same unit structure. [20] The
simple or complex defects in MAPDI3 lattice induce only shallow defect levels due to
high formation energy of the cubic structure, which can partially explain the long exciton
lifetimes and diffusion lengths. This can be derived from the fact that deep-level point
defects cannot act as non-radiation recombination sites since they are absent in the struc-
ture. This may also clarify the large open-circuit voltage typically measured for these
materials. [21] Large perovskite crystal grains with less grain boundaries in the layer have
a positive influence on the charge lifetimes. Hence, the fabrication of homogenous and
big crystals is needed for good devices performance [22].

In photovoltaic applications, the tuning of the physical properties and especially bandgap
tuning is important in terms of spectral responsivity for optimal cell materials. The phys-
ical properties of MAPDbX3 can be tuned by substituting cation A or B. When substituting
the cations in perovskite molecule, the cubic structure must be maintained. For example,
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estimations of the optimal radii for cation A with respect to the effective ionic radii of
two commonly used B anions, Pb?" and Sn?* and halide X are compared in Table 1. The
estimations are calculated with two different tolerance factors, for t = 1.0 and for t = 0.8
to cover the most favorable formation region. According to the literature reference, the
length of C—C bond is 150 pm and the length of C—N bond is 148 pm. In the range of
estimations of Table 1, A can have one or two C—C or C—N bonds which partially
explains the stabilization of MA in perovskite structure. [19, pp. 244—246]

Table 1. Estimating the optimal radii for cation A in organo metal halide perovskite
structure. In table B refers to anion in perovskite structure, X is the halide and r is the
effective ionic radii. ra is estimated from the equation (11). rg for Pb2* is 119 pm and

118 pm for Sny™. r values are the rx values for respective X. [19, p. 245]

B X rjpm] ra[pm],t=08 ra[pm],t=1,0
Pb?* (ol 181 158.4 243.3
Br 196 160.4 249.5
I 220 163.5 259.4
Sn? CIl 181 157.3 241.8
Br 196 159.3 248.1
I 220 162.4 258.0

As mentioned earlier, MA can be replaced by larger cations like ethylammoniun or forma-
midinium, FA, which has an ionic radii of approximately 190-220 pm and it is in the
estimated range according to Table 1. [8, p. 226, 23, 24] The change of cation A from
MA to ethylammonium or FA shifts the bandgap energy of the material due to structural
modification. For MAPDIs, the bandgap is expected to be around 1.52 eV and when MA
is replaced with ethylammonium the resulting bandgap energy is 2.2 eV and for FAPDbI3
1.45eV. [19, p. 246] The band gap of FAPDIz is lower and thus closer to the single junc-
tion optimum compared to the band gap of MAPbIs. This allows extended solar light
harvesting efficiency. [25] The lower bandgap shifts the absorption spectrum edge from
800 nm for MAPbIs to 840 nm for FAPDIs enabling extended light harvesting [24].
FAPDI3 has also found to obtain better thermal stability when compared to MAPDI3. Nev-
ertheless, the drawback of FAPDI3 is the structural instability of the black perovskite
phase at room temperature which results to conversion of the perovskite into a photoin-
active hexagonal 8-phase, “yellow phase” which is also called nonperovskite. [26] The
photoactive “black phase” is instead a-phase and it is sensitive to solvents or humidity.
Generally, perovskites with t value in the desired range exhibit the black phase in room
temperature and perovskites with lower t values exhibit yellow phases [27]. Cation A
could also be replaced by inorganic cesium. The thermal stability of the CsPbX3 is excel-
lent and the band gap is highly dependent of the halide in the structure. For CsPbls the
band gap is 1.73 eV, which makes it suitable for photovoltaics but for the CsPbBr3 the
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band gap is somewhat higher, 2.25 eV and for this reason it is rather unfavorable. CsPbls
also shows good emissive properties but the photoactive black phase is unstable at tem-
peratures lower than 300 °C. [25, 28]

Despite the vigorous research about the perovskite materials, the role of the organic cation
in perovskite structure it is still not completely clear. Recent theoretical research have
suggested that the only role of the organic cation A in the perovskite structure is to stabi-
lize the perovskite structure electrostatically and A has no remarkable contribution to the
electronic structure around the band edges. [21]

The replacement of halides in perovskite MAPbX3 structure has been widely studied,
leading to notable differences in the electrical behavior of the perovskite. When the tol-
erance factors for MAPbX structure were calculated, the radii of the halide and Pb?* were
applied from the Table 1. For the radii of MA, 180 pm was used. For X = CI" we get 0.85,
for Br- 0.84, and for I 0.83. These results indicate that for most cubic perovskites the
tolerance factor is in the region between 0.8 <t < 0.9 which is in the region estimated in
chapter 3.1. With these estimations, the MAPbX3 perovskites is expected to crystallize in
a cubic structure. [19, p. 246] The crystal structure can however experience temperature—
dependent transformations even in inert atmosphere. [26] Three different phases, ortho-
rhombic, tetragonal and cubic Bravais lattices, are identified for MAPbI3 when gradually
increasing the temperature. These three phases differ in enthalpy, three-dimensional po-
sition, and lattice parameters. [8, pp. 3—5]

Some of the essential physical properties of MAPbX3 are presented in Table 2. As can be
seen in the table, the dielectric constant increases and the bandgap energies decrease with
respect to the increasing halogen ion size from CI" to I". Concerning the data in Table 2,
we can conclude that MAPbCIs would be the worst choice of the three X options pre-
sented, due to its relatively larger bandgap when compared to MAPbI; and MAPDbBrs.
The lowest bandgap for MAPbIs thus favors its usage as a semiconductor. MAPbCIz has
the lowest dielectric constant indicating the lowest conductivity.

Table 2. Physical properties of MAPbXs perovskites. X is the halogen in the molecule, &
is the dielectric constant, um is the dipole moment and E is the experimentally determined
bandgap for the cubic structure for each halogen in the molecule. [19, pp. 245—246]

X P pm [D] E [eV]
crr 23.9 0.850 2.34
Br 25.5 0.766 1.80
I 28.8 0.854 1.57

The mixing of different halides in the perovskite structure has led to significant improve-
ment in cell performance and perovskite stabilization. It has been found that the increase
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of the Br content in the perovskite material contributes considerably to thermal stability.
[24, 25] However, MAPbBI«l3.x perovskites have shown halide segregation, light-induced
trap state formation, degradation upon contact with moisture and thermal instability [25].
When the charge transport properties of MAPbIs and MAPbIz.«Clx are compared, a nota-
ble difference in the charge diffusion lengths is observed. For MAPbIz the diffusion
lengths for electron and hole diffusions are 130 nm and 100 nm, respectively, while for
MAPbI3.xClx the corresponding diffusion lengths are 1096 nm and 1213 nm in which also
photo-induced free charge carriers are observed. The longer diffusion lengths and free
charge carriers in MAPbI3xCly indicate the generation of weakly bound excitons by light
illumination which in turn can lead to Voc. [29] Furthermore MAPbDI3z has an ability to
accumulate charges due to the high density of states. This phenomenon was not observed
in any light absorbing material before, which strongly indicated that PSCs are different
from the sensitized and inorganic thin film solar cells but rather a new kind of photovol-
taic devices. [19, p. 248]

The most efficient PSCs today contain Pb anion on the B site but, since the water soluble
Pb salts contained in the perovskite film are toxic upon human exposure and for environ-
ment, alternative anions are constantly researched. The divalent cation B in MABI3 struc-
ture can be replaced for example with Sn?* when the resulting bandgap 1.2 eV is narrower
than the bandgap for Pb?*, 1.5 eV. Reducing the bandgap influences the material emission
wavelength, by shifting it from 750 nm to 1000 nm and thus enhancing the spectral re-
sponsivity. [19, p. 246] Theoretical studies have however shown that Pb?* has a signifi-
cant role in determining the perovskites’ electronic structure, which creates big challenges
in finding a good alternative for the Pb?* anion without sacrificing the high performances
achieved today. [30]

3.1.2 Mixed Cation Perovskites

The problem of the poor stabilities of MAPbX3 and FAPbX3 perovskites were faced by
mixing the two cations together in the perovskite structure resulting in a mixed cation
perovskite. However, the MA/FA cation structure is very sensitive to manufacture cir-
cumstances, due to the structural and thermal instability. Today the best performing (high
efficiency) PSCs are fabricated from perovskite materials containing mixed cations and
halides. The MAPDIs-based perovskites have never achieved PCE over 20 %. [25] The
HOMO and LUMO levels of MAPbI3z and (FAPbI3)x(MAPbBTr3)1x mixed cation perov-
skite are compared to TiO, and SnO, compact layers and they are shown in Figure 4. In
the figure, we can see that the MAPDbI3 does not match both the LUMO levels of the
presented compact layers, while the mixed cation perovskite matches well the LUMO
levels of the SnO2 compact layer. The barrier-free bandgaps are very important for charge
transfer through the material interfaces in the solar cell. The band misalignment between
electron transport layer (ETL) and the perovskite layer can lead to strong hysteresis
behavior and scan rate dependent current densities, indicating capacitive effects at the
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interface. [15]
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Figure 4. The HOMO and LUMO levels of TiO2, SnO2, (a) MAPbIz and (b) mixed cat-
ion perovskite, (FAPbI3)o.ss(MAPbBr3)o.15 (adapted from Ref. [15]).

Recent research on the mixed cation perovskites have shown that a small amount of MA
is already able to stabilize the crystallization of FA perovskite. MA induces a preferable
crystallization into the photoactive phase of FA perovskite, and the resulting mixed cation
MA/FA perovskite is both thermally and structurally more stable than either the MA or
FA single cation perovskites. This finding suggests that small cations like MA play a key
role in the formation of photoactive black phase FA perovskite. However, the MA/FA
mixed cation perovskite still shows traces of the photoinactive yellow phase and even
small quantities of the yellow phase influence the crystal growth and morphology of the
perovskite. This has a negative impact on the charge collection in the cells, which limits
the cell performance. [25]

Cs has also been studied in the mixed cation perovskites. When Cs replaced a small
amount of the MA ions in MAPblIs, a remarkable enhancement in Vo, Jsc and PCE was
achieved. The replacement of part of the MA ions with Cs optimizes the optical and elec-
trical properties of the perovskite while maintaining the fundamental characteristics of
MAPbIs. Replacing 10 % of MA with Cs led to the best cell performance with PCE ~8
% via improvement in light absorption and morphology. The excess of Cs doping induces
a decrease in cell performance, which can be attributed to the wider bandgap of CsPbls
compared to MAPbIs and the presence of additional crystal phases such as Csl, Pbl> and
Cs4Pbls. [31] Replacing 10 % of FA with Cs in FAPDbI3 perovskite was found to substan-
tially improve photo- and moisture stability of the perovskite and thus enhancing the cell
performance. The significant improvement with Cs/FA mixed perovskite compared to
single cation FA perovskite is due to enhanced interaction between FA ion and iodide in
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the crystal structure. In addition, the trap density in the perovskite lattice is reduced, lead-
ing to increase in Voc and FF and thus increase in PCE up to 16.5 %. [32] The enhancement
of the Cs/FA perovskite with respect to FAPbI3z allows concluding that Cs is effective in
guiding the crystallization towards the black phase of the perovskite. This is due to the
large size different between Cs and FA. Replacing a small fraction of iodide with bromide
in Cs/FA mixed cation perovskite resulting a Cso.2FAo.8Pbls.xBrx structure improved the
PCE up to 18 % by the bandgap broadening due to increasing Br concentration. [33]

3.1.3 Triple Cation Perovskites

By adding a small amount of cesium to the MA/FA mixed cation structure a triple cation
perovskite is formed. The Cs/MA/FA triple cation perovskites’ crystalline structure is
very organized and results into a cleaner perovskite layer. Moreover, it shows suppressed
traces of yellow phase due to enhanced t value towards a cubic lattice structure that
matches the black perovskite phase. The shift of the t value originates from the influence
of small Cs cation on the MA/FA mixed cation. This results to a lowering of the effective
Cs/MAJ/FA cation radius in the new perovskite material. The cleaner and well-organized
crystal structure generate uniform grains, which enable better charge transport in the per-
ovskite layer. This induces more consistent and superior cell performances and higher
FFs. The triple cation structure is also more stable in ambient air and humidity and it has
achieved great results even for 250 hours aging tests, extremely good for a perovskite
material. [25] With a planar cell structure with SnO> compact layer, triple cation perov-
skite and  N2,N?N% ,N? N’,N’,N” ,N7-octakis(4-methoxyphenyl)-9,9'-spirobi[9H-fluo-
rene]-2,2',7,7'-tetramine (spiro-OMeTAD) hole transport material (HTM), almost 21 %
efficiency has been reached. [26]

