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Kurzfassung

Kurzfassung

Um den zukiinftigen weltweiten Strombedarf zu decken und gleichzeitig die CO,-
Emissionen durch fossile Energietrager zu senken, ist die Entwicklung von
Photovoltaiktechnologien eine der wichtigsten L&sungen zur Stromerzeugung aus
erneuerbaren Energiequellen. Gegenwartig wird das enorme Wachstum der Photovoltaik
hauptséachlich durch kristalline Silicium-Solarzellen (c-Si) vorangetrieben. Allerdings nahert
sich ihr Wirkungsgrad (power conversion efficiency, PCE) bereits der theoretischen Grenze
von 29%. Eine der vielversprechendsten Lésungen zur Uberwindung dieses Limits ist die
Kombination von Silicium als untere Zelle mit einer oberen Zelle mit breiter Bandliicke in
einer Tandemkonfiguration (Mehrfachiibergang). Organisch-anorganische
Metallhalogenid-Perowskit-Solarzellen (perovskite solar cells, PSCs) gehoéren zu den
aufstrebenden Photovoltaik-Technologien und weisen aufgrund ihrer hervorragenden
optoelektronischen Eigenschaften, variablen Abscheidemethoden und ihres potenziell
kostenglinstigen Herstellungsprozesses ein groRes Potenzial als obere Zelle mit einer
breiten Bandliicke auf. Tandemsolarzellen auf Perowskit-Basis haben bereits einen hohen
Wirkungsgrad von 29,8 % erreicht, der lGber dem theoretischen Grenzwert von Silicium-
Einzelschichtzellen liegt. Um diesen Wirkungsgrad noch weiter zu steigern, muss, als
entscheidende Herausforderung das groRRe Leerlaufspannungsdefizit (definiert als Eg/g-Voc,
wobei Eg die Perowskit-Bandliicke ist) in PSCs mit breiter Bandliicke verringert werden.
Dieses ist aufstarke nicht-strahlende Rekombination zurlickzufiihren, die hauptsachlich
durch die defektunterstiitzte Rekombination im Inneren oder an der Oberflache der
Perowskit-Diinnschicht oder durch eine ungeeignete Bandanpassung an der Grenzflache
zwischen der Perowskit- und den Ladungstransportschichten verursacht wird.

Ziel dieser Arbeit ist die Reduktion dieses Photospannungsverlustes in PSC hoher
Bandliickedurch die Entwicklung neuartiger Passivierungsstrategien unter Verwendung
zweidimensionaler (2D) Ruddlesden-Popper Perowskit-Materialien, um die nicht-radiative
Rekombination zu minimieren. In diesem Zusammenhang wird als Ausgangspunkt eine
neuartige  Strategie unter  Verwendung einer  2D/3D-Heterostruktur  als
Oberflachenpassivierung und einer Elektronensperrschicht zwischen einem Perowskit mit
grofRer Bandliicke (1,72 eV) und einem Lochtransportmaterial in PSCs mit n-i-p-Architektur
eingesetzt. Die auf dieser Strategie basierenden Bauelemente weisen eine signifikante
Verbesserung der Voc von bis zu 80 mV auf, was 90 % der Shockley-Queisser-Grenze fir die
gegebene Bandliicke entspricht. Als Nachstes wird diese erfolgreiche Strategie in PSCs mit
konstruierten Bandlicken angewandt, um die PCE von mechanisch gestapelten 4-Terminal
(4T)-Tandemsolarzellen zu maximieren, indem die optimale Bandliicke des Perowskit-
Absorbers bestimmt wird. Die Ergebnisse zeigen, dass die
Oberflachenpassivierungsstrategie unabhangig von der Bandliicke des Perowskits zu einer
Gesamtverbesserung von 45 mV fiir alle Bauelemente flihrt. Nachfolgend wird gezeigt, dass
die Kombination der 2D/3D-Heterostruktur-PSCs verschiedener Bandliicken in A4T-



Kurzfassung

Perowskit/c-Si oder 4T-Perowskit/CIGS-Tandemsolarzellen eine vergleichbare PCE fur den
Eg-Bereich von 1,65-1,74 eV besitzt. Dariber hinaus zeigt dieses experimentelle Ergebnis
zum ersten Mal, dass hohe Bandliicken (Eg > 1,74 eV) in PSCs nichtideal sind, um die hochste
PCE in einer 4T-Tandemkonfiguration zu erreichen, was den Vorhersagen von Simulationen
widerspricht. SchlieRlich wird angesichts der Bedeutung von PSCs mit p-i-n-Architektur flr
2T-Tandemsolarzellen eine doppelte Passivierungsstrategie eingefiihrt, bei der ein
langkettiges Alkylammoniumsalz sowohl als Additiv in der Perowskitschicht als auch zur
Oberflachenbehandlung verwendet wird, um gleichzeitig die Korngrenzen und die
Grenzflache zwischen Perowskit und elektronentransportierender Schicht zu passivieren.
Das dual passivierte Bauelement weist einen hohen PCE-Wert von 22,7 % auf, der einer der
hochsten bisher fiir p-i-n-PSCs veroffentlichenWirkungsgrade ist. Darliber hinaus werden
die p-i-n-PSCs mit breiter Bandliicke, die auf der entwickelten
Doppelpassivierungsstrategie basieren, in 4T-Perowskit/CIGS- und 2T-Perowskit/Silizium-
Tandemsolarzellen integriert, um die Effizienz von Perowskit-basierten Tandem-
Bauelementen im Vergleich zu den Einzelzelleffizienzen weiter zu verbessern.
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Abstract

To meet the global electricity demand in the future while lowering the energy-related CO,
emissions, the development of renewable energy technologies based on photovoltaics is
one of the key solutions. Currently, the enormous growth of photovoltaics is mainly driven
by single-junction crystalline silicon (c-Si) solar cells. However, their power conversion
efficiency (PCE) is already approaching the theoretical limit (29%). One of the most
promising solutions to go beyond this limit is coupling silicon as the bottom cell with a wide-
bandgap top cell in a multijunction (tandem) configuration. Organic-inorganic metal-
halides perovskite solar cells (PSCs), as one of the emerging photovoltaic technologies,
show great potential for such wide-bandgap due to their superb optoelectronic properties,
variable deposition techniques and potentially low-cost fabrication process. The
perovskite-based tandem solar cell has already demonstrated high efficiency of 29.8%
which is above the theoretical limit of the single junction silicon cell. However, to improve
this PCE one step further, one of the crucial challenges that are needed to address is
reducing the large open-circuit voltage (Voc) deficit (defined as Eg/g—Voc, where Eg is the
perovskite bandgap) in wide-bandgap PSC. This originates from the severe non-radiative
recombination mainly due to the defect-assisted recombination within the bulk or at the
surface of the perovskite or inappropriate band alignment at the interface between the
perovskite and charge transport layers.

