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Thesis Abstract

Faced with the growing demands for energy in modern society, organic-inorganic metal halide
perovskite materials have recently fascinated the photovoltaics (PV) research community due to a
combination of their high quality optoelectronic properties and their ease in the fabrication proceed.
As a result, solar cells employing the perovskite materials have been researched exponentially on
their way and now the power conversion efficiency (PCE) of perovskite solar cells have been

improved over 23% since the first report showing the PCE of 3% in 2009.

In this thesis, I investigate compositional modification of perovskite materials and optimization of
the charge transporting materials to produce high efficiency, stable and reproducible perovskite solar
cells. First of all, after the reasonable performance was achieved, we have innovated a new approach
of interface engineering in a perovskite layer to boost efficiency of devices. Engineering a
compositional gradient with formamidinium bromide (FABr) at the rear interface between a pristine
mixed perovskite ((FAPbI3)o.ss(MAPbBr3)0.15) film and a hole transporting material (spiro-OMeTAD)
demonstrated that charge collection is improved and charge recombination is reduced at the interface,
which leads to a striking enhancement in open-circuit voltage (Voc). This result shed light on the

importance of the passivation engineering on the rear surface of perovskite layers.

However, beyond the improvement of efficiency, a long-term stability under moisture and continuous
illumination is still remained as another challenge for market deployment of the perovskite solar
cells. To develop the stability, we have developed the engineering by the surface growth of a two-
dimensional (2D) perovskite, the crystal structure of A,BX4, on top of a bulk three-dimensional (3D)
perovskite ABX; film. It is well-known that the 2D perovskite has the superior stability, but suffered
because of their low efficiency in the application of photovoltaics. The formation of a distinct 2D
perovskite on top of the 3D perovskite (Cso.1FA¢74MA13Pbly43Broso) layer was proved by
investigation of structural and optical properties of the stack. This embodying two different type of
perovskite layer in one film had never been shown. Finally, this innovative approach led to the PCE
of 21% and enhanced stability sustaining 85% of the initial value after 800 hours under full
illumination. Thus, my approach of coating 2D perovskite layer make the perovskite solar cells more

effective and stable for commercialization.

Besides, to avoid the toxic chemical the lead free perovskite (Cs;AgBiBrs) was explored as
photovoltaics and the further improvement can be expected. The last results presented in this thesis

are related to optimization of the electron transporting layer (ETL) and hole-transporting materials

3



(HTM) for efficient perovskite solar cells. It is shown that the ETL and the HTMs are playing a

significant role in realizing efficient and stable perovskite solar cells.
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Résumeé de la Thése

Face a la demande croissante d'énergie dans la société moderne, les matériaux a base de pérovskite
composés d'halogénures métalliques organiques et inorganiques ont récemment fasciné la
communauté de la recherche photovoltaique (PV) en raison de la combinaison de leurs propriétés
optoélectroniques de haute qualité et de leur facilité de fabrication. En conséquence, les cellules
solaires utilisant les matériaux a base de pérovskite ont fait l'objet de recherches exponentielles.
Aujourd'hui, l'efficacité de conversion de la puissance des cellules solaires a perovskite a été

améliorée de plus de 23% depuis le premier rapport montrant une efficacité de 3% en 2009.

Dans cette these, j'¢tudie la modification de la composition des matériaux a base de pérovskite et
'optimisation des matériaux de transport de charge afin de produire des cellules solaires a haute
efficacité, stables et reproductibles. Tout d'abord, une fois que les performances raisonnables ont été
atteintes, nous avons innové une nouvelle approche d'ingénierie d'interface dans une couche de
pérovskite afin de renforcer l'efficacité des périphériques. L’ingénierie d’un gradient de composition
avec du bromure de formamidinium (FABr) a I’interface arriére entre une pérovskite mélangée
immaculée ((FAPDI3)oss(MAPDbBr3)o.15) et un matériau de transport de trous (spiro-OMeTAD) a
démontré que la collecte de charge est améliorée et que la recombinaison de charge est améliorée.
réduit a l'interface, ce qui conduit a une amélioration frappante de la tension en circuit ouvert (Voc).
Ce résultat a mis en lumicre l'importance de l'ingénierie de passivation sur la surface arriére des

couches de pérovskite.

Toutefois, au-dela de l'amélioration de l'efficacité, il reste encore une stabilité a long terme sous
I'humidité et un éclairage continu, constituant un autre défi pour le déploiement sur le marché des
cellules solaires a pérovskite. Pour développer la stabilité, nous avons développé l'ingénierie par
croissance en surface d'un pérovskite a deux dimensions (2D), la structure cristalline de A,BX4, par-
dessus un film en vrac ABX3 a trois dimensions (3D) de pérovskite. Il est bien connu que la
pérovskite 2D posséde une stabilité supérieure, mais souffre de son faible rendement dans
I’application de la photovoltaique. La formation d'une pérovskite 2D distincte au-dessus de la couche
de pérovskite 3D (Cso.1FA0.74MA¢.13Pbl2 4sBro 39) a été prouvée par 1'étude des propriétés structurelles
et optiques de I'empilement. Cette incarnation de deux types différents de couche de pérovskite dans
un film n'avait jamais été montrée. Enfin, cette approche innovante a permis d’obtenir une PCE de
21% et une stabilité accrue, maintenant 85% de la valeur initiale aprés 800 heures sous pleine

illumination. Ainsi, mon approche de revétement de la couche de pérovskite 2D rend les cellules



solaires a pérovskite plus efficaces et plus stables pour la commercialisation.

En outre, pour éviter les produits chimiques toxiques, la pérovskite sans plomb (Cs;AgBiBry) a été
explorée sous forme photovoltaique et une amélioration supplémentaire est a prévoir. Les derniers
résultats présentés dans cette thése concernent I'optimisation de la couche de transport d'électrons
(ETL) et des matériaux de transport de trous (HTM) pour des cellules solaires a perovskite efficaces.
Il est démontré que les ETL et les HTM jouent un role important dans la réalisation de cellules

solaires pérovskites efficaces et stables.
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Chapter 1. Introduction

1.1. Introduction of perovskite

Organic—inorganic hybrid perovskite materials have emerged dramatically in recent photovoltaic
history with a rapid increase of the number of publications. This perovskite materials looked like
“Game-changer” in photovoltaic market field because their high performance from perovskite solar
cells followed up the other different kind of previous solar cells. Even all of development have
accomplished since 2009, when organic-inorganic hybrid perovskite materials were used first. In

addition, their low fabricating cost is more attractive to many researchers and investors.

Before entering photovoltaic and materials, we here need to scan briefly about original and general
properties about perovskites themselves. Perovskite type crystals, discovered first in 1839 as calcium
titanium oxide mineral (CaTiO3) and named for a finder of Lev Perovski, have indicated now all of
same type crystals as ABX3 with ideal perovskite structure. In ABX3, the perovskite crystal structure
can accommodate a wide variety of cations (A, and B) and anions (X) within sustaining same
structure, which allows the development of the uncountable perovskite type crystal structures. As

these results, various novel and surprising researches also have been unraveled.

The one kind of perovskite structures can be a high temperature superconductor described as a
distorted oxygen deficient multi layered cuprate perovskite structure.' This compound shows
superconductive property between alternating multi-layer planes. Recently, organic-inorganic hybrid
perovskite has been employed in solar cells as light absorber yielding high power conversion
efficiency (PCE) exceeding 23%. This value is comparable to established multi crystal Silicon (Si)
solar cells. Inorganic perovskites are investigated as optoelectronics due to their bright and stable
photoluminescence as nanoparticles.’ Additionally, the perovskite oxide family are utilized in
catalysis and electro-catalysis as an attractive path.* With the flexible electronic structure, the
perovskite oxide compounds are found in various solid states devices, such as ion diffuser for gas

sensor and fuel cells, and solid-state ferroelectric devices, and superconductor.

1.1.1 Perovskite crystal structure
In ideal ABX3 perovskite compounds, perovskite crystals are abided by the charge equation for
neutrality.

qatqs=-3qx
For examples, the first perovskite CaTiO3 show us qa = +2, qg=*4 and qx = -2. Organic-inorganic
hybrid perovskite we studied deeply show qa = +1, qg=*2 and qx = -1. If some crystals can be
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1.1 Introduction of perovskite

sustained by following the composition with perovskite structure, the crystals can be named

perovskite.

The ideal perovskite structure (ABX3) is a cubic cell having body centered B in 6-fold coordination,
surrounded by an octahedral 6 X as face centered, and the A at the corner positioned of the cubic cell
(Figure 1). Or we can represent body centered A in a cuboctahedral cage of 12 X and 6 B at the

corner position.

Goldschmidt tolerance factor.> ©
In the perovskite cubic structure, the relative ion size is quite important to keep stability of crystal
structure. So, a slight change of the ion size will lead distortion and buckling in the structure. For

example, a rebellion of big cations or anions will break the cubic structure of perovskite.

The Goldschmidt tolerance factor developed by Victor G. Goldschmidt is a good tool to check the
crystal structure stability and distortions. It is induced from a close-packed sphere model. The
tolerance factor takes into account that three types of spheres, A, B, and X, in a perovskite-structure

have contact each other.

Since ionic radii are known very precisely, the predictions can be calculated well. Although organic
inorganic hybrid perovskites sometimes can be constructed from mixed organic cations and anions,
which indicate the size of mixed cations and anions cannot be determined precisely, the factor is
fairly reasonable to predict the properties of hybrid perovskites. The anion-cation sphere in the ideal
cubic perovskite and the lattice parameter are shown in Figure 2. The green line () is the sum of
diameters of X anion and B cation, 2(rx + rg). At the same time, the sum of the diameters of anion
and A-cation, 2(rx+ ra) is same to the diagonal line of the green line (@) length plane. Thus, we can

induce the below equation for ideal cubic perovskite.
T4 + Ty = \/E(TB + rx) = a\/i

Here, the Goldschmidt tolerance factor is introduced as t, which is simply the ratio of the above

equation's left side and right side.

T+ 1y

o V2(rg + %)

=1 (for ideal cubic perovskite)

By changing the radii ions, the tolerance factor is also modified and we can figure out what happen

on the structure like Table 1.
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Figure 1 Scheme of perovskite structure for different section (B cation centered and A cation
centered).

Figure 2 Illustration of sphere model in ideal cubic perovskite. First one is cross-section of center
of perovskite unit cell. Second one is side view of face of perovskite unit cell.
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1.1 Introduction of perovskite

Table 1 Determination or expectation of perovskite structure by a tolerance factor.

Tolerance factor

Possible Structures

Explanation

(ordered arrangement within sheets)

K Nb Os structure

(sheetwise ordered arrangement)

T>1 Hexagonal or Tetragonal A-cations are too large to fit
09<1<1.0 Cubic Ideal size of ions
0.71<1<0.9 Orthorhombic or Rhombohedral A-cations are too small to fit.

Possible close-packed structures

corundum structure

(disordered arrangement of cations) ) o

] ) A-cations are similar to B-
1<0.71 ilmenite structure

cations.
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In organic-inorganic hybrid perovskite, the tolerance factor is a quite good tool for expectation and
comparison with empirical results. When we moved to mixed perovskite, we replace and change the
elements in perovskite structure. At that time, we can determine which elements or ions will be too

small or large to fit in perovskite structure.

1.2. Photovoltaics.

As our world is developing and our society has civilized currently, the energy consumed by people
is also increasing dramatically. In statistics, global energy production in this year has already became
two times more than thirty years ago and many future expectations indicate even more increase for
energy demands will occur. Here, the main point is that over 80% of the global energy consumed
comes from the fossil fuels and nuclear sources at the moment. This situation should be discussed
for the future. The first main problem of fossil fuels is they are producing massive carbon by-
products emission, causing severe climate change and air pollution. Nuclear energy also has the
possible danger by accident occurred, as we can see the accident of Chernobyl and Fukushima
Daiichi nuclear disaster. In addition, these energy sources cannot be used infinitely and will be
depleted because of their limited amount in earth. Therefore, we need to use clean renewable energy.
As one of clean energy sources solar energy is a very attractive alternative, acting as a sustainable
and practical answer to the challenge of meeting the growing global energy demand. In specific, we
can get the solar energy everywhere on earth and the amount of solar energy received by sun light

on earth for only one hour is sufficient to power required in the entire planet for one year.

1.2.1 Semiconductors’

Among various ways to utilize infinite solar energy, solar cells are the high priority option because
these devices can convert the solar energy into electric energy directly. We call this process
photovoltaics (hereafter PV). In our present world, where we can do most of activities and operate
machines with the electricity, solar cells are perfect to satisfy our demands. And how do solar cells
work? For understanding the principle of solar cells, we need to know the physics of semiconductor
because solar cells are typically made of different types of semiconductors and work by the special
properties of semiconductors.

The semiconductor is the solid material that has electrical conductivity values between a conductor

and an insulator, and this conductivity is generated under specific conditions. These conditions can
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1.2. Photovoltaics

be various depending on the kind of semiconductors. Before explaining the difference of
conductivity we need to start from basic and understand the band gap theory. Every atom has a
nuclear in center and electrons in atomic orbitals having intrinsic discrete energy level for each of
them. If two atoms come together to form a molecule, the atomic orbitals of each atoms and electrons
in that orbitals should overlap. And then by Pauli exclusion principle the overlapped orbitals will
split into new discrete molecular orbitals, such as bonding orbital and anti-bonding orbitals, which
have different energies as shown in Figure 3a. The electrons existing in atomic orbitals before
bonding will fill from the bottom of molecular orbitals (Figure 3a) For a solid having crystal lattice,
since an infinite number of regular arranged atoms are required to compose a crystal, the separated
orbitals are also generated infinitely and get so close together that the discrete energy level become
continuous energy bands. This result is shown schematically in Figure 3b, where the 7 represents

the equilibrium interatomic distance in the crystal.

Let us imagine again atoms containing many electrons in a solid. For example, the atom has electrons
up through the n = 3 energy level. When atoms are brought closer together, the outermost electrons
in the n = 3 shell will begin to interact initially, and the electrons in the n = 2 shell may begin to
interact and finally, the electrons in the n = 1 level may interact. The splitting discrete energy from
different shells are resulted in Figure 4a. If the equilibrium interatomic distance is 7y, we can think
two bands that the electrons may occupy and forbidden energy gap between separated bands. This
explanation is the simplified energy-band theory of single-crystal materials. The actual band is much
more complicated than this one. This formation of bands is mostly a feature of the valence electrons
in the atoms because valence electrons are relatively weakly bound rather than inner electrons (core
shell electrons) and are the electrons involved in chemical reactions. For example, in a silicon crystal,
the four remaining n = 3 valence electrons interact and show the band splitting of silicon like Figure
4b. The higher band is called conduction band and lower band is called valence band. Almost energy

states in valence band are filled with electrons and conduction band is normally sustained empty.

Thus, every solid has energy band structure. Energy band structures are varied depends on kinds of
atoms and chemical compounds, and these models facilitate the understanding about the inborn
properties of each solids. For the electrical conductivity, a metal is defined when a material show the
electric current under electric field. It indicates electrons can move freely, thus the valence electrons
in the metal can escape easily from atoms and covalent bonds. As a perspective of band theory, that

means electrons in valence band should be transferred to empty states of conduction band, and
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Figure 3 a) the formation of bonding orbital and anti-bonding orbital from two H atom orbitals and
H; electron configuration. The two electrons occupy one bonding orbital at lower energy, and one
antibonding orbital are empty. b) The splitting of an energy state when regularly arranged atoms with
closing distance and the formation of a band from the infinite separated energies.
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Figure 4 a) Schematic about the splitting of the atoms having electrons up to #n=3 level and the
formation two band. b) The splitting of the 3s and 3p energy states in a silicon crystal and the
formation of conduction band valence band, and the band gap.
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Figure 5. An energy diagram of band structure in a) a conductor, b) another possible conductor,
¢) a semiconductor, and d) an insulator.
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1.2. Photovoltaics

then electrons can move freely in conduction band. In Figure 5a and b. (metals) it is shown two ways
for explaining high electric conductivity, either no energy gap or small energy gap between valence
and conduction band. For the former, conduction band is overlapped with valence band, where
electrons don’t need external energy to jump from valence band to conduction band. And for the
latter, a small band gap is existed and the electron filled up from the bottom exceed the valence band
and begin to enter the empty states of conduction band. In addition, a significant number of electrons

are thermally excited into empty levels, allowing to conduct electricity.

Unlike metals, semiconductors are described as materials having a band gap, where additional
external energy is necessary to excite electrons from the valence band to the conduction band. Thus,
to have high electrical conductivity, valence electrons in semiconductors should be excited from the
valence band into the conduction band by obtaining additional energy exceeding the bandgap energy.
Here, in photovoltaics, it is the energy of photons. That is the reason why the semiconductor is used
in solar cells. Finally, insulators is solid materials that do not have any electrical conductivity because

the bandgap in insulators is so large that electrons are not promoted to the conduction band.

1.2.2 Doping: N-type and P-type semiconductors.

In semiconductors, we can alter characteristics greatly by doping technique of additional elements
into the semiconductors crystals. We call the pure semiconductor, if constructed by one kind of atom,

an intrinsic and the doped semiconductor an extrinsic material, respectively.

We can examine the extrinsic case more carefully. For explaining easily, a typical semiconductor Si
is considered. Now a phosphorus (P) atom replaces one of the Si atoms in the lattice as shown in
Figure 6. The P atom, which is at the right side of Si on the periodic table, has an extra proton and
an extra electron. Since the proton is bound to a nucleus, the extra electron can be left freely after 4
valence electrons of P atom form 4 covalent bonds as shown in Figure 6b. In the band theory, it can
be considered additional electron will fill the conduction band. Here, the P atom works as a donor in
silicon lattice because it donates an electron to the conduction band. It is also known as a n-dopant

and the silicon having n-dopants is called n-type silicon.

Analogously, we can expect about doping an aluminum (Al) atom, which has one fewer electron and
proton than Si. So a silicon will have one free electron because this electron is left after 3 valence
electrons of Al atom are used to form 3 covalent bands as presented in Figure 6¢. Or we can imagine
a hole is moving freely from the valence band. In this case Al is known as a p-dopant and we call the

silicon have p-dopants p-type silicon.
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In both case of n-type and p-type semiconductors, the electric conductivity increases because of the
increasing number of available free electrons and holes, respectively. It is interpreted in the energy
band diagram of Figure 7. In n-type semiconductors, the probability that the energy states in the
conduction band can be occupied by the electrons increase because the number of free electrons
grow up. And the Fermi level, indicating the energy level where the probability of exiting electrons
is 50 %, in the n-type semiconductor is close to the conduction band by increase of the n-dopant. P-
type semiconductors are opposite to n-type ones. The probability of evacuating energy states in

valence band by holes increase and thus Fermi level descends to the valence band.

”?i“ T @i (T ) _T s si
Figure 6. a) A simplified two dimensional intrinsic Si crystal structure. Yellow circles represent
the Si nuclear and core shell electrons and the black lines represent the covalent bonding between
atoms. b) The representation of a Si lattice n-doped by a phosphorous atom and the remained

electron moved freely. ¢) The representation of a Si lattice p-doped by an aluminum atom and
the remained electron looks moving by switching with close electrons.
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Figure 7. a) Band diagram of an intrinsic Si crystal. b) n-type Si crystal. The Fermi level is just
below conduction band. ¢) Energy diagram of a p-type Si solid. The fermi level is close to
valence band.
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Figure 8. a) n-type and p-type semiconductors are attached together. Electrons and holes can
move to each other. b) By diffusion, electrons move from high concentration (n-type) to low
concentration (p-type). Oppositely, the hole is diffused from p-type to n-type semiconductor. As
a result, the ions at the interface are left behind and a ‘built-in’ field is established. ¢) An
equilibrium is stabilized between the diffusion and the electric field.
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1.2.3. P-N junction.

After doping semiconductors (ex. Silicon) as N-type and P-type, we can join these two materials
together. This p-n junction is the basic principle for explaining solar cell. As mentioned the n-type
semiconductors has large amount of electrons moving freely in materials and the p-type one has large
numbers of free holes. Now when these two types of silicon are joined we can expect what happens
to the electrons and holes within this junction. Because the large number of electrons are in the n-
type Si and the large number of holes are in p-type Si, electrons in n-type Si will start to move to p-
type side by diffusion from the difference of concentration as shown in Figure 8a. However, as the
electrons diffuse from n-type side to p-type side, electrons are deficient in n-type semiconductor of
an equilibrium state, they leave behind the positively charge on n-type Si, especially, at close to the
junction interface (Figure 8b). Likewise, on p-type side the negative charge is generated by
disappearance of hole, due to the introduction of electrons. This situation causes an electric field at
the junction region between n-type and p-type Si from n-type to p-type. As a result, the electrons
cannot anymore move from n-type to p-type freely because the electric field attracts them toward the
positive side in n-type Si. Thus, a new stable equilibrium state is set up by a balance between the
diffusion and the electric field (see Figure 8c). It is the basic concept that is operated in p-n junction

diodes, transistors and solar cells.

1.2.4. Solar cells.

Solar cells are made of semiconductor materials, typically Si, with a p-n junction. When a solar cell
is exposed to sunlight, it can generate current and voltage. This is because of the electric field in the
p-n junction. In detail, the sunlight has normally a lot of photons having various wavelengths like
Figure 9a. Within these photons, just ones that have higher energies than a bandgap of Si (> 1.1 eV)
used in a solar cell are absorbed to create electron-hole pairs. In other words, the photons having
wavelength below 1127 nm are absorbed in Si solar cells. However, if in n-type Si, where is no
electric field by the p-n junction, electron-hole pairs are generated by the photons, these pairs will
stay inside n-type Si and be lost as electrons and holes recombine together. Therefore, the electric
field in p-n junction is necessary to prevent this recombination of electrons and holes and extract
these two charge carriers to opposite directions. The charge carriers generated by incident sunlight

are separated by attracting electrons to n-type Si side and holes to p-type Si side, respectively.

p-n diode (no bias, forward bias, and backward bias)

The energy diagram in Figure 9b shows the net thermal equilibrium state and one assumption with

34



1.2. Photovoltaics

a photon exciting an electrons. In this equilibrium, the Fermi level is constant in which the
conduction and valence band bend to connect the Fermi level of n-type and p-type. When a photon
having larger energy than a bandgap of a semiconductor is absorbed, an electron is excited to the
conduction band and a hole is left in the valence band. However, without any external factor, there

is no net current flow.

If we input a potential to the p-n junction, it is no longer in an equilibrium and everything in this
system will be altered. First we start forward bias by applying a positive voltage to the p-type and a
negative voltage to the n-type semiconductor, as shown in Figure 10a. The applied bias across the
device is the opposite direction to the electric field in the depletion region. The free electrons in n-
type semiconductor are attracted to the positive terminal and the holes in p-type semiconductor are
also concentrated to the opposite side. The depletion region becomes thinner and will be negligible
as the applied field increase. If the applied voltage is very large, the built-in electric field in the
depletion region cannot resist the electron flow from n-type to p-type anymore and the electric
current will increase dramatically. In the energy diagram the potential barrier in depletion region

does not work.

In contrary, the reverse biased devices shows different results in Figure 10b. The magnitude of the
net electric field in the space charge region increase due to the applied voltage. In reverse biased p-
n junction diode, the free electrons in n-type semiconductor are extracted to the positive terminal and
the holes in p-type semiconductor move to the opposite side. As a result, the depletion region
becomes wider and the total bias became bigger. At the same time, additional electrons from the
negative terminal are injected into the p-type semiconductor. These electrons soon meet large number
of holes at the p-type semiconductor and recombine with them. The wider negative ions at p-type
semiconductor even oppose the flow of free electrons from going inside. On the other hand, holes
from the positive terminal also find large of free electrons at the n-type semiconductor and loss their
current. In practice, little amount of electrons and holes can enter this electric field in the wide
depletion region and they can move fast to opposite type semiconductor, showing very low electric

current density (~pA/cm?).
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Figure 9. a) Sun light spectrum b) energy diagram in p-n junction diode without any bias and an
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lllumination on p-n junction diode (How a solar cell work)

Now we can understand about p-n junction diodes with bias and under dark. However, solar cells are
p-n junction diodes without any bias. So, let us consider when the solar cell is illuminated and how
it makes the voltage and current. When photons having sufficient energy larger than band gap are
absorbed, additional excitons in n-type and p-type silicon crystals are generated and the charge
carriers, such as excited electrons and holes, increase temporarily. Among of these electron-hole
pairs, ones which are far from the depletion region having the electric field recombine quickly and
loss their energy by heat. However, others excited within and close to the depletion region can be
separated by attraction of the electric field. This separation of charges leads to a current flow across

the junction, which is indicated the photogenerated current.

When the circuit is open, this process, where the electrons increase in n-type and the holes increase
in p-type, leads to forward bias as presented in Figure 11a. The magnitude of the electric field in the
depletion region decreases, but does not go to zero or change direction. However, in contrast to
forward biased diode, the photocurrent flow to the opposite direction. As the voltage for the forward
bias is generated, it grows up to when the forward bias current equals to the photogenerated current.
That voltage is open circuit voltage (Voc). And if the circuit is closed and the resistance is zero, thus
the voltage is zero, the phtogenerated current flows freely by the electric field (Figure 11b). That

current is short circuit current (Jsc).

The power generated in solar cells is determined by multiplying the current and the voltage (V x J).
When the loaded resistance on the circuit of solar cells is varied, the voltage and the current is also
altered simultaneously. At this time the voltage is balanced to the current. In working solar cells, the
actual voltage is decreasing from Voc and the matched current is also below Jsc. Thus, it can be
inferred the maximum power is always lower than the value of Voc % Jsc. When the maximum power
is taken, the efficiency, which is also known as the power conversion efficiency (PCE), is (Jmp X

Vimp)/(Input power) x 100%.