The use of all three cations, Cs, MA and FA, provides excessive versatility in fine adjust-
ment of the perovskite film. This may also ease the negative influence of the large mis-
match between the Cs and FA cations since in the mixture with MA the relative size
differences of the cations are smaller. This could in turn decrease the entropic preference
for phase separation in the structure. Usually the formation of the black phase perovskite
requires annealing in relatively high temperatures but the addition of Cs to the perovskite
structure induces the black phase in room temperature immediately after deposition. From
this, it has been depicted that the Cs/MA/FA triple cation perovskite is not particularly
sensitive to relatively small temperature variations during processing. [25]

With the information from the former chapters, we can conclude that a superior perovskite
material for PV devices should contain multiple cations, including Cs, and mixed halides,
I and Br on the X site. The best performing cells today contain Pb anion. However, due
to its negative influence on the environment better options are constantly researched.
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3.2 Solar Cell Structure

The main processes behind the solar cell functioning are (1) the absorption of light by the
active layer and charge generation, (2) transportation of free charge carriers to their re-
spective electrodes and (3) collection of free carriers in the electrodes and thus providing
power to external circuit. [14] A typical architecture of PSC is FTO/ETL/perov-
skite/HTL/Au, where HTL is the hole transport layer. Fluorine—doped tin oxide (FTO)
layer on the glass substrate acts as a bottom electrode. Gold is the top electrode of the
cell. The absorption of light occurs in the perovskite layer located in the middle of the
solar cell. The generated charges are then transported to the charge transport layers, and
finally collected on the top and bottom electrodes. Besides the perovskite layer, the choice
of charge transport materials has also a great influence on the cell performance. The
charge transport layers can have an influence on the passivation of trap states, enhance
the sustainability against moisture, template for perovskite crystallization and hinder the
hysteresis effect [22, 34, 35].

3.2.1 Electron Transport Layer

The ETL delivers the photo-generated electrons from the perovskite layer to the corre-
sponding electrode, while serving at the same time as hole blocking layer to hinder the
charge recombination. Besides the electric properties of the electron transport material
(ETM), the contact between ETL and electrode and the optimizing the interface between
ETL and the perovskite layer play an important role in the cell performance.

The characteristics of an optimal ETL are good charge mobility, appropriate energy level
alignment, minimum amount of trap states, sufficient morphology and related interfacial
properties to suppress the charge recombination in the material interfaces. The morphol-
ogy of the ETL has also an influence in the deposition of the perovskite layer. The electron
mobility in ETL is one of the most important factors in determining devices’ PV perfor-
mance. As can be concluded, a high electron mobility is desired for ETL to enable effi-
cient charge transport and collection. The bandgap of the ETL should match the bandgap
of the perovskite to achieve good electron extraction and transport which in turn have a
positive influence on increasing the Jsc and FF of the cell. The energy level adjustments
of the ETL and HTL are also used to enhance the Vo of the cell. [36]

Both inorganic ETMs, like TiO2, ZnO and SnOy, as well as organic ETMs, like fullerene
and its derivatives, have been used in PSCs. TiO2 has been the most-widely adopted ETM
today but it requires high processing temperatures and shows a clear hysteresis of the V-
curve. Metal oxides have also shown performance degradation upon UV exposure. The
use of fullerene derivates like PCBM ([6,6]-Phenyl Ce1 butyric acid methyl ester) as ETM
with MAPDbI3 perovskite has improved influence on the hysteresis behavior compared to
the cell with TiO2 ETL due to improved interfacial charge transfer between the ETL and
perovskite layer. Organic based ETMs exhibit also advantages in mild solution processing
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and good tunability of the physical properties. SnO2 has high transparency, high mobility
and a favorable bandgap related to both MAPbI> and MA/FA the mixed cation perovskite,
as seen in Figure 4. The use of SnO2 as ETM also enables the fabrication of PSC with
high efficiencies, long-term air stability, and improved hysteretic behavior at low pro-
cessing temperatures (< 120 °C). The charge transport properties of inorganic ETMs can
be further improved with appropriate substitution of selected additives or dopants like
Nb°*, Y3 and AI**. Finally, an addition of a thin wide bandgap metal oxide, like MgO,
Y203 or Al,Og, or the interfacial modification with functional self-assembled monolayer
layer can enhance the cell performance. [15, 36, 37]

The variety of the deposition methods for ETL fabrication is wide. Well-known deposi-
tion methods for ETL are vapor deposition, atomic layer deposition (ALD), spin coating,
spray pyrolysis, and chemical bath deposition (CBD). Spin coating is fast and easy
method for thin film fabrication and the equipment is relatively cheap. CBD method does
not require any specific equipment, but it can be carried out with a suitable glass container
and a furnace. The samples are placed into the glass container, which is filled with the
deposition solution or the bath solution. The container is then placed in the furnace where
the samples absorb the compact layer on to their surface from the solution. Spray pyrol-
ysis is a powerful technology for the fabrication of nanocrystalline thin films, and it can
be used for a wide variety of materials. The method has been used for decades in solar
cell production and it is very cost efficient technology. The technique does not require
vacuum, provides high flexibility in terms of material composition and it is suitable for
fabrication of thin films on full wafer-size. In spray pyrolysis, a liquid source is used for
spraying the film on the substrate, which is heated during the deposition. The precursor
solution is first atomized by pressure or air blast, and then transported to the substrate
surface as droplets. On the substrate surface, the precursor solution is decomposed due to
heating and initiates the film growth. [38] ALD method is excellent method for fabricat-
ing very thin and uniform films with high purity but the method requires expensive equip-
ment.

In the experimental section, the TiO2 and SnO2 ETLs are fabricated with different meth-
ods in ambient air and humidity. The influence of the fabricated ETLs on the cell perfor-
mance are researched with 1V measurement and the qualities of the ETLs are also inves-
tigated with SEM.

3.2.2 Perovskite Layer

Perovskite forms the active, light absorbing layer in PSCs and the perovskite layer is
usually several hundreds of nanometers thick. Perovskite layer is located in the solar cell
between the ETL and the HTL. Charge carriers are formed when photons are absorbed in
the perovskite layer, and the charge carriers transport the formed negative and positive
charges to the ETL and HTL materials, respectively. [11] The charge generation and
transfer in perovskite layer are explained in more detailed in chapters 2.2 and 2.3. As
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stated earlier, perovskite materials have exceptional material properties resulting in high
performance solar cells.

Perovskite layer is usually fabricated by solution fabrication methods, like one-step anti-
solvent or two-step sequential method but also other methods like vapor deposition
method are used. With vapor deposition method and planar cell architecture, PCEs over
15 % have been achieved, and the method provides good uniform perovskite films [39].
When thinking of the commercialization of the PSCs, the solution fabrication methods
are though generally more attractive fabrication methods compared to vapor deposition
method due to the cheaper mass production. The current challenge with solution fabrica-
tion methods is the difficulty in forming consistent and compact films. This is mainly due
to the rapid crystallization of perovskite during the solvent evaporation leading to aniso-
tropic crystals. However, by controlling the crystallization process, high quality films ob-
taining excellent optoelectronic properties can be achieved.

Spin coating is one of the cheapest film production methods for solution fabrication,
which makes it a widely applied method. Additionally, the film fabrication by spin coat-
ing is also fast and easy. The evaporation of the solvent and self-assembly of the film
during spinning induce the formation of well-crystallized perovskite film immediately.
However, it is difficult to achieve a perovskite layer with uniform thickness over a large
area with simple spin coating. It has been reported that the uniformity of the perovskite
layer is also dependent on the thickness and homogeneity of the layer on which the per-
ovskite is deposited (ETL in this case). This limits the applicability of the solution pro-
cess. The spin coating by one-step anti-solvent method however has produced high-qual-
ity perovskite films. In the anti-solvent method, the perovskite is pipetted on to the sample
and the solvent is pipetted separately on to the spinning substrate. For example in the case
of MAPDI3 perovskite and dimethyl sulfoxide (DMSO) as a solvent, an intermediate prod-
uct, MAI-Pbl>-DMSO, is formed, which slows down the crystal growth of perovskite.
One-step antisolvent method can produce shiny, smooth perovskite films with excellent
electronic properties. This method has been widely used by different research groups and
excellent results have been attained: a PCE close to 21 % was achieved with a planar
architecture. [37, 40]

Another widely adapted solution fabrication method is two-step method, which also al-
lows achieving films of good quality. When depositing MAPbIs perovskite by two-step
method, Pbl. is first introduced on to the substrate by spin coating, followed by exposing
to MAI solution. In this step, Pbl> and MAI react producing the MAPDI3 perovskite layer.
The resulting perovskite film obtained a PCE of 15 % with mesoscopic device. Recently,
the method has been combined with PMMA crystal growth templating, producing films
with suppressed amount of defects and larger well-oriented grains. This resulted in certi-
fied PCE of 21.02 %. [41, 42]
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In this work, the fabrication of MAPDbI3 and Cs/MA/FA perovskites are performed in am-
bient air with humidity of ~45 % rH. The influence of fabrication circumstances is studied
by IV measurements, by comparing the experimental results with the reference data from
the literature for the corresponding materials, and with those of devices were fabricated
in glove box at University of Cologne. The final goal is to demonstrate the necessity of
the inert fabrication circumstances for the perovskite and for the overall device fabrica-
tion.

3.2.3 Hole Transport Layer

HTL is deposited in the solar cell between perovskite layer and electrode and its function
Is to transfer the positive charges generated in the perovskite layer to the electrode. As in
the case of ETL, also HTL has an influence on the cell performance and it should have
ideal charge transport properties and matching bandgap with the perovskite material.
Most commonly used HTM today is spiro-OMeTAD, whose molecular structure is pre-
sented in Figure 5. Spiro-OMeTAD is usually fabricated by spin coating on top of the
perovskite layer.

OCH, OCH,

H3CO @N O'O NOOCH 3

OCHj, OCHj,
Figure 5. The molecular structure of spiro-OMeTAD.

Spiro-OMeTAD requires additive doping for to sufficient charge transport due to its low
conductivity. Typical additives used for doping of spiro-OMeTAD are bis(trifluorome-
thylsulfonyl)imide salt (LiTFSI), tris(bis(trifluoromethylsulfonyl)imide) (FK209) and 4-
tertbutyl pyridine (TBP). This results in complicated device fabrication and weakened
device stability. Spiro-OMeTAD is also very expensive, since its synthesis is difficult.
This has a remarkable impact on the overall cost of PSCs. Hence, cheaper, easily fabri-
cated and dopant-free HTMs are constantly researched. [43]

Under illumination, spiro-OMeTAD oxidizes towards the radical cation spiro-OMeTAD"
resulting in decrease in the absorption band. The oxidation of spiro-OMeTAD is exclu-
sively a photo-induced phenomenon and it is accelerated by the presence of oxygen or
additives. From this we can conclude that the inert working conditions will not eliminate
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the problem with the oxidation of the spiro-OMeTAD layer during fabrication. The solar
cells including spiro-OMeTAD HTM suffer from this photo-induced evolution, since the
solar cell working conditions require relatively strong illumination. [43] Thus, the oxida-
tion of spiro-OMeTAD has direct consequences not only on device performance but also
on the device stability. The photovoltaic performance of spiro-OMeTAD has been im-
proved with pyridine additives, which on the other hand corrode the perovskite by form-
ing complexes with Pbl,. [44]

3.3 Solar Cell Architectures

Two of the most common perovskite solar cell architectures are mesoscopic and planar
cell structures. Perovskite solar cell can also be adopted in ‘perovskite sensitized solar
cell’ (PSSC) configurations, where a similar concept as in dye sensitized solar cells
(DSSC) is used, with perovskite being the sensitizer. Additionally few other cell archi-
tectures for perovskite solar cells are known but they are rarely adopted. [19, p. 249] By
means of both planar and mesoscopic PSCs it has been possible to achieve high efficiency
cells, with PCE over 20 %, and the superiority of either of the architectures is currently
unestablished.

