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Abstract

Perovskite solar cells have been established as a disruptive technology in the domain of
photovoltaics. Their facile, low-temperature processing and high-power conversion efficiency make
them stand-out among other mature solar technologies. The performance of perovskite solar cells is
profoundly tied to an interplay of material properties of singular thin films that are assembled to form
the photovoltaic device stack. An understanding of optoelectronic, morphological, and other key
characteristics of each layer and its interfaces is instrumental in advancing the science of perovskite
solar cells. Since their inception after just over a decade, much work on perovskite solar cell has been
stagnant to bring the technology to the market. The long-term stability remains foremostly the main
hindrance to facilitating technology transfer. Therefore, the work presented in this thesis explores
multiple interface and compositional approaches to promote stability and other photovoltaic

parameters of perovskite solar cells.

In the second chapter of the thesis, a light-soaking exploration was done on perovskite samples
that utilize single (TiO2 and SnO2) and bilayered (TiO2/SnQOz2) electron transporting materials. The
work aims to expand consensus on the optoelectronic and morphological features of light-soaked
samples and link them with long-term stability. Upon preliminary testing, maximum power point
tracking on each sample reveals efficiency preservation of SnO2 and TiO2/SnO2 samples over the
course of 1000 hours while prominent degradation was revealed for the TiO2sample. On a secondary
investigation, light-soaking characterizations were performed where fresh and light-soaked samples
were characterized to obtain photoluminescence, microscopic, and crystallographic features. The
work reveals the added benefit of employing TiO2/SnO2 transporting bilayers to improve both the

stability and power conversion efficiency of a perovskite solar cell.

Building on an effort to understand TiO2/SnO: bilayer behaviors, the third chapter investigates
the role of halide passivating elements in SnO2 on the performance of perovskite solar cells. The
study utilizes three metalorganic precursors based on acetylacetone complexes with chloride and
bromide groups to fabricate SnO: layers at different annealing temperatures. Upon thermal and
elemental investigations, the study clearly links the presence of amorphous halide elements in SnO2
to the power conversion efficiency of perovskite solar cells. More-in-depth, the optimal SnO2
annealing temperature for bromide containing samples 220 °C compared with 200 °C for chloride

containing samples. The higher temperature tolerance tendency was correlated to bromide’s lower

vii



Abstract

sublimation sensitivity. Overall, the study highlights the importance of amorphous passivating

elements in SnO2 for high performing planar perovskite solar cells.

Finally, the fourth chapter involves a novel cation mixing approach for 2D perovskites at the
interface of the 3D perovskite and the hole transporting layer. Alkyl ammonium halides have been
widely used to form light-stable 2D perovskite films upon interaction with excess Pblz. In this study,
different alkyl chain cations (propylammonium iodide and octylammonium iodide) were mixed in
one solution to form a novel 2D perovskite crystal lattice. Photoluminescence and x-ray diffraction
spectroscopy investigations reveal a unique crystal lattice and a uniform quasi-2D state (n = 2) for
the mixed 2D perovskite samples, properties which are not found in singular propylammonium iodide
and octylammonium iodide 2D samples. Moreover, the mixed 2D samples possessed superior power
conversion efficiency and long-term performance. The study highlights the potential of mixing two

cations in 2D perovskite layers to promote stability.

Keywords

Charge transportation, electron transporting layers, interface engineering, mixed cation 2D perovskites,
passivation, perovskite solar cells, photovoltaics, power conversion efficiency, solar energy, stability,

two dimensional perovskites.
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Résumé

Les cellules solaires a pérovskite se sont imposées comme une technologie de rupture dans
le domaine du photovoltaique. Leurs traitements faciles a basse température et leur efficacité de
conversion a haute puissance les distinguent des autres technologies solaires existantes. Les
performances des cellules solaires a pérovskite sont profondément liées a l'interaction des propriétés
d’uniques couches minces qui ensemble forment la pile de dispositifs photovoltaiques. Une
compréhension des caractéristiques optoélectroniques et morphologiques (entre autres) de chaque
couche et de ses interfaces est essentielle pour faire avancer la science des cellules solaires a
pérovskite. Depuis leur création aprés un peu plus d'une décennie, de nombreux travaux sur les
cellules solaires a pérovskite stagnent pour amener la technologie sur le marché. La stabilité a long
terme reste avant tout le principal frein pour faciliter le transfert de cette technologie. Par conséquent,
le travail présenté dans cette these explore les multiples approches compositionnelles et interfaciales
pour favoriser la stabilité ainsi que d'autres parameétres photovoltaiques des cellules solaires a

pérovskite.

Dans le premier travail présenté, une exploration par trempage de lumiere a été réalisée sur
des échantillons de pérovskite utilisant des matériaux de transport d'électrons simples (TiO2 et SnO2)
et bicouches (TiO2/SnO2). Le travail vise a élargir le consensus sur les caractéristiques
optoélectroniques et morphologiques des échantillons imprégnes de lumiere et a les lier a la stabilité
a long terme. Lors des tests préliminaires, le suivi du point de puissance maximal sur chaque
échantillon révéle une préservation de I'efficacité des échantillons de SnO: et TiO2/SnO2 au cours de
1000 heures tandis qu'une dégradation importante a été révélée pour I'échantillon de TiO2. Lors d'une
analyse secondaire, des échantillons frais et imbibés de lumiére ont été caractérisés pour obtenir des
propriétés photoluminiques, microscopiques et cristallographiques. Le travail révéle l'avantage
supplémentaire de I'utilisation de bicouches de transport TiO2/SnO2 pour améliorer a la fois la stabilité

et I'efficacité de conversion de puissance d'une cellule solaire a pérovskite.

S'appuyant sur les efforts déployés pour comprendre les comportements des bicouches
TiO2/Sn02, le deuxieme travail étudie le réle des éléments de passivation aux halogénures dans le
SnO:2 sur les performances des cellules solaires a pérovskite. L'étude utilise deux précurseurs
organométalliques basés sur des complexes d'acétylacétone avec des groupes chlorure et bromure

pour fabriquer des couches de SnO: a différentes températures de recuit. Lors d'analyses



Résumé

thermiques et élémentaires, I'étude identifie clairement les modéles de présence d'halogénures par
rapport a I'efficacité de conversion de puissance des cellules solaires a pérovskite. En conséquence ,
la température optimale de recuit SnO2 pour les échantillons contenant du bromure est de 250 °C
contre 220 °C pour les échantillons contenant du chlorure. La tendance a la tolérance a la température
plus ¢élevée s’explique par la sensibilité inférieure a la sublimation du bromure. Dans I'ensemble, cette
deuxiéme étude met en évidence l'importance des éléments de passivation amorphes dans le SnO2

pour les cellules solaires a pérovskite a haute performance.

Enfin, le dernier travail implique une nouvelle approche de mélange de cations pour les
pérovskites 2D a l'interface de la pérovskite 3D et de la couche de transport de trous. Les halogénures
d'alkylammonium ont été largement utilisés pour former des films de pérovskite 2D stables a la
lumiere lors du interaction avec Pbl: excés. Dans cette étude, différents cations de chaine alkyle
(iodure de propylammonium et iodure d'octylammonium) ont été mélangés dans une solution pour
former un nouveau réseau cristallin de pérovskite 2D. Les études de photoluminescence et de
spectroscopie de diffraction des rayons X révelent un réseau cristallin unique et un état quasi-2D
uniforme (n = 2) pour les échantillons de pérovskite 2D mixtes, propriétés qui ne sont pas trouvees
dans les échantillons singuliers d'iodure de propylammonium et d'iodure d'octylammonium 2D. De
plus, les échantillons 2D mixtes présentent une efficacité de conversion de puissance supérieure ainsi

que des performances a long terme.

Mots-clés

Transport de charge, couches de transport d'électrons, ingénierie d'interface, pérovskites 2D a
cations mixtes, passivation, cellules solaires a pérovskite, photovoltaique, efficacité de conversion

de puissance, énergie solaire, stabilité, pérovskites bidimensionnelles.
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1.1 Background

With the growth of global populations and the rising human development index, the worldwide
demand for electrical energy is forecasted to rise by roughly 64% in 2040 from today [1]. At present,
highly CO:2 potent, natural resources account for most of the shares of global energy sources (31.2%
for oil, 27.2% for coal and 24.7% for natural gas in 2020 [2]), posing an existential threat to economic
prosperity, food and water security, and welfare of many thriving populations worldwide. For the
sustainable development of the economy and environment, a more varied energy mix is needed,
especially one with predominantly renewable and hydrocarbon-free sources, a measure necessary to
keep economies afloat while preventing the devastating impacts of climate change. The International
Renewable Energy Agency (IRENA) proposed in 2017 a complete decarbonization strategy of energy
sources by 2060 to contain the effects of climate change, effectively requiring renewable deployment

growth to surge seven times current rates [3].

To enable such an ambitious overhaul, alternative forms of CO2-neutral energy should be cultivated.
Among many forms of free, abundant, and green energy, solar energy shows immense potential due
to its relatively high energy density per area (1000 W/m? on average). The cultivation of solar light
is in fact not a novelty if we take inspirations from nature. In its most bare form, incoming light is
composed of small energy packets (i.e., photons) which travel to Earth through blackbody radiation.
As means to collect solar energy, plants convert photons (as well as H20 and CO2 molecules) to
carbohydrates in a process called photosynthesis, a process which is profoundly responsible for our
vast fossil fuel and biomass reserves [4]. In a similar fashion, photovoltaic (PV) devices (i.e., solar
panels) collect light in the form of generated current which could be directly connected to electrical
grids. These devices gained high traction due to their high power conversion efficiencies (PCEs) and
integrability on both urban and non-productive land [5], [6]. Overall, the prospect of supplying the
global energy demand through 150000 TW of incident solar power is highly viable.

At this moment, silicon-based modules are dominating the market share for PV technologies. These
technologies are known to utilize thick wafers (roughly 100-500 um) of high temperature processed
mono- or multi-crystalline silicon [7]. However, in a bid to reduce production costs and expand the
scope of applications, second and third generation thin film PV technologies have been rapidly
developing, giving birth to new PV technologies such as cadmium telluride (CdTe), copper indium
gallium selenide (CIGS), and organic photo absorbers. Among all developing solar technologies,

perovskite solar cells (PSCs) have evolved most expeditiously, arriving at 25.5% PCE [8], [9] and 1-
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year stability [10] within just over a decade since their inception. Many firms are looking to
commercialize perovskite-based modules in the coming years including Oxford PV and Microquanta
[11]. However, long term stability remains a challenge to be overcome to match silicon modules’ 25-
year life-expectancy. In the coming sections, the operation principles of PV technologies will be

explained from first principles. Moreover, perovskite materials and their operation will be explained.

1.2 Semiconductors

Perovskite solar cells are largely composed of semiconductor units that each act either as photo
absorbers, or charge carrier transporters, therefore, knowledge of semiconductor phenomena is
instrumental for a comprehensive solar cell treatment. Unlike metals, semiconductors possess a
bandgap (Eng) between their conduction and valence bands as seen in the energy band diagram in Fig
1.1a. The bandgap effectively represents forbidden energy states that electron cannot occupy. Each
band is composed of quantized energy-states that negatively charged electrons (e”) could occupy. The
conductivity in semiconductors is dependent on the ability of electrons to thermally migrate from the
valence to conduction bands. At absolute zero, the valence band of semiconductors represents
electronically filled states while the conduction band represents unfilled states (Fig 1.1a). The Fermi
energy (Er), situated in the middle point for charge intrinsic semiconductors, is the maximum energy
an electron can achieve at absolute zero temperatures. At room or operating temperatures, electrons
could disperse in the conduction band due to thermal vibrations, potential energies that promote
bound electrons (in the valence band) to free state electrons (in the conduction band) by overcoming
the bandgap. These electrons are considered free and could participate in current flow upon the
application of an electric field. This property sets semiconductors apart from insulators which tend to
have significantly larger bandgaps, and thus, a lower tendency of electrical conduction due to lower

excited charge carriers.

The absence of an electron in the valence band creates a positively charged hole (h*), a charge carrier,
which also participate in semiconductor conductivity. Semiconductors could be classified based on
the charge of majority carriers (carriers which carry most of the electric current). For example, n-type
semiconductors possess excess electrons, therefore, electrons in the conduction band carry most of
the current as shown in Fig 1.1b. The excess electrons create donor energy states (Ep) near the
conduction band. In contrary, p-type semiconductors possess excess holes whereby most of the
current is carried by holes in the valence band as shown in Fig 1.1c. The excess holes create accepter

energy states near the valence band. The majority charge carriers could shift the position of the Fermi
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energy upwards in n-type semiconductors or downwards in p-type semiconductors. The excess charge
carriers could originate due to native crystal or bonding defects. For example, anatase TiO2 bulk is
considered n-type due to oxygen vacancies (O°) that generate electron donors states [12]. In addition,
the majority charge carriers could be modified by doping, a process by which impurity donor or

accepter ions are deliberately added to the semiconductor bulk to create excess charge carriers.

(a) (b) (c)

AtT=0k n-type p-type
Unfilled . . -
states
. 6 6 6 o
o O 0O O ;
Er - e _ E L ! L ! E. e
f bg D P i 1 i A
. 0 6 O 0O
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Filled ®© ® ® ©
states

Fig 1.1 (a) Energy band diagram of a semiconductor (T = 0 k) with filled states at the valence band
and unfilled states at the conduction band. (b) n-type semiconductors with electron majority carriers
in the conduction band (c) p-type semiconductors with hole majority carriers in the valence band.