1.3. History and types of solar cells.

For practical commercialization, the high PCE is a key factor for the reduction of installation cost,
which means we can generate the electricity with less PV system and reduce the cost of electricity.
For these reasons, the development of solar cell efficiency has been done since the birth of

photovoltaics, and efficiency records are continually renewed.
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Although Si solar cell is a main subject at the first time and many researches is still proceeding to
upgrade, other thin-film materials have also been explored with the aim to overcome a limitation of
established Si solar cells. Below, I systematically list the state of the art of the most studied
geometries of PV materials and compare the limitations of each material and its potential for further

improvement and large-scale application. Next, I scan from the beginning.

Silicon

The silicon has a really good band gap size (1.12 eV) for reaching high efficiency because it can
absorb the light from about 1100 nm of wavelength to 250 nm. As mentioned above, Si cells are
made of p-type and n-type Si substrates, based on a p-n junction. With the simple basement,
modifying the device architectures and contacting skill have been developed for improving the
efficiency. For examples, the surface passivation of Si and minimizing contact area have been
implemented to reduce the contact recombination representing a major source of loss energy. As a
result, the record efficiency of the best Si solar cell is 26.1%.? This achievement is also combined

with improving the collecting sunlight by texture modification.

Although the Si solar cell seems to be perfect for photovoltaics and a resolution our future energy
insufficient problem, it is limited to be commercialized because of a low absorption coefficient. As
the absorption coefficient is low, the Si layer in the Si solar cell should be thick to absorb all of light
having active wavelength (250 ~1100 nm), where a minimum thickness is normally 100 pm.
However, a thick Si layer leads to higher recombination and thus results to reduction of the efficiency.
To decrease the recombination, we need very high quality, meaning expensive, of Si wafer composed
of monocrystalline. This is the reason why the commercialization is difficult. Multicrystalline Si can
be also used to reduce the fabrication cost. Absolutely, electronic properties shown in
monocrystalline Si are lost and the efficiency of multicrystalline Si, 22.3%,? is lower than
monocrystalline. However, this efficiency is not bad for today. The installation and fabrication cost

of Si solar cells are decreasing continuously.

GaAs (Gallium Arsenide)

As the record efficiency is 28.9%,” the GaAs solar cell shows the highest efficiency among a single
junction solar cell. This is resulted from the outstanding properties of GaAs material, such as a direct
band gap of 1.42 eV and a high optical absorption coefficient. In contrast to Si solar cells, the GaAs

solar cells need the optimized thickness of ~2 pum. In addition, it has high electron mobility and
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thermal stability. However, the processing methods need a relatively intensive energy and Ga is rarer
than gold, meaning very expensive. Encapsulation and recycling of commercial GaAs is required

because Arsenide (As) is the toxic.

CdTe (Cadnium Telluride)

CdTe is the second most used solar cells, next to Si solar cells. CdTe solar cells has already used in
some of photovoltaic power station. With the band gap of 1.43 eV and high absorption coefficient,
the efficiency of 22.9%? is yielded in the laboratory scale. Although the manufacturing cost is low,
the Cd is a toxic element and the Te is scare, comparable to platinum, in the earth and contributes to
the material cost. Because the architecture of CdTe solar cells is simple and thin, this solar modules

will be researched more and following the Si solar modules’ market share.

CIGS (Copper Indium Gallium Selenide)

The CIGS is an abbreviation for Copper Indium Gallium Selenium. And if its chalcopyrite crystal
structure is kept, In/Ga ratios can be tuned. Depending on the chemical composition, its band gap
changes within 1 and 2.4 eV. Cu(In,Ga)Se: is reported so far as the best efficiency of 21.7% with
the low—band gap compositions. However, due to the availability of tuning composition, many
variation and optimization from many different parameters are followed to improve the efficiency.
In addition, controlling deposition and annealing progress is important to avoid detrimental
secondary unwanted phases. A key element Indium is also very scare to make it hard to be mass-
produced. The difficulties for large panels and a low efficiency, comparing to Si solar cells, let

investors losing their interest about this material.

DSSC (dye sensitized solar cells)

From dye sensitized solar cells (DSSC), solar cells meet a different class of devices because of their
different power generating way and materials used in devices. DSSC generates power by
electrochemistry and emitter is not a normal solid semiconductor, but a molecular organic dye. The
photo excited electrons in dye are transported into the titanium oxide (TiO,) and left holes are
extracted and moved by a redox couple electrolyte (typically I'/I*)). The gap between HOMO

(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) of dye is
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considered to the band gap of semiconductor and 1.5 eV is shown in the record DSSC (11.9%).® The
main problem of this type cell is coming from liquid electrolyte, introducing a large energy loss and
a low ionic diffusion. Although DSSC have been commercialized owing to their relatively low-cost
materials and simple fabrication, the success of business is not accomplished by low efficiency and

short lifetime. However, DSSC inspired for a new pathway of different solar cells like a revolution.

Organic solar cells

Organic solar cells can include DSSC because the main emitter in DSSC is also an organic dye. The
solar cells begin with conductive polymer and inspiration from DSSC. Organic solar cells show the
similar highest efficiency of 12.6%? by using a polymer with a ~1.6 eV band gap. Polymer solar
cells typically have the blended active polymer composed of donor and acceptor. And the blended

polymers layer is positioned between a hole-selective layer and an electron-selective layer.

This heterojunction architecture using mixed polymers is necessitated by poor properties of organic
materials, such as low dielectric constant, low charge mobility and low diffusion length. However,
this distinct structure limits the efficiency of organic solar cells. Because of disordered
heterojunction structure, the high rate of non-radiative recombination is accompanied. Thus, this low
efficiency and fast degradation rate under illumination make it hard to commercialize the organic
solar cells, although there are attracting attributes of ease manufacturing, low weight, and forming

flexible modules.

Quantum dot (QD)

The latest one, except the perovskite solar cells, is quantum dot solar cells. Based on the previous
knowledge and experiences from DSSC and organic solar cells, the quantum dot solar cells can be
developed rapidly. The device architecture is very similar to the solid states DSSC, where the liquid
electrolyte for transporting hole is replaced to solid electrolyte. The emitter is a quantum dot, such
as PdS or PdSe, not dye. The quantum dots can be fabricated easily and tuned with their optical
properties. Their band gap is modified by their composition and size. However, the efficiency is also
limited to that of DSSC and organic solar cells. Because of the similar structure to these solar cells,
the QD solar cells have same defects and obstacles, such as strong non-radiative surface

recombination and inefficient transporting charge carriers from QD to back electrode.
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1.4. Photovoltaics with perovskites.

Hybrid organic-inorganic perovskite solar cells (PSCs) show up in PV research field like a game
changer. Since the research about PSCs started in earnest, the PCE of 23%, comparable to Si solar
cells, was achieved in only 5 years. Now organic—inorganic perovskites are at the center of
photovoltaics as a promising next generation technology for accomplishing highly efficient,

inexpensive, easy usable solar cells. What does make it possible to improve fast?

As mentioned in the introduction, the basic structure of perovskite is ABXj3. Hybrid organic-
inorganic perovskite has also the same ABX3 structure, where A is generally one or various kinds of
mixed organic cations, B is an inorganic cation, and X is one or mixed halide anions. The most
typical model is methylammonium lead iodide (CH3NH3Pbl3). As shown in CIGS, the perovskite
material has also benefits that the band gap or other optical properties can be modified depending on
the types or ratios of chemical compositions. For example, we can get higher band gaps by changing

iodide to bromide and smaller band gap by tuning from CH;NH;" to formamidinium ([Ho.NCHNH,]").

The relatively simple fabrication process is another merit. The perovskite films can be deposited by
coating perovskite precursor solutions with post annealing at moderate temperature. As the device
geometry is close to solid state DSSC and organic solar cells, the manufacture cost is also
inexpensive. On transparent conductive electrode, a perovskite layer is coated and additional hole
transporting layer and counter metal electrode are all that we need at least to let it work perovskite
solar cells. However, the performance is totally different and much higher than that of them, which

is the strongest inspiration for many investors and researchers interested.

The very high efficiency come from the remarkable optical properties of perovskite materials. In
contrast to previous organic polymers, the perovskite materials have very low exciton binding energy
comparable to the thermal energy.” So, the heterojunction may not be required to dissociate electrons
and holes from photogenerated electron-hole pairs and the devices can have ordered structures
reducing unwanted non-recombination. In addition, the absorption coefficient is very high due to the
direct bandgap.” High charge carrier mobility and large diffusion also contribute to high internal

quantum efficiency.'’

Despite impressively high performance, PSCs face a big challenge about long term stability, which
the devices are fast degraded within few days under standard ambient conditions. However, advanced
researches present many improvements, identifying UV light and high humidity are the main reasons
for poor stability. At last, using the toxic element, Pb, remains to be resolved because it is more

severe than the case of CdTe and GaAS due to its high solubility in water. However, these challenges
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will be improved, as the progress has been achieved. Today, for higher performance, the large band

gap perovskites are employed in tandem solar cells with Si solar cells or lower band gap perovskites.

1.5. Conclusions and outlook

Although the record efficiency of single-junction solar cells has continually been developing over
the years, various established PV materials have approached their limitation, such as theoretical S-
Q efficiency limit, and their high production cost always sustained the commercialization of these
solar cells. However, the perovskite has quite larger room for improvement than all of the materials
discussed previously. In addition, the efficiency record is going up even though it is close to the S-
Q efficiency limit. This perovskite material can be applied in various field, such as flexible devices
and semi-transparent glasses as building integrated PV systems. For high efficient stable solar cells,
many researches and trials are also done in a lot of groups and institute. If the stability is also
developed to degree that perovskite solar cells can work for a few years without degradation, they
will lead huge revolution in all of energy markets and large-area PV power generation for the utility

grid.
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2.1. Introduction

Since a possibility about applying organic—inorganic perovskite to photovoltaics was shown first in
2009, perovskite solar cells on a small scale demonstrated power conversion efficiency (PCE) of
>23% with relatively fast development. So, it seems to be very easy to reproduce this highly efficient
solar cells. However, except a few research groups, the others are still struggling to prepare PSCs
with PCEs above 20%. As the perovskite materials are very sensitive and affected by various
conditions and environments, the improvement in the final step, such as jumping to 20%, is quite
difficult and required special understanding of fundamental working and fabrication process. Thus,
a wider experience and following knowledge about fabrication process is crucial for improving

device performances and reproducibility.

In this chapter, I summarize my comprehensive work and knowledge that are accumulated by a lot
of experiments and efforts for yielding PSCs with 20%. On development of PSCs, preparing high
efficient perovskite solar cells are also becoming complicated in case of conditions that should be
considered for optimizations. For instance, the composition of perovskite in PSCs are transporting
from basic MAPDI; to complex mixed compositions, including multiple cations and anions. And the
methods of fabricating devices are also various. Charge carrier transporting materials, such as ETMs
and HTMs in PSCs are continuously reported. Unfortunately, uncountable variations as mentioned
make it hard to replicate reported protocols from very experienced groups. As one of starting
members researching this field, I present typical widespread protocols that are optimized by me and

a few key point to be careful as I know.

b
Au cathode
Perovskite Perovskite
HTL
TCO TCO TCO
Glass Glass Glass

Figure 12 Illustrations of the three perovskite solar cells architectures. (a) Planar n—i—p architecture, (b) n—i—
p mesoscopic architecture. The devices configuration is a glass, a transparent conductive oxide (TCO), an
electron transporting layer (ETL), the perovskite, a hole transporting layer (HTL), and a gold (Au) electrode..
And (c) p—i—n (inverted) architectures. The devices configuration is TCO/HTL/perovskite/ETL/Au.

44



Chapter 2. Fabrication of PSCs

2.2. Construction of complete perovskite solar cell.

Commonly and broadly, two types of configuration are used for single-junction PSCs, which
comprise n—i—p architectures, where it can separated again to planar and mesoporous heterojunction,
and p—i—n (invert) architectures as depicted in Figure 12. In n—i—p architectures, the side of incoming
light, close to FTO glass, is selected for an electron transport layer (indicating ‘n’), while the opposite
contact is for a hole transporting layer (indicating ‘p’). On the other hand, p—i—n (invert) architecture
has the hole transporting layer at the light incoming side (FTO glass side). The perovskite layer
absorbing light passing through the glass substrate is located between electron and hole transporting
layers. Based on these configurations, various research subjects are grouped and focused to the

following outline irrespective of architectures;

- Electron transporting layer (ETL)

- Perovskite layer

- Hole transporting layer (HTL)

- Transparent conductive oxide (TCO) layer and glass substrates
- Metal electrode

- Perovskite solar cells structure.

In most of researches and publications, improvements and modifications on methods or materials
have been reported on one of each outline. For examples, in the ETL an electron transporting material
can be modified from titanium oxide (TiO;) to tin oxide (SnO). Or in the perovskite layer a
composition of a perovskite material can be improved from methylammonium lead iodide (MAPbI5)
to perovskite, formamidinium lead iodide (FAPbI3). Likewise, I tried to find the better conditions of
each part in perovskite solar cells by changing a little by little and obtained lots of knowledge and
experience through uncountable trial and errors. From my experience, I recognized all of each part
in PSCs are important to lead the best performance and the devices are very sensitive to around
environment. Even though I fabricated PSCs on same method and procedure, different results were
sometimes shown due to unknown factors and changed environments. For my PhD course I have
almost concentrated on n—i—p architectures of PSCs. So, I present some experimental expertise and

methods for improving the performance n—i—p PSCs.
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2.3. Optimization of each part.

2.3.1. Electron transporting layer (ETL)

In the n-i-p configuration, ETL is prepared right after FTO is cleaned. Typically, the most used

material for ETL is titanium oxide (TiO:) and recently a tin oxide (SnO,) is upcoming rapidly.

TiO; blocking layer on FTO

Spray pyrolysis

For spray pyrolysis, the cleaned FTO substrates are heated to 450 °C on a hot plate. The substrates
are left at 450 °C more than 30 min before spraying because the remained organic residuals and
impurities can be combusted. The sprayed solution are prepared diluting titanium diisopropoxide
bis(acetylacetonate) in isopropanol. After set up, pure oxygen is turned on for carrying TiO;
precursor solution and the spraying start. The spray nozzle is rapidly moved from side to side with
keeping distance of ~15 cm far from the hot FTO substrates and the pressure is not big, such as little
below 1 bar. This moving is repeated a few cycles until finishing the solution. After exhausting the
solution, at 450 °C the FTO glasses are left more for 30 minutes and then cooled down slowly to

room temperature. Here, we can change the below conditions

- Annealing temperature and time
- Titanium precursors (ex. titanium isoproxide)

- Diluted solution concentration and amount

I didn’t try to scan every condition for spray because this procedure is quite optimized previously.
The TiO; compact layer has been applied from dye sensitized solar cells. I changed the thickness of
compact TiO; layer by changing the concentration and amount sprayed. However, I could not find

out a big different result from the changing thickness.
Spin coating

A spin coating a TiO, precursor solution and heating is another way for depositing TiO, layer. The
diluted titanium diisopropoxide bis(acetylacetonate) solution is spin-coated on the cleaned FTO
substrates. In this procedure, we can modify the concentration, the kind of diluting solvent, rotation
speed, and so on. Typically, the FTO layer on glasses are quite rough and the roughness is different
depends on the kind of FTO glasses. Therefore, the previous conditions can affect the quality of TiO,

compact layer more than we expect.
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As shown in Figure 13, the TiO, layers from spray pyrolysis and spincoating are compared by

scanning electron microscopy.

TiO, mesoporous layer on compact layer

For the mesoporous TiO; layer, we coated the diluted TiO; paste (30 NRD, Greatcell solar) in ethanol
(1g : 8 ml). It should be left under vigorous stirring overnight before use to separate every

agglomerated sticky TiO; paste. Here, we also consider the below factors.

- Solvents: Ethanol, Isopropanol, 1-Butanol, Terpineol, mixed with two kinds of solvent, and so on.
- Solution concentration.
- TiO;, paste: 18-NRT (Greatcell solar), 30-NRD (Greatcell solar), Ti-Nanoxide T/SP (solaronix),
SC-HT040 (ShareChem).
- TiO» nanoparticles size

- Spin conditions; the rate of rotation and duration.

I tried to change various conditions to improve the performance. The concentration and the solvent
used for diluting are quite important to the quality of mesoporous film. If the concentration is too
high and the solvent has high viscosity, the mesoporous film coated on TiO; layer is not uniform and
some pinholes are shown. After I tried with various conditions to find the better morphology, the
mentioned condition above was optimized. Of course, this is not the best option and the other method

should be tried for improving.

The thickness of TiO, mesoporous layer can be controlled by the rotation speed of spin—coating, as
well as the concentration of TiO, dispersion. The thickness of 150~200 nm can be achieved from the
above dispersion with using a rotation speed of 3000 rpm and this thickness is the best condition to
my procedure. If reducing the thickness of TiO, mesoporous layer too much, a hysteresis may be

observed in forward and backward scans of current-voltage (J-V) curves as shown in Figure 14.
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Figure 13 Scanning electron microscopy (SEM) images of compact TiO, layer surface. (a) from spray
pyrolysis, and (b) from spin coating.
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Figure 14 J-V curves measured depending on the thickness of mesoporous TiO, layer with hystersis. Reverse
scan from Voc to Jsc (black) and forward scan from Jsc to Voc (red). (a) about 250 nm, (b) 200 nm, and (c)
150 nm of TiO; thickness.
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After the spinning, the substrates (FTO/TiO, compact/ mesoporous layer) are immediately dried at
100 °C before annealing. Then, the TiO is sintered in the temperature of 500 °C for 30 min. The hot
plate is cooled down slowly. And if possible, it is better that the hot (> 100 °C) substrates are rapidly
transferred into a nitrogen-filled glovebox because it can reduce the contact and reaction with the

moisture in ambient air, especially on summer.

SnO,; mono layer on FTO or SnO; passivation layer on TiO; layer

For supplementing a few shortcomings of TiO, ETL, the interest about SnO, is growing as an
attractive solution because that has some better properties, such as a wider bandgap, a deeper
conduction band, and much higher electron mobility than TiO,. As employing SnO,, we can replace
the TiO, compact layer to SnO, compact layer completely or supplement the TiO, layer by covering
SnO; layer on TiO; layer. For both ways, UV ozone or plasma cleaning on FTO or TiO; layer is
required for about 15 min right before depositing the SnO,. The deposition of the SnO, layer is
fulfilled by the spincoating of a diluted SnCly anhydrous in water, respectively. The UV ozone
treatment is very important because the spread of the SnCl, solution is affected dramatically by the
treatment. Then, the coated substrates with the SnCls precursor are dried on a hotplate of 100 °C and
heated up to 190 °C. After the whole annealing process, again UV ozone treatment is needed to

induce more oxidation of SnCly residual.

Finally, if some spots or dusts are shown after preparing ETL (TiO, or SnO») on substrates, it may
induce a problem when the perovskite solution dispersed or deposited. Even if shown in bare eyes,
it will be a big problem in nanoscale of solar cells structure. Discarding these bad looking ones is

recommended for reducing error and increasing reproducibility.

2.3.2. Perovskite film deposition
Preparing perovskite precursor solution

The preparation of the perovskite precursor solution has also a lot of complex variation. First, the
stoichiometry and the coordination of perovskite complexes within precursor solution may affect the
device performances largely. In perovskite materials, the difference in elements composing

perovskite structures results in big change of their properties, such as band gap, defect, morphology,
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and charge carrier mobility. Therefore, in the preparing various kinds of the perovskite precursor
solution, calculating coordination and weighing chemicals are important steps that impact the
reproducibility and performance of highly efficient devices. Next, chemicals can be changed by
producing companies and purities. Depending the purities and producing companies, the final
efficiency is different a lot sometimes. I compared some chemicals from different companies, which
were reported on previous journals, and chose the best one among the tested chemical companies. In
addition, it is recommend making solutions in a nitrogen-filled glovebox to reduce the effect of

external atmosphere (water and oxygen) and keep a controlled preparation environment.

In the following, I detail the recipe of MAPDI; solution and mixed perovskite solution. When I started
to research about perovskite solar cells, MAPbI; composition is normally used for the resource of
perovskite layer because this field is in the early developing stage. So, I also optimized every parts
in perovskite solar cells with MAPbI; at the first time. For MAPDI; solution, the Pbl, is first dissolved
in dimethyl sulfoxide (DMSO) at high temperature of about 100 °C. After completely dissolved and
showing the transparent yellow color, the Pbl, solution is cooled down below 50 °C and white MAI
powder is added in that solution and stirred for about 10 min. I tried to change some conditions, such
as the temperature and time for dissolving chemicals. But, there was no big difference on the final
efficiency, except changing a company we ordered chemicals from. We found here the company

producing chemicals can also be a significant factor for affecting the performance.

As getting used with experiment and obtaining a standard efficiency from MAPbIs, I can move the
different composition of perovskite materials. The mixed perovskite materials, such as
(FAPDbI3)0.3s(MAPbBT3)0.15, has been known to deliver higher efficiency by using a formamidinium
cation. So, I applied the experience of MAPDI; perovskite to this new perovskite type. It was certainly
helpful to reduce the time taken for optimizing and researching. Afterward the addition of alkali
metal cations, such as cesium and rubidium (Cs or Rb), was described as enhancing the performance
of efficient cells by stabilizing the perovskite structure. However, it was also within similar process

as previous development.

For mixed perovskite precursor solution, I first changed a solvent for dissolving Pbl, and PbBr; from
pure DMSO to mixed one of dimethyl formamide (DMF) and DMSO (volume ratio of 4:1). This
change lead to big differences in film morphology and the efficiency. DMF has a lower boiling point
(153 °C) than DMSO (189 °C), which means DMF are more volatile than DMSO. And DMSO has
a special ionic bonding with Pbl,. By controlling these two factors, we can find the adjusted point
for best quality of perovskite films. If the ratio of DMF increase, the perovskite film will be dried
fast during spincoated and the morphology also change. After Pbl, and PbBr; are dissolved at 100 °C
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within about 10 min, the solution are left at room temperature for cooling under 40 °C. Then, FAI
and MABr powders are weighed and added in Pbl, and PbBr; stock solutions, where I modified a
molar ratio of only FAI/Pbl, to 1:1.05. The small amount of lead excess was reported and
demonstrated by me to enhance the performance. The solutions are stirred and the cation powder is
dissolved clearly. If adding Cs to the (FAPbI3)oss(MAPDbBr3).15 precursor solution for more
reproducible and stable perovskite, the stock solutions of CsPbls are prepared and added with 5 vol %

of the mixed perovskite precursor solution.

Depositing perovskite layer.

For depositing perovskite layer, there are two options normally; a sequential method, where the Pbl,
and MAI are coated separately, and one step method of spin-coating a perovskite precursor solution
simply. In the sequential method as shown in Figure 15, Pbl; layer is first coated on TiO; layer, and
then MALI solution infiltrated into Pbl, and reacted together. Finally complete MAPbI; perovskite

layer are produced by drying remained solvent and chemicals.
We can consider below conditions to change a perovskite layer.

- Pbl;, layer; the concentration of Pbl, precursor solution, the solvent for dissolving Pbl,, the rotation
speed for spin coating, and the drying temperature and time.
- MALI reaction; the concentration of reacting precursor solution, the solvent kind, the solution

temperature, the reacting time, and the annealing temperature and time.

At the early stage of this research field, one step method, simply spin coating the MAPbI; precursor
solution, has a big problem because this way produces many pinholes on the final perovskite layer
after coating solution and drying on hot plate, as shown in Figure 16a in SEM. For resolving this
problem, excess MACI was dissolved with Pbl, at a ratio of 3:1. This method was used temporarily
because excess MACI can reduce the pinholes by decreasing the drying rate of perovskite films.
However, the main milestone for solving this problem is a novel method using solvent engineering
by which the perfect clean and smooth perovskite layer without any pinhole can be fabricated. As

exhibited in Figure 17, the perovskite film is constructed by spin coating the precursor solution and
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Figure 15 Sequential (two-step) spin-coating procedure for CH3NH3Pbl; (MAPDI3). (a) Pbl, solution is spin-
coated onto the TiO, layer. (b) Coated Pbl, film is dried at 60 °C for 10 min. (c) MAI solution in IPA is then
loaded onto the Pbl; film for 20 s and (d) spun.( e) The reacted perovskite film is heated at 100 °C for 20 min.
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Figure 16 Scanning electron microscopy (SEM) images of top surface of perovskite films by using one step
process. (a) When just spincoating and drying the perovskite film. (b) When using anti-solvent dropping during
spinning perovskite film.
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Figure 17 One step processing by solvent engineering. (a) A perovskite solution (ex. MAPbI3) is spin-coated
onto the TiO; layer. (b) During spin-coated, the Anti-solvent (ex. Chlorobenzene) is poured onto perovskite
film spinning. (c) The perovskite film is formed and crystalized not perfectly. d) The perovskite film is heated
at 100 °C for 30 min.

52



Chapter 2. Fabrication of PSCs

during spinning the antisolvent is dropped in the center position of the rotating substrate. Antisolvent
indicates all of solvents that cannot dissolve a specific chemical powder, thus here perovskite
materials. If perovskite precursor solutions meet some solvents and the perovskite powders are
precipitated immediately, the solvents will be categorized to antisolvent. As substrates are spincoated,
the perovskite solution is spreading and keep a liquid film construction, but the perovskite solution
is not dried yet. During this time, the antisolvent is coming from above the perovskite solution film.
And it is spreading very rapidly and covering very thinly because the substrates is spinning at high
rotation speed. At this time, the perovskite crystals are precipitated on top surface of perovskite liquid
film and crystallized fast from top side to bottom side. By this fast transition, the perovskite film can
be formed very nicely without any pinhole and covering whole area of ETL as exhibited in Figure

16b.

In general, the antisolvent dropping method follows similar procedures broadly, but sensitive and
delicate steps because it is done by hands. Therefore, it needs a long time to become a skillful master
for obtaining reproducible PSCs. I used chlorobenzene as the antisolvent and dropped at 10s before
the end of the spinning. However, it can be changeable and flexible depending on environment and
for improvement. After spincoating, the substrates are heated on a hot plate at about 100 °C. On

drying the residual solvents, the surface of perovskite turns to shiny brown-black.
Here, these below condition can be modified.

- Perovskite precursor solution; the concentration of precursor solution, the solvent for dissolving,
the rotation speed for spin coating, and the drying temperature and time.