Perovskite was used in solar cells for the first time in PSSCs in 2009. The first PSSCs
were made of a MAPDI3z perovskite layer and liquid electrolyte containing iodide-tri-io-
dide redox couples. The PCE of those cells was 3.5 % [29]. One of the PSSCs major
weaknesses was the use of liquid electrolyte, which made the devices very unstable. In
fact, in the liquid electrolyte perovskite dissolves and dissociates in minutes. This is also
the reason why it has not been possible to obtain highly efficient PSSCs. Later PSSCs
achieved 6.5 % efficiency by optimizing the structure of the electrolyte and enhancing
the fabrication of the perovskite layer [29]. The more efficient PSSCs were made of mes-
oporous TiO> layer that was sensitized with MAPDbIz nanoparticles, and deposited on a
dense TiO2 ETL. Spiro-OMeTAD was used as a solid HTM. The use of solid HTM in-
stead of liquid electrolyte improved the extremely low stability of PSCs. The solid HTM
also improved the cell performance due to the more efficient light absorption compared
to liquid electrolyte. Spiro-OMeTAD as s solid HTM could achieve a complete absorp-
tion with 500 nm film thickness but instead for the liquid electrolytes the necessary film
thickness is approximately 2 um. The HTM infiltration was important to induce a contact
between HTL and perovskite sensitized ETL. The purpose of the mesoporous oxide layer
in PSSCs is to receive and separate the excited electrons, while that of the dense TiOz is
to prevent direct contact between transparent, conducting oxide layer on top of the glass
substrate and HTM as described in chapter 3.2.1. With PSSCs consisted of MAPbI3 per-
ovskite and TiO2 ETL and solid HTL a PCE of 9.7 % was achieved. [19, pp. 249-250,
29, 45] These solid state perovskite cells have been fabricated and developed since 2012.
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Lately, the sensitized TiO> had also been replaced by mesoporous Al,O3 with remarkably
faster electron diffusion through the perovskite layer. This delivered a Voc over 1.1 V. It
was noticed that Al,O3z did not work as an electron injecting structure but rather as a
scaffold layer for perovskite. [2, 46] This is where the research of non-sensitized perov-
skite solar cells begun. In the experimental part of the work, both the mesoscopic and
planar devices are fabricated with different ETLs and perovskite materials in ambient
conditions.

3.3.1 Mesoscopic Cells

In mesoscopic PSC, the perovskite layer is deposited on top of the mesoporous scaffold
layer (like Al2O3 or TiO.). The charge transfer from perovskite layer to spiro-OMeTAD
is efficient, and it induces long-lasting charges in the perovskite layer. In the case of
mesostructured cells, the uniform perovskite layer on top of mesoporous scaffold layer is
very important and the charge transport from perovskite to ETL is not possible if the
perovskite layer is not uniform. [2, 19, p. 249] The first mesoscopic cells achieved 10.9
% PCE [45]. A mesoscopic PSC with an architecture of FTO/bl-TiO2/mp-TiO2/perov-
skite/spiro-OMeTAD/Au is presented in Figure 6. In the figure, ‘bl” stands for blocking
layer since compact ETL acts as a blocking barrier for holes, and ‘mp’ means mesoporous
layer. By optimizing the manufacturing methods and changing the mesoporous TiO> to
Al>0Os3, efficiencies as high as 15 % were achieved [29].

Gold

Spiro-MeOTAD

Figure 6. The cross section image of mesoporous perovskite solar cells. The layers are
from top to bottom the top electrode (Au), HTL (spiro-OMeTAD), perovskite layer,
mesoporous (mp-TiO2) and hole blocking compact ETLs (bl-TiO.) and the oxidized

glass substrate (FTO) as a bottom electrode (adapted from Ref. [17] with permission of

Elsevier, Copyright 2016). Spiro-OMeTAD can be written also as spiro-MeOTAD de-

pending on the reference, but both styles are considered as correct.



24

The role of mesoporous TiO> layer in the cell structure has not been clearly solved but it
has been argued whether the electrons are injected into mesoporous TiO3 to be collected
through it. However, the mesoporous TiO- is assumed to be an extension of the compact
TiO2 layer, and it operates as an effective heterojunction capable of suppressing charge
recombination dynamics. [47] The pore size of the mesoporous scaffold restricts the per-
ovskite grain size resulting in smaller perovskite crystals compared to the planar device
structure. Recent studies have shown a correlation between perovskite crystal size and
charge transport rates. The smaller grain size in mesoscopic devices is likely to induce
charge scattering or trapping at the numerous grain boundaries. The slower charge trans-
fer rates may also be related to the insulating of mesoporous layer nanoparticles, hinder-
ing the charge movement inside the perovskite layer. Additionally, insufficient pore-fill-
ing of perovskite within the mesoporous scaffold is likely to hinder the charge diffusion.
However, the electron injection rates into a mesoporous TiO; scaffold have proven to be
significantly faster than to the compact TiO layer and the mesoporous scaffold layer is
capable of reducing the charge recombination across the FTO, compact TiO2 layer, and
perovskite interfaces. [48]

Mesoscopic PSCs can achieve high efficiencies at relatively low mesoporous TiO> thick-
nesses. While the typical thickness of the mesoporous layer is 10-15 um in PSSCs and
~3 um in solid state PSSCs, for mesoscopic PSCs the thickness of mesoporous layer can
be as low as 350 nm. This implicates that the smaller thickness of the mesoporous layer
is better when considering the cell performance. The high efficiencies with low mesopo-
rous layer thickness are due to the high optical absorption coefficient of MAPbIs. Never-
theless, the exact dependence is determined by the perovskite distribution within the TiO>
layers and the thickness of the perovskite layer. Recent studies have also shown that PSCs
with mesoporous TiO- layer can also function without HTL. These type of cells are called
HTL-free perovskite cells. [20]

3.3.2 Planar Cells

In planar PSCs, the mesoporous scaffold layer is absent, due to organic lead halide per-
ovskites ability to transfer electrons and holes by themselves, thanks to their long life-
times of the charges and long diffusion lengths. This enables the perovskite layer to be
deposited directly between two selective charge transport layers in planar PSCs. Normally
the ETL is below the perovskite layer and the HTL is on top of the perovskite layer but
the structure can also be inverted planar where the HTL and ETL are on the opposite sides
with respect to the perovskite layer. In planar PSCs, a dense and smooth perovskite layer
Is important in order to prevent the collision of the charge transport paths to each other’s,
and to gain good contacts on the layer interfaces. [2, 19, pp. 249—-254] The structure of
planar PSC is exactly the same kind as presented in Figure 6 except without the mesopo-
rous TiO2 layer. The discovery of the planar cell architecture for PSCs proved that the
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charge separation can occur in the perovskite absorber and that the efficient charge diffu-
sion occurs for both electrons and holes [21, 45].

Large perovskite crystals are typical for planar cell structures since the crystallization is
usually fast and there are no mesoporous scaffold layer restricting the grain growth. The
large perovskite grains exhibit longer radiative charge recombination lifetimes and faster
charge transfer compared to the perovskite with smaller grain size in mesoscopic cells.
These features show an inherent advantage of perovskite morphologies over mesoscopic
morphologies. On the other hand, there is a limited contact between the compact ETL and
the perovskite layer in planar structure, which hinders the extraction of electrons from
perovskite to ETL. However, in mesoscopic cell structures, this is not the case and elec-
tron injection to mesoporous layer is significantly faster. [48]

The advantage of planar cell fabrication over the mesoscopic cell fabrication is that it
does not require the deposition of complex nanostructure between ETL and perovskite
layer leading to a simplified device architecture. However, fabrication of thin and pin-
hole free layers by solution processed methods is difficult. The mesoporous layer on top
of compact ETL can cover the pinholes in the compact layer and by so prevent the contact
between the perovskite layer and electrode. Poor film coverage results in poor light ab-
sorption and shunt paths through the perovskite layer, thus reducing the cell efficiency
[20].

3.4 Stability Issues

In order to commercialize the perovskite solar cells achieving high efficiencies is not
enough. The cells need to be also stabile, long lasting, resistant to heat and humidity and
they should not release toxic materials to the environment. These are all current issues
with perovskite solar cells and they are all under an intense research.

3.4.1 Device Stability

The stability of the PCSs was at its poorest before the discovery of the solid HTM and
the cell efficiency and stability of the cells increased remarkably after the discovery of
spiro-OMeTAD. However, the solid HTMs are still one of the most important research
subjects in perovskite solar cell research since spiro-OMeTAD is very expensive and dif-
ficult to synthesize as mentioned earlier. [2]

The most efficient PSCs include hybrid lead halide materials with great absorption coef-
ficient but weak stability. The cells are typically manufactured in controlled environment,
i.e. in nitrogen glove box in the absence of oxygen and humidity. When the cells are
brought to ambient air, the perovskite starts to decompose fast because of the humidity,
oxygen, light, and heat. The charge transfer layers can also degrade in the cells due to the
same factors. [45, 46] Perovskite can also react with the top or bottom electrodes if they
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come in contact with each other, e.g. due to pinholes in the charge transport layers or
humidity, which would also weaken the cell stability.

If the metal electrode evaporates from the HTL surface it can diffuse into the HTL even
10 nm deep. This can allow a contact between the electrode and the perovskite layer. This
is possible for example if the HTL is too thin and it would cause a severe damage for the
metal electrode. If the HTL is very thick, it could isolate the metal electrode from the
perovskite layer but also weaken the charge mobilities and lower the cell efficiency. Com-
pared to the organic charge transfer materials, metal oxide nanoparticles as HTMs like
NiOx have showed a good improvement to this issue. Metal oxide materials are usually
stabile in ambient air, dense enough to isolate the perovskite from the electrode and to
protect the perovskite from humidity. Metal oxides also have good charge mobilities and
they are easy to manufacture at low temperatures. However, the cells with metal oxide
HTMs have not yet succeeded in achieving as high efficiencies as the cells which contain
spiro-OMeTAD as HTM. [46]

The metal oxide ETL material affects the stability of the perovskite solar cell and the
manufacturing costs. Commonly used transition metal oxides as ETMs are ZnO, TiO>
and SnO2. Among these three metal oxides, ZnO and SnO can be deposited by low-
temperature processes and their electron mobilitites are much higher than in TiO2. Fabri-
cation of TiO; also requires temperatures as high as 450 °C. However, when lead halide
perovskite is deposited on ZnO the perovskite layer becomes thermally unstable and it
suffers from fast perovskite degradation as the temperature rises up to 80 °C. SnO; has
the same advantages over TiO> including good stability, high optical transparency and
barrier-free energetic configuration. Above all, the SnO; layer could be grown on top of
the thin-film solar cell to protect the perovskite against moisture. [49]

The biggest threats for the stability of PSCs arising from the surroundings are humidity,
heat, light and oxygen, which lower the cell efficiency by perovskite degradation. In the
case of MAPbI3 the possible decomposition mechanism in moisture is presented in equa-
tions 13-16 and the mechanism is shown to accelerate by heat. At first MAPbI3 is decom-
posed to solid Pbl, and aqueous MAI (13), which is further decomposed into CH3NH:
and HI (14). H1 will further decompose to solid iodine, liquid water and gaseous hydrogen
due to oxygen (15) and illumination (16). [50]

CH3NH3Pbls (s) = Pblz (s) + CH3NHal (aq) (13)
CH3sNHal (aq) = CH3NH:z (aq) + HI (aq) (14)
4 HI (ag) + O2(g) = 2 12 (s) + 2 H20 (1) (15)

2 HI (aq) = Hz (g) + 12 () (16)
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At temperatures higher than 150 °C, MAPbI3 decomposes into its components CHsNHz,
Pbl> and HI. The reaction mechanism is presented in equation 17 and it is the reverse
reaction for MAPDIs formation. [50]

CH3NH3Pblz (s) = Pblz (s) + CH3NHal (aq) + H2 (9) (17)

The current class of hybrid perovskites is also sensitive to illumination, and they decom-
pose in light. The possible mechanism for the MAPbI3s decomposition when exposed to
light is presented in equations 17-20. At first MAPDI3 is decomposed into its components
as in presented in the equation 17. At the interface between ETL and MAPDbI3 the ETM
can extract electron from I" by oxidizing it to solid iodine and affecting the deconstruction
of the crystal structure of MAPbI3 (18). At the same time, MA™ ion loses a proton and
CHsNH: gas is formed (19). Finally, iodine acquires the electrons and reacts with protons
forming gaseous HI (20). [50]

21 (ag)=1la(s)+2¢€ (18)
3 CH3NHs" (ag) = 3 CH3NH: (g) + 3 H* (aq) (19)
I"(aq) + 12 (s) + 3H" (aq) + 2 e = 3 HI (aq) (20)

The previous reactions also release toxic Pbl to environment, which is a highly unfavor-
able side effect for the perovskite decomposition. To avoid the perovskite degradation, a
several protecting methods with interfacial layers have been researched. Nevertheless, the
focus of the stability improvement has been concentrated on the modification of perov-
skites themselves. A small lattice expansion or distortion can cause a symmetry change
to the perovskite structure, which could give structural stability to the material. [50] As
denoted in the chapter 3.1, MAPbIs perovskite can be stabilized with cation substitution
and even more with Cs/MA/FA triple cation perovskite that has showed a remarkable
improvement in perovskite stability and achieved a stable PCE of 21.1 %. The anion sub-
stitution also discussed in chapter 3.1 allowed improving the perovskite stability. In the
experimental section of this work, the influence of ambient air and humidity are re-
searched on the fabrication of MAPDbIz and Cs/MA/FA triple cation PSCs, and the device
stabilities are presented with ageing measurement results. The target is to find out if the
outstanding device stability of triple cation PSC is maintained when the device is fabri-
cated in the presence of ambient air and humidity.