1.2.1 Semiconductor pn junctions

When p-type and n-type semiconductors are interfaced, a transient diffusion process occurs where
excess electrons from the n-type semiconductor migrate into the acceptor states. Concurrently, excess
holes from the p-type semiconductor occupy donor states. The left behind ion cores creates an electric
field due to charge difference at the junction of the semiconductors that act in the opposite side of
diffusion. This process creates the depletion zone (Wg) at the junction with a built-in potential (Vb)
due to the electric field (caused by ionic charge difference) that generally hinders majority carrier
diffusion as seen in Fig. 1.2a. When connected to a voltage source, the forward current of the pn

junction can be modelled as is the case in the ideal diode (Fig. 1.2) as the following:

I'=Iy(exp G — 1) (ean. 1)
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Where | and V is the diode current and source voltage respectively, kq—T is the thermal voltage which is

equivalent to 0.026 V in room temperature. Is the dark saturation current, a property proportional to
semiconductor parameters such as recombination rates, thermal vibrations, pn junction area and

majority carrier concentrations.

(a) W, (b)
p-type

pn diode! VCT)

Fig 1.2 (a) Energy band diagram of a semiconductor of a pn semiconductor heterojunction. (b)
equivalent circuit of an ideal pn semiconductor diode with voltage source.

1.2.2 The photovoltaic effect and IV Characteristic of a solar cell [15]

The prior configuration outlined in 1.2.1 showed the current behavior in the dark. However, when a
semiconductor is exposed to a photon with energy (Ep) that equals or exceeds the semiconductor

bandgap (eqn. 2), an electron-hole pair (exciton) is generated.

h
E, = 76 = Epg (egn. 2)

Where A is the photon wavelength, h is the Plank constant and c is the speed of light. For instance, a
photogenerated electron in the p-type semiconductor could be injected into the n-type semiconductor
through the assisted junction built in potential as seen in Fig 1.3a. The photogenerated current (exciton
pair) can be collected by the application of an external bias to the pn-diode. In this scheme, if the pn
diode under light is connected to a voltage source, the ideal equivalent circuit (Fig 1.3b) will have the

following current:
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1) =1, —Ig =1, — I (exp (%) - 1) (egn. 3)

Where Iq and I is the diode and photogenerated current respectively. Moreover, the power generated

through the solar cell can be calculated from the total current and voltage as the following:
P(V)=1V (eqgn. 4)

By plotting the current and power equations with respect to the current, the IV characteristic of an

ideal solar cell can be extracted as seen in Fig. 1.4.

(b)

|
GD pn diode! V<t>

Fig 1.3 (a) Energy band diagram of pn heterojunction electron injection from p- to n-type
semiconductor under the light. (b) equivalent circuit of an ideal pn semiconductor diode with voltage
source under illumination.
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Fig 1.4 1V Characteristic and power with respect to voltage of an ideal pn junction diode with
photogenerated current.

As can be seen from the IV characteristics, the power generated from a solar cell increases with
voltage until a maximum is reached, a parameter identified as the maximum power point (Pm) and is
achieved at maximum voltage and current (Vm and Im respectively). This parameter is also known as
the power conversion efficiency (PCE) of a solar cell. The open circuit voltage (Voc) is another
important parameter which describes the voltage required to produce zero net current. Moreover, the
short circuit current (lsc) is the current generated without voltage application and is commonly
denoted per unit area as short circuit current density (Jsc). The fill factor (FF) of a solar cell is the

rectangular ratio of the above-described parameters as could seen in egn. 5:

FF = n/m (egn. 5)

IscVoc

A higher FF usually implies a higher performing solar cell device which is highly linked to the Voc.
Moreover, the power conversion efficiency could be obtained in terms of the fill factor by using the

following correlation:

PCE = FF (Is¢V,.) (eqgn. 6)
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1.3 Perovskite solar cells

Perovskite solar cells (PSCs) have endeavored the most rapid development among other photovoltaic
based technologies in the basis of efficiency improvement with respect to time. Perovskite
photovoltaics were first reported in literature when they emerged as a spin-off from dye-synthesized
solar cells (DSSCs) in 2009 where perovskite nanoparticle sensitizers were applied on TiO2
nanoparticles in a liquid electrolyte achieving an efficiency of 3.9% [16]. Since then, much
development has been done with perovskite materials employed as standalone solid-state photo
absorbers [17] among many profound architectural changes [18]. Today, the record efficiency is
sitting at 25.5% [8], [9], exceeding mature technologies such as copper indium gallium selenide
(CIGS) [19] and cadmium telluride (CdTe), and competing with crystalline silicon based cells [8]. In
the following subsections, we go through the photo absorbing perovskite material (1.3.1), the
operation principles of a full PSC (1.3.2) and outline the role of each layer in a complete stack
architecture (1.3.3). Moreover, we outline challenges associated with recombination processes as well
as types of imperfections that impact the PCE and stability of PSCs (1.3.4). Finally, we highlight
passivation strategies that minimize defect-induced recombination in the state of the art of the domain
of perovskite solar cells (1.4) including approaches that involve electron transporting layers (1.4.1)

and 2D perovskites materials (1.4.2).

1.3.1 Perovskite photoabsorbing materials

Perovskites are a class of materials known for exhibiting unique crystal characteristics based on
dimensionality governed by the Goldschemist’s tolerance factor. The first example was identified by
Gustav Rose in 1893 as a mineral (e.g., calcium titanate or CaTiOs3) in the Urai Mountains of Russia.
However, in 1994, the semiconductivity of hybrid organic-inorganic halide perovskites (OIHP) was
first highlighted, with the flexibility to tune electrical properties by organic layer modulation [20].
About a decade thereafter, the breakthrough with DSSCs was done where perovskites such as
methylammonium lead iodide (MAPI) and methylammonium lead bromide (MAPBr) were used for
the first time as dyes in solar cells [16]. OIHPs have been on the spotlight for photovoltaic
development since then. The ideal cubic unit crystal cell (Fig. 1.5a) of a perovskite is composed of
three main groups; a monovalent cation (A) such as methylammonium (MA*) or formamidinium

(FA*); a bivalent metallic cation (B) such as lead (Pb?*) or tin (Sn?*), and a halide anion (X) such as
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iodine (1) or chloride (CI') or bromide (Br). Together these groups form the ABXs crystal structure,
also known as a three-dimensional (3D) perovskite. To maintain the 3D framework, the A-site cation
radius must be lower than 2.6 A based on the Goldschmidt’s tolerance factor [21]. Furthermore, 3D
perovskite materials are known for their cheap and facile fabrication at low temperature (~100 °C)
[22]-[25], high defect tolerance [26], [27], and superior diffusion length (over 1 um) [28], [29].
Moreover, the tunability in perovskite components has opened the door to much compositional
research, especially in the monovalent cation components, with multi-cation combinations with MA,
FA, Cs and Rb paving the way for highly efficient and stable solar cells [30]-[34], in addition to work
on halide component mixing (I, Br and Cl) [35]-[38]. The modification of these components affect
lattice distortions caused by the AXs octahedra (Fig. 1.5b), an important parameter which is linked to

the bandgap and other optoelectronic properties of the perovskite layer [39], [40].

o A: Monovalent cation (MA*, FA*, Cs*)

@ B: Divalent metallic cation (Pb?*, Sn2*)

©  X:Halogen anion (I, Br, Cl)

Fig 1.5 Hybrid organic-inorganic halide perovskites (OIHP) following the ABXs crystal structure
with ideal cubic configuration. (a) Unit cell centered at the metallic cation and (b) centered around
the BXs octahedra. The unit cell models in this figure were constructed through VESTA software
package [41].

1.3.2 Operation of perovskite solar cells

To facilitate optimal charge generation and extraction, the perovskite layer is sandwiched between
two charge transporting layers, the electron transport layer (ETL) and hole transporting layer (HTL),
n-type and p-type semiconductors respectively. These charge transporting layers are each connected
to a back and front contact respectively. The basic operation of perovskite solar cells starts with the
photogeneration of exciton pairs upon the illumination with high energy photons. The photogenerated
electron is extracted to the ETL while the photogenerated hole is extracted to the HTL. Ultimately,
the photogenerated pairs are finally collected at the back and front contacts of the cell. Fig. 1.6

illustrates the three stages in terms of the energy band diagram.
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Fig 1.6 Operation of a PSC showing the three stages of photovoltaic processes; 1. Exciton generation
at the perovskite layer as a response of high energy photon, 2. Charge carrier extraction through the
charge transport layers and 3. Charge carrier collection in the front and back contacts.

1.3.3 Architecture of perovskite solar cells

The architecture of PSCs is classified based on the arrangement of the charge transporting layers and
the nanostructures present within the device stack. Intrinsic (i) perovskite layers could be placed in
two arrangements; conventional (n-i-p) or inverted (p-i-n) arrangements as demonstrated in Figures
1.7a and 1.7b respectively. For the n-i-p configuration the incident light passes through the ETL and
for the p-i-n, the incident light passes through the HTL. The n-i-p configuration usually utilizes metal
oxides such as TiO2, SnO2, and ZnO as ETLs (more on ETLs in section 1.3.1 in Chapter 1), and
organic  materials such as doped Spiro-OMeTAD and poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) as HTLs. For the charge collecting contacts, the front contact is
composed of a transparent conductive oxide (TCO) such as fluorine-doped or indium-doped tin oxide
(FTO and ITO respectively), whereas the back contact is composed of a metal such as Au, Ag and
Cu. The earlier perovskite device concepts employed a mesoporous scaffold (Fig. 1.7c) at the ETL
due to the evolution from DSSC. The mesoporous configuration utilizes a metal oxide scaffold such
as TiO2 or SnO2 for high area, electron extraction from the perovskite layer. Despite their higher PCE

tendency, their fabrication requires high processing temperatures (>400 °C) which places a limit on
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their scope of application. The n-i-p configuration was employed in the experimental work in this

thesis.
(@) Standard Planar (b) Inverted Planar (c) Mesoporous
(n-i-p configuration) (p-i-n Configuration) (n-i-p Configuration)
Back contact ‘ Back contact Sk
. Mesoporous
Porovakin Perovskite

/ scaffold
Front Contact Front Contact

Fig 1.7 Perovskite solar cell (PSC) device architectures (a) n-i-p planar configuration, (b) p-i-n planar
configuration (c) n-i-p mesoporous configuration

HTL

Front Contact

1.3.4 Recombination in perovskite solar cells

According to the Shockley-Queisser limit (SQL), the maximum performance power conversion
efficiency for 1.5 eV bandgap perovskites is approximately ~32% [42], an approximation which far
exceeds today’s record of 25.5% [8]. Charge carrier recombination is the main reason behind the
overestimation as the SQL does not put into account non-radiative recombination processes such as
Auger and defect-assisted recombination. Recombination losses not only reduce the photovoltaic
performance of PSCs but also could act as centers for degradation processes, impacting the long-term
stability of the PSC device. Minimizing recombination is an important strategy to advance the global
prospect for PSCs to enter the photovoltaic marketplace. Recombination could be categorized into
radiative and non-radiative recombination. Radiative recombination is the band-to-band transition of
photogenerated carriers which constitutes an insignificant proportion in recombination losses in the
context of solar cells [43]. Auger (or many body) recombination is the energy loss due to direct
recombination of an electron-hole pair followed by an energy and momentum transfer to a third-body
(electron, hole or phonon) [44]. Defect assisted recombination is loss associated with monomolecular
trapping of an electron or hole in a defect or impurity state. The equation below summarizes

recombination induced losses [45]:
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d
d—rtl = —1,n —1,n? — 1303 (egn. 7)

Where % describes the change in charge carrier density with respect to time, and t,, 7,, and t5 are

rate constant factors for defect-assisted, radiative and Auger recombination processes respectetively.
These parameters could be estimated through time resolved photolumnesce (TRPL) spectroscopy
[46]. Key parameters such as diffusion length and carrier lifetime are strongly affected by the
recombination rate, therefore, minimizing recombination is an important approach in improving the

power conversion efficiency of solar cells.

A considerable proportion of perovskite photovoltaics research aims to reduce trap-density as a
measure to minimize defect-assisted recombination. Approaches that extend the carrier lifetime by
reducing trap-density are usually referred to as defect passivation [47]. Within perovskite films, defect
centers had been identified along the perovskite grain boundaries and film surface [48], [49]. The
localization of traps around grain boundaries were verified by local PL lifetime investigations by De
Quilettes et al where carrier lifetime was demonstrated to be shorter at grain boundaries than grain
bulk [50], conforming to other studies [51]-[53]. Examples of possible defects within the perovskite
lattice include uncoordinated ions, vacancies and Pb clusters which induce trap states at the perovskite
grain boundaries and surfaces as shown in Fig 1.8 [33]. Recent advancements in perovskite
fabrication processes produce monolithic, homogenous and controlled perovskite grains which
minimize traps-states across the bulk [54]-[56]. Nevertheless, surface defects, a direct consequence

of the discontinuity of perovskite lattice and surface remain a relevant challenge to be tackled.

Organic A-site

Uncoordinated Pb** Pb cluster I vacancies cation vacancy

Uncoordinated I

O o O
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Fig 1.8 Possible defects across grain boundaries and surfaces which could be present in a OIHP lattice
taken from reference 33.

