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Abstract

Human society is craving new and renewable energy sources. Indeed, the need for novel
sources is an obligation in order to cope with the exponentially increasing global energy
demand. Also, environmentally friendly alternatives to fossil fuels are more crucial than ever
in order to limit the effects of global warming. Finally, the current gas and oil crisis underlies
the importance for each state to have some alternatives in case of shortage, i.e. to gain some
energetic independence. In that regard, solar energy represents the best candidate, given its
huge potential and its universal character. In particular, perovskite solar cells (PSCs) show the
highest promise amongst emerging technologies. From their first report in 2009, the power
conversion efficiency rocketed, to cross 25 % recently. Unfortunately, several important issues

remain.

Chapter 2. Its lower bandgap makes formamidinium lead iodide (FAPbI3) a more
suitable candidate for single-junction solar cells than pure methylammonium lead iodide
(MAPDI3). However, its structural and thermodynamic stability is improved by introducing a
significant amount of MA and bromide, both of which increase the bandgap and amplify trade-
off between the photocurrent and photovoltage. Here, we simultaneously stabilized FAPDbI3
into a cubic lattice and minimized the formation of photoinactive phases, such as hexagonal
FAPDI3 and Pbly, by introducing 5% MAPDBTs3, as revealed by synchrotron X-ray scattering.
We were able to stabilize the composition (FAq.95MA0.05CS0.05)Pb(lo.95Bro.05)3, Which exhibits
a minimal trade-off between the photocurrent and photovoltage. This material shows low
energetic disorder and improved charge-carrier dynamics as revealed by photothermal
deflection spectroscopy (PDS) and transient absorption spectroscopy (TAS), respectively. This
allowed the fabrication of operationally stable perovskite solar cells yielding reproducible

efficiencies approaching 22%.



Chapter 3. Herein, we successfully engineered a multi-cation halide composition of
perovskite solar cells via the two-step sequential deposition method. Strikingly we find that
adding mixtures of 1D polymorphs of orthorhombic 5-RbPbl; and 8-CsPbls to the Pbl,
precursor solution induces the formation of porous mesostructured hexagonal films. This
porosity greatly facilitates the heterogeneous nucleation and the penetration of FA/MA cations
within the Pbl film. Thus, the subsequent conversion of Pbl; into the desired multication cubic
a-structure by exposing it to a solution of formamidinium methylammonium halides is greatly
enhanced. During the conversion step, the 6-CsPblz also is fully integrated into the 3-D mixed
cation perovskite lattice, which exhibits high crystallinity and superior optoelectronic
properties. The champion device shows a power conversion efficiency (PCE) over 22%, with
an open-circuit voltage of 1.15V, a short-circuit photocurrent of 24.82 mA-cm and a fill factor
of 78% at a bandgap of 1.55 eV. Furthermore, these devices exhibit enhanced operational
stability, with the best device retaining more than 90% of its initial value of PCE under 1-Sun

illumination with maximum power point tracking for 400 h.

Chapter 4. A promising approach for the production of highly efficient and stable
hybrid perovskite solar cells is employing mixed ion materials. Remarkable performances have
been reached by materials comprising a stabilized mixture of methylammonium (MA*) and
formamidinium (FA™) as the monovalent cation. We compare and quantify the methods of
stabilizing FA-based perovskites involving the additional blending of the smaller inorganic
cations cesium (Cs*) and rubidium (Rb*), which can lead to an improvement in phase purity of
the black cubic perovskite modification. Even under excess lead iodide conditions, the presence
of a separate Pbl> phase as well as hexagonal phases, which are very common for
formamidinium-containing perovskites, can be drastically reduced or even completely
prevented. In this respect, adding both Cs*and Rb* showed greater effectivity than only adding

Cs™, enabling an increase in the percentage of cubic phase within the material from 45 % in the



double cation FA:MA mixture to 97.8 % in the quadruple composition. The impact of admixing
inorganic cations on the perovskite crystal structure resulted in enlarged homogeneous
crystallite sizes, a less pronounced orientational order and indicated also minor modifications
of unit cell sizes. Finally, we discuss the impact of phase purity on charge-carrier

recombination dynamics and solar cell performance.

Chapter 5. The need for facile and stable ways to mitigate MHPs imperfections without
modifying their elemental composition is crucial. Herein, we removed Cs* from the bulk of the
perovskite and applied it on the surface, as a passivation agent via a cesium iodide (Csl)
solution. We study the effect of Csl passivation on the perovskite films’ structural and
optoelectronic properties by X-ray diffraction (XRD) and X-Ray photoelectron spectroscopy
(XPS, ARXPS), scanning electron (SEM) and Kelvin Probe Force (KPFM) microscopies,
steady-state and time-resolved photoluminescence (PL, TRPL), and electroabsorption
(TREAS) spectroscopy. Specifically, XRD and XPS demonstrate the total conversion of
precursors into the photoactive phase of FA-perovskite upon Csl passivation, and KPFM,
TRPL, and TREAS measurements show the high quality of the as-prepared film, reaching an
impressive photoluminescence quantum yield (PLQY) of over 8 % and improved charge
carriers mobility and lifetimes. Devices prepared using this method reached over 24 % power
conversion efficiency and 1.17 open-circuit voltage (Voc), compared to 22.7 % PCE and 1.11
V Voc for the control devices. Also, their operational stability at maximum power point was
improved, from less than 80 % to over 90 % of initial efficiency still delivered after more than

600 hours of light-soaking tests.

Keywords.

Sustainability, solar energy, perovskite solar cells, compositional engineering, defect

engineering, phase purity, stability.



Résumé

Plus que jamais, la société humaine a besoin de nouvelles sources d’énergie
renouvelables et bon marché. En effet, afin de lutter contre le réchauffement climatique et
répondre a la demande énergétique croissant de maniére exponentielle au niveau mondial, il
est primordial de développer des sources d’énergies alternatives a celle existantes. De plus, la
crise actuelle (gaz et pétrole) souligne aussi I’importance pour les états d’une indépendance
énergétique vis-a-vis des gros producteurs d’énergies fossiles. Dans cette perspective, 1’énergie
solaire représente un candidat de choix, de par son potentiel énorme et de par son universalité.
En particulier, les cellules photovoltaiques a pérovskites (PSCs, pour « perovskite solar cells »)
se sont établies comme la technologie émergente la plus prometteuse. Depuis leur découverte
en 2009, leur efficacité a connu une impressionnante ascension, s’établissant déja au-dela de
25% aujourd’hui. Cependant, et ce en dépit de leurs performances impressionnantes,
d’important défis demeurent. Notamment, la stabilité de la couche de pérovskite reste trop
faible de par les défauts intrinséques qu’elle présente et, dans une certaine mesure, I’utilisation
d’¢éléments toxiques dans leur composition pourrait étre un obstacle quant a leur
commercialisation a grande échelle. Le présent travail se veut un exemple de pistes a suivre
pour ’amélioration des PSCs et présente différentes stratégies d’ingénierie avec des résultats

encourageants.

Chapitre 2. Sa bande d’énergie interdite fait du formaldéhyde d'iodure de plomb
(FAPDbI3) un candidat plus approprié pour les cellules photovoltaiques a jonction simple que
son analogue de méthylammonium (MAPDI3). Cependant, sa stabilité structurelle et
thermodynamique nécessite d’étre améliorée par l'introduction d'une quantité significative de
MA et de bromure, qui causent tous les deux une augmentation de la bande d’énergie interdite

et amplifient la disparité entre le photocourant et la phototension. Ici, nous avons



simultanément stabilisé le FAPDbI3 sous sa forme photoactive cubique et minimisé la formation
de phases photo-inactives (telles que le FAPbIz hexagonal et le Pbl;) en introduisant 5% de
MAPbBr3, comme révélé par diffusion des rayons X (source : synchrotron). Nous avons pu
stabiliser la composition (FA0.95MA0.05Cs0.05)Pb(lo.9sBroos)s, qui présente un compromis
minimal entre le photocourant et la photovoltage. Cette composition présente un faible désordre
énergétique et une meilleure dynamique des porteurs de charge, comme le révélent
respectivement la spectroscopie de déviation photothermique (PDS) et la spectroscopie
d'absorption transitoire (TAS). Ceci a permis la fabrication de cellules solaires a pérovskite

opérationnellement stables et offrant des performances reproductibles proches de 22%.

Chapitre 3. Dans ce chapitre, nous avons modifié avec succes la méthode séquentielle
(en 2 étapes) de préparation des cellules solaires a pérovskites. Nous révélons de maniere
frappante que 1'ajout de polymorphes 1D de 6-RbPbls et 6-CsPbls orthorhombiques a la
solution précurseur de Pbl induit la formation de films hexagonaux mésostructurés poreux.
Cette porosité ainsi créée facilite grandement la nucléation hétérogéne et la pénétration des
cations FA/MA dans le film de Pbl.. Ainsi, la conversion ultérieure du Pbl. en la structure
pérovskite souhaitée est grandement améliorée lors de I’exposition aux sels FAI, MABr. Au
cours de 1'étape de conversion, le -CsPbl3 est également entierement intégré dans le réseau de
pérovskite, qui présente une cristallinité élevee et des propriétés optoélectroniques supérieures.
Il en résulte des cellules solaires présentant une efficacité supérieure a 22 %, avec une tension
en circuit ouvert de 1,15 V, un photocourant en court-circuit de 24,82 mA.cm et un facteur
de remplissage de 78 %, pour une bande interdite de 1,55 eV. En outre, ces dispositifs
présentent une meilleure stabilité opérationnelle, le meilleur dispositif conservant plus de 90
% de son efficacité initiale aprés plus de 400 h d’exposition sous un éclairage de un soleil

(AM1.5G).



Chapitre 4. Une approche prometteuse pour la production de cellules solaires a
pérovskite tres efficaces et stables consiste a utiliser des matériaux a ions mixtes. Des
performances remarquables ont été atteintes par des matériaux comprenant un mélange
stabilisé de méthylammonium (MA®) et de formamidinium (FA®) en tant que cation
monovalent. Nous comparons et quantifions les méthodes de stabilisation des pérovskites a
base de FA en impliquant le mélange supplémentaire des cations inorganiques plus petits que
sont le césium (Cs*) et le rubidium (Rb™), et qui peuvent conduire a une amélioration de la
pureté de phase du pérovskite. Méme dans des conditions d'exces d'iodure de plomb, la
présence d'une phase de Pbl, distincte ainsi que de phases hexagonales détrimentales, tres
courantes pour les pérovskites contenant du formamidinium, peut étre considérablement
réduite ou méme complétement empéchée. A cet égard, l'ajout de Cs* et de Rb* s'est révélé
plus efficace que l'ajout de Cs* seul, permettant une augmentation du pourcentage de phase
cubique (photoactive) dans le matériau de 45 % dans le mélange FA:MA a double cation a 97,8
% dans la composition quadruple. L'impact du mélange de cations inorganiques sur la structure
cristalline de la pérovskite s'est traduit par une augmentation de la taille des cristaux, un ordre
d'orientation moins prononcé et des modifications mineures de la taille des cellules unitaires.
Enfin, nous discutons de I'impact de la pureté de phase sur la dynamique de recombinaison des

porteurs de charge et les performances des cellules solaires.

Chapitre 5. 1I est crucial de développer de simples méthodes afin d’atténuer les
imperfections des pérovskites sans en modifier leur composition élémentaire. Dans cet article,
nous avons retiré le Cs* du pérovskite et I'avons appliqué a sa surface, comme agent de
passivation, via une solution d'iodure de césium (Csl). Nous étudions I'effet de la passivation
au Csl sur les propriétés structurelles et optoélectroniques des films de pérovskite par
diffraction des rayons X (XRD) et spectroscopie photoélectronique des rayons X (XPS,

ARXPS), microscopie électronique a balayage (SEM) et microscopie de force a sonde Kelvin



(KPFM), photoluminescence a I’équilibre et résolue dans le temps (PL, TRPL) et spectroscopie
d'électroabsorption (TREAS). En détails, la XRD et la XPS démontrent la conversion totale
des précurseurs vers la phase préovskite photoactive aprés passivation par le Csl, et les mesures
KPFM, TRPL et TREAS démontrent la haute qualité du film ainsi préparé, atteignant un
rendement quantique de photoluminescence (PLQY) impressionnant de plus de 8 % et une
mobilité et une durée de vie des porteurs de charge nettement améliorées. Les cellules solaires
préparées via cette méethode atteignent un rendement de conversion de puissance de plus de 24
% et une tension en circuit ouvert (Voc) de 1,17 V, contre 22,7 % d’efficacité et 1,11 V pour
les dispositifs de contrdle. En outre, la stabilité opérationnelle au point de puissance maximale
est améliorée, passant de moins de 80 % a plus de 90 % de I'efficacité initiale encore délivrée

apres plus de 600 heures de tests d’exposition au soleil.
Mots-clés.

Durabilité, énergie solaire, cellules solaires & perovskites, ingénierie compositionnelle,

ingénierie des défauts, pureté de phase, stabilité.
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Chapter 1: Introduction

Energy challenges of the XXIst century

The Industrial Revolution, which took place during the XVIIth and X1Xth centuries, marked
an important turning point in human history. Along with the development of machines, tools,
and mechanized factory systems, the living standards of the population considerably improved,
in the West especially. As a result, the world’s population growth rate drastically increased and

so did global energy demand (Fig. 1).
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Figure 1. Global primary energy consumption over the years by source. Plotted with data available at
ourworldindata.org*

Following the establishment of the first commercially successful steam-powered engine in
1712 (Newcomen’s atmospheric engine),? global coal consumption drastically increased,
replacing traditional biomass (wood). It was soon followed by oil after the discovery of the
first commercial oil well in Pennsylvania in 1859.3 The XX™ century saw the continuous rise
of both these energy sources together with the emergence of novel sources such as gas, nuclear

power, and hydropower.* At the time, there were no specific concerns other than “simply”



being able to supply for the exponentially growing energy demand which directly resulted from
the modernization of society and population growth. And already then the task was quite
challenging, as the world population doubled between 1950 and 1987.% However, the beginning
of the XX I century marked an important turning point, with growing concerns about global
warming and the very strong impact of human activities on it, especially regarding the
consumption of fossil energy (coal, oil, gas) which are responsible for most of the overall

greenhouse gases (GHGs) emissions.

100 —

= [=} co
(=] [=] [=]
| 1 1

Percentage (%)

[Se]
[=]
1

0 . : : : . : : :
1800 1850 1900 1950 2000

Year

Figure 2. Relative share of the global energy consumption per energy source over the years. Plotted
with data available at ourworldindata.org*

Current estimates demonstrate that global energy demand will further double in the next 30
years and triple by 2100, jJumping from around 16 TW nowadays to above 50 TW at the end of
the century.® In order to cope with the demand, but in a desperate effort to limit the effect of

global warming, enormous strains are put on the development of renewable energy sources.

Among the several renewable energy sources, solar power represents the candidate with the
most potential. To get an idea of the immensity of its potential, if we were to capture all the

solar energy that our planet receives in 90 minutes, we would have harvested more energy than



what human society consumes in a calendar year.” Or said differently, planet Earth receives
from the Sun in one year more than 400 times the predicted global energy demand of the 2100
horizon. A graphic illustration of the potential of the different renewable and non-renewable
energy sources is shown in Fig. 3 and it compares these potentials to today’s annual global
energy consumption. It is clear from the figure that solar energy has the most potential amongst

all energy sources. Actually, its potential is even bigger than all other energy sources combined.

Global Energy Potential
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Figure 3. Comparing finite and renewable planetary energy reserves (Terawatt-years). Total
recoverable reserves are shown for the finite resources. Yearly potential is shown for renewables.®

The importance of developing efficient devices capable of harvesting solar energy is thus
crucial and represents the most-promising technology towards establishing renewable energy

as the new benchmark.

Furthermore, and on top of pure ecological/sustainable reasoning, solar energy also represents
a wise choice regarding the current energy crisis. Indeed, as sunlight radiates all over the world
(and even if some areas exhibit preferential conditions regarding PV development), solar

energy also represents a possible solution for each state to improve their independence



regarding energy supply. For instance, the current invasion of Ukraine from Russia is causing
an energy crisis. Currently, crude oil price around $100 a barrel (and even reached $125), and
Europe if fearing from gas shortages as trouble is happening on the Russian Yamal-Europe
pipeline (one major route for Russian gas supply to Europe).>%° In this regard, solar power
would represent the best candidate to solve energy independence globally. Also, assuming a
global integration of wide-scale solar power in the grid, the prospect of an infinite and reliable
energy source would benefit the economy as well in bringing confidence in a viable and

permanent source of energy, preventing shortages and speculation.

The sun: a bright and radiative energy provider

Solar energy is created by nuclear fusion that takes place in the Sun. It generates heat and light
which flows away in the form of electromagnetic radiation (photons), which behave like a
wave, moving through space, but can also behave as a particle, with a discrete amount of energy
that can be absorbed, transmitted, or emitted. The energy associated with a photon depends on

its frequency v or wavelength A as given by the Planck-Einstein relation:

hc

Ephoton =hv = 7 (D

where h is the Planck’s constant (6.626-103* m? kg s™).

Strictly speaking, light is defined as electromagnetic radiations with a wavelength comprised
between 200 nm and 2500 nm. Eventually part of it reaches our planet. Part of this energy
coming from the Sun can be harnessed and converted into another form of energy, electricity
(solar power, solar PV) or heat (solar thermal energy, STE). Even though the power conversion
efficiency of STE (up to 90%)'%3 is much higher than for solar PV, the enormous advantage

of solar PV over STE is that it readily produces electrical power. And regarding power plants,



PV design is much simpler than that of thermal. Indeed, a conventional solar PV farm only

consists of a solar panels installation connected to the grid

Traps light Traps heat

Solar PV Solar thermal

Figure 4. Difference between solar PV and solar thermal energy technologies

Solar power relies on the photovoltaic effect, where a semiconductor material, exposed to
photons (light), generates an electrical current and a voltage. This phenomenon was first
described by Edmond Becquerel in 1839 in the Comptes rendus de I’Académie des Sciences,

where he described the first electrochemical cell producing power upon exposure to light.4

Semiconductors: ideal light-harvesting materials?

Semiconductors are materials that have an electrical conductivity that lies between that of a
conductor and that of an insulator. Electrons are thus present in energy bands that can be
separated by “forbidden” regions, that is regions for which no wavelike electron orbitals exist.

The outermost electron orbital filled with the electron is defined as the valence band (VB) and



the first empty electron orbital is defined as the conduction band (CB). The energy difference
between the highest (occupied) state of the VB and the lowest (unoccupied) state of the CB is
defined as the bandgap energy (Eg). In conductive materials (metals, electrolytes,
superconductors, plasmas), molecular orbitals become a series of continuous energy levels as
part of VB and CB overlap, allowing charges to flow. In the case of insulators, the energy gap
is huge; photons can still be absorbed, the generated electron is lost due to the high resistance
of insulators. Semiconductors lie in-between the two, exhibiting properties of both conductors
and insulators, rendering them interesting materials regarding light-harvesting and energy

capture.®®

Electron energy

Conductor Semi-conductor Insulator

Figure 5. Schematics of band theory explanation of the difference between conductors, semiconductors,
and insulators

Photovoltaic technologies are constituted of diverse semiconductor materials depending on the
type of photovoltaic technology. Some are called direct bandgap to semiconductors and some
others are referred as indirect bandgap semiconductors. The difference lies in the electron
momentum: direct semiconductors exhibit VB and CB with the same electron momentum,

meaning that upon light exposure, the photovoltaic material will absorb photons with an energy



greater than the band gap (E = hv = E;) and, upon excitation, electrons (e") will be directly
promoted from the VB to the CB, leaving a positive charge in the conduction band, a hole (h™).
But in the case of indirect bandgap semiconductors, VB and CB do not share the same electron
momentum and thus, an electron cannot jump directly from the VB to the CB. It needs also the
involvement of a phonon (lattice vibration) in order to change its electron momentum to attain

the same as for the VB. Then only, a transition can occur.
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Figure 6. Illustration of the difference in the absorption process between a direct (left) and indirect
(right) semiconductor.*®

Phonon
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The absorption rate depends on two parameters: the thickness of the material (x), and its
absorption coefficient a. When the light of intensity lo strikes the material’s surface, its

intensity at any distance x in the semiconductor is:
I =lje (2)
Light propagates within the medium depending on the material’s complex refractive index n
n' =n+ik (3)

n is the real part of the refractive index and determines the propagation velocity (v and

wavelength 1) in the medium:

c
n=-—= — (4)



where c is the speed of light in vacuum (299,792,458 meters per second) and assuming ambient

is vacuum having wavelength Ao.

The imaginary part of the extinction coefficient is k. It is an intrinsic property of the material

related to the absorption coefficient as follows:

_ 4tk )
=

Thus, the absorption coefficient of a material depends on the wavelength A. This suggests that

semiconductors preferentially absorb light at a particular wavelength.