The aim of this thesis is to deal with this photovoltage loss in wide-bandgap PSC by
developing novel passivation strategies using emerging 2D Ruddlesden—Popper perovskite
materials in order to minimize non-radiative recombination. In this regard, as a starting
point, a pioneering strategy utilizing a 2D/3D heterostructure is employed as surface
passivation and electron-blocking layer between wide-bandgap perovskite (1.72 eV) and
hole transport material in PSCs with standard n-i-p architecture. The devices based on this
strategy demonstrate a significant enhancement in Voc up to 80 mV, corresponding to 90%
of the Shockley-Queisser limit for the given bandgap. Next, this successful strategy is
employed in PSCs with engineered bandgaps in order to maximize the PCE of the
mechanically stacked 4-terminal (4T) tandem devices by determining the optimum Eg of
the perovskite absorber. The results show that regardless of the perovskite bandgap, the
surface passivation strategy results in an overall improvement of 45 mV for all devices. In
the following, coupling the 2D/3D heterostructure PSCs with engineered bandgap into 4T
perovskite/c-Si or 4T perovskite/CIGS tandem solar cell exhibit a comparable PCE for the E;
ranging from 1.65-1.74 eV. In addition, this experimental finding for the first time reveals
that wide-bandgap PSC with Eg > 1.74 is not the ideal bandgap to reach the highest PCE for
the 4T tandem configuration, which contradicts predictions made by simulations based on
the detailed-balance principle. Finally, in view of the importance of PSCs with p-i-n
architecture for 2T tandem solar cells, a dual passivation strategy is introduced using a long-
chain alkylammonium salt both as an additive into the perovskite bulk and for surface
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treatment to simultaneously passivate the grain boundaries and the perovskite/electron
transporting layer interface. The dual passivated device exhibits a high PCE of 22.7%, which
is one of the highest reported for p-i-n PSCs so far. Further, the wide-bandgap p-i-n PSCs
based on the developed dual passivation strategy are integrated into 4T perovskite/CIGS
and 2T perovskite/c-Si tandem solar cells to further improve the efficiency of perovskite-
based tandem devices with respect to the single-junction efficiencies.
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Introduction

1. Introduction

The “Sixth Assessment Report” from the Intergovernmental Panel on Climate Change
(IPCC) published on Aug. 2021 indicates that human activity has led to an increase in the
average temperature of our planet by at least 1°C since the industrial revolution.® A
substantial portion of this increase (40%) is attributed to the use of fossil fuels (oil, coal and
natural gas) that release carbon dioxide (CO2) and other greenhouse gases.>™ At the
current rate, the temperature is expected to increase by 1.5°C by 2040.> This is a “Code
Red” for humanity as we are already experiencing some of the uncontrolled consequences
of climate change today: rising sea levels, enduring heat waves, periodic extreme colds and
flash floods are becoming more prominent.! To avoid these profound effects of climate
change, bold action must be taken to slow down the current rate of CO; emission in
alignment with the goals of the 2015 International Paris Agreement, which aims to hold the
average increase in global temperature below 1.5°C.° However, one also has to consider
the growing global demand for energy. According to the 2021 outlook of the Energy
Information Administration (EIA), energy demand is expected to rise nearly 50% by 2050
compared to the 2020 level due to population growth coupled with economic and
technology development.” Therefore, a complete transformation of global energy
infrastructure towards clean and renewable energy is imperative to secure a peaceful and
sustainable future while meeting the demand for rising energy consumption.

Among all renewable energy technologies, photovoltaics (PV) plays an essential
contribution in the ongoing energy transition, allowing for the direct conversion of sunlight
into electrical energy.®® Thanks to the abundant resource of the sun along with remarkable
market potential and cost-effectiveness, the solar PV share of global power generation can
rise to 25% by 2050 (reported by the International Renewable Energy Agency (IRENA)
2019).%10 In this context, the global installed PV capacity has increased up to 707 GW, in
2020, which already represents a market growth of 30% as compared to the worldwide
cumulative PV capacity in 2019.1! Despite these advances, the pathway towards further
investments, capacity expansion and installation of PV requires a steady reduction of prices
to increase competitiveness compared to carbon-based energy resources such as coal or
natural gas. This means a low levelized cost of electricity (LCOE), which refers to the cost of
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Figure 1-1: Power conversion efficiency evolution of single-junction perovskite, silicon (Si), Copper indium
gallium selenide (CIGS) and perovskite-based tandem solar cells in a 2-terminal (2T) and 4-terminal (4T)
configuration in combination with Si, and CIGS solar cells. Adapted from National Renewable Energy
Laboratory (NREL) efficiency chart [*3].

energy in €/kWh, is highly desirable. Prediction for forecasts in Germany shows that in 2040
the LCOE will be between 1.92 and 3.51 €Cent/kWh for ground-mounted PV systems, which
will be remarkably lower than the average LCOE of any fossil fuel power plant in the same
year.!! To meet this prediction, increasing the power conversion efficiency (PCE) of solar
PV is pivotal. In terms of the current market, silicon solar cells dominate more than 95% of
the global market share.'> However, the record PCE of crystalline-silicon (c-Si) solar cells
has reached 26.7%,** which is already converging towards its theoretical efficiency limit
(~29.4%).14 Thus, further significant improvements are improbable for c-Si PV technology.
A promising approach to overcome this limitation is to use a multi-junction solar cell
configuration (so-called tandem solar cell) which utilizes materials of different bandgaps
stacked atop of each other. The simplest multi-junction configuration combines two
subcells, each of which absorbs a specific part of the solar spectrum more efficiently than
an equivalent single-junction device, thereby increasing the theoretical PCE limit to around
45%.> Reaching such high efficiencies is indeed an attractive route to reduce the LCOE.