1.4  Passivation approaches in perovskite solar cells

Surface passivation approaches had begun with the discovery of the positive impact excess Pblz has
on reducing J-V hysteresis, improving device performance and stability in the work of Chen et al on
perovskite films [57]. The study linked the annealing time of CH3sNHsPbls with Pbl2 content and
conclusively found that samples annealed for 60 min produced the highest carrier lifetime and device
efficiency as demonstrated in Fig. 1.9. This enhancement in PV parameters was associated with an
extension in carrier lifetime in samples that possess excess Pbl> concentrations due to defect
passivation. This discovery led to further optimizations of perovskite compositions with excess Pbl2
[58]-[61]. Ultimately, Roldan et al showed that non-stoichiometric (>20% molar excess) ratio
between Pbl2 and MAI in the perovskite precursor solution is beneficial for the electron transfer to
TiO2[62], proving surface passivation at the ETL/perovskite interface. The excess Pbl2 approach had
effectively inspired interfacial passivation approaches which involve the addition or modification of
passivation layers at perovskite interfaces with electron and hole transporting layers. The perovskite
scientific community explored a multitude of interfacial passivation approaches, including the
addition of Lewis-bases [63]-[65], ionic liquids [66]-[68] and many other capping layers [69]-[71]
at perovskite interfaces. For the purpose of this thesis, the scope of interfacial passivation approaches
will be centered on electron transporting and 2D perovskite layers and will be covered in the

forthcoming sections.
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Fig 1.9 J-V characteristic (on the left) and carrier lifetime (on the right) of samples with different

CHsNHzsPbls annealing times. Samples annealed for 60 min produced the highest device conversion
efficiency and carrier lifetime due to excess Pblz content taken from reference 57.
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1.4.1 Electron transporting layers

Principally, ETLs are semiconductors that extract photoelectrons from the perovskite film and inject
them into the contact for current collection. For optimal electron extraction, a couple of ETL
parameters must be considered, including favorable energy band alignment, high electron mobility,
hole blocking capability and relatively high bandgap. Moreover, the perovskite film formability and
quality are linked with the wettability of the underlying ETL [72] in n-i-p configurations, signifying
the importance of interface in both charge extraction and perovskite crystal growth. Therefore, a
careful selection of ETLs is necessary for enhancing the performance of PSCs. Metal oxides such as
TiO2, SnO2 and ZnO have been widely used as ETLSs in n-i-p configurations due to their suitable
optoelectronic properties. Table 1.1 summarizes the electron mobility and bandgap of these metal

oxides.

Table 1.1 electron mobility and bandgap values of metal oxides (TiO2, SnOz, and ZnO) commonly
used as ETL.

_ Electron mobility Bandgap
ETL Material
(cm?V-1s?) (eV)
TiO2 1[73] 3.03-3.20 [74]
Sn0: 250 [73] 3.6-4.1[75]
ZnO 200 [73] 3.2 [75]

Early works on PSCs utilized dual (compact and mesoporous) TiOz as an ETL [76]. The mesoporous
TiO2 scaffold promotes higher charge injection at the ETL/perovskite interface when compared to
ETLs with a single c-TiO2z film [77]. However, this configuration poses a couple of challenges
including the need of high processing temperatures (over 400 °C) and increasing the device
fabrication complexity. In addition, TiO2 has a low electron mobility compared to other metal oxides
(Table 1.1) and was reported to promote perovskite degradation due to photocatalytic tendency [78],
[79] and charge recombination [80]-[82] at the TiO2/perovskite interface. These challenges had
inspired the use of capping layers at the interface to passivate defects and eliminate the use of the
mesoporous scaffold. TiO2 and ZnO bilayers has shown potential particularly because of ZnO’s high

electron mobility and tendency to enhance the PCE [83]. However, the use of ZnO predisposes the
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perovskite film to thermal instability due to the presence of surface hydroxyl groups and/or residual
acetate ligands in ZnO [84].

Fortunately, the use of SnO2 as an ETL has garnered success particularly in planar n-i-p
configurations. SnO: films could be fabricated in facile and low temperature (<200 °C) solution
processible methods including spin-coating [85], spray pyrolysis [86] and chemical bath deposition
[87]. Moreover, not only does SnO2 have favorable optoelectronic properties such as deep bandgap
and high electron mobility (Table 1.1), SnO2 also has high chemical stability and minimal
photocatalytic activity [88], properties which are important to promote long term stability. In 2015,
SnO2 was first utilized in the work of Li et al where it was implemented as a mesoporous layer in
PSCs to replace TiO2 achieving 10.8% efficient devices [89]. Subsequently in the year after, the
perovskite scientific community picked up work on low-temperature, compact SnOz bringing the
performance of planar PSC configurations for the first time above 20% [81], [90]. The progress with
SnO:2 has opened doors for planar n-i-p PSCs to compete with the more efficient mesoporous n-i-p
counterparts. Work undertaken in this thesis aims to expand knowledge in passivation approaches
targeting ETL layers. In Chapter 2, light soaking investigations were done to compare stability
properties of perovskite samples utilizing TiO2/SnO2, SnO2, and TiO2 ETLs. The study aims to bring
about consensus to the advantages of utilizing bilayered (TiO2/SnOz2) configurations. In Chapter 3,
the self-passivating properties of low temperature processed SnO2 was studied to explain the benefit

of present amorphous phase halides.

1.4.2 2D Perovskite Interfacial layers

Lower dimensional perovskite materials have drawn enormous attention due to new properties that
they could bring into the fold. Particularly, Ruddlesden-Popper 2D perovskite structures were
recently highlighted due to their high durability to heat, moisture, and other environmental parameters
[91]-[93]. These 2D structures employ a R2An-1BnXsn+1 crystal framework where R is a bulky organic
cation (such as aliphatic or aromatic alkylammoniums) that acts as an organic spacer and n is the
number of repeating inorganic units sandwiched between the organic spacers [94]-[96]. When n = 1,
the structure is categorized as pure 2D perovskite, whereas when n > 2, the structure is designated as
quasi-2D. Fig 1.10 provides an illustration of 2D perovskite structures. Usually the length of the bulky
cation (R) determines the hydrophobicity of the 2D perovskite [89], [98] [95], a critical property
which determines the environmental stability of the 2D perovskite. Despite the impressive stability,

2D perovskite materials are known for their low efficiency due to the insulating nature of the organic
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spacers (R) inducing a wide bandgap, high exciton binding and limiting charge transport especially
at lower n values [92]. The highest performing PSC based on 2D perovskite photo absorbers has an
efficiency of 19.3% (based on GA2MA4Pbslis) [99] which is far away from the efficiency of 3D

perovskite-based counterparts.

R2An-1an3n+1

Fig 1.10 Ilustration of 2D perovskite structures following R2An-1BnXan+1 frameworks where n = 1
signifies pure 2D structures and n > 2 signifies quasi 2D structures.

One strategy to bridge the stability of 2D perovskites with the performance of the 3D counterparts is
by utilizing 3D/2D structures within the PSC device stack. An early example of this approach was
done in the work of Cho et al where phenethyl ammonium iodide (PEAI) solution was deposited
dynamically into a 3D perovskite film (Cso.1FA0.74MA0.13Pbl24sBro.ss) [100]. In this case, it was
reported that the PEAI reacts with excess Pbl2 in the 3D perovskite surface to form a 2D perovskite
(PEA2PbI4) layer. This work, undertaken in 2018, produced over 20% efficient PSCs with 85%
efficiency retention under one sun illumination and ambient conditions for 800 h at 50 °C,
demonstrating the potential for performance and stability improvement with 3D/2D structures.
Moreover, samples with 3D/2D structures showed a higher photoluminescence lifetime and lower
trap-state density than single 3D samples, indicating an interfacial passivation effect. Other studies
showed similar phenomena with other organic salts such as 5-ammonium valeric acid iodide (AVAI)
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[101], [102], 5-butylammonium iodide (BAI) [103]-[105] and other 2D perovskite precursors [106]—
[109]. To capture the benefits of this approach, more fundamental work should be done to understand
passivation mechanisms. Chapter 4 explores a novel 2D perovskite approach that involves mixing

two alkylammonium halides precursors to form new 2D perovskite structures.

1.5 Summary

In this chapter, an overview was presented from the basics of solar energy to the state-of-the-art in
the domain of perovskite photovoltaics. Solar cell devices are composed of semiconductors that
participate in the generation, transportation, and collection of photocurrent. Many notable 3
generation photovoltaic technologies have emerged over the last decades. However, the strides made
in the short span of perovskite solar cell development have been rapid and promising. Despite their
high-power conversion efficiency, perovskite solar cells suffer from low device stability, notably due
to trap-assisted recombination processes that occur at perovskite grain boundaries and surfaces.
Passivation approaches are strategies developed to minimize trap-states density to tackle
recombination and enhance the parameters of perovskite solar cells. The perovskite scientific
community have implemented many passivation strategies, particularly modifying interfaces of
perovskite surfaces with transporting layers. This thesis explores interface and composition
approaches with the aim to reduce trap-assisted recombination to promote the performance and

stability of perovskite solar cells.
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Examining the performance
and stability improvement by
utilizing bilayered TiO2/Sn0O:
electron transporters

In this work, we aim to gain insight of electron transporting layer (ETL)/perovskite interfacial degradation
by characterizing perovskite films with TiOz, SnO;, and TiO2/SnO2 ETLs. Our results demonstrate SnO;
and TiO2/SnO, maintained long-term stability of 1000 h under maximum power point tracking while the
TiO, sample degraded upon onset. We attempt to link this analogy to the perovskite film properties by
monitoring the optoelectronic and morphological features under light-soaking for each electron
transporting layer configuration. Our results demonstrate reduced photoluminescent emission and decay,
perovskite film morphological degradation, and a surge in Pbl; in TiOz samples, trends which were not
found in SnO; and TiO2/SnO, samples. We highlight the passivation effect of SnO; films in bilayered
ETL configuration (TiO2/Sn0O,) that result in stability enhancement phenomena as speculated from our
constructed energy diagram. The results show that the SnO> layer could suppress charge recombination

with the perovskite layer and improves the optical durability of the PSC device.

This chapter is partly reproduced with permission from ACS Appl. Energy Mater. 2021, 4, 4, 3424-
2430. DOI: 10.1021/acsaem.0c03185 Copyright 2021 American Chemical Society.

Authors: Mousa Abuhelaiga, Naoyuki Shibayama, Xiao-xin Gao, Hiroyuki Kanda and Mohammad Khaja
Nazeeruddin
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2.1 Introduction

Operational stability of PSCs remains to this day remains a challenge mostly attributed to the
interfacial decomposition of sensitive components in the PSC stack including the perovskite film
under light irradiation, among other factors.[110], [111] Compact TiO2 (c-TiO2) has been favored as
an electron transporting layer (ETL) due to its intrinsic electron extraction properties and suitable
wide bandgap of ~3.2 eV. Nevertheless, various reports have pointed out that perovskite films degrade
due to photo-electron accumulation and trapping at the c-TiOz/perovskite interface.[112]-[114] The
addition of capping layers has been an effective approach to reduce degradation. Leijtens ef al. had
reported a sharp degradation in PSCs with TiO2 in direct contact with MAPbIs and that c-
TiO2/mesoporous Al2O3 layers accomplished a steady photocurrent over 1000 h under full light
spectrum.[82] In addition, Ji et al. recently reported a similar stabilization of the PSC device by
adding a polyethyleneimine ethoxylated (PEIE) layer at the c-TiO2/perovskite interface retaining
~75% of initial performance for 72 days.[115] Other candidates such as ZnO [83], WO3 [116], and
Sb2S3[112] have been used as capping layers between c-TiO2 and perovskite. These studies highlight

the potential of interfacial capping as an approach for stabilizing PSC devices.

Stacking two different ETLs, essentially creating a bilayered electron extraction film, is another
promising approach to enhance stability without compromising device performance. SnO: is an
excellent candidate since it has an ideally broad bandgap and excellent carrier extraction
capability.[90] Therefore, bilayered TiO2/SnO2 ETLs have been widely explored and have yielded
high performing PSC with PCEs well over 20% [117]-[121] owning to enhance hole-blocking ability.
However, more light stability investigations should be done to compare the impact of sole TiO2 and
SnO2 films as well as bilayered TiO2/SnO2 on the perovskite film in an operating device. In this work,
stability of perovskite samples with different ETL configuration was explored through a light-soaking
setup to observe morphological and photoluminescence properties before and after light exposure.
Device fabrication and sample preparation procedure could be found in section 6.1.1 in Chapter 6.
Moreover, characterization and supplementary information could be found in section 6.1.2 and 6.1.3

respectively in Chapter 6.
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2.2 Results and discussion

Planar PSCs were fabricated with the following architecture fluorine-doped tin oxide
(FTO)/ETL/perovskite/spiro-OMeTAD/Au where the ETL film was varied as shown in the schematic
in Fig. 2.1a. Triple cation perovskite based on (FAPbI3)o.s7s(MAPbBr3)0.125(CsPbls)o.1 was utilized as
a photoactive layer. Three different ETL configurations were fabricated with the same PSC
architecture with TiO2, SnO2, and TiO2/SnO2. Scanning electron microscopy (SEM) images were
taken for perovskite surface and device cross-section for all ETLs (Fig. S2.1 and S2.2 respectively in
section 6.1.3). Fig. S2.1 shows no change in perovskite grain-size and Fig. S2.2 shows no change in
the perovskite thickness across the device cross-section when ETL configurations are varied. These
SEM images indicate identical grain growth during device fabrication irrespective of ETL. PSC
devices were placed inside an encapsulated stability apparatus in ambient nitrogen with an
approximate relative humidity of 0% and exposed to light intensity equivalent to AM 1.5 G
illumination. The bias was maintained at MPPT and cells were kept at room temperature during the
stability testing. Fig. 2.1b demonstrates the normalized PCE against time for the three PSC samples
with the different ETLs. SnO2 and TiO2/SnO2 samples show excellent PCE retention of 95% and 97%
respectively after 1000 h while the PCE of the TiO2 sample abruptly deteriorated upon the start to
25% after 1000 h. The sharp decrease in TiO2 samples is identical to stability behavior previously
reported as a result of direct contact of TiO2 with the perovskite layer [115], [122], causing perovskite
degradation. The stability enhancement in SnO2 and TiO2/SnO2 samples prove the detrimental role
ETL layers have on stability. To investigate the effect of the UV light on the stability, we measured
MPPT with UV light (Supporting information, Fig. S2.3). The PCE of the TiO2 sample dropped
significantly to 49% from the initial efficiency at 50 h, a faster rate than the TiO2 samples without
UV light (82% at 50 h, Fig 2.1b). The sharper drop in PCE with UV light is a consequence of the
photocatalytic tendency of TiO2.[115], [123] Whereas, for the case without UV light, Ahn et al
demonstrated that interfacial TiO2/perovskite degradation occurs due to the accumulation of trapped
carriers at the interface.[113] We further run a series of characterizations to understand features of

stable and degraded perovskite samples.
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Fig 2.1 (a) Schematic of the planar-type perovskite solar cell architecture highlighting three different
ETL configurations used. (b) Normalized stability of encapsulated PSCs operating at MPPT for 1000
h for TiO2/SnO2, SnO2, and TiO2 ETLs under AM 1.5G.