Finally, photons of energy less than the bandgap that strikes the material cannot excite an
electron and are thus transmitted. These phenomena are called absorption and transmission,
respectively (described in Fig. 6 below). Photovoltaic technologies will then take advantage of
the charge separation process and collect the flow of electrons to use them in an external circuit
to produce some work. The recombination of photogenerated electron-hole pairs can happen
in radiative or non-radiative pathways and represent efficiency losses for the photovoltaic
device. When recombining radiatively, an electron-hole pair emits a photon of energy
corresponding to the bandgap. The whole point is to prevent photogenerated charges to
recombine, as their collection is what drives the power conversion efficiency of the associated

photovoltaic devices.
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Figure 7. Schematics of the energy bands and associated processes in photovoltaics

Recombination : overview of an efficiency-killer

As mentioned above, light absorption can promote electrons from the VB to the CB, creating
an electron-hole pair. If not collected, the electron relaxes its extra, just absorbed energy, and
recombine with the hole in the VB. This phenomenon is called recombination. Two major types

of recombination processes are distinguished:

1. radiative recombination (generates photons as e and h* recombine)
2. non-radiative recombination: trap (Shockley-Read-Hall) recombination and Auger

recombination

As aforementioned, radiative recombination is simply the opposite of the absorption process:
the excited electron relaxes to the VB by emitting a photon of energy corresponding to the
bandgap. This is typically the working principle of LEDs and LASERs. Non-radiative
recombination corresponds to the relaxation of excited electrons through other processes than

the emission of a photon. Most often, the light-harvesting material used in solar cells is not



perfect in terms of crystallinity. Indeed, defects or impurities can be present, and this creates
energetic defects in the electronic structure of the material. In other terms, photogenerated
electrons in the CB might relax to discrete defect levels of lower energy and then relax to the
VB, recombining with a hole. In this phenomenon called trap (or Shockley-Read Hall)
recombination, the electron relaxes through lattice vibration, which results mainly in phonons
emission that gets lost as heat. Another recombination method that also occurs in
semiconductors is known as Auger recombination. It is similar to radiative recombination,
apart from the fact that the relaxation energy is not expressed via the emission of a photon but
is given to other charge carriers which subsequently get excited to higher energy states within

the same energy band, before thermally relaxing via phonons generation.’
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Figure 8. lllustration of the three recombination processes occurring in solar cells®

Auger recombination mostly occurs in case of high charge carrier concentrations, following
heavy doping or a high injection rate, which is likely to happen under exposure to a

concentrated light.

The time between the photogeneration and the recombination of electron-hole pairs is defined
as the minority carrier lifetime of a material, and it is a crucial parameter for solar cells
performance. It is directly proportional to the charge carrier concentration 4n and inversely

proportional to the recombination rate R:



T=— (6)

and the overall charge carrier lifetime is defined as:

1 1 1 1
== +—+ 7)
T Tradiative Ttrap TAuger

This equation shows that any recombination process competing with radiative recombination

reduces the effective lifetime of charge carriers and is therefore detrimental.*®

Solar cells: basics & evolution of PV technology

Now that we had a look at semiconductors and the photogeneration of charges as well as the

associated recombination mechanisms, let’s have a closer look at solar cells.
Working principle

In a typical solar cell, two doped semiconductors are brought into contact and put under
illumination to take advantage of the photogeneration of charges. Doped semiconductors are
regular semiconductors whose conductivity has been tuned through the introduction of
impurities (= doping). The nature of the dopant determines the nature of the doping: n-doping
consists in introducing additional donor (free electrons) impurities in the bulk of the material
whereas p-type doping refers to the introduction of acceptor states (free holes). As an example,
silicon, which is part of the group IV of chemical elements, is doped into an n-type
semiconductor by introducing group V atoms such as phosphorus (P) and p-doped using group

[11 atoms such as boron (B).

The doping of a semiconductor implies changes in its energy levels: indeed, undoped (or
intrinsic) semiconductors exhibit an equal amount of electrons in the VB and holes in the CB,
which establish the energy of the Fermi level (EF) almost exactly in the middle of the gap

between VB and CB edges. Fermi level represents the average work needed to remove an



electron from the material (work function). The introduction if extra electrons (n-doping)
disrupts the equilibrium, lowering in energy the Fermi level closer to the VB (Er,n); whereas
less electrons (p-doping) will have the exact opposite effect, with the extra holes shifting the

Fermi level towards the edge of the CB (Er ).

Np
EF,Tl = EF + kaln (7) (8)

Ny

where kg is the Boltzmann constant (1.38-10% m? kg s K1), Np and Na are the donor and

acceptor concentrations respectively, and n is the intrinsic charge carriers concentration.

When an n-type and a p-type semiconductors are brought into contact, what is called a p-n
junction is formed, and the Fermi level of both will equilibrate by diffusing the excess electrons
from the n-type towards the p-type SC and holes diffusion in the opposite direction. This
phenomenon creates a bending of the respective VB and CB of each material and an internal
electrical field is formed in the area where electrons and holes diffuse, called the depletion
region. A built-in potential (Vi) is also created, which simply corresponds to the difference in

the Fermi levels in n- and p-type SC before they were joined.

NDNA)

kpT
Vo = Erpn = Erp <> Vi =~ (1

(10)

The charge carriers’ transport is ruled by diffusion and drift. Diffusion has been discussed here
above and is caused by the gradient in charge carrier concentration whereas the drift
corresponds to the process where charged particles move under the influence of an electric
field. This pushes electrons towards the n-type part and holes towards the p-type part. Thus,
diffusion and drift mechanisms are opposed. At equilibrium, the net current is null, as drift and

diffusion currents cancel each other.



Under the application of an external voltage, the p-n junction equilibrium is disturbed:
considering the positive pole of the voltage connected on the p-side and the negative on the n-
side, applying a forward bias leads to the reduction of the built-in potential Vbi and of the
internal electric field, which shrinks the depletion region. As a result, the drift of
photogenerated charge carriers is diminished, ultimately allowing charges to flow. This is the
creation of a photocurrent. In opposition, when a backward bias is applied, the built-in potential
increases as well as the internal electric field, preventing any movement of charges. And if no
bias is applied, a residual saturation current (Jo) flows across the cell to compensate for the

charge carriers’ diffusion.
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Figure 9. (a) Schematic representation of energy levels in undoped (left), p-doped (middle), and n-
doped (right) semiconductors, with their corresponding Fermi levels. (b) Formation of a p-n junction
with the depletion zone and band bending resulting from the Fermi levels adjustment. (c) Schematic
representation of electrons and holes distribution in a p-n junction and the resulting internal electric
field. (d) Schematic representation of a p-n junction operation principle under illumination



The current variation in the dark is described as follows:
_ av )
1) = Jo(exp (o= 1) 11

Allin all, it is only possible to create a photocurrent in a single direction. This is the definition
of a semiconductor diode. And a photovoltaic solar cell under dark is actually similar to that,

with light acting as the external applied bias.

When such a device is placed under illumination, photons absorption processes (as explained
above) take place in the depletion region. The photogenerated electron-hole pairs will then be
separated thanks to the internal electric field: electrons in the CB will flow towards the n-type
SC and holes will flow towards the p-type SC. This leads to the splitting of Fermi level into
Ern and Erp (quasi-Fermi level splitting, 4EF). Charges generated outside of the depletion
region will recombine or diffuse to the depletion region and eventually be separated. When no
external voltage is applied (i.e. at VV = 0), short-circuit conditions are reached and short-circuit
photocurrent (Js¢), that is the maximal current that the device can deliver, can be measured. It
depends on the illumination of the solar cell and the charge photogeneration rate.?° The

photocurrent under illumination is described as:

|4
1) = Jse = Io(exp (o7~ 1) (12

When the photocurrent is null (J = 0), open-circuit conditions are attained. The voltage under
such conditions is defined as open-circuit photovoltage (Voc) and corresponds to the quasi-

Fermi level splitting potential:

Voc = — — = (13)

Or solving equation (11) for J=0 gives:



ksT
Vo = —=—1In (ﬁ - 1) (14)
q 0

However, solar cells are only non-ideal diodes, and several detrimental processes and elements
are to be considered. First of all, shunt and series resistances: shunts resistance (Rsh) are
typically due to manufacturing defects which provide alternative ways for the photogenerated
charges to flow, leading to a leakage current (Jsh) and thus, lower performance, whereas series
resistances (Rseries) COrresponds to electrical losses at interfaces/metal contacts.?-?? Finally, the
current-voltage dependence is non-ideal and thus, a non-ideality factor m needs to be

considered.?>2* The realistic version of equation YY is:

Q(V +]ARseries)> _ 1) _ 4 +]ARseries (15)

](V) =Jsc = Jo (exp( mkyT R,

where A corresponds to the illuminated area (active area) of the solar cell. It is clear from
equation (15) that lowering both shunt and series resistances improves the photocurrent J and
thus the performance. All in all, they represent non-radiative recombination pathways, which

we already discussed, have tremendously bad consequences for the solar cells performance.

A practical way to determine the non-radiative voltage losses is the measurement of the
photoluminescence quantum yield (PLQY) or equivalently the electroluminescence quantum

efficiency (EQE), and combination of both can also experimentally determine Voc:

AER kgT
Voo =—= Voc,rad + _ln(PLQY) (16)
q q
AER kgT
Voc = T = Voc,rad + Tln(EQE) (17)

Thus, voltage losses are:

kgT kgT
AV = Vocraa = Voo = _Tln(PLQY) = _TIH(EQE) (18)



The power conversion efficiency (PCE) of solar cells is measured via the recording of
photocurrent-photovoltage (J-V) measurements under AM1.5G illumination (that is, the global
standard spectrum, which is a reproduction of sunlight striking Earth’s surface with an angle
of 41.81°above horizon, passing through the atmosphere (air mass = 1.5), and with a total
irradiance of 1000 W/m? and with solar cells exposed frontally to it, that is with a tilt angle of

37° from the horizon and shown in Fig. 10).%°

(a) (b)
E 2.0 : ‘ E 20 :"'
o —— AM1.5 Direct o s
; —— AM1.5 Global E 5] Faoen7 &
= 1.5+ —— AMO 3 2
[+'] [\ =
g 2 10 5
8 1.0+ s g
k= 5 F2.0e+17 2
g £ o5 g
= 051 = 05 ]
= © ;
= = o
% 00l g 5
a 0.01 . ; - ‘ o 0.0+ : . ; ; 0.0E+0 E
w250 1000 1750 2500 3250 4000 © 250 1000 1750 2500 3250 4000 3
Wavelength (nm) Wavelength (nm)

Figure 10. (a) Spectral irradiance of AM1.5G, AM1.5D, and AMO and (b) spectral irradiance and
cumulative photon flux of AM1.5G plotted with data acquired from the US National Renewable Energy
Laboratory (NREL) website?

The PCE of any solar cell is simply the ratio of the output electrical power given by the solar

cell compared to the input power received from the sun:

P
PCE (%) = };’”t . 100 (19)

mn

In 1961, Schockley and Queisser determined that the maximum theoretical PCE for a single-
junction solar cell, considering an ideal case, lies at 30% for an absorber layer with a band gap
energy of 1.1 eV. However, this calculation used a simplified model of the solar spectrum and
more estimations determine it at 33.7 % for a band gap of 1.34 eV.?"2 This is referred as the
Shockley-Queisser limit in their honor and represent the perfect case for which all of the solar

power falling on the solar device would be converted into electricity, with no non-radiative



losses. Thus, material with a band gap energy as close as possible to 1.34 eV represent the

most-suitable candidate regarding single-junction photovoltaic devices.

To calculate the power delivered by the solar cells, three parameters are taken into account
from the J-V measurements: the short-circuit photocurrent (Jsc) and the open-circuit
photovoltage (Voc) which were already discussed and represent the maximum theoretical

photocurrent and photovoltage of the solar cell respectively, and the fill factor (FF):

VocJscFF

PCE (%) = P
i

100 (20)

The fill factor is defined as the ratio between the actual maximum power delivered by the cells

and the product of Jsc and Voc:

Pmax
FF = —max 21)
]SC[/OC

It can help to approximate the ideality of the solar cells (how far experimental performance are
from the maximal, theoretical ones) and evaluate resistive losses (losses due to series

resistance). In Figure 11, FF corresponds to the ratio of the red rectangle over the blue one.
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Figure 11. (a) Equivalent circuit of a solar cell under illumination, with all the other electrical
elements: generated short-circuit photocurrent Js, dark current (Jsark), Shunt leakage current (Jsn),
series resistance (Rseries) @and shunt resistance (Rsn). (b) Graphical representation of a J-V curve. The
important parameters are highlighted. The fill factor (FF) represents the ratio of the area of the red
rectangle over the blue rectangle.

PV technology evolution

Even though Becquerel was the first to report on an electrochemical photovoltaic cell in 1839,
it is not before the middle of the 20th century that photovoltaic devices really kicked in: p-n
junctions were discovered in 1941 by V.E. Lashkaryov?® and the first modern junction solar
cell was patented in 1946 by R. Ohl.*° Finally, it is in 1954 that the first practical silicon solar
cell was demonstrated by Chapin et al. at Bell laboratories, reaching a PCE of 6%.%
Monocrystalline Silicon (mc-Si, PCE = 26.1%%) and polycrystalline silicon (pc-Si, PCE =
23.3%5%) represent the first generation of solar cells, together with gallium arsenide (GaAs,
PCE = 29.1%°%?). They all correspond to high efficiency solar cells with excellent stability, but
their production is highly energy-intensive, rendering them costly and environmentally harmful
to some extent.>®> Amorphous silicon (a-Si) ones, on the other hand, are less energy-intensive
in their manufactory, but their efficiency is only marginal compared to mc-Si and pc-Si. Their
higher relative efficiency at low light intensities make them interesting for indoor purposes,
though.®* The bandgap of mc-Si and pc-Si cells lie around 1.1 eV, 1.7 eV for a-Si and 1.42 eV

for GaAs.3>36
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Figure 12. Best Research-Cell Efficiencies chart from the U.S. National Renewable Energy Laboratory
(NREL)

The second generation of solar cells emerged in the 1970s with the apparition of thin film
technologies, such as copper indium gallium selenide (CIGS, bandgap = 1.13 eV, PCE =
23.35%)%", cadmium telluride (CdTe, bandgap = 1.45 eV, PCE = 22.1%)%*“, gallium indium
phosphide (GalnP, PCE = 20.8%)*14?, copper zinc tin sulfide (CZTS/Se, bandgap 1.05-1.2 eV,
PCE = 12.6%).34 CIGS technology shows the highest performance, but GalnP solar cells
exhibit the advantage of having particularly low voltage losses, enabling high Voc up to 1.41 V.
Unfortunately, and even if they have the advantage to avoid the use of silicon wafers as well
as using less materials than first generation photovoltaic devices, these devices still exhibit the
same drawbacks than first-generation solar cells, i.e. their production is highly energy-

consuming, require some Earth-rare materials and is not so energy-friendly.

Third generation of solar cells arose from the late 1990s, taking advantage of innovation
(notably in the deposition methods that followed the second generation of PV, but also from
engineering as a whole), with the ultimate aim to develop simpler processes and lower their
environmental footprint by involving more Earth-abundant elements. Diverse device’s

architecture can be found amongst the several different types of third-generation PV cells. The




most-promising technologies are dye-sensitized solar cells (DSSCs), perovskite solar cells
(PSCs) and organic solar cells (OPVs). DSSCs are developed following the discovery of Prof.
Michael Gratzel and mimic the natural photosynthesis. The technology is simple and
environmentally friendly, but their PCE is limited (< 14%). Still, DSSCs are already
manufactured on a multi-megawatt scale, and their excellent efficiency at lower light intensities
render them extremely interesting for other purposes than high efficiency solar energy
generation though, such as integrated PV for indoor purposes or detectors, amongst other.
PSCs are derived from solid-state DSSCs and use a light-absorbing layer made of tin/lead
perovskites. They demonstrated an incredible raise in their PCE, starting from an initial 3.8%
PCE in 2009 up to 25.7% nowadays, already competing with silicon cells within 15 years from
their discovery!*>4¢ Unfortunately, PSCs lack operational stability to date, but they are poised
to conquer the market in the near future. Finally, OPVs represent a major candidate to establish
the next benchmark PV technology, especially regarding the fact they involve low-cost, non-
toxic, Earth-abundant materials and already demonstrate to be promising regarding their
industrialization, with easy manufacturing schemes made possible thanks to the high flexibility

of OPVs. In terms of efficiency, the record PCE established so far lies at about 18% PCE.*



Perovskite solar cells

Historical perspective

Historically, the name of “perovskite” first referred to
the mineral calcium titanate (CaTiO3), described by
Gustav Rose (1798 - 1873) in the 1830s” and who named
it after the Russian mineralogist Count Lev

Alekseyevich von Perovski (1792-1856, Figure 13).%8

By extension, the ”’perovskite” denomination was then
applied to any material of empirical formula ABX3
which adopts the same atomic structure as CaTiO3z, with

A being a rather large monovalent cation (A*), B a

Figure 13. Count Lev Alekseyevich von
Perovski

smaller divalent cation (B?*) and X a divalent anion (X?). The ideal perovskite lattice

arrangement is shown below (Figure 14). It corresponds to a cubic perovskite phase, also

referred to as alpha phase (a-phase). As with many structures in crystallography, it can be

represented in several ways. The simplest way to think about a perovskite is the following: B?*

cations are 6-fold coordinated to X" anions, forming a system of ordered octahedra where B?*

cations lie in the center of the octahedra and X anions forming the corners. The bigger, 12-

fold coordinated A* cations fill the gap between the octahedra and balance the charge of the

whole network.
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Figure 14. Schematics of a 3D ABX3 perovskite structure with an emphasis on the chemical elements
used in each A, B or X position respectively for solar cells applications*

Depending on the elemental nature of A, B and X ions, respectively, perovskites can offer a
broad array of properties, such as superconductivity,®® catalytic properties,®® strong
magnetoresistance,®® or spintronics,® rendering them interesting for diverse applications. A
real breakthrough occurred in 2006, though, when Prof. Miyasaka’s group (in collaboration
with Peccell Technology Inc.) presented at the Electrochemical Society (ECS) meeting the use
metal-halide perovskites (MHPs), and more precisely of methylammonium lead bromide
(MAPDBT3) as light-harvesting material to fabricate solar cells of 2.19% PCE.>* In 2009 finally,
the first research article was published by the same group. They reported the use of
methylammonium lead iodide (MAPbIs), to produce PSCs of 3.8% PCE.* Since then, the
interest of researchers worldwide was triggered, and constant improvements were reported, to
attain nowadays a record PCE of 25.7%.% Thus, the photovoltaic potential of MHPs material
is immense, and lots of research groups are competing worldwide to push PSCs to the next
stage. This phenomenon is reflected in Figure 15, which displays the amount of research papers
published every year for each type of solar cells. As it is clear, soon after 2010 marked a turning
point, as PSCs research exploded, at the expense of other technologies, and in particular

DSSCs.
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Working principle

In a conventional PSC, the perovskite light-absorbing layer is sandwiched between an electron
transporting layer (ETL) and a hole transport material (HTM), which are then connected to the
outer circuit via electrodes (gold, generally). The working mechanism of a PSC depends on
three distinguished processes: (1) charge generation (2) charge separation and (3) charge

collection.

Crystal structure and electronic properties of hybrid metal halides perovskites

MHPs used in the fabrication of photovoltaic devices are direct band gap semiconductors which
exhibit high absorption coefficients (~ 10° cmt), allowing them to absorb most of the incident
sunlight.>® They exhibit a 3D perovskite structures which present the general formula APbXs,
where A-site is occupied by organic and/or inorganic cations such as formamidinium (FA" =
HC(NH2)2"), methylammonium (MA®™ = CHsNHz"), guanidinium (GA*™ = C(NH2)3"),
imidazolium (IA* = C3HsN2"), ethylammonium (EA™ = CH3CH2NHS3"), cesium (Cs™), rubidium

(Rb*) and X-site is comprised of iodide (I) and/or bromide (Br’). B-site is most commonly



made of post-transition (group-14) metal lead (Pb?*), but research involving more
environmentally-friendly elements is growing, with tin (Sn?*)°® the most-promising candidate
and to minor extent germanium (Ge?*),>" bismuth (Bi®*"),%® antimony (Sb>)* or (copper,
Cu?)® (nb: when employing metalloid elements, perovskite material take the empirical

formula AzB2Xo).

Perovskite’s structure impacts drastically both the photovoltaic performances and its stability.
Depending on the chemical nature of the ions used in the A, B or X position, the structure and
even the dimensionality of the perovskite can change, and accordingly its optoelectronic
properties. For example, if the ion used in the A-position is a small monovalent cation, a well-
ordered three-dimensional perovskite framework can be obtained, whereas the use of a larger
cation can induce two-dimensional layered or even single-dimensional chain perovskite

materials.

Morphological Low Dimensional Perovskites (Still ABX;)

Molecular Level Low Dimensional Organometal Halide Hybrids

Figure 16 3D ABXz; metal halide perovskites and perovskite-related materials with different
dimensionalities at both morphological and molecular levels.®

Thus, only limited combinations of elements/ions are able to form ideal 3D MHP structures.
Ideality of perovskite structures can be estimated by Goldschmidt’s tolerance factor T and an

octahedral factor u.



Goldschmidt’s tolerance factor T

Goldschmidt’s tolerance factor was firstly used to predict and describe the structure of oxide
perovskites.®? It has been shown that it can equally describe and predict, in a very simple and
empirical way, the structure and stability of MHPs and fully-inorganic perovskites as well,

using the following formula:

po _TatTx

V2(rg + %)
where ra, rg and rx correspond to the ionic radii of A, B and X, respectively. For compositions
with a mixture of cations for A or B, or a mixture of halides for X, an effective ionic ratio is
estimated by using the weighted average of the atomic ratio, as described by G. Kieslich et al.®
Theory states that cubic perovskite structures should be attained for T values comprised
between 0.71 and 1.00, however experimental data showed that the actual interval for which
stable cubic perovskite structures are formed is 0.85 < T < 1.00 and is referred to as the
Goldilock’s zone. For T > 1.00, hexagonal structures are formed and tilted BXe octahedra arose
for T < 0.9, disorganizing the overall structure.®* Interestingly, for an ABXs structure, only Cs,
MA* and FA* can be used in the A-site to fulfill Goldschmidt’s rules, with Rb*, IA" and EA*

being on the limit (Figure 17(a)).