Currently, the most efficient tandem solar cell (with two subcells) is based on a IlI-V
semiconductor (gallium arsenide) combined with c-Si, showing a champion PCE of 32.8%
under 1-Sun illumination.'® Although this high efficiency is an extraordinary achievement,
complex manufacturing processes and high IlI-V material costs restrict such devices to
space-based or concentrator PV applications.’'® A comparatively new PV material with a
high-efficiency, potentially low-cost fabrication process and upscaling feasibility comes
with the emergence of organic-inorganic halide perovskites absorbers.'>! In particular,
the possibility of tuning the bandgap (Eg) of the perovskite absorber from 1.5 to 2.3 eV
makes them a uniquely suitable candidate for inclusion in tandem solar cells.?>=%> In terms
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Figure 1-2: Champion (a) power conversion efficiencies (PCEs) of n-i-p vs. p-i-n perovskite solar cells and (b)
open-circuit voltage (Voc) as a function of perovskite bandgap obtained from the best mixed-halide perovskite
solar cells having decent power conversion efficiency (PCE) >12% reported in the literature. The dashed line
displays a Voc representing 90% of Shockley-Queisser (S-Q) limit.

of single-junction architecture, perovskite solar cells (PSCs) have already demonstrated
enormous progress in PCE, with an increase from only 3% in 2009%° to a recent record PCE
of 25.7%.%” Recently, a similar stunning breakthrough is also observed for perovskite-based
tandem solar cells in conjunction with c-Si, achieving a PCE of 29.8% (Figure 1-1).13 This
superior PCE compared to the respective single-junction devices indicates a great potential
for perovskite-based tandem devices, facilitating their integration into the PV market in the
near future. It is worth stating that several startup companies, such as Oxford PV, Swift
Solar, and Tandem PV are already attempting to bring this technology into the global PV
market.?®

Perovskite-based tandem solar cells are typically fabricated in either a two- or four-
terminal (2T or 4T) configuration, each of which has specific advantages and drawbacks
(details of each configuration can be found in Chapter 2). The main advantage of the
mechanically stacked 4T configuration is that both subcells are electrically isolated and can
operate independently at their maximum power point. This allows a large degree of
freedom in the fabrication process (e.g., temperature, solvent, substrate roughness, etc.)
for each subcell, which is of particular importance for PSCs.?*! As a result, a top PSC can
be employed in both two common planar architectures namely standard n-i-p or inverted
p-i-n, which is defined based on the sequence of functional layers in the device (a detailed
description of each architecture can be found in Chapter 2). However, one problem
associated with the 4T configuration is the need for a second direct current/alternating
current (DC/AC) inverter for the tandem system, which implies an additional cost to the PV
module.3132 A possible alternative is a monolithically stacked 2T that exhibits the cost-
effective tandem configuration, as similar to a single junction solar cell only two electrodes
with one DC/AC inverter are needed.?*31 Nevertheless, due to a series connection of both
subcells, current-matching between the top and bottom cells is required to maximize the
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PCE, which results in a limitation in the bandgap combinations.3%33 Besides, as the top PSC
is directly grown on top of the bottom c-Si or CIGS solar cells, the fabrication process of the
top cell can easily damage the underlying bottom cell. For this reason, although so far
single-junction PSCs with the n-i-p architecture have demonstrated the highest reported
PCE (25.7%), applying them to the 2T perovskite/c-Si tandem solar cell is crucially inhibited
due to their high-temperature fabrication process of electron transport layer and the lack
of the sufficient optical transparency for hole-transporting layer.3437 Therefore, the
monolithic tandem solar cell research is focused on PSC with p-i-n architecture. This
highlights the importance of developing the high-efficiency p-i-n PSCs, as their PCE is still
lagging behind in comparison with their n—i—p counterparts as shown in Figure 1-2a.

Notably, for both 2T and 4T perovskite-based tandem solar cells, a wide-bandgap
perovskite absorber in the range of 1.65-1.85eV (according to the detailed-balance
calculation) is needed for optimal performance when used as the top cell absorber in
conjunction with a low bandgap Si (1.1 eV) or CIGS (1.2 eV) bottom cell.333 Such wide-
bandgap absorbers play a critical role in harvesting the high-energy photons in a tandem
configuration as well as yielding high open-circuit voltage (Voc). The most straightforward
way to widen the bandgap of the perovskite is by varying the halide ratio (for example by
simple substitution of iodine (I) with bromine (Br)) in the composition of the perovskite
material as we will discuss in detail in Chapter 2.2%3° However, achieving a high Voc (close
to the theoretical limit ) in such wide-bandgap PSCs is a great challenge, as increasing the
bandgap is not directly accompanied by an increase in Voc, resulting in high Voc deficits
(defined as Eg/q - Voc).*>*3 The primary causes for this large Voc loss arise from severe non-
radiative recombination losses due to a high density of defects present: (i) in the bulk/grain
boundaries of the wide-bandgap perovskite absorber layer and (ii) at the surface/interface
between perovskite and selective charge transport layers (CTLs).***® Furthermore, an
inappropriate energy level alignment at the perovskite/CTL interface and phase
segregation of the halide ions in the wide bandgap perovskite absorbers can also limit the
Voc as compared to low bandgap absorbers.4°=>! So far, there has been no report in the
literature with a Voc above 90% of the Shockley-Queisser (S-Q) limit for the wide-bandgap
PSCs (1.65-1.85 eV), whereas this is not the case for low-bandgap PSCs in the range of 1.5
to 1.62 eV as displayed in Figure 1-2b.

In order to obtain the full potential for 2T or 4T perovskite-based tandem solar cells, the
main aim of this thesis is to tackle the Voc loss in various wide-bandgap PSCs in both n-i-p
and p-i-n architectures. In this regard, recently, the technique of employing two-
dimensional (2D) perovskites based on long-chain organic cations into the bulk or at the
surface of the 3D perovskite absorber layer has been extensively reported due to effective
reduction in non-radiative recombination and enhancement in device stability.*”>2>*
However, in terms of material and device engineering still numerous kinds of novel 2D
perovskites can be investigated to boost the performance of PSC beyond the intrinsic limits.
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Motivated by the excellent properties of 2D perovskites (as we will discuss in detail in
Chapter 2), we explore novel 2D materials for our PSC together with the effective
deposition strategy to reduce the Voc loss by (i) passivating the defects at the
surface/interface of the perovskite and the CTLs as well as at the grain boundaries of the
3D perovskite absorber and (ii) the formation of an electron or hole blocking layer.