3.4.2 Hysteresis Effect

Hysteresis effect is an abnormal behavior seen in the device IV measurements, and it is
one of the most challenging issues with PSCs to date. Hysteresis behavior makes the ac-
tual device efficiency determination difficult since the efficiency obtained from the re-
verse scan is inconsistent with forward scan and thus different scan rates result to different
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characterization. It has also been noticed that higher scan rates result in increased effi-
ciency. Additionally, the scan history of the device and light exposure have influence on
the hysteresis. The result of the hysteresis effect is shown in Figure 7 for both planar and
mesoscopic device structures based on MAPbIz and TiO.. As it can be seen in the figure,
the hysteresis effect is strongly dependent on the device structure and it is much stronger
for planar device when compared to the mesoscopic device. Actually, the hysteresis is
relatively weak for the mesoscopic device due to the use of mesoporous TiO2 layer. The
mesoporous layer increases the contact area between the perovskite layer and TiO2, which
improves the charge transfer from perovskite to TiO>. In addition, the small perovskite
grains in the TiO2 pores might influence the decrease in hysteresis. [51]
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Figure 7. Typical hysteresis effect present in planar (left) MAPbI3s/TiO2 and mesoscopic
(right) MAPDI3/TiO2 PSCs (adapted from Ref. [51] with permission of John Wiley and
Sons, Copyright 2015). The vertical axis shows the Jsc and horizontal axis is the scan

voltage, V. Both devices have been measured with a scan rate of 1 V/s.

The origins of the hysteresis effect remains ambiguous, but several suggestions exist
based on recent research. Proposed origins include slow trapping and detrapping of charge
carries due to the subgap traps of solution processed perovskite, changes to the ferroelec-
tric structure of the device, and ion migration. [51] It was noted that the hysteresis effect
in the cells containing TiO: relates to the deep charge traps in TiO2 layer, which are af-
fected by the low electron mobilities, induced charge accumulation, and UV light induced
oxygen vacancies. As an answer to this problem, organic ETLs have been adopted as
ETMs but they show lower efficiencies compared to the devices employing TiO2 ETL.
As mentioned in chapter 3.2.1, fullerene derivatives as ETM have been successful in re-
ducing the hysteresis effect since their ability to reduce the density of the trap states and
passivate the grain boundaries of perovskite layer. The PSCs with fullerene ETL have
achieved a hysteresis free devices with PCE up to 19.1 %. The top efficiency cells have
though demanded a vacuum processed ETL and the IV measurement have been per-
formed in inert environment in glove box. [52] Vacuum processing of ETL is more com-
plicated, slower, and more expensive compared to solution processing methods and meas-
uring the IV curves in inert environment is far from the circumstance of the working
conditions of the solar cells.
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Replacing TiO2 ETL with SnO> has an influence on the decrease of hysteresis effect,
though the hysteresis with SnO, ETL varies substantially for the different deposition
methods [37]. In the experimental section, the 1V curves for different device structures
with both TiO2 and SnO; ETLs are fabricated. The influence of ambient working condi-
tions on the hysteresis effect in each case is studied and reported.
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4. MATERIALS AND METHODS

The samples were fabricated in 1ISO 6 clean room at TUT in ambient air. During the fab-
rication process the ambient temperature and humidity was ~21 °C and ~45 % rH. The
samples were fabricated on TEC 7 Pilkington FTO plates, cut to an approximate size of
2 X 2 cm. The CH3NH2-HI, PbBr, and Pblz were purchased from TCI Chemicals, TiO;
30 NR-D and 18 NR-T pastes, CH(NH2).1, and CH3NH3Br from Dyesol, Csl from abcr
GmbH, spiro-OMeTAD from Lumtec and FK209 from Dyenamo. All the other chemicals
used were purchased from Sigma-Aldrich. The samples were stored in desiccator cabinet
in 10 % rH between the fabrication steps.

4.1 Solar Cell Fabrication

The FTO plates were etched either chemically or mechanically. Chemical etching was
done by protecting the etched area with Kapton tape, and oxidizing the FTO layer with
zinc powder and 4 M HCI. Mechanical etching was performed with a grinding tool
(Dremel). After etching, the plates were cleaned carefully to prevent any impurities on
FTO surface. The plates were first cleaned with Hellmanex 2 % solution and toothbrush,
treated with ultrasonic bath in Hellmanex 2 % for 15 minutes and washed with abundant
MilliQ water and ethanol. Then an ultrasonic bath with isopropanol for 15 minutes was
obtained, and finally the plates were heated on a hot plate at 150 °C for no less than 30
minutes. If the fabrication process was not carried out the next day at the latest a retreat-
ment with ultrasonic bath in isopropanol and heating at 150 °C was required.

4.1.1 Compact and Mesoporous Layers

Two different compact layer materials were applied (TiO2 and SnO>), and two different
fabrication methods for TiO> compact layer and three for SnO, compact layer were ex-
perimented. Before the compact layer deposition, the plates were protected with Kapton
tape and treated with ultraviolet-ozone surface treatment, UVO for 10 and 15 minutes for
TiO2 and SnO, samples, respectively, right before the compact layer deposition.

SnO2 compact layer was prepared by spin coating, chemical bath deposition, CBD or by
applying both of these methods. SnO> by spin coating was carried out by first preparing
the solution for the layer fabrication. A 0.05 M SnCls-5 H2O in isopropyl alcohol was
prepared and put to a magnetic stirrer for 30 minutes. The spin coating was performed by
depositing 70 pl of the 0.05 M SnCl4-5 H20 in isopropyl alcohol with spin program 3000
rpm and 200 rpm/s for 30 seconds. After the spin coating a pre-drying at 100 °C for 10
minutes was followed and then heat-treated at 180 °C on a hot plate for 1 hour. [37] The
SnO; fabrication by spin coating is presented in Figure 8a.
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SnO: layers by CBD were grown on FTO plates either on already spin coated samples as
a post-treatment to achieve a thicker and solid compact layer. The bath solution was pre-
pared by dissolving 2.0 g of urea in 80 ml of MilliQ water. Then 40 ul of mercaptoacetic
acid, 2.0 ml of 37 wt-% HCI and SnCl-2 H20 at 0.012 M was added to the solution. The
solution was put to the magnetic stirrer for 2 minutes. The samples were deposited verti-
cally on the glass container presented in the Figure 8b and the container was filled with
the bath solution. The container was placed in the furnace at 70 °C for 3 hours, treated
with ultrasonic bath in MilliQ for 2 minutes to rinse the bath solution off the samples,
dried with air stream and finally annealed at 180 °C on a hot plate for 1 hour. [37]
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Figure 8. Fabricating the compact SnO: layer by (a) spin coating and (b) chemical bath
deposition (adapted from Ref. [37] with permission of Royal Society of Chemistry, Cop-
yright 2016).

TiO2 compact layer was deposited on the FTO plates by spin coating or by spray pyroly-
sis. The spin coated layers were self-fabricated at TUT as in [53], but the spray pyrolyzed
compact layers were fabricated in the AK Mathur group during Dr. Vivo’s research visit
at the University of Cologne.

The solution for TiO2 compact layer fabrication, Ti-isopropoxide in absolute ethanol was
prepared no earlier than 1 day before the deposition. First two precursor solutions were
prepared. Precursor solution 1 was made by mixing 1.25 ml of absolute ethanol with 175
ul of titanium isopropoxide and precursor 2 by mixing 1.25 ml of absolute ethanol with
17.5 ul of 2 M HCI. The precursor solution 2 was put to the magnetic stirring while the
precursor 1 was carefully dropwise added to the precursor 2. The final solution was let to
mix under magnetic stirrer for no less than 30 minutes and the solution was taken to the
fridge until used. The solution was taken to the room temperature and placed to the mag-
netic stirrer for at least 30 minutes before use on the day the solution was needed. 70 ul
of Ti-isopropoxide in absolute ethanol was deposited on the FTO plate and the spin pro-
gram was started. The spin coating parameters for TiO2 compact layer are 3000 rpm, 3000
rpm/s and 30 seconds. After spin coating the samples were dried on a hot plate at 120 °C
for 10 minutes. If the deposition of compact layer is followed by the deposition on mes-
oporous TiO> layer, the fabrication was continued immediately. If the fabricated cells
were planar, the Kapton tapes were removed, and sintering was started according to the
Table 3. The samples were let to cool down before the deposition of perovskite layer.



32

Table 3. The sintering program for TiO, compact and mesoporous layers. Ramp is the
estimated time before the targeted temperature is achieved, ramp rate is the rate for the
temperature change, T is the target temperature for each ramp step and hold is the time

how long each step temperature is maintained after the target temperature is reached.

Ramp [min] 5 15 5 5 100
Ramp rate [K/min] 25 13 10 15 15
T[°C] 125 325 375 450 150
Hold [min] 5 5 5 30 -

The mesoporous layer was deposited on top of the compact layer by spin coating. Before
spin coating, the samples were treated with UVO for 10 minutes. Two different solutions
for mesoporous layer fabrication were used with 30 NR-D or 18 NR-T titania paste. 30
NR-D and 18 NR-T transparent titania pastes contain titania nanoparticles, with average
size of 30 nm (30 NR-D) or 20 nm (18 NR-T) with organic binders. The pastes have been
formulated to provide versatile porosity suitable for electrolyte systems. [54] First solu-
tion option, solution 1, was prepared by measuring 0.3 g of 30 NR-D paste and dissolving
it to absolute ethanol under stirring. The second option, solution 2, was prepared by meas-
uring 18 NR-T paste and absolute ethanol 1:4 in weight and placed to a magnetic stirrer.
Both of the mesoporous paste solutions need to be prepared no less than 1 day before
used. The solutions are kept under stirring as long as the solutions are needed. However,
the solutions should not be used approximately 1 after prepared. 50 ul of the mesoporous
solution was deposited on the sample and the spin program was started. The spin coater
parameters for solution 1 (30 NR-D paste) are 4000 rpm, 2000 rpm/s and 10 seconds and
for solution 2 (18 NR-T paste) 5000 rpm, 2000 rpm/s and 40 seconds. After spin coating
the samples were placed on a hot plate at 120 °C until all samples are spin coated. Then
the Kapton tapes were removed and the sintering was started according to the Table 3.

4.1.2 Perovskite Layer

Three different recipes or methods were included with the fabrication of the perovskite
layer in the solar cells. The MAPbI3 perovskite layer was fabricated by two different
methods, 2-step sequential and 1-step antisolvent deposition methods. The triple cation,
Cs/IMA/FA, perovskite was fabricated by 1-step antisolvent method only and with one
main recipe which was slightly optimized during experiments. The active areas of the
samples were limited with Kapton tape and the samples were treated with UVO for 15
minutes immediately before the perovskite layer deposition. After the annealing of each
perovskite layer, the samples were cooled in a desiccator cabinet for 20 minutes before
the HTL deposition.