Also, with a band gap energy of 1.43-1.5 eV, a-FAPDIs is closer to the optimum value of 1.4
eV calculated by Schokley-Queisser for a single-junction solar cell. Therefore, it is almost ideal
for light-harvesting and it is not surprising that it has proven to be the most efficient MHP
composition to date.*®% Unfortunately, the photoactive active phase of FAPDIs is unstable with
respect to the photoinactive yellow o&-phase at room temperature and it is therefore a
tremendous challenge to stabilize the photoactive black a-phase in order to yield sustainable,

long-performing PSCs.
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Figure 17 (a) Examples of the influence of the A-cation on Goldschmidt's factor and thus, on the
perovskite structure. According to the predictions, only Cs, FA and MA are to be used in the A-site from
the current list®(b) SQ limit as function of the band gap energy for a single-junction solar cell at 298K.

Octahedral factor

Goldschmidt’s factor, even if able to provide an easy and rapid evaluation of the potential of
perovskite compositions, is not sufficient to predict the formation of perovskite structures in
reality, though, as shown by Li et al. in 2004.5” To further classify distorted perovskites, one
has to take into account the tilting of the BXe octahedra by employing Glazer’s octahedral

factor u. The octahedral factor is equal to the ratio of rs with rx:

B
u=—-—
Tx

Indeed, depending on the angle of B-X-B bonds, which depends on both atomic radii and thus
can be represented by the octahedral factor, the overall perovskite structure might be distorted
compared to the ideal cubic one (this is the case for when B-X-B angle is not flat (180°)), as

shown in Figure 17.
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Figure 18. Comparison between tilted (a) and non-tilted (b) perovskite structures.® A ions are in green,
B in red and X in blue. It is clearly observable, notably on the bottom part of picture (a) that the B-X-
B angle is not flat anymore in this tilted configuration.

Li et al. proposed in 2008 to build a two-dimensional tolerance factor-octahedral structure map
model to explore the regularities governing the formation of halide perovskites and investigated
186 complex halide compounds of empirical formula ABX3.%° They found out that 96% of the
perovskite structures lie in the same and well-defined area of the t-u map, that is for 0.81 <t <
1.11 and 0.44 < p < 0.90, while almost all the non-perovskite structures are found in in the
other part of the map (Figure 19). This is, therefore, a very strong tool to predict whether a

compound of empirical formula ABXs will form a perovskite structure or not.”
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Figure 19. Classification of halide perovskite compounds of empirical formula ABX; in the T-u
structure map as reported by Li et al.% Compounds with a perovskite structure are denoted by a ring
and non-perovskite compounds are denoted with a cross. The perovskite formability threshold is clearly



observable and is shown here with dotted lines. Apart from the few exceptions that are highlighted, all
the perovskite structures are found within the formability threshold.

Electronic structure

The electronic structure of ABX3 perovskites is also highly dependent on their composition.
The interactions between A, B and X elements give rise to the optoelectronic properties that
made PSCs such a hit in the photovoltaic research. Most interestingly, MHPs exhibit films low

trap density and with easily tunable bandgaps.
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Figure 20. Band structure of lead iodide based MHPs

Umebayashi et al. demonstrated in 2003 already by ultraviolet photon spectroscopy (UPS) and
density functional theory (DFT) calculations that states close to band edges (thus, responsible
of the band gap) of MHPs is almost exclusively driven by contributions from metal and halide
ions only, with very small and indirect effects arising from A cation as it lies deep (5 eV) below
Fermi level energy).”"? The valence band is formed by antibonding (c*) interactions between
the halide 5p and metal 6s orbitals, and the conduction band by antibonding interaction between

halide 5p and metal 6p orbitals interactions (see example for MAPbI3 displayed in Figure 20).



Crucially, in Pb-based perovskites, the valence band maximum (VBM) is dictated by the halide
5p orbitals, which makes MHPs VMB position (and thus, the resulting bandgap) highly
sensitive to the halide ions.®* The atomic weight of the metallic cation also plays an important
role on the band structure of MHPs: elements with lower atomic weights relative to Pb (Sn,
Ge, and Sb) provide greater ns2 contribution to the 6* characteristic of the VBM, raising its
energy.’®* By contrast, replacing Pb with the heavier atom Bi results in increased spin-orbital

coupling that favorably lowers the CBM.”

Crystallography of photoactive perovskite structures

As aforementioned, the properties of perovskite materials highly depends on their elemental
composition, as this will define the band structure but also the symmetry of the perovskite
crystal network. In particular, 3D hybrid organic-inorganic MHPs are used for solar cells
applications due to their excellent optoelectronic properties. The most promising candidate in

terms of band gap energy is a-FAPDIa.

(a) (b)

o9 —t

Figure 21. FAPbI; unit cell structure of a-FAPDI; (a) in 2D and (b) in 3D; dark grey represents lead
at all corners, claret stands for iodide along cell edges, black for carbon, blue for nitrogen and light
gray for hydrogen. Dotted lines represent hydrogen NH----1 bonding

3D MHPs are unique crystal structures of ABXs formula with corner-sharing lead-halide
octahedra forming an ionic network counterbalanced by A-cation in the cavities between the
octahedra. However, MHPs can exhibit a variety of different polymorphs depending on the

energy of the system: cubic, orthorhombic, tetragonal, hexagonal, etc (Figure 21). The ideal



perovskite structure is the cubic structure, referred as a-phase, and corresponds to the most
symmetrical (non-tilted) and ordered polymorph (space group Pm3m), with Pb-X-Pb angles at
180° and the A-cation lying in the middle of the void between PbX3™ octahedra, as is the unit
cell depicted in Figure 21 with formamidinium as A-cation.’® It corresponds to the photoactive
black phase of MHPs. Unfortunately, it is only stable at high temperatures (> 330 K). Indeed,
below that, the most-promising perovskite composition a-FAPDbI3 undergoes a phase transition
to the photoinactive hexagonal yellow phase (5-FAPDIs, space group P6amc), which exhibit a
large band gap of approx. 2.48 eV and another one for T < 130 K, where it is converted to
tetragonal and photoinactive B-phase (space group P4mm). Similar behavior apply to MAPDI3,
which translates from cubic to the tetragonal phase (B-MAPbls, space group 14mcm) below 330

K and to an orthorhombic phase for T < 130 K (y-phase, space group Pnma).””-"®
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Figure 22. (a) Sketch of the 3D arrangement of the PbXs exhibiting a cubic (C), tetragonal (T), or
orthorhombic (O) structure; the symmetry descent is related to small coherent displacements of halides,
leading to bending of Pb—X—Pb angles with Ox,= 6. = 180° (C), O< 180° and 6. = 180° (T), and Op=
6. < 180° (O). Atomic species in the top (a) and side (c) views are Cs = violet, Pb = gray, X = green,
brown, cyan. (b) Equatorial (Xeq) and axial (Xax) halides in the PbXs octahedron are highlighted in
blue and red, respectively.®

As different polymorphs correspond to different unit cells, it thus interacts differently with light

and other particles (as shown by the band gap energies difference for instance). Hence, a



straightforward way to determine the structure of prepared perovskite films is x-ray diffraction
(XRD) measurements. Indeed, different polymorphs diffract x-ray beams differently and thus,
recording diffraction patterns gives solid information on the perovskite film’s crystal phase
composition. a-FAPbI3 typically diffracts x-rays at ~ 13.9°, 19.8°, 24.3°, 28.1°, 31.4°, 34.6°,
40.1° and 42.7°, corresponding tothe (001),(011),(111),(002),(012),(112),(022)
and (0 3 3) diffraction planes, respectively.8! Most intense peaks are found at 13.9°, 28.1° and
34.6°. On the other hand, 5-FAPbIs shows a strong and typical diffraction signal at around
11.8° and Pbl; at 12.6°. Figure 23 displays the XRD patterns of FAPbIs perovskite at different
temperatures. The transition from 6-FAPbIs to a-FAPDIs starts at around 130°C (403 K) and is

complete at 150°C (423 K), as shown by the respective diffraction significative peaks.
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Figure 23. Temperature effect on FAPbl; polymorphism: for temperature > 130°C, J-FAPbI; converts
into a-FAPDI3, and pure a-FAPDI; is attained for T > 150°C

To attain phase purity is a challenge in a-FAPbIz-based PSCs. Often, only part of 5-FAPDIs is
successfully converted into a-FAPDI3, with some percentage remaining in the yellow phase, or

even forming Pbl, + FAL. Moreover, over time at RT, a-FAPbIs tends to translate back to the



yellow phase (phase instability), and this represents one of the most-challenging drawbacks of
PSCs to date. Some strategies to stabilize a-FAPbIs include mixing halide (iodide and bromide)
and A-cation (FA*, MA*, Cs*) or post-film formation treatments (passivation, vapor treatment,

etc).

All in all, XRD measurements are a very powerful tool to assess phase composition and purity
of perovskite films and can be especially useful in order to study their long-term compositional

stability.
Defects and losses in PSCs

Phase impurities constitute a source of performance loss, as other phases than a-FAPbIs are
less performing. But in practice, even if high phase purity is achieved, the preparation of ideal
perovskite films, showing no defects, remains a sweet illusion. Indeed, different types of

defects arise when preparing PSCs.

To put it in simple words, defects in crystallography are defined as any disruption of the ideal
crystal lattice, by the formation of irregularities, the adjunction of impurities or simply by
vacancies in the crystal network. In semiconductors, four types of defects are relevant and
defined according to their dimensionality: (i) zero-dimensional defects (point defects); (ii) one-
dimensional defects (line defects, dislocation); (iii) two-dimensional defects (surface defects,
grain boundaries) and (iv) three-dimensional defects (voids, precipitates, clusters, etc). A point
defect is an imperfection that occurs at a specific location in a crystal, such as an atom vacancy
(an atom missing from the lattice), an interstitial defect (an atom irregularly placed in the
lattice) or an anti-site substitution (an atom sitting on the site of another element). If an atom
is responsible for both a vacancy and an interstitial defect, it is referred as a Frenkel defect, and
in the case where two ions (cation an anion) are missing simultaneously, it is called a Schottky

defect.®? In contrast, extended defects are not confined to a specific lattice site; a dislocation,



for example, is a one-dimensional “line” defect. When there is an extra plane of atoms in the
lattice, the edge of that plane is a line and is referred to as an edge dislocation. A stacking fault,

where a plane of atoms is in the wrong sequence, is an example of a two-dimensional defect.
| EB :3 EEI
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Figure 24 lllustration of different defects types that can be found in semiconductors and especially in

perovskite films (a) perfect lattice (b) vacancy (c) interstitial (d) anti-site substitution (e) Frenkel defect

(interstitial and vacancy created from the same ion) (f) Schottky defect (anion and cation vacancies

occurring together) (g) substitutional impurity (h) interstitial impurity (i) edge dislocation (line defect
propagating along the axis perpendicular to the page) (j) grain boundary and (k) precipitate.

o

Regarding our material of interest, MHPs, the most occurring defects (and thus the most
problematic ones) originate from both the bulk of the material and from interfaces with the
charge transport layers, as main defects arise at grain boundaries and at the surface of the
perovskite films.8%¢ This compromises the power conversion efficiency and the long-term
stability by creating intermediate energy states that will promote non-radiative recombination

pathways and irregularities in the crystal lattice that will catalyze further degradation.®?

Regarding FAPDbI3, DFT calculations showed there are 12 different types of defects that can

arise: iodide, FA" or lead vacancies (Vi, Vra, Vrp), interstitial point defects (li, FAi, Pb;) and



anti-site point defects (lea, lrs, FAI, FApb, Pbi, Pbea).8” In another words, MHPs can suffer

from different irregularities in their crystal structure and composition. The most deleterious

defects form deep trap with high energy formation and thus, they seldom form. Defects with

low formation energy are also commonly found in MHPs, but they are mostly shallow and thus

only give a negligible contribution to non-radiative recombination. They could heavily

contribute to the poor stability of MHPs, though. Indeed, MHPs are mixed conductors, that is

both electronic but also ionic conductors. Thus, low formation energy shallow trap can promote

ion migration, which is detrimental to the performance of PSCs to some extent (considered as

one of the major reason behind hysteresis)®, but most importantly drastically impacts the long-

term stability of MHPs and thus, of PSCs.

2.0

(o] o -t -
o (&) o (8]

Transition Energy Level (eV)

&
()]

-1.0

Figure 25. The charge transition energy levels of intrinsic defects in

calculations®”
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Table 1. FAPbI; defects formation energies of point (in eV) calculated via DFT®’

Condition | L FAw | VE. [V |IF. | In FA: | Pbr. | V) Pb. | FA, | Pb,

[-poor 0.60 [ 1.02 [ 0.14 | 0.86 [ 0.34 | 0.72 [ 236 | 2.28 | 1.69 | 3.38 | 2.30 | 4.63

Pb-rich 1.60 | 2.08 | 1.09 {297 (245|389 131|122 |0.63|127|0.19|1.46

Moderate 1.L13 | 1.61 | 0.54|195(1.37]234|1.86|1.69 |1.16|2.29 | 1.27 | 3.01

Thus, controlling the growth of the perovskite crystals in order to prevent defects formation is
crucial towards highly efficient and stable PSCs. Also, the passivation of interfacial/surface
defects has to be undertaken seriously, as it is also a key parameter for viable devices. Such

features are still preventing PSCs to flood the market.

Conclusion

In this thesis, we focused in further developing PSCs to get them one step closer to an industrial
reality. We tackled some key issues found in PSCs with regards to the phase purity and defects
mitigation. We notably simplified the perovskite composition and engineered the deposition
method in order to yield highly efficient, stable and reproducible PSCs. The outcome of this
thesis results in the successful preparation of solar cells achieving over 24 % PCE, with
improved operational stability. This works also shines lights on different but simple
engineering strategies that can be undertaken to further develop PSCs. It can be used as an

example to guide future researchers in bringing PSCs closer to a commercial product.
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Chapter 2 Minimizing the Trade-Off between Photocurrent and
Photovoltage in Triple-Cation Mixed-Halide Perovskite Solar

Cells

This work has been published: T. Baumeler, N. Arora, A. Hinderhofer, S. Akin, A. Greco, M. Abdi-
Jalebi, R. Shivanna, R. Uchida, Y. Liu, F. Schreiber, S. M. Zakeeruddin, R. H. Friend, M. Gratzel, M.
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Introduction

Hybrid perovskite materials exhibit the ABX3 structure, where A generally stands for a
monovalent cation such as methylammonium (MA)=CH3;NH3", cesium (Cs") or
formamidinium (FA)=CH3(NHz),", B for a divalent metal cation (Pb?*, Sn**) and X for a
monovalent halide anion (I', Br", CI)).!"* These perovskite semiconductors exhibit outstanding
optoelectronic properties, including a high absorption coefficient over a wide range of the solar
spectral irradiance, a direct bandgap, low exciton binding energy, large charge-carrier diffusion
lengths and ambipolarity.*®

Initially, Kojima et al. demonstrated MAPbBr3; and MAPbI3 perovskite materials for

photovoltaic applications.! With the substitution of bromide by iodide, the bandgap decreases



and the spectral sensitivity towards longer wavelengths (up to 800 nm) increases, leading to
the amplification of short-circuit photocurrent (Jsc) but reducing the open-circuit photovoltage
(Voe). This tunability feature of perovskite materials was further extended to the A-site cation
by Koh et al. who demonstrated FAPbI; perovskite as a potential light absorber with a bandgap
of 1.47 eV.!% Although a low bandgap makes FAPbl; a more desired light absorber, the
thermodynamic instability of the photoactive trigonal phase of FAPbIz (a-FAPbI3) under
ambient conditions poses a serious challenge to materials scientists and the photovoltaics
community. To address this issue, different strategies have been envisaged by the scientific
community. For example, methylammonium chloride-induced stabilization of a-FAPbI3
phase,!! and surface coating via a molecularly tailored two-dimensional (2D) overlayer
rendering the back conversion of a-FAPbI3 to 8-FAPbI3 less favorable has been reported
recently.'?

At the beginning, Pellet et al. stabilized the photoactive phase by mixing MA and FA cations
to form multi-cation MALFA | «Pbls perovskites.'* In a similar direction, Jeon et al. reasoned
that the incorporation of MAPbBr3 into FAPbI; stabilizes the perovskite phase of latter and
simultaneously improves the power conversion efficiency (PCE) of the perovskite solar cells
(PSCs).!"* Subsequently, the compositional engineering of perovskite materials attracted
tremendous attention to develop highly efficient and stable PSCs. 1524

By introducing Cs" cation into (FAMA)PbX3 perovskite structures, further improvement in
the thermal stability and reduction in phase impurities was shown.?>?® The resulting state-of-
the-art triple-cation perovskite composition contains >15% of MAPbBr3; in an FA-dominant
lattice exhibiting a bandgap of 1.63 eV, which is larger than that of pure MAPbIs.!* Therefore,
optimization of MAPbBr3 content within the FAPbI; perovskite structure is critical, primarily,
to minimize the trade-off between the photocurrent and photovoltage which can consequently

enhance the PCE of resulting PSCs. Arguably, this will lead to the fabrication of more efficient



devices, which will pave the way towards stable and reproducible devices, a key factor towards
the industrialization of PSCs.!!

Herein, we aimed to minimize the MAPbBr3 content in order to ensure high PCE while still
benefiting from the stability features of MAPbBr3. We probed the PCE and stability of PSCs
in order to find out the composition, which demonstrates the best compromise between the
stabilization features and the loss of photocurrent associated with MAPDbBr3;, while

simultaneously improving the overall photovoltaic performance of FA-dominant PSCs.

Results and Discussion

We deposited Cslo.os(FA1-yMAy)o.9sPb(11-yBry)s (y=0, 0.05, 0.10, 0.15, 0.20) (denoted as P +
y% MAPDBr3) perovskite films using one-step solution-based anti-solvent method. See the
experimental methods for further details.

To investigate the composition of perovskite films and to establish the effectiveness of the
experimental methodology, we explored X-ray photoelectron spectroscopy (XPS). As shown
in Figure S1 and Table S1, Pb and Cs experimental concentrations are relatively stable across
the series while the iodide and bromide concentrations follow the expected trend. The relative
contents of halides determined from the XPS data correlate with the values calculated for each
condition (Table S1), which confirms the effective introduction of the desired amounts of
MAPDBr; into the Csl containing FAPbI; perovskite lattice system. In addition, the peaks
attributed to lead (Pb 4fs; and Pb 417)2), iodide (I 3d3,2 and I 3ds/2) and bromide (Br 3d3/2 and
Br 3ds,) display a shift, which could be associated with the binding energy as a function of

composition.?”?
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Figure 1. Morphological analysis of perovskite films and fully assembled perovskite solar cell: Top-
view SEM micrograph of (A) P + 0% MAPbBrs;; (B) P + 5% MAPbBr;; (C) and (D) Schematic
illustration showing the reduction in grain size upon introduction of MAPDbBTr3; ; (E) Top-view SEM
micrograph of P + 20% MAPDBTr; and (F) cross-sectional SEM micrograph of P + 5% MAPbBr3; based
device.

The effect of perovskite composition on the morphology and thickness of the film was
investigated through field-emission scanning electron microscopy (FE-SEM) (Figure 2, Figure
S2-S4). Top view SEM micrographs reveal that MAPbBr3-free perovskite film (Figure 1A) is
composed of sub-micron sized structures, while with the introduction of 5% MAPbBr3, the
grain size decreases dramatically to ~200-300 nm (Figure 1B) and remains invariant of
MAPDBBT13 concentration (Figure. 1E). Such growth behavior can be explained by invoking an
increase in the nucleation density induced by MAPbBr1; (Figure 1C-D). Cross-sectional SEM
reveals that the composition insignificantly influences the perovskite film thickness as all the

MAPDBr3 containing perovskite film exhibit a thickness of approximately 500 nm (Figure 1F).



To gain deeper insight into the growth and formation of the perovskite structures, we
recorded grazing-incidence x-ray scans’’ of the perovskite film samples containing different
mixtures of MAPbBr3; and FAPDIs. In addition to peaks corresponding to the perovskite phase,
we also observed the features that can be attributed to the hexagonal (yellow) FAPbI3; phase
and lead iodide as well as insignificant traces of other phases (Figure 2A). By fitting the
perovskite peaks with a Gaussian, we determined the peak position as well as the width of each
peak (Figure 2B). Assuming a cubic perovskite structure, an average lattice parameter was
determined. Figure 2C shows that the average lattice parameter depends linearly on the amount
of added MAPDbBr3;, which is an intuitive result since MA* and Br™ are both smaller than FA™
and I', respectively.>! The linear dependence is also in agreement with Vegard’s law. From the
peak-width, we determine that the size of coherently scattering domains is on average at least
~55 nm for all films, which means that the defect density in the crystal lattice is relatively low

and not strongly reduced upon mixing.*?
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Figure 2. (A) Grazing-incidence X-ray diffraction patterns of the perovskite for different percentages
of MAPbBr3; (B) Average full width at half maximum (FWHM) of the fitted perovskite peaks for
different percentages of MAPbBrs. The FWHM correlates with the size of the coherently scattering
domains, which is not strongly affected by the amount of added MAPDBr3; (C) Average cubic lattice
parameter of the fitted perovskite for different MAPbBr3; percentages.