To understand better degradation processes with respect to carrier dynamics occurring with each ETL
configuration, photoluminescence (PL) emission and decay characterization were performed to
analyze charge generation and transport processes. Fig. 2.2a, b, and ¢ demonstrate the PL emission
spectra for TiO2, SnO2, TiO2/SnO2 PSC samples respectively before and after 50 h of MPPT
operation. The PL emission analysis highlights sharp decrease of TiO2 sample PL peak (Fig 2.2a)
whereas SnO2 and TiO2/SnO2 samples (Fig 2.2b and c, respectively) demonstrated no prominent
changes in the peak before and after light soaking. The lower PL emission peak suggests faster and
possibly more charge-carrier recombination,[115] resulting in reduction in the normalized PCE for
TiO2 with photovoltaic (PV) operation as observed in Fig 2.1b. Further, Fig. 2.2d, e, and f demonstrate
PL decay curves for each TiO2, SnOz, and TiO2/SnO2 PSC samples, respectively. Most notably, the
decay time has significantly decreased for the TiO2 sample while for the other two samples, the decay
time has no significant changes. The decay curves imply that the lifetime of charge-carriers in the

TiO2 sample is dramatically reduced from 90.9 to 34.0 us (Table S2.1) by opening recombination
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pathways after PV operation as compared with other ETL samples, which could be due to the
photodegradation with TiO2. To elucidate the charge-carrier recombination caused by the
photodegradation of TiO2, the diode factor was measured that is related to Shockley-Read Hall
recombination using the SunsVoc method.[124], [125] Samples were measured after the light soaking
for 100 h (Supporting information, Fig. S2.4). The diode ideality factor of TiO2 was 4.25, whereas
SnO:2 and TiO2/SnO2 were 2.02 and 1.48, respectively. This result implies that the TiO2 sample has
more charge carrier recombination, which is consistent with the trends observed with PL emission
and decay (Fig. 2.2). These results demonstrate that the SnO: film was successful in suppressing
perovskite degradation in the bilayered TiO2/SnO2 configuration by maintaining the carrier dynamics

of the perovskite layer.
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Fig 2.2 Photoluminescence analysis on fresh and 50 h MPPT. Normalized emission
photoluminescence peak curves against wavelength operated with (a) TiO2, (b) SnO2, and (c)
TiO2/Sn0O2 samples. Normalized decay photoluminescence curves with (d) TiO2, (e) SnO2, and (f)
TiO2/Sn0O2 with intensity in logscale versus time.

Cross-sectional scanning electron microscopy (SEM) images were captured for perovskite samples

with TiO2, SnO2, and TiO2/SnO2 ETLs respectively before and after subjecting the samples to AM
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1.5G simulated light for 500 h as seen in Fig. 2.3. The images demonstrate a significant deterioration
of perovskite film with TiO2 after light exposure as seen in Fig. 2.3a and d while perovskite films for
other ETLs have relatively maintained morphological integrity as seen with SnO2 (Fig. 2.3b,e) and
Ti02/Sn0O2 (Fig. 2.3c,f). This result, coupled with the PL measurements indicates that due to
morphological deterioration, photoactive regions in the bulk of the perovskite have been diminished,

explaining the quenching in PL emission peak and decay.
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Fig 2.3. Cross-sectional SEM images before light-soaking perovskite samples with (a) TiOz2, (b) SnOz,
(c) TiO2/Sn02, and after light soaking with (d) TiO2, () SnOz2, and (f) TiO2/SnO:..

To confirm this analogy, powder X-ray diffraction (XRD) and ultraviolet-visible (UV-VIS)
spectroscopy have been conducted on light-exposed perovskite samples as demonstrated in Fig. 2.4.
The XRD analysis was conducted on samples before light-soaking (Fig 2.4a) showing roughly equal
initial Pbl> peaks for all ETLs at 12.7 ° due to the excess Pblz in the perovskite recipe. After light-
soaking (Fig 1.4b) the analysis shows a relatively higher increase in the Pbl2 peak at 12.7 ° in the TiO2
sample when compared with SnO2 and TiO2/SnO2 samples, suggesting perovskite decomposition as
seen in Fig. 2.4b. Moreover, the UV-VIS analysis was carried out before and after light-soaking (Fig.
2.4c and d) for 500 h. The UV-VIS analysis clearly shows that the absorbance had in fact decreased
for TiO2 samples throughout the exposed light-spectrum (600 to 850 nm) being consistent with the
SEM and XRD result.
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Fig 2.4 XRD spectra for 50 h operated of fully fabricated PSCs with different ETLs (a) before and
(b) after light soaking. UV-VIS absorbance spectra for 500 h light-soaked perovskite films for TiO2,
Sn02, and TiO2/SnO2 ETLs (c) before and (d) after light soaking.

Energy band diagram analysis was obtained for TiO2, SnOz, and TiO2/SnO: as shown in Fig. S2.5.
The energy band structure was measured by ultraviolet photoelectron spectroscopy (UPS) and optical
bandgap measurement (Fig. S2.6,2.7). The conduction band edge of SnO2/TiO2 (-3.70 eV) is
approximately the same as SnO: (-3.71 eV). However, the Fermi-level of TiO2/SnOz (4.01 eV) is
more aligned with TiO2 (3.9 eV). We note that the different Fermi-levels between TiO2/SnO2 and
SnO2 could be due to the thin thickness (~10 nm) of the SnO: films. Due to the small thickness, the
Fermi-level could be impacted by the underlying TiO:2 film. This phenomena is observed similarly
for MoOx where the Fermi-level of thin films was affected by the underlayer film.[126] We construct
an ETL/perovskite interface band diagram as shown in Fig. 2.5 for the bilayared TiO2/SnO2
configuration. Our band analysis demonstrate how the SnO2 could act as a potential barrier that
prevents electrons in TiO2 conduction band from recombining with holes in the perovskite layer. It
was reported that when charge recombination occurred at the TiO2/perovskite interface, perovskite

will be decomposed and an increase of Pbl> content would occur, which is consistent with our XRD
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result (Fig. 2.4b).[113], [115] Thus, we presume that the SnO2 plays a role as a passivation layer to
suppress the degradation on the perovskite, resulting in high stability under the light illumination. In
addition to stability improvement, TiO2/SnO2 bilayers results in improved PV performance when
compared with TiO2 and SnO2 PSC devices (Fig. S2.8). The IV hysteresis was measured for each
condition (Supporting information Fig. S2.9, Table S2.2). The hysteresis was suppressed in the
Ti02/SnO2 sample while the TiO2 sample suffered the most. The lower hysteresis index could be due

to a reduced interfacial charge accumulation by adding SnO2 layer.[113]
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Fig 2.5 Energy diagram of the ETL/perovskite interface demonstrating the passivation effect of SnO2
in the bilayered configuration (TiO2/SnQOz2).
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2.3 Conclusion

We investigated perovskite degradation characteristics based on TiO2, SnO2, and TiO2/SnO2
underlying ETLs. Our MPPT testing showed strong performance decline in PSCs with TiO2 whereas
PSCs with SnO2 and TiO2/SnO2 showed no significant drop over the course of 1000 h. Further, a
series of characterizations were done on perovskite films to gain insight on stability trends observed
with the different ETLs. TiO2 sample characterizations after light-soaking show a prominent decline
in charge dynamic processes as interpreted from PL peak and lifetime drop. Moreover, SEM images
clearly show a morphological deterioration of the perovskite film after light-exposure. These trends
were not observed with SnO2 and TiO2/SnO2 samples demonstrating the passivation ability of SnO2
films. Energy band diagram indicated the suppression of the charge recombination at the
TiO2/perovskite interface by SnO2 passivation. This result indicates that the photostability can be
enhanced by preventing charge recombination at the ETL/perovskite interface. Moreover, the results
demonstrated in this work reinforces the superiority in performance of bilayered TiO2/SnO2 electron

transporters could achieve while retaining the stability of the devices.
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Stable perovskite solar cells
using tin acetylacetonate
based Sn0; electron
transporting layers

Self-passivated SnO:2 as an electron transport layer has shown potential mainly due to the enhanced
electron transfer, stability, and reduced hysteresis device features. Here we report on novel, non-
colloidal tin oxide precursors based on acetylacetonate (one halide free and two halogenated with Cl
and Br respectively). We explore the unique film morphology acquired from the non-colloidal
precursors and the improved device performance they yield. Our results show that the halide residue
in the films play an impactful role in the thermal durability of the fabricated SnO:2 film, as well as
providing a passivation layer. Moreover, our optimized SnO2 films, achieved an unprecedented power
conversion efficiency of 22.19% in planar perovskite solar cells (21.4% certified by Newport), and

once upscaled to large-area modules, 16.7% devices based on 15 cm? area were achieved.

This chapter is partly reproduced with permission from Energy Environ. Sci., 2019, 12, 1910. DOI:
10.1039/C9EE00453J Copyright 2019 Royal Society of Chemistry.

Authors: Mousa Abuhelaiga, Sanghyun Paek, Yonghui Lee, Kyung Taek Cho, Sung Heo, Emad Oveisi,
Aron Joel Huckaba, Hiroyuki Kanda, Hobeom Kim, Yi Zhang, Robin Humphry Baker, Sachin Kinge,
Abdullah M. Asiri, and Mohammad Khaja Nazeeruddin.
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3.1 Introduction

Self-passivated SnO: as an electron transport layer has shown potential mainly due to the enhanced
electron transfer, stability, and reduced hysteresis device features. SnO2 based ETLs have been
extensively used due to its high conductivity and superior charge collection ability compared to TiO2
ETLs [81], [119], [127]. SnO2 has a wide bandgap ranged between 3.6 to 4.1 eV, and its favorable
conduction band edge in relation to perovskites makes SnO2 a good candidate to overcome challenges
which occur particularly with c-TiO2 ETLs [128]. We have seen in Chapter 2 the impact of a bilayered
TiO2/SnO2 and its impact on improving performance and preserving long-term stability at MPPT. In
this chapter, we shed light on the SnOz2 thin film, particularly the importance of self-passivating halide

components present.

Previously, high-temperature annealing was used to form uniform SnO: layers with minimum
pinholes. However, this had posed a challenge due to the metal-like nature shown in degenerate
semiconductors, i.e., carrier density of non-doped SnOz2 is ca. 10%° cm3 (in the range of semimetals.)
The semimetal nature consequently generate a serious shunting pathway which decreases the fill
factor (FF) and open-circuit voltage (Voc) [129], [130]. Lee et al demonstrated previously that the low
PCE is due to the deteriorated hole-blocking ability of the SnO2 ETL caused by loss of the self-
passivating components such as SnOCl2 and residual precursor of tetrakis-dimethyl-amine-tin
(TDMASN) [131], [132]. By using different precursors and depositing them with various techniques
such as spin-coating and atomic layer deposition methods, Lee et al proved the advantages of the
low-temperature process are not limited to preventing pin-holes but also to electrically passivate the
SnO2 ETL. [131], [132]. In this work, we further study the role of passivation agents by investigating
elemental and morphological SnOz2 film properties and device performance using tin acetylacetonate
based precursors for SnO2. To better understand the role of halides, one of the chosen precursors is

halide-free and two are based on chloride and bromide respectively.

We explore the unique film morphology acquired from the non-colloidal precursors and the improved
device performance they yield. Our results show that the halide residue in the films play an impactful
role in the thermal durability of the fabricated SnO:2 film, as well as providing a passivation layer.
Sample preparation procedure and characterization information could be found in sections 6.2.1 and
6.2.2 respectively in Chapter 6. Moreover, supplementary experimental information could be found

in section 6.2.3 in Chapter 6.
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3.2 Results and discussion

Fig. 3.1 shows the device architecture of a planar perovskite solar cell consisting of fluorine-doped
SnO2 (FTO)/c-TiO2/SnOz/perovskite/spiro-OMeTAD/gold layers. In our previous work, we
confirmed that the ‘Type 1’ passivation ETL by combining a c-TiO2 underlayer with the passivated
tin oxide (PTO) top layer provides better hole-blocking ability than a single passivated SnO: layer,
which resulted in the further enhanced PCE.?'?* For tin oxide layers, we investigated three
metalorganic tin precursors from the same family tin(11) bis(acetylacetonate) (hereafter Acac), tin(1V)
bis(acetylacetonate) dichloride (hereafter Cl2) and tin(IV) bis(acetylacetonate) dibromide (hereafter
Br2) with DMF as a solvent.
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Fig. 3.1 Device structure. (a) Schematic of the planar-type perovskite solar cells using bi-layered
electron transporting layers of c-TiO2/SnO2. (b) Tin acetylacetonate based precursors used in this
work.