- Antisolvent; the time of dropping antisolvent, the amount of antisolvent, the kind of anti-solvent,
the intensity and duration for dropping anti-solvent and the distance between the dropping and spun

substrates.

During spincoating or before beginning new batches, I usually clear DMSO/DMF/chlorobenzene
solvent vapors in the glovebox by purging fast. The solvent vapors impact dramatically the quality
of perovskite films. The gas of glovebox should be continuously changed with new clean for keeping

the stable reproducibility of the perovskite film.

2.3.3. Hole transporting layer (HTL)

Spiro-OMeTAD or PTAA in n—i-p architectures
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A spiro-OMeTAD is the most used hole transporting material in perovskite solar cells, as well as
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA). Spiro-OMeTAD solution is prepared
with tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(Ill) tri[bis(trifluoromethane)sulfonimide]
(FK209), bis(trifluoromethane) sulfonimide lithium salt (Li-TFSI), and 4-tert-butylpyridine (tBP).
These additives modify the spiro-OMeTAD more adjusted, such as matching energy level with
perovskite materials and improving hole mobility. PTAA also needs Li-TFSI and tBP for working in
HTL within PSCs.

Depositing the spiro-OMeTAD or PTAA film on top of the perovskite is simple, just spin-coating
the HTM solutions. But, the additive ratio should be exact because a little mistake results in very big

difference.

2.3.4. Metal electrode (gold) evaporation

When evaporating the gold, we need to take care if the temperature inside evaporator chamber
increase by heating evaporation boats. High temperature is negative to organic HTMs and additives.
And it is advised to use the slow evaporation rate of gold to evaporate uniformly and densely at the
first stage. For instance, we evaporate the gold to the first 10 nm with the depositing rate of 0.1 A/s,
0.2 A/s to 20 nm and then of 0.7 A/s up to 80 nm.

2.4. Conclusion.

As I tried to improve the performance of PSCs up to over 20% efficiency, some detailed experience
and expertise are recorded and accumulated. Everything cannot be reported as a journal because
these are too minor things to be published as a main subject. In this chapter, I described these careful
protocols about fabricating perovskite solar cells and common things which should be considered to
optimize. Additionally, the change of the environmental parameters during fabrication is also
important. For example, high humidity in ambient air and the presence of DMSO/DMF solvent
vapors in glove box influence the quality of the perovskite films negatively, leading a drop of the
device performance. In addition, the kinds and quality of chemical products play an important role
on the devices efficiencies. These minors make big difference at the end by accumulated. It is
required many practices and experiments for recognizing which one should be improved and

optimizing again and again. Recently, through many reports and knowledge about the perovskite
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solar cells, it seems easy to get over 20% efficiency. Of course, this will be greatly beneficial in
general. However, many trials and errors with practices are still necessary to understand how each
factors have effects on the performance of perovskite solar cells and to have creative thinking for

improvement.

2.5. Outline of next chapters

Based on the optimized PSCs, we can now apply new ideas and concepts into standard cells. If the
standard cells show very low PCE, the papers and researches can loss their trust and seems not to be
persuasive. We should develop from similar starting line to other groups. First, in Chapter 3, |
designed the passivation skill in backside of perovskite layer, the interface between perovskite layer
and HTL. This concept is drawn from a technique in Si solar cells, where a back surface field casing
by passivating emitter layer help to prevent charge carrier recombination and improve the Voc in J-
V curves. So, I employed formamidinium bromide (FABr) to passivate. Next Chapter 4 shows the
supplemented passivation of using low dimensional perovskite structure which is reported as
stronger and more stable under high humidity and UV-light than typical three dimensional perovskite
(ex. MAPbDI3 and (FAPbI3)035(MAPbBr3)0.15). Chapter 5 suggested about the possibility of lead-free
perovskite solar cells with double perovskite of cesium silver bismuth iodide (Cs;AgBilg). From
Chapter 6, the charge transporting layer modification are presented, HTL in chapter 6&7 and ETL in
Chapter 8.
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3.1. Abstract

PSCs have experienced an outstanding advance in PCE by optimizing the perovskite layer
morphology, composition, interfaces, and charge collection efficiency. To enhance PCE, here we
developed a new method i.e., engineering a compositional gradient thinly at the rear interface
between the perovskite and the hole transporting materials. We demonstrate that charge collection is
improved and charge recombination is reduced by formation of an engineered passivating layer,
which leads to a striking enhancement in open-circuit voltage (Voc). The passivation effect induced
by constructing an additional FAPbBr3-I; layer on top of the primary (FAPbI3)o.ss(MAPbBr13)0.15 film
was proven to function as an electron blocking layer within the perovskite film, resulting in a final
PCE of 21.3% in LED lamp. Our results shed light on the importance of the interfacial engineering
on the rear surface of perovskite layers and describe an innovative approach that will further boost

the PSC efficiency.

3.2. Introduction

Perovskite solar cells have been intensively researched in the recent few years because of the unique
properties of perovskite materials, which combine a high absorption coefficient,'" good charge

1213 together

carrier mobility,'" ' long charge carrier diffusion lengths and a low recombination rate,
with an adjustable bandgap depending on the perovskite constituents.'*'® As a result, power
conversion efficiency of PSCs has reached up to 23%, approaching a similar value of the commercial
silicon solar cells.? Such a high PCE is attributed to the relatively large open-circuit voltage (Voc) of
PSCs, generally over 1.0 V, which is outstanding compared to other photovoltaic technologies such
as organic- or silicon based solar cells. However, given that the energy loss ratio of Voc to the
bandgap energy (£,) in PSCs is lower than that of silicon solar cells, and considering theoretical

Shockley—Queisser minimum loss in energy is about 250 meV,'” there is still some gain to achieve a

higher PCE by further improving Voc.

Surface passivation is one of the most studied methods to enhance Voc in solar cells without
sacrificing short circuit current (Jsc) and the fill factor (FF), by reducing charge carrier recombination
occurring at heterojunctions. Several materials and methods for inducing passivation have been
explored in different solar cells including perovskite photovoltaics.'®* Especially, mesoscopic
perovskite solar cells, comprising a fluorine-doped tin oxide (FTO)/a compact TiO, (c-TiO)/a

mesoporous TiO, (m-TiO»)/a perovskite/a hole transport material (HTM)/gold (Au), have been found
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to be strongly influenced by the efficient charge transfer that takes place at the interface of
TiOa/perovskite, rather than that of perovskite/HTMs.** As a result, several studies have been
focused on improving the interface between the electron transport materials and perovskite layers.?"
22.25.26 However, the formation of a rear surface passivation region on the perovskite layer has been
hardly attempted except in few works where Pbl, was partially formed on the perovskite surface and
affected the PSCs positively.”! The importance of the rear side passivation through the back surface
field (BSF) was already recognized and employed in commercialized Si solar cells.?”** On the other
side, the use of sequential layers comprised of quantum dots of different sizes has been recently
reported to convey photoelectrons toward an electron acceptor by the induced electric field.?* *°

These findings clearly determined that engineering at both interfaces is equally crucial to

accomplishing a high PCE.

Here we introduced a surface passivation layer by spin-coating a formamidinium bromide (FABr)
precursor on an as-prepared mixed perovskite, (FAPbI3)oss(MAPbBr3)g 15, film with the presence of
excess Pbl,. By this approach, an additional perovskite layer with enriched Br composition, in the
form of FAPbBr3-I, was formed after reaction with the excess of Pbl, present on the surface. The
wider bandgap bromide perovskite on the rear surface acts as a barrier for charge carrier
recombination at the interface between the perovskite and the hole transport layer, resulting in the

improvement of Voc.

3.3. Results and Discussion

3.3.1. Design of configuration.

The cell configuration used in this study was based on the following architecture FTO/c-TiO»/mp-
TiOo/perovskite: [(FAPbI3)ss(MAPbBr3).15]-[FAPbBr;-yl]/Spiro-OMeTAD/Au, illustrated in
Figure 18a. The perovskite layer was fabricated by sequential deposition of the two different
perovskites, (FAPbI3)oss(MAPbBr3)o.15 and FAPbBr;-1,.'% *! Figure 18b shows a schematic of the
energy level diagram corresponding to the device and includes the possible passivation working
mechanism for the graded composition perovskite structure. The energy levels used for the
conduction and valence band of the different perovskites are presented in Figure 19 and are estimated

from previous reports using photoelectron spectroscopy in air.***
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Figure 18 (a) Schematic of a passivated perovskite solar cell. FTO; fluorine-doped tin oxide/compact
TiOy/mesoporous TiO»/perovskite; (FAPbI3)oss(MAPbBr3)o.15 and FAPbBr3-.1/spiro-OMeTAD/Au; gold. (b) Energy
bandgap diagram of the device and illustration of how a gradient composition perovskite improved Voc. A different
perovskite layer with wide £, placed at a rear region can block transfer of excited electrons to the HTM layer. The
black dashed line represents an assumed bended conduction band energy level.
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Figure 19 Estimated bandgap edge position of (FAPbI3)oss(MAPbBI3)0.15 and FAPbBr3._Ix. Energy levels for FAPDI;,
FAPbBr3, MAPbBTr3; and Pbl, are referred from previous papers using photoelectron spectroscopy in air (PESA) and
(FAPbI3)035(MAPbBTr3).15 is calculated approximately by a reference from ultraviolet photoelectron spectroscopy.
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We assumed that the bandgap edges of the newly formed perovskite, FAPbBr3-.I. on top of the mixed
perovskite (at the rear surface), would be close to that of FAPbBr3; which has a larger E; and a higher
conduction band than (FAPbIs)ss(MAPbBr3)0.15, leading to the favored energy level alignment. By
introducing the thin perovskite layer to the rear surface as depicted in Figure 18b, a gradient in the
conduction band was assumed. Expected upward bandgap bending by the passivation layer could

prevent backflow of electrons from the conduction band of the perovskite to HTMs,*" %

improving
the charge collection. In addition, it is known that traps or defects are located more at the surface of
the perovskite film, where the recombination of electron—hole pairs has frequently occurred. This
newly fabricated layer will possibly passivate such defects, reducing the interfacial charge

recombination and leading to higher Voc.

3.3.2. Fabrication of PSCs and change of morphology

The detailed fabrication process to create the graded composition perovskite is illustrated in Figure
20a. Firstly, the primary perovskite layer, (FAPbIs)oss(MAPbBr3)015, was coated on the mp-
TiO; layer by the assistance of chlorobenzene dropping (see the methods section for further details).
The film was then annealed at 100 °C for 90 min to form a highly crystalline perovskite layer. After
cooling down to room temperature, surface treatment was performed by spin-coating FABr precursor
solution in isopropanol. By this treatment, the partial or total conversion of unreacted Pbl, present at
the surface region was expected. Finally, the as-prepared FABr film was converted to the thin
FAPbBr3-,I; layer by thermal annealing at 100 °C for 5 min. Figure 20b and 20c show images of the
perovskite film surface recorded using a high-resolution SEM before and after FABr treatment,
respectively, where the change in the morphology occurring at the surface of the perovskite film can
be easily observed. Both films are fully covered with polycrystalline perovskite layers over the mp-
TiO; layer. However, the passivated perovskite film exhibits a denser and more homogeneous surface
morphology than the as-prepared film, even when a conspicuous change of the grain size is not

observed.
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Figure 20 (a) [llustration of a method for fabricating a continuous graded perovskite film by further spin-coating
FABr solution in isopropanol on the (FAPbI3)oss(MAPbBTI3)0.15 perovskite film. SEM top-view images of an as-

prepared film (b) and a passivated film (c), respectively. Proposed change of cross sectional structures from the as-
prepared perovskite film (d) to the passivated film (e).

Figure 21 Cross-sectional SEM images of the complete perovskite solar cells. a, From an as-prepared perovskite
film. b, From a passivated perovskite film. No obvious difference was observed between devices, which indicates that
the passivation layer affects exclusively the surface of perovskite film.
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Figure 22 (a) Current density—voltage (J-V) curves of as-prepared and passivated PSCs. (b) EQE and corresponding
integrated Jscof the devices. (c) J-V curve hysteresis of the passivated cell.
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It is reported that impurities like Pbl, would likely be placed mostly in the grain boundaries and film
surfaces for lowering the formation energy during crystallization.® In such a scenario, segregated
phases of perovskites and Pbl, may be formed, favored not only by the presence of Pbl, excess in
the precursor solution but also by the post-annealing treatment, which generates very thin Pbl,-rich
layers or a few Pbl, crystals at the surface.’®*” This Pbl, excess region can then be transformed into
a FAPbBr:l3-,layer as depicted in Figure 20d and 20e by using a weakly polar solvent, isopropanol,
as the FABr precursor solution. Cross-sectional SEM images of two different complete devices are
displayed in Figure 21. In contrast to the visible change shown in the top-surface morphology of the

perovskite films, any distinctive difference was not found in the cross section images.

3.3.3. Performance of PSCs.

The current density—voltage (J-V) curves of these PSCs with the as-prepared and the passivated
perovskite films are shown in Figure 22a. After generating the passivating layer, the PCE increased
from 18.7% to 20.5%. It is notable that this improvement in PCE resulted from the increase
of Voc while Jsc and FF were almost unchanged. As can be seen in Figure 22b, the external quantum
efficiency (EQE) demonstrates values around 90% in the whole wavelength range. For the passivated
cells, a small blue-shift of light harvesting shown is maybe due to the formation of a wider bandgap
perovskite, this slight difference does not influence Jsc. In both cases, the short circuit current-
densities integrated from EQE are over 22 mA cm 2, in agreement with those obtained from J—
V curves. Moreover, there is a negligible hysteresis when measuring the passivated cells between the
forward and reverse bias (Figure 22¢), discarding any induced detrimental effect in the charge carrier
mobility. Stability was investigated in both the unsealed devices and the passivated cell showed a

similar degradation in PCE to the as-prepared one (Figure 23a).

3.3.4. Crystal and elemental change in perovskite films

To explore the passivation layer, we investigated the crystalline structure of the perovskite film.
Figure 23b shows X-ray diffraction (XRD) patterns of the as-prepared and passivated perovskite
films. Considering the use of an excess of Pbl, in the precursor solution and the post-annealing time
of the perovskite film, it is not strange to find a peak at 12.7° associated with the presence of

Pbl, among other peaks, at 14° and 20°, of typical (FAPbI;)oss(MAPbBr3)0 15!
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Figure 23 (a) Stability of Jsc, Voc, FF and PCE in devices with the as-prepared (black line) and passivated (red line)
perovskite film, measured in air without any encapsulation for 400 h. These devices were stored in dark at a relative
humidity of 10%.(b) XRD patterns of the as-prepared and passivated perovskite films coated on FTO substrates.
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Figure 24 Cross-sectional SEM images and corresponding EDX mapping images of Br, Pb, and I component for as-
prepared (a) and passivated (b) perovskite films.
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a gl Element | wt. % at. %
C 5.32 29.41
N 6.20 29.38
Br 3.76 3.13

I 54.07 28.27
Pb 30.64 9.81
Total 100.00 100.00

- &= Evectran image | ull Scale 1356 cis Cursor: 0.000 keV]

g Element | wt.% at. %
C 5.42 28.72
N 7.00 31.81
Br 4.68 3.73
I 52.77 26.48
Pb 30.14 9.27
Total 100.00 100.00

Figure 25 Energy dispersive X-ray spectroscopy (EDS) spectra of perovskite films. a, As-prepared. b, Passivated.
Measured atomic percentages of the main elements (C, N, Pb, I and Br) in the annealed perovskite are summarized in
tables. Br component can be re-calculated to 7.59 % and 9.45 % (considering Pb, I, and Br) in the pristine and
passivated perovskite films, respectively. An increased amount of Br element after spin coating FABr and post
annealing is verified.

Interestingly, after reacting with FABr solution the strong peak of Pbl, is no longer observed, while
the other peaks corresponding to the perovskite phase including the hexagonal 5-phase®' of FAPbI; at
around 11.5° are retained with very little change of intensity and positions. In addition, no visible
change in the grain size and crystalline primary perovskite has occurred after reaction with a FABr
solution, as verified from the full width at half-maximum (FWHM) values of the (—111) diffraction
peaks (~0.15 for both cases). This is clear evidence that FABr reacted with the excess of Pbl, present
on the surface and did not affect the primary perovskite layer. To further verify the surface conditions,
cross-sectional SEM with elemental mapping via energy dispersive X-ray (EDX) analysis was also
performed. Figure 24a and b showed the cross-sectional SEM images of the as-prepared and
passivated perovskite films deposited on the mesoporous TiO; layer, and the corresponding EDX
mapping images of Br are given in second images of Figure 24a and b, respectively. As observed
from the figures, the perovskite films are uniformly deposited over the mp-TiO,layer with a 400 nm
thick capping layer for all samples. By tracing the three main elements of Pb, I and Br in the films
(see Figure 24), we confirmed that both Pb and I elements are uniformly distributed over both
perovskite films, without any change due to the influence of FABr solution. On the other hand,
although Br ions are likely to exist on top of the perovskite layers even when no post deposition is

performed, the stronger intensity of Br can be observed after a passivating layer is created (Figure
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Figure 26 (a) UV-Vis absorbance spectra of the films. (b) Bandgap estimation from reflectance. (c) Steady-state
photoluminescence (PL) spectra. (d) Time-resolved PL decays of the perovskite films. All of the measurement was
conducted with the films deposited on FTO/compact TiO,/mesoporous TiO, without HTMs. (e) Photoluminescence
excitation (PLE) spectra of as-prepared and passivated perovskite films deposited on mesoporous TiO». (f)
Photoluminescence (PL) spectrum of as-prepared and passivated perovskite films on the glasses without FTO and
TiO>.

24). This point is quite interesting as the aggregation of the Br component was exhibited in mixed
lead excess perovskite layers even after one day of aging. However, we can conclude that increasing
Br on the surface of mixed perovskite layers by FABr treatment leads to increase of Voc. The
quantified EDX analysis from the top view of perovskite films was also carried out and the relative
atomic ratio displayed in Figure 25 can support the increased Br concentration. It indicates that the

passivation layer was successfully generated on the surface of perovskite films.

3.3.5. Optic characterization and charge transfer.

We investigated the optical changes after formation of the passivation layer. Absorbance spectra in
Figure 26a displays that both films have a comparable light absorption, and this is a good agreement
with the results that we obtained from EQE and J-Vcurve measurements. From the absorption profile,
a slight shift of the band edge is visible. To highlight it, we measured the reflectance of the films,
and the determination of £, was calculated by applying the Kubelka—Munk (F(R)) method which is

based on the following equations.
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(1-R)?

F(R) =—5¢

(F(R) x hv)*

where R is the reflectance, and 4v is the photon energy. By plotting 2nd equation as a function of the
energy in eV, the small difference in bandgaps of these perovskite films (about 0.014 eV) was
obtained as shown in Figure 26b.** It is confirmed again that the reaction with FABr solution may

increase the bandgap of the product layer.

The bandgap shift is also detected using the photoluminescence (PL) emission spectra, displayed in
Figure 26¢. We used an incident excitation light of 450 nm from the top surface of perovskite films
and measured the PL emission spectra with configuration of FTO/compact and mesoporous
TiO/perovskite. Note that the light penetration depth being <100 nm, we specifically investigate the
properties of the top perovskite layers. As presented, the perovskite film without a passivation layer
exhibits a PL peak at 785 nm, whereas the passivated perovskite has the blue-shifted PL peak at 779
nm, which supports the reaction of FABr. This result is further corroborated by the PL-excitation
measurements added in Figure 26e. Besides the blue-shift of the emission peak position, the emission
intensity of the passivated perovskite film is reduced by ca. 30% compared to that of the as-prepared
film. This can be possibly due to the change of the perovskite layer to contain more Br ions leading
to intrinsic lower PL yield. However, it can also be explained as resulting from quenching, transfer
of the excited electrons to the bottom perovskite layer, as allowed by the energetics difference (Figure
18b). The quenching is confirmed again by time-resolved PL decay profiles as displayed in Figure
26d, which was achieved by detecting the emission at 770 nm with the incident exciting light at 700
nm to the perovskite surface. The passivated perovskite film exhibits faster decay fitted by two-time
constants of 40 ns and 320 ns than the as-prepared perovskite layer with a time constant of 80 ns. As
no HTM was applied on perovskite layers, the shortened PL lifetime can be assigned to a favorable
electron transfer occurring at the interface with the bottom perovskite film.*> To further support,
additional PL measurement was fulfilled with different configuration with glass/perovskite/spiro-
OMeTAD (Figure 26d). Consistent with the above data, even with the HTM the enhanced charge
transfer was shown. On the basis of these results, we thus can suggest that the charge recombination
was suppressed by the passivated perovskite layers in complete devices. Because the
FAPDBr;-. I, surface passivation layer at the rear surface causes a quenching that can be due to the
favorable electron transfer,? in the illuminated solar cells the passivation layer will prevent electrons

from recombining with holes at the rear surface.
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3.3.6. Comparison with passivation and mix.

Although the reduced charge recombination leading to improved Voc was attained from spin coating
FABr and post annealing, it remained to be proven if these results came from the passivating layer
within the perovskite films or the ion modification of the main perovskite layer after reacting with
FABr. To verify the difference between the gradient compositional structure and another
homogeneously mixed perovskite structure, we carried out an additional experiment by preparing
solar cells from different precursor (FAPbI3)o ss(MAPbBr3)0.15 solution where an excess of FABr was
added. Different concentrations of FABr were tested from 0 to 10 mol% excess because we could
not find the exact amount of FABr reacted with the as-prepared perovskite layer when preparing the
passivation layer. The results, including the absorbance EQE, PL spectra, and J-}/ measurements, as

well as XRD patterns, are displayed in Figure 27 and 28a.

As can be seen, quite different results were observed compared to those obtained when using

passivating layers. Regardless of the amount, it was found that mixing excess FABr with the
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Figure 27 Photo-physical properties and photovoltaic performance observed from the perovskite films treated
with FABr solutions (0, 1, 3, 5, and 10 mol %) (a) UV-Vis absorption; (b) EQE and (c) PL spectra for the as
prepared samples; (d) J-V curves obtained from devices prepared with the corresponding perovskite films.
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Figure 28 (a) XRD patterns of the perovskite films. a, 8, * and # denote the diffraction peak of a-FAPbI;3
phase, 8-FAPbI; phase, Pbl, and FTO, respectively. Histogram of the PCE distribution (b) and

the Voc distribution (c) for devices with as-prepared (20 cells) and passivated perovskite films (40 cells). (d)
The J-V curve of the champion cell from the passivated perovskite.

precursor solution affected the performance negatively. In Figure 16a, the perovskite films fabricated
from solutions including excess FABr show decreasing absorbance from 1 mol%. Additionally, a
dramatic decrease in EQE and a strong blue shifted PL emission peak were also found at increased
10 mol% excess (Figure 27b and c), together with a higher Voc but reduced Jsc, probably due to the
formation of FAPbBr; or FAPbBr3-.I.. None of the samples where an excess of FABr had been
incorporated showed any improvement in PCE (Figure 27d). Finally, we investigated the XRD
patterns of the FABr mixed perovskite films (Figure 28a). As the amount of mixed FABTr increased,
the intensity of Pbl, and a-FAPDI; peaks decreased, while a 6-FAPbI; peak became obtrusive
gradually.®"* It is worth noting that PSCs with 1 and 3 mol% excess of FABr show a lower PCE
than that of a reference device despite their decreased Pbl, peak like the passivated perovskite film.
It implies that the formation of FAPbBr3-,I, inside the primary perovskite layer, rather than at the
surface, does not have a passivation effect and even remove the beneficial role of Pbl,. As Pbl; has
been reported to enhance the electronic quality and ion migration resulting in higher Voc,*** the

decreased Pbl, content without passivation could be the reason for the lower performance in samples
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containing 1 and 3 mol% excess of FABr. Furthermore, decreasing a-FAPbI; phase peaks may be
another reason for less PCE. Consequently, the higher efficiency obtained from an additional
deposition of FABr solution was not achieved by forming a new kind of perovskite with larger E,
but by introducing the passivation layer at the rear surface between the perovskite and the HTM. As
a result, improved efficiencies with PCE average over 20% were obtained, as shown in Figure 28b.
When comparing Voc, it is clearly shown that the enhancement in performance is produced by
increased Voc, which we associate with the passivation layer (Figure 28c). The J—V curve of the
champion cell is also shown in Figure 28d. With backward scanning, the cell exhibited 23.18 mA
cm 2 of Jsc, 1.16 V of Voc, 78% of FF and 21.31% PCE under 1 sunlight LED illumination.

3.4. Conclusion

In conclusion, we have investigated and underlined an effect of introducing a passivating layer into
a rear surface of a perovskite film for improving the photovoltaic performance. By treating the
surface with a FABr solution, superficial Pbl, was converted into a FAPbBr3- I, perovskite layer on
top of the perovskite film. Due to its wider bandgap and matched alignment of the
conduction/valence band, Voc was boosted without conspicuous dropping of Jsc. We verified that
electrons were blocked and the reduced charge carrier recombination was resulted from the
passivation layer in a gradient perovskite film. Also, it is demonstrated that the improved efficiency
is realized by the fabrication of a passivation layer, not by generating a new kind of perovskite within
a primary perovskite film. Our findings can broaden the understanding of perovskite solar cells by
suggesting a deeper insight into possible solutions through interfacial engineering of perovskite films

towards larger Voc.