We performed grazing-incidence X-ray diffraction at different angles of incidence using an
area detector. Figure 3A-C and Figure S5 show examples of the obtained reciprocal space maps
(RSMs) for different perovskite films at an angle of incidence of 0.06°. By analyzing the
azimuthal intensity distribution of the Debye-Scherrer rings, we observed that for different
amounts of added MAPDbBTr3, the preferred orientation of the perovskite crystallites differs with

respect to the substrate plane. Figure 3D shows that for MAPbBr3-free perovskite films, the



angular distribution of the first Debye-Scherrer ring shows only one maximum at 45°. We
analyzed the relative angles between the maxima of different diffraction rings and determined
that the preferred orientation parallel to the substrate plane is <111> (Figure 3E). Thus, we
attribute the maximum in Figure 3A to the (100) plane.

With the addition of 5% MAPbBr3;, we observe that the angular intensity distribution
of the first ring changes from a single maximum to two different maxima at 54° and 23° (Figure
3D, red trace). We determined that the preferred orientation parallel to the substrate is <211>
and thus, we attribute the two maxima on the first ring to the (100) and (010)/(001) planes,
respectively (Figure 3F). For the 10% MAPDBr3 sample, this distribution becomes even
narrower, but for amounts higher than 10%, we observe an almost homogeneous distribution,
indicating that there is no preferred orientation of the perovskite crystallites. We further
determined the relative amount of impurities in the samples, in particular, the photoinactive
hexagonal phase and lead iodide, at different angles of incidence.

Figure 3G shows the integrated peak intensity of the Pblz (001) ring and the (100) ring
of the hexagonal phase for different amounts of MAPbBr3 at angles of incidence of 0.06° and
0.14° normalized to the perovskite (100) intensity. We observe that overall, an increase of the
MAPDBBr3 content leads to an increase of the amounts of the hexagonal phase as well as Pbl,
in the bulk except for a MAPbBr3 content of 5%. However, near to the surface, we observe for
a MAPDBr; content of 5% a strong reduction of the impurities to less than half compared to

pure FAPbI.
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Figure 3. Reciprocal space maps obtained from GIWAXS of perovskite films with different amounts of
MAPDBBr3 at an angle of incidence of 0.06° (A) P + 0% MAPbBrs3; (B) P+ 5% MAPDBTr3; (C) P+ 20%
MAPDbBr3; (D) Radially integrated intensity plots along the ring at o, = 2 A—1 for the different perovskite
compositions derived from the corresponding 2D-GIWAXS patterns.; (E) sketch of <111> unit cell
orientation for P - alternating layers of lead cations (grey) and I- anions (purple); (F) sketch of <211>
unit cell orientation for P+ 5% MAPbBr; and higher — alternating mixed layers, P= Csl0.05(FAl-
yMAY)0.95Pb(11-yBry)3. (G) The integrated intensity of the (001) and (100) Debye-Scherrer ring of
Pbl2 and the hexagonal phase normalized to the perovskite (100) intensity for different percentages of
MAPDBTr3; at an angle of incidence of 0.06° and 0.14°. The intensity is given relative to 0% MAPDBTrs.



Therefore, we infer that by adding 5% of MAPbBr3 to FAPbI3, the number of phase
impurities at the surface can be reduced, which might have an impact on the performance of

the perovskite as an absorber material.>?

Furthermore, introducing more than 5% MAPbBr3
seems to strongly increase the amount of Pbl, in the sample both in the bulk and near to the top
surface, which might also be detrimental to the photovoltaic performance.

The influence of MAPbBr3 incorporation on the optoelectronic properties of mixed-halide
perovskite films was investigated using PDS, a highly sensitive optical absorption
measurement. With the introduction of MAPbBr3 into FAPbI3 perovskite lattice, the bandgap
energy shifted towards higher energies (Figure 4A), which can be explained by considering the
substitution of larger ions including FA" and I with smaller ions like MA" and Br". From the
PDS spectrum, we measure an Urbach energy of 15.4 meV for the FA¢.95Cso0.0sPbls film (Figure
4B). The Urbach energy arises through defects and structural disorder in the crystalline
structure, and thermal fluctuation of constituent atoms or ions.**** By introducing MAPbBr3
into the Csl-containing FAPbI; lattice, the Urbach energy decreases systematically to 13 meV
and 11 meV, respectively, for 10% and 20% compositions (Figure 4B), clearly establishing
lower energetic disorder associated with the MAPbBr; containing films. Figure 4C shows the
normalized transient absorption spectra at 1 ns acquired after exciting the perovskite films with
500 nm pump pulse. The spectra consist of ground-state bleach (AT/T > 0) centred around band
edge and refractive index change (AT/T < 0) above the bandgap. Increasing MAPbBr3 content
monotonically increases the bandgap as evident from the blueshift of the ground state bleach
(GSB), consistent with the PDS data. The normalized decay dynamics (Figure S7) reveals that
mixed-halide perovskite films exhibit slow GSB decay as compared to MAPbBr3-free films.
By adding 5% of MAPbBr3 into the FA-dominant lattice, the charge-carrier lifetime increases
remarkably exponentially from 10 ns to 100 ns. Interestingly, we do not observe any shift in

the GSB with the delay in time, establishing that the films are phase pure, and ruling out any



phase segregation. The time-resolved photoluminescence (Figure S8) and the full transient
absorption contour maps (Figure S9) recorded for each perovskite film further confirm the
presence of long-lived charge carriers in MAPbBr; containing perovskite films.>® The relatively
poor optoelectronic quality of bromide-free perovskite films could be due to the low-structural
stability of the FA-dominant phase, which eventually renders them more prone to the formation

of defects and energetic disorder.?’
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Figure 4. (A) Photothermal deflection absorption spectra of the perovskite with different amounts of
MAPDBTr3; (B) histograms of the Urbach Energy measured on the different perovskite films and (C)
transient absorption spectrum at 1 ns representing different ground state bleach corresponding to a
band edge of the perovskites.

The introduction of MAPbBr3 into the FAPbI3 perovskite system should raise the bandgap
and thus decrease the Jsc and/or increase the Voc. As the PCE of a photovoltaic cell depends
on both parameters, therefore, the best trade-off between high Jsc (low MAPbBr3; content) and
high Voc (high MAPbBr3 content) needs to be determined for different perovskite
compositions. We investigated the photovoltaic performance of PSCs based on Cslo.os(FAi-
yMAy)0.9sPb(l1-yBry)s films using conventional n-i-p device architecture with a mesoporous
TiO2 layer as an electron transporting material (ETM) and spiro-OMeTAD as a hole
transporting material (HTM). The J-V plots corresponding to the most efficient devices for
each composition are displayed in Figure SA and the corresponding extracted PV parameters
are summarized in Table 1. The bromide-free PSC yielded a Jsc of 25.4 mA cm™, a Voc of

1.090 V and a fill factor (FF) of 0.73, resulting in a PCE of 20.4%. However, the perovskite



composition containing 5% MAPbBr; exhibits better photovoltaic performances with a PCE
of 21.6% (Jsc = 24.7 mA cm?, Voc =1.126 V, and FF of 0.77), indicating this composition to
be the best compromise between high photocurrent and high photovoltage among all the
compositions. By increasing the MAPbBr; content to 10%, the PCE drops to 21.2% and PSCs
containing 15% MAPbBr; yielded a PCE = 20.9% closely followed by the 20% MAPbBr3;
perovskite composition which showed a PCE = 20.8%. Relatively low photovoltage displayed
by bromide-free PSC could be due to the less structural stability of MAPbBr3-free FAPbI3
phase, which apparently leaves the film more susceptible to defects and trap states.’®** We
further determined the stabilized (scan-speed independent) PCEs of these devices by probing
at their maximum power point (MPP) under full-sun illumination for 60 seconds (Figure 5B),
and the results are shown in Table 1. Remarkably, the stabilized PCEs measured with MPP-
tracking are in excellent agreement to the values obtained via J-V measurements, suggesting
low hysteretic behaviour,*® which is further supported by the J-J hysteresis measurements
(Figure S10). From all these results, it is particularly interesting to note that the stabilized PCE
values of the 5% MAPbBr3; composition not only surpasses the performance of other PSCs but

is also higher than that of state-of-the-art triple-cation PSCs (Figure S11).

MAPbLBr3 | Jsc Voc FF PCE Stabilized | IPCE Bandgap
conc. (%) (%) PCE (%) | Onset (eV)
(mA cm?) | (V) (nm)

0 25.45 1.090 0.727 204 20.1 843 1.487

5 24.69 1.126 0.768 21.6 214 829 1.503

10 24.13 1.131 0.768 21.2 21.0 811 1.537

15 23.61 1.135 0.777 20.9 20.7 803 1.546

20 23.29 1.156 0.765 20.8 20.6 795 1.572

Table 2. Photovoltaic parameters extracted from the J-V curves corresponding to the most efficient
PSCs for each perovskite composition (P + y% MAPDBr3) and bandgap values estimated from IPCE
spectra.



The integrated photocurrent densities obtained from the incident photon-to-electron
conversion efficiency (IPCE) spectra (Figure 5C) are in excellent agreement with those
obtained from the J-V curves, indicating that the spectral mismatch between our simulator and
AM-1.5 standard solar radiation is negligible. Furthermore, the sharp IPCE onset shifted from
843 nm to 829 nm after introducing 5% MAPDbBr3 as summarized together with Jsc and Voc in
Table 1 and vice-versa. The photovoltaic results revealed that the higher the Jsc and the lower
the Voc. Interestingly, the perovskite composition containing 5% MAPbBr3; shows the best
trade-off between the Jsc and Voc. To investigate the reproducibility of our results, which is a
key factor for large-scale deployment of PSCs, it is crucial to not only look at the most efficient
device for each composition but also to investigate the averaged PCE of several devices from
different batches. Table S2 summarizes the averaged data of several cells of each composition
(n>10) from different batches and Figure 5D shows the PCE distribution for each composition.
Evidently, 5% MAPbBr3; shows a good reproducibility with an average PCE exceeding 21%
while remaining the most efficient composition. The other MAPbBr3 containing compositions
displayed PCEs in the range of 20-21%, whereas MAPbBr3-free PSCs exhibit poor
reproducibility, with PCEs ranging from 17.5%-20%. The poor reproducibility of P + 0%
MAPDBBr3; could be asserted with the inherent structural and thermodynamic instability of
FAPDI; system.!”

Finally, to evaluate the long-term viability of these devices, the operational stability of
devices (unencapsulated) was tested under continuous full-sun illumination at their MPP at
60°C in an inert atmosphere (Figure 5E).>>*! The PSCs containing 5% MAPbBr3, demonstrated
the best operational stability which is comparable to that of state-of-the-art PSCs containing
17% MAPbBr3 (Figure S12). In contrast, MAPbBr3-free PSC exhibits a very poor operational

stability, losing more than 50% of its initial PCE after 100 hours, which underlines the crucial



role of MAPbBr; towards stabilizing the FAPbI; system into the perovskite structure.!'? All

MAPbBr; containing devices showed comparable and excellent operational stability.*?
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Figure 5. Photovoltaic characterization of devices based on different perovskite composition (P + y%
MAPDBTr3) (A) Current density-voltage (J—V) curves (reverse scan) recorded at a scan rate of 0.05 V/s
under the irradiation of simulated AM 1.5G; (B) Maximum power point tracking for 60 s, yielding
stabilized efficiencies summarized in Table 1; (C) IPCE spectra as a function of monochromatic
wavelength recorded for different perovskite composition-based devices; also shown are integrated
current densities obtained from the respective IPCE spectrum; (D) Statistical analysis of the PCE for
each perovskite composition; (E) Plot of the operational stability of an unencapsulated (P+ 0%
MAPDBr3) and (P+ 5% MAPDBTr3) -based device examined at a maximum power point under continuous
full-sun illumination at 60°C in a nitrogen atmosphere.

Conclusion

In summary, we demonstrate that the optoelectronic quality and structural stability of the
FAPDIs films are strongly dependent on the presence and content of MAPbBrs. Crucial guiding

principles for designing stable and high-quality perovskite films exhibiting direct correlation



with the solar cell performance have been put forth as (1) minimizing energetic disorder, (2)
improving charge-carrier dynamics, and (3) reducing surface phase impurities. The
introduction of MAPbBr3 decreases the perovskite grain size by increasing the nucleation
density, besides influencing the preferred orientation of perovskite grains. For MAPbBr3-free
system, the introduction of 5—10% MAPbBr3 changes the preferred orientation from the (111)
to (211) with respect to the substrate. Also, we find a strong reduction of the hexagonal non-
perovskite phase for films with MAPbBr3 compared to results for MAPbBrs-free films at the
top surface. Consequently, the introduction of MAPDbBr3 reduces the energetic disorder and
prolongs the lifetime of photogenerated charge carrier. Finally, by benefiting from the positive
effects of MAPbBr: on the optoelectronic quality and structural stability, we obtained
remarkable photovoltaic performance and excellent operational stability without sacrificing
much of the light-harvesting properties of FAPbIs. To further improve the performance of
PSCs, we would need to increase the crystallinity of absorber layer exhibiting an optimal
bandgap and minimize defect/trap states in the bulk and/or at the interfaces and parasitic
recombination including nonradiative and interfacial recombination without compromising on
the energetic or band alignment within a fully assembled device.**** Fundamentally, the same
set of rules could be extended to other perovskite systems. Arguably our comprehensive study
will contribute to a fundamental understanding of PSCs and could help in designing new and

stable light absorbers with tailored optoelectronic properties for efficient devices.



Supplementary Information
Experimental Section

Materials and Methods
All the chemicals and solvents used were stored in a glove box under inert and dry

atmosphere to prevent any contamination of the reactants and/or products with moisture or

Reagent Details Supplier

Methylammonium bromide GreatCell Solar

(CH3NH3Br)

Formamidinium iodide GreatCell Solar

(CHsIN?)

Lead iodide (Pbly) Specified purity > 98% TCI

Lead bromide (PbBry) Specified purity > 98% TCI

Cesium iodide Ultra dry (99.998%) Abcr, GmbH

Spiro-OMeTAD Merck

LiTFSI Sigma-Aldrich

FK 209 Co(III) TFSI Dyenamo AB
oxygen.

Solvent Details Supplier

N, N -Dimethylformamide | > 99.8% Acros Organics

(CH3)2NC(O)H)

Dimethyl Sulfoxide | >99.7% Acros Organics

(CH3)280)

Chlorobenzene (CcHSCI) >99.8% Acros Organics

Acetonitrile (CH3CN) >99.0% Sigma-Aldrich

Anhydrous ethanol (EtOH) >99.8% Fisher Chemical

Titanium diisopropoxidebis( | 75 % (w/w) in iPrOH Sigma-Aldrich




acetylacetonate)

Acetylacetone >99.0% Sigma-Aldrich

Perovskite solar cells were fabricated in the conventional n-i-p mesoscopic architecture using
the solution deposition technique. Mesoporous titanium dioxide (TiO2) was used as
semiconductor electron transport material on FTO-coated glass and perovskite of empirical
formula Cso.05(FA1-yMAy)o.9sPb(li.yBry)s were used a light-harvesting material. Spiro-
OMeTAD was used as hole-transport material and gold was used to form the electrode of the

photovoltaic devices.

Substrate preparation

Glass substrates (transparent conducting oxide (TCO) glass, NSG 10, Nippon sheet glass,
Japan) coated with conductive fluorine-doped tin oxide (FTO) were cleaned by ultrasonication
in a 2% (v/v) Hellmanex® III (HellmaAnalytics) cleaning solution (30 min sonication) in
deionized water (30 min sonication), with ethanol (20 min sonication) and lastly with acetone
(5 minutes sonication) before being treated in oxygen plasma for 15 minutes.

Compact TiO:2 spray pyrolysis

A ~30-nm thick compact TiO layer was deposited on FTO via aerosol spray pyrolysis at 450°C
from a precursor solution of titanium diisopropoxide bis(acetylacetonate) (75% in 2-propanol)
diluted in ethanol (1: 9, volume ratio) with oxygen as a carrier gas.

Mesoporous TiO:2 layer

A 200-nm thick mesoporous TiO: film was deposited onto the compact layer by spin-coating
a solution of a diluted paste of 30 NR-D (Dyesol) in anhydrous ethanol (1:6 weight ratio) at
4,000 r.p.m. for 20 s with a ramp-up of 2,000 r.p.m. Mesoporous films were annealed at 450°C
for 30 min under dry airflow. After cooling down to 150°C the substrates were immediately

transferred in a nitrogen atmosphere glove box for depositing the perovskite films.



Perovskite solutions preparation

Perovskite films were deposited from the precursor solution of 1.38 M FAPbI; and 1.38 M
MAPDBT3 in dimethylformamide/dimethylsulphoxide (4: 1/v/v) using a single-step deposition
method. Thereafter, Csl (abcr, GmbH, ultra-dry; 99.998%), (5% volume, 1.5 M DMSO) was
added to the precursor solution. The desired solutions were prepared to obtain perovskites of
formula Cslo.os(FAPbI3)1.yMAPbBr3)y.

Hole transport material preparation

Spiro-OMeTAD [2,2',7,7'-tetrakis (N, N-di-p-methoxyphenyl-amine)9,9'-spirobifluorene] was
dissolved in 1 mL chlorobenzene (70 mM) and doped at a molar ratio of 0.5, 0.03 and and 3.3
with lithium bis(triuoromethanesulfonyl)imide (LiTFSI) (stock solution of 520 mg Li-TFSI in
1 mL acetonitrile), tris(bis(trifluoromethylsulfonyl)imide) (FK209, Dynamo) (stock solution
of 40 mg in 100 pL) and 4-tert-Butylpyridine (TBP), respectively.

Perovskite deposition

Perovskite solution was deposited on the meso-TiOz films in a two-step process: first at 2,000
r.p.m. for 10 s with a ramp-up of 200 r.p.m followed by spinning at 4,000 r.p.m. for 20 s with
a ramp-up of 2,000 r.p.m. During the second step chlorobenzene (200 uL) was dropped on the
spinning substrate 5 s prior to the end of the spinning procedure The substrates were then
annealed at 100°C for 1 h on a hotplate.

Hole transport material deposition

After the substrates were cooled down, 40 puL of the Spiro-OMeTAD solution was subsequently
deposited on top of the perovskite layer by spin coating at 4,000 r.p.m. for 20 s with a ramp-up

0f 2,000 r.p.m.

Electrode deposition



The device fabrication was completed by thermal evaporation of ~80 nm thick gold layer in
high-vacuum using a Leica evaporator. Shadow masks were used to pattern the electrodes.
Structural Characterization

X-ray diffraction spectroscopy (XRD) measurements were carried out using a high power
ceramic X-Ray tube from an Empyrean system (Theta-Theta, 240mm) equipped with a pixel-
1D detector, Bragg-Brentano beam optics and parallel beam optics. GIXD data was measured
under an angle of incidence of 0.08° with a point detector. GIWAXS data was measured with
a PILATUS 300k area detector under the same angle of incidence. Calculation of powder
diffraction data was done with mercury.

Morphological characterization

A field-emission scanning electron microscope (Merlin) was used to examine the morphology
of the perovskite films and the thickness of various layers. Scanning electron microscopy
(SEM) measurements were performed using an ultrahigh-resolution Merlin (Carl Zeiss,
Germany) scanning electron microscope composed of a GEMINI II column, a process chamber
with a 5-axes motorized stage (X, Y, Z, Tilt and Rotation) and a semi-automatic airlock.
Measurements were taken using an in-lens detector. The SEM was controlled by the
ZeissSmartSEM software operated via a graphical user interface. A high vacuum was reached
during measurement.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a PHI
VersaProbe II scanning XPS microprobe (Physical Instruments AG, Germany). The analysis
was performed using a monochromatic Al Ka X-ray source of 24.8 W power with a beam size

of 100 pm.

Photothermal deflection absorption measurement (PDS)



PDS is a scatter-free surface-sensitive absorption measurement capable of measuring 5-6
orders of magnitude weaker absorbance than the band edge absorption. For the measurements,
a monochromatic pump light beam was shined on the sample (film on Quartz substrate), which
on absorption produced a thermal gradient near the sample surface via non-radiative relaxation
induced heating. This resulted in a refractive index gradient in the area surrounding the sample
surface. This refractive index gradient was further enhanced by immersing the sample in an
inert liquid FC-72 Fluorinert® (3M Company) which has a high refractive index change per
unit change in temperature. A fixed wavelength CW laser probe beam was passed through this
refractive index gradient producing a deflection proportional to the absorbed light at that
particular wavelength, which was detected by a photo-diode and lock-in amplifier combination.
Scanning through different wavelengths gave us complete absorption spectra. Because this
technique makes use of the non-radiative relaxation processes in the sample, it is immune to
optical effects like interference and scattering.

Transient absorption spectroscopy

The pump-probe transient absorption spectroscopy was carried out in a home-built setup. An
800nm (90 fs) fundamental pulses generated by Ti: Sapphire amplifier system (Spectra-Physics
Solstice) operating at 1 kHz were passed through Optical parametric amplifier (TOPAS, Light
Conversion) to generate pump pulses (500nm, FWHM of 10nm). The broadband probe beam
was generated by a supercontinuum laser (Disco, Leukos). The electronic delay generator
obtained the delay between the pump and probe pulses. The pump and probe beams were
overlapped from the same side of the sample. An InGaAs dual-line array detector (Hamamatsu
G11608-512) coupled to a calibrated monochromator is used to collect the transmitted probe
pulses. The difference in transmission was acquired using lock-in board from Stresing
Entwicklungsbiiro.