The surface morphology of the SnOz2 films is characterized with transmission electron microscopy
(TEM). Films are prepared by dropping precursor solutions on a carbon support grid and heat-treated
at 180 °C for 1 h in air. Pairs of bright field (BF) and dark field (DF) TEM images and corresponding
selected area electron diffraction pattern (SAEDP) are presented in Fig. 3.2. The SAEDP show
reflection bands for [110], [101], [200], and [211] index planes for all films corresponding to rutile-

type SnO2. Moreover, the bright and dark spots in the BF represent low and medium crystallinity
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domains respectively in the film. The acquired TEM images indicate the co-presence of crystalline
and amorphous phases in the SnO2 films, a property which Lee et al previously observed in SnO2
films prepared with colloidal precursors such as SnCls [119] and atomic layer deposited TDMASN
[131] at low temperature. We monitored the composition of the films using Energy dispersive x-ray
spectrometry mode in scanning TEM (EDXS-STEM). The high-angle annular dark-field (HAADF)
TEM image at low resolution (Fig. S3.1) further demonstrates that the layer formed from all
precursors are composed of partially crystalline and amorphous regions. In addition, the
corresponding elemental mapping show clear signals of Sn and O atoms as seen in Fig. S3.1, with ClI
and Br signals from the CI2 and Br2 films respectively. These results indicate that the prepared films
are comprised of Sn and O elements, as well as residual halogenated by-product after post-annealing
at 180 °C for CI2 and Br2. High-resolution (HR) TEM images are shown in Fig. S3.2. For the Acac
film, plenty of pinholes and randomly sized crystallites are observed. On the other hand, other
precursor films have compact surfaces with an average crystallite size of 2 nm and 1 nm respectively
for CI2 and Br2.
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Fig. 3.2 Characterization of the SnO: layer annealed at 180 °C. Bright-field (BF) and dark-field (DF)
TEM images of SnO: films deposited on a carbon support grid, and corresponding selected area
electron diffraction patterns (SAEDP). Simulated electron diffraction patterns are included at the

lower left part of SAEDP.
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Fig. 3.3 Influence of annealing temperature on the film and device. (a) Photoluminescence (PL)
spectra with tin acetylacetonate precursors. (b) J-V curves of perovskite solar cells with tin oxide
films. (c) SEM cross-sectional images of the complete perovskite solar cells. (d) X-ray photoemission
spectroscopy (XPS) spectra as a function of annealing temperature.
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To evaluate the compatibility for ETL, we measured photoluminescence (PL) of the bi-layered
electron transporting layer (BETL)/perovskite films as seen in Fig. 3.3a. Despite differences in PL
intensity, all BETLs show a faster electron quenching efficiency than the c-TiO2 film. According to
the result, Acac shows the fastest quenching rate, and CI2 and Br2 show slightly slower electron
transfer as indicative of the PL peaks. Therefore, a higher PCE was expected with Acac devices, but
the device performance demonstrated in Fig. 3.3b shows that the trend of the PL measurement does
not match well with the device efficiency. The highest PCE is gained from the CI2 precursor due to
contribution of enhanced FF and Voc. For Br2, the high Voc is promising. However, Br2 devices show
relatively low FF and slightly lower short-circuit current density (Jsc) than c-TiO2. Unlike the PL
result, we found that Acac precursor may not contribute to the distinct efficiency enhancement.

To explain this observation, we utilized scanning electron microscopy (SEM) to examine the surface
morphology of SnO2 fabricated with Acac. The full-size image of the complete cells is shown in Fig.
S3.3. Moreover, we performed absorbance and x-ray diffraction analysis (XRD) on SnO2 samples
spin-coated with perovskite as seen in Fig. S3.4 and examined perovskite surface morphologies with
SEM as seen in Fig. S3.5. The absorbance, XRD pattern and SEM imaging confirm that the perovskite
films deposited on SnO2 have roughly similar thickness and morphology regardless of SnO:
precursor. However, in the cross-sectional SEM images in Fig. S3.5, CI2 and Br2 films clearly show
an increase in SnO: film thickness. However, for Acac devices, there is no observable increase of
ETL thickness when compared with c-TiO2 SEM cross-sectional image. Fig. S3.6 shows SEM top-
view images of c-TiO2 and c-TiO2/PTO films formed on the FTO substrate. The magnified images
show all SnO2 precursors form a thin and similarly uniform top layer over the c-TiO2 underlayer.
However, different film morphology can be observed for SnO:2 prepared with Acac when the
magnification is increased. Randomly distributed big particles potentially caused by the aggregation
of precursor are detected on the film surface. The particle sizes range from 1 to 2 um in diameter and
induce huge bumps on the perovskite film as seen in Fig. S3.7. The poor morphology in Acac films
could be due to the meta-stability of the tin oxidation state. For Acac, the Sn?* metal center is four
coordinate with two bidentate acetylacetonate ligands. While for CI2 and Br2, the Sn** metal atom is
six coordinate with two bidentate with acetylacetonate ligands and two monodentate with halogen
ligands. Under this configuration, Sn** is more likely to be stable in a DMF solution, unlike the case
with Sn?* which could be oxidized more readily in DMF. In a preliminary test, we found that Acac
dissolves easily in DMF and form a transparent solution, but starts to precipitate in a couple hours as

seen in Fig. S3.7.
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Fig. 3.4 Film and device performance at optimal annealing temperature. (a) Statistical data of the
device efficiency with CI2 and Br2 tin oxide films prepared at differentiated annealing temperature.
(b) Thermogravimetric analysis (TGA) spectra. (c) J-V curves with optimal annealing temperature.
(d) PL spectra of with optimal temperature. (¢) Bandgap estimation from reflectance. (f) Calculation
of Fermi-level from UPS. EF=40.8eV (He Il source) — Ecut-off..

Whereas for CI2 and Br2 dissolved in DMF, the solutions do not lose transparency over a month. For
Acac, the bumps observed in Fig. S3.7 could potentially provide a shunting route particularly for
planar-type cells by forming a thin PTO layer which increase the possibility of pinhole formations.
These findings indicate that there are complex challenges associated with Acac in terms of film
reproducibility and performance. X-ray photoemission spectroscopy (XPS) analysis was further

performed to characterize the CI2 and Br2 films. Strong peaks at 486 and 494 eV attributed to Sn**
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ions indicate the formation of SnO2 as seen in Fig. 3.3d. A weak asymmetry shown in all spectra can
be reasoned by Sn?* ions originating from oxygen vacancy (Vo) on the SnO: surface, which is
assumed to be the origin of the high conductivity of the SnO2 film. [131] Strong asymmetry of the
spectra indicating the presence of sub-bonds is also observed in O 1s region (Fig. 3e), which is
associated with the binding energy for O-S bond (Sn**) with higher intensity at 529.2 eV. The smaller
peak at 530.5 eV can be associated with oxygen impurities such as OH ligands and water adsorption
on the film. [133] In addition, we found a small peak assigned to Cl 2p at 197 eV from the CI2 film,
and a strong peak of Br 3d at 68 eV from the Br2 film. This is in good agreement with the result of
EDX analysis in Fig. S3.1. For the CI2 film, when varying the annealing temperature, the highest
intensity peak of the film slightly decreases from 100 °C to 180 °C annealing. Moreover, The Cl bond
peak is still present at 220 °C but is significantly minimized. A similar trend is observed from the Br2
film, however, it is noteworthy that the intensity of Br 3d peak remains strong even when annealing
at 220 °C.

To find the optimal annealing temperature, we carefully prepared SnO:2 films between 160 °C and
350 °C for CI2 and Br2. Fig. 3.4a shows a statistical summary of the device efficiency with respect
to temperature. The best PCE is found at 200 °C for CI2, while the highest PCE is obtained at 220 °C
for the Br2 device. It should be noted that Br2 devices show a relatively gentle drop of PCEs at high
temperatures while CI2 devices demonstrate a steep decrease after the maximum value. Both devices
show a rapid increase of Jsc according to the ramping of the temperatures until the maximum Js is
reached (close to 24 mA cm at 200 °C). An analogous trend is observed in FF. Although the high
FF is shown with the 160 °C devices, we found severe drop of electron transfer as seen in Fig. S3.8.
Here, it is noteworthy to remember the film formation of the tin oxide layer from SnCls and other
chloride-based precursors. Unlike CI12/Br2 precursors in DMF, SnCls immediately reacts with H20 to
form SnO2 nanoparticles and amorphous SnOCIlz which are not reversibly dissolved in water
indicating the solution is in fact colloidal. [127] As with water-based colloidal SnO2 precursors i.e.,
AlfaAesar 15% SnO3, an impressively low temperature processing is required 150 °C. [81] However,
surface passivation can potentially occur by SnOCI2 and base sources potentially added for stable
dispersion of the colloid, i.e. NaOH, KOH [134], if SnO2 nanoparticles are synthesized using chlorine
based tin precursors (Fig. S3.9). Therefore, despite a lower device performance, the film contains
more crystalline SnO2, therefore, no current loss (decrease of Jsc) is found despite film drying at 100
°C. However, CI2/Br2 precursors do not visibly react with DMF and sustain their solution form,

which means smaller or less SnOz2 crystallites can be formed at low temperatures, and more residual
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precursor exists on the film which can cause higher series resistance at a low-temperature annealing.
This explains the reason of the differentiated behavior shown in Fig. 3.4a,b. With the same reason,
high Voc is measured at 160 °C film probably caused by electron accumulation. An unexpected result
is found from the Voc trend of Br2 devices. A gradual drop of Voc is seen when increasing annealing
temperature beyond 250 °C. Nevertheless, Br2 devices maintain a Voc over 1.1 V even at 350 °C. This
result implies that the bromide residue is more strongly bound to the film than chloride counterparts,

even at exceptionally high annealing temperature.

To supplement this analogy, thermogravimetric analysis (TGA) was conducted and displayed in Fig.
3.4b. For both CI2 and Br2 precursors start to lose weight ca. at 150 °C, mainly attributed to thermal
decomposition. For CI2, roughly 90% of weight ca. is lost by crystallization at 250 °C, followed by
gradual weight drop implying complete removal of CI on the film. Br2 shows rather slower weight
loss, and the conversion to SnO2 appears to finish roughly at 300 °C. The subsequent drop that goes
up to 500 °C can be attributed due to removal of residual Br. Considering Cl sublimes more easily
than Br. The TGA curves further support the result and agree well with EDX and XPS results. J-V
curves at the optimal conditions are depicted in Fig. 3.4c. PTO layers clearly show better PCEs. The
highest PCE of 21.12% is obtained from Cl.. The PCE is slightly lower with Br2 with overall
performances over 20%, which are still higher than that with a single c-TiO2 ETL. We confirmed the
optimized bi-layered c-TiO2/PTO layers show lower PL emission than the 180 °C films. (Fig. 3.4d)
We measured the reflectance of the films, and the determination of optical bandgap (Eg) was
calculated by applying the Kubelka-Munk (F(R)) method. By plotting (F(R) * hv)? as a function
of energy. Subsequently, an Eq of 3.92 and 3.93 eV for Clzand Br respectively were estimated. (Fig.
3.4e) Fermi-levels (Er) were measured by ultraviolet photoelectron spectroscopy (UPS), confirming
that both CI2 and Br2 films have the same Er of 4.21 eV. The Eg and Er estimations imply that CI2
and Br2 films possess similar optical and electronic properties. Additionally, the c-TiO2/CI2 ETL was
tested for a monolithic series module, and a 16.73% PCE was obtained with a 15 cm? aperture area
(Fig. S3.11).
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The champion small cell was fabricated using a two-step deposition method for the perovskite [55].
The best device seen in Fig 3.5a shows promising photovoltaic values in a planar structure with
aJsc of 24.78 mA cm™2, a Vo of 1.13 V, a FF of 0.79, and a PCE of 22.19% under 1 sunlight
illumination conditions with backward scanning. With forward scanning, the values are slightly
lower, and very small J-V curve hysteresis is measured in a planar-type device. We assume the better
PCE is from extended light absorption and enhanced perovskite film quality as seen in the EQE and
SEM top-view images (Fig. S3.12 and S3.13). We confirmed the Jsc value from the solar simulator
agrees with the calculated Jsc. The device shows excellent performance in the stabilized condition
measurement (Fig. 3.5b). We also found BETL based perovskite cells have outstanding long-term
stability until 200 days when cells are stored in a drawer without encapsulation (Fig. S3.14). To get
reliable data, our cells are measured again at Newport. Although a small loss of Vocis found
potentially due to use of a smaller active area and possible degradation in air, a similar and certified
PCE of 21.37% on average was confirmed (Fig 3.5 and Fig. S3.14). We further conduct PCE statistics
to compare device performances conducted in this work with devices utilizing m-TiOz2 in Fig S3.15,

demonstrating generally better performance of devices employing SnOa.
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Fig 3.5 Performance of the best device with the c-TiO2/Cl2 BETL. (a) J-V curve hysteresis of the
champion cell. (b) Stabilized power output. The values are obtained under a maximum power point
tracking condition under 1 sunlight illumination. (c) J-V curve hysteresis measured at Newport.
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3.3 Conclusion

We investigated film and device performance with non-colloidal SnO2 precursors based on
acetylacetonate, namely tin(ll) acetylacetonate (Acac), tin(1V) bis(acetylacetonate) dichloride (CI2)
and tin(1V) bis(acetylacetonate) dibromide (Br2). We have confirmed with TEM the presence of rutile
type SnO: in the film with varying degrees of crystallinity, contributing to self-passivation and
improved device performance. Moreover, while the Acac precursor produced randomly sized and
distributed SnO2 crystallites, CI2 and Br2 produced dense SnO: films with passivating, halogenated
by-product. In addition, we demonstrated the ability of Brz to retain the Voc of the devices up to 350
°C annealing post-treatment due to the delayed sublimation of bromide by-product as confirmed with
TGA. This finding could extend the application of passivated tin oxide to high-temperature processed
perovskites such as lead-free CsSnls. Ultimately, we confirm the importance of surface passivation
for SnO2, particularly in the scope of perovskite solar cells due to the metal-like nature of pristine
crystalline SnO2. CI2 and Br2 are proved to provide excellent surface passivation to enhance the hole-
blocking ability in electron transporting layers. Our findings highlight the importance of passivation
for SnO2 and suggest inspiring ideas for broader and diverse passivation routes for SnO2 based solar

cells.
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Mixed cation 2D perovsKites: a
novel approach for enhanced
perovsKite solar cell stability

The integration of thin 2D perovskite layers at the 3D perovskite/ HTL interface is known to improve
the power conversion efficiency and stability of perovskite solar cells (PSCs). In this work, we report
a novel approach consisting of mixing two alkyl-based cations that form 2D perovskites
(propylammonium iodide (PAI) and octyl ammonium iodide (OAIl)) to form mixed-2D halide
perovskite layers. The solar cells containing the mixed cations demonstrate enhanced device stability
retaining 95% of performance after 1000 h under power point tracking, far exceeding PSC samples
with single OAI, 88% and PAI, 80% 2D layers. By cation mixing, the formation of a novel 2D
perovskite crystal structure was confirmed by XRD and PL analysis and was shown to have a uniform
quasi-2D perovskite state (n = 2), a feature not found in single OAI and PAI samples. Notably, the
novel morphology of the crystal structure leads to improved carrier dynamics and enhanced PSC

stability.