The content of this thesis is outlined as follows:

Chapter 2: This chapter first provides a comprehensive introduction to the structural and
physical properties of organic-inorganic perovskite semiconductors. Further, it outlines a
fundamental review of the working principle of the PSCs as well as tandem solar cell
configurations.

Chapter 3: This chapter focuses on materials, experimental and characterization
techniques used within this thesis for the processing of opaque and semi-transparent PSC
as well as their integration into 2T and 4T tandem configurations.

Chapter 4: This chapter deals with minimizing the large Voc loss in mixed-halide wide-
bandgap PSCs in the n-i-p architecture. A novel strategy utilizing a 2D/3D perovskite
heterostructure is introduced both as an effective surface passivation and electron blocking
layer at the interface between the perovskite and the hole transporting layer.

Chapter 5: This chapter presents the application of the high-efficiency wide-bandgap PSCs
employing the 2D/3D perovskite heterostructure discussed in Chapter 4 in mechanically-
stacked 4T tandem solar cells. First, we investigate the effect of the 2D/3D heterostructure
on the performance of opaque and semitransparent double-cation PSCs with different
bandgaps engineered from 1.60 to 1.85 eV. Further, the resultant semi-transparent PSCs
based on 2D/3D perovskite heterostructure are applied as a top cell to 4T perovskite/c-Si
and 4T perovskite/CIGS tandem solar cells to maximize the PCE of the 4T perovskite-based
tandem devices based on the optimum bandgap of the top semi-transparent PSC.

Chapter 6: In view of the importance of p-i-n PSCs architecture for 2T tandem solar cells,
this chapter deals with the reduction of the Voc loss in PSCs in the p-i-n architecture. A dual
passivation strategy is introduced using a long-chain alkylammonium salt both as an
additive into the perovskite bulk and for surface treatment to simultaneously passivate the
grain boundaries and the perovskite/electron transporting layer (ETL) interface. Further,
the wide-bandgap p-i-n PSCs based on our developed dual passivation strategy are
integrated into 4T perovskite/CIGS and 2T perovskite/silicon tandem solar cells to further
improve the efficiency of perovskite-based tandem devices with respect to the single-
junction efficiencies

Chapter 7: This chapter summarizes the key results presented in this thesis and, as an
outlook, provides a roadmap for future research in this area.
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2. Theoretical Background

This chapter introduces metal-halide perovskite semiconductors and briefly describes their
outstanding optoelectronic properties. It is then followed by the basic working principles
of perovskite solar cells (PSCs), device architecture as well as photovoltaic characteristics.
In the last part, we explain the plausible ways to go beyond the efficiency limits of single-
junction solar cells by introducing multijunction (tandem) configurations.

2.1. Organic-inorganic metal halide perovskite semiconductors

Perovskites are introduced for the first time with the discovery of CaTiO3 by G. Rose and
named after the Russian mineralogist Lev Perovski. In general, the component with the
general formula ABX3 represents the perovskite crystal structure, where A is a monovalent
cation, Bis a divalent metal cation and X is an anion. In this chapter, we provide an overview
of the outstanding optoelectronic properties of the state-of-the-art perovskite with a
complex composition “organic-inorganic metal halide perovskite”.

2.1.1. Structural properties of ABX3 perovskites

The cubic crystal structure of the perovskite material ABXz is illustrated in Figure 2-1, where
the A site is surrounded by a corner-sharing octahedral BXs unit such that B is placed at the
center of this octahedral [BXs]* cluster, forming a three-dimensional arrangement.> In

Figure 2-1: Schematic illustration of the perovskite crystal structure with the cubic phase. The left panel
demonstrates the unit cell of the perovskite absorber.
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Figure 2-2: The tolerance factor of perovskite with the structure of ABXs. Small A cations (sodium (Na),
potassium (K) and rubidium (Rb)) present a tolerance factor lower than 0.8. This factor is between 0.8 and 1.0
for established A cations (Cs, MA, FA) and greater than 1 for too large cations (imidazolium (IA), ethylamine
(EA), guanidinium (GA)), etc. Adapted from reference [*’].

case of organic-inorganic perovskite crystal, the A site ions are commonly occupied by
methylammonium (MA*), formamidinium (FA*), cesium (Cs*), etc., the B site metal cations
are lead (Pb?*), tin (Sn?*), etc., and the X site is chloride (CI), bromide (Br) or iodide (I°).>®
Depending on the A cation size and its interaction with the BXs octahedra, perovskites can
also form other crystal structures such as orthorhombic or tetragonal.>” The rule of thumb
to determine if perovskites can form a stable crystal structure is based on Goldschmidt’s
Tolerance Factor (t),>® which is defined using the following expression:

o _1a +7p (2.1)
V2(rp +1%)

where, ra, rs and rc are the ionic radii of the organic cation, metal cation and halide,
respectively. A stable 3D cubic phase is expected to form when the value of t is within the
range of 0.8 < t < 1, whereas the lower range t < 0.8 results in a distorted structure due to
the tilted BXs octahedra which decreases the symmetry of the structure.> As a result, only
a narrow range of the organic cations such as Cs*, MA*, and FA* has a suitable size to fit into
the structure and form a stable 3D lattice, as depicted in Figure 2-2.>° Furthermore, when
the size of the A cation is too large such that it cannot fit into the crystal lattice (t > 1), the
perovskite lattice structure is transformed from the bulk 3D into lower-dimensional phases
with different optoelectronic properties. This structure can either be a Ruddelsen-
Popper®®! or Dion-Jacobson® phase of the perovskite absorber. Later in Section 2-1-3, we
will explain in detail the formation of low-dimensional perovskites.