3.5. Experimental section

3.5.1. Device fabrication

FTO glass (Nippon sheet glass) substrates were sequentially cleaned with the detergent solution,
acetone, and ethanol. A compact TiO2 layer was then coated on the cleaned FTO substrate by spray
pyrolysis deposition at 450 °C with a precursor solution prepared by diluting titanium diisopropoxide
(Sigma-Aldrich) in ethanol. Mesoporous TiO; films were prepared using a diluted TiO, paste
(Dyesol 30 NR-D) in ethanol solution. Films were spin-coated at 2000 rpm for 20 s, and sintered on
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a hot plate at 500 °C for 30 min. After cooling to room temperature, films were treated with 0.1 M
Lithium bistrifluoromethanesulfonimidate solution (Li-TFSI, Aldrich) in acetonitrile by spin-coating
at 3000 rpm for 10 s, and finally baked again at 500 °C for 30 min. The lead excess
(FAPDbI3)0.55(MAPbBr3)0.15 precursor solution was prepared by mixing FAI (1.1 M), Pbl,(1.15 M),
MABTr (0.2 M) and PbBr; (0.2 M) in a mixed solvent of DMF : DMSO =4 : 1 (volume ratio). The
solution was then spin-coated at 1000 rpm for 10 s and continuously at 6000 rpm for 30 s. During
the second step, 100 pL of anhydrous chlorobenzene was poured 15 seconds before the process was
finished. Films were then annealed at 100 °C for 90 min. For the surface passivation treatment, the
films were cooled down to room temperature and treated with a FABr solution. 100 uL. of FABr
solution (5 mg ml™") were spin-coated on the as-prepared perovskite substrates at 5000 rpm for 30 s,
and annealed at 100 °C for 5 min. Finally, Spiro-OMeTAD was spin-coated at 4000 rpm for 20 s.
The Spiro-OMeTAD solution was prepared by dissolving in chlorobenzene at 70 mM and adding 4-
tert-butylpyridine, Li-TFSI in acetonitrile, and Co[#-BuPyPz];[ TFSI]; (FK209) in acetonitrile at the
molar ratio of Spiro : FK209 : Li-TFSI : TBP of 1 : 0.03 : 0.5 : 3.3. Devices were fabricated with a

70 nm thick gold counter electrode by using thermal evaporation.

3.5.2. Film and device characterization

X-ray diffraction (XRD) analysis was carried out using a Bruker D8 Advance diffractometer in an
angle range of 26 = 10° to 30°. The morphology of the films was characterized using a high-
resolution scanning electron microscope (SEM, ZEISS Merlin). The energy dispersive X-ray (EDX)
spectra and composition analysis were performed with SEM. It was carried out two days after
preparing the films. The absorbance and reflectance were measured with an integrating sphere using
UV/Vis/NIR spectroscopy (PerkinElmer Lambda). The photoluminescence dynamics were
measured using the Time-Resolved Single Photon Counting (TRSPC) technique that is incorporated
into the same Fluorolog-312 spectrofluorometer. The solar cell measurement was done using
commercial solar simulators (Oriel, 450 W Xenon, AAA class/Oriel VeraSol-2, LED, AAA class).
The light intensity was calibrated with a Si reference cell equipped with an IR-cutoff filter (KGS,
Newport), and it was recorded before each measurement. Current—voltage characteristics of the cells
were obtained by applying an external voltage bias while measuring the current response using a
digital source meter (Keithley 2400/2604). The voltage scan rate was 10 or 25 mV s ' and no device
preconditioning such as light soaking, or forward voltage bias applied for a long time, was applied

before starting the measurement. The cells were masked with an active area of 0.16 cm? to fix the
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active area and reduce the influence of the scattered light. EQE was measured with IQE200B (Oriel)

without bias light.
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4.1. Abstract

Perovskite solar cells (PSCs) are promising alternatives toward clean energy because of their high-
power conversion efficiency (PCE) and low processing cost. However, their poor photo- and thermal
stability issues are still preventing for practical applications. Here we demonstrate an innovative
approach to control the surficial growth of a low dimensional perovskite capping layer on top of a
bulk three-dimensional (3D) perovskite film. The distinct layered low dimensional perovskite thin
film is observed clearly in a form of layer by layer and the influence between a formation of the new
perovskite layer and charge recombination are investigated. The photovoltaic cells of layered
perovskite exhibited an enhanced PCE of 20.1% on average, when compared to pristine 3D
perovskite film. The devices retained 85% of the initial efficiency stressed under one sun

1llumination for 800 hours at 50°C in ambient environment.

4.2. Introduction

PSCs with over 22% of PCE are attracting extensive interest in renewable energy to deliver

low-cost electricity and to reduce carbon dioxide emission * ** %

. However, their
commercialization and practical applications are still restricted by insufficient long term
stability in ambient atmosphere. Therefore, advances particularly in improving device
stability without sacrificing the efficiency is vital for the future of PSCs. One of the reasons
of efficiency degradation in PSCs is attributed to unstable perovskite materials itself
composed of small organic cations (A"), metal cations (B*") and halide anions (X°), which
form a three-dimensional (3D) crystal structure of ABX;***%. To improve structure stability,
various cations, formamidinium (FA"), cesium (Cs"), rubidium (Rb"), and anions, bromide

(Br’), and chloride (CI) have been explored for mixed 3D perovskites; [FA/MA]Pb[1/Br]; *°,
[FA/Cs]Pb[1/Br]s °*°!, or [Rb/Cs/FA/MA]Pb[I/Br]s >.

To overcome the limited stability of the 3D perovskites, two-dimensional (2D) perovskites have been
suggested due to their superior stability but at the expense of efficiency ****. The 2D perovskite is
formed when the size of the cation (A") is large enough to isolate anionic metal layers in the 3D
perovskite phase. Although the recent Ruddlesden-Popper layered perovskite using n-
butylammonium carried the PCE up to 12.5% *°, it suffers from lower PCE than that of the former
3D structure of mixed perovskite *!-** >’ Here, we developed a strategy of controlled growth of a 2D
perovskite overlayer on a 3D perovskite to take advantageous of both high efficiency of 3D and

stability of 2D perovskite. This approach conceptually differs from previous studies mixing 3D and
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2D perovskite together by adding bulky cations homogeneously in perovskite precursors 3 36!,

Indeed, by controlling the deposition parameter, the distinct 2D perovskite capping layer is obtained
on top of the 3D perovskite film in a form of layer by layer. When embodied in the photovoltaic cells,
this leads to a maximum PCE of 20.7%, representing a giant step forward with respect to recent
results mixing 3D and 2D perovskite®'. The efficiency remained 85% of the initial value after 800
hours of maximum power point tracking under full illumination at 50°C temperature in ambient

condition (30-60% relative humidity).

We employed phenylethylammonium iodide (PEAI) to obtain a 2D perovskite (PEA,Pbl4) thin layer.
The PEAI bulky cation has a large molecular radius that causes anionic layers in 3D architecture to
be isolated and transform to the 2D perovskite ** °* %, In particular, the PEA" was demonstrated to
improve the phase stability in FAPbls when a small amount of PEAI was added as quasi-3D
FAXPEA, xPbl; perovskite ® and the change of valence band in (PEA);MA,. Pb,ls,:1 was very
negligible , which is expected to have a little influence on hole transfer. However, different from
typical methods of mixing cations together, we attained the surficial growth of 2D perovskite
overlayer on top of 3D perovskite by dynamic spin coating of the PEAI isopropanol (IPA) solution
on an optimized lead excess pristine Cso1FA(74MA.13Pbl2 4sBro 390 (CFMPIB) perovskite film. This
technique can reduce the impact of the IPA solution on permeating to the pristine perovskite films
and provide the thin PEAI film uniformly. For the pristine CFMPIB perovskite film, we exploited a
lead excess stoichiometric ratio of a precursor perovskite solution (FAI:Pbl, = 1:1.05) due to its

positive effect on reducing defects in perovskite films **

, and it was also aimed to be used for
reacting with PEAI. The final perovskite film after annealing process is called L-CFM/P (layered

perovskite with CFMPIB and quasi-PEA,Pbly).

4.3. Results and discussion

4.3.1. Growth of the 2D perovskite thin layer and characterization

Figure 29A shows X-ray diffraction (XRD) spectra of the CFMPIB and the L-CFM/P films coated
on TiO,/FTO substrates. In the pristine CFMPIB perovskite film, the Pbl, peak (12.7°) is observed
demonstrating the presence of excess lead iodide in CFMPIB precursor solution, as well as a 6-phase
of FA-based perovskite. However, when the PEAI IPA solution (10 mg/ml) was coated on the
CFMPIB film and annealed, the Pbl, and d-phase peaks disappeared and new peaks at 5.44°, 10.8°,
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Figure 29 Characterization of CFMPIB (Cso.1FA(74MAy 13Pbl, 43Bro39), L-CFM/P (PEA,Pbl,; layered on
CFMPIB), and PEA,Pbl,4 perovskite. (A) XRD data, (B) UV-Vis spectra, (C) diffuse reflectance spectra of
these three perovskite films. In XRD spectra, a, 8, % and # denote diffraction peaks corresponding to the a, &
phase of FAPbI; based perovskite, Pbl, and FTO, respectively. The intensity for PEA>Pbls perovskite was
reduced by a factor of 500 to put in a same figure with other perovskites. The inset images in (B) show photo
images of CFMPIB and L-CFM/P films. All of perovskite films examined for these measurements were
prepared as coated on mesoporous TiO,/ compact TiO,/ FTO substrates
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Figure 30 A) Magnified XRD data of region around 14°, the main 3D CFMPIB perovskite peak, as annealing
time after spin coating PEAI isopropanol solution (10 mg/ml). Full-width at half-maximum of these CFMPIB
perovskite peaks at 14.1° were calculated and listed. B) XRD spectra for L-CFM/P perovskite films varying
annealing time (5, 20, and 30 min) and a PEAI film deposited on a TiO,/FTO substrate by spin coating PEAI

solution (15 mg/ml).
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Figure 31 XRD spectra of a

L CFMPIB+PEAI perovskite film. For the
il CFMPIB+PEAI film, another precursor
. solution was prepared by adding PEAI to
] the CFMPIB precursor solution, where the
amount of PEAI was same to the excess
molar ratio of Pbl, in the CFMPIB solution.
The final composition of precursor solution
] J was  PEA0sCso.1FA0.73MA¢.13Pbl2.53Bro 30.
—— ! gt et vl e L) The perovskite film was fabricated by

5 1 15 20 25 30 3 40 fjllowing same procedure for the CFMPIB
2 0 (degree)

Intensity (a.u.)

perovskite film.

16.3°, 21.7° and 27.3°, appeared. We prepared a reference PEA,Pbly film and measured the XRD
data. A comparison of peak positions proved newly formed perovskite is consistent with PEA,Pbl,4
phase °*®. Despite of constructing the 2D perovskite, the other peaks for mixed 3D perovskite
scarcely modified on intensities and positions. For the (111) crystal plane of the main 3D perovskite
phase, the 26 around 14° was zoomed and the full-width at half-maximum (FWHM) of the CFMPIB
and the L-CFM/P were estimated in Figure 30A. Whereas the PEA,Pbl4 peak at 10.8° increased and
the Pbl, peak at 12.7° disappeared when the films were heated, the main CFMPIB perovskite peak
at 14.1° was neither shifted nor reduced. This change represents a PEA,Pbls perovskite was
generated separately in the CFMPIB perovskite film. In Figure 30B, a strong peak at 4.69° revealing
PEAI was reduced as the heating time increased. We fabricated additional perovskite film from a
solution including the CFMPIB precursor and PEAI together, where the amount of added PEAI was
matched the excess molar ratio of Pbl, in the CFMPIB precursor solution (FAI:PEAI:Pbl, =
1:0.05:1.05). In Figure 31, the Pbl, peak was not detected in the XRD data like the L-CFM/P film.
Quite differently, however, the peak of PEA,Pbl4in the region around 5° was not appeared indicating
either buried a little 2D perovskite in the bulk or not formed highlighting that only spin-coating PEAI

solution on pristine CFMPIB perovskite films can produce the 2D perovskite.

After spin coating the PEAI solution, the color of the L-CFM/P film changed to dark green
compared to the pristine CFMPIB film, as presented photo-images of pristine CFMPIB and
L-CFM/P perovskite films in the inset in Fig. 1B. We measured Ultraviolet-Visible (UV-Vis)
absorption and the reflectance spectra of CFMPIB, L-CFM/P, and PEALPbls perovskite
films (Figure 29B and 1C). The slight redshift of the band edge is visible when forming 2D
perovskite. It is an agreement with the literature **, where the addition of small amount PEAI

to mixed 3D perovskite shows slight redshift of absorption while the large amount leads to
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the blue-shifted absorption. The greenish color of L-CFM/P can be consistent with a small
hump at 500 nm in reflectance spectra, showing an independent perovskite emitting a green

light was created.

The photoluminescence (PL) of CFMPIB and L-CFM/P perovskites was carried out from the top of
perovskite and bottom of TiO, (Figure 32A, 32B and Figure 33). We used an excitation light of 450
nm which has a penetration depth less than 100 nm 2% . That implies these PL emission are
correlated with thin layers at top and bottom of perovskite, respectively. For CFMPIB, the PL peaks
appeared at 759 nm and 775 nm by exciting on the top surface and the bottom interface of the
perovskite film, respectively. The small difference in the peak maxima might be due to the different
perovskite crystal size when confined in the mesoporous-TiO; structure ©’, these PL peaks are
attributable to same pristine CFMPIB perovskite. On the other hand, strikingly the L-CFM/P film
shows a different behavior comparing between top and bottom emission of perovskite film. From
the top surface of the L-CFM/P film, a strong peak at 508 nm and a weak peak at 765 nm were
measured, while from the TiO, side only one peak at 776 nm was observed. The peak at 508 nm
from top side is derived from the newly formed 2D perovskite having a large bandgap, and it is
consistent with XRD data. Thus, it is determined that the 2D perovskite was formed only at the top
of perovskite film. It is noted that the thickness of this PEA,Pbl, perovskite layer is very thin or the
partial 3D pristine perovskite was remained as unreacted because of the presence of the small peak
at 765 nm indicating CFMPIB perovskite in PL spectra of the top side. The pristine perovskite phase
was barely affected by PEAI treatment, except the modification of top layer to 2D perovskite film.
We also conducted XRD analysis with fixed x-ray incident angles at 0.3°, 2° and 5° to elucidate the
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Figure 32. Comparison of photoluminescence emission spectra of CFMPIB and L-CFM/P perovskites. (A and
B) Steady-state normalized PL spectra excited with a laser of 450 nm from top surface of perovskite films (A)
and bottom of perovskite films (B). Non-normalized PL of CFMPIB, L-CFM/P, and PEA,Pbl, is shown in Fig.
S4. (C) XRD data for L-CFM/P film at X-ray incident angle of 0.3° (for surface) and 5° (for interior). o and #
denote diffraction peaks corresponding to the o phase of FAPbI; based perovskite and FTO, respectively.
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Figure 33. Steady-state PL spectra of CFMPIB, L-CFM/P, and PEA,Pbl, perovskite films. The intensity was
not normalized and the PL emission peaks were obtained from top surface (A) and bottom side (B) of
perovskite films. When prepared samples for (B), the perovskite films are coated on microscope glass for
removing a quenching effect.

structure of surface and internal perovskite layers (Figure 32C and Figure 34).°® At a lower angle of
incident beam, the XRD data are dominated more by top of perovskite layers. Moving the incident
angle from 0.3° to 5°, the relative intensity of the signal corresponding to internal 3D perovskite
phase (14.1°) increased substantially in the L-CFM/P layer. The change from the surface to full depth
diffractions reflects that the formation of PEA,Pbl4 likely occurred on the surface of perovskite films
and it is accordance with PL emission measurement.

79



Chapter 4. PEAI Passivation

A B T d T T T T T T
—— L-CFM/P deg 0.3 —— L-CFM/P deg 0.3
—— L-CFM/P deg 2 L-CFM/P deg 2
1 ——L-CFM/P deg 5 1 —— L-CFM/P deg 5

- - CFMPIB deg 0.5

5 3

& &

2 Z

g g2

2 a

E E

5 10 15 20 25 30 35 40

c 2 6 (degree) 2 0 (degree)
3
&
2
g
8
[
e 15 G U e
5 10 15 20 25 30 35 40
2 0 (degree)

Figure 34. XRD measurement at fixed incident X-ray angle of 0.3°, 2°, and 5°. (A) XRD data were normalized
to a main 2D perovskite (PEA,Pbl4) peak of 5.44° 20. The relative signal intensity of the 3D phase at 14.1°
increases with the incidence angle (blue - red - green curves). This indicates that the 2D perovskite is
concentrated rather around the surface. Although we cannot tell how the layer is thick, it can be evidence that
it is present in surface vicinity. (B) XRD data were normalized to a main 3D perovskite peak of 14.1°. (C)
Calculated XRD data from PEA,Pbl, crystallographic information file obtained from a reference.

4.3.2. Device structure, charge transfer, and charge recombination.

We fabricated the mesoscopic perovskite solar cells with the pristine CFMPIB perovskite and
the L-CFM/P perovskite. Both of devices have the same architecture (fluorine doped tin
oxide/ compact and mesoporous TiO,/ perovskite/ spiro-OMeTAD/ gold) except using
different perovskite films. The top view scanning electron microscopy (SEM) images of
perovskite films revealed stark differences between before and after PEAI coating (Figure
35A). The pristine CFMPIB perovskite film deposited on top of mesoporous TiO, layer
showed a compact, pinhole free, and large grains having distinct grain boundaries like a rock
wall. However, the forming 2D perovskite on top of the perovskite layer changed to more
homogeneous and smoother films, and grain boundaries were reduced. The mitigated grain
boundaries indicate decreased defects in perovskite layer, leading relieved charge
recombination. Atomic force microscope (AFM) measurement was examined to further
scrutinize the surface of the perovskite film (Figure 36). The root mean square roughness (Rq)

value decreased after spin-coating PEAI and annealing, from 25.01 nm to 18.76 nm. In
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Figure 35. Morphologies of the perovskite film and PSCs with CFMPIB and L-CFM/P. (A) Top-view scanning
electron microscopy (SEM) images of the CFMPIB film (left) and the L-CFM/P film (right). (B) Cross-sectional
STEM HAADF image of a complete device fabricated with L-CFM/P. (C) HR-STEM HAADF image from the
surface region of L-CFM/P along with a magnified view in the right top inset. A fast Fourier transform (FFT) image

of this grain is displayed in the bottom inset. (D) Inverse FFT from yellow spots in the FFT and the corresponding
STEM HAADF image.
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Figure 36. Comparison on roughness of perovskite films from typical AFM measurement. The AFM images of
CFMPIB (A) and L-CFM/P (B) are taken as 5x5 um>.
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Figure 37. Cross-sectional SEM images of the complete devices fabricated with CFMPIB (A) and L-CFM/P (B).

contrast to the variation on top surfaces of perovskite films, a cross-sectional SEM images of
them displayed no distinct difference (Figure 37). This change of morphology processed,
especially, at the top surface of the perovskite film and thin 2D perovskite layer was newly
formed.

To elucidate the difference between surface and internal layers, high-resolution scanning
transmission electron microscopy (HR-STEM) of a cross-sectioned whole L-CFM/P device
was carried out and are shown in Figure 35B. The magnified view in Figure 35C exhibits a
region close to the surface having a different structure and distinct fringes compared to the
middle of the perovskite layer. To visualize clearly the structure difference at the top surface
layer, we obtained a fast Fourier transform (FFT) pattern corresponding to this lattice fringe
in right bottom inset in Figure 35C and generated an inverse FFT image of the marked
reflection as shown in Figure 35D. White patterns, indicating same structure, at the top of the
perovskite layer implies that our approach leads to form the thin 2D perovskite layer

effectively with quite distinct interface.

After building the thin 2D perovskite layer on CFMPIB films, the creation of band offset
inside perovskite films is expected to cause an increase of charge transfer of photo-generated
electrons to TiO; and to block the charge recombination at the interface of perovskite/hole
transporting layer (HTL) under illumination *°. Based on Tauc plot (Fig. S8) and ultra-violet
photoelectron spectroscopy (UPS) shown in Figure 38A, the energy level diagram of L-
CFM/P was illustrated in Figure 38B. Considering the valence level coherence between the
CFMPIB and PEA,PbI4 perovskite, the holes in the CFMPIB layer were expected to move to

HTL without any impediment. However, the photo-excited electrons in a conduction band of
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Figure 38. Energy level diagram and photovoltaic performance of PSCs with CFMPIB and L-CFM/P. (A) Ultra-
violet photoelectron spectroscopy (UPS) for CFMPIB, L-CFM/P, and spiro film. For UPS measurement, each film,
such as CFMPIB, L-CFM/P, and spiro-OMeTAD (on L-CFM/P), was prepared on FTO/compact and mesoporous
TiO»/like real devices. (B) Energy band diagram of the L-CFM/P device and description of how the 2D perovskite
capping layer improved the PCE. At the rear region of the perovskite film, the new 2D perovskite having a wide band
gap can block transfer of excited electrons to the HTM layer. The band gap of perovskites is determined from the PL
measurement and Tauc plot (Fig. S8, ESIT). (C) J-V curves and hysteresis of PSCs at a scan rate of 25 mV s !, (D)
Histograms of the PCEs. (E) Photo-stability test from maximum power point tracking under 800 h continuous
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CFMPIB would be prevented from diffusing to HTL because of higher conduction energy
level of PEA,PbI,.

To investigate the charge transfer kinetics within perovskite films, impedance spectroscopy
on both of samples was performed (Figure 39). In Nyquist plot under the same open circuit
voltage (880 mV), the L-CFM/P device showed the bigger low-frequency arc than the
CFMPIB cell, where this arc in the low-frequency is associated with the interface charge
recombination process '*’!. The recombination resistance, obtained from the fitting of the
arcs to the equivalent circuit model of inset of Figure 39, increased twice from the CFMPIB
to the L-CFM/P based devices. The reduced charge recombination can be explained by
improved charge transfer. As shown in time resolved PL decay probed at 770 nm on the
perovskite surface with different pulse fluence (Figure 40 and Table 2), the L-CFM/P showed
a little faster decay in PL lifetime than the pristine CFMPIB film at initial decay rate, where
electron-hole bimolecular recombination are dominated 2. However, we observed similar
behaviors for two perovskite layers at a system dictated by traps or defects density (Figure
41) 7. Thus, a slight quenching was induced by restraining the interfacial charge
recombination from inside CFMPIB perovskite to the top PEA,Pbly layer, as demonstrated

7

by the impedance spectra "°. The slowing recombination derived from introducing 2D

perovskite interlayer can be confirmed by enhanced Voc and performance.

4.3.3. Device performance and stability

The effect of this strategy was proved in photovoltaic performance of complete devices. Fig.
4C presents the current density-voltage (J-V) curves and hysteresis of devices with pristine
CFMPIB and L-CFM/P perovskite films. Both of cells showed negligible hysteresis. We
fabricated more than 100 PSCs with L-CFM/P, and the PCEs are summarized in the
histogram (Figure 38D) and statistical data (Figure 43). The devices with 3D/2D perovskite
films presented improved efficiencies with a high degree of reproducibility. The best
performing device with L-CFM/P achieved 1.15 V open-circuit voltage (Voc), 22.73 mA cm”
2 short-circuit current (Jsc), and 0.794 fill factor (FF), yielding a PCE to 20.75%. We recorded
the corresponding incident photon conversion efficiency (IPCE) of each PSCs (Figure 42).
Although both of devices show high IPCE, the device employing the passivating 2D
perovskite layer has a little higher efficiency than that of the pristine perovskite device in the

whole wavelength range from 400 nm to 800 nm. The integrated Jsc values from IPCE curve
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Figure 40. Time-resolved PL decays of CFMPIB and L-CFM/P perovskite films at different excitation densities from
10" to 10'7 carriers/cm®. Samples have been encapsulated with a glass slide to prevent any oxygen induced
degradation. The measurement was carried out by monitoring the PL from the top side of perovskite films at 770 nm.

Table 2. Decay lifetime from PL fitting in Figure 40

10'S carrier/cm? 10'® carrier/cm? 107 carrier/cm?

1 T2 T1 T2 T1 T2

CFMPIB 36 790 41 >800 34 >800
L-CFM/P 29 749 31 >800 33 >800

with AM1.5G solar spectrum are agreement with the values obtained from J-V measurement.
We found the L-CFM/P can be feasible on various ETLs or configuration by testing on the

passivated planar SnO, ETL (Figure 44) 7.

As the effect of capping 2D perovskite layer, we examined the long-term stability test of the
2D perovskite containing films under dark storage and continuous illumination. Firstly, for
storage without continuous illumination, the L-CFM/P enhanced device stabilities compared
to the pristine CFMPIB perovskite (Figure 45) and maintained the initial PCE of 20%, while
one with pristine CFMPIB was decreased gradually. Figure 38E presents maximum power
point tracking (MPPT) of the CFMPIB (black) and L-CFM/P (red) PSCs for 800 hours

stressed at 50°C under continuous illumination of full intensity in an argon atmosphere (blank)

85



Chapter 4. PEAI Passivation

Integrated PL

excitation 4:650nm

107

T
10™

Carrier density (cm™)

100

Quantum Efficiency (%)

o)
e

o)
o

B
o

)
e

Integrated J . (mA/cm?)

400 500 600 700 800

Wavelength (nm)

Figure 41. Time integrated Photoluminescence signal for the two perovskite as indicated in the legend as a function
of the injected carrier density (cm?). Below 10'7 cm™ the integrated PL grows quadratically. So, the growth of PL
signal with increasing pump fluence is dominated to the bimolecular radiative recombination rate; for the week pulse
fluence corresponding to injected carrier density, the rate of carrier trapping is faster than the radiative recombination.
However, when this latter becomes faster than trapping at above 107 cm?, the PL signal saturates and quantum yield
(integrated PL/pulse fluence) will decrease by resulting from non-radiative recombination. In here, two perovskite
films show similar behaviours at saturation point and the rate of growth. We can conclude the effect of trap density in
two perovskite will be little difference.

Figure 42. IPCE spectrums and integrated Jsc from IPCE.
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Figure 43. Statistics of Voc, Jsc, FF, and
PCE of devices more than 100. Showing
that the main reason behind upgrading
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Figure 44. J-V curves of devices based on SnO, with CFMPIB and L-CFM/P perovskite.

Figure 45. Dark storage stability of devices with CFMPIB and L-CFM/P. All of cells are stored in dark and
measured in ambient atmosphere.

and an ambient condition (filled), where the relative humidity stayed between 30% and 60%
without controlling. The L-CFM/P devices displayed impressive improved stability even at
50°C temperature in air, retaining 90% of the initial PCE after 800 hours in the inert gas
condition and 85% in humid environment with encapsulation. However, the devices based

on pristine 3D perovskite showed the faster degradation of performance.