Authors: Mousa Abuhelaiga, Xiao-xin Gao, Yong Ding, Bin Ding, Zhang Yi, Hiroyuki Kanda and
Mohammad Khaja Nazeeruddin
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41 Introduction

A common approach to enhance PSC stability is to modify the interfaces, specifically the interface
between the perovskite film and hole-transporting material, an approach that aims to minimize
interfacial recombination by defect passivation [42], [120], [121]. To this end, interfacial 2D
perovskite films are ideal candidates due to their electron-blocking, wide bandgap and facile
formation on 3D perovskite surfaces containing excess Pblz [109], [135]-[137]. Examples of this
approach include using precursors such as phenyl ethyl ammonium iodide [100], [138], n-
butylammonium iodide[104], N-(3-aminopropyl)-2-pyrrolidinone [139], and 5-ammoniumvaleric
acid iodide (5-AVAI) [140], [141]. Such 2D materials could be characterized by their respective
lattice structure, which follows a Ruddlesden Popper with R2An-1BnX3n+1 formula where R represents
an organic (alkyl chain or aromatic ring) component, B is a divalent metal cation, X is a halide anion,
and n is the number of repeating inorganic units bound by the A* cation [96], [142], [143]. 2D
perovskite materials are known to be relatively stable as demonstrated by their exceptional exciton
binding energy [96], [97] remarkable photoluminescence yield [144], bandgap tunable properties
[98], [145], band-alignment, and defect passivation capability, making them ideal interfacial layers.
However, further strategies are necessary to exploit the enhancements in stability provided by 2D

perovskites.

The integration of mixed-cation 2D perovskite films in PSCs is an unexplored frontier. Combining
two different cations has been thoroughly explored in 3D perovskite systems where different size
cations (e.g. methylammonium, formamidinium and cesium)[30], [146], [147] were used to optimize
the Goldschmidt tolerance factor [147], [148]. Many studies reported improved PSC stability due to
highly uniform perovskite grains with minimal phase impurities. In this work, we apply the cation
mixing approach to 2D perovskites, by mixing two alkylammonium based cations with different alkyl
chain lengths (octyl ammonium and propylammonium) in an isopropanol solution. Through this
approach, we confirm the formation of novel 2D perovskite crystals with a uniform quasi-2D state (n
= 2). Moreover, the novel 2D perovskite exhibits unique surface morphology, improved carrier
dynamics and extended stability when applied at the interface of the 3D perovskite/HTL in devices.
Information on sample and device fabrication can be found in section 6.3.1 in Chapter 6. Moreover,
characterization parameters and supplementary information can be in sections 6.3.2 and 6.3.3

respectively in Chapter 6.
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4.2 Results and discussion

We introduce mixed cation 2D perovskite films at the interface of the 3D perovskite/HTL by
depositing a mixed solution of n-propylammonium iodide (PAI) and n-octyl ammonium iodide (OAI)
to form a 2D layer (denoted as OAI+PAI), as illustrated conceptually in 4.1a. Reference samples were
based on single cation 2D perovskite samples deposited on 3D perovskites (denoted as OAl and PAI).
An initial analysis was conducted with X-ray diffraction (XRD) on the 3D perovskite/2D perovskite
FTO films with OAI, PAI and OAI+PAl, as shown in Fig 4.1b and S4.1 for short and full spectra,
respectively. As shown in Fig 4.1b, each individual 2D cation produces different low angle XRD
peaks that are synonymous with different 2D crystal structures. The peaks of OAI correspond with n
=1 and n = 2 quasi-2D states, whereas PAI correspond to n = 2 and n = 3 quasi 2D states, which is
consistent with previous reports [149]-[151]. Notably, the cation mixed 2D perovskite, i.e.
OAI+PAl, showed a novel XRD peak pattern not observed in the individual cation samples. Since
the OAI and PAI have different alkyl chain lengths of 8 and 3, respectively, a different 2D lattice
parameter spacing for OAI+PAI may be expected, which could explain the difference in XRD peak
positions. In Fig 4.1(c), the different 2D lattice configurations that could be obtained with the different
cation configurations are illustrated. Further crystallographic analysis of the cation mixed 2D

perovskite was performed to model lattice parameters using the LeBail method (Fig S4.2, Table S4.1).

Interestingly, the lattice parameter of the a axis for OAI+PAI is 43.6 A, a value between OAI (44.9
A) [151] and PAI (33.7 A) [150] as demonstrated in Table S4.1, indicating that the 2D cation mixing
approach could be used to tune the lattice distance by combining cations with different lengh alkyl-
chains. The LeBail method was further used for OAI and PAI as seen in Table S4.2 and S4.3
respectively. The mixed 2D cation forms a homogenous quasi-2D layer at n = 2, determined from the
measured and fitted XRD spectra (Fig S4.2). Moreover, the formation of a 2D perovskite was
confirmed by conducting X-ray photoelectron spectroscopy (XPS) for all samples in addition to a
control (3D only sample) as shown in Fig S4.3. In the N 1s range, all samples demonstrate a C-N
peak (400.8 eV), however, all but the control sample showed a C=N peak (402.2 eV) which is
characteristic in 2D perovskite spectroscopy [152], [153].
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Fig 4.1 (a) Mixed 2D perovskite layer concept, (b) XRD spectra for the 3D/2D perovskite films with
OAI, PAI and OAI+PAL, (c) schematic illustrating the quasi-2D state n = 2. perovskite with PAI, OAI
and OAI+PAI.

To confirm the presence of the quasi-2D states analogy from XRD, photoluminescence (PL) emission
analysis was conducted, as shown in Fig 4.2a, b and ¢ for OAI, PAI and PAI+OAI, respectively. Each
sample was structured as glass/3D perovskite/2D perovskite, and the PL scan was conducted from
the direction of the 2D perovskite (Fig S4.4 shows the PL emission analysis from the direction of the
glass substrate). All samples showed multiple emission peaks, one at approximately 800 nm, which
is associated with the 3D perovskite peak in addition to other peaks at high energy, a result which
implies the existence of multidimensional (2D and 3D) perovskite layers in all samples. For the OAI
sample (Fig 4.2a), there are two peaks at 520 nm and 580 nm corresponding with the quasi-2D
perovskite states n = 1 and n = 2. The PAI sample (Fig 4.2b) contains peaks at 580 nm (n = 2) and
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630 nm (n = 3), which is consistent with previous studies [149], [150]. Interestingly, the PAI+OAI
spectra show only one 2D peak at 580 nm (n = 2), consistent with the XRD pattern. Fig S4.4 shows
the PL emission from the glass direction and contains no 2D emission peaks, indicating that the 2D
layer is deposited on the 3D perovskite layer. Moreover, when comparing the peak intensity for all
the samples, the PAI+OAI sample was found to have the most intense peak, followed by OAIl and
PAI, indicating a possible passivation effect by mixing different 2D cations [154], [155].
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Fig 4.2 Photoluminescence (PL) emission analysis of the 2D/3D perovskite films with the proposed
quasi-state 2D schematics for (a) OAI, (b) PAI, (c) OAI+PAL.

Additional PL emission mapping analysis was conducted as shown in Fig 4.3a, b, and ¢ for OAI, PAI,
and OAI+PAl, respectively. The maps reveal a similar trend to the PL emission spectra, where
OAI+PAI produces the highest intensity spectrum, followed by OAI and then PAI. Surface scanning
electron microscopy images were captured to explore the passivation phenomena, see Fig 4.3d, e, and
f for OAI, PAI, and OAI+PALl, respectively. The PAI morphology has plenty of pinholes, whereas
the OAI morphology possesses fewer pinholes. In comparison, the OAI+PAI sample shows a novel
morphological profile with better binding, indicating the elimination of pinholes through 2D cation

mixing, which may rationalize the higher PL emission. Note that the thickness of the 2D layers is
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essentially the same for the three samples as determined by cross-sectional SEM (Fig S4.5). Time-
resolved photoluminescence (TRPL) analysis was conducted as shown in Fig 4.3g, demonstrating the
highest carrier dynamics lifetime for OAI+PAI followed by OAI and PAI (Table S4.4), which
compliments the PL emission spectra and could be an indication of defect suppression at the 3D
perovskite surface [154], [155]. Moreover, ultraviolet photoelectron spectroscopy (UPS ) and UV-
visible (UV-vis) spectrophotometry were performed (Fig S4.6 and S4.7) in order to construct an
energy band diagram for OAI, PAI and OAI+PAI (Fig S4.8). Accordingly, the fermi-level for
OAI+PALl is shifted to higher energy compared to OAI and PAI, thus indicating the potential of fermi

level tuning with 2D cation mixing and overall enhancement of the carrier dynamics in PSC devices.

The performance of fully fabricated devices was evaluated and the JV characteristics and maximum
power point tracking are shown in Fig 4.3h and i, respectively. The devices with OAI+PAI achieve
the highest power conversion efficiency (PCE) of 21.17% compared to 20.41 and 20.03% for the OAI
and PAI devices, respectively (Figure 4.3h). Importantly, the OAI+PAI device retained the highest
PCE of 95% over 1000 h compared to 88 and 80% for OAI and PAI devices, respectively. The
enhanced photovoltaic parameters presumably result from the unified 2D-quasi states achieved by
cation mixing as well as defect passivation indicated by PL emission and decay analysis. We Further
demonstrate the hysteresis behaviors and incident power conversion efficiency (IPCE) respectively
in Fig S4.9 and S4.10. The OAI+PAI showed the least hysteresis index compared with OAI and PAI

samples as well as the highest current.
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Fig 4.3 Scanning electron microscopy surface image of the 2D/3D (a) OAl, (b) PAI, (c) OAI+PAI
perovskite films. PL emission mapping of the 2D/3D (d) OAl, (e) PAI, (f) OAI+PAI perovskite films.
(g) Time-resolved photoluminescence spectroscopy (TRPL) for OAI, PAI and OAI+PAI. (h) JV
characteristics and (i) normalized PCE versus time for devices with OAI, PAI and OAI+PAI 2D/3D
perovskite configurations.
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4.3 Conclusion

We investigated the effect of mixing two alkylammonium based cations to form interfacial 2D
perovskite films at the 3D perovskite/HTL interface. 2D cation mixing produces a 2D perovskite
crystal structure, with a pinhole-free surface morphology and an enhanced set of carrier dynamic
parameters, including the highest photoluminescence emission and carrier lifetime among single OAl
and PAI, properties which justify the improved photovoltaic performance and stability of PSCs.
Notably, the crystal structure of mixed-2D perovskite samples possess unique lattice length
parameters and maintain a homogenous quasi-2D state (n = 2). Furthermore, the mixed-2D cations
significantly improve device stability under 1 sun irradiation retaining 95% efficiency over 1000 h.
This facile approach based on 2D perovskite cation mixing is expected to pave the way for
engineering different combination of 2D perovskite-based cation mixing which could simulate highly
stable PSCs in the future.
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The motivation of this thesis is to explore compositional and interface passivation approaches in
perovskite solar cells to tackle trap-assisted recombination, and thus, improve photovoltaic
parameters. Defects, which are localized in perovskite grain boundaries and surfaces, have been
identified not only to reduce the power conversion efficiency and induce hysteresis behavior but also
to stimulate degradation in operating perovskite solar cells. Defect passivation are approaches that
aim to reduce trap density, and thereby, increase carrier lifetime and other key parameters in
perovskite solar cells. The work conducted targets the modification of interfaces and compositions of
layers in direct contact with the photo-absorbing perovskite layer, such as the electron transporting

and 2D perovskite layers, and provide profound insights to the role of novel layers.

Chapter 2 deals with a light-soaking study on perovskite films that utilize three different ETL
configurations based on compact metal oxides; TiO2, SnO2 and TiO2/SnOz. Initial maximum power
point tracking demonstrated that the TiO2 device experienced PCE deterioration immediately while
SnO:2 and TiO2/Sn0O:2 devices showed excellent PCE retention over the course of 1000 h. This finding
was supplemented by characterizations of fresh and light-soaked perovskite samples to understand
light-induced degradation based on ETL. After light soaking, the study reveals that perovskite films
employing TiO2 experienced severe carrier emission and lifetime loss, morphological degradation,
and surge of Pblz, while films employing SnO2 and TiO2/SnO2 showed no significant carrier dynamics
and morphological decline. Furthermore, TiO2/SnOz2 devices produced the highest PCE. Energy-band
diagrams revealed that samples utilizing TiO2/SnO2 possessed potentially a higher hole-blocking
ability due to energy band alignment, that in return, reduce recombination at the ETL/perovskite
interface. This study underpins the performance and stability benefit of utilizing TiO2/SnO: electron
transporting bilayers. Moreover, the prospect of applying TiO2/SnO:xz to flexible perovskite solar cells
has been raised due to reports demonstrating low-temperature (100 °C) and efficient c-TiO2 colloid

spray-coating [156], improving the scope of application of TiO2/SnO2 configurations.