2.1.2. Optoelectronic properties of metal-halide perovskites

Benefiting from a high absorption coefficient (a > 10 cm™) with a direct optical bandgap,
already a thin layer of the absorber (d = 300-400 nm) is sufficient for the fabrication of high-
efficiency PSCs. Thereby, challenges related to the effective collection of photogenerated
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Figure 2-3: Schematic illustration of 2D perovskite demonstrating the dimensionality evolution from 2D (i.e.,
n=1) to 3D (n = o).

carriers are reduced.®® The photogenerated excitons of the perovskite absorber also exhibit
small binding energy (about 30 meV), meaning that only a low energy (room temperature)
is needed to dissociate these excitons into free charge carriers, thus, a high number of free
charge carriers can be created.®* These free carriers demonstrate high mobility (u = 10
cm?V1s?) and a long charge diffusion length exceeding 1 pum, indicating that charge
carriers can travel a long distance before recombining.®>%® More importantly, tuning the
bandgap of the perovskite absorber in a wide range between 1.2-3.1 eV is particularly
interesting for multijunction solar cell applications.®” This bandgap tunability is possible by
simply varying the elemental composition, i.e. the stoichiometry, or dimensionality of the
perovskite crystal. For instance, methylammonium-based perovskite (MAPbIs) exhibits a
bandgap of 1.6 eV. Substituting iodide (I) with smaller halides such as bromine (Br) or
chlorine (Cl) can modify its bandgap to 2.3 eV and 3.1 eV, respectively.®® In fact, the
theoretical study based on density functional theory has shown that the valence band
maximum in the metal-halide perovskite as a direct bandgaps semiconductor is formed by
coupling an antibonding state of B cation s orbitals and X anion p orbital. On the other hand,
a conduction band minimum is derived from the coupling of a less antibonding and more
nonbonding B cation and X anion p orbitals.®® As a result, any elemental substitution in the
B or X sites of the perovskite structure can vary the overlap between the B-X site and modify
the bandgap. In case the overlap or distance of the B-X site becomes larger, this can result
in a perovskite with a low bandgap, while a reduction in the distance leads to the perovskite
with a wide bandgap.’? Therefore, these intrinsic properties make the perovskite absorber
a superior candidate for various optoelectronic devices such as photovoltaics, light-
emitting diodes (LEDs) and laser applications.537%72

2.1.3. Two-dimensional Ruddlesden-Popper perovskites

Inserting too large organic cations into the A site of the perovskite crystal leads to a
deviation in the 3D lattice, forming a 2D (sheet), 1D (wire), or OD (dots) structure.”> Among
all these structures, 2D layered as called Ruddlesden-Popper (2D-RP) or Dion-Jacobson
perovskites are found to be superior materials for photodetectors, LEDs and solar cells
applications, thanks to their tunable optoelectronic properties and exceptional
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Figure 2-4: (a) photoluminescence emission of 2D-RP BA2Pbls (n = 1), BA2MAPb2l7 (n = 2), BA2MA2Pbsl1o (n =
3), BA2MAsPbaliz (n = 4), and MAPbIs (n = =) perovskite layer. (b) Schematic of band energy alignment of the
corresponding (BA)2(MA)n-1Pbnlan+1 perovskite with different n that presents the values of the bandgaps.
Adapted from references [7%%].

environmental stability.6%747> The 2D perovskites can be represented by the general
formula (R)m(A)n-1BnX3n+1 (n=1,2,3,4,.., =), where R is long-chain aliphatic or aromatic
alkylammonium cations acting as a spacer between the perovskite layers, m is either 1 for
Dion-Jacobson phase (organic cations with two binding groups) or 2 for RP phase (organic
cations with a single binding group), A is conventional cations (MA*, FA*, etc.), B is a metal
cation (Pb?*, Sn?*, etc.) and X is halides.”® Here, n represents the thickness of the 2D
perovskite which is identified by the number of octahedra corner-sharing [BX6]* layers
sandwiched between two bulky organic spacer layers that are connected via a combination
of Coulombic and hydrophobic forces.”” Depending on the thickness of the 2D layer (n), the
perovskite is categorized as 2D (n = 1), quasi-2D (n = 2-5) or 3D (n = o=) phase, all exhibiting
different optoelectronic properties as displayed in Figure 2-3. For example, for the 2D-RP
(BA)2(MA)n-1Pbnlsns1 perovskite thin film, by increasing the thickness (n) of the inorganic
layer the bandgap varies from 2.24 eV for BA;Pbls (n = 1) to 1.52 eV for pure MAPbIs with
n = oo (Figure 2-4).7880 The example of the most common bulky organic cations are butyl
ammonium (BA),%” phenylethylammonium (PEA),’® iso-butylammonium (iso-BA),®! n-

Octylammonium (OA), etc (Figure 2-5).8?

Compared to 3D perovskites, 2D perovskite structures exhibit distinctive features such as
higher ambient and operational device stabilities. This is mainly due to the hydrophobicity
nature of bulky organic cations or the organic group's interaction (such as hydrogen,
halogen bonds and van der Waals interactions) that protects the surface of the perovskite
and the inner lattice from moisture and humidity degradation.®38* Moreover, the devices
exhibit higher thermal stability due to the low volatility of the long-chain organic cations.®
The first quasi-2D-based metal halide PSC was reported by incorporation of PEA into a
MAPbI3 perovskite absorber, having the structure of (PEA):MA2Pbsl10.8% Although the
resultant devices demonstrated a very low PCE of 4.7%, the moisture stability of the devices
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Figure 2-5: Molecule structure of large organic spacer cations commonly employed for the formation of 2D
perovskites.

improved significantly after 46 days in an atmosphere with 52% relative humidity (RH) as
compared to the reference. However, the performance of the 2D-based PSCs lags behind
their 3D counterpart owing to the insulating nature of organic spacers which confines the
charge carriers in two dimensions, leading to poor charge transport and consequently low
FF and short-circuit current density (Jsc) in the devices. In principle, the 2D structure
demonstrates a very high exciton binding energy associated with the large difference
between the bandgap of the inorganic perovskite and the bulky organic layer as well as a
large mismatch between the dielectric constant of the insulating organic spacer and the
large mismatch between the dielectric constant of the insulating organic spacer and
perovskite conductor layers.””8 This results in the quantum confinement of carriers within

2D/3D 2D/3D Heterostructures

Figure 2-6: Schematic illustration of 2D/3D heterostructure formed between perovskite and hole transport
layer (HTL) via the surface treatment of the 3D perovskite layer with large cations (2D materials).
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the perovskite crystal, where the inorganic layer acts as a “well” while the organic spacer
acts as a barrier.87:88 As a result, this quantum confinement and the relatively low dielectric
constant for the large organic cations affect the Coulomb interaction between the electron-
hole pairs and strings the interaction between them. This prevents carrier migration to the
contacts which deteriorates the performance of the 2D-based PSC.%88