The small initial drop and continuous degeneration of devices could also be addressed by
organic charge transport materials. However, despite spiro-OMeTAD used in these PSCs as
HTM, which is known for instability due to dopants, metal electrode diffusion, and
morphological decomposition ** 75, the L-CFM/P cells showed surprising stable performance
even at 50°C. Thus, it should be noted that 2D perovskite capping layer between perovskite
and HTM can minimize the negative effects of the organic HTM as a buffer layer. The
stability improvement can be also confirmed without encapsulation in flowing constant
humid air gas, 40 + SRH% (Figure 46). Although both of device performances decayed faster
absolutely than in inert gas due to main reasons related with the organic HTM, the relative
stability in PEAI treated perovskite solar cells was enhanced in comparison with the control

pristine device.
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Figure 46. PCE tracking from J-V measurement for 300 h of unencapsulated devices with CFMPIB (black) and L-
CFM/P (red) under continuous flowing humid air gas and full-sun illumination.
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Figure 47. J-V curve of a homogeneous perovskite
mixture of CFMPIB+PEAI device.

We also prepared another device using a precursor solution including with CFMPIB and

PEAI, examined for XRD spectra comparison (Figure 47). Incorporating PEAI within the

perovskite film homogeneously exhibited a dramatic drop in performance.

4.4. Conclusions

In conclusion, our strategy demonstrates an innovative method to engineer interfaces and direct the

growth of a low dimensional perovskite which leads to improved stability and efficiency when

employed in solar cells. Different from simply mixing low dimensional perovskite precursor cations,

we modified the surface of the perovskite film to obtain a distinct lower dimensional — 2D —

perovskite at the top surface. A different perovskite layer with a clear interface is observed and

identified by optical and structural characterization comparing the surface and the bulk. In addition,
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the wide band gap of the newly grown perovskite at the interface between the hole transporting layer
and the absorbing layer leads to favored hole transfer, possibly reducing the charge recombination
and overall resulting in enhanced efficiency. In conclusion, our investigation opens the possibility of
controlling the growth of a layer by layer perovskite by low-cost solution processing. Most
significantly, the presence of such low dimensional perovskite layer results in the improvement of
the device stability. This approach can be generalized as a standard route to optimize perovskites for
long term stability maintaining high efficiency, pushing the perovskite technology in the market, for

photovoltaics and beyond.

4.5. Experimental methods

4.5.1. Materials

Formamidinium iodide (FAI) and methylammonium bromide (MABr) were purchased from Dyesol.
Lead iodide (Pbl,) and lead bromide (PbBr,) were obtained from TCI. Cesium iodide (Csl) was
purchased from GmbH. Phenylethylammonium iodide (PEAI) was synthesized.? 10 ml of
phenylethylamine was diluted in 20 ml of anhydrous ethanol and cooled in an ice bath. With vigorous
stirring, 20 ml of HI (55 wt% in H,O, Sigma Aldrich) was slowly added dropwise. After stirring for
20 min, a colorless precipitate was filtered. The precipitate was washed with diethyl ether and
dissolved in methanol twice. To obtain pure white crystals, the PEAI precipitate was recrystallized

twice and stored in a vacuum oven overnight to dry.

4.5.2. Perovskite solar cell fabrication

FTO glass substrates (Nippon sheet glass) were sequentially cleaned with detergent solution, acetone,
and ethanol. And then by spray pyrolysis deposition, a compact TiO; layer was coated on the cleaned
FTO substrate heated at 450 °C. The precursor solution was prepared by diluting titanium
diisopropoxide (Sigma-Aldrich) in ethanol (0.6 ml : 10 ml). After cooling, a mesoporous TiO; film
was prepared by coating a diluted TiO, paste (Dyesol 30 NR-D) solution in ethanol. Right after spin-
coating at 2000 rpm for 20 s, the substrates were sintered on a hot plate at 500 °C for 30 min. For
doping Li on TiO,, the films were treated with 0.1 M lithium bistrifluoromethanesulfonimidate
solution (Li-TFSI, Aldrich) in acetonitrile by spin-coating at 3000 rpm for 10 s, and were finally
baked at 500 °C for 30 min again. The lead excess (FAPbI3)oss(MAPbBr3)0.15 precursor solution was
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prepared by mixing FAI (1.1 M), Pbl, (1.15 M), MABr (0.2 M) and PbBr; (0.2 M) in a mixed solvent
of DMF : DMSO =4 : 1 (volume ratio). Another 1.15 M solution of CsPbl; was also prepared in
DMF : DMSO (with the same volume ratio). For triple cation mixed perovskite solution,
(FAPbI3)0.35(MAPbBBr3)0.15 and CsPbl; solutions were mixed in 10 vol% ratio. The solution was then
spin-coated at 1000 rpm for 10 s and continuously at 4000 rpm for 30 s in a nitrogen glove box. After
entering the second step, 100 ul of anhydrous trifluorotoluene was poured 15 seconds before the
completion of the process.’” Films were then annealed at 100 °C for 60 min. For forming an
additional 2D perovskite film on top of this perovskite film, cooled substrates were treated with a
PEAI isopropanol solution. 100 pl of PEAI solution (15 mg ml™') were spin-coated on the as-
prepared perovskite films at 4000 rpm, which is similar to the anti-solvent dropping method. Finally,
spiro-OMeTAD was spin-coated at 4000 rpm for 20 s. A 70 mM spiro-OMeTAD solution was
prepared by dissolving in chlorobenzene with 4-tert-butylpyridine, Li-TFSI in acetonitrile, and Co|[#-
BuPyPz]3[TFSI]; (FK209) in acetonitrile at a molar ratio of spiro : FK209 : Li-TFSI : TBP of 1 :
0.03 : 0.5 : 3.3. Devices were completed with thermal evaporation of a 70 nm thick gold counter

electrode.

For devices based on the planar SnO, ETL, compact TiO»/FTO substrates were prepared as explained
previously for mesoporous TiO,. A PTO layer was prepared by spin-coating a precursor solution of
SnCls (Acros) dissolved in water. 0.1 M SnCls aqueous solution was spin-coated at 5000 rpm for 10
s on the substrates to get ~20 nm thickness. Then the substrates were transferred onto a hotplate and

heated at 180 °C for 1 h and cooled down.

4.5.3. Perovskite characterization

X-ray diffraction (XRD) analysis in an angle range of 26 = 3° to 30° was carried out using a Bruker
D8 Advance diffractometer. The absorbance and reflectance measurements were performed with an
integrating sphere using a UV/Vis/NIR spectrophotometer (PerkinElmer Lamda).
Photoluminescence were measured using a Flourolog-3 (Horiba Scientific) with an excitation laser
of 450 nm. High-resolution scanning electron microscope (SEM) images were obtained on a ZEISS
Merlin at an accelerating voltage of 5 kV. Atomic force microscopy (AFM) images were acquired

using a Park NX10 (Park system) and analyzed with XEI AFM data analysis software.

Time-resolved PL experiments were performed with a spectrophotometer (Gilden Photonics) using
a pulsed source at 480 nm (Ps diode lasers BDS-SM). The time-resolved signals were recorded by a

Time Correlated Single Photon Counting detection technique with a time resolution of 1 ns.
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For the STEM and STEM-EDX measurements, cross-sectional lamellae were prepared from the
devices using the conventional focused ion beam (FIB) lift-out technique on a Zeiss Nvision 40. To
reduce FIB induced damage, a final thinning in the FIB at 5 kV using a beam current of 80 pA was
employed. To minimize exposure to air, the data were acquired just after the FIB preparation. STEM
imaging and energy dispersive X-ray analysis were performed on an aberration-corrected FEI Titan
Themis 60-300 transmission electron microscope in scanning mode at an accelerating voltage of 200
kV. This microscope is equipped with a high brightness X-FEG gun and Bruker Super-X EDX

detectors (four windowless silicon drift detectors).

The impedance spectra measurements were carried out with an SP-200 BioLogic potentiostat with
an AC perturbation of 10 mV from 75 mHz to 1 MHz, at room temperature with 5% humidity. The
illumination was tuned with an Oriel DC Regulated illuminator in order to make V,. = 880, which
corresponds to the operation region of the samples (Vo = 1.1 V at 1 sun). With fitting purposes, in
addition to the elements included in the equivalent circuit shown in the inset, extra series resistive
and inductive elements were also considered. In the equivalent circuit Ry, and C are the resistive and
capacitive elements, respectively, behind the high frequency arc in the Nyquist plot, whose physical
meaning is related to dielectric and chemical bulk properties. On the other
hand, Rs and Cs analogously characterize the high frequency arc whose nature may be associated

with interface phenomena.

Ultra-violet photoelectron spectroscopy (UPS) was carried out in an ultrahigh vacuum. The photon
line width was ~250 meV and the minimum spot size was ~1 mm. He I photons (21.2 eV) with a
bias of 5 eV were used to acquire the spectra at a normal emission level. The photoelectrons were

collected using a Sigma Probe (Thermo VG Scientific) with 50 meV precision.

4.5.4. Solar cell measurement

Photovoltaic performance was evaluated using commercial solar simulators (Oriel, 450 W, Xenon,
AAA class). The light intensity was matched to one sun (AM 1.5G or 100 mW c¢m?) by calibrating
with a Si reference cell equipped with an IR-cutoff filter (KGS5, Newport), and it was done before
each measurement. Current—voltage (J—V) curves of the PSCs were obtained by applying an external
voltage bias while measuring the current response using a Keithley 2400 digital source meter. The
voltage scan rate was 25 mV s in forward and reverse scans. Devices were not preconditioned such
as light soaking or a pre-voltage bias applied before starting the measurement. The cells were masked

with an active area of 0.16 cm?. EQE was measured using an IQE200B (Oriel) without bias light.
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Stability tests were carried out in a sealed cell holder with a glass cover (house made), where argon
gas was filled to remove the residual water and oxygen from the holder. For the ambient condition
test, the argon gas was turned off and the humidity and oxygen were not controlled, and the cells
were encapsulated with surlyn (solaronix) and glass coverslips. In this case, the humidity was not
controlled but the laboratory humidity was monitored, which ranged from 30 to 60% relative
humidity at room temperature. In the glass cover, 0.1225 cm” masks were equipped. The LED lamp
used in the system had a light intensity of 100 mW c¢m 2. J-V curves were recorded on an electronic
system using a 22 bit delta-sigma analog to digital converter. A scan rate of 25 mV s! with a step
size of 5 mV was used and the devices were kept at the temperature of 50 °C. Every 2 hours the J—
Jmeasurement and maximum power point tracking were performed. A reference Si-photodiode was

placed in the same holder to check the intensity of the light.
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5.1. Abstract

Hybrid perovskite solar cells have been creating considerable excitement in the photovoltaic
community. However, they still rely on toxic elements, which impose severe limits on their
commercialization. Lead-free double hybrid perovskites in the form of Cs;AgBiBrs have been shown
to be a promising nontoxic and highly stable alternative. Nevertheless, device development is still in
its infancy, and performance is affected by severe hysteresis. Here we realize for the first time
hysteresis-free mesoporous double-perovskite solar cells with no s-shape in the device characteristic
and increased device open-circuit voltage. This has been realized by fine-tuning the material
deposition parameters, enabling the growth of a highly uniform and compact Cs;AgBiBrs, and by
engineering the device interfaces by screening different molecular and polymeric hole-transporting
materials. Our work represents a crucial step forward in lead-free double perovskites with significant

potential for closing the gap for their market uptake.

5.2. Introduction

Since their advent, organic—inorganic hybrid perovskite solar cells (PSC) have raised a great deal of
enthusiasm in the photovoltaic (PV) research community. With power conversion efficiency (PCE)
surpassing 22% after only 9 years of research,” ' this technology has the potential to stand out over
other PV solutions, such as dye-sensitized solar cells; organic polymer solar cells; and even
commercial polycrystalline Si solar cells, leaders in the current market.” '' However, despite their
excellent performance resulting in high efficiency, they suffer from poor device stability mainly due
to perovskite material degradation upon moisture and light exposure.”*”® In addition, they rely on
toxic lead, representing a serious drawback for PSC commercialization because of the health and
environment concerns associated with its possible release out of the cell.”* Huge theoretical effort
in screening “less toxic” materials is ongoing. Tin (Sn) has first been used to replace the position of
Pb*" as MASn,Pb; .15, with PCE now reaching 12%.%' However, such samples are prone to oxidation
(Sn*" into Sn*"). On the other side, Sn has been incorporated in A,SnX; structures (e.g., Cs2Snle),*
%3 which exhibit better stability because of the presence of Sn in its stable oxidation state, leading to
rapid efficiency decay in ambient conditions.* To solve this problem, “quasi-2D perovskites” in the
form of (PEA)>(FA),-1Sn,ls,+1 were also suggested as a possible solution to improve material
stability.*® They have been obtained by mixing the different organic cations in a sort of bulk
heterojunction structure, where the PEA molecules infiltrate at the boundary of perovskite grains

blocking the oxygen diffusion into the perovskite lattice.® This resulted in a PCE of up to 6% with
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enhanced stability. Other quasi-2D perovskites in the form of (BA)>(MA),-1Sn,l3,+1 have also been
developed that show promising PCE of around 2.5% for 7 = 4 and are stable for more than 1 month.®
However, despite the improvements, the presence of Sn does not eliminate all toxicity concerns.*
Instead of considering other divalent cations to eliminate the toxic Pb*", recent works have
demonstrated the substitution of the two divalent Pb*" ions into one monovalent ion M and another
trivalent ion M"*, while keeping the total number of valence electrons unchanged at the halogen
sites. The structure reads as A;M'"M”"X¢, where A" = Rb", Cs*, CH;NH;"; M" = Na", K"; M =
Bi*"; and X = CI', Br, which were first reported in the 1970s.*””! Among these, experimental
syntheses of Cs:AgBiClg and Cs,AgBiBrs have been successfully demonstrated, using both solid-
state reaction or solution processing methods.”*”* Cs,AgBiCls and Cs,AgBiBrs appear as good
potential candidates for solar absorbers in PSCs.”> ** Despite the large band gap and indirect
absorption, these materials exhibit extraordinarily long radiative emission lifetime of hundreds of
nanoseconds, high defect tolerance, and higher stability of heat and moisture compared to
conventional perovskites.93_ln addition, charge carrier effective masses of 0.14m., close to those
calculated for methylammonium lead iodide (CH;NH;Pbl;), have been derived.”* All properties
make this class of materials an interesting alternative for nontoxic PSCs. For Cs>AgBiBrg single
crystal and thin films, theoretical prediction and experimental work revealed band gaps of 1.83 eV**
and 2.19 eV,” respectively. However, their incorporation in PSC as active layer has so far been very
limited, mainly because of the challenge in the preparation of high-quality and compact double-
perovskite thin films. Although Cs,AgBiBrs perovskite meso-structure solar cells with a PCE close

1., this value was extracted from a device characteristic

to 2.4% have been shown by Greul et a
severely affected by a huge hysteresis and s-shape, which casts some doubt on the real device
performance. In addition, they adopted a fast crystallization process which impedes the formation of
a smooth and homogeneous Cs,AgBiBrs layer. Micrometer-sized grains and a thick agglomerated
morphology are formed on the capping layer, which is far from the ideal morphology for a clean
interface with the HTM in the sandwiched PSC. In our work, we adopted a different strategy for the
optimization of a facile and highly reproducible deposition protocol to obtain a 200 nm thick
homogeneous Cs;AgBiBrscapping layer in the meso-structure solar cell architecture. Furthermore,
we screened different HTMs beyond the most used spiro-OMeTAD to optimize the perovskite/HTM
interface and device parameters. As a result, we fabricated lead-free PSCs with no hysteresis in the
device characteristic, leading to a real PCE beyond 1% with high fill factor (FF) up to 0.7. This work

establishes a defined and robust protocol and sets the basic guidelines for an optimized growth of

Cs2AgBiBrg perovskite active layers, resulting in a device behavior free from hysteresis artifacts. We
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believe that our approach will enable surpassing the current limits in lead-free double-perovskite

technology, opening the way for massive device optimization in the near future.

5.3. Results and discussion

Double-perovskite materials are known to crystallize in the elpasolite structure, a highly symmetric
face-centered cubic double-perovskite structure which can be denoted as A;M'M"”"X4.*® This
structure consists of a network of corner-sharing octahedra, with Cs" (for A") in the middle of the
cuboctahedral cavity while the centers of the octahedra are occupied by either Bi** or Ag" (for M
and M’, respectively) with an alternating rock-salt configuration, as shown in Figure 48a. The
Cs,AgBiBrg film has been deposited by using spin coating deposition of a solution 0.5 M
Cs,AgBiBrg in dimethyl sulfoxide (DMSQO) and annealing at high temperature. In more detail, we
first monitored the film growth and crystal quality while varying the annealing temperatures in the
range of 250-280 °C for 5 min. Figure 48b reports the X-ray diffraction (XRD) pattern of the double
perovskite CsAgBiBrs deposited on mesoporous TiO; (m-TiO;)/FTO substrate. A main peak at 31.8°
is present, representative of the (400) reflection of the double perovskite Cs,AgBiBrs, along with
other main reflections (111, 200, 220, 311, 222, and 331). This pattern is evident for all the
temperature range used, providing solid proof for the successful formation of a phase-pure double
perovskite at a temperature greater than 250 °C (see Figure 49 for more details). Notably, no
additional peaks related to possible residuals of Cs3Bi:Bro or AgBr have been observed. In addition
to the high temperature, we also introduced a few other control parameters to drive the material
crystallization, aiming to obtain a homogeneous film with high crystal quality.”” In particular, we
adopted a second step in the deposition, known in the standard perovskite method as an antisolvent
dropping technique. In this case, we dropped chlorobenzene during the film formation before the
annealing step, aiming to obtain a compact and homogeneous layer without any pinholes. Overall,
our optimization protocols enable the realization of a 200 nm thick Cs,AgBiBrs film that shows a
smooth and compact double-perovskite layer with an average grain size of around 80 nm, as shown
from the top surface of the scanning electron microscopy (SEM) image in Figure 48d. This
achievement represents a step forward in the optimization of the double-perovskite morphology,
which has highly challenged the community in the last year. This is especially relevant when
compared to the state-of-the-art samples showing a dishomogenous and disconnected island-like
morphology.”” As the Cs,AgBiBrs films were optimized for photovoltaics, a sufficiently thick

material is mandatory for efficient harvesting of light. To optimize the optical absorption, i.e. the
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Figure 48. a) Cartoon of the Crystal structure of lead-free Cs;AgBiBrs double perovskite. b) X-Ray diffraction
(XRD) pattern of Cs,AgBiBrs thin films deposited on mesoporous TiO, substrate at different annealing temperatures
as indicated in the legend. c) Sketch of the device architecture used consisting of the double perovskite infiltrated in
the mesoporous TiO, substrate and sandwiched, on top, with an organic HTM and gold top electrode. d) Scanning
Electron Microscope (SEM) top view of the double perovskite layer obtained upon spin coating at room temperature
using the anti-solvent treatment with chlorobenzene, e) SEM cross-section of the FTO/c-TiO»/m-TiO»/double
perovskite sample, upon annealing at 280 °C. Scalebar shown in the figure.

Figure 49. Double perovskite layer optimization and optimization of infiltration of double perovskite solution into
mesoporous TiO»; a) room temperature deposition and annealing at 220°C, b) cross-section of
FTO/cTiO2/mTiO2/double perovskite, to low concentration of m-TiO2 and no infiltration into m-TiO; layer, ¢) using
double perovskite dissolved in DMF (0.16M) as 1% step deposition and double perovskite dissolved in DMSO (0.5M)
as 2" step deposition, d) ozone treatment on m-TiO, for 15min befor spin coating of double perovskite, €) lower
concentration of double perovskite dissolved in DMSO, f) TiCl, treatment.
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Figure 50. a) Absorption spectrum plotted in the form of Tauc plot, for an indirect bandgap, of the Cs,AgBiBr; thin
film deposited on glass (black). In inset, the Tauc plot for a direct bandgap with the dashed red line representing the
linear fit for the band edge estimation. b) Photoluminescence (PL) spectra of the Cs;AgBiBrg thin film. ¢) PL decay
monitored at 2.1 eV. The decay is fitted using a bi-exponential function, resulting in fitted time constants of t; = Sns
and o= 282ns (red).

thickness of the film, we aimed at improving the infiltration of the double-perovskite solution in the
mesoporous oxide nanoparticle scaffold by modifying the m-TiO,surface. In more in detail, we
pretreated the surface by ultraviolet (UV)-0zone for 15 min and by an additional TiCl, treatment.
This lead to a change in the surface properties of m-TiO; overall, further improving the material
infiltration and crystallization, as shown by the SEM cross-sectional image in Figure 48d. Improving
the material morphology is an essential step to reduce pinholes and paths for charge recombination.
Overall, in our case, the optimal combination of the mentioned modifications and adjustments, such
as UV-ozone and TiCl, treatment on TiO,,” preheating solution at 75 °C before coating, antisolvent
dripping technique on the spinning double-perovskite layer, along with the annealing at high
temperatures, enabled the realization for the first time of a compact film of Cs,AgBiBrs. Notably,
the choice of the solvent used also impacts the results obtained; indeed, the use of different
concentration of DMF and DMSO can result in an inhomogeneous morphology (see Figure 49¢ and
f). The inclusion of the preheating step turned to be also of fundamental relevance for thin-film
optimization (Figure 49). Figure 50 reports on the optical characterization of the Cs;AgBiBre thin
film in terms of optical absorption and emission properties. Absorption spectra are reported in Figure
50a. From the Tauc plot a step profile is observed, with a first onset at around 2.4 eV.”* In the inset,
the Tauc plot considering a direct band gap transition is also shown, giving a value for band gap of
2.20 eV, similar to what was already observed for Cs,AgBiBrs thin films.”* The retrieved band gap
value is consistent with that reported in the literature, within a variation range due to the different
deposition approach used.” It is fair mentioning that, according to the Shockley—Queisser limit, a
theoretical maximum PCE of 16.4% can be targeted with a material having a E; of 2.2 eV, thus

showing huge potential for working double-perovskite-based solar cells.” The Cs,AgBiBrs emission
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results are weak because of the indirect band gap nature of the material. The PL spectrum is reported
in Figure 50b, peaking at 2.1 eV. The signal is very low in intensity, due to the indirect band gap
nature of the material. To assess the fate of photogenerated carriers, we measured the time-resolved
PL decay, shown in Figure 50c, monitored at the emission peak. The PL intensity shows a fast initial
drop (fitted with T;= 5 ns), followed by a slower one (12 = 282 ns), which is similar to what is
observed for double-perovskite thin films.”® Notably, the fast decay is associated with trap and/or
surface-state emission, which, given the weak PL signal, in this case dominates. On the other side,
the longer-lifetime processes may originate from fundamental charge recombination, in agreement
with the long carrier lifetime extracted in Cs;AgBiBrg single crystals, which in this case is much

longer than that of standard methylammonium lead iodide-based perovskites.”

Using our optimized perovskite, we fabricated solar devices in which the perovskite is sandwiched
between the 2,2',7,7'-tetrakis(NV,N-dipmethoxyphenylamine)-9,9'-spirobifluorene (spiro-OMeTAD)
hole-transporting material and the mesoscopic TiO; scaffold (m-TiO) electron transporter in a
standard mesoporous architecture. As known from the literature® and represented in Figure 51a, the
energy level diagram shows that the conduction band (CB) of the Cs,AgBiBrg is well-aligned with
the CB of the electron-transporting mesoporous TiO,. Aiming to improve the device performance,
we explored a series of different molecular and polymeric HTMs having slightly different highest
occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) values, as shown
in the energy diagram in Figure 51a. In addition to spiro-OMeTAD, typically used for lead perovskite
solar cells, we considered PTAA (poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]) and PCPDTBT
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Figure 51. a) scheme of corresponding energy level diagram with the following energy values; FTO (-4.4eV), TiOx(-
4.0eV), Cs;AgBiBrg (HOMO; -5.9¢V and LUMO; -3.8eV), spiro-OMeTAD (-5.2¢V, -2.2eV), PTAA (-5.1eV, -

1.8eV), PCPDTBT (-5.3¢V, -3.55¢V) and Au (-5.1 eV), b) J-V curves for best performance solar cells using different
HTMs
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(poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-
b']dithiophene-2,6-diyl]]), which are used in the PSC literature as polymeric HTMs.** %’

The current—voltage (J—V) characteristics of the solar cells under simulated air mass 1.5 global
standard sunlight (AM1.5G) are reported in Figure 51b, and the device parameters summarized in
Table 3. The best solar cell performance resulted from using PTAA as HTM. Short-circuit current
(Jsc) of 1.84 mA/cm? and open-circuit voltage (Voc) of 1.02 V are obtained (Table 3). The spiro-
OMeTAD-based solar cells show reasonable Jsc and Voc of around 0.64 V. It is interesting to note
the high Vocvalue obtained despite the similarities in the HOMO level between spiro-OMeTAD,
PCPDTBT, and PTAA, and the value of the latter is slightly higher for the latest.'® It is fair to
mention that although the interface energy level alignment represents a useful rule of thumb for
screening the best HTM and evaluating the device Voc, a direct link between HTM energy levels and
device Voc cannot be unambiguously derived. This is because device Voc can be affected by multiple
parameters which simultaneously come into play. Interfacial energy level mismatch, any possible
internal electric field established by the difference in the work functions of the interfacial layers,
interface charge accumulation, and bulk charge recombination can all affect. Importantly, those
parameters that are highly sensitive to the perovskite crystal quality and film morphology.'": > We
do not aim to address all the possible parameters and processes affecting the Voc, which would
extend beyond the scope of our work. However, we do note that the optimization process of the
perovskite film itself—modifying the perovskite crystal quality, grain boundaries, and film
homogeneity—strongly influences the Voc (Figure 49 and 52). For instance, as shown in Figure 53,

when we prepared a device using the perovskite film without the antisolvent dropping step but

Table 3. Photovoltaic parameters of devices based on the different HTMs; Short —circuit current density (Jsc), Open-
Circuit Voltage (Voc), Fill Factor (FF) and Power Conversion Efficiency (PCE). Notably, device statistics has been
conducted on 44 devices (spiro-OMeTAD), 27 devices (PTAA), 6 devices (PCPDTBT)

HTM Jsc(mA/ecm?) | Voc (V) FF PCE (%)
PCPDTBT 1.67 0.71 0.57 0.68
spiro-OMeTAD | 2.45 0.64 0.57 0.90
PTAA 1.84 1.02 0.67 1.26
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Figure 53. J-V curve for solar cells using antisolvent treatment and PTAA as HTM.