The MAPDI3 fabrication by 2-step sequential deposition method consists of two steps,
namely the deposition of Pbl. film and the reaction of Pbl, and MAI. For the Pbl, film
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fabrication, 1 M Pbl in anhydrous DMF was prepared and heated at 100 °C under stirring
until all the Pbl> was dissolved. The solution was heated during the spin coating of all
samples to avoid the Pbl> crystallization in the solution. 60 ul of the Pbl, solution was
deposited on the sample and the spin program was started. The parameters for the spin
coating are 6100 rpm, 6000 rpm/s and 30 seconds. The samples were dried on a hot plate
at 70 °C for 15 minutes after spin coating and the Kapton tapes were removed. 10 mg/ml
MAI in anhydrous isopropanol was prepared during the Pbl, films were dried on a hot
plate. The solution was placed into a closed vial to avoid moisture in the solution, and put
to a magnetic stirrer until use. MAI is very sensitive to moisture and the solution should
not be prepared in advance. The solution was poured into a dipping container, and the
samples with Pbl. film were dipped vertically to the solution for 20 seconds one at a time.
The dipping solution was changed to a new one after 4 samples to avoid impurities and
to maintain the approximate level of MAI in the solution. Immediately after dipping, the
samples were rinsed with anhydrous propanol to wash away the unreacted MAI, though
excessive soaking of the samples should be avoided. The samples were dried in spin
coater with Pbl spin program, and annealed at 100 °C in vacuum for 30 minutes.

1-step antisolvent method differs quite much from the 2-step sequential method. In 1-step
antisolvent method, the perovskite solution was deposited on the sample by spin coating
and the solution was deposited separately on the sample during the sample was spinning.
The 1-step antisolvent deposition of MAPbI3 perovskite was made by first preparing a
2.5 M MAI stock solution in anhydrous DMSO. The perovskite solution was prepared by
mixing Pblz2 and 2.5 M MALI stock solution in 1:1 ratio, and adding anhydrous DMFO to
the desired volume of the solution. The perovskite solution was heated on a hot plate at
100 °C for few minutes to dissolve the Pbl,. The perovskite was deposited on the samples
with a two-step spinning program. First 35 ul of perovskite solution were spread on the
sample and the spin program was started. The spin coating parameters for the first step
are 1000 rpm, 200 rpm/s and 10 seconds, while for the second step 6000 rpm, 2000 rpm/s
and 30 seconds. 15 seconds before the end of the second spin program 100 pl of anhy-
drous chlorobenzene or anhydrous toluene was pipetted on to the spinning substrate. The
anhydrous toluene is the antisolvent which induces the rapid perovskite crystallization
immediately when deposited. After spin coating, the Kapton tapes are removed and the
samples are placed on a hot plate at 100 °C for 30 minutes.

The triple cation Cs/MA/FA perovskite fabrication by 1-step antisolvent method was be-
gan with the precursor solution preparation. Precursor solution contains 1.1 M FAl, 1.2
M Pblz, 0.2 M MABT, 0.22 M PbBr; and 0.05 M Csl in anhydrous DMF:DMSO 4:1 ratio
in volume. By the end of the experiments, the concentrations of PbBr, and Csl were
slightly modified to 0.2 M and 0.8 M to optimize the precursor solution. All the solid
substrates were measured carefully in the same vial and the anhydrous DMF:DMSO 4:1
was prepared separately and added to the vial. The solution was mixed with Vortex for
few seconds and put to a magnetic stirrer for 30 minutes. The precursor solution was
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filtered with 0.2 pum filter before use and spin coated on the samples in a two steps pro-
gram the same as MAPDIs. After the spin coating, the samples were placed on a hot plate
at 100 °C until all samples were spin coated. The Kapton tapes were removed and the
samples were annealed at 100 °C either in vacuum or in air for 1 hour.

4.1.3 Hole Transport Layer and Gold Evaporation

Spiro-OMeTAD was used as HTM in all samples. 70 mM spiro-OMeTAD in anhydrous
chlorobenzene was prepared by mixing the solution with, TBP, 1.8 M LiTFSI in acetoni-
trile, and 0.25 M FK209 in acetonitrile stock solutions. The molar ratio of additives for
spiro-OMeTAD was 3.3, 0.5, and 0.05 for TBP, Li-TFSI, and FK209 respectively and the
dopants were added in this order to the spiro-OMeTAD solution. The solution was kept
under magnetic stirring until used. 50 pl of spiro-OMeTAD solution was deposited on the
sample and the spin program was started with the following parameters: 4000 rpm, 2000
rpm/s and 20 seconds.

Before evaporating the top contact, FTO contacts were cleaned with anhydrous chloro-
benzene and the evaporation masks were obtained. 80 nm thick gold layer was thermally
evaporated with Edwards FL 400 evaporator at a pressure below 1*10° mbar. The evap-
oration was performed with the following evaporation rates: 0.005 nm/s up to 5 nm, 0.01
nm up to 10 nm, 0.03 nm/s up to 30 nm and 0.08 nm/s up to 80 nm. After the evaporation,
the contact areas were painted with silver paint to enhance the proper contact between the
gold contacts and the alligator clips during the IV-measurements.

4.2 Solar Cell Characterization

The cell performance was characterized by measuring the 1\V-curves for the cells. From
the 1V measurement, the following data was analyzed: PCE, FF, Jsc and Voc. The cell
structure was characterized by scanning electron microscope (SEM).

4.2.1 Current-Voltage Measurement

The IV curves were measured on the same or the next day after the gold was evaporated
on top of the cells. The measurement was performed with a Sciencetech-SS150 AAA
solar simulator equipped with a filtered 1000 W Xenon lamp to provide solar simulated
irradiation under the light intensity of AM 1.5 G and 1000 W/m?2. The light source was
calibrated with a reference silicon cell (Oriel Instruments). IV measurement data were
recorded with Agilent E5272A source meter. Before the measurement, the cells were
masked with a black cardboard specifically cut for masking one contact at a time. The
area of the mask was a slightly bigger than the contact area and the active area for each
contact was measured with Dino-Lite AM4113ZTL microscope after the IV measure-
ment. The purpose of the masking is to avoid incorrect under- or over estimations during
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the IV characterization. The solar simulator and the measurement set up is presented in
Figure 9.

Figure 9. The solar simulator and the measurement set up for IV measurement.

In the figure, the solar cell is deposited to the position where the illumination is deter-
mined to be 1000 W/m? by the reference cell calibration. The cell is set to the position
with a wooden clip, and two alligator clips are attached to the contact areas of the cell in
order to get the current data to the source meter. The cells were first measured in dark
with forward scan and after that with the forward scan under illumination and finally with
the reverse scan under illumination. The scan rate applied was 40.5 mV/s. When choosing
the scan rate, an attention was paid to avoid overestimations according to reference [55].

4.2.2 Scanning Electron Microscopy

The quality and thickness of the fabricated compact layers and final device architectures
were investigated by SEM imaging. SEM is an effective equipment for observation and
characterization of both organic and inorganic materials on a nanometer to micrometer
scale. With SEM it is possible to obtain three-dimensional-like images of the material
surfaces.

In SEM measurement, the researched area of the specific material is irradiated with a
finely focused electron beam. The image is formed by swiping the electron beam in a
raster across the surface. The interaction of the electron beam with the analyzed surface
produces different types of signals like secondary electrons, backscattered electrons, char-
acteristic x-rays besides other photons of various energies. The observed signals are then
obtained from specific emission volumes within the sample and used for examining for
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example surface topography, crystallography and composition of different layers of the
sample. [56, pp. 1-2]
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5. RESULTS AND DISCUSSION

The fabricated cells were characterized by IV measurements, and the IV data were ana-
lyzed for each cell in order to determine the photovoltaic parameters. Finally, the results
of devices fabricated by different methods and materials were compared with each other
and with the reference data from the literature. The cross sections of both planar and
mesoscopic cell structures were analyzed with SEM measurements, as well as the quality
of different ETLs. As a key result, the influence of ambient working conditions on the
cell performance is reported and compared to that of the inert conditions in glove box
environment.

There were overall 12 series of samples fabricated, each consisting of 8 substrates. Each
substrate consists of 4 solar cells. This makes an overall 96 complete substrates or 384
PSCs, of which 208 were mesoscopic PSCs and 192 were planar PSCs. In most of the
cases, the results discussed throughout this chapter refer to the best performing cells of
the series. Due to discrepancy in the quality of the perovskite layers in some of the sam-
ples, the overall device performance varies greatly in each series. The difficulty in achiev-
ing a reproducible set of high quality perovskite layers is a well-known issue in perovskite
fabrication. However, when comparing the performance of homogeneous perovskite
films, the photovoltaic response is comparable.

It was not observed any significant influence of the different FTO etching methods prior
to cells fabrication on the final device performance. The mechanical etching is a faster
and easier method compared to the chemical etching, and thus it is preferable.

5.1 Methyl Ammonium Lead lodide Solar Cells

When MAPDI; was deposited by two-step sequential method straight on top of the TiO>
compact layer, i.e. when fabricating a planar cell, a remarkably shrinking of the perov-
skite layer was observed during the annealing of perovskite. The shrinking was so exten-
sive that the perovskite layer became unmeasurable and very uneven. The same MAPDI3
deposition method has however been used for planar devices in glovebox with a great
success numerous times. This highly indicates the sensitivity of the MAPDbIs perovskite
to moisture and oxygen during the fabrication process and the difficultness of the planar
PSC fabrication in ambient conditions.

The 1-step antisolvent method with planar PSC, TiO2 ETL, and MAPDIs perovskite was
then studied. The TiO2> compact layer was fabricated by spin coating as in the previous
experiment and the perovskite was deposited on top of TiO2 by 1-step antisolvent method.
Anhydrous chlorobenzene was used as a solvent for spin coating. The perovskite layer
remained on the samples and no shrinking was observed in this case. The perovskite layer
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turned shiny light brown during the first ten minutes of annealing and when transferred
to vacuum at 100 °C for 1 hour the light brown color remained and no degradation of
perovskite was observed during the annealing. The picture of the cell is presented in Fig-
ure 10a. The best cell of the series achieved PCE of 3.89 %, as reported in the Table 4.

The same method was also tested exactly in the same way and with same materials, except
with anhydrous toluene instead of chlorobenzene and with annealing in air instead of
vacuum (Figure 10b). When annealed in air, the color of the perovskite appeared a little
lighter, and the surface of the film was not shiny like in the previous time. The best cell
of the series achieved PCE of 1.67 %, and it showed also a clear decrease in FF, Jsc and
Voc compared to the corresponding cells annealed in vacuum, as can be seen in the Table
4. The perovskite also started degrading already during the annealing, as evidenced by
the color change from brown to yellow at the sample edges. The same behavior was ob-
served for the same cell structure with SnO2 ETL and MAPbI3z annealing in vacuum. The
best cell achieved a PCE of only 0.47 % and remarkable decrease in Jsc and Voc compared
to the cells with TiO2 ETL. This refers to a hindered charge transfer in SnO> layer, possi-
bly due to a pinholes and inhomogeneous ETL. This indicates the high sensitivity of
MAPbDI3 perovskite to the moisture and oxygen during the crystallization process. The
perovskite crystallization approaches the yellow phase in the presence of oxygen and
moisture, and this causes decrease in cell performance. The light color of the perovskite
also indicates that the 1-step antisolvent method with MAPbIs perovskite is an inappro-
priate fabrication method in ambient circumstances. When comparing the achieved re-
sults with one-step method and MAPDIs perovskite to the corresponding devices fabri-
cated in glove box (Table 4), a remarkable difference in PCE and Jsc is observed. This
supports the conclusion, that MAPbIs perovskite layer is very sensitive to ambient condi-
tions.

-

Figure 10. Planar PSC with TiO2 ETL and MAPbI3 perovskite fabricated by 1-step an-

tisolvent method and (a) annealed in vacuum and (b) annealed in air. (c) Planar PSCs

with MAPDI3 perovskite and SnO2 ETL fabricated by 1-step antisolvent method and an-
nealed in vacuum.
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Table 4. Planar PSCs with MAPbI3 perovskite fabricated with one-step method, and
TiOgz, or SNOy ETL fabricated by spin coating. The cells with annealing in “glove box”
are reference cells from the literature, and have been fabricated in glove box.