Chapter 3 explores self-passivating halide agents in SnO2 and their impact on the performance of
perovskite solar cells. The study utilizes three different SnO2 precursors based on acetylacetonate
complexes; one without a halogen component (Acac), and two halogenated with chloride (CI2) and
bromide (Br2). Through thermal and elemental investigations, the study correlates a lower presence
of halide elements with increasing annealing temperatures. Moreover, the study finds that the Br2 has
a higher optimum annealing temperature than CI2 based on the PCE yield. Further increase of
annealing temperature causes a drop of Voc which is correlated with the loss of halide content in the

SnO:2 film. Furthermore, transmission electron microscopy revealed that optimum SnO:2 films are
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composed of both crystalline and amorphous components reinforcing that halide amorphous
components perform better than pristine and crystalline SnO2. Another outcome of this study reveals
that SnO2 based on Br2 resists thermal degradation up to 350 °C unlike CI2. This result demonstrates
the possibility of integrating SnO2 to perovskite films that require high temperature processing, such
as formamidinium lead iodide (FAPDbI3) [157], further expanding the applicability of high performing
SnO:2 films.

Chapter 3 investigates the mixing of two organic ammonium halides, based on octylammonium
iodide (OAI) and propylammonium iodide (PAI), in one precursor solution to fabricate novel 2D
perovskite films (OAI+PAI) at the 3D perovskite/HTL interface. Photoluminescence and x-ray
diffraction patterns revealed the formation of novel and single quasi-2D perovskite state (n = 2) in
OAI+PAIl with unique lattice parameters uncharacteristic in single OAIl and PAI samples.
Furthermore, the OAI+PAI sample showed enhanced morphological binding and improved carrier
emission and lifetime, potentially demonstrating a more pronounced passivation effect than single
OAI and PAI samples. These results are supplemented by superior PCE, stability, and negligible
hysteresis behavior in the mixed OAI+PAI sample. The results disclosed in this work demonstrate a
clear advantage in 2D perovskite mixing and could inspire a roadmap of further investigations in

mixed 2D perovskite combinations to enhance photovoltaic performance and stability.

While the presented passivation approaches had shown success in improving device performance and
stability, the future prospect of their application on commercial settings will rely on further
investigations. The introduction of these layers and interfaces could present yet unknown interactions
over long-term operations with many parameters to put into consideration. Conducting long-term
feasibility studies where the internal working dynamics of each interface is investigated will be the
next big step. Moreover, upscaling is another challenge to consider. It had been demonstrated that the
fabrication of larger area, perovskite modules reduce the efficiency due to the loss of homogeneity in
each participating layer. Fortunately, the advancement of high-area fabrication had picked pace
recently with techniques (such as inkjet-printing, slot-die and doctor coating) promoting
crystallization control and conformity. Despite the pressing challenges, perovskite photovoltaic
technologies have the potential to offsetting energy prices and stimulate further decarbonization

efforts.
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6.1 Appendix to Chapter 2

6.1.1 Experimental

Complete perovskite solar cell samples were prepared for the JV and stability measurements. Laser
scribed FTO glass (Nippon Sheet Glass) was bath-sonicated with detergent diluted in water (1:4) for
20 minutes, in only-water for 10 minutes, and in ethanol and acetone for 5 minutes each. TiO2 layers
were deposited by spray pyrolysis of precursor (0.25 mL of titanium diisopropoxide
bis(acetylacetonate) in 4.5 mL ethanol) on FTO at 450 °C and left 30 minutes for sintering. The SnO2
layers were deposited by spin-coating SnO2 nanoparticles diluted in water (3.66%) at 3000 RPM for
30 seconds and annealed at 150 °C for 30 minutes. The substrates were UV ozone treated for 15
minutes before depositing the perovskite layer. A triple cation perovskite recipe with excess lead
(FAPbI3)0.875(MAPbBr3)0.125(CsPbl3)o.1 was prepared by adding methylammonium bromide (0.15 M),
lead bromide (0.15 M), cesium iodide (0.13 M), formamidinium iodide (1.0 M) and lead iodide (1.2
M) into DMF : DMSO = 4:1 (volumetric ratio). The above perovskite solution was spin-coated on
top of the substrate at a two-step program set at 1000 and 5000 rpm for 12 and 30 s, respectively. A
100 pL of antisolvent (chlorobenzene) was deposited on the substrate 15 s on the second step of the
spin-coating program. The substrate was placed on a heating plate at 100 °C for 1 h to allow perovskite
thermal post-processing. The HTL (spiro-OMeTAD) precursor solution was prepared by dissolving
60 mg of spiro-OMeTAD in 768 pL chlorobenzene, 24 uL 4-fert-butylpyridine, 14 pL of
bis(trifuoromethane)sulfonimide lihium in acetonitrile solution (517 mg mL') and 11 pL of
tris(2(1Hpyrazol-1-yl)-4-tert-butylpyridine)cobalt(Ill)  tri[bis(trifloromethane)sulfonimide] in
acetonitrile solution (376 mg mL"). The HTL precursor solution was deposited dynamically on the
spin-coating samples at 5000 rpm for 20 s. Subsequently, 70 nm of gold was deposited through a
sublimation procedure. Light soaking (for XRD and SEM) samples were prepared by depositing the
ETL layer first (TiO2, SnOz2, and TiO2/SnO: configurations) on FTO substrate. The perovskite layer

was deposited on top. The PL samples were similarly prepared, however, the substrate used is glass.
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6.1.2 Characterization

The stability test was performed by keeping samples in the dark without encapsulation at 0% relative
humidity with nitrogen atmosphere and 25 °C. Microscopy images were captured by a cold field
emission scanning electron microscope (SU8200, Hitachi high-tech. Co.)., with an active area mask
of 4x4 mm?. The scanning step and speed were set at 10 mV and 50 mV/s respectively. UV-VIS
spectroscopy was measured by using a Lambda 950S (PerkinElmer, Inc.) instrument.
Photoluminescence emission spectra were measured by using LS-55 fluorescence spectrometer
(PerkinElmer, Inc.) and an excitation wavelength of 640 nm. Time-resolved photoluminescence
spectroscopy was performed by Fluorolog TCSPC with an excitation wavelength of 640 nm
(HORIBA, Ltd.). The ultraviolet photoelectron spectroscopy (UPS) equipped with He-I source
(hv=21.22 ¢V) (AXIS Nova, Kratos Analytical Ltd., UK) was done to determine the valence band
energy and Fermi level. The Fermi level of the samples was referred to that of Au which was in
electrical contact with a sample in UPS measurements. One dimensional X-ray diffraction (XRD)
analysis was carried out using a D8 Advance diffractometer (Bruker Corporation) with Cu Ka
radiation (Aka = 1.5418 A). I-V measurements were made using an Oriel VeraSol solar simulator
(Newport Corporation) by using calibrator LCE-50 (Centronics). The I-V measurement was
performed from 1.2 to 0 V.
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6.1.3 Supplementary Information

Table S2.1 Proportionality constant (A) and PL lifetime (t) extrapolated from exponential decay
fitting for the time-resolved photoluminescence measurement.

Before light soaking  After light soaking

A T A T
() (ns) ) (ns)
TiO, 0.916 90.9 0.971 34.0
SnO, 0.903 91.1 0.940 106.8
Ti0,/Sn0O; 0.887 96.6 0.956 93.3

1The equation for the fitting is y=yo+Axexp(-(X-Xo)/1).

Ti0,/Sn0,

Fig S2.1 Top view SEM images of perovskite film samples on top of (a) TiO2, (b) SnO2 and (c)
TiO2/SnO2 ETLs.
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Fig S2.2 Cross-sectional SEM images of fully fabricated PSCs with (a) TiO2, (b) SnO: and
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Fig S2.3 Maximum power point tracking (MPPT) under the light irradiation including UV-light.
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Fig S2.4 Voc plotted against the logarithm of Jsc in the PSCs with TiO2, SnOz2, and TiO2/SnO: after
50 h light soaking.
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Fig S2.5 Energy band diagram for each electron transport layer. Noteworthily, we found that the
Fermi-level for the SnOz2 layer in the bilayered configuration (TiO2/Sn0O2) is higher than sole SnOa.
The higher Fermi-level could increase the Voc of PSCs.
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determine the optical bandgap.
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Fig S2.9 JV hysteresis of perovskite solar cells with (a) TiOz, (b) SnOz2, and (c) TiO2/SnO2
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Table S2.2 Photovoltaic properties of perovskite solar cells for IV hysteresis

Voc

ETL Jsc (MA cm?) V) FF Eff. (%)
) Reverse 23.10 1.055 0.674 16.51
S 23.00 0908  0.908 6.51
Reverse 22.98 1003  0.718 16.51
M2 ward 22,63 0.963 0585 12.95
rioysno, RO 22.75 1095  0.794 19.77

Forward 22.84 1.076 0.747 18.23
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6.2.1 Experimental

FTO glass substrates (Nippon sheet glass) were sequentially cleaned with detergent and
ethanol. A compact TiO layer was coated by spray pyrolysis deposition on the cleaned FTO
substrates heated at 450 °C. SnO3 layers are prepared by spin-coating a precursor solution of
tin acetylaceontate based precursors dissolved in dimethyformamide. 0.1 M SnCl4 aqueous
solution was spin-coated at 5,000 rpm for 10 s on the substrates to get ~20 nm thickness. Then
the substrates were transferred onto a hotplate and heated between 160 °C and 350 °C for 1 h
and cooled down. The (FAPDbI3)o.ss(MAPDBTI3)0.15 precursor solution was prepared by mixing
Pbl, (1.15 M, TCI), PbBr2 (0.2 M, TCI), FAI (1.05 M, Dyesol), MABr (0.2 M, Dyesol) in a
mixed solvent of DMF:DMSO = 4:1 (volume ratio). The precursor solution was spin-coated
at 1,000 rpm for 10 s and, continuously at 5,000 rpm for 30 s. During the second step, 100 pL
of chlorobenzene was poured on the film at 15 s. Films are post-annealed at 100 °C for 60
min. For the two-step deposition method, Pbl> (1.3 M) containing 2.5 mol% PbBr, was
dissolved in 1 ml of DMF and DMSO (ratio=4:1) solution at 80 °C. Then the solution was
spin coated on the SnO, substrate at 3,000 rpm for 30 s, the mixture solution of
FAI:MABr:MACI (80:10:10 mg in 1 mL IPA) was spin coated on the Pbl, substrate at 5000
rpm for 30 s. Films were annealed at 150 °C for 25 min and 100 °C for 30 min. Finally, Spiro-
OMeTAD was spin-coated at 4,000 rpm for 25 s. The 70 mM Spiro-OMeTAD solution was
prepared by dissolving in chlorobenzene with 4-tert-butylpyridine, Li-TFSI in acetonitrile,
and Co[t-BuPyPz]3[TFSI]3 (FK209, Dyesol) in acetonitrile at the molar ratio of Spiro :
FK209 : Li-TFSI : TBP of 1 :0.03 : 0.5 : 3.3. Devices were completed with a thermal
evaporation of 70 nm thickness gold counter electrodes.
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6.2.2 Characterization

XRD analysis was carried out using Bruker D8 Advance diffractometer in an angle range of
20 = 10 ° to 40 °. Scanning electron microscopy (SEM) measurements were carried out on
ZEISS Merlin at 5 kV, and images were acquired by an in-lens secondary electron detector.
Transmission electron microscopy imaging and energy-dispersive X-ray (EDX) analysis were
performed on a FEI Tecnai Osiris at 200 kV. This microscope is equipped with a high
brightness X-FEG gun and silicon drift Super-X EDX detectors and Bruker Esprit acquisition
software. Samples for TEM imaging were prepared via depositing the SnO; film on a TEM
grid with a carbon support film. The TEM grids were then heat-treated at 180 °C. XPS analysis
was done by an equipment (Quantum 2000 system) with Al ka x-ray source (hv: 1487 eV)
and a hemispherical electron analyzer. The XPS results provide the average chemical
information on spatial area of 100 um diameter and depth of 5~10 nm. Absorbance and
reflectance were measured with an integrating sphere using the UV/Vis/NIR spectroscopy
(PerkinElmer Lambda 950S). The photoluminescence emission was measured with the
Fluorescence spectrometer (PerkinElmer LS 55). TGA analysis (TGA 4000 PerkinElmer) was
done at a scan rate of 10 °C/min from 30 °C to 500 °C. The UPS measurements were
performed in home-made photoemission spectroscopy system, which consists of ultraviolet
source (VUV 5000) and electron analyzer (SES-100) in ultrahigh vacuum (UHV) chamber.
The He Il source of 40.8 eV, controlled using monochromator, enables to obtain precise

electronic structures from UPS spectra.