Photovoltaic studies



Current-voltage characteristics (J-V curves) were recorded by applying an external potential
bias to the cell while recording the generated photocurrent with a digital source meter (Keithley
model 2400). The light source used was a 450-W xenon lamp (Oriel) equipped with a Schott
K113 Tempax sunlight filter (Praezisions Glas & Optik GmbH) to match the emission spectrum
of the lamp with the AM 1.5 G standard. Before each measurement, the exact light intensity
was determined using a calibrated Si reference diode equipped with an infrared cutoff filter
(Schott KG-3). To specify the illuminated area, a shadow mask with an area of 0.16 cm? was
used.

Quantum efficiency measurements

The Incident Photon to Current Conversion Efficiency (IPCE), data were collected using a
modulated light intensity of 1 Hz frequency. An Arkeo-Ariadne apparatus (Cicci Research
s.r.l.) based on a 300 Watts Xenon lamp was used to focus light through a monochromator
(from JobinYvon Ltd., UK). The light was directed to the device being tested. To specify the
illuminated area a shadow mask with an area of 0.16 cm? was used.

Stability test

Photo-stability tests were carried out at a maximum power point under one-sun illumination at
60 °C using a home-built electronic board with an eight-channel maximum power point
capability. The channels were equipped with DACs (DAC7563), level shifters (INA2132), and
an output line driver (OPA2192). The driving line had a 12-bit resolution in the £2.048 V range
(1 mV per bit). The buffer output was connected to the cells through a 0.5 Ohm sense resistor.
The voltage drop was amplified (INA188) to sense the current. The voltage was buffered
(OPA2188) to sense the voltage. The signal lines were multiplexed (CD54HC4051) into a
fourth-order active Butterworth filter with its pole set at 500 Hz. Data conversion was
performed at 430 SPS by an analog to digital converter (ADS1118). The DACs and the ADC

were interfaced by an Atmega328 microcontroller. The light source consisted of an array of



white LEDs was powered by a constant current and no filters (UV) were used. Equivalent sun

intensities were calibrated using a calibrated Si reference diode equipped with a KG-3 filter.

The setup was calibrated periodically using a Keithley 2602B source-measuring unit.

Table S1. Quantification of iodide, bromide, lead and cesium in different perovskite films measured by
XPS.
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Figure S1. Compositional analysis of perovskite films: High-resolution core level XPS spectra
corresponding to (A) Pb 4f states; (B) I 3d states, (C) Br 3d states and (D) Cs 3d states for different
perovskite compositions (P + y% MAPbBrs, y=<0, 0.05, 0.10, 0.15, 0.20).

Figure S4. SEM cross-sectional micrograph corresponding to the PSC containing 20% MAPbBr;
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Figure S5. Reciprocal space maps obtained from GIWAXS of perovskite films with different amounts
of MAPbBrs3 at an angle of incidence of 0.06°: (4) P + 10% MAPbBr; and (B) P+ 15% MAPbBr;.
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Figure S6. Zoom on a given XRD peak attributed to the perovskite phase illustrating the shift as a
function of MAPbBrs content.
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Figure S7. Kinetics of ground-state bleach of different stoichiometric perovskite films.
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Figure S8. Time-resolved photoluminescence spectra of perovskite films with varying MAPbBr;
content. The increased carriers’ lifetime is clearly observed as the MAPbBrs content is increased. Thus,
the introduction of MAPbBr3 improves the perovskite film by reducing the non-radiative recombination
rate and the trap state density.
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Figure S9. Full contour TA maps of perovskite films with varying MAPbBr; content. The shift in the
bandgap is clearly observed as the GSB shifts with different stoichiometric ratio. The absence of any
new GSB with delay in time reveals that the films do not have significant halide segregation.
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Figure S10. J-V hysteresis curves for the PSCs; A) P+0% MAPbBr;, B) P+5% MAPbBrs;, C) P+10%
MAPbBrs, D) P+15% MAPbBrs, E) P+20% MAPbBrs.
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Figure S11. J-V data for the PSC containing 17% MAPbBr3.



Table S2. Average photovoltaic parameters extracted from the J-V data (Figure 5D) corresponding to

each perovskite composition observed from different batches.

MAPDBBr3 | Jsc Voc FF PCE (%)
conc. (%)
(mA cm™) (V)
0 24.99+0.371 | 1.079+0.011 | 0.675+£0.047 | 18.44+1.57
5 24.65+0.169 | 1.124+0.006 | 0.758+0.007 | 21.11+0.29
10 24.17+0.182 | 1.129+0.005 | 0.755+0.012 | 20.73+0.38
15 23.74+0.096 | 1.135+0.012 | 0.751+0.029 | 20.18+0.99
20 23.27+0.116 | 1.154%£0.011 | 0.763+0.009 | 20.55+0.37
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Figure S12. The plot of the operational stability of P+ 10% MAPbBr; and P+17% MAPbBr3; PSCs.
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Chapter 3 Formation of High-Performance Multi-Cation
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assisted Heterogeneous Nucleation
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Introduction

Over the last decade, organic-inorganic halide perovskite solar cells (PSCs) have garnered
significant attention. Their high carrier mobility and long electron-hole diffusion length, small
exciton binding energy, tunable bandgap, high absorption coefficient, and tolerance to defects
make these materials suitable for a broad range of applications, ranging from photovoltaic
devices to light-emitting diodes and lasers 8% Recently, certified power conversion
efficiencies (PCE) of perovskite solar cells have reached 25.5% [1]. The chemical formula
ABXs of organic-inorganic halide perovskites stands for a monovalent A cation, i.e.
methylammonium (MA*™ = CH3NH3"), formamidinium (FA* = CH(NH,)."),or Cs*, and Rb"),
a divalent metal B cation (Pb%*, Ge?* and Sn?*) and a halide anion X (I-, Br, and CI"). Tuning
the perovskite bandgap and modulating the crystallinity by using elemental composition
engineering in bulk or at the surface via incorporation of multiple A cations and halides
improves their performance and stability 48, Perovskite films are commonly fabricated using
different techniques such as the one-step method (antisolvent), two-steps method (sequential
deposition), thermal evaporation, vapor-assisted deposition, and blade coating °*-1%, In the case
of the antisolvent method, a certain amount of non-polar solvent is dripped on the perovskite

precursor solution during spin-casting to initiate the nucleation and subsequent crystal growth



of the perovskite. Achieving high reproducibility using this method is challenging, especially
for large-area devices 1%, In contrast, sequential deposition starts first with the deposition of
an inorganic component, such as Pbl, not soluble in alcohol solvents, followed by the coating
of a layer of organic salts, which interact with the inorganic component, leading to their final
conversion into a perovskite film. This has been demonstrated as an effective method to
fabricate dense and uniform perovskite films and devices with a high PCE and is considered a
reliable strategy to upscale devices wto large modules size, owing to the better quality and
higher reproducibility %1918 QOne of the most promising perovskite composition is a-
FAPDI; due to its broader light absorption range with its reduced bandgap 1°>1°, However, the
perovskite cubic alpha - phase of FAPDIs is only thermodynamically stable above 400 K and
turns into a yellow non-perovskite hexagonal phase (5-phase) at room temperature !, It was
found that the incorporation of smaller cations (such as MA*, Cs*, Rb*) %9 or additives
(such as PEA* BA*, MACI) 12115 |eads to more stable devices with improved PCEs. Cs/FA
double cations-based perovskites have the potential to stabilize the perovskite phase and
increase the thermal and moisture stability due to the contraction of the cuboctahedral volume
116-118 For example, additives such as PEA*,BA*, MACI, or Rb* were found to work as
stabilizers or crystallization aids that preserve the desirable photoactive perovskite a-phase of

FAPbIs while improving the phase crystallinity and film quality %121,

However, for the sequential deposition method, it is difficult to introduce Cs* or Rb* in the
FAPDI3 lattice due to the low solubility of CsX and/or RbX (X=I, Br, CI) salts in alcohol
solvents. This prevents adding these salts together with MA/FA cations in the second step of
the process, which employs typically isopropanol (IPA) to dissolve the A cation halide. There
have been few reports of incorporation of Cs* in the perovskite fabricated with sequential
deposition where either Csl or 5-CsPbls phase was added to Pbly 12212 which lead to

perovskites with high crystallinity, excellent optoelectronic properties, and high performance.



However, to the best of our knowledge, Rb* or Cs*/Rb* mixtures so far have not been employed

in the sequential deposition processes for the formation of perovskite films.

Herein, we report the systematic investigation of the role of multication-halide formulations in
directing sequential deposition. For the first time, we examine the influence of 6-RbPbls and
5-CsPblz 1D polymorphs on the heterogeneous nucleation and conversion via the sequential
deposition method and show the beneficial effect of quadruple cation formulation
(RbCsMAFA) on the conversion of Pbl, films into perovskite. The introduction of a mixture
of 8-RbPbI3 and 6-CsPbl3 1D polymorphs induces the formation of porous microstructure in
the Pbl. films, which facilitates the penetration of the A cations into the Pbl; and leads to its

rapid and complete conversion into the photoactive a-phase perovskite

Results and Discussion

We employed 1.15M solution of Pbl, in 1 mL of dimethylformide (DMF) and 200 pL of
dimethylsulfoxide (DMSO) as a starting solution. To this we added either 7 mol.% RbPbls or
10 mol.% CsPbls or a mixture both, i.e. 10 mol.% CsPbls and 7 mol.% RbPblz from 1.15M
stock solutions of RbPblz and CsPblz in DMSO (see Supporting Informations for experimental
details). We label these solutions as Pblz « 7% RbPbls, Pbl, « 10% CsPbls, and Pblz « (7%
RbPblz + 10% CsPbls) respectively. We used these solutions during the first step of the
sequential deposition to impregnate mesoporous TiO: layers and annealed them at 80°C for 2-
3 min. After letting the films cool down to room temperature, we exposed them during the
second step of our sequential perovskite preparation to the organic halide salts (52.2 mg FAl,
5.2 mg MABT, and 5.2 mg MACI) dissolved in 1 mL isopropanol (IPA) and annealed them at
100°C for 10 min and thereafter at 150°C for 20 min. Here methyl ammonium chloride (MACI)
was used as an additive to improve the perovskite crystallization which sublimed during the

annealing of the perovskite. The optimized compositions for the double, triple, and quadruple



A-cation perovskites are FA0.91MA0.09Pb(lo.91Broos), Rbo.o7FA0.8sMA0.08Pb(l0.92Bro.08)3,
Cs0.00FA0.83MA0.08Pb(l0.92Bro.os)s and Rbo.osCso.08FA0.78MA0.08Pb(l0.92Bro.os)s, and these are
labeled below as Control, Target-Rb, Target-Cs, and Target-RbCs respectively. We present
details on our optimization procedure in Figures S2, S3, S4 and S5. Humidity plays a key role
in the nucleation and crystallization process of organic-inorganic perovskites as it activates the
reaction of Pbl species with the halides *?*. Hence, the perovskite films were annealed under
an ambient atmosphere with relative humidity (RH) of 30+5 %. Also, processing under RH of
30+5% leads to a compact polycrystalline texture with full surface coverage and large grain
size, features that are distinct from the small grain size and pinholes obtained from the films
that were processed at a low humidity of 8+4 % (figure S6). This is explained by the fact that
the presence of water facilitates the ionic dissociation of FAI/MABr and thus accelerates the
reaction of Pbl, with the halides 2. Furthermore, processing conditions are known to be
critical to yield highly reproducible PSCs, especially using the sequential deposition method
as they impact the morphology of the Pbl, precursor films, which is of crucial importance for
the efficiency and stability of the final perovskite solar cells 12526, Employing 30+5% RH, our
method allows for producing highly efficient PSCs with very good reproducibility. We
additionally found that optimizing the thickness of the mesoporous layer plays a key role in the

conversion of Pbl; into the perovskite (Fig. S7).
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Figure 1. (a) UV-Vis spectra, (b) Dynamic light scattering spectra and (c) Tyndall effect of Pbl,, Pbl.,
* 7% RbPbI3, Pbl, » 10% CsPbls, and Pbl, « 7% RbPbI3 + 10% CsPbls precursor perovskite solutions,
respectively. (d) UV-Vis spectra of the same condition as films and (e) corresponding
photoluminescence spectra and (f) PL mapping of Pbly, Pbl, ¢ 7% RbPbI3, Pbl; « 10% CsPbIz, and Pbl;
* 7% RbPbls + 10% CsPbls films, respectively.

To understand the effect of 6.-CsPbI3 and 6-RbPbI3 on the perovskite nucleation and growth
we investigated the optical behaviour of their precursor solutions. Figures. 1a and 1d show their
absorption spectra in solution and after deposition as solid films. Addition of the 6-RbPbI3 and
8-CsPbl3 polymorphs to the PbI2 precursor solutions produces small red shift of their
absorption and emission spectrum as well as a tail in the absorbance attributed to light
scattering. Previous studies showed that perovskite precursors form colloids in the mother
solution 127128 The tailing of the absorbance towards longer wavelengths is likely to be caused

by the formation of colloids with increased diameter. To gain further insight, we employed



dynamic light scattering (DLS) measurements (Fig.1lb, Fig. Sla,b), which confirmed the
presence of colloids in the precursor solutions, the Pbl, particles having a size of ~350 nm.
Upon the addition of the 7% RbPblz, 10% CsPbls, or (7% RbPbls + 10% CsPbls) precursor
solutions the Pbl> colloids disappear and larger colloids of microscopic size (1480 nm) are
observed. Furthermore, we confirmed the colloidal nature of the precursor solutions by
observing the Tyndall effect in solutions illuminated with laser beams of red and green
wavelengths as shown in Fig. 1c. We then performed photoluminescence (PL) mapping
measurements on solid films prepared from the precursor solutions. The results shown in
Fig.1f, reveal the persistence of colloidal particles in the intermediate phase Pbl, films. The
absorbance and photoluminescence of all these intermediate phase films red-shift upon the
addition of RbPbls and/or CsPbls, showing the same trend as for the solutions (Fig.1d and

Fig.le).

We investigated the structure and the morphology of the perovskite and non-perovskite

precursor films using X-ray diffraction (XRD) and scanning electron microscopy (SEM).
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Figure 2. XRD patterns of (a) non-perovskite for Pbl,, Pbl, « 7% RbPbI3, Pbl, ¢ 10% CsPbls, and Pbl;
* 7% RbPbIz + 10% CsPbls films, respectively, (Peaks marked with * and + are those assigned to Pbl.
and the FTO substrate respectively)and (b) Control, Target-Rb, Target-Cs, Target-RbCs perovskite
films perovskite films.
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Figure 3. (a) SEM Top view and (b) cross-sectional images for Pbl,, Pbl, ¢ 7% RbPbIs, Pbl, « 10%
CsPbls, and Pbl « 7% RbPbIs + 10% CsPbls respectively films respectively and (c) SEM Top view
pictures for Control, Target-Rb, Target-Cs, Target-RbCs perovskite film.

The XRD patterns of the Pbl. films with and without the 7% RbPbls, 10% CsPblz and (7%

RbPbls + 10% CsPbls) are shown in Fig.2a. The existence of 1D polymorphs of 3-CsPbls phase



in Pbl layer after the introduction of 10% CsPblz can be observed at 25.5°. Fig.2a also shows
some peaks at 21.5°, 24.6°, 25.2°, and 25.6° belonging to 1D orthorhombic RbPblsz (Pblz« 7%
RbPbls). The same peaks are observed for the mixture of (7% RbPbls + 10% CsPbls) together
with the appearance of extra peaks at 25.5° and 28.8° belonging to the orthorhombic phase of
CsPDbls**%% 1t should be noted that the Pbl, peak at 12.5°, which belongs to the (001) lattice

138

phase of hexagonal (2H polytype) of Pbl> ~*° is preserved in all compositions.

The XRD patterns of the corresponding perovskite films are shown in Fig.2b and Fig.S8a, S9a,
S10a. The patterns of perovskites for the Control films reveals the presence of unreacted Pbl>
at 12.5°, whereas the Pbl, peak was not observable for the Target-Cs and Target-RbCs
perovskites (Fig.S8a, S9a, S10a). The suppression of the unreacted Pbl, peaks indicates that
Target-Cs and Target-RbCs indeed underwent complete conversion and exhibit enhanced
crystallinity. Furthermore, the surface and cross-section morphology of the intermediate phase
(first step) and of the final perovskite phase films on mesoporous TiO, was investigated via
scanning electron microscopy (SEM). Top-view and cross-section SEM images of the Pbl,
film without and with various inorganic non-perovskite doping are shown in Fig.3a, Fig. 3b
and Fig.S8b,S9b,S10b. The pristine Pbl. and Pbl>.7%RbPbls film show a compact
morphology, while the Pbl2.10%CsPbls and Pbl..(10%CsPbls.7%RbPbls) films exhibit a high
degree of porosity and formation of nanorods. Previous work attributes the nanorods in the
Pbl,.10%CsPb films to &-CsPbls '*. The cross-section of Pbl..7%CsPbl; and
Pbl>.(10%CsPblz.7%RbPblz) show mesoscopic porous structure in contrats to the compact to
pristine Pbl> and Pbl,.7%RbPbls film. Such a mesoscopic network could be highly beneficial
for facilitating the conversion of Pbl> into the perovskite phase upon exposure to the organic

salts.

The top-view SEM images of the perovskite films (Fig. 3c) indicate that the presence of Cs* or

a mixture of Cs*/Rb" cations there generates a drastic increase in the grain size as well as an



improvement in the homogeneity of the microstructure. This increase in grain size and phase
purity indicates that the Target-Cs and Target-RbCs intermediate phase in the Pbl. layer
promotes the growth of perovskite grains via the increase of the porosity of the Pbl films. The
high porosity of Pbl> films enables the efficient penetration of FA/MA cations and the
subsequent conversion of the Pbl; films into the cubic a perovskite structure in agreement with
the XRD characterization. By comparison, in the Control and Target-Rb perovskite films,
several residual unreacted Pbl, particles are observable on the top of the perovskite layer,
whereas there is no residual Pbl> in the Target-Cs and Target-RbCs films. We concluded that
the addition of 5-CsPbls/3-RbPDbls leads to a porous mesoscopic network, which facilities the

conversion into alpha perovskite leading to improved optoelectronic properties.
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Figure 4. (a) Absorbance spectrum, (b) steady-state photoluminescence (PL), and (c) Time-resolved
photoluminescence (TRPL) measurements of the different perovskite films, the solid lines are
monoexponential fits for t > 200 ns.

Fig.4a shows the absorbance spectra of Control, Target-Rb, Target-Cs, and Target-RbCs
perovskite films. A blueshift is observed in the absorbance spectra upon CsPblz incorporation.
The incorporation of the smaller Cs* ions into the double cation crystal lattice reduces the
effective radius of the triple cations (Csx(FAo0.91MAo.09)1-x) as compared to double cations. As
a result, the tolerance factor is driven towards a cubic lattice structure, and an increase in the

optical bandgap is observed, which is consistent with previous work %. However, the undoped



Control perovskite and rubidium-doped (Target-Rb) perovskite films show an unchanged
absorbance onset (Fig.4a), which is in good agreement with previous reports 128140141 55 Rp*
ions are not incorporated into the perovskite lattice but rather act as film quality enhancer

and/or surface passivation layer 142714,

Relative steady-state photoluminescence (PL) photon flux spectra are shown in Fig. 4b,
measured in the same measurement geometry so that the relative intensities can be compared.
The PL spectra show an emission peak at 1.53 eV for Control, and Target-Rb, while all Cs-
containing compositions Target-Cs and Target-CsRb exhibit a blue-shifted emission (Fig.4b
and Fig.S8c, S9c, S10c). Furthermore, Target-Cs and Target-RbCs compositions show an
emission peak at 1.55 eV, in agreement with the absorbance results as well as with external
quantum efficiency (EQE) from the inflection point as shown in Fig. S17. Target-RbCs show
the highest PL signal indicating the lowest non-radiative recombination rate, followed by

Target-Cs, Target-Rb, and Control.

Next, we carried out time-resolved photoluminescence (TRPL) measurements to evaluate the
charge carrier dynamics (Fig.4c) for Control, Target-Rb, Target-Cs, and Target-RbCs films.
We performed our experiments at low fluences (<5nJ/cm?) so that bimolecular and Auger
recombination is negligible **’. All the TRPL traces show a monoexponential decay after t >
200 ns. This decay is due to non-radiative bulk and interface recombination. We cannot
distinguish between these two mechanisms with this TRPL experiment, but we can give an
upper limit for the monomolecular bulk recombination constant ki assuming zero interface
recombination velocity. In that way, the upper limits of k; for Control, Target-Rb, Target-Cs
and Target-RbCs are 2.58-10° s, 2.81.10° s, 1.74.10° s and 1.3-10° s, respectively. This
suggests that there is a decrease in non-radiative recombination in target Cs and target CsRb

perovskites, which is in good agreement with the steady-state PL measurements.



Table 1. Chemical composition at the surface and in the bulk of the perovskite layer determined by
XPS.

Depth Rb/Cs | Br/l | Cs/Pb Chemical composition

30 nm 0.406 | 0.0077 | 0.06 Rbo.02 CS0.05FA0.92MA0.01Pb(Bro.o1lo.99)3
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Figure 5. Scheme of the chemical composition at the surface and in the bulk of the perovskite layer
from XPS measurement.