Scan
ETL Annealing direc-  PCE[%] FF[%] Jsc [mA/cm?] Vo [V] Ref.
tion
) forward 3.8949 46.822 9.0418 0.9200 -
TiO> vacuum
reverse 3.5233 50.893 71.7787 0.8900 -
forward 0.4666 41.349 42571 0.2651 -
SnO» vacuum
reverse 0.0563 39.266 1.2521 0.1145 -
Tio it forward 1.6685 39.546 5.4695 0.7714 -
? reverse 12689 51178 32142 07714 -
) forward 0.3018 33.993 2.4208 0.3667 -
SnO; air
reverse 0.0195 27.101 1.6761 0.0429 -
TiO2 glove box - 11.400 58.500 19.500 1.0000 [57]

The 2-step fabrication method of MAPDI3 on top of the mesoporous TiOz layer, with both
TiO2 and SnO>2 compact ETL, resulted in improvement in homogenous and darker color
of the shiny perovskite layer. For the MAPbIs with mesoscopic TiO2 and TiO2 ETL, and
the perovskite annealing in vacuum, a PCE of 4.15 % was achieved, which is a bit higher
compared to the respective planar device. In fact, an increase in FF was observed, but on
the contrary the Jsc and Voc moderately decreased. The cell is presented in Figure 11a, and
the IV curves for the cell are depicted in Figure 12. The crack in the perovskite layer is
the result of the uneven crystallization during the immersion in the MAI solution, after
Pbl> spin coating. The best performing cell did not show this kind of crack, but the figure
of that device is presented to highlight the importance of steady sample dipping for the
perovskite crystallization. The crack in the perovskite layer corresponds to a decrease in
the cell performance due to restricted charge transport in the crack area.

The IV curves of the cell show very modest hysteresis effect despite the device was fab-
ricated in ambient circumstances. This refers to a small difference in cell performance
between the reverse and forward scan, and it is typical of mesoscopic PSCs as shown in
Figure 7. Further tests, with the same device structure and with perovskite fabrication by
1-step method and subsequent annealing in air, consolidate the former observations on
the inappropriateness of 1-step method with MAPDI3 perovskite in ambient conditions.
The resulting perovskite film shows a light color, and its surface turns out blurry during
the annealing. The cell is presented in Figure 11b and the cell achieved a PCE of 1.00 %
and a notable decrease in Jsc (2.77 mA/cm?), and Vo (0.65 V)
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Figure 11. Mesoscopic PSCs with MAPDI3 perovskite and TiO2 ETL fabricated by (a)
two-step sequential method, (b) one-step antisolvent method and (c) SnO2 ETL fabri-
cated by two-step sequential method. Samples (a) and (c) were annealed in vacuum and
(b) was annealed in air.
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Figure 12. IV curves for mesoscopic PSC with MAPbI3z and TiO- (left) and SnO- (right)
ETL. Forward scan is marked as fwd and reverse scan as rev.

For the similar device structure with SnO. ETL, but with MAPbIs fabrication with 2-step
method and annealing in vacuum, a PCE of 3.70 % was obtained. The cell with SnO,
ETL also showed a decrease in FF and Jsc indicating the hindrance of charge transfer in
SnO2 compared to corresponding device with TiO. The cell is presented in Figure 11 c,
and the 1V curves measured for the cell are presented in Figure 12. A slightly lighter color
of the perovskite in Figure 11c compared to 11a is observed, indicating the influence of
different underlying ETL to the perovskite morphology. Since a darker color indicates a
more complete crystallization, we can conclude that in ambient circumstances and with
MAPDI3 perovskite, the TiO2> compact layer forms a better substrate for perovskite crys-
tallization compared to SnO> compact layer. The IV curves for the cell show negligible
hysteresis, but the bending of the curve at -1.0 V indicates imperfect diode behavior,
which partially explains the weak cell performance. As expected by the material bandgaps
presented in the Figure 4, the better matching bandgaps of TiO2 and MAPbIs compared
to MAPDI3z and SnO; allow more effective charge transfer through the surface of the lay-
ers. This justifies the increased cell performance even in ambient conditions. In the Figure
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11c, the crack in the Figure 11a is not observed due to a steady dipping in the MAI solu-
tion, and a homogenous perovskite layer results. The sensitivity of MAPDbI3 is observed
for all samples by a slow degradation of perovskite layer after the cell fabrication. The
MAPbI3 perovskite layer starts turning from brown to yellow in the presence of ambient
air in minutes.

For the SnO> compact layer, two different deposition methods were applied, namely spin
coating and the combination of spin coating and CBD. The SEM images of the surfaces
of SnO: layers fabricated by both deposition methods are presented in Figure 13. From
the images we can see that the spin coated SnO> layer covers well the sample area but
several pinholes are observed. The pinholes in the SnO; layer explain the poor charge
transport and consequently the poor cell performance of the devices containing SnO>
compact layer.

The image of the film obtained by the combined method on the other hand shows a very
uneven SnO; layer on top of FTO. The SnO: is only partially found in separable small
areas and it seems like CBD has diluted the spin coated layer from the FTO surface. This
clearly explains the extremely poor cell efficiency of the devices with the maximum PCE
of 0.01 % since the method results almost no ETL at all. The experiment was repeated
and the new SEM images were taken to diminish the possibility of any error during the
fabrication process but the same observation was concluded. For the corresponding
method performed in inert conditions the combined method formed a thicker and pinhole
free SnO> layer on the FTO surface, which differs greatly from the result achieved in this
Thesis [37]. In spite of the careful repetition of the experiment, we could not reproduce
the results in [37], due to possible inaccuracy in the description of the experimental con-
ditions in the published work, or to the fact that we have prepared the films in ambient
conditions. The rough ultrasonic bath treatment after the CBD deposition could be one
reason for the disappearance of the SnO. layer in the combined method, and further at-
tempts should include investigations without the ultrasonic bath. However, due to limited
resources and time, the combined SnO. deposition method was not investigated in this
Thesis, and in the following experiments SnO> was fabricated only by spin coating
method.
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Figure 13. SEM images of FTO with SnO2 compact layer fabricated by spin coating
(left) and CDB (right). The scale bar is 200 nm in both images.

The achieved cell performance for both planar and mesoscopic PSCs with MAPDI3 are
far from the results achieved in inert fabrication conditions. For example, for a
mesoscopic cell structure with a 2-step fabrication of perovskite and TiO2 ETL, 15.0 %
PCE has been achieved, as shown in Table 5. [42] When comparing these published data
with those of the corresponding cell structure in the Table 5, we see that the results differ
greatly in PCE, FF and Jsc. On the contrary the achieved Vo 0.8952 V is close to the Vo
of high efficiency cells prepared in glove box.

Table 5. Mesoscopic PSCs with MAPDbI3 perovskite fabricated with two-step method,
and TiO2, or SNOz ETL fabricated by spin coating. The cells with annealing in “glove
box” are reference cells from the literature, and have been fabricated in glove box.

Scan
- - \]SC
- 0 0,
ETL Annealing dtlirgrc]: PCE [%] FF[%] [mA/cm?] Voc [V] Ref.
) forward 4.1519 55.189 8.4036 0.8952 -
TiO> vacuum
reverse 3.7524 67.776 6.7974 45.000 -
forward 2.3000 37.966 8.7353 0.6935 -
SnO» vacuum
reverse 3.7008 45.804 9.4522 0.8548 -
TiO> glove box - 15.000 73.000 20.000 0.9330 [42]

The stability of mesoscopic PSCs with MAPbI3z was successfully enhanced by controlling
the thickness of mesoporous TiO; layer fabrication in ambient fabrication circumstances.
This was performed by different numbers of spin coating cycles. With optimized layer
thickness, the cells maintained 85 % of their initial PCE after 100 days. This might be
due to the protected crystallinity and charge transportation channels induced by the mes-
oporous layer. [58] Efficient mesoscopic cells were fabricated in ambient air by modified
spin coating method, and by replacing two I from the MAPbI3 formula with SCN". These
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cells achieved PCEs up to 15 %, and showed a good stability. [59] With two-step sequen-
tial method, ~15 % PCE in ambient air has been reported. In the research work, the faster
spin program speed for the deposition of Pbl, was found critical for high quality film
formation. [60] There are also some reports about the stabilization of planar PSCs apply-
ing MAPbI3, but clearly fewer compared to mesoscopic structure, which could refer to
the difficulty of fabricating planar PSCs in ambient air. However, a PCE of 12.98 %, with
a planar device in ambient air has been reached. The device was fabricated by one-step
method, and with mixed halide CHsNH3sPbls.xClx perovskite. In the fabrication process,
the vacuum annealing was introduced to perovskite fabrication, and it was reported to
enhance the cell performance and stability. [61]

5.2 Triple Cation Solar Cells

The triple cation perovskite was fabricated only by 1-step antisolvent method. The ge-
neric form of the investigated triple cation perovskite is Csx(MAg.17FA0.83)(100-
»Pb(log3Bro.17)s where x is percentage. The triple cation recipes are
Cs5(MA0.17FA083)9s5Pb(lo.g3Broi7)s for 0.05 M Cs perovskite solution, or
Cso(MA.17FA0.83)91Pb(lo.83Bro.17)3 for 0.08 M Cs perovskite solution, marked as CssM
and CsoM respectively. The experiments with triple cation perovskite were started with
Css M and later the influence of the increase in Cs concentration was studied by adding
Cs as in CsgM. At first, triple cation perovskite was fabricated on pure FTO and the re-
sulting shiny and dark perovskite layers are presented in Figure 14. The dark color of
perovskite appeared immediately after the solvent deposition (anhydrous chlorobenzene
or anhydrous toluene) during spin coating of the perovskite layer, indicating a rapid crys-
tallization process in the presence of Cs in perovskite solution.

Figure 14. Cs/IMA/FA triple cation perovskite layer on top of pure FTO.

When the triple Cs15M perovskite was deposited on top of TiO2 mesoporous layer, on
TiO2 or SnO, compact ETL, a much lighter brown color was observed. In this case, the
brown color appeared immediately after solvent pipetting on the samples, and the perov-
skite surface was shiny. Interestingly the brown shiny layer did not cover the complete
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cell area in any of the fabricated cells, but the perovskite layer seemed to cover only the
middle of the samples as seen in Figure 15. To the best of my knowledge, this kind of
behavior has not been reported before. The lack of the reports on this kind of behavior
could be due to an absence of experiments on the triple cation perovskite fabrication in
the presence of ambient air and humidity. The behavior could arise from the modest sen-
sitivity of the triple cation perovskite to humidity and/or oxygen, and the inappropriate-
ness of the 1-step method in ambient circumstances.

The use of anhydrous solvent in 1-step antisolvent method is important for the perovskite
crystallization [11]. In ambient conditions, the benefit of anhydrous solvent is diminished,
and humidity is damaging the perovskite morphology. This would also partially explain
the light color of the perovskite layer but does not explain the color difference of the
perovskite deposited on top of FTO and on compact/mesoporous oxide layer, raising
questions on the quality of the compact layer. The size of the uniform and shiny perov-
skite layer also varied a lot even within the same series. This could stem from the sensi-
tivity of MA/FA to the temperature at the beginning of the crystallization, since even
small temperature changes have been reported to affect the crystallization of the black
phase of FA. Also the solvent vapors and humidity affect the MA/FA perovskite compo-
sition and the used amount of cesium was not enough to stabilize sufficiently the perov-
skite formation. [25] This behavior was observed with both cesium concentrations and
also a “hole” in the middle of the perovskite layer was easily observed in the perovskite
layer, as presented in Figure 15d. The hole is formed during the solvent pipetting at per-
ovskite layer fabrication. It is possible to avoid by extremely precise pipetting on the
exactly correct height and as a steady flow as seen on Figures 15a-c. The hole formation
on the perovskite decreases the cell performance the same way as the cracks in the case
of the 2-step sequential method.

Figure 15. Planar PSCs with Cs/MA/FA triple cation perovskite and (a) TiO2 ETL and
(b) SnO2 ETL and mesoscopic PSCs with Cs/MA/FA triple cation perovskite and (c)
TiO2 ETL and (d) SnO2 ETL. All cells (a-d) were fabricated by one-step antisolvent

method.

The best performing planar and mesoscopic PSCs with triple cation perovskite for both
TiO2 and SnO; ETLs are presented in Table 6. From the table we can see that the best
planar device with TiO2 ETL achieved 5.70 % PCE in forward, and 9.88 % in reverse
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scan, which is the record efficiency in this Thesis. The best performing mesoscopic cell
with TiO2 ETL achieved 7.38 % PCE and 7.07 % respectively to forward and reverse
scans. The bigger differences in the results of forward and reverse scan for planar device
indicate a greater hysteresis effect. The FFs are in average higher for mesoscopic devices,
(FF ~60 %), which is considered quite high even for state-of-the-art PSCs. On the other
hand, the Voc is on average greater for planar cells. Jsc varies between 5.47 and 15.34
mA/cm? depending on the cell structure, on ETL, and on the perovskite annealing treat-
ment. The difference between TiO2 and SnO2 ETLs is discussed in detail in the next chap-
ter.