In addition, employing an ultrathin 2D-RP or quasi-2D perovskite layer increases the
activation energy barrier for ion migration within the perovskite layer.>?8% This does not
only enhance the stability of PSCs but also hinder the accumulation of defects at the surface
and grain boundaries (GBs) of the perovskite absorber, leading to an enhanced open-circuit
voltage (Voc) of the devices.>3#1 Besides, using long-chain bulky organic cations on the
3D perovskite surface can form a 2D/3D heterojunction that can act as a blocking layer (due
to energy offset) to hinder the recombination of the charge carriers across the 2D/3D
heterojunction (Figure 2-6).#7:°2°3 Furthermore, as observed in many studies, employing an
ultrathin 2D-RP layer into the bulk or at the surface of the perovskite layer results in
prolonged lifetimes of charge carriers in comparison with the 3D perovskite layer due to
the passivation of the 3D surface defects, thereby reducing the Voc loss .9%94-2¢ Therefore,
with the knowledge of the superior electrical and optical properties of various 2D materials,
along with their particular role in passivating the detrimental defects in PSC,°%*°the main
focus in this thesis is based on using these materials for reducing the Voc deficit in wide-
bandgap PSCs.

2.2. Perovskite solar cells

2.2.1. Working principle

The principle features of photovoltaic energy conversion in PSCs rely on five essential steps
to generate power: (1) absorption of incident photons in the absorber material, (2) creation
of excitons (bound electron-hole pairs), (3) dissociation of excitons into free charge carriers
electron-hole), (4) separation and collection of charge carriers at selective contacts, (5)
extraction of the electron and holes by electrodes, (Figure 2-7).1%° Therefore, a good solar

peot [eusaix3

Figure 2-7: Schematic illustration of (a) fundamental processes in a perovskite solar cell.
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requires a proper absorber layer with a high absorption coefficient, small exciton binding
energy together with sufficient charge carrier mobility and long charge carrier diffusion
length. As discussed in Section 2-2-1, all these intrinsic features can be found in the
perovskite material’s properties, making them an ideal absorber for solar cell application.

Typically, PSCs form a p-i-n (or n-i-p) heterojunction, where the perovskite absorber is
considered as an intrinsic (i) semiconductor and sandwiched between the p-type (so-called
hole transport layer (HTL)) and the n-type contacts (so-called electron transport layer (ETL))
that exhibit suitable bandgaps that provide selective carrier transport.1°-103 |t should be
noted that although PSCs have the p-i-n or n-i-p heterostructure layer stack, still there are
ongoing investigations to understand its exact operation principle. Figure 2-8 demonstrates
the band diagram of p-i-n solar cell under illumination at short-circuit and at operating
conditions based on the flatband scenario which is used to understand the working
principle in PSCs.194-1% |n this scenario, the separation and collection of charge carriers
originate mainly from the chemical potential (i.e., diffusion of charges due to the
nonuniform charge carriers distribution). Moreover, according to Wiirfel. et al, this is
mainly the selectivity of the charge transport layers (CTL) which provide an efficient
separation and collection of charge carriers and built-in voltage (drift) does not play a major
role in the operation mechanism of PSC.1%” This means that differences in the conductivity
of the large bandgap n-type and p-type contacts for charge carriers provide an easy
pathway for the majority carriers to pass through their respective contact while blocking
the minority carriers at that side and vice versa.’®” Bergmann et al, also demonstrated a
field-free MAPbIs layer in a device configuration obtained by cross-sectional Kelvin probe
force microscopy measurements, verifying that the diffusion is indeed the dominant
mechanism for the separation of the charge carriers in the area of the perovskite film.1%®
The schematics of the band diagram for the flat band solar cell (Figure 2-8a) demonstrate
that under continuous illumination at short circuit condition, in which the contacts are
connected through an external circuit without any applied voltage, the Fermi energy (E)
equilibrates over the device and the collection of the generated electrons to the n-side and
extraction of the generated holes to the p-side is facilitated by sufficient large band offset,
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Figure 2-9: Schematic of common recombination mechanisms in semiconductors: direct, Auger, Shockley-
Read-Hall (SRH), and surface recombination. Adapted from reference [*!1].

providing a net current flow (Jsc) in the solar cell. Under continuous illumination at an
applied voltage (Figure 2-8b), the Er splits into two separate quasi-Fermi levels, so-called
quasi-Fermi levels for the electrons (Ern) and holes (Erp), aligning with the Fermi levels of
the n-type and p-type contacts, respectively. In this case, the solar cell generates both
voltage and current simultaneously and consequently the power is produced.

2.2.2. Recombination mechanism

Recombination is the process where the generated electrons and holes are annihilated,
therefore leading to charge carrier losses. In general, free charge carriers can undergo a
radiative process by emitting a photon (luminescence) or non-radiative Auger
recombination, Shockley-Read-Hall Recombination (SRH) and surface recombination
(Figure 2-9).10%-111 |n PSCs, non-radiative SRH recombination and interface recombination
are the dominant recombination mechanisms under solar irradiation conditions (1 Sun),
and therefore the main driver for losses in Voc and FF, while Auger recombination only
becomes dominant at irradiation intensities above 100 Suns.''? In the following, the
different mechanisms are briefly described.0113

Radiative recombination

Radiative recombination or direct band-to-band transitions is the inverse process of photon
absorption where a light-generated electron from the conduction band directly recombines
with a hole in the valence band and the excess energy is released in the form of a photon
as schematically illustrated in Figure 2.9). This is also known as bimolecular recombination.
As this process requires a free electron-hole pair, the radiative recombination rate depends
on the product of the density of photogenerated charge carriers (neny). In case of hybrid
perovskites which are direct semiconductors, the radiative recombination rate is around
10719-1071 cm3/s,'* which is orders of magnitude higher than silicon (3 x 107> cm3/s).11%
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Figure 2-10: Schematic of different defects that exist in a perovskite crystal lattice: (a) ideal lattice; (b)
vacancy at the A-site, (c) interstitial, (d) anti-site substitution, and higher dimensional defects such as e) edge
dislocation, (f) grain boundary and (g) precipitate defects, respectively. Blue, black, and purple dots

demonstrate the A, B, and X site ions from ABXz perovskite structure, respectively. The figure adapted from
reference [**°].