The solar cell measurement was done using Oriel solar simulator (450W Xenon, AAA class).
The light intensity was calibrated with a Si reference cell equipped with an IR-cutoff filter
(KG3, Newport), and it was recorded prior to measurement. Current-voltage characteristics
of the cells were obtained by applying an external voltage bias while measuring the current
response with a digital source meter (Keithley 2400). The voltage scan rate was 100 mV s!
and no device preconditioning such as light soaking or forward voltage bias applied for long
time, was applied before starting the measurement. The cells were masked with the active area
of 0.16 or 0.89 cm? to fix the active area and reduce the influence of the scattered light. EQE
was measured with IQE200B (Oriel) without bias light.
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6.2.3 Supplementary Information
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Fig S3.1 Energy dispersive X-ray (EDX) analysis. High-angle annular dark-field (HAADF) scanning
TEM image and corresponding elemental maps of Sn, O, Cl and Br of the tin oxide films deposited
on a carbon TEM grid.
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Fig S3.2 High-resolution TEM images of Acac, CI2 and Br2 annealed at 180 °C.
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Fig S3.3 SEM cross-sectional images for the complete cells. The thickness of the ETL layer is higher
for Cl2/Perovskite and Br2/perovskite than Acac/perovskite and c-TiO2/perovskite.
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Fig S3.4 Absorbance (a) and X-ray diffraction patterns (b) of the perovskite film on the FTO/ETLSs.
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c-TiO,/perovskite Acac/perovskite

Cl2/perovskite Br2/perovskite

Fig S3.5 Top-view SEM images of the perovskite films formed on c-TiO2, Acac, ClI2 and Br2 films,
respectively.
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Fig S3.6 Top-view images SEM of c-TiO2, Acac, CI2 and Br2 on FTO, respectively. Films are
annealed at 180 °C 1 h.
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Fig S3.7 Top view SEM images of Acac, Cl2 and Br2 films on FTO/c-TiOz (left). An Acac solution
in DMF turns into a turbid solution in a few hours while other solutions show no color or transparency
change.
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Fig S3.8 Typical J-V curves of perovskite solar cells with c-TiO2/Br2 BETLs prepared at 160 °C.
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Fig S3.9 pH test of the colloidal SnO2 15% in water (AlfaAesar). The result indicates the colloidal
solution is in a highly basic condition with pH=11~12.
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Fig S3.10 A J-V curve of the planar-type perovskite mini-module.
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Fig S3.11 External quantum efficiency (EQE) of the champion cell.
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Fig S3.12 SEM top-view images of the perovskite films with one-step (a) and two-step method (b).
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Fig S3.13 Long-term stability of the champion cell.
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Fig S3.14 A certificate of the solar cell measured at the Newport.
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Fig S3.15 Box plot for perovskite devices employing Cl2, Br2 and m-TiO2 BETL configurations
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6.3  Appendix to Chapter 4

6.3.1 Experimental

Sample preparation

Samples for characterization were prepared starting with a FTO substrate. The samples were
sonicated in diluted detergent (1:4), water and isopropanol for 20, 10 and 5 min, respectively. Next,
the samples were ozone treated for 15 min. A perovskite precursor composed of three cations
(FAPDI3)0.85(CsPbls)o.0s(MAPbI2Cl)o.10 with excess Pbl2 was prepared by dissolving 1.436 M of lead
iodide, 1.26 M of formamidinium iodide, 0.07 M of cesium iodide and 0.07 mg of methylammonium
chloride in a 4:1 volumetric solution of DMSO:DMF. Spin-coating was performed through a two-
step program running at 1000 and 3000 RPM for 12 and 30 s, respectively. 20 s into the second step
a diethyl ether anti-solvent was dispensed. The samples were transferred to a 100 °C annealing plate
after spin-coating and left for 1 h to allow optimal crystallization. The 2D perovskite solutions were
spin-coated directly onto the 3D perovskite films at 3000 RPM for 15 s using three different
isopropanol solutions (0.05 M n-octyl ammonium iodide for OAI, 0.05 M of propylammonium iodide

for PAIl and 0.05M of propylammonium iodide and n-octylammonium iodide mixture for OAI+PAL).

Device fabrication

Perovskite solar cell devices were fabricated to obtain performance parameters (JV and stability
measurements.) Between each step, the samples were ozone-treated for 15 minutes. The fabrication
was started by sonicating laser scribed FTO glass in diluted detergent (1:4), water, isopropanol, and
acetone baths for 20, 10, 5 and 5 min, respectively. The compact TiO: layer was fabricated on top of
the FTO by a spray pyrolysis procedure using a precursor solution (1.2 mL titanium diisopropoxide
bis(acetylacetonate) in 20 mL of ethanol) at 450 °C annealing temperature. The mesoporous TiO2
precursor solution was prepared by dissolving 0.381 g of TiO2 paste in an 5 mL ethanol solution.
Thereafter, the precursor was spin-coated at 2600 RPM and thermally processed through an annealing
recipe (150, 250, 350, 450 and 500 °C for 5, 5, 5, 10 and 20 min respectively.) The SnO: layer was
deposited by spin-coating the precursor (12 Ul of SnClsin 988 [IL of H20) at 3000 RPM and annealed
at 190 °C for 1 h. The HTL was deposited on the perovskite layer by spin-coating (3000 rpm for 30
s); the HTL (spiro-OMeTAD) precursor solution was prepared by dissolving 60 mg of spiro-
OMeTAD in 768 pL chlorobenzene, 24 uL 4-tert-butyl pyridine, 14 puL of
bis(trifluoromethane)sulfonimide lithium in acetonitrile solution (517 mg mL™) and 11 pL of

tris(2(1Hpyrazol-1-yl)-4-tert-butyl  pyridine)cobalt(l11) tri[bis(trifluoromethane)sulfonimide] in
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acetonitrile solution (376 mg mL™1). Finally, 70 nm of the gold contact layer was deposited by a

thermal evaporation method.

6.3.2 Characterization

The 1-V measurements were carried out using an Oriel VeraSol solar simulator (Newport
Corporation) and a LCE-50 (Centronics) calibrator, carried out from 1.2 to 0 V and from 0 to 1.2V
as reverse and forward scans, respectively, using a mask of 0.0804 mm?. The scanning step and speed
were 10 mV and 50 mV s~!, respectively. UV/vis spectroscopy was measured using a Lambda 950S
(PerkinElmer, Inc.). PL emission spectra were obtained with Fluorolog TCSPC (HORIBA, Ltd.) and
an excitation wavelength of 475 nm. Time-resolved PL spectroscopy was conducted by Fluorolog
TCSPC with an excitation wavelength of 640 nm (HORIBA, Ltd.). PL mapping was performed by
inVia confocal Raman microscope (Renishaw plc.). SEM images were measured by field emission
scanning electron microscopy (FEI, Teneo SEM). XPS and UPS measurements were recorded on a
VersaProbe Il (Physical Electronics Inc.) with a monochromator and Al Ka 1486.6 ¢V source. The
spectrum was referenced using the C-C bound component of the adventitious carbon. The maximum
power tracking and the stability test were carried out by keeping samples under the 1 sun
(100 mW cm™2) illumination with 100% nitrogen atmosphere and 0% humidity at 25 °C. X-ray
diffraction (XRD) analysis was carried out using a D8 Advance diffractometer (Bruker Corporation)
with Cu Ko radiation (A\Ko = 1.5418 A).
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6.3.3 Supplementary Information
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Fig S4.1 Full XRD spectra for OAI, PAI and OAI+PAI samples.
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Fig S4.2Sample measured and fitted XRD spectra for OAI+PAl.
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Table S4.1 Fitted crystal data for 2D Perovskite OAI+PAI

OAI+PAI

hkl Phase - 1 Lebail method

R-Bragg

Spacegroup

Scale
Cell Mass

Cell Volume (A”3)
Wt% - Rietveld

Double-Voigt|/Approach

Cry size Lorentzian
k: 0.89 LVol-IB (nm)

k: 0.89 LVol-FWHM (nm)

Lattice parameters

a(A)

\OSNNN\]\IOO\]MMOOWWMHHO\MHLNB‘
1
—_

N S I I N N N N N N N I N N N N SR N N S S

d
21.81932
10.90966

8.82622
7.66119
7.27311
6.28525
6.28525
6.26969
5.82079
5.82079
5.45483
5.13554
5.13554
5.12704
4.50624
4.47625
4.44909
4.44909
4.41311
4.38493
4.38493
4.36386
4.26999

99.961
Pbca
1.60767e-007
1.000
3520.95291
100.000
194.9
110.417
73.443
43.6386405
9.0124875
8.9525000
Th2 I
4.04632  1.17e+005
8.09770  5.32¢+004
10.01358  3.88e-042
11.54116  6.23e+003
12.15925  1.03e+005
14.07933  8.65e-041
14.07933  5.09¢-042
14.11445  1.89¢-041
15.20917  2.03e-041
15.20917  7.85e-043
16.23619  1.3e-041
17.25312  1.49e-041
17.25312  7.32e-041
17.28194  1.88e-041
19.68497  4.25e-042
19.81820  6.83¢-042
19.94042  2.29e-042
19.94042  1.31e-042
20.10467  3.71e-042
20.23524  1.06e-042
20.23524  1.66e-042
20.33395  9.81e-044
20.78588  2.82e-043
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Table S4.2 Fitted crystal data for 2D perovskite OAI

OAl

hkl Phase - 1 Lebail method

R-Bragg
Spacegroup
Scale

Cell Mass

Cell Volume (A”3)
W1t% - Rietveld

Double-Voigt|Approach

Cry size Lorentzian
k: 1 LVol-IB (nm)
k: 0.89 LVol-FWHM (nm)
Lattice parameters

a(A)

OPO~NNEPNOUIOITNOOWWERFRPFRPROODOWEMNITD

o
NARAALBRMLUARNALRANALRALPRNNARANDNS

d
22.46418
11.23209

9.18028
7.94834
7.48806
6.48814
6.15216
6.15216
5.73691
5.73691
5.61604
5.29665
5.10907
5.10907
4.68907
4.59014
4.49284
4.46322
4.46322
4.40662
4.32714
4.14440

Th2
3.93012
7.86488

9.62645
11.12288
11.80895
13.63693

14.38550
14.38550

15.43288
15.43288
15.76711
16.72450

17.34319
17.34319
18.91026
19.32169

19.74431
19.87667

19.87667
20.13459
20.50839
21.42311

61.680
Pbca

3.35345e-006

1.000
3492.44104
100.000

24.3
15.445
21.592

449283527
9.3781457
8.2887991

I
572
1.5e-010
3.88e-042
27
6.21e-022
1.89%e-041

6.79e-018

1.18e-043

1.04e-029

4.53e-033
4.24e-030
1.49e-041

7.32e-041

1.88e-041
4.25e-042
6.83e-042
2.29e-042
2.29e-042

3.71e-042

1.06e-042
1.66e-042
9.81e-044

105



Appendix to Chapter 4

Table S4.3 Fitted crystal data for 2D perovskite PAI

PAI

hkl Phase - 1 Lebail method

R-Bragg

Spacegroup

Scale

Cell Mass

Cell Volume (A”3)
W1t% - Rietveld
Double-Voigt|Approach
Cry size Lorentzian

k: 1 LVol-IB (nm)

k: 0.89 LVol-FWHM (nm)

Lattice parameters

a(A)

b (A)

c(A)

h k I m d

2 0 0 2 18.86065
4 0 0 2 943032
1 1 0 4 8.92930
3 1 0 4 741978
1 1 1 4 6.39829
1 -1 -1 4 6.39829
6 0 0 2 6.28688
5 1 0 4 5.83123
3 -1 -1 4 5.76875
3 1 1 4 576875
5 -1 -1 4 492103
5 1 1 4 492103
8 0 0 2 471516
7 1 0 4 4.64860
0 2 0 2 459526
0 0 2 2 458636
2 2 0 4 4.46465
2 0 -2 2 4.45649
2 0 2 2 4.45649

Th2

4.68140
9.37063
9.89769
11.91801
13.82935
13.82935
14.07566
15.18177
15.34718
15.34718
18.01130
18.01130
18.80467
19.07642
19.29998
19.33779
19.87020
19.90697
19.90697

99.968
Pbca
1.37335e-009
1.000
3179.97927
100.000

67.3
42.845
59.898

37.7212996
9.1905125
9.1727152

I
1.42e+007
3.16e+007
8.48e-042
1.48e-041
5.16e-035
5.99e-035
7.03e+007
5.81e-042
1.89%e-041
7.77e-042
1.14e-041
1.56e-040
4.53e-043
1.66e-042
2.29e-042
1.07e-042
6.69e-041
1.31e-042
1.34e-042
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Fig S4.3 XPS spectra of (a) N 1s, (b) Pb 4f, (c) 1 3d, (d) C 1s, and (e) Cs 3d for the 2D/3D samples.
The 3D perovskite sample without 2D layer was used as a reference.
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Fig S4.4 PL emission spectra for OAI, PAI, and OAI+PAI samples. The incident emission laser is
from the glass side.
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Fig S4.5 Cross-sectional scanning electron microscopy of the (a) OAl, (b) PAI and (c) OAI+PAl
samples.
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Table S4.4 TRPL parameters for the OAI, PAI and OAI+PAL.

A, t, A, t,
[ns] [ns] [ns] [ns]
OAI 0.273 167.9 0.630 939.6
PAI 0.461 128.1 0.497 574.8
OAI+PAI 0.240 160.6 0.632 979.5

1 The equation for the fitting is y = yO+Alxexp(-(x-x0)/ta)+A2xexp(-(X-x0)/ tb).
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Fig S4.6 Measurement of the energy band diagram parameters. UPS spectrum edge of work function
for (a) OAI, (b) PAI, and (c) OAI+PAI samples. (b) Valence band edge of perovskite layer for € PAI,
() OAI, and (g) OAI+PAI samples.

109



Appendix to Chapter 4

8.0x10°
sl — OAl
-~ 6.0x10 Al
5 —— OAI+PAI
B
2 4.0x10° 4
=
3
2.0x10° 4
0.0 4 . .
2.2 24 26
hv (eV)

Fig S4.7 Tauc plot as obtained from UV-VIS to determine the bandgap of (a) OAI, (b) PAI, and (c)
OAI+PAI samples.
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Fig S4.8 Energy band diagram for OAI, PAI and OAI+PAI samples.
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Fig S4.9 Hysteresis behavior for (a) OAI, (b) PAI and (c) OAI+PAI samples.
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Fig S4.10 Incident photon to current efficiency (IPCE) OAI, PAI and OAI+PAI samples.
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