Table 6. Planar PSCs with triple cation perovskite and TiO2, or SnO2 ETL, fabricated
by spin coating. The cells with annealing in “glove box” are reference cells from the lit-
erature, and have been fabricated in glove box.

Scan

ETL zgr‘jé’;flfé diec- PCE[%]  FFI%] Jx [MA/CM?] Voo [V] Ref.
o, planar/  forward 56997 64069  12.828  0.6935 -
vacuum  reverse  9.8773  60.509  14.883  1.0968 -

Sn0, planar/  forward 3.0418 41.918 6.8685 1.0565 -
vacuum  reverse 45083 59791 82209 09355 -

o, meso/  forward  6.4590  57.727 14452  0.7742 -
vacuum  reverse 53781 53453  12.997 07742 -

510, meso/  forward  1.0442 41930  9.9615  0.2500 -
vacuum  reverse  0.9625 43212 89098 02500 -

o, meso/  forward  7.3837 66496 12409 08952 -
air reverse  7.0718 65464  12.067  0.8952 -

o, meso/  forward 57121  61.288 11443  0.8145 -
N reverse  4.3842  58.176  9.7340  0.7742 -

TiO2 glg‘:/eesg’o § 19.200 74800 22690  1.1320 [25]
Sno; gl‘g'\"j‘giréx - 19210  77.000 22370  1.1800 [37]

The 1V curves for mesoscopic and planar devices with triple cation perovskite are pre-
sented in Figure 16. As can be seen from both the measurements, the shape of the curves
are good, thus indicating good FFs and the negligible hysteresis for both devices. The
reproducibility of the cells also improved when choosing the mesoscopic architecture and
triple cation perovskite. This result supports the more suitable fabrication of mesoscopic
devices by solution process, discussed in chapter 3.3.2, and of the robustness of triple
cation perovskite. When compared to the mesoscopic device with MAPDI3 perovskite and
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TiO2 ETL presented in Figure 12, the hysteresis observed is even smaller for the corre-
sponding device with triple cation perovskite. This indicates good contact area between
perovskite and the mesoporous layer and thus good charge transport. The increase of Cs
concentration on the cell performance was negligible in all cell configurations.

As opposite to the MAPDI3 devices, the average PCE, and especially Vo of triple cation
devices, increased slightly when the perovskite layer was annealed in air with respect to
the annealing in vacuum. This can be seen also from the Table 6: the best performing
mesoscopic cells were annealed in air. This is a very interesting result and highlights the
robustness of triple cation perovskite to ambient conditions. However, the best planar
device was annealed in vacuum. From this we can conclude that in planar cell architecture
the perovskite layer could be more sensitive to ambient conditions. The annealing of the
corresponding devices in inert conditions (in N2 atmosphere) slightly increased the cell
performance and the Jsc but, due to reproducibility issues and lack of repetition, this ex-
periment would demand additional research work and should be studied for different cell
configurations i.e. also for planar cells. Due to the lack of proper equipment, the annealing
in N2 was performed only for one series.
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Figure 16. IV curves for mesoscopic (left) and planar (right) PSCs with Cs/MA/FA tri-
ple cation perovskite and TiO> ETL fabricated by spin coating.

The cross section SEM images of the mesoscopic and planar PSCs, with the triple cation
perovskite and TiO2 ETL, are presented in Figure 17. The TiO was fabricated by spray
pyrolysis, and the mesoporous layer was fabricated by spin coating from 30 NR-D titania
paste. The SEM images for both the devices show a good uniform ETLs and well crys-
tallized and consistent perovskite layers. The average layer thicknesses in mesoscopic
device were determined as 30 nm for the ETL, 180 nm for the mesoporous layer, 220 nm
for the perovskite layer, and 220 nm for the HTL. For planar device, the thicknesses are
30 nm for ETL, 300 nm for perovskite, and 220 nm for HTL. It is interesting to notice in
the pictures the differences in the spiro-OMeTAD layer. The spiro-OMeTAD in the pla-
nar device is pinhole-free and uniform as it is expected to be, but the spiro-OMeTAD
layer in the mesoscopic device has holes in it. Both of the samples were fabricated on the
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same day from the same solutions so the influence cannot be due to the errors in solution
preparation. The spiro-OMeTAD is known to oxidize in the presence of oxygen and hu-
midity, and the samples were stored in the desiccator cabinet (10 % rH) for two weeks
before imaging, but this still does not explain the difference in these two samples. How-
ever, the image was taken only on one sample and, in order to study this phenomenon
thoroughly, several samples should be studied to exclude errors in the fabricating process.

Figure 17. Cross-section SEM image of mesoporous FTO/bI-TiO2/mp-
TiO2/(Cs/IMA/FA)/ spiro-OMeTAD /Au (left) and planar FTO/bI-TiO2 /(Cs/IMAIFA)/
spiro-OMeTAD /Au (right) solar cell. The scale bar for both images is 100 nm.

Compared to the devices containing MAPDI3 perovskite, the cell performance of the triple
cation-based perovskite composition is remarkably higher. With the best performing cells
fabricated by 1-step method, the increase in PCE for planar devices is 39 % and for
mesoscopic cells even 56 %. The FF of the triple cation perovskite devices is on average
higher and good for both device structures. Jsc shows great increase with triple cation
devices from 9.04 mA/cm? to 15.34 mA/cm? for planar devices, and from 2.77 mA/cm?
to 12.41 mA/cm? for mesoscopic devices. Vo for planar devices increased only slightly
for the best planar devices, from 0.92 V to 0.9738 V but a much greater increase in the
case of mesoscopic devices was observed from 0.69 V to 0.90 V. The samples with triple
cation perovskite and TiO2 ETL maintain the brown color in ambient air for weeks with-
out evident color change to yellow. As expected, this highly indicates the robustness of
triple cation perovskite in ambient fabrication circumstances compared to MAPbIs. Even
though the improvement in the cell performance is remarkable for the triple cation per-
ovskite devices, they are still far behind the PCE of corresponding cells fabricated in inert
circumstance. For a CssM triple cation perovskite fabricated by 1-step method in glove
box, average results reported in the literature are 19.20 %, 74.80 %, 22.69 mA/cm?, and
1.13V, for PCE, FF, Js, and Vo respectively [25]. The FF and Vo achieved in this Thesis
are close to the values of published high-efficiency cells, but a notable decrease in PCE
and Jsc is observed. These results suggest that 1-step method might not be a suitable fab-
rication method for high-efficiency PSCs in ambient circumstances, and that the cesium
concentration in the studied perovskite material should be still increased.
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To my best knowledge, reports on Cs/MA/FA triple cation perovskite fabricated in am-
bient air have not been published by so far. There are though some reports about fabricat-
ing mixed cation MA/FA PSCs in ambient air. With a MAxFA-xPbls perovskite, planar
device, and a low pressure CVD deposition method a PCE of 15.86 % and a good stability
was achieved. [62] Mixed (FAPbI3)1-x(MAPbBr3)x perovskite applied to mesoscopic cell
structure was fabricated in ambient air with one-step antisolvent reaching 18.8 % PCE.
This was achieved by pre-heating the spin coated substrate before perovskite deposition
and optimizing the heating temperature to 50 °C. [63] These methods could be applied
also to triple cation perovskite to enhance the cell performance in ambient fabrication
conditions.

5.2.1 Influence of Electron Transport and Mesoporous Layers

As shown for the devices with MAPDI3, the difference in TiO2 and SnO2 ETLs is remark-
able also in triple cation devices with both planar and mesoscopic cell structures. From
the table in Appendix A we see that the highest PCE for the planar device with triple
cation perovskite and SnO2 ETL fabricated by spin coating is 4.60 % and for mesoscopic
device 1.04 %. The corresponding PCE for the devices with TiO, ETL fabricated by spin
coating are 9.88 % and 7.38 %. The FF and Js of the devices with TiO- are clearly higher,
while the average Vo for the planar device with SnO: is only slightly higher. The higher
PCE, FF, and Jsc refer to better charge transfer and contact in the surface area between
ETL and perovskite layers. This result is opposite to what was expected due to better
matching bandgaps of SnO> and the triple cation perovskite, but could be explained with
the layer uniformity seen in the SEM images of the fabricated TiO2 and SnO> layers. The
SEM image of SnO; surface is presented in Figure 13, and the image of TiO. surface is
presented in Figure 18. Comparing the surface images, the reduced amount of pinholes
in TiO2 layer is observed. The thickness of both layers fabricated by spin coating were
determined to be 20 - 90 nm for SnO2 and 40 - 50 nm for TiO. The thicknesses were
determined by cross sectional SEM images. The wide variation in SnO> layer thickness
also partially explains the poor cell performance.

The 1V curves for the mesoscopic and planar devices with SnO. ETL are presented in
Figure 19. The curves for both devices show a modest bending of the curve at -1.0 V
indicating nondeal diode behavior, and the steep linear rise in the curves of mesoscopic
device could arise from the device degradation during the measurement. The IV curves
of the planar device display a better FF but a notable hysteresis and fluctuation in the
reverse curve is observed. When comparing the curves of Figure 19 to the corresponding
curves of the devices with TiO, ETL shown in Figure 16, the observations of diminished
hysteresis and the FF of the curves for TiO2 devices support the results of better cell
performance in the case of TiO2 ETL. Due to the demonstrated weak influence of SnO>
ETL on the cell performance, the remaining experiments were performed only with TiO>
ETL.
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Figure 18. SEM images of TiO- surfaces on FTO fabricated by spin coating (left) and
spray pyrolysis (right). The scale bar is 200 nm in both images.
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Figure 19. IV curves for PSC with triple cation perovskite, SnO2 ETL and (a)
mesoscopic and (b) planar cell structures.

As mentioned in chapter 3.2.1, spray pyrolysis is a well-known method for TiO> fabrica-
tion for preparing high-quality, crystalline thin films [38]. Thus, we decided to compare
the influence of spray pyrolyzed TiO, ETL to the cell performance of our PSCs. The spray
pyrolyzed TiO2 ETLs were fabricated in the University of Cologne through the collabo-
ration with AK Mathur group. The SEM image of the spray pyrolyzed TiO- surface is
presented in Figure 18. The surface seems to be pinhole free and uniform. The thickness
of the layer was determined from the cross sectional SEM image and it is ~30 nm and
shows only modest thickness variation. The uniform layer and the absence of pinholes
explain the good cell performance shown in the Table 7.
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Table 7. Planar and mesoscopic PSCs with triple cation perovskite, annealed in air,
and TiO2 ETL, fabricated by spray pyrolysis.

titania Scan
paste direc-  PCE[%] FF[%] Js [MA/cm?] Voc[V]

tion
forward 6.0422  40.4439 15.3417 0.9738
reverse 7.9402 54,5120 14.9579 0.9738
forward 42980 58.6375 9.0279 0.8119
reverse 3.3361  76.4943 5.6536 0.7714
forward 54199  55.0378 11.5529 0.8524

reverse 2.6344  55.1614 5.8822 0.8119

Cell
architecture

planar -

mesoscopic | 18 NR-T

mesoscopic | 30 NR-D

The IV curves of the best device with spray pyrolyzed TiO2 (PCE of 6.04 % in forward
scan, and 7.94 % in reverse scan) are presented in Figure 20a. The corresponding IV
curves for the mesoscopic devices with mesoporous layer fabricated from 30 NR-D and
18 NR-T titania pastes are presented in Figures 20b and 20c, respectively. The planar
curves show remarkable hysteresis, which is also reflected in the significant variation in
the PCE between forward and reverse scans. The shape of the curves is relatively poor
compared to corresponding device with TiO> fabricated by spin coating (Figure 16). The
cells with spray pyrolyzed TiO- layer achieved lower PCEs than the corresponding cells
with spin coated TiO2. On the other hand, FFs, Jsc, and Vqc, were high compared to the
rest of the cells fabricated in the Thesis, as can be seen in the table in Appendix A.

The spray pyrolyzed TiO2 was applied in only one series and, in order to get reliable
results, the experiment should be repeated several times. The mesoscopic PSCs curves
show a smaller hysteresis than planar devices, in agreement with what is found in the
literature. The difference between the samples with 30 NR-D and 18 NR-T pastes are
discussed shortly at the end of this chapter. The best performing mesoscopic cell archi-
tectures for both MAPDI3 and triple cation perovskite, and the cell performances for de-
vices with 18 NR-T and 30 NR-D titania pastes, are separated and presented in the table
in Appendix A.
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Figure 20. IV curves for PSC with triple cation perovskite and TiO; ETL fabricated by
spray pyrolysis and (a) planar cell architecture and mesoscopic cell architecture fabri-
cated from (b) 30 NR-D paste and (c) 18 NR-T paste.