Auger recombination

Auger recombination is a trimolecular non-radiative recombination process involving three
carriers, where the excess is induced by the recombination of an electron and a hole is
given to another excited electron or hole instead of emitting a photon.!'® By subsequent
thermalization process, this third carrier loses its excess energy and relaxes to the band
edge. Therefore, the recombination rate in this process is proportional to the charge
density to the power of three ne’np, (np’ne). Although Auger recombination plays a
considerable role in silicon solar cells due to their high carrier concentration caused by
doping and indirect bandgap,®® it is negligible in PSC as the radiative recombination is
considered to be a domination recombination mechanism due to its direct bandgap.'’

Shockley-Read-Hall (SRH) recombination

SRH recombination (also known as trap-assisted recombination) occurs due to defects
(trap)-induced energy states situated within the bandgap that can capture both electrons
and holes and lead to non-radiative recombination. This process is accompanied by
emitting phonons (lattice vibration) as shown in Figure 2-9 and dominates at low charge
carrier densities. In crystalline semiconductors, defects can be classified as (i)
crystallographic defects and (ii) impurities from foreign atoms in the lattice 1'&!1° These
crystallographic or bulk defects can be originated from point defects which are positive or
negative charged defects (vacancies, interstitials, anti-site substitutions) or
higher-dimensional defects (dislocations, grain boundaries, precipitate) (Figure 2-
10).44119120 Therefore, controlling the defects of the perovskite thin-film via improving the
quality of the perovskite, passivating defects located in the bulk and decreasing the number
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Figure 2-11: Schematic illustration of the band diagram for perovskite/electron transport layer (ETL) interface
which present the different pathways of recombination at the surface/interface, including (a) high defect
density at the surface/interface of the perovskite and ETL, (b) improper band alignment and (c) back-transfer-
induced recombination.

of grain boundaries can significantly reduce SRH non-radiative recombination and
consequently enhance the performance of PSCs.4+110,121,122

Surface/Interface recombination

Next to the carrier recombination in the bulk, the surface/across-interface recombination
occurring at the surface of the absorber layer and at the interface between the absorber
and charge-transporting layers (CTL) is the predominant responsible for the non-radiative
recombination losses in PSCs, thus limiting the Voc.%°%23117.123 This recombination mainly
originates from (i) high defect density at the surface of the perovskite layer due to the
severe interruption of the crystal lattice at the surface, which is prone to produce a high
number of dangling bonds (process (1), Figure 2-11a), (ii) deep trap states induced by the
direct contact of perovskite layer with CTL (process (2) in Figure 2-11a), (iii) trap-assisted
(SRH) recombination at the interface towards the CTL (process (3) in Figure 2-11a) and (iv)
mismatched energy-level alignment at the interfaces (process (4), Figure 2-11b) and back-
transfer induced recombination (process (5), Figure 2-11c).1%117 All of these recombination
factors reduce the steady-state charge carrier density under illumination, thus resulting in
a reduction of the quasi-Fermi levels splitting (which is representative of the Voc value) in
the non-equilibrium state of the illuminated absorber. Therefore, key strategies such as
surface passivation and interface engineering are particularly important in PSCs to surpass
interfacial non-radiative recombination. In Chapter 4 and Chapter 6 we will discuss in more
detail an efficient strategy in order to passivate the surface and the grain boundaries of the
perovskite absorber layer.

2.2.3. Solar cell architecture

Depending on the device layer stack, opaque PSCs are typically fabricated in two common
architectures: inverted planar p-i-n with a layer stack of transparent conductive oxide (TCO)
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Figure 2-12: Schematic illustration of two common perovskite solar cell architectures with (a) inverted (p-i-n)
and (b) standard (n-i-p) structures.

/HTL/perovskite/ETL/metal contact and standard n-i-p architecture with a layer stack of
TCO/ETL/perovskite/HTL/metal contact (Figure 2-12).12% In case of semi-transparent PSC
for tandem application as we will discuss in detail in Chapter 3, a rear opaque metal contact
is replaced with the TCO layer, and a thin buffer layer is generally employed between CTL
and rear TCO contact to protect the layer from the sputtering damage during deposition of
rear TCO contact. In general, as front contact a glass substrate coated with a TCO such as
indium tin-doped indium oxide (ITO), zinc-doped indium oxide (1ZO) or hydrogen-dope
indium oxide (I0:H) is utilized, while a metal electrode (gold (Au), silver (Ag), or copper (Cu))
is used as a back contact in order to enhance the optical path length of incident light due
to reflection. Opaque PSCs are illuminated from the glass substrate. In case of the p-i-n
architecture, a p-type selective contact or HTL is deposited first on the TCO, followed by
the deposition of a perovskite absorber and an n-type selective contact or electron
transport layer (ETL), at the end (Figure 2-12a). The most commonly employed HTLs for the
p-i-n architecture used in the literature are based on [2-(9H-Carbazol-9-yl)ethyl]phosphonic
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Figure 2-13: Schematic of energy levels diagram for common electron transport layers (ETL) (left), absorbers

(middle) and hole transport layers (HTL) (right) used in perovskite solar cells according to references [*2¢ 127
129, 130]'
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Figure 2-14: An equivalent circuit of a solar cell with a photocurrent source (/pn) connected in parallel to a
diode (/o) and shunt series resistance (/sh). Furthermore, a series resistance (Rs) is considered in a circuit.

Acid (2PACz), NiOx and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTTA).124127 For
the ETL, [6,6]-Phenyl-C61-butyric acid methyl ester (PCBM) and Fullerene Cgpare commonly
used in this architecture.’*127 |n addition, a thin layer of Bathocuproine (BCP) is normally
deposited at the ETL/metal interface as a hole-blocking layer in this structure. In case of n-
i-p structure, the order of the CTL is changed (Figure 2-12b). Here, titanium dioxide (TiO)
and tin(IV) oxide (SnO2) are most commonly employed ETLs,'?412%12% while for the HTL
these are [2,2',7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine)9,9'-spirobifluorene] (Spiro-
MeOTAD) or Poly(triarylamine) (PTAA).130131 |n total, depending on the energy band
alignment of the CTL with the perovskite absorber, a large number of HTLs and ETLs have
been developed and employed in PSCs as shown in Figure 2-13.