The elemental distribution of the composition with the longest carrier lifetime (Target-RbCs)
was investigated using X-ray photoelectron spectroscopy (XPS). The XPS spectra (Fig.5,
Fig.S11,512) show that the elemental distribution differs between the surface (0 nm) and the
bulk (30 nm) of the perovskite film (Table 1). As was expected 143144148149 "y hidjum cations
are not easily incorporated into the crystal lattice but rather preferentially act as surface defects

passivation. In contrast to rubidium, the cesium cations are preferentially concentrated towards



the bulk of the perovskite films. We note that the I/Br ratio is decreased to only ~1%, which is
in good agreement with the low bandgap of Target-RbCs (1.55 eV) estimated by PL and EQE
measurements. Elemental ratios are summarized in Table 1 for the surface and the bulk. These

results are consistent with previous reports 128:140.150-152
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Figure 6. (a) Cross-sectional SEM images, (b) J-V curves of the devices, (c) maximum power point
tracking, (d) IPCE spectra and photocurrent integrated over the standard AM 1.5G solar spectrum, (e)
J-V metrics of devices, and (f) Operational stability in a nitrogen environment at room temperature



under continuous illumination (LED source, approximated 1 Sun) at maximum power point for Control,
Target-Cs, Target-RbCs.

To examine the photovoltaic performance of these perovskites, we fabricated complete devices
in a FTO/c-TiO2/mp-TiO2/perovskite/spiro-OMeTAD/Au architecture (see Fig.S13, S14, S15
for a comparison of all compositions). Fig.6a shows the cross-sectional SEM images of the full
devices based on Control, Target-Cs and Target-RbCs perovskites. The champion Control
perovskite device shows a PCE of 20.42%, Voc of 1.06 V, a Jsc of 24.30 mA-cm™ and FF of
77%; the champion device for Target-Cs yields an enhanced PCE of 21.63%, with Voc = 1.12
V, Jsc = 24.80 mA-cm™?, and FF of 78%, while Target-RbCs shows a PCE of 22.30%, Jsc of
24.82 mA-cm™2, Vo = 1.15 V and FF of 78% as shown in Fig.6b. The ideality factor nig was
extracted from the illumination intensity as a function of the Vo (Fig. S18). The Control,
Target-Cs, and Target-RbCs devices show a nig of 1.56, 1.45 and 1.44, respectively. The
improvement in Vo is in coherence with the PL, TRPL, and ideality factor which shows
suppression in non-radiative recombination. To the best of our knowledge, this is the highest
efficiency to be achieved in RbCsFAMA-based perovskite solar cells fabricated via sequential

deposition on a mesoscopic architecture.

The hysteresis for the best devices is shown in Fig.S16. In Target-Cs and Target-RbCs a small
PCE difference between forward and reverse scans is observed, with hysteresis index (HI =
(PCEbackward — PCEforward)/PCEpackward) Of 0.07 and 0.02 respectively, whereas the Control
device exhibits a higher hysteresis in J-V scans with a HI of 0.13. The higher difference of
hysteresis in the Control device is mainly due to the higher trap density in the perovskite film
9495143 Fig.6c shows the stabilized power output for the best performing devices during
maximum power point tracking (MPP) in ambient air (10% RH (relative humidity)) under one
sun illumination for 130 sec. The stabilized PCE upon MPP tracking for Control, Target-Cs

and Target-RbCsare 19.5%, 21.2% and 22.1%, respectively.



The incident photon-to-current efficiency (IPCE) spectra and integrated current density are
shown in Fig.6d. In agreement with absorbance spectra, a small blue shift in the onset of the
IPCE spectra is detected for Target-Cs and Target-RbCs devices as compared to Control while
integrated current densities agree with the Jsc -values derived from the J-V measurements 24.04
mA-cm™?, 24.01 mA-cm~2and 23.97 mA-cm. The statistical distribution of the photovoltaic
characteristics (Jsc, Voc, FF, and PCE) from at least 20 devices of each composition is
presented in Fig.6e. The statistical distribution shows Target-Cs and Target-RbCs-based

devices are much more reproducible than Control-based devices.

Operational stability remains a major concern in perovskite solar cells 1%, Therefore, the
devices based on Control, Target-Cs, and Target-RbCs were subjected to light soaking in
simulated solar irradiation at their maximum power for 400 hours under a nitrogen atmosphere
at room temperature (Fig.6f). Devices fabricated with Control, Target-Cs and Target-RbCs
perovskite retained ~72%, ~85%, and ~92% of the initial performance after 400 hr,
respectively. This showed that our strategy to produce quadruple cation perovskite not only

improves performance but also enhances the device stability.

Conclusion

In summary, we demonstrated the importance of the multi-cation halide composition
engineering of perovskite solar cells fabricated by sequential deposition. Utilizing a mix of
fully 1D inorganic photoinactive phase (6-RbPbls/3-CsPbls) resulted in an improvement of the
perovskite crystallization via the creation of a mesoscopic porous network in the Pbl, film,
which enabled the facilitated penetration of the A-cations into Pbl, and the subsequent
conversion into efficient a cubic photoactive perovskite structures. XPS revealed that rubidium
cations are mostly located at the surface of the perovskite film as well as the ratio of MAPbBTr3

is decreased to only ~1%, which is in good agreement with the low bandgap of Target-RbCs



(1.55 eV) estimated by PL/EQE measurements. There is significant enhancement of the open-
circuit voltage from 1.06 V to 1.12 V, and 1.15 V, leading to a PCE of 20.42%, 21.63%, and
22.30% for Control, Target-Cs, and Target-RbCs, respectively. The Target-RbCs based device
show high operational stability and retains more than 90% of its initial PCE after 400 hr
illumination under MPP tracking. This work exemplifies the importance of tuning the
crystallization in perovskite solar cells and has the potential to stimulate other successful

developments in the future.

Experimental Section

Solar cell preparation: Fluorine-doped tin oxide (FTO)-glass substrates (TCO glass, NSG 10,
Nippon sheet glass, Japan) were etched from the edges by using Zn powder and 4 M HCI and
then, were cleaned by ultrasonication in Hellmanex (2%, deionized water), rinsed thoroughly
with de-ionized water and ethanol, and then treated in oxygen plasma for 15 min. A 30 nm
blocking layer (TiO2) was deposited on the cleaned FTO by spray pyrolysis at 450 °C using a
commercial titanium diisopropoxide bis(acetylacetonate) solution (75% in 2-propanol, Sigma-
Aldrich) diluted in anhydrous ethanol (1:9 volume ratio) as precursor and oxygen as a carrier
gas. A mesoporous TiO- layer was deposited by spin-coating a diluted paste in ethanol (1:6 wit.
ratio) or (1:8.5 wt. ratio) or (1:10.5 wt. ratio) (Dyesol 30NRD: ethanol) (3000 rpm, acceleration
2000 rpm for 20 s) onto the substrate containing TiO2 compact layer, and then sintered at 450
°C for 30 min in dry air.

Fabrication of perovskite films: 1.15 M Pblz or CsPbls or RbPblz or a mixture solution
precursor were stirred at 70 C for 12 h. Pblz, Pbl2.x%CsPbls (x=0,5,10,15 and 20%) or
Pbl2.x%RbPbls (x=0,7,10,15 and 20%) or Pbl,. x%CsPbls.y%RbPbls (x=10% and y=0,7,10,15
and 20%) solutions were spin-coated on FTO/c-TiO2/meso-TiO: substrate at 4000 r.p.m. for 45

s and then heated at 80 °C for 2-3 min to remove the solvents. After cooling down, the



FAI/MABI/MACI mixture solution was spin-coated on top of the Pbl, or Pbl2.x%CsPbls or
Pbl2.x%RbPblz or a mixture of Pbl2.10%CsPbls.y%RbPbls at 2500 r.p.m. for 45 s followed by
annealing at 100 °C for 10 min and 150 °C for 20 min with a relative humidity ~ 30£5% to
fabricate perovskite film. The HTM was deposited in by spin-coating at 4000 rpm for 30 sin a
dry box with controlled humidity ~8+4%. The HTM was doped with
bis(trifluoromethylsulfonyl)imide lithium salt (17.8 pl prepared by dissolving 520 mg LiTFSI
in 1 ml of acetonitrile), and 28.8 pl of 4-tert-butylpyridine. Finally, a ~80 nm gold (Au) layer

was thermally evaporated.

Device characterization: The current-voltage (J-V) characteristics of the perovskite devices
were recorded with a digital source meter (Keithley model 2400, USA). A 450 W xenon lamp
(Oriel, USA) was used as the light source for photovoltaic (J-V) measurements. The spectral
output of the lamp was filtered using a Schott K113 Tempax sunlight filter (Préazisions Glas &
Optik GmbH, Germany) to reduce the mismatch between the simulated and actual solar
spectrum to less than 2%. The photo-active area of 0.16 cm? was defined using a dark-colored

metal mask.

Incident photon-to-current efficiency (IPCE): was recorded under a constant white light bias
of approximately 5 mW cm supplied by an array of white light emitting diodes. The excitation
beam coming from a 300 W Xenon lamp (ILC Technology) was focused through a Gemini-
180 double monochromator (Jobin Yvon Ltd) and chopped at approximately 2 Hz. The signal
was recorded using a Model SR830 DSP Lock-In Amplifier (Stanford Research Systems).
Scanning electron microscopy (SEM): was performed on a ZEISS Merlin HR-SEM.

X-ray powder diffractions were recorded on an X’Pert MPD PRO (Panalytical) equipped
with a ceramic tube (Cu anode, A = 1.54060 A), a secondary graphite (002) monochromator
and a RTMS X’Celerator (Panalytical).

UV-Vis measurements (UV-vis) were performed on a Varian Cary 5.



Photoluminescence spectra (PL) were obtained with a Florolog 322 (Horiba Jobin Ybon Ltd)

in the wavelength range from 500 nm to 850 nm by exciting at 460 nm.

Time-resolved photoluminescence (TRPL) was measured with a spectrometer (FluoroLog-
3, Horiba) working in a time-correlated single-photon counting mode with <ns time resolution.
A picosecond pulsed diode laser head NanoLED N-670L (Horiba) emitting <200 ps duration

pulses at 670 nm with a maximum repetition rate of 1 MHz was used as excitation source.

Long term light soaking test: Stability measurements were performed with a Biologic MPG2
potentiostat under a full AM 1.5 Sun-equivalent white LED lamp. The devices were measured
with a maximum power point (MPP) tracking routine under continuous illumination at room
temperature. The MPP was updated every 10 s by a standard perturb and observe method.
Every minute a JV curve was recorded in order to track the evolution of individual JV

parameters.

X-ray photoelectron spectroscopy (XPS): was carried out using a PHI VersaProbe Il
scanning XPS microprobe with Al Ka X-ray source. The spherical capacitor analyser was set
at 45° take-off angle with respect to the sample surface. Bulk composition analysis was done

after argon plasma etching. Data were processed using the PHI Multipak software.
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Introduction

During the last decade, huge efforts were expended in the material class of hybrid organic-
inorganic perovskites by the solar cell community, leading to a substantial rise in photovoltaic
efficiency and a promising perspective for relatively cheap and easy to manufacture perovskite
materials for solar energy.! For optimization of solar cell devices, material composition and
structure are of crucial importance. Indeed, the composition of organic-inorganic hybrid
perovskites is variable to a large extent, providing means and need for structural optimization,

which in turn has a great impact on performance improvement.

In the hybrid lead halide materials APbX3s, where X is iodide, bromide or chloride anion,
different kinds and mixtures of A cations have been investigated. The most commonly used
organic molecular cation is methylammonium (MA), which is able to form a lead halide
perovskite structure at room temperature.? In particular, the material MAPbI3 has been widely
explored due to its relatively small band gap that allows absorption of visible light.® An even
narrower bandgap, which facilitates a greater amount of harvested solar energy, is exhibited by
hybrid perovskites based on the formamidinium (FA*) cation.*® In addition, FA" is supposed
to be more thermally stable* than the MA* cation and has the potential of outperforming the
insufficient environmental®® and operational® stability of MAPbIs, which is a major drawback
for hybrid perovskite solar cells. Unfortunately, the FAPbIs system at room temperature
exhibits a large proportion of non-photoactive (“yellow”) hexagonal §-phase.>%! For optical

applications such as solar cells, a high phase purity of the optically active cubic (“black™)



perovskite modification would be desirable. In order to exploit the excellent light-harvesting
and enhanced stability of the FA* cation, efforts have been made to stabilize the cubic phase
of FAPDbI; at room temperature.*? This can be achieved, for example, by blending the precursors
FAI and MABrt3!4 which yield a mixed ion perovskite upon reaction with Pbl,. Addition of
Cs* to the mixture has proven to reduce the occurrence of 5-phase even further’>® and to
positively affect the crystallization process.>!6:20-22 Also an excess of Pbl, has been shown to
assist the suppression of 3-phase and even benefit device performance.?® However, the presence
of a segregated Pbl, phase might negatively affect charge carrier lifetimes®* and long-term
environmental stability of the material.?® This has been addressed by the addition of Rb*, which
has proven beneficial in stabilizing the cubic FAPbl;  phase!®?®? and reducing residual
Pbl,1%27 by reacting with excess material, and has also been explored in quadruple cation

compositions of FA*, MA*, Cs* and R* 2026303122

In this paper, a quantitative comparison of the structural properties of hybrid lead iodide
perovskites containing different cation compositions is made. In particular, the effects of
including the inorganic cations Cs*and Rb* into an optimized mixture!® of organic cations FA*
and MA* under excess lead iodide conditions were examined with regard to the occurrence of
different crystal phases. For that purpose, four compositionally differing samples were
prepared: The parent compound, produced from a mixture of 83 % FAPblz and 17 % MAPbBTs3,
a similar composition with the addition of excess Pbly, a triple mixture of FA*, MA* and Cs*
cations, as well as the quadruple composition of FA*, MA*, Cs*, Rb*. Although a considerable
amount of research on multiple cation perovskites has been conducted by now, this report is to
the best of our knowledge the first to provide quantitative data comparing the effects of excess

lead iodide, Cs* and Rb* on the phase composition of perovskite thin films.



Results and discussion

Incorporation of Cs* and Rb* into organic-inorganic hybrid lead iodide perovskite thin films
has been shown to improve the film quality and phase purity of the desired cubic perovskite
phase,101516.21.2226-2830 Tq jnvestigate the crystal structure of samples containing different
cation compositions, two-dimensional reciprocal space maps were recorded, which are shown
in Figure 1 (a)-(d). All films exhibit Bragg reflections of the cubic perovskite modification.
Additional features corresponding to hexagonal phases of FAPbI; and Pbl, can be found

dependent on the cation composition.

Azimuthal integration of the radially distributed intensity in the reciprocal space maps
visualizes the relative total peak intensities (Figure 1 (e)). In the double cation compound,
labelled as FA:MA, the intensity of the hexagonal phases 4H and 6H, occurring at small values
of the scattering vector Q, is almost equal compared to the cubic phase. Also in the
corresponding reciprocal space map, the Bragg peaks from hexagonal phases and Pbl; are
clearly visible. The 4H and 6H hexagonal phases contain corner- and face-sharing lead halide
octahedra and can be considered as intermediates between the 2H hexagonal &-phase of
FAPDI3, featuring only face-sharing octahedra, and the cubic perovskite phase comprising

exclusively corner-sharing lead halide octahedra.3*

The sample containing excess Pbl, exhibits stronger cubic phase peaks and less hexagonal
phase, but also a distinct amount of segregated lead iodide crystal phase, which is represented
by the strong signal at Q=0.91 A, However, the corresponding peak in the radial profile is
rather broad and exhibits two additional shoulders due to an overlap with the signals from

hexagonal phases, which are obviously still present in the material.

Addition of Cs* reduces both Pbl, and hexagonal phase signals to a large degree, but small

features of 4H and Pbl, phases are still distinguishable at the corresponding positions of the



green curve in Figure 1 (e) and also in the reciprocal space map in Figure 1 (c). These are
further diminished upon the incorporation of Rb* into the mixture, indicating a beneficial effect
of using both inorganic cations. The quadruple cation composition almost exclusively displays
the cubic perovskite modification, as can be seen in Figure 1 (d), where the distinct perovskite

diffraction signals are marked. Nearly no residual hexagonal or Pbl, phases can be found.
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Figure 1. (a)-(d) 2D reciprocal space maps of samples with different compositions. Ring-shaped
diffraction features indicate a random orientation of perovskite crystallites. Blue dashed lines mark



perovskite signals, hexagonal phases are labelled in black, and Pbl; is denoted by pink lines. Incidence
angle was 0.14° for measurement of all Q-maps. (e) Radial intensity distribution extracted from
reciprocal space maps. Peaks are indexed according to literature®, displaying cubic perovskite crystal
structure. Additional hexagonal and Pbl, phases can be found for certain samples, as explained in the
text.

Quantification of the respective amounts of hexagonal and Pbl, phases (Figure 2) was
performed via integration of diffraction signals ascribed to the respective phases and using
structure factor calculations, as described in the experimental section. We chose two different
angles of incidence, 0.1° and 0.2° (Figure S2), to distinguish between surface and bulk
properties. The incident angle of 0.1° was determined to be just below the critical angle and
therefore is supposed to reflect largely surface properties of the films. Increasing the incident
angle increases also the penetration depth of the X-rays into the material and is expected to

reflect a larger amount of the bulk film properties, which is therefore depicted by a 0.2° angle

of incidence.
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Figure 2. Molar phase fractions of cubic, hexagonal and Pbl, phases depending on the film
composition, determined from peak integration of radial intensity profiles extracted from reciprocal
space maps at incident angles of 0.1° (left, surface-sensitive) and 0.2° (right, bulk sensitive). Error bars
were estimated due to compositional uncertainties and experimental statistics.

The trends in phase composition with varying cation mixture are consistent for both incident

angles. FA:MA binary mixtures exhibit a huge amount of 6H hexagonal polymorph, making



up about 35 % of the total investigated material volume, which is close to the content of the
desired cubic phase. This could be extremely detrimental to the performance of the final device
and might even be a potential trigger for further transition of the material to the photoinactive
d-phase. Also, a significant contribution of 4H polymorph and Pbl, phase can be observed in
the binary sample. Excess Pbl, reduces the amount of hexagonal polymorphs significantly, but
occurs as a separate Pbl, phase, which consequently can be observed in a higher fraction than
in simple FA:MA mixtures. The quantity of excess Pbl, phase can be successfully reduced
upon addition of Cs* and Rb* into the mixture, as can the appearance of hexagonal polymorphs.
Solely adding Cs*, though reducing the intensities of impurity phases, still leaves residual Pbl,
and 4H phases in the films. The addition of both Cs™ and Rb*, however, effectively suppresses
excess Pbl, phase and 6H phase, while the 4H phase is reduced to a marginal amount of around
2 % of the total material. This shows that even though the addition of Cs™ has a beneficial effect
on the phase composition of mixed perovskites, it is not sufficient to fully suppress impurity
phases, especially a considerable amount of excess Pbl; is still present. An even higher phase
purity can be obtained by adding both Cs* and Rb* to yield a quadruple cation mixed
perovskite, almost exclusively (97.8 %) consisting of the cubic perovskite modification. Cs*
has been shown before to suppress the formation of hexagonal phases during the crystallization
processt, while its effect on the excess lead iodide phase, even though it is reduced, does not
suffice to prevent Pbl, phase formation. On the contrary, Rb* has been reported to reduce Pbl.

phase impurities even under excess lead iodide conditions.l?”l Hence, using both Cs* and Rb*

has a joint effect and enables a high purity cubic perovskite film.

Comparing the composition near the surface to the bulk material, a general trend of increasing
proportions of hexagonal and Pbl, phases as compared to the cubic perovskite phase with
lowering the probing depth can be observed. Especially for the excess lead iodide phase, this

effect is strongly pronounced and suggests the location of Pbl, preferably near the film surface.



Decreasing intensities of the undesired phases with larger probing depth indicate that the bulk
of the film contains less of Pbl, and hexagonal phases than areas near the surface, while for
Pbl the preference of surface areas seems the most pronounced and the fraction of hexagonal
phases is only slightly lower in the bulk than near the surface, suggesting an almost equal
distribution throughout the film. The prevalence of Pbl close to the surface might be due to an

increased vulnerability of the perovskite surface toward degradation.
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Figure 3. (a) Minimum coherently scattering island size as a function of composition, determined from
gaussian fits of peak widths (FWHM) of XRR data (Figure S1). Averaging was performed over different
crystallographic directions, as similar trends could be observed for all of them. (b) Unit Cell
Parameters as a function of composition, determined from gaussian fits of peak positions observed in
the XRR data.

Improved purity of the perovskite phase upon inorganic cation addition is not only suggested
by the disappearance of the peaks which were ascribed to impurity phases, i.e. lead iodide and
hexagonal polymorphs. Also, a general peak sharpening can be observed, indicative of an
improvement in crystal structure by enhanced crystallite size. Figure 3 (a) shows sizes of
homogeneous scattering domains determined from peak widths (FWHM) of XRR data,
averaged over different crystallographic directions. Consistent with the peak sharpening, which

can be observed in the 2-dimensional Q-maps in Figure 1, calculations confirm an increase in



crystallite size upon addition of excess lead iodide as well as inorganic cations. Here, adding
Cs" had an even more enlarging effect than lead iodide, leading to an increase in crystallite size
by at least a factor of two. However, the resolution limit of the experimental setup does not
allow for the determination of coherently scattering island sizes larger than 50 nm, so the

crystalline domains for the triple and quadruple cation composition might be even larger.