With the aim of ruling out all the potential responsibles of the poor efficiencies of our
PSCs, the quality of our ETLs was also investigated in co-operation with the University
of Cologne. Our TiO2 and SnO2 compact layers were shipped to Cologne group, where
the devices were completed with the remaining layers in glove box. In the other words,
triple cation perovskite, spiro-OMeTAD HTL, and Au were deposited on top of the ETLs
fabricated at TUT. The results for the best performing cells for both planar and
mesoscopic devices are presented in Table 8. As can be seen, the values of all the photo-
voltaic parameters for both planar and mesoscopic cells with TiO2 ETL approach the val-
ues measured for the state-of-the-art PSCs. This highly indicates that the fabricated TiO>
ETLs are of high quality, and the fabrication of ETL in ambient conditions is not respon-
sible for the poor overall cell performance. The critical step of the cells fabrication is the
deposition of perovskite, which seems to be clearly dependent on the fabrication circum-
stances. Inert conditions clearly favor a smooth and well-controlled crystallization of per-
ovskite crystals. The results in the Table 8 also prove that the ETL layers retain good
quality for days, when stored in vacuum. The results for the planar device with SnO2 ETL
show clearly lower PCE and Vo when compared to device with TiO2 ETL. However, the
FF and Jsc values are almost comparable.
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Table 8. The PCE, FF, Jsc and Vo for the best planar and mesoscopic cells with triple
cation perovskite and spiro-OMeTAD HTL fabricated in glove box at the University of
Cologne. Measurements and fabrication were carried out by AK Mathur group and Dr.

Vivo.

Cell ETL %" pCE[%] FF[%] Js [MACM?] Voo [V]

architecture direction
_ forward  18.773  67.677 25494  1.0880
planar M0z erse 20099 68547 26844  1.0022
forward 99580 58477  21.992  0.7743
planar SOz erse 14808 69792 25018  0.8480
_ _ forward  17.732 67167 25080  1.0526
mesoscopic | TiOz o 0621 73498 25322 11079

The IV curves for the cells presented in Table 8 are shown in Figure 21. The IV curves
for both planar and mesoscopic devices with TiO2 show a good sharp shape and, as typical
for planar devices, the hysteresis is slightly greater than for mesoscopic PSCs. For planar
device with SnO; ETL, the hysteresis is modest but the shape of the curves are a little
worse as can be noticed at high voltages (Figure 21b). By comparing the IV curves in
Figure 21 and the 1V curves of the corresponding devices fabricated in ambient air shown
in Figures 19 and 20, it is safe to say that the hysteresis effect does not increase for the
devices with TiO2 ETL fabricated in ambient circumstances. On the other hand, the hys-
teresis on the planar device with SnO2 ETL seems to increase slightly.
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Figure 21. IV curves for the planar PSCs with (a) TiO2 and (b) SnO2 and (c)
mesoscopic device with TiO2 ETL fabricated in glove box.

Finally, the stability of the best performing cell architectures with triple cation perovskite
were studied. These cell structures include planar PSC with TiO2 ETL, and mesoscopic
PSCs with mesoporous layer fabricated from 30 NR-D and 18 NR-T titania pastes. The
mesoscopic devices fabricated from different titania paste are reported separately, since
the difference between the two devices were noticed during the experiments. The IV
curves for several cells were measured multiple times during a time period of 550 hours,
and the average of the normalized results for the measured PCE, FF, Jsc and Vo are pre-
sented with respect to time in Figure 22. The samples were re-stored in dark at room
temperature and ambient humidity of 10 % rH between the measurements.
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Figure 22. Normalized (a) PCE, (b) FF, (c) Jsc and (d) Voc for planar and mesoscopic
PSCs with triple cation perovskite and TiO2 ETL. The meso 30 NR-D paste indicates
that the mesoporous layer was fabricated from 30 NR-D paste, and meso 18 NR-T that
the mesoporous layer was fabricated from 18 NR-T paste. The ageing was performed in
darkness in 10 % rH and 21 °C.

For planar devices, all the photovoltaic parameters rise at first, and then show only a
moderate decrease after 500 hours. After 500 hours, the normalized PCE with standard
deviation for planar devices is 0.97 £ 0.28, FF is 1.05 £ 0.06, Js¢ is 0.92 £ 0.20, and V is
0.92 + 0.20. This indicates good cell stability, and that long-lasting cells can be fabricated
in ambient circumstances. The high standard deviations are due to reproducibility issues
of the perovskite but, due to several samples tested, it is safe to assume the values indicate
the average trend for the corresponding sample configurations. The phenomenon of in-
creased cell performance during re-storing in the dark has been reported only recently
[37, 64]. This suggests that PSCs may be able to reach full recovery in the natural working
environment of solar cells during the day and night cycle, which would be a remarkable
interesting property for highly efficient PSC.

The mesoscopic devices show similar behavior as concerning FF and Voc. Interestingly,
the PCE remains clearly higher for samples with 30 NR-D TiO: paste, and the Js in-
creases more for the samples with 18 NR-T TiO> paste at first. The curves in both cases
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have similar FF, though. For mesoscopic devices with 18 NR-T titania paste, the corre-
sponding values are 0.63 + 0.16 for PCE, 0.72 + 0.01 for FF, 1.11 + 0.27 for Js, and 0.87
+ 0.14 for Voc. Respectively for mesoscopic samples with 30 NR-D titania paste, the val-
ues are 0.81 + 0.18 for PCE, 0.76 + 0.20 for FF, 1.08 £ 0.29 for Jsc and 0.90 £+ 0.11 for
Voc. The real values (not-normalized) for devices with 30 NR-D titania paste show higher
PCE and Jsc compared to devices with 18 NR-T titania paste. The FF and Vo are similar
for both. The thickness of the mesoporous layer with 30 NR-D titania paste was measured
with cross sectional SEM imaging and it was determined to be 180 nm. The thickness of
the mesoporous layer with 18 NR-T titania paste, with the applied spin coating parameters
is estimated to be 400 nm. The lower efficiencies for the devices with 18 NR-T titania
paste can be affected by the remarkably thicker mesoporous layer, which could hinder the
electron transfer through it to the electrode and due to the smaller nanoparticle size. The
bigger nanoparticles in 30 NR-D titania paste could form less grain boundaries compared
to smaller nanoparticles, which could form a smoother mesoporous layer with less de-
fects.
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6. CONCLUSIONS

This Thesis was carried out at the Supramolecular Photochemistry Research Group, La-
boratory of Chemistry and Bioengineering, TUT. The key results will be disseminated
via poster presentation at the International Conference on Hybrid and Organic Photovol-
taics (HOPV17) in Lausanne, Switzerland, in May 2017. The purpose of this Thesis is to
compare the influence of ambient and inert PSCs fabrication. For both planar and
mesoscopic cell architectures, different perovskite layers, in terms of composition
(MAPDI3z and Cs/IMAJFA triple perovskites) and annealing conditions of the perovskite
films, have been investigated. Additionally, two different ETLs, TiO2 and SnOz, were
studied with different fabrication methods. This was the first time that the planar PSCs
and devices based on the triple cation perovskite were fabricated at TUT. The achieved
results include the current PCE-record of the group (9.88 %) with the new state-of-the-
art solar simulator available.

It was proven that MAPDI3 is very sensitive to ambient fabrication conditions. The one-
step antisolvent method for both, TiO2 ETL (3.89 % PCE), and SnO2 ETL (0.47 % PCE),
showed clearly poorer results compared to two-step method (4.15 % PCE for TiO2 ETL,
and 3.70 % PCE for SnO. ETL) and the fabrication of planar cells was harder than the
fabrication of mesoscopic cells in ambient air. The perovskite layers showed a very light
brown color instead of the typically dark brown color, thus indicating its incomplete crys-
tallization. The enhanced results, more than doubled in PCE, and two times higher in Js,
were observed when the perovskite layer was annealed in vacuum compared to annealing
in air. The samples also started degrading in minutes in ambient air. The best planar de-
vice achieved a PCE of 3.89 % and the best mesoscopic device 4.15 %, which are both
far from the corresponding devices fabricated in inert conditions. The state-of-the-art PCE
and Jsc for PSC with MAPbI3 and TiO2 ETL are 15.0 % and 20.0 mA/cm?, which is two-
to-three times higher than the achieved results here. This indicates the inappropriateness
of MAPDI; perovskite fabrication in ambient conditions.

The use of CsS/IMA/FA triple cation perovskite had a clear improvement on the cell per-
formance and on the device stability. This was already evident when comparing the color
of the perovskite film, darker for the triple cation composition compared to devices with
MAPDI3. A shiny, very dark brown perovskite layer was observed when fabricating the
perovskite on top of pure FTO. The dark perovskite and good cell performances indicate
that fabricating PSCs with triple cation perovskite and high efficiency in ambient condi-
tions could be possible. The lighter color of perovskite on top of compact or mesoporous
layer though is a sign that alternative deposition methods in ambient conditions should
be studied. The best performing samples with triple cation perovskite reached PCEs of
9.88 % (60.5 % FF, 14.88 mA/cm? Js, and 1.10 V V) for planar, and 7.38 % (66.50 %
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FF, 12.41 mA/cm? Js, and 0.90 V V) for mesoscopic device and the devices showed
only a modest hysteresis. The FFs and Vo of the devices exceeded the corresponding
values of high efficiency PSCs but the Jsc was modest. The best planar devices were an-
nealed in vacuum, and showed 20 % enhancement in PCE, when compared to annealing
in air. However, the best mesoscopic devices were annealed in air and obtained 13 %
enhancement in PCE, when compared to annealing in vacuum. This shows that planar
devices are more prone to ambient conditions. Solar cells from some ETLs fabricated at
TUT were built in glove box during Dr. Vivo’s research visit to University of Cologne.
The best devices fabricated in glove box showed a PCE of 20.62 %, an excellent FF of
73.50 %, 25.32 mA/cmy Jsc, and 1.11 V Voc. These results are similar to state-of-the-art
PSCs, and prove that the fabrication conditions of the ETL have no influence on the cell
performance. The cells fabricated in ambient air show clearly decreased efficiency com-
pared to cells fabricated in glove box. The crucial step in the PSC fabrication is evidently
the fabrication of the perovskite layer. However, the results in ambient air can be im-
proved by optimizing the fabrication process as well as the cell structure.

The cells with triple cation perovskite showed a good stability over a time period of 500
hours. The ageing tests showed increased PCEs, FFs, Jsc and Vo, for both planar and
mesoscopic devices, when the samples were restored in dark. For example, after 150
hours of restoring, the PCE, FF, and Js, for planar device, had increased 13.7 %, 13.4 %,
and 3.6 %, respectively. On the other hand, Voc sShowed a modest decrease by 2.5 %. This
remarkable phenomenon for PSCs has been also recently reported in literature, even
though the mechanism behind it has not been explained yet. This phenomenon could im-
ply that PSCs are able to recover during the day and night cycles in their natural working
conditions.

All the best performing samples were fabricated with TiO, ETL instead of SnO2 ETL.
The best performing devices with SnO2 ETL showed 0.47 % and 4.60 % PCE for planar
and mesoscopic cell architectures, respectively. The worse cell performance of the de-
vices with SnO2 ETL can be attributed to the abundance of pinholes observed in the spin
coated SnO; layer. The spin coated TiO2 layer showed reduced amount of pinholes and
in spray pyrolyzed TiO layer no pinholes were observed. The TiO2 layers were also ob-
served have a uniform thickness distribution compared to SnO> layer. This has a negative
influence on the charge transfer.

The results of this Thesis meet the set targets of developing PSCs with good efficiency
and great stability, fabricated in ambient conditions. The results demonstrate that it is
possible to fabricate PSCs with relatively high efficiency in ambient conditions. One of
the parameters hindering the higher efficiencies is the Jsc, which might be enhanced by
optimizing the device structure and with alternative fabrication methods. Also higher Cs
concentrations in the triple cation perovskite should be studied in ambient conditions. The
phenomenon of enhancing cell parameters, when the cells are restored in dark, should be
studied in more detail, for example by X-ray diffraction and absorption spectroscopy.
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