2.2.4. Photovoltaic characteristics

Current-density—voltage characteristics

The most direct method to analyze the performance of a solar cell are current density-
voltage (J-V) measurements by measuring the current flowing through the cell by sweeping
the bias voltage. The basic mechanism of the solar cell is represented by a simplified circuit
that comprises a single diode, photocurrent source, a series (Rs) and a shunt resistance (Rsh)
to indicate any electrical resistance and leakage current path due to crystal defects,
pinholes or impurity of the solar cell.1°° The diode equivalent circuit is depicted in Figure 2-
14, where Ipn, Ip and Isn stand for a photogenerated current by solar irradiation, a dark
current generated by an ideal p-n junction diode and a shunt current originates from device
imperfections. The corresponding J-V characteristic is given by the Shockley Diode
equation:

I=IPh_ID_ISh 22

_qV_ IR +V
1=1Ph—10[enksT—1 -
Rsh

Where [p is reverse saturation current, g is the electron charge, ks is the Boltzmann
constant, T is the absolute temperature and V is the voltage at the terminals of the cell.
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Figure 2-15: A typical current density-voltage (/-V) curve of a prototype solar cell measured under
illumination and the corresponding electrical power output density. The green dots are an indication of the
J—V characteristic: short-circuit current density (Jsc), the open-circuit voltage (Voc) and the maximum power
point output (Pwvee) where J = Jmpe and V = Vivipe.

When the output terminal is shorted or V = 0, the current output of the solar cell with
considering the ideal case (Rs = 0 and Rsh = =) is called Jsc and defined as:

qx0

2.3
V=O—>I=Iph—lo[€nkBT—1]—O i ISC= IPh

Furthermore, when no current flows through the ideal device (/ = 0) or the output terminal
is opened, Voc is given by:

q Voc
nkg T I
VOC= 5 ln(l‘l'lih
0

Therefore, Jscand Voc are the maximum theoretical values that can be achieved for current
density and voltage in a solar cell. Figure 2-15 shows the typical J-V characteristic of a solar
cell derived from Equation 2-2. The power of the solar cell is defined by the product of the
current density and voltage. The maximum power output (Pwmee) is obtained at the point
where the product of current density and voltage is at the maximum operating point of the
circuit:

Puvpp = Jmpp VMmpp 2.5

The ratio between the maximum internally generated power to the product of Jsc x Voc is
defined as FF which determines the closeness of the J-V curve of the solar cell to the
rectangle shape (large gray rectangular in Figure 2-15):

%
FF:]MPP MPP <1 2.6
Jsc Voc
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Figure 2-16: The effect of (a) series and (b) shunt resistance on the J-V curve of the solar cell.

As depicted in Figure 2-16, the presence of high Rs and low Rsh flatten the slope of the J-V
curve near the Voc and Jsc respectively. This dominantly decreases the value of FF in the
solar cells, as reflected in the J-V curve. Hence, FF can be used to describe a basic figure of
merit for the solar cell. Finally, the power conversion efficiency (PCE) of a solar is calculated
by the ratio of Pwpp to the power of incident light (Pincident):

Pyipp _ FF Voc Jsc 2.7

PCE = =
Pincident 100 mW/cm?

the Pincident is considered to be 1000W/m? as a standard AM1.5G solar spectrum used for
the photovoltaic device, which is based on simulation of the sun’s radiation at the earth’s
surface as we will discuss in Section 2-3.

External quantum efficiency

The external quantum efficiency (EQE) is a basic measurement for the solar cell that
specifies the spectrally resolved response of the solar cell. It is defined as the number of
charge carriers collected by the solar cell divided by the number of incident photons. In
general, the EQE is a function of the photon wavelength that can be used to calculate the
maximum photogenerated current achievable for a solar cell:
850 nm
Jo=a [ EQE) 9D da )8

300 nm

Here g is the elementary charge and ¢V (A) is the photon flux incident on the cell per
unit area at the wavelength (A). As the EQE measurement is independent of the spectral
shape of the light source, the calculated Jsc by this method at zero voltage bias determines
the accurate value compared to one obtained from the J-V curve. Monochromatic light is
radiated on the sample and the spectral current generated by this excitation is measured.
A typical EQE spectrum of the PSC with a p-i-n structure is depicted in Figure 2-17. In
general, the shape of the EQE spectrum can provide information about the losses of
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Figure 2-17: A typical external quantum efficiency (EQE) of a perovskite solar cell used in Chapter 6.

photocurrent density due to the combined effect of the total optical losses (e.g. reflection,
parasitic absorption) and electrical losses (recombination).132133

Hysteresis in the J-V characteristics of perovskite solar cells

A commonly observed phenomenon in PSCs is J-V hysteresis, which means a difference in
the J=V curves of the device when measured at different scan directions (forward: Jsc > Voc
and backward scan: Voc > Jsc).'3* This results in different PCEs mainly due to a large
deviation in FF as shown in Figure 2-18a, thus making it difficult to estimate the accurate
PCE of the PSC. In this case, measuring a stabilized PCE via maximum power point (MPP)
tracking under continuous illumination is established as a reliable performance
measurement for PSCs (Figure 2-18b).13> The amplitude of hysteresis can be determined
using the hysteresis index (HI), which is defined as:

_ PCEgackward —PCEForward 2.9

PCEBackward

(a) (b)

i i i i i 0 L L L L L i
00 0.2 04 06 08 1.0 1.2 0 10 20 30 40 50 60 70
V (V) Tracking time (s)

Figure 2-18: (a) a typical J-V characteristics of perovskite solar cell (PSC) measured from short-circuit to open-
circuit (forward scan) and from open-circuit to short-circuit (backward scan), showing a pronounced
hysteresis (blue area indicates the obvious difference in J-V curve from forward and backward scans). (b) A
typical stabilized power conversion efficiency (PCE) of PSC determined by measuring the photocurrent at the
maximum power point (MPP) under continuous AM 1.5G illumination.
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Figure 2-19: Spectral irradiance obtained from a black body at a temperature of 6000 K (black line), the sun
outside the atmosphere (AMO spectrum in blue line) and at the earth’s surface with the angle of 48.2°(AM1.5G
spectra in orange line. (b) A schematic of optical air mass definition when it is measured outside the