Figure 54. IPCE spectrum of Cs;AgBiBrg perovskite solar cells with PTAA

keeping PTAA as HTM, we see a remarkable drop in the device Voc, despite the same interfacial

energy level alignment and device architecture.

The incident photon to current conversion efficiency (IPCE) spectrum (Figure 54) shows a band edge
at ~525 nm, which is in agreement with the absorption edge in Figure 50a. On the other side,
PCPDTBT-based solar cells show reduced voltage as well as reduced photocurrent. This can come
from the lower band gap of PCPDTBT, and lower LUMO level, which can decrease the charge-
transfer selectivity. Overall, this suggests that not only the interface energetics but also the interface
quality and photoinduced processes, such as charge recombination, are of the utmost importance for
optimizing the device performance. Device results are confirmed based on statistics of around 70

devices, as shown in Figure 55. An important characteristic that must be evaluated when measuring
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reported in the inset.
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perovskite solar cells is the shape of the J-V curve measured at different scanning voltage directions.
Indeed, for lead-based perovskite, as well as for previously reported Cs,AgBiBrs-based solar cells,”
a significant difference has been observed, which is indicative of a hysteresis behavior. Although the
exact reasons behind this behavior are a subject of ongoing debate, it is the general consensus that
effects such as light-induced ion movement, “photo-instability”, or structural deformations can
overall contribute to the anomalous hysteresis behavior.'”'* Even for Cs;AgBiBrs, this has been
previously assigned to ion and defect movement in the device, despite the totally different material
structure and composition.”” Figure 56 shows the J—J hysteresis for our devices using PTAA as HTM.
Notably, our device shows a hysteresis-free behavior, reporting nearly identical values for the device
parameters extracted in the back and forward configurations. This contrasts to what has been shown
by Greul et al., who reported a tremendous hysteresis due to migration of the halide anions and
trapping—detrapping of charge carriers.” We observe a different behavior: in our case, as shown in
Figure 56, no difference in carrier collection during the forward and reverse scan is observed, leading,
for the first time, to the observation of a hysteresis-free device behavior in lead-free double-
perovskite solar cells. We ascribe this to the ideal and compact film structure and morphology we
obtained, which can reduce the material structural stability. Further work is ongoing to clarify this

point to gain deeper insights on the ion movement and interface charge accumulation dynamics.

5.4. Conclusion

In conclusion, we report for the first time the investigation on the interface of lead-free double
perovskite Cs;AgBiBrs using a new deposition approach following a multistep optimization protocol.
This enabled the realization of a compact thin film of Cs;AgBiBrs double perovskite with optimal
infiltration into the m-TiO» oxide scaffold. When embodied in solar cells, different contact polymers
as HTM have been considered. PTAA has been here adopted reaching maximal power conversion
efficiency up to 1.26% and showing for the first time no device hysteresis. We believe that our
method describes a robust and easy optimization approach of double-perovskite thin films, which
are paramount for hysteresis-free lead-free solar cells. This will pave the way for further material
and device investigations, providing clear direction for the massive exploration of lead-free
perovskite solar cells, which are a viable alternative for nontoxic perovskite commercialization in

the near future.
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5.5. Experimental section.

5.5.1. Synthesis double perovskite precursor

CsBr (99.9 %), BiBr3 (99.0 %), AgBr (99.5 %), and HBr were purchased from Alfa Aesar.
Cs2AgBiBr6 was synthesized as reported elsewhere.l For this purpose metal bromides were
dissolved in 2:1:1 stoichiometric ratio in hydrobromic acid at 150°C for 2h, and cooled down to

room temperature. The obtained orange powder was washed with ethanol and dried overnight (yield

59.7%).

5.5.2. Device preparation

After etching FTO glasses (Nippon sheet glass) by Zn powder and 2M HCI, they were sequentially
cleaned with the detergent solution, acetone, and ethanol. And then by spray pyrolysis deposition for
a compact TiO; layer, a precursor solution diluting titanium diisopropoxide (Sigma-Aldrich) in
ethanol (0.6 ml: 10 ml) was coated on the cleaned FTO substrate heated at 450°C. After cooling,
mesoporous TiO, film was prepared coating a diluted TiO, paste (Dyesol 30 NR-D) solution in
ethanol and the substrates were sintered on a hot plate at 500°C for 30 min. Then, cooled substrates
were dipped in 40mM TiCly aqueous solution and kept at 70 °C for 10 min and sintered again at
500 °C for 30min. Finally, before spin coating perovskite solution, the substrates were treated under
UV-ozone for 15 min. The double perovskite powder was dissolved in DMSO (0.5 mol/L) at 70 °C,
spin coated at 4000 rpm for 30 seconds, and annealed at 280 °C for 5 min. PCPDTBT was purchased
from Sigma Aldrich. It has been prepared dissolving in chlorobenzene (30 mg/mL), heated at 70°C
and stirred overnight. The PCPDTBT solution was spin coated on the double perovskite (or on the
PTAA/spiro-OMeTAD) at 1000 rpm for 45 seconds.2 PTAA has been deposited on top of the double
perovskite film at 3000 rpm for 30 seconds. The PTAA solution was prepared by 3 dissolving 15mg
of PTAA in 1,5 mL toluene adding 15puL of 170mg of Li-TFSI in 1 mL acetonitrile and 7,5uL TBP.3

5.5.3. Characterization methods

X-ray diffraction (XRD) analysis in an angle range of 26 = 10° to 70° was carried out using a Bruker
D8 Advance diffractometer. Devices and film morphology were investigated using a scanning
electron microscope (Teneo, Thermo Fischer Scientific). SEM images were acquired at an

accelerating voltage of 2 kV and 100 pA electron beam current.
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5.5.4. Device characterization

J-V curves were obtained using commercial solar simulators (Oriel, 450 W, Xenon, AAA class) for
alight source. The light intensity was matched one sun (AM 1.5G or 100 mW cm-2) by calibrating
with a Si reference cell equipped with an IR-cutoff filter (KGS5, Newport), and it was done before
each measurement. The voltage scan rate was 25 mV s-1 as forward and reverse scan. Devices were
not preconditioned such as light soaking or pre-voltage bias applied before starting the measurement.
The cells were masked with an active area of 0.16 cm? . EQE was measured using IQE200B (Oriel)

without bias light.

5.5.5. Absorption and photoluminescence measurements

Steady-state absorption spectra were acquired with a Perkins Elmer lambda 950s UV/Vis
spectrophotometer using an integrating sphere to account for optical losses outside of the active layer.
Steady state and time resolved photoluminescence measurement where carried out on Horiba a
Fluorolog-3, with a PMT as detector. The excitation source for the TCSPC is a Horiba nanoLED-

370 with an excitation wavelength of 369nm and a pulse duration of 1.3ns.
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In authors (Kyung Taeck Cho, Kasparas Rakstys, Marco Cavazzini, Simonetta Orlandi, Gianluca Pozzi,
Mohammad Khaja Nazeeruddin), I was fabricating solar cells by HTMs synthesized by my co-authors. I
summarized the data and the results.
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6.1. Abstract

Amino donor groups-substituted zinc(II) phthalocyanines (ZnPcs) BI25, BL07 and BL08 were
obtained via cyclotetramerization of suitable phthalonitriles that were synthesized by Pd catalyzed
amination reaction between 4-iodophthalonitrile and a selected secondary amine.
The BI25, BL.07 and BL.08 ZnPcs were characterized using spectroscopic and electrochemical
methods, and used as hole transporting layer in PSCs. The open circuit voltage (Voc) of perovskite
solar cell devices reached close to 1V, and the short-circuit current density (Jsc) values evaluated
from J-V curves were 16.2, 8.42, and 16.9 mA/cm?, respectively, demonstrating influence of the
HOMO levels of ZnPcs. A power conversion efficiency of 11.75% was obtained in the case of BI25,
which is the highest value ever reported using ZnPcs as HTMs in perovskite solar cells with

traditional device geometry.

6.2. Introduction

Recently, organic-inorganic hybrid perovskites have been advocated as alternative promising
photovoltaic materials for light harvesting,' especially methylammonium lead halide
(CH3NH3PbX3 or MAPbX3, X = Cl, Br, and I) perovskite. Since the first report of perovskite solar
cells (PSCs) introduced by Miyasaka,'”” the power conversion efficiency (PCE) of PSCs has
increased remarkably from 3.8% to 20.8% in a short span of less than 5 years.*"*** In PSCs, hole
transporting materials (HTMs) are one of the key components. Although the devices can work
without HTMs,'® HTM s are required to obtain high performance solar cells, since HTMs facilitate
charge carrier separation and extraction by transporting hole from perovskite materials to cathode
and reducing unwanted charge recombination reaction.'”’ 2,27, 7’ -Tetrakis(N,N-di-p-
methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) is the most commonly used HTM in
PSC,* "% 1 a5 it has been previously studied in solid state dye-sensitized solar cells (DSSCs).!"?
Nevertheless, the cost of spiro-OMeTAD is unfortunately high due to low synthesis yield and
complicated purification. In addition, some additives for using spiro-OMeTAD as HTM in complete
devices accelerate the decomposition of perovskite materials and it has detrimental effects on the
long-term stability of the whole device. Consequently, tremendous efforts are currently devoted to
development of new classes of stable, easily accessible HTMs holding promises to replace spiro-

OMeTAD.

Phthalocyanines (Pcs) are photo- and electrochemically stable compounds structurally related to

porphyrins, with remarkable light-harvesting capability in the far-red and near-IR spectral regions
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where the maximum solar photon flux occurs. Light absorption, solubility and other relevant
photovoltaic properties of Pcs can be tuned easily by introducing suitable substituents in the
peripheral or non-peripheral positions of the macrocycle and replacing the host metal ions. For these
reasons, complexes of Pcs have attracted much attention as photosensitizers in DSSCs.'"> More
recently, researchers have started to explore the use of Cu(Il) complexes of Pcs as HTMs in PSCs.'*"
114116 PCE values up to 15.4% have been reached in the case of complexes deposited as a film by
thermal evaporation under vacuum''> and more convenient deposition techniques such as solution
spin-coating proved to be successful (PCE up to 15.2% in the case of the Cu(Il) complex of tetra-
tert-butyl Pc) when applied to devices based on a mixed perovskite, (FAPbI3)oss(MAPbBr3)o.15.'% At
the same time, a solution processable Zn(II)-phthalocyanine (ZnPc) bearing eight bulky 2,6-
diphenylphenoxy substituents has been investigated as HTM, affording PCE up to 6.7%."'® Hence,

molecularly engineered ZnPc derivatives are good candidates for fabricating flexible, large-area,

low-cost PSCs with good long-term stability.

According to computational studies, the introduction of secondary amine substituents at the pe
riphery of Pc ring should have a deep impact on the light absorption properties and energy le
vels of ZnPcs."'” '"® In particular, diphenylamino-substitued ZnPcs should exhibit higher HOM
O-LUMO levels and reduced bandgaps with respect to their phenoxy-substituted analogues. W
e thus inferred that ZnPcs bearing electron rich bis-aryl substituents, might be interesting as H
TMs for PSCs. In order to avoid any unnecessary synthetic complexity, the molecular design
of the prototype 2,6-diphenylphenoxy substituted ZnPc could be also simplified by reducing th
e number of macrocycle substituents from eight to four. Following this line of reasoning, thre
e novel ZnPcs (Figure 57) have been readily obtained and successfully used as HTMs for sol

ution processed PSCs.

6.3. Results and discussion

6.3.1. Synthesis and characterization of ZnPcs

The amino substituted phthalonitriles 1, 2 and 3, starting materials for the synthesis of ZnPcs BI25,
BL07 and BLO0S8, respectively, were prepared by Pd catalyzed amination reaction between 4-

iodophthalonitrile and a selected secondary amine (Figure 58).
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Figure 58. Synthesis of phthalonitrile precursors of ZnPcs.
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Figure 59. Example of cyclotetramerization reaction.

The synthesis of phthalonitrile 1 by displacement reaction of the nitro group of 4-nitrophthalonitrile
with diphenylamine had been previously reported.''* Unfortunately, this procedure proved to be
unsuitable in the case of 2 and 3 and, in our hands, afforded 1 in very low yields, too. In contrast, the
C-N cross coupling reaction promoted by the couple RuPhos/RuPhos Pd, a specific combination for
the arylation of secondary amines,'? afforded all the desired phthalonitriles in excellent yields (82-
98%). ZnPcs BI2S, BL0O7 and BL08 were subsequently obtained as mixtures of positional isomers

by cyclotetramerization reaction of the corresponding phthalonitriles in the presence of 1,8-diaza-
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Figure 60. UV-vis spectra of BI25 (3.11x10°M), BL07 (6.05x10°M) and BLO08 (4.73x10°M) in THF
solution.

Figure 61. Cyclic voltammograms of ZnPcs-based HTMs. Measured in DCM/tetra-n-butylammonium
hexafluorophosphate (0.1 M) solution, using glassy carbon working electrode, Pt reference electrode, and Pt
counter electrode with Fc/Fc™ as an internal standard. Potentials were converted to the normal hydrogen

electrode by addition of +0.624 V and —4.44 eV to the vacuum, respectively.

bicyclo[5.4.0Jundec-7-ene (DBU) and Zn(OAc), (Figure 59).

The presence of secondary amine substituents influences the UV—vis spectra of the new compounds
(Figure 60), which exhibit intense Q bands and less intense broad absorption bands in the 400-550
nm region, probably due to n-m* transitions, in agreement with computational predictions."'” The
considerable red shift of the Q band of BI25 is particularly evident. In THF solution the absorption
maximum of the diphenylamine substituted ZnPc is centered at 720 nm, whereas the carbazole
substituted BL07 absorbs at 682 nm. In turn, the introduction of electron donating methoxy groups
in the 3,6-positions of the carbazole unit produces a noteworthy bathochromic effect, triggering the

shift of the absorption maximum of BL08 to 693 nm.

To compare the energy levels of new HTMs we performed cyclic voltammetry (CV) measurements.
The experimental HOMO energy levels of all the HTMs were derived from the ground-state

oxidation potential ES"S

estimated from cyclic voltammograms shown in Figure 61. As expected,
carbazole substituted ZnPc BL07 has significantly more stabilized HOMO level of -5.39 eV vs.
vacuum comparing with that of stronger diphenylamine donor substituted BI25 (-4.96 eV). Contrary,

comparing BL07 with BL08, the presence of methoxy groups in carbazole donors of BL08 (-5.18
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eV) shifted HOMO level up by approximately 200 mV. From the CV data we predict that all ZnPcs
should have enough overpotential for favorable hole extraction from the CH3;NH3Pbl; perovskite (-

5.48 V).

6.3.2. Peroformance in PSCs

To test whether the synthesized ZnPCs can act as HTMs, we fabricated cells using perovskite as the
light absorber, TiO, was coated as the electron transport layer and the MAPbI; perovskite layer was
deposited by the anti-solvent dropping method."?! The cross-sectional scanning electron microscopy
(SEM) image of the device using BL08 as HTM is displayed in Figure 62a. Each layer in structure
of the PSC is clearly defined. 400 nm thick perovskite layer is formed as a bi-layer structure, such
as a combined layer with mp-TiO; (250 nm) and a uniform capping layer (150 nm) atop the mp-TiO,
layer. HTM and Au layers are deposited sequentially on the top of the perovskite with the thickness
of 150 nm and 80 nm, respectively. The suitable band alignment of three HTMs and the perovskite

is shown in Figure 62b.

Figure 63a shows the current density-voltage (J-V) curves of devices with BI25, BL.07, and BL08
HTMs and the corresponding values are summarized in Table 1. The open circuit voltage (Voc) of
these devices reached the value close to 1V, which means that the HOMO of ZnPcs can match quite
well with valence band of perovskite material. On the other hand, the current density (Jsc) and fill
factor (FF) are quite low compared with reference cells using spiro-OMeTAD or PTAA most likely
due to the lower lying LUMO of ZnPcs that leads to poor electron blocking and greater charge
recombination. As shown by UV-vis spectra, BI25, BL07, and BL08 strongly absorb light at around
700 nm. We note that ZnPcs used in this study have a small band gap and much lower LUMO energy

b
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Figure 62. a) Cross-sectional SEM image of perovskite solar cell using BLO8 as HTM. b) Energy level diagram

of PSCs (FTO/blocking layer (bl)-TiO»/mesoporous (mp)-TiOo/MAPbI;/HTM/Au) with different HTMs
(right), where each HTM was employed for each complete devices.
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Figure 63. J-V curves of perovskite solar cells using BI25, BLO7 and BLOS as HTMs (a). The curves were
recorded scanning at SmV/s from backward scan. EQE spectrum of the devices (b).

Voc [V] Jsc [mA/em?] | FF [%] PCE [%] Pin [IMW/cm?]
BI25 1.014 -16.666 0.681 11.75 97.9
BL07 1.001 -10.693 0.598 6.65 96.3
BLO0S 1.034 -17.430 0.610 11.44 96.1
Spiro-OMeTAD 1.023 -20.806 0.767 16.78 98.0

Table 4. Summary of photovoltaic characteristics extracted from J-V curves of perovskite solar cells
employing BI25, BL07 and BL08 as HTMs.

level than reference HTMs.

The external quantum efficiency (EQE) spectra for PSCs using three different HTMs is shown in
Figure 63b. The integrated current densities are quite matched with the Jsc value evaluated from J-
V curves as 16.2, 8.42, and 16.9 mA/cm?, respectively. For devices with BI25 and BL0S, the EQE
spectra are similar in the whole wavelength range. However, in case of BL07, the EQE is dropped
comparing with latter. The short-circuit current density (Jsc) and EQE values of BL07 is lower
compared with BI25 and BL08, due to the lack of over potential for blocking excited electrons
backflows and favorable hole extraction from lower LUMO and HOMO energy levels of BL07,

which is likely to cause more charge recombination.
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6.4. Conclusions

In summary, we synthesized three Zn phthalocyanines (BI25, BL07, and BL08), which were applied
as HTMs in perovskite (MAPbI3) solar cells. Based on the UV-vis spectra and cyclic voltammetry
(CV) measurement, each HTM demonstrates that the exciton dissociation and charge transfer are
feasible at the interface between perovskite and HTM. The power conversion efficiency values of
11.75, 6.65, and 11.44% were obtained, respectively, which is the highest ever reported perovskite-
based solar cells using ZnPcs as HTMs. We believe that this result will open new path for the
molecular engineering of phtalocyanine-based HTMs to fabricate efficient and stable perovskite

photovoltaic devices.

6.5. Experimental method and Charaterization.

6.5.1. Preparation of Zn(ll)-phthalocyanines

In a flame dried Schlenk tube equipped with a stir bar phthalonitrile (1,2 or 3, 1 mmol) and
Zn(OAc),-2H,0 (55 mg, 0.25 mmol) were suspended in 1-pentanol (2 ml). The mixture was stirred
for 15 min under a nitrogen atmosphere then DBU (150 pL, 1 mmol) was added and the mixture was
heated at 145 °C for further 24 h. After cooling to room temperature the reaction mixture was poured
into MeOH and the solid was collected by filtration on a Biichner funnel. The solid was thoroughly
washed with MeOH, dried under reduced pressure. Column chromatography (silica gel, THF)
followed by repeated washing with cold pentane gave the desired ZnPc as a mixture of

positional isomers.

6.5.2. Device fabrication

FTO glass (NSG) was sequentially cleaned using detergent, acetone, and ethanol by ultrasonic bath
for each 20 min. And then 40 nm TiO; blocking layer was deposited on the heated FTO at 450 °C
by spray pyrolysis, using a precursor solution of 0.6 ml of titaniumdiisopropoxide and 0.4 ml of
bis(acetylacetonate) in 9 ml of anhydrous isopropanol. About 250 nm mesoporous TiO, was spin-
coated on the surface of bl-TiO,/FTO substrate at a speed of 2000 rpm for 20 s from diluted 30NRT
(Dyesol) with ethanol (1 g/7 ml). The substrate was then sintered at 500 °C for 20 min in air. The
MAPbI; was spin-coated onto the TiO, mesoporous layer. The precursor solution was prepared as

1.2 M. The spin-coatingwas going through a two-step; first step is at 1000 for 10 s and then at
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5000 rpm for 30 s. In the second step, 100 ml of chlorobenzene was dropped on the spinning
substrate at 20 s. The substrates were then annealed at 100 °C for 30 min. The HTM solutions were
prepared in chlorobenzene. The concentration of BI25, BL0O7, and BLOS8 solutions are 50, 30, and
30 mM, respectively and three additives, bis(trifluoromethylsulfonyl)-imide lithium salt (Li-TFSI,
Sigma Aldrich), 4-tert-butylpyridine (TBP, Sigma Aldrich), and tris(2-(1H-pyrazol-1-yl)—4-tert-
butylpyridine)—cobalt(I1])tris(bis(trifluoromethylsulfonyl)imide) (FK209, Dyenamo), were added at
a molar ratio of 0.4, 2.2, and 0.04, respectively. These HTM solutions were spun at 4000 rpm for
30 s. Finally, 80 nm of gold layer was deposited by thermal evaporation.

6.5.3. Characterization

A HR-SEM (ZEISS Merlin) was used to characterize the structure of the device cross-section. Solar
cell efficiencies were measured using a potentiostat (Keithley model 2400) under simulated one
sun irradiation from a Xe arc lamp with an AM 1.5 global filter. The light intensity was measured by
an NREL certified KGS5 filtered Si reference diode and was used for calibration. The active area
exposed are defined to 0.16 cm?. For IPCE characterization, a 100 W Xe lamp linked to a
monochromator (Newport, IQE-200B) to tune the light beam accordingly.
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7.1. Abstract

Easily accessible tetra-5-hexylthiophene-, tetra-5-hexyl-2,2'-bisthiophene-substituted  zinc
phthalocyanines (ZnPcs) and tetra-fert-butyl ZnPc are employed as hole-transporting materials in
mixed-ion perovskite [HC(NH2)2]o.ss(CH3NH3)o.1sPb(Io.85Bro.15)3 solar cells, reaching the highest
power conversion efficiency (PCE) so far for phthalocyanines. Results confirm that the photovoltaic
performance is strongly influenced by both, the individual optoelectronic properties of ZnPcs and
the aggregation of these tetrapyrrolic semiconductors in the solid thin film. The optimized devices
exhibit PCE of 15.5% when using tetra-5-hexyl-2,2"-bisthiophene substituted ZnPcs, 13.3% for tetra-
tert-butyl ZnPc, and a record 17.5% for tetra-5-hexylthiophene-based analogue under standard
global 100 mW c¢cm?AM 1.5G illumination. These results boost up the potential of solution-
processed ZnPc derivatives as stable and economic hole-transport materials for large-scale

applications, opening new frontiers toward a realistic, efficient, and inexpensive energy production.

7.2. Introduction

Perovskite solar cells (PSCs) have reached record power conversion efficiencies (PCEs) in a

107122 rapidly becoming one of the top emerging technologies.’ Their

remarkably short lapse of time,
fairly high PCEs are attributed to the unique optoelectronic properties of the perovskites, featuring
intense panchromatic absorption'? and high charge carrier mobilities.'® In addition, their band gap
can be easily tuned by simple variation of their ionic composition.'** For example, a mixed-ion
perovskite obtained as a mixture of formamidinium (FA) lead iodide and methylammonium (MA)
lead bromide, [FAPbI3]o.ss[MAPbBr3]0.15, delivered the best to date energy conversion efficiencies of
over 21% and revealed promising stability and reproducibility.** '*** 2% All the above mentioned,

together with the ambipolar charge transport characteristics of perovskites,'?’

are exceptional
properties behind the high efficiency reported in literature. However, highly efficient PSCs are
mostly achieved when sandwiching the perovskite film between an electron-transport layer (ETM,
n-type) and a hole-transport layer (HTM, p-type), to enhance the selective blocking and extraction
of charges into the external circuit. In this connection, using mesoporous or planar metal oxide ETM,
such as TiO,, delivered the best results.'” In terms of HTM, small molecules and polymers have
shown impressive performances, being so far 2,2,7,7'-tetrakis(NV,N-di-p-methoxyphenylamine)-9,9'-
spirobifluorene (Spiro-OMeTAD)'* and poly(triaryl-amine) (PTAA)'*’ the mostly used materials.
However, despite their excellent performance with PCEs exceeding 20%, Spiro-OMeTAD and

PTAA possess an elevated production cost and insufficient long-term stabilities, thus representing a
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major bottleneck for a large-scale application. In this regard, phthalocyanines (Pcs) are attractive
materials for the field of photovoltaics due to their high thermal-, chemical-, and photostability,
known for their intense absorption in the near-infrared region. In the last decades, Pcs were probed
as a hole-injection layer in organic light emitting diodesand'* also light absorbers and sensitizers in

131-133

dye-sensitized solar cells, with device efficiencies still lagging below 6%. The optical and

electrical properties of these macrocycles can be easily tuned by varying the metal center and the

peripheral substituents,'** '%°

while the supramolecular organization and crystal packing can be
modified by properly substituting the macrocycle, leading to the formation of different condensed
phases where the charge transport is enhanced along columnar stacks or aggregates.'** Moreover, a
low cost one-step synthesis and a simple purification process make these molecules promising
candidates to be explored in light harvesting, photovoltaic, and molecular photonic modules.'*’
Recently, higher efficiencies were obtained when employing Pcs as HTM using commercially
available Cu(Il)phthalocyanines.'” Solar cells employing Zn(I)phthalocyanine have been also

studied by incorporating an Al,Ojs interlayer to reduce charge recombination'*® with efficiencies

lagging far from those obtained with Spiro-OMeTAD.