While on the incorporation of Cs* into the perovskite crystal lattice a broad consensus is
achieved, 103739 the question whether or not Rb* can also be integrated into the mixed
perovskite crystal lattice is still discussed.26-28:30-3237-40 T address this issue, lattice parameters
of the cubic perovskite structure were determined for the different compositions. Figure 3 (b)
depicts the cubic unit cell parameter a as a function of composition. Data from X-ray
reflectivity (Figure S1) was used to calculate the unit cell size from the positions of diffraction
signals. From the calculated lattice parameters, it can be observed that excess Pbl, leads to a
small increase in the unit cell size compared to the simple MA:FA mixture, which might be

due to partial substitution of bromide ions in the mixture with the larger iodide.

Addition of Cs* slightly shrinks the lattice, suggesting incorporation of the smaller inorganic
cation in the hybrid perovskite, partially substituting for the larger organic cations FA™ and

MA* and thus decreasing the effective average cation radius.

Upon introduction of Rb* into the material, a still smaller unit cell size is observed. Besides
possible incorporation of the smaller Rb* cation into the perovskite lattice, there might be
several reasons for that. Rb* has been found to interact strongly with iodide, leading to the
formation of Rb- and I-rich side phases** and increasing the Br ratio in the perovskite phase,
which also might cause a smaller lattice constant. Furthermore, since Cs* has been observed to
influence the distribution of Rb* ions in the film®., the presence of Rb* might reversely also

alter the distribution of Cs* in the material. The apparent lattice contraction upon Rb*



incorporation possibly could be also ascribed to those side effects and does not provide

sufficient proof of incorporation of Rb* into the perovskite lattice.

Detailed investigation of the azimuthally distributed intensity along the diffraction rings
descending from the perovskite structure also revealed a small, but still noticeable influence of
cation composition on the orientational order of crystallites. An explicitly preferred orientation
could be observed only for the (110) plane at an angle of 60° relative to the substrate (compare
Figure S3). This finding is consistent with the previously reported orientation of the (202) plane
parallel to the substrate*>. However, the degree of orientational alignment is rather low in all
samples, while it is strongest in the pure FA:MA mixture. Addition of excess Pbl or inorganic
cations obviously affects the orientational alignment of crystallites and leads to randomization

of orientation.

The impact of compositional engineering involving the incorporation of MA*, Cs™ and Rb*
cations and a mixture thereof into FAPbIs phase on the power conversion efficiencies (PCEs)
of perovskite solar cells (PSCs) was evaluated under standard illumination conditions. For

details, we refer to the experimental section.
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Figure 4. a) Current density-voltage (J-V) characteristics measured under standard simulated AM1.5
illumination at a scan rate of 100 mV/s (reverse scan, with an illumination area of 0.16 cm?
corresponding to the devices based on the following architecture FTO/c-TiO./m-
TiO,/Perovskite/Spiro/Au. Inset: PV metrics derived from the J-V curve. b) Incident Photon-to-Current
Conversion Efficiency (IPCE) as a function of monochromatic wavelength recorded for devices with
different compositions and the integrated current density obtained from the respective IPCE spectrum.

As shown in Figure 4, PSC containing a light absorption layer composed of FA1-xMAxPb(ls.
«Brx) (x = 17 %) yielded a PCE of 12 %, with current density (Jsc) of 16.3 mA/cm?, open-
circuit voltage (Voc) of 1.042 V and fill factor (FF) of 68 %. Adding excess amount of Pbl; to
FA1-xMAPb(l5.xBrx) increased the PCE to 18 % (Jsc of 21.22 mA/cm?, Voc of 1.104 V and FF
of 75 %), and by incorporating Cs* into the FA1.xMAxPb(lsxBrx) lattice, the PCE value was
further improved to 20 %. As summarised in the inset of Figure 4, Cs* incorporation improved
the Jsc and Voc, whereas the introduction of Rbl into Cs-containing FA1-xMAxPb(l3-xBrx)
precursor solution majorly increased the Voc to 1.161 V, further supported by the average
device metrics collected from a batch presented in Figure S5. The trend exhibited by the Jsc
values extracted from the J-V curves and hysteresis data (Table S6) is further substantiated by
the corresponding incident photon-to-current conversion efficiency (IPCE) spectra (Figure 4b).
Comparative analysis of the IPCE spectra illustrates that introduction of Cs* increases the

bandgap with respect to double-cation compositions, whereas Rb* incorporation in the



precursor solution does not change the IPCE onset.® Furthermore, the stabilized power output
data (Figure S4) also collaborated with the PCE values obtained through J-V-measurements.

Overall, the observed trend agrees with the literature.*>44

Particularly, to understand the observed trend in the Voc, we recorded steady-state and time-
resolved photoluminescence (PL) (Figure 5). Steady-state PL (Figure 5a) revealed that the
excess Pbl, does not influence the bandgap of double-cation perovskite and with the
introduction of Cs™, the bandgap increases expectedly, while the introduction Rb* does not alter
the bandgap of Cs-containing triple-cation based perovskite, collaborating well with the IPCE
data (Figure 4b).>° Time-resolved PL (Figure 5b) brought out that the charge-carrier
combination slightly improved when excess Pbl, was used. With the introduction of inorganic
cations, the lifetime of charge-carrier increased further as 110 (t10, when PL intensity drops
by an order of magnitude) increased from 430 ns to 600 and 770 ns, respectively, when Cs*
and (Cs* + Rb") cations were introduced. The presence of long-lived charge carrier infers the
reduction in non-radiative recombination, and the formation of high-quality perovskite films
that enable the fabrication of PSCs yielding improved photovoltages, similar to previous

reports.1627

Conclusion

In summary, a detailed investigation and quantification of the effects of mixing multiple cations
in a hybrid lead halide perovskite including excess lead iodide conditions was conducted. The
organic cations FA* and MA, as well as the inorganic cations Cs™ and Rb* were used. Adding
the smaller inorganic cations to yield triple or quadruple cation hybrid perovskites significantly
improved the phase purity of the black photoactive cubic perovskite modification, enhancing
its fraction from about 45 % in the double cation FA:MA mixture to 97.8 % in the quadruple

cation material. Consequently, a reduction of hexagonal and Pbl, phases in the perovskite thin



films was observed. The quadruple mixture displayed the lowest amount of impurity phases,
i.e. only about 2 % of 4H phase, indicating a beneficial effect of adding both Cs* and Rb*. The
phase composition also showed variations as a function of probing depth, such that especially
Pbl> was found preferentially near the film surface compared to the bulk of the film. Addition
of excess Pbl, as well as Cs* and Rb* also affected the crystal structure of the cubic perovskite,
manifesting in a reduced amount of orientational order, a modification of lattice constants and
a significant increase of crystallite size. Finally, owing to improved phase purity of the
photoactive layer, desired absorption and emission features were obtained, which led to the
realization of photovoltaic performance exceeding 20% from the PSCs employing triple and

quadruple cation materials.

Experimental section
Perovskite Film Preparation and Device Fabrication

The perovskite films were deposited using a single-step deposition method from the precursor
solution containing FAI (1.0 M) (Greatcell Solar), Pbl> (1.1 M) (TCI), MABr (0.2 M)
(Greatcell Solar),) and PbBr2 (0.2 M) (TCI) in anhydrous dimethylformamide (99.8 %, Acros)/
dimethylsulphoxide (99.7 %, Acros) (4:1 (v:v)). After that, Csl and Rbl (abcr, GmbH, ultra-
dry; 99.998 %), (5 % volume, 1.5 M DMSO) was added to the precursor solution. The precursor
solution was spin-coated in a two-step programme at 1000 and 6000 r.p.m. for 10 and 30 s,
respectively, onto the mesoporous TiO2 films. During the second step, 100 pl of chlorobenzene
(99.8 %, Acros) was dropped on the spinning substrate 10 s prior to the end of the program.
This was followed by annealing the films at 100°C for 45 min. The substrates were cooled for
a few minutes and subsequently, a 200 nm thick layer of spiro-OMeTAD (Merck) was spin-
coated onto the perovskite layer and the devices were completed by thermal evaporation of a

70-80 nm thick gold back contact layer under high vacuum. The deposition of perovskite and



spiro-OMeTAD was carried out in a dry air glove box under controlled atmospheric conditions
with humidity < 1 %. The photovoltaic performance of the devices was evaluated under

standard illumination conditions. All experimental procedures are reported elsewhere, 1% 2632
X-Ray Diffraction Measurements

Experimental X-ray data was recorded at ESRF beamline ID10 with photon energy E = 22
keV. To account for preferred orientation, typically observed for perovskite thin films, we used
GIWAXS to record reciprocal space maps®® by employing a 2D Pilatus 300K detector. All

measurements were performed under a nitrogen atmosphere.
Determination of Relative Phase Fractions

To determine the fractions of different phases, intensities of the first Bragg peaks of each phase
were used, located at Q=0.82 A for 4H phase, Q=0.87 A for 6H, Q=0.91 A’* for Pbl,, and
Q=0.99 A for the cubic phase. To normalize and compare the actual phase amounts, structure
factor calculations were performed using the atomic positions in the crystal structures.3*3 In
addition, Lorentz- and polarisation corrections were applied. Radially integrated intensity
profiles of reciprocal space maps at two different angles of incidence were used to distinguish

bulk and surface composition, as described in the main text.
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Figure S1. Out-of-plane scans of samples with different compositions, showing out-of-plane crystal
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Figure S2. Radial intensity profiles extracted from reciprocal space maps at incident angles of (a)
0.1° (surface sensitive) and (b) 0.2° (bulk sensitive).
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Figure S3. Intensity of (110) diffraction signal as a function of azimuthal angle. Only for this
crystallographic plane a clearly preferred orientation can be found, which is most pronounced for the
FA:MA 85:15 sample. Incident angle was 0.14°.



Table S1. Lattice parameters assuming cubic perovskite structure as derived from gaussian fits of peak
positions in the XRR data.

Cation composition FA:MA FA:MA, excess Pblz FA:MA:Cs FA:MA:Rb
Cubic lattice 6.279 6.282 6.277 6.272
parameter [A] +0.035 +0.004 +0.001 +0.004

Table S2. Molar fractions [%] of different phases near the sample surface, obtained from radial
profiles of GIWAXS images measured at 0.10° angle of incidence

FA:MA Excess Pbl2 FA:MA:Cs FA:MA:Cs:Rb
4H 7.488 03.3219 3.2832 2.2658
6H 35.1326 10.06012 0 o
Pblz 16.2573 36.5485 8.8732 o
cubic 411221 50.0684 87.8435 97.7342

Table S3. Molar fractions [%] of different phases in the bulk of the sample, obtained from radial
profiles of GIWAXS images measured at 0.20° angle of incidence

FA:MA Excess Pblz FA:MA:Cs FA:MA:Cs:Rb
4H 7.4171 3.0501 2.7755 2.2176
6H 34.7226 8.4926 0 o
Pblz 12.8938 23.9578 5.8347 0
Cubic 44.9666 64.4995 913897 97.7824

Table S4. Weight fractions [%] of different phases near the sample surface, obtained from radial
profiles of GIWAXS images measured at 0.10° angle of incidence

FA:MA Excess Pblz FA:MA:Cs FA:MA:Cs:Rb
4H 7.7974 3.6473 3-3559 2.2658
6H 36.5845 11.0468 o o
Pblz 12.7965 30.3328 6.8557 o
cubic 42.8215 54.9731 89.7884 97.7342

Table S5. Weight fractions [%] of different phases in the bulk of the sample, obtained from radial
profiles of GIWAXS images measured at 0.20° angle of incidence

FA:MA Excess Pbl2 FA:MA:Cs FA:MA:Cs:Rb
4H 7.6581 3.2396 2.8156 2.2176
6H 35.851 9.0201 0 o
Pblz 10.063 19.2343 4.4741 o
Cubic 46.4279 68.506 92.7103 97.7824
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Figure S4. Maximum power point tracking showing stabilized efficiencies for devices with different

compositions.
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Table S6. Photovoltaic parameters extracted from the J-V curves for devices with different
compositions recorded in reverse (from Voc to Jsc) and forward (from Jsc to Voc) scanning directions.
All J-V curves were recorded under standard simulated AM 1.5 illumination at a scan rate of 100 mV/s,
with an illuminated area of 0.16 cm?

Voc JSC IzF POCE
(V) (mA/cm?) (%) (%)
Reverse 1.042 16.30 67.7 11.74
FA:MA
Forward 1.03 15.71 63.4 10.46
Reverse
Forward
Reverse 1.134 22.72 76.0 20.1
FA:MA:Cs
Forward 1.125 22.61 74.9 19.5
Reverse 1.161 22.28 76.8 20.24
FA:MA:Cs:Rb
Forward 1.161 22.27 75.9 20.03
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Chapter 5 Post-engineering via inorganic salts to reach highly

efficient and stable perovskite solar cells

This work is ready for submission/publication

Introduction

Metal halide perovskite (MHPs) solar cells are attracting tremendous attention from both the
industry and academia as they represent one of the most promising emerging photovoltaic
technologies.*# From an initial power conversion efficiency (PCE) of 3.8% in 2009, single-
junction perovskite solar cells (PSCs) rapidly evolved to reach nowadays a record PCE value
of 25.7%.11 MHPs are a class of material with the general formula ABXs; A stands for a
monovalent cation, whether organic (HC(NH:)2*, FA™ or CHsNHs", MA") or inorganic (Cs",
Rb*), B for a divalent metal cation (Pb?* or Sn?*) and X for a monovalent halide anion (I°, Br,
Cl). Among a wide range of different perovskite compositions, the cubic a-phase of
formamidinium lead iodide (a-FAPDI3) represents the best candidate for highly efficient single-
junction solar cells fabrication due to its narrow bandgap of 1.45 to 1.53 eVl close to the
optimum value given by the Shockley-Queisser limit, which allows for broad solar light
absorption and higher thermal stability relative to MAPbI3.[*% The introduction of inorganic
cesium and/or rubidium cations in FA-rich perovskite compositions has proven to be an
efficient strategy to improve the fabrication of perovskite solar cells. Indeed, the introduction
of Cs* in the bulk of the perovskite lattice decreases the phase impurities in the overall
perovskite structure and confers higher stability and reproducibility, whereas Rb™ helps to
lower non-radiative, trap-assisted recombination.!**? Unfortunately, these ions detrimentally

change the optoelectronic properties of the perovskite, by increasing its band gap. Given the



energy of the pure material’s band gap, this moves it further away from the optimum Shockley-
Queisser band gap for single-junction solar cells.[*®l. Where the most efficient PSCs based on
o-FAPDI; attain 25.5% PCE.[**l Moreover, heteroatoms often tend to create inhomogeneities in
the perovskite crystal lattice, which are a major source of degradation and promote non-
radiative recombination over the long term.!>61 Apart from heteroatoms, the simple
fabrication method via solution process and ionic nature of hybrid perovskite causes several
drawbacks which yield perovskite films with a rather low phase purity and a high defect
density. This is especially present at the perovskite surface and grain boundaries.”81 The
vacancies, in particular iodide or cation vacancies, provide a diffusion pathway for cation and
halide ions, thus, compromising photovoltaic performance and long-term operational
stability.['*?%1 To mitigate these issues, different strategies have been explored, such as
compositional engineering, Lewis acid/base,**3! polymers,223 organic solvents, 3%
organic halide salts,[*% and ionic liquids. However, most passivation research has so far
involved mostly organic salts as the passivation agents, while the more stable inorganic ones

have been overlooked.

Herein, we investigate the effect of two most used different inorganics with different
halides namely as CsX and RbX (X=1I",Br",CI") as an additive for surface passivation instead of
adding them into the bulk of perovskite layer to mitigate the defects at the interface of
perovskite/HTM as well as to enhance the stability. Based on our device optimizations, we
found a power conversion efficiency (PCE) of 24.1% with a high fill factor (FF) of 82.2% and
1.16 V open-circuit voltage (Voc) upon the passivation via Csl, whereas control devices
delivered a Voc of 1.12 V, 80.5% FF and 22.73 % PCE. Csl-passivated devices exhibit
improved operational stability as compared to the control. Afterwards, we analyzed in-depth
the effect of Csl passivation on the structural and optical properties of FAPbI3z-rich perovskite

by X-Ray diffraction (XRD), X-Ray photoelectron, angle-resolved photoelectron spectroscopy



(XPS, ARXPS), time-resolved photoluminescence (PL, TRPL), photoluminescence quantum
yield (PLQY) and time-resolved electroabsorption spectroscopy (TREAS) and Kelvin probe

force microscopy (KPFM).

Results and Discussion

To begin with, we prepared perovskite precursor solutions based on rich a-FAPbIz We
added a small amount of 2% MAPDBr3 to stabilize the phase of FAPbIs as double-cation
(FAPDI3)0.98(MAPDBIr3)0.02, triple-cation Cso.0sFA0.93MA0.02Pb(lo.9sBroo2)s and quadruple-
cation Rbo.03CS0.05FA0.93MA0.02Pb(lo.98Bro.o2)s perovskite films, labeled as control, CSFAMA
and Rb.CsFAMA, respectively. Perovskite films were deposited by spin-coating onto the
mesoporous TiO2 (mp-TiO.) layer by a one-step method using chlorobenzene as antisolvent.
In the first strategy, we carried out an investigation on the effect of mixed cation- halide on the
photovoltaic performance. The champion device using CsSFAMA showed a PCE of 22.05%
with a Jsc of 24.6 mA-cm?, a Voc of 1.13 V and FF of 78.7%, while using Rb.CSFAMA
produced a PCE of 22.4% with a Jsc of 24.82 mA-cm, a Voc of 1.16 V and FF of 77.4% and
a PCE of 22.7% with a Jsc of 25.0 mA-cm, a Voc of 1.12 V and FF of 80.5% achieved by the
control as shown in Figure 1la. Next strategy, we excluded CsX or RbX (X = F, CI', Br,, I)
with different halides from the bulk addition (that is, mixed with precursor solution) and used
them as passivated agents on the control ((FAPbI3)o.9s(MAPbBr3)o02). For simplicity, we
named them as CsX-passivated and RbX-passivated, respectively. This strategy showed a
dramatic improvement in the performance with champion PCE of 24.1%, a Jsc of 25.15
mA-cm?, a Voc of 1.164 V and FF of 82.2% via Csl-passivation, whereas Rbl-passivation
showed a PCE of 22.95% with a Jsc of 24.9 mA-cm?, a Vo of 1.15 V and FF of 80.0%, as
presented in Figure 1b, Figure S1,S2. To gain insight on the band gap of these two different

strategies, we recorded the incident photon-to-current efficiency (IPCE) spectra ,integrated



current density and the inflection point (Figure 1c,d and Figure S3a,b) for Control, CSFAMA,
Rb.CsFAMA , Csl-Passivated and Rbl-Passivated devices. Control, Csl-passivated and Rbl-
passivated films exhibited an unchanged bandgap of 1.52 eV, whereas CsSFAMA and
Rb.CsFAMA showed a bandgap of 1.55 eV. Interestingly, and as shown by the onset of the
IPCE spectra, (Figure 1c) Cs™ ions do not change the band gap from the control value of 1.52
eV when passivation is applied. This suggests that Cs* does not diffuse into the bulk of the
perovskite film but rather act as a surface defect passivator which is in a good agreement with
the angle resolved XPS (ARXPS) measurements, shown in Figure S4. In the ARXPS
experiment, the sample is sequentially tilted with respect to the analyzer. In turn - due to a
purely geometrical effect - the effective escape depth of the photoelectron decreases as the tilt
angle increases. This implies that species over-represented at the surface proportionally
increase with the tilt angle, and with respect to species that are beneath the surface (or
uniformly distributed in the depth). The comparison of the relative abundance of elements at
different angles reveals that Cs™ was concentrated at the surface and not incorporated into the
bulk of the perovskite lattice upon passivation as observed by the inflection point from IPCE.
After screening the effect of these Csl and Rbl as mixture and passivated, we can see that the
best results are obtained with Csl-Passivated. From here on, we performed an in-depth
investigation on the impact of the Csl-Passivated using multi characterization techniques to
unravel its effect on the device’s photophysics and determine the impact on device stability. In
addition, the statistical distribution of the photovoltaic characteristics (Jsc, Voc, FF, and PCE)
is presented in Figure 1e for Control and Csl-passivated. Then, we measured backward and
forward JV scans to examine the hysteresis in the Control, Csl-passivated and Rbl-Passivated
devices (Figure S5 a,b,c). The Control device shows a PCE of 22.73 % in the backward scan
and 22.01% in the forward scan, Rbl-passivated exhibits a PCE of 22.95% in the backward and

21.87% in the forward scan and Csl-passivated represents a PCE of 24.1% in the backward and



23.55% in the forward scan which translated to a hysteresis index (HI = [(PCEbackward —
PCEforward)/(PCEbackward) ]X100 of 3.17%, 4.70% and 2.28% for the Control , Rbl-passivated
and Csl-Passivated devices respectively. Furthermore, we carried out the stability test on the
Control and Csl-Passivated by subjecting them at MPP for 600 hours under continuous one sun
illumination at room temperature under nitrogen environment. The Control and Csl-Passivated

devices retained 90 % and 80 % of the initial performance as shown in Figure 1f, respectively.
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Figure 26. (a) J-V characteristic curves and (c) inflection point extracted from IPCE spectra for Control, CSFAMA

and Rb.CsFAMA showing the detrimental effect of the adjunction of Rb* and Cs* in the perovskite lattice on the

photovoltaic performance and typical blue-shift on the absorption of Cs-containing films in the IPCE spectra. (b)

J-V characteristic curves and (d) inflection point extracted from IPCE spectra for Control, Csl, and Rbl samples.