In this work, we employed three different Zn(II)Pcs, where tert-butyl, hexylthiophene, or
hexylbisthiophene groups have been intentionally incorporated into Pcs (Figure 64), to probe their
capabilities as efficient, stable, and low cost hole-transport materials. Our results suggest a crucial
role of the molecular aggregation of Pcs in HTM layers in the charge transport properties. By
combining these materials with the high efficient mixed-ion perovskite light harvester
[FAPbI3]oss[ MAPDbBr3]0.15, maximum power conversion efficiencies of 17.5% (17.1% average) have
been achieved. Our findings suggest that proper substitution in Zn(II)phthalocyanines could further
boost the commercialization of perovskite solar cells, giving a chance to find their place in the

photovoltaic market.

7.3. Results and Discussion

7.3.1. Synthesis and characterization of Zn(ll)Pc

The three different ZnPc derivatives shown in Figure 64were tested as hole-transporting materials
in PSCs. The novel highly n-conjugated tetra-5-hexyl-2,2'-bisthiophene-substituted Zn(II)Pc (HBT-
ZnPc) was prepared in one step by Pd(PPh;)s-catalyzed cross-coupling between tetraiodo-substituted

ZnPc'*® and hexylbisthiophene-boronic acid pinacol ester in 43% (Scheme S1, Supporting
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Figure 65 a) UV-vis spectrum of HBT-ZnPc (10-5M solution in THF). B) Thermogravimetric analysis of HT-
ZnPc, HBT-ZnPc and TB-ZnPc in air at scan rate of 10 °C min™' .

Information). The synthesis of tetra-5-hexylthiophene-substituted Zn(I[)Pc (HT-ZnPc) has been
reported elsewhere,'*’ while tetra-tert-butyl-substituted Zn(Il) phthalocyanines (TB-ZnPc) was
purchased from commercial supplier. All compounds were used as mixtures of the corresponding
regioisomers. Their good solubility in most of organic solvents was found to be especially useful for
solution-processed HTM deposition. Thermogravimetric analysis (TGA) of the three ZnPcs in air
revealed that the TB-ZnPc exhibits a good thermal stability up to 420 °C, resulting in 88% weight
loss by 550 °C (Figure 65b, Supporting Information). The presence of thiophenes in HT-ZnP¢ and
HBT-ZnPc, however, triggered their degradation starting from 220 °C.
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7.3.2. Energy level alignment

Absorption measurements of ZnPc solutions in dichloromethane (DCM) shaded light onto some

ground state features of these dyes. As it can be observed from Figure 66a, TB-ZnPc exhibits the

typical Q-band absorption maxima at 665 nm. This signature appears bathochromically shifted for

thiophene-substituted HT-ZnPc to 690 nm and further to 702 nm for HBT-ZnPc as a consequence

of an extended conjugation. More importantly, a strongly pronounced tendency toward aggregation

has been evidenced for thiophene-substituted HT-ZnPc and HBT-ZnPc 10 ° m solutions in DCM,
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Figure 66. a) UV—vis absorption (solid line) and emission (dashed line) spectra of HT-ZnPc, HBT-ZnPc, and
TB-ZnPc in DCM. b) Energy band diagram of the materials involved in the solar cell architecture (all values
ineV).
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Figure 67. Effect of addition of pyridine on the UV-vis absorption (DCM) of HT-ZnPc (a) and HBT-ZnPc (b).
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Table 5. Optical and electrochemical characteristics of the compounds

En' [V] Evumob) [eV]
HTM habs [nm] | Aem [nm] | Eo-o [eV] versus NHE Euomoa) [eV]
TB-ZnPc¢ 666 690 1.83 0.88 -5.32 -3.49
HT-ZnPc 692 725 1.75 0.75 -5.19 -3.44
HBT-ZnPc 701 734 1.73 0.71 -5.15 —4.42
(b)
HTM _
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Figure 68. a) SEM cross-section image of a typical device, b) current density versus voltage (J—F) curves and,
¢) EQE as a function of wavelength obtained for Pc-HTMs and Spiro-OMeTAD based PSCs.

resulting in a strong absorption increase of Q-band maxima upon addition of pyridine (Figure 67).'*
Similar behavior was also revealed for “bulkier” TB-ZnPc at higher concentrations. The optical band
gaps (Eo-0) were estimated from the intersection of the corresponding normalized absorption and
emission spectra, thus, resulting in 1.75 and 1.73 eV for HT-ZnPc and HBT-ZnPc, respectively. TB-
ZnPc revealed a larger Eoo of 1.83 eV. These results, combined with cyclic voltammetry data,
allowed the estimation of the highest-occupied and lowest—occupied molecular orbital energy levels
(HOMO and LUMO respectively), summarized in Table 5. Notably, an addition of four thiophene
rings on the periphery of ZnPc core increased its first oxidation potential by 130 mV, compared to
TB-ZnPc, whereas an addition of four conjugated bisthiophenes in HBT-ZnPc further raised the first
oxidation potential by 40 mV. The energy diagram of the TiO./(FAPbI3)oss(MAPbBr3)0.1s/HTM/Au
devices comparing different HTMs is shown in Figure 66b. Assuming the valence band of mixed-
ion perovskite to be at —5.65 eV (vs vacuum),'* all ZnPcs show enough overpotential leading to

efficient charge extraction at the HTM interfaces. However, the HOMO levels of HT-ZnPc and HBT-

122



Chapter 7. HTMs Investigation II.

ZnPc are lying higher comparing with that of some efficient HTMs like Spiro-OMeTAD (—5.22 eV

142

vs vacuum), "~ thus, a lower open circuit voltage (Vo) can be expected.

7.3.3 Application to PSCs and Performances.

To further analyze the behavior of TB-ZnPc, HT-ZnPc, and HBT-ZnPc as suitable HTMs, hybrid
organic—inorganic perovskite solar cells were fabricated. The devices were made using a standard
configuration where the optimized [FAPbI3]oss[MAPbBr3]o.15 perovskite absorber was sandwiched
between TiO,-blocking layer/TiO,-mesoporous layer as ETM and the ZnPcs as HTM (Figure 68a).
The electron-transporting layer was fabricated as described in the Supporting Information of this
article. The perovskite thin film was deposited by using a single-step spin-coating procedure
employing chlorobenzene as antisolvent.*' The hole-transporting layers were spin-coated on the top
of perovskite film using chlorobenzene solutions. A small amount of dopants was used in both cases,
ZnPcs and Spiro-OMeTAD, to enhance their conductivity. Further details about the solution
preparation and deposition parameters can be found in the Supporting Information. Solar cells with
Spiro-OMeTAD-based hole-transporting layer were also fabricated as reference cells. Finally, 80 nm

thick gold layer was deposited on the top of the HTM, completing the solar cell configuration.

The current density—voltage (J—F) curves and the key photovoltaic parameters of the solar cells
recorded under standard AM1.5G illumination are summarized in Figure 68b and Table 6. Devices
of the best performances and those of average characteristics are shown. In general, ZnPc-based
perovskite solar cells exhibited reasonable performances in all cases, with open circuit voltages (Vo)

above 1.05 V. However, a strong influence of the ZnPc derivative employed in each case was

Table 6. Photovoltaic parameters of representative ZnPc-based PSCs of average performance in comparison
with reference best performing Spiro-OMeTAD PSC

HTM Jse [MA em?| Vac [V] FF [%] PCE [%]
TB-ZnPec 20.19 1.03 66.3 13.3
HT-ZnPc 20.28 1.05 80.3 17.1
HBT-ZnPe 20.16 1.10 69.4 15.5
Spiro-OMeTAD 23.01 1.07 77.8 19.1
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Figure 69. J-V curve and EQE measured for one of the highest efficient cells under AM 1.5G illumination in
ambient atmosphere.

observed, leading to substantial differences mainly of the fill factor (FF). Compared with Spiro-
OMeTAD, which exhibited a short circuit current (Jic) of 23 mA cm 2, the TB-ZnPc showed slightly
lower Js. of nearly 20 mA cm 2, and a considerably reduced FF of =65%. We attributed this behavior
to a higher series-resistance (Rs) in the device, resulting in a lower conductivity for the HTM layer.
As a consequence, a drop in PCE from 19% to 13.3% occurred for TB-ZnPc. PSCs containing HT-
ZnPc derivative led to a comparable current density (20.3 mA cm %) but a record FF, in some cases,
superior than that obtained with Spiro-OMeTAD, with impressive values of 80%. This resulted in a
record value of 17.5% (Figure 69), which is the highest reported for phthalocyanines-based HTMs.
However, the introduction of a bis-thiophene unit (HBT-ZnPc) caused an unexpected detrimental
effect, decreasing considerably both the J (below 20 mA cm 2 in most of the cases) and the FF of
69%, resulting in a reduced efficiency with an average value of 15.5% (see Table 5). These
observations are particularly interesting since the chemical structures of both, HT-ZnPc and HBT-
ZnPc, are rather similar, resulting in comparable values for HOMO, LUMO, and Eo.o. Our findings
clearly underline the important influence of the molecular packaging on the final optoelectronic
properties on the solid film. Overall, the replacement of four fert-butyl groups by four 5-
hexylthiophene moieties led to a significant increase of PCE from 15.1% to 17.5% (maximum
values), a record efficiency which opens up new frontiers toward abundant, efficient, and low cost

alternatives to Spiro-OMeTAD.
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Figure 68c summarizes the external quantum efficiency (EQE) as a function of wavelength of ZnPc-
based devices, and that of Spiro-OMeTAD. As clearly observed, the EQE from all HTMs is very
similar at high energy wavelengths, staying close to ®90% conversion for all the cells. Interestingly,
the presence of ZnPc derivatives causes a strong decrease above ~600 nm. We associate the reduced
EQE at larger wavelength to the absorption of phthalocyanines, as they exhibit a strong absorption
band from =580 to 790 nm. As a consequence, they can reduce considerably the fraction of current
generated by the second pass of reflected light from the gold electrode (Figure 70). As the perovskite
film exhibits higher absorption coefficient at shorter wavelengths, this effect can be observed only
for low energy photons. Compared with Spiro-OMeTAD, which is transparent in the visible range,
phthalocyanines absorb part of this light, causing a decrease in the incident photon-to-current
conversion efficiency (IPCE) above 590 nm. Interestingly, comparing the performance of the record
cell obtained for HT-ZnPc with the state-of-the art Spiro-OMeTAD, it can be observed that the main
lose in efficiency is due to the lower Ji, while Vo and FF are within the same range of values.
Additionally, a pronounced hysteresis behavior was observed for J—V curves of all studied Pcs under
forward and reverse bias measured under AM 1.5G illuminations in ambient atmosphere at a constant
rate 10 mV s”', most likely caused by the interface between the perovskite and HTM layer (Figure
70). These results suggest that further investigations toward larger band gap Pc derivatives are

promising in order to maintain the fraction of current generated by the second pass. More information
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Figure 70. (Top) EQEs of ZnPc-based perovskite solar cells and UV-vis absorption spectra of the
corresponding ZnPc thin films on glass substrates, containing the same amount of dopants as used in device
fabrication. (Down) J-V curve under forward and reverse bias measured for ZnPc-based PSCs under AM 1.5G

illuminations in ambient atmosphere. The cell was measured without encapsulation at a constant rate 10 mV
-1
s
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regarding device performance, reproducibility, as well as the performance of the record cells can be

found in Figure 71.
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Figure 72. a) Steady-state fluorescence spectra obtained for Glass/perovskite/Pc-HTM substrates excited from
the HTM side. Pure perovskite and perovskite/Spiro-OMeTAD samples are also included as a reference. b)
Time resolved photoluminescence decay at 770nm obtained for all samples when exciting at 550nm from the
HTM side. The fitting parameters are depicted in the table below.
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7.3.4. Photoluminescence and hole transporting Analysis.

As mentioned, the proper energy level alignment of the Pc/perovskite interfaces would allow
efficient hole-transfer pathway. To further demonstrate this mechanism, we monitored the
photoluminescence (PL) of the perovskite/Pc bilayer, to exclusively target the interfacial behavior.
The perovskite film deposited on glass has been covered with the different Pc-HTMs, deposited in
the same conditions as during device preparation. Both, steady-state PL and time-resolved PL
evolution in the nanosecond regime have been monitored. Pristine perovskite film without the HTM
has also been measured as a reference. Upon excitation at 550 nm, the bilayer samples containing
different HTM on top showed in all cases a quenched emission with respect to the pristine perovskite,
indicative of an effective hole-transfer happening at the heterojunction, as it can be observed
in Figure 72a. The PL decay for all samples showed similar trends: the decay is dominated by a fast
component with a time constant =2 ns (see Figure 72b), much shorter with respect to the long-living
signal of the perovskite-only film (with a decay time constant beyond our temporal window). This
behavior is observed for all Pc-HTM, with TB-ZnPc and HTB-ZnPc both exhibiting a faster time
decay with amplitude, however, slightly lower than those of Spiro-OMeTAD. The PL quenching
with respect to the pristine perovskite film indicates that hole-transfer is a viable and efficient

interfacial mechanism, in accordance with the energy level landscape previously retrieved.

Assuming that the three ZnPcs possess comparable energy levels for the proper hole-injection, and
taking into account the similarities in their chemical structures, we further considered the influence
of a specific molecular packing of ZnPcs in HTM films as a potential reason of their different
performance. Metal Pcs in thin films are usually stacked, forming columns with the macrocycle tilted
in relation to the column vertical axis.'*® Such specific organization affects not only the optical
properties of the material but also the conductivity of the films, leading to anisotropy in their
optoelectronic properties, i.e., asymmetric hole-mobility within the layer.'** This property can be
further affected, for instance, by an incorporation of bulky-substituents in the Pc core, decreasing the
hole-extraction as a consequence of a lower intermolecular contact.''® Molecular tilting, rotations, or
lateral displacement of the macrocycles within the aggregate can further enhance the anisotropy of
a system, increasing the resistivity toward charge migration.'*> Resuming, the supramolecular
packing represents a complex phenomenon that, however, can easily affect the performance of the
entire molecular system such as hole-transporting layer, and, ultimately, the resulting solar cell
performance. Taking the before mentioned into account, we have studied the properties of HTM thin
films, to reveal a relationship between the charge-carrier transport characteristics of ZnPc-based

HTM layers and the observed photovoltaic performance of perovskite solar cells.
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Ground-state features of ZnPc-based hole-transporting layers were studied by steady-state
absorption of the corresponding thin films on glass substrates, containing the same doping
composition as during device fabrication. All ZnPc-based hole-transporting layers exhibited
characteristic ~10 nm blue-shifted broaden Q-band maxima if compared to the corresponding ZnPc
signatures in solutions (Figures 66a and 70). The latter was associated with the formation of
aggregates. Notably, the presence of tert-butylpyridine (TBP) as one of the dopants in all the films
should have enhanced the anisotropy of the ZnPc packing.'** As a matter of fact, no steady-state
emission has been detected for the studied films, confirming the presence of close intermolecular

contacts between ZnPcs in the thin film, accounting for the quenching.

The lateral conductivity of thin films of different ZnPcs was measured between 2.5 um spaced
interdigitated gold electrodes. Films were fabricated in the same way as for PSCs, containing 5 mol%
of FK209 as a dopant. Intentionally, film with tetra-zerz-butyl copper phthalocyanine (TB-CuPc) has
been also analyzed instead of that of Spiro-OMeTAD. In fact, TB-CuPc yielded the highest 15.2%

PCE among Pc-based perovskite solar cells,'”

remaining the aforementioned molecular stacking
behavior typical for Pcs. Figure 73a shows the conductivity values obtained for the three ZnPc and
a reference TB-CuPc films. HBT-ZnPc and TB-ZnPc layers exhibited the lowest conductivities of
6.0 x 107and 5.0 x 1077 S cm™', respectively. Surprisingly, the HT-ZnPc film revealed the
conductivity similar to that of TB-CuPc (8.0 x 10~ and 4.0 x 107> S cm ™', respectively), being both
comparable with that of Spiro-OMeTAD.'*® In summary, the conductivity trend clearly supports the
observed difference in the device performance, suggesting the optimal packing of HT-ZnPc within

employed thin films for the proper photovoltaic output.
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Figure 73. a) Lateral conductivity of the doped HTMs given in comparison with tetra-tert-butyl CuPc. b) SEM
top-images of devices fabricated with different HTMs.
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7.3.5. Morphology and Crystallization

Scanning electron microscopy (SEM) was used to analyze the topology of HTM layers after their
deposition on the perovskite material. SEM top-images of all films, including Spiro-OMeTAD, as
one of the fabricated devices, are displayed in Figure 73b. Both, Spiro-OMeTAD and TB-ZnPc
present a very homogeneous surface of their films where no special features could be distinguished
within a micrometer to nanometer range. On the contrary, some aggregation was identified in the
HBT-ZnPc layer, with circular domains different in size and shape. Most surprisingly, the flower-
type brunched micrometer-size aggregates were formed by HT-ZnPc molecule in a reproducible
manner. Speculatively, these structures might be responsible for the outstanding performance of HT-
ZnPc as HTM for Pcs. This finding clearly supports the huge influence of the Pc structural
peculiarities on a scale of a single molecule on the final electrical properties of films and bulk
material, through subtle and difficult to define in the solid state aggregation features of these

macrocycles.

In order to disclose possible ordered or semicrystalline ZnPc-based structures within the thin films,
grazing incidence wide-angle X-ray scattering technique (GIWAXS) was employed to reveal
characteristic scattering signals. An incidence angle of X-ray below the critical angle of HTM layer
was used. Corresponding ZnPcs were spin-coated from their chlorobenzene solutions on top of
perovskite layer, following the same procedure as during device fabrication. The obtained 2D
GIWAXS patterns for individual films are represented on Figure 74. Several intense halo peaks
corresponding to the underlying perovskite layer were visible in all the samples, being assigned to
the perovskite (110). Scrutinizing the diffraction region of ZnPc layers, it has been found that most

PCs are quite poorly ordered, most likely due to the presence of dopants. For the HT-ZnPc sample,

Figure 74. 2D GIWAXS images of (a) HT-ZnPc (b) HBT-ZnPc and (c) TB-ZnPc. GIWAXS samples were
prepared with similar procedures as device fabrication. Doped with LiTFSI, FK209 and TBP, HTMs were spin-
coated on the underlying perovskite film.

- 2D GIWAX Measurements GIWAXS measurements were performed by means of a solid anode X-ray tube
(Siemens Kristalloflex X-ray source, copper anode X-ray tube operated at 35kV and 40mA), Osmic confocal
MaxFlux optics, X-ray beam with pinhole collimation and a MAR345 image plate detector. The beam size was
0.5 x 0.5 mm and samples were irradiated just below the critical angle for total external reflection for X-ray
beam (~0.18°). Data analysis was carried out with Datasqueeze software.
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no reflections were observed, indicating that the HT-ZnPc domains are very amorphous or mainly
oriented perpendicular to the top surface. However, reflection at 1.28 nm is observed for HBT-ZnPc,
being in agreement with the value typical for the (100)-oriented brickstone structure.'** For TB-ZnPc,
only one isotropic reflection at d-spacing of 1.49 nm is observed, clearly stating a disordered
morphology in the film. No clear evidence of crystalline-like structures has been found for any of
the studied ZnPc-based films, thus, confirming the amorphous character of Pc stacks within hole-

transporting layers.

7.4. Conclusion

In summary, we investigated a series of easily accessible zinc phthalocyanines as hole-transporting
materials in mixed-ion perovskite [FAPbI3]oss|MAPDbBr3]o.15 solar cells overcoming the record
power conversion efficiency reported to date for phthalocyanines. The optimized devices exhibited
PCE of 15.5% when using tetra-5-hexyl-2,2'-bisthiophene substituted ZnPcs, 13.3% for tetra-tert-
butyl ZnPc, and outstanding 17.5% for tetra-5-hexylthiophene-based analogue under standard global
AM 1.5 illumination. Worthy to highlight, the latter cells showed very high FF superior to those of
Spiro-OMeTAD, with impressive values surpassing 80%. The resulting difference in photovoltaic
performance was rationalized in terms of individual optoelectronic properties of ZnPcs and their
aggregation in a condensed HTM layer employing steady-state absorption and emission, time-
dependent PL, conductivity measurements, SEM, and GIWAXS techniques. Formation of the
amorphous aggregated structures in the ZnPc-based HTM layer was concluded to enhance drastically
the resulting device performance. These results boost up the potential large-scale applications of
solution-processed ZnPc derivatives as stable and economic hole-transport materials, opening new

frontiers toward a realistic, efficient, and inexpensive energy production.

7.5. Experimental section

7.5.1. Synthesis and characterization

Chemicals were purchased from commercial suppliers and used as received. Air sensitive reactions
were carried out under argon atmosphere. Column chromatography was carried out using silica gel
Merck-60 (230-400 mesh, 60 A) as the solid support. TLC analyses were performed on aluminum
sheets precoated with silica gel 60 F254 (E. Merck). Size-exclusion chromatography (GPC) was
carried out using Bio-Beads S-X1 support (BIO-RAD) as a stationary phase and THF as a mobile
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phase. Matrix-assisted laser desorption ionization (coupled to a time-of-flight analyzer) experiments
(MALDI-TOF) were carried out using Autoflex I1I mass spectrometer (Bruker Daltonics) in positive
mode. NMR spectra were measured on a Bruker AC-400 instrument, locked on deuterated solvents.
UV-vis spectra were recorded on Analytic JENA S 600 and Perkin Elmer UV-vis spectrophotometers
in spectroscopic grade solvents. IR spectra were collected on Perkin-Elmer, FT-IR
spectrophotometer (ATR = Attenuated total reflectance). Cyclic voltammograms (CV) and
differential pulse voltammograms (DPV) were recorded on BioLogic SP200 potentiostat.
Measurements were carried out in a home-built onecompartment cell using a three-electrode
configuration, dichloromethane (DCM) as a solvent and 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF6) as a supporting electrolyte. A carbon-glassy electrode was used as
the working electrode and platinum coil as a counter electrode. All potentials were recorded against
a platinum wire pseudo-reference electrode and corrected against Fc+ /Fc redox couple. DPV and
CV were measured at scan rates of 20 and 100 mVs-1 , respectively. Prior to each voltammetric
measurement, the cell was degassed 2 by bubbling with argon for about 20 min. Electrochemical
measurements were performed using a concentration of approximately 1 x 10-3 M for the compound
in question. Thermogravimetric analysis (TGA) was performed using a TGAQS500 instrument with
a ramp of 10 °C/min under N2 from RT to 600 °C. - Synthesis of 2(3), 9(10),16(17),23(24)-tetra[5'-
hexyl-2,2'-bithiophene]-phthalocyaninato (2- )-N 29, N30, N31, N32 zinc(Il) (HBT-ZnPc)

A suspension of tetra-iodo Zn(II)Pc (50 mg, 0.046 mmol), bisthiophene-boronic acid pinacol ester
(105 mg, 0.28 mmol), Pd(PPh3)4 (5.3 mg, 0.0046 mmol) and a solution of Na2CO3 (100 mg, 0.1
mmol) in H20 (1 mL) in dimethoxyethane (10 mL) was stirred at 95 °C under argon atmosphere for
24 h. The mixture was then cooled at room temperature and poured into a 1M NH4CIl aqueous
solution (100 mL). The suspension was extracted with ethyl acetate (3 x 25 mL) and the combined
organic layers were dried over MgSO4, filtered and evaporated in vacuo. Column chromatography
of the crude product on silica gel (hexane/dioxane = 6:1, vol.), following size-exclusion
chromatography (Bio-Beads SX1, THF) afforded pure compound (31 mg, 0.02 mmol) as a green
solid. Yield: 43%. 1H NMR (d8-THF, 400 MHz): 6 (ppm) = 9.2-8.6 (m, 9H), 8.2-7.9 (m, 5H), 7.9-
7.8 (m, 1H), 7.8-7.7 (m, 3H), 7.4-7.2 (m, 7H), 6.9-6.8 (m, 3H), 3.0-2.8 (m, 8H), 1.9-1.7 (m, 8H),
1.4-1.3 (m, 24H), 1.06-0.9 (m, 12H). UV-vis (THF): Amax, nm (log €): 710 (5.10), 641 (4.52), 358
(4.96). IR (ATR): v = 2919, 2850, 1734, 1605, 1490, 1450, 1331, 1255, 1050, 891. MS (MALDI-
TOF) m/z: calc. for C8SH80N8S8Zn: 1568.356; found 1568.413 [M]+.

7.5.2. Solar Cells Preparation
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Device preparation Devices were fabricated on fluorine doped tin oxide (FTO) coated glass
substrates. The substrates were cleaned sequentially with Hellmanex and Milli Q grade distilled
water in 6 ultrasonic bath for 15 min, then washed with isopropanol. Prior to the deposition of any
functional layer, UV-ozone surface treatment was performed for 15 min to remove any remaining
traces of organic material. A 30 nm TiO2 compact layer was deposited on FTO via spray pyrolysis
at 450°C from a precursor solution of titanium diisopropoxide bis(acetylacetonate) in anhydrous
ethanol. Then, substrates were left at 450°C for 30 min and cool down to room temperature.
Mesoporous TiO2 layer was deposited by spin coating for 20 s at 2000 rpm with a ramp of 1000 rpm
s-1 , using 30 nm particle paste (Dyesol) diluted in ethanol to achieve 150 nm thick layer. After the
spin coating, the substrate was immediately dried at 100°C for 10 min and then sintered again at
500°C for 30 min, under dry air flow. Upon cooling to room temperature, the perovskite layer was
deposited in a nitrogen-filled glovebox by spin coating the perovskite precursor solution. The spin
coating program includes two steps, first 1000 rpm for 10 s with a ramp of 200 rpm s-1 , then 6000
rpm for 30 s with a ramp of 2000 rpm s-1 . 12 s before the end of the spin-coating program,
chlorobenzene was gently dropped on the spinning substrate for 2 s. The substrate was then heated
at 100°C for 80 min on a hotplate in the nitrogen-filled glovebox. The HTM solutions were prepared
dissolving the molecule in chlorobenzene at Pc concentration of 30 mM, with the same doping
composition we used for the Spiro-OMeTAD solution. The HTM layer was finally deposited by spin
coating from solution at 4000 rpm for 20 s with a ramp of 2000 rpm s-1 . Finally, 80 nm of gold was
deposited by thermal evaporation under high vacuum, using a shadow masking to pattern the

electrodes.