The passivated samples show a superior Voc. () Photovoltaic statistics for a batch of 13 control and 13 Csl-

passivated devices highlighting the clear superior and reproducible Voc of passivated films and (f) MPP tracking

during the operational stability test in a nitrogen environment at room temperature under continuous simulated

AM1.5 sunlight.



To analyze the influence of Csl-passivated on the structure of the perovskite absorber layer,
XRD was acquired and is shown in Figure 2a. The Csl-Passivated completely removes the
signal of Pbl; at 12.6° in the XRD pattern. This suggests a complete conversion of the reactants
into the perovskite phase. Furthermore, X-ray photoelectron spectroscopy (XPS)
measurements (Figure 2b) demonstrate that upon Csl-Passivated addition, the residual
metallic lead Pb® which is often observed in MHPs, and is seen in the control films, is totally
transformed to Pb?*.[%8 This is a key parameter, as metallic lead aggregates to form deep-level
traps, a known source of non-radiative recombination and degradation.*®! Figure 3a shows the
surface morphology of both Control and Csl-Passivated perovskite films. Csl-Passivated
perovskite film are uniform and highly crystalline with much larger perovskite grains as
compared to the non-treated perovskite (Control) as shown in Figure 3a. In Figure 3b and
Figure S6, the Kelvin Probe Force (KPFM) microscopy measurements of the control and Csl-
Passivated exhibit the striking effect of cesium iodide in mitigating surface inhomogeneities,
i.e. defects, in the surface potential of the perovskite film. The Csl-Passivated treatment yields
films showing a homogeneous surface with potential variations of less than 10 mV, whereas
the untreated films (Control) exhibit differences close to 30 mV. Moreover, the atomic force
microscopy (AFM) measurements reveals that both conditions result in very similar

topography as shown in Figure S7.
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Figure 3 (a) Top-view SEM micrographs of Control and Csl conditions exhibiting much bigger grain size (around
1 um) for Csl-passivated perovskite (b) KFPM measurements of Control and Csl, respectively, showing a much

more homogeneous surface potential for Csl perovskite films compared to Control.

Next, we carried out an in-depth investigation of the optoelectronic properties of the
Control and Csl-Passivated. We performed time-resolved electroabsorption spectroscopy
(TREAS) to get insights into the intrinsic charge carrier mobility and lifetime. Figure 4a and
Figure S8,59 show TREAS displayed two different domains in both the Control and Csl-
Passivated. The first (linear) domain corresponds to the intragrain charge carrier separation and
shows a rather similar time constant for both conditions. The second (logarithmic) domain
shows the increase of the signal owing to the accumulation of charge at the perovskite surface

and can thus be used to determine charge carriers mobilities in the perovskite films. Time



constants of t = 2.57 ps and © = 2.10 ps were recorded for the control and Csl-Passivated films,

respectively. The mobility being inversely proportional to this time constant (u = ﬁ ; where
0
w 1is the mobility, 1 = (le- + Ih+)/2 the charges transit distance, averaged here as half the

perovskite layer thickness, 7 the logarithmic domain time constant and [E]o the bias applied
accounting for the voltage drop across the Al.Os insulating layer),[*”l TREAS demonstrate the
Csl-Passivated leads to the higher mobility of charges, with a determined mobility of 24.2
cm?V-1s? for Csl-Passivated vs. 19.8 cm?V-1s? for Control films. We assumed equal mobility
for holes and electrons. The lifetimes were calculated at 1.05-10° ns and 1.0 -10° ns for the
control and Csl-passivated films via TRPL, respectively, which is in good agreement with
TREAS. To further verify this, we analyzed the diode characteristics of the devices. In figure
4c, we measured the ideality factor (nig) by taking the dependence of Voc as a function of
incident light intensity. With the treated device (Csl-Passivated) the niq decreases from 1.54
(Control) to 1.27, which indicates a substantial reduction of non-radiative recombination. To
further confirm the role of nonradiative recombination, we measured absolute
photoluminescence (PL) photon fluxes @p. (£) of Control and Csl-Passivated films following
established methods.[*] Stunningly, the PLQY improved from 0.4% for the untreated
perovskite films to as high as 8% for Csl-passivated films as shown in Figure 3d with an
exhibition of increased Quasi-Fermi levels splitting (QFLS) of 1.20 V compared to 1.13 V for
Control film (Figure 3d). Overall, these results, acquired from PV devices, nia, TREAS, TRPL
and PLQY indicate that the Csl-Passivated improves the quality of perovskite and reduces the
non-radiative recombination rate and increases the charge carrier mobility, leading to the

observed improvements in both Voc and FF.
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Figure 4. (a) TREAS measurements of the control and Csl films on TiO,. The higher free charge carrier mobility
for Csl films (24.2 vs 19.8 cm?V-1s) suggests lower defects (b) TRPL measurements of the control and Csl films
on glass. Charge carriers lifetime is improved in Csl-treated films compared to the control. (c) ideality factor of
Control and Csl solar cells (d) PLQY measurements of Control and Csl films exhibiting a PLQY of 0.4 and 8%
respectively, showing an impressive 18x increase upon Csl passivation. (inset: Quasi-Fermi level splitting of the
control and Csl film. The larger QFLS of the Csl-passivated films attests to their higher quality).

Conclusion

In summary, we applied Csl as passivator instead of stabilizer to suppress the defects
at the interface of perovskite/HTM to obtain highly efficient and stable perovskite based on
rich a-FAPbIs. The objective was to remove Cs* ions from the perovskite composition to
prepare stable and robust perovskite solar cells without sacrificing the optimum J-V parameters
delivered by the pure a-FAPbIs perovskite composition. As a result, Csl-passivated devices

achieved a PCE exceeding 24% which also exhibits a remarkable improvement in structural,



morphological, and optoelectronic properties as well as device operational stability based on
our in-depth experimental investigation. Results suggest that Csl passivation efficiently
suppresses non-radiative recombination by passivating defects at the surface of the perovskite,
yielding higher QFLS and in turn, Voc. The facile strategy provided in this work has the

potential to stimulate other successful developments in the future.

Experimental Section/Methods

Solar cells preparation:

Fluorine-doped tin oxide (FTO)-glass substrates (TCO glass, NSG 10, Nippon sheet glass,
Japan) were etched from the edges by using Zn powder and 4 M HCI and then, were cleaned
by ultrasonication in Hellmanex (2%, deionized water), rinsed thoroughly with de-ionized
water and ethanol, and then treated in oxygen plasma for 15 min. An approximately 30 nm
thick blocking layer (TiO2) was deposited on the cleaned FTO by spray pyrolysis at 450 °C
using a commercial titanium diisopropoxide bis(acetylacetonate) solution (75% in 2-propanol,
Sigma-Aldrich) diluted in anhydrous ethanol (1:9 volume ratio) as precursor and oxygen as a
carrier gas. A mesoporous TiOz layer was deposited by spin-coating a diluted paste in ethanol
(1:6 wt. ratio) (Dyesol 30NRD:ethanol) at 5000 rpm for 15 s and sintered at 450°C for 30 min

in dry atmosphere.

Fabrication of perovskite films:

The perovskite films were deposited using a single-step deposition method from the precursor
solution, which was prepared in an argon atmosphere by dissolving FAI, MABTr, Pbl; in
anhydrous dimethylformamide/dimethyl sulfoxide (4:1 (volume ratio)) to achieve the desired
composition: (FAPbI3)o.9s(MAPbBr3)o02 with 3% Pbl, excess and 44 mg MACI. The
perovskite films were then passivated by dynamically spin-coating (6000 rpm for 45 s) a 3

mg.ml* solution of EAI (EAI = ethylammonium iodide = CH3sCH2NH3" I) in isopropanol. CsX



(X =Br, CI, I’ and RbX (X = Br, CI, I) were deposited on the surface of EAI-passivated
films by spin-coating solutions (in MeOH) following the same procedure. The HTM was
deposited by spin-coating at 5000 rpm for 30 s. The HTM was doped with
bis(trifluoromethylsulfonyl)imide lithium salt (17.8 pl prepared by dissolving 520 mg LiTFSI
in 1 ml of acetonitrile), and 28.8 ul of 4-tert-butylpyridine. Finally, an approximately 80 nm

gold (Au) layer was thermally evaporated.

Device characterization:

The current-voltage (J-V) characteristics of the perovskite devices were recorded with a digital
source meter (Keithley model 2400, USA). A 450 W xenon lamp (Oriel, USA) was used as the
light source for photovoltaic (J-V) measurements. The spectral output of the lamp was filtered
using a Schott K113 Tempax sunlight filter (Prazisions Glas & Optik GmbH, Germany) to
reduce the mismatch between the simulated and actual solar spectrum to less than 2%. The

photo-active area of 0.16 cm? was defined using a dark-colored metal mask.

Incident photon-to-current efficiency (IPCE):

The IPCE was recorded under a constant white light bias of approximately 5 mwW c¢m-2 supplied
by an array of white light emitting diodes. The excitation beam coming from a 300 W Xenon
lamp (ILC Technology) was focused through a Gemini- 180 double monochromator (Jobin
Yvon Ltd) and chopped at approximately 2 Hz. The signal was recorded using a Model SR830

DSP Lock-In Amplifier (Stanford Research Systems).

Scanning electron microscopy (SEM):

SEM micrograph measurements were performed on a ZEISS Merlin HR-SEM.

X-ray powder diffractions (XRD):




XRD patterns of the perovskite films were recorded on an X’Pert MPD PRO (Panalytical)
equipped with a ceramic tube (Cu anode, A = 1.54060 A), a secondary graphite (002)

monochromator and a RTMS X’Celerator (Panalytical).

Atomic force microscopy (AFM) and kelvin probe force microscopy (KPEM):

AFM/KPFM were performed with an Asylum Research Cypher using Pt coated tips
(AC240TM, Olympus) under ambient condition and at the room temperature. The films were
measured on the grounded FTO substrate for the KPFM characterizations. The resulting images

were processed by flattening.

Photoluminescence Quantum Yield (PLOY):

The PLQY was acquired following the procedure suggested by de Mello.2%® The samples were
excited using a continuous-wave laser (OBIS LX, 660 nm) whose power was adjusted to match
the photogeneration rate under 1 sun of illumination (0.324 mW, 0.786 mm effective beam full
width at half-maximum (fwhm)). The signal was collected using an integrating sphere
(Gigahertz Optik, UPB-150-ARTA) connected via a multimode, 400 um diameter optical fiber
(Thorlabs BFL44LS01) to a spectrometer (Andor, Kymera 193i). The system was spectrally

calibrated using an irradiance calibration standard lamp (Gigahertz Optik, BN-LH250-VV01).

Time-resolved photoluminescence (TRPL):

The TRPL of perovskite films on glass was measured with a spectrometer (FluoroLog-3,
Horiba) working in a time-correlated single-photon counting mode with <ns time resolution.
A picosecond pulsed diode laser head NanoLED N-670L (Horiba) emitting <200 ps duration

pulses at 670 nm with a maximum repetition rate of 1 MHz was used as excitation source.

Electroabsorption (EA) and time-resolved electroabsorption spectroscopy (TREAS)

measurements:




EA and TREAS measurements were carried out using a femto-second pump probe
spectrometer based on a Ti:sapphire laser (Clark-MXR, CPA-2001) delivering 778 nm pulses
with a pulse duration of 150 fs and a 1 kHz repetition rate. The difference between the two
techniques is that TREAS involves pumping the sample, whereas EA just uses the probe beam.
The 389 nm pump beam for TREAS measurements was generated by passing part of the
fundamental through a beta barium borate (BBO) crystal in order to generate the second
harmonic at 389 nm. In both EA and TREAS the probe beam, consisting of a broadband white
light continuum (400 — 750 nm), was generated by passing part of the fundamental through a
4 mm sapphire window. Measurements were carried out in reflection mode, and the probe beam
was split into a signal and reference beam to account for shot-to-shot fluctuations. The signal
and reference beams were dispersed into two spectrographs (SR163, Andor Instruments) and
detected shot-to-shot at 1 kHz using 512x68 pixel back-thinned CCD cameras (Hamamatsu
S07030-0906). Square pulses generated by a function generator (Tektronix AFG 2021, from -
10 to 10 V, 100 ps pulse duration) were used to modulate the electric field across the sample
at 500 Hz. The current responses across the samples were recorded using a 50 Q series load

with a 400 MHz bandpass oscilloscope (Tektronix TDS 3044B).

X-ray photoelectron spectroscopy (XPS and Angle-Resolved X-ray photoelectron

spectroscopy (ARXPS):

XPS and ARXPS measurements were carried out using a PHI VersaProbe Il scanning XPS
microprobe with Al Ko X-ray source. For XPS measurements, the spherical capacitor analyser
was set at 45° take-off angle with respect to the sample surface. Bulk composition analysis was

done after argon plasma etching. Data were processed using the PHI Multipak software.

Long term light soaking test:

Stability measurements were performed with a Biologic MPG2 potentiostat under a full AM

1.5 Sun-equivalent white LED lamp. The devices were measured with a maximum power point



(MPP) tracking routine under continuous illumination at room temperature. The MPP was
updated every 10 s by a standard perturb and observe method. Every minute a JV curve was

recorded in order to track the evolution of individual JV parameters.
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Figure S7. AFM measurement of the control and Csl perovskite films exhibiting similar roughness
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Conclusion

Presently, the world is craving for renewable energy sources. Living standards are continuously
raising worldwide and many countries are still in the process (or even at the beginning) of their
development. Global population is raising dramatically fast as well, and political instability in
the Middle East and in Eastern Europe panics the markets. On top of that, global warming
effects start to be strongly felt, and an unprecedented catastrophe is to be feared from an
ecological point of view. We are thus on the verge of an energy crisis and hence, the need for
novel and renewable energy sources is more crucial than ever. Also, the dependence of most
countries to foreign energy raises questions of security and independence. Thus, the
development of a technology that can be universally adapted would prove really relevant. In
this regard, perovskite solar cells (PSCs) represent a very promising candidate due to their
incredible rise in power conversion efficiency in a very short time span and the relatively low
costs associated to their fabrication. However, some issues subsist and still prevent their large

scale, industrial development. Research and development is therefore of prime importance.

In this thesis, efforts have been put to bring some valuable contribution in understanding and

bringing perovskite solar cells one step further and closer to a commercial reality.

In chapter 2, we studied the perovskite layer itself by engineering state-of-the-art perovskite
composition of the time (2018-19), that is the triple cation (CsFAMA) configuration which, at
the time, contained 83% of FAPbI3, 17 % of MAPbBr3, with an additional 5 % of Cs*
(Css(FAssMA17)9sPb(1s3Bri7)3. We aimed at improving its power conversion efficiency without
impacting on the operational stability. Our strategy was to increased the ratio of the most-
efficient FAPDI3 vs. the less efficient MAPDBr3 in order to boost the efficiency of the resulting
perovskite films while still benefiting from the stabilization features of MAPbBr3. We probed

the PCE and stability of PSCs of compositions Cslo.os(FA1-yMAy)o.95sPb(l1-yBry)s (y=0, 0.05,



0.10, 0.15, 0.20) in order to find out the composition, which demonstrates the best compromise
between the stabilization features and the loss of photocurrent associated with MAPbBr3, while
simultaneously improving the overall photovoltaic performance of FA-dominant PSCs. We
demonstrated by SEM and XRD measurements that MAPbBTr3 increases the nucleation density
and influences the preferred orientation of perovskite grains, but most crucially plays an
important role in lowering the hexagonal non-perovskite phase compared to composition
without MAPbBr3. However, we also showed that minimum amount of MPADBr3 (that is PSCs
containing 5% MAPbBrs) was enough to benefit from these features. The composition
Cslo.os(FA0.95MA0.05)0.95Pb(lo.9sBroos)s  demonstrated the lowest trade-off  between
photovoltage and photocurrent and reach the highest PCE of 21.6 %, an increase compared to
that of state-of-the-art PSCs containing 17% MAPDBrz. Also, this composition demonstrated
the best operational stability. Nowadays, established highly efficient FAPblsz-rich perovskite
compositions involve about 2 % MAPbBr3, proving the relevance of our study at the time.
Finally, this work demonstrated a facile example of compositional engineering of the

perovskite in a way to improve the performance of resulting solar cells.

In chapter 3, we continued our journey of improving PSCs by engineering the preparation
method of multi-cation PSCs. Indeed, the control of the crystal growth plays a crucial role in
controlling the quality of the resulting perovskite films. We added a mixture of orthorhombic
1D polymorphs of 6-RbPblz and 3-CsPbls to the Pbl> solution in the sequential deposition
method and demonstrated that it induces the formation of porous mesostructured hexagonal
films. Thanks to the porosity created, the penetration and subsequent heterogeneous nucleation
of FA/MA cations within the Pbl film was greatly improved. As a result, the conversion into
the desired cubic a-structure of perovskite was enhanced and films prepared using this method
demonstrated superior crystallinity and optoelectronics properties. Also, we showed that

cesium was fully introduced in the bulk of the perovskite lattice, whereas rubidium remained



mainly on the surface, passivating surface traps. The champion PSCs showed a PCE of 22.3 %
compared to 20.4 % for the control devices. Also, it retained more than 90% of its initial
efficiency after more than 400 hours under continuous 1-sun illumination at its maximum
power point. This work demonstrated the importance of engineering the preparation method as
well and brings a simple but very efficient example on how it can help to considerably improve

the efficiency and stability of resulting PSCs.

In Chapter 4, we conducted an important study of the impact of inorganic cations Rb* and Cs*
and of the use of excess Pbl> on the phase purity of perovskite films and discussed their
implications on the optoelectronic and photovoltaic qualities of the resulting PSCs. More in
details, we compared and quantified the methods of stabilizing FA-based perovskites involving
the additional blending of excess lead iodide and the smaller inorganic cations cesium and
rubidium, which can lead to an improvement in phase purity of the black cubic a-perovskites.
We demonstrated by advanced XRD techniques (synchrotron XRD, 2D GIWAXS reciprocal
space maps) that adding the smaller inorganic Rb* and Cs* cations to yield triple- or quadruple-
cation hybrid perovskites drastically improves the phase purity of the black photoactive cubic
a-perovskite. The fraction of photoactive phase was enhanced from 45 % for the regular
FA:MA composition to 98 % upon the addition of Cs* and Rb*. Furthermore, we showed that
the addition of these cations, as well as the use of some Pbl, excess, affected the cubic
perovskite structure by lowering the amount of oriental order and decreasing significantly the
crystallite size. Finally, devices prepared using Rb.CsSFAMA quadruple-cation recipe
demonstrated the highest photovoltaic performance with improved optoelectronic properties
over the other conditions. This work, focused more on an analytical point of view of the multi-
cation perovskite solar cells rather than in a performance-based one, provides a very important
contributions in the understanding of the effects of these inorganic cations in multi-cation

perovskite recipes. It brings to the perovskite community some fundamental evidence of the



mechanisms and importance of inorganic additives towards the realization of phase-pure

perovskite films.

In Chapter 5, we aimed at removing the inorganic cations from the bulk of the perovskite in
order to maximize its light-harvesting properties and yield higher performing devices. The idea
was to use Cs™ and Rb* as passivation agents, that is on the surface of the perovskite, in order
to take advantage of their stabilization features of the cubic perovskite phase (black a-phase),
but without introducing in the bulk, that is, keeping the band gap energy of resulting perovskite
films unchanged and closer to pure FAPbI3z films. We showed by XRD and XPS that the
passivation of EAl-passivated (FAPDI3)o.0s(MAPbBr3)o.02 With Csl leads to the disappearance
of Pbl, and Pb® aggregates, which are converted into the desired perovskite cubic black a-
phase. It resulted in films exhibiting a highly homogeneous surface potential and showing a
PLQY increase of 1800 % to over 8%, underlying the drastically lowered non-radiative
recombination and thus, the enhanced crystallinity and optoelectronic properties of as-prepared
perovskite films. Photoluminescence, XPS and external quantum efficiency measurements
demonstrated that Cs* was not included in the bulk of the perovskite and that the films prepared
showed a band gap energy of 1.52 eV vs. 1.55 eV for the standard EAIl-passivated triple cation
recipe. It resulted in highly efficient PSCs surpassing 24 % PCE and with improved operational

stability.

All in all, we demonstrated in this thesis various engineering methods to improve PSCs and
contribute towards making them a viable source of cheap and environmentally friendly energy
for our society. We showed in Chapter 2 an example of the compositional engineering of the
perovskite layer, whereas in Chapter 3 we demonstrated how the preparation methods can also
be tuned. Both works resulted in more efficient and stable devices. In Chapter 4, we focused
on analysing the effects of the engineering realized in chapters 2 & 3 on the phase purity of the

resulting perovskite and linked these crystallographic findings to the optoelectronic



improvements measured. Chapter 4 was a successful tentative to move a step beyond by
removing the stabilizing agents from the bulk of the perovskite and employing them on the
surface instead. It resulted in great performance with an improvement in PCE from about 22

% to over 24 % and superior stability.

Altogether, this thesis represents a small step in the development of PSCs, which itself is a
small steps towards a sustainable future. The findings developed herein demonstrate solid
engineering examples and open ways to inspire other researchers around the globe. Great
challenges remain, though, especially on the stability (and to some extent to the toxicity),

before making PSCs a successful industrial reality.
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