7.5.3. Characterization

High resolution cross-section images of the finished devices were recorded with a ZEISS Merlin
HR-SEM scanning electron microscope. Current-voltage characteristics were measured in air under
AM 1.5 simulated sunlight with Keithley potentiostat. The light intensity was measured for
calibration with an NREL certified KG5 filtered Si reference diode. The solar cells were masked
with a metal aperture of 0.16 cm2 to define the active area. The current-voltage curves were recorded
scanning at 10 mVs-1 from forward scan to short circuit and vice versa, with a preconditioning of

the device with light during 3s before the scan.
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Chapter 8. ETL Investigation

(Beneficial role of reduced graphene oxide
for electron extraction in highly efficient
perovskite solar cells)

This chapter was published as the above title in ChemSusChem, 2016, 9, 3040-3044

In authors (Kyung Taek Cho, Giulia Grancini, Yonghui Lee, Dimitrios Konios, Sanghyun Paek, Emmanuel
Kymakis, Mohammad Khaja Nazeeruddin), I was the main author. I designed experiments and fabricated
devices by graphene prepared by other co-authors.

133



Chapter 8. ETL Investigation.

8.1. Abstract

In this work we systematically investigated the role of reduced graphene oxide (rGO) in hybrid
perovskite solar cells (PSCs). By mixing rGO within the mesoporous TiO, (m-TiO,) matrix, highly
efficient solar cells with power conversion efficiency values up to 19.54 % were realized. In addition,
the boosted beneficial role of rGO with and without Li-treated m-TiO; is highlighted, improving
transport and injection of photoexcited electrons. This combined system may pave the way for

further development and optimization of electron transport and collection in high efficiency PSCs.

8.2. Introduction

Since its isolation in 2004,'*” graphene has had a huge impact on applications in optoelectronic and
photon energy conversion, owing to its unique electronic, optical, and mechanical properties.'**!%!
The development of solution-processable graphene, such as the chemical exfoliation of graphite into
graphene oxide, allowed the functionalization and processing of graphene, extending its use in the
different layers of solution-processable solar cells.'** '** Among different solar cell technologies,
organic—inorganic hybrid perovskite solar cells (PSCs) have been dominating the interest of the
scientific research community for their impressive technological development with power
conversion efficiency (PCE) values beyond 22 % in a short of six years of research.” However,
further improvements are necessary to optimize the PSC device operation and stability, and enhance
the device performance. From this point, mixed graphene-based derivatives have been proposed to
further enhance the device properties.'” Used in various forms and with different functionalities,
either incorporated in mesoscopic or in planar device configuration,'** '3 functionalized reduced
graphene oxide (rGO) derivatives have been successfully employed for improved charge extraction
in the electrontransport material (ETM)">* 5% 157 or hole-transport material (HTM)'*® in PSCs. Its
ability to effectively reduce the chargerecombination pathways and decrease the leakage currents has
been demonstrated, with a similar role as in organic solar cells.””*'®" However, all of the PCEs
reported are limited to less than 14 % and the perovskite was not formed as a perfect film, which
casts the doubt on the real beneficial role of rGO on high-efficiency PSCs. In contrast to many
applications of carbon-based materials that are usually introduced at the perovskite/TiO; or
perovskite/HTM interfaces, or in substitution of the HTM itself,'®* '* here we propose a systematic

study by exploring three different configurations as shown in Figure 75.
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Figure 75. Illustration of the solar cells architectures fabricated with rGO in each layer: (a) m-TiO>+rGO, (b)
perovskitetrGO, and (¢) spiro-OMeTAD+rGO. (d—f) The corresponding energy level diagram of these three
devices. These energy levels are based on the individual materials; within the solar cell and under illumination
there will be a relative shift.

8.3. Results and discussion.

We integrated the rGO: 1) within the mesoporous TiO> (m-TiO,) ETM, 2) in the matrix of the active
perovskite layer, and 3) in the 2,2',7,7-tetrakis(V,N'-di-p-methoxyphenylamine)-9,9'-
spirobifluorene (spiro-OMeTAD) HTM . In this study, mesoscopic PSCs are composed of a fluorine
doped tin oxide (FTO)-coated glass substrate, a compact TiO; layer followed by a m-TiO» layer, a
mixed (FAPbI3)o35(MAPbBr3)0.15 (FA=formamidinium, MA=methylammonium) perovskite layer
that infiltrates into the m-TiO,, a spiro-OMeTAD layer, and a Au counter electrode.'*’ We investigate
the effect of the introduction of the rGO flakes in each layer comparing the results with control cells
without rGO. Furthermore, to better examine the effect of rGO in the ETM, we compared devices
with and without treating the TiO, surface with lithium bistrifluoromethanesulfonimidate (Li-TFSI),
which was recently shown to improve the device performance by facilitating the interfacial electron
injection.”” The different device architectures are illustrated in Figure 75 a—c, where rGO has been
included in the m-TiO; layer, mixed perovskite layer, and spiro-OMeTAD layer, respectively. Energy

level diagrams are inserted in the cartoon in Figure 75 d—f.'% 14!
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Figure 76 High-resolution XPS Cls spectra for (a) GO and (b) rGO. (c) Cyclic voltammetry curve of rGO, in
CH3CN using 0.1 M Tetrabutylammonium hexafluorophosphate (TBAPF6) as the electrolyte, at a scan rate of
10 mVs-!. Inset demonstrates the reduction peak onset of rGO.
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Figure 77. Cross-sectional field emission scanning electron microscopy (FESEM) of a) mpTiO2, b) rGO/mp-
TiO,, ¢) rGO/(FAPbI3)0.85(MAPDbBr3)0.15, d) rGO/spiro-OMeTAD based perovskite solar cell.
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8.3.1. Preparation and characterization of rGO

The characterization of rGO, along with the calculations of the rtGO HOMO/LUMO levels, being
approximately —4.96/—3.95 eV, respectively, are explained in Figures 76. As the energy level of rGO
is lower than the TiO, and mixed perovskite, we expect that a photoexcited electron can be extracted
through the rGO plates. The cross-sectional scanning electron microscopy (SEM) images of the four
studied PSC architectures are provided in Figure 77, showing the similar layered device structure.
The current density—voltage (J-F) characteristics of the best devices for each architecture along with
the device parameters are shown in Figure 78, respectively. Initially, these devices were fabricated
with Li-treated TiO; layers. Depending on the rGO mixing layer, the performances vary dramatically.
It is found that the presence of rGO in the m-TiO; layer has a strong positive impact on the device
performances. Relative to the control cell (without rGO), which provides a PCE of 18.8 % (see Table
in Figure 78), incorporation of rGO in the m-TiO; layer yields improved device performance with a

PCE of 19.5 %.

8.3.2. Fabrication of PSCs with rGO/ and without Li treatment.

When the rGO is mixed in the spiro-OMeTAD or perovskite layers (Figure 75b and c), we observed
no significant improvement in the device performance, and similar or lower PCEs were obtained
(Figure 78). Interestingly, these results are in contrast to what was observed in the literature, where
it is indicated that rGO always plays a positive role for improving the PCE of PSCs,'**156:164.165 The

reduced photovoltaic performance when rGO is mixed either with the perovskite or with the spiro-

25 Architecture Li treatment Voc Jsc FF PCE
o “ VI |[mAem™| %] | (%]
§ [k]
§ control yes 1.097 22.07 0.78 18.89
£ i
— no 1.081 22.548 0.718 17.51
=
@ m-Ti0++1GO yes 111 21.984 0.8 19.54
1]
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Figure 78. J-V curves of the best performing devices for each architecture described in Figure 74, measured
under AM 1.5 G solar irradiation of 100 mW cm 2. The solar cell parameters are summarized in Table.

[a] Li treatment: m-TiO2 layer is treated with a solution of lithium bistrifluoromethanesulfonimidate (Li-TFSI)
in acetonitrile before deposition of the perovskite layer. [b] No rGO in the cell architecture.
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Figure 79. SEM top view of the layers (a, ¢) without and (b, d) with rGO: (a—b) perovskite and (c—d) spiro-
OMeTAD. (b, d) Note the presence of aggregates on the surface in the samples with rGO, which can create
shunt pathways between m-TiO,, perovskite/spiro-OMeTAD, and gold.
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Figure 80. The schematic
image for energy level
alignment of the materials used
in our devices and the assumed
recombination mechanism in
the a) perovskite and b) spiro
HTM layer.

OMeTAD layers can be attributed to a detrimental effect of the rGO in the device structure. This

observation comes from the analysis of SEM top-view (Figure 79). In Figure 79a and c the top-

surface of the neat perovskite and spiro-OMeTAD layers are compared to the ones that include rGO

(Figure 79b and d, respectively). When rGO is incorporated either within the perovskite or spiro-

OMeTAD layer, the film is no longer homogeneous; incorporation of rGO is responsible for the

formation of nanoflakes that disrupt the crystal quality. This leads to additional shunt pathways that
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Figure 81. Statistics of the efficiency distribution for devices (a) with m-TiO2 and m-TiO2 including rGO
(each 30 samples), (b) including rGO in perovskite and spiro-OMeTAD (16 samples), and (c) with un-doped
m-TiO2 layer (20 samples).

negatively affect the perovskite device performances. Direct pathways between the perovskite and
the top Au electrode or the bottom TiO; and spiro-OMeTAD can be easily generated by the rGO
flakes, increasing the possibility of charge recombination and leading to the reduced device
performances observed. Note that this effect is amplified when the rGO is mixed within the
perovskite, creating unwanted electron-leakage flow toward spiro-OMeTAD (Figure 80). On the
contrary, when we added the rGO in the m-TiO; layer, the highest PCEs were obatined. Both the
open-circuit voltage (Voc) and fill factor (FF) were improved, resulting in the best performing device
with PCE maximum of 19.54 %. We conclude that the addition of rGO only has a beneficial effect
on the PSC performance when mixed with the m-TiO; layer. The statistics of the efficiency
distribution shown in Figure 81a and b demonstrate the repeatability of the enhancement achieved

by employing rGO in the m-TiO; layer.

8.3.2. Fabrication of PSCs with rGO/ and with Li treatment.

To further unveil the effects of the rGO incorporation in the m-TiO> layer, we also fabricated devices
without the Li treatment on TiO» electrode. Li treatment is usually performed for the high-efficiency
solar cells, because it has a beneficial role in passivating the surface traps and improving electron
injection.”* % We compare in Figure 82a the /- curves with and without Li-treated TiO; electrodes
and/or rGO. Note that without the Li treatment the performances are overall reduced with PCE values
of around 17 %, as shown in Table in Figure 77. The efficiency statistics of these devices is also

depicted in Figure 81 c.
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Figure 82. (a) /-V characteristics of the solar cells whose parameters are presented in Table of Figure 77. (b)
Normalized PL decay measured at 770 nm upon excitation at 460 nm from the m-TiO, side for samples with
and without rGO and/or Li doping in the HTM, as indicated in the legend. Solid lines represent the outcome
of the exponential fitting. See below Table for fitting parameters. All the samples have been encapsulated to
prevent oxygen or moisture degradation.

We note that the difference from insertion of rGO in the un-treated m-TiO, electrode is lower
compared with the Li-treated m-TiO,+rGO devices. Although the device using untreated m-
TiO,+rGO shows an increased FF and short-circuit current density (Jsc), suggesting an improved
electron-injection pathway, the Voc is reduced. From our results, it is clear that devices incorporating

Li-treated m-TiO,+rGO yield the best performance.

The role of the rGO was further studied by monitoring the photoluminescence (PL) decays of the
devices with Li-treated m-TiO,+rGO. The presence of rGO induces a quenching of the PL signal
(see Figure 83a). Figure 82b shows the PL. dynamics at 770 nm upon excitation at 460 nm. The
control sample, containing untreated m-TiO, without rGO, shows a long-living decay out of our
temporal window reflecting the intrinsic electron-hole recombination dynamic in the perovskite.'®’
On the contrary, we observed that the presence of the rGO quenches the PL signal. This might
indicate that, among other processes, electron transfer is facilitated in the presence of the rGO. The
quenching happens on a time scale of a few tens of ns. Table in Figure 82 shows the parameters
derived from exponential fitting of the PL decays. On the other side, when both rGO and Li-TFSI
were mixed with the m-TiO», an even faster quenching component was observed, resulting in an
initial PL decay within 1 ns, which corresponds to the resolution of our system. This can be attributed
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Figure 83. (a) PL spectra of the m-TiO» based sample treated with Li and with rGO in the TiO, matrix. To
quantify the PL quenching due to electron transfer we measured the same sample upon excitation from the
capping layer or from the TiO, layer. A quenching of about 45% is found. (b) PL decay upon excitation from
the capping side at 460 nm. Sample 1. Perovskite/m-TiO,; 2. Perovskite/m-TiO,+Li; 3. Perovskite/rGO+m-
TiO2; 4. Perovskite/rGO+m-TiO,+Li. Excitation density of ~10 nlJ/cm? . All the samples have been
encapsulated to prevent degradation or any oxygen/moisture induced effects. The PL shows a monoexponential
decay with a time constant beyond our temporal window. No difference is observed among the samples
investigated, because we are mainly probing the properties of the capping layer side that are similar in all the
cases.

to more efficient and faster electron injection at the treated interface owing to the synergic positive
effects of improving the electron extraction. For the sake of completeness, note that no differences
were observed when we probed the PL decay upon exciting selectively the perovskite capping layer

(Figure 83b), supporting the role of rGO exclusively on the interfacial dynamics.

8.4. Conclusion.

The overall study presents a thorough analysis of the role of rGO integrated into PSCs, elucidating
its main role in improving electron transport when mixed with the m-TiO; layer. In the other case,
unwanted shunt resistance pathways are generated if the rGO is incorporated with the perovskite or
spiro-OMeTAD layers, reducing the overall device performance. In addition, from the synergic effect
of the rGO and Li treatment in the m-TiO; layer, the device yielded a superior PCE of 19.54 %, which
is ascribed to the beneficial role of rGO in extracting electrons through the ETM. We believe that
our combined system of rGO and Li treatment may pave the way for further developing and
optimizing the electron transport and collection behind high efficient PSCs.

141



Chapter 8. ETL Investigation.

8.5. Experimental Section

8.4.1. Preparation of graphene oxide

Graphene oxide was prepared from graphite powder (Alfa Aesar, ~200 mesh) according to a

modified Hummers’ method. In more detail, graphite powder (0.5 g) was placed into a mixture of
sulfuric acid (40 mL, 98 %) and sodium nitrate (0.375 g). The mixture was then stirred and cooled
in an ice bath. While maintaining vigorous stirring, potassium permanganate (3.0 g) was added in
portions over a period of 2 h. The reaction mixture was left for 4 h to reach room temperature before
being heated at 35 °C for 30 min. It was then poured into a flask containing deionized water (50 mL)
and further heated at 70 °C for 15 min. The mixture was then decanted into 250 mL of deionized
water and the unreacted KMnO4 was removed by adding 3 % hydrogen peroxide. The reaction
mixture was then allowed to settle and decanted. The obtained graphite oxide was purified by
repeated centrifugation and redispersed in deionized water until a neutralized pH was achieved.

Finally, the resulting graphene oxide was dried at 60 °C in a vacuum oven for 48 h before use.

8.4.2. Preparation of rGO

The reduction of graphene oxide was performed using a mixture of hydriodic acid (55 %)/acetic acid.
In detail, the as-prepared graphene oxide powder (0.1 g) was sonicated in acetic acid (37 mL) for 2
h. Hydroiodic acid (2 mL) was then added and the mixture was stirred at 40 °C for 40 h. After being
isolated by filtration, the product was washed through a three-step procedure using saturated sodium
bicarbonate (3x2.5 mL), distilled water (3%2.5 mL), and acetone (2x2.5 mL). Finally, the resulting

rGO was dried at 60 °C in a vacuum oven overnight.

8.4.3. Device fabrication

FTO (NSG 10)-coated glass was used as a substrate and was cleaned in 2 % Hellmanex water
solution by sonication, and then rinsed, first in water and finally in ethanol and acetone. A hole-
blocking layer of compact TiO, was deposited on the cleaned FTO by using spray pyrolysis at 450 °C.
The precursor spray solution was prepared by diluting titanium diisopropoxide (30 % in isopropanol,

Sigma—Aldrich) in ethanol by the proportions 5:95 by volume. Oxygen was used as a carrier gas.
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After spraying, the FTO was cooled to room temperature. On top of the compact TiO; layer, a m-
TiO; layer was fabricated by first spin-coating TiO, nanoparticles at 2000 rpm for 10 s. TiO, paste
(Dyesol 30 NR-D) was diluted in ethanol at a concentration of 125 mg mL ™" and used for mesoporous
layer. Then substrates were sintered at on a hot plate for 30 min and then slowly cooled down. For
Li treatment on the TiO; layer, the substrates were re-heated to 450 °C and maintained at this
temperature for 30 min after spin coating a 0.1 m lithium bistrifluoromethanesulfonimidate (Li-TFSI,
Sigma—Aldrich) in acetonitrile (Acros) at 3000 rpm for 10 s. After cooling, they were transferred
directly into a nitrogen glovebox. A perovskite precursor solution was spin-coated in the glove box.
The (FAPbI3)0.ss(MAPbBr3)0.15 precursor solution was composed of FAI (1 m), Pbl, (1.1 m, Sigma—
Aldrich), MABr (0.2m), and PbBr; (0.2m, Sigma—Aldrich) in anhydrous DMF/DMSO
(Acros)=4:1 v/v. This composition contains a lead excess as reported previously. The solution was
spin-coated at 1000 rpm for 10 s and continuously at 6000 rpm for 30 s. During the second step,
when approximately 15 s left before finish, 100 uL of anhydrous chlorobenzene was added. After
spin-coating, the films were annealed on a hotplate at 100 °C for 90 min. If the perovskite films were
cooled to ambient temperature, a 70 mm solution of spiro-OMeTAD (Merck) dissolved in
chlorobenzene (Acros) was spin-coated on top of the films at 4000 rpm for 20 s. Three different
additives were added to the spiro-OMeTAD solution: 4-tert-butylpyridine (TBP), Li-TFSI in
acetonitrile, and FK209 (Dyesol) in acetonitrile. The molar ratio of spiro-OMeTAD/FK209/Li-
TFSI/TBP was 1:0.03:0.5:3.3. Lastly, the 70 nm thick Au counter electrode was deposited by thermal

evaporation.

In this experiment, a specified concentration of rGO added to the spiro-OMeTAD or perovskite
solutions was limited to 0.055 mgmL ™" and 0.01 pgmL™', respectively, because rGO has limited
solubility in each solvent. In a mixed solvent of DMF/DMSO (perovskite solution) and
chlorobenzene (spiro-OMeTAD solution), these concentrations showed no precipitate after
sonication for 2 h. In the case of TiO», we chose the concentration when a maximum efficiency was

obtained from an incorporation of rGO in the m-TiO; layer.

8.4.4. Solar cell characterization

The solar cells were characterized using a 450 W xenon light source (Oriel) equipped with a Keithley
2400 source meter. The light intensity was measured by a certified reference Si cell equipped with
an IR-cutoff filter, KG5 (Newport), and it was adjusted to 1000 W m? during each measurement. A

black metal mask of 0.16 cm? was used to fix the active area of the solar cells and a scan rate is 2.5

143



Chapter 8. ETL Investigation.

mVs™ on forward and backward scans. A ZEISS Merlin high-resolution scanning electron
microscope (HR-SEM) was performed for the morphology of the device cross-section and surface
of films. X-ray powder diffraction (XRD) was recorded on a D8 advance (Brucker) equipped with a
ceramic tube (Cu anode, 2=1.54060 A) in an angle range of 20=10-70°.

8.4.5. PL experiment

Steady state PL spectra were recorded using a spectrophotometer (Gilden Photonics) equipped with
a cw Xenon lamp utilized for excitation. To detect the time-resolved PL trace, a pulsed source at 460
nm (Ps diode lasers BDS-SM, pulse with <100 ps, from Photonic Solutions, approx. 1 mW power,
20 MHz repetition rate, approx. 500 um spot radius) was used as excitation and the signal is recorded

at 770 nm by the time-correlated single-photon counting detection technique with a time resolution

of 1 ns. Excitation density of ~10 nJcm ™. All the samples have been encapsulated to prevent

degradation or any oxygen/moisture-induced effects. A monoexponential and bi-exponential fitting

are used to analyze the background-corrected PL decay signal.
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Conclusion and future perspective.

In this thesis, my favorite research is the passivating perovskite layer and used it as a tool to increase
Voc in perovskite solar cells. (Chapter 3&4) However, before applying my ideas we need to fabricate
proper working perovskite solar cells. It was consumed almost one year to optimize various
conditions and surrounding environment after moving in new laboratory. And then, it was
successfully obtained the optimized perovskite solar cells having comparable efficiency to other top
groups. We employed mixed cations and halide perovskite for precursors of perovskite films and
solvent engineering technique for fabricating devices. (Chapter 2) This optimized devices became

the basement, from which we implemented various concepts and modification.

In Chapter 3 and 4, specifically, the passivation to perovskite layer is a main concept to enhance the
performance. I obtained this idea from typical Si solar cells and one of engineering technique, back
surface field. In Si solar cells, an introduction of additional layer between emitter and electrode has
been used to prevent or reduce charge carrier recombination. The interface recombination at a
position where two different materials contact accounts for degrading Voc in the efficiency of
devices. Thus, the inserting of similar precursor material but having wider bandgap at this position

showed the improved PCE by increasing Voc.

First, we utilized a FABr precursor to generate a new perovskite layer at the end of pristine
(FAPbI3)0.35(MAPDbBI3)0.15 perovskite layer, contacting a HTL (spiro-OMeTAD). We performed a
post treatment by spincoating FABr precursor solution on the pre-formed perovskite film. Although
we didn’t figure out the distinct perovskite (FAPbls.xBrx), it is found that the efficiency by this

engineered perovskite might be improved by the effect of passivating defects.

By upgrading this concept of FABr passivation, we focused on the development of 2D perovskite
layer between the triple cation mixed perovskite Cso.1FAo74MAo.13Pbl,.43Bro 30 and spiro-OMeTAD.
We followed the same skill of post spincoating precursor solution, here, of PEAI. We discovered a
new low dimensional perovskite (eg. PEA:Pblsy) was formed distinctly on top of
Cso.1FA074M Ay 13Pbl; 4sBro 30 perovskite film and demonstrated the broad applicability of this post
treatment engineering concept. In addition, this depositing 2D perovskite layer leads improvement
on stability of devices, as well as the efficiency with the increase of Voc and Jsc. The relatively strong

low dimensional perovskite layer reduces the degradation of perovskite layer
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I also investigated other application fields and tested the potential of lead free perovskite in solar
cells. (Chapter 5) All of established perovskite kinds exhibiting high efficient performance on
photovoltaics include the Pb in their composition. Although it is insisted that the amount included in
final complete devices is quite low, it is still very dangerous and toxic for human because the
perovskites used in PV researches are very soluble in water. As considering this fact, we have to
move to lead free perovskite on the future. For lead free perovskite, we employed a double perovskite
Cs2AgBiBrg to overcome the toxicity and instability. However, the double perovskite has too wide
bandgap for obtaining high efficient solar cells. We demonstrated the possibility that this lead free
perovskite can work in photovoltaics. Further studies are needed for reducing the large bandgap with

sustaining extraordinary photovoltaic properties of lead perovskites.

In Chapter 6 and 7, we took the challenge of testing the various hole transporting materials coming
out from perovskite materials. Zinc phthalocyanines were used replacing spiro-OMeTAD and
showed the outstanding 17.5% for tetra-5-hexylthiophene-based analogue. Worthy to highlight,
widely used spiro-OMeTAD and PTAA are too expensive to become commercialization and weak
to sustain under the harsh ambient environment. We expected the ZnPc-based HTM layer might be
concluded as stable and economic hole-transport materials, opening new frontiers toward a realistic,
efficient, and inexpensive energy production. Finally, we have also a trial of modification on ETL
with graphene. Graphene is known well because of its outstanding electric conductivity. When
inserting in perovskite layer and HTL, it is shown lower efficiencies because the large size of
graphene flakes prevented perovskite from crystallization and make additional routes for multiplying
charge carrier recombination in perovskite layer and HTL. Only in ETL we can take its advantage

of high electric conductivity.

Consequently, I studied and touched all of parts in configuration of perovskite solar cells, ETL,
perovskite, and HTMs. Although I did not synthesize and design the HTMs by myself, I think I
helped well to figure out which HTMs are working without troubles about transporting charges and
why the degraded performance was shown. Specially, in the aspect of perovskite film, I believe my
thesis paves the way toward improving perovskite solar cells on efficiency and stability by
passivating techniques, thus overcoming important limitations for commercialization. The success
of these methods would need further research and improvement on various perovskite composition
and configuration, as well as on other perovskite devices. With more optimization and tests, the

future when we do not have any energy problems by perovskite solar cells will come soon.
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2012.9 —2014.7 KAIST, Department of Chemical and Biomolecular Engineering

Advisor: Jae Woo Lee

* Developed and constructed experimental technique to porous carbons with high specific surface area and
heteroatoms-doped graphene.

* Analyzed the elements, specific surface area, and the morphology of samples.
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* Determined the capacitance of the samples and estimated the effect of heteroatoms doped into carbons.
e Performed the electrochemical experiment.

2014.8 — present EPFL, Doctoral Program in Chemistry and Chemical Engineering

Advisor: Mohammad Khaja Nazeeruddin
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specific surface area and pore size distribution).

Others

3D MAX, Microsoft office, Origin Pro, etc.
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Military Service as a Medic, Korea 2007.7 ~ 2009.6
Voluntary, tutoring foreigner students in Hanyang University 2010.3 ~2010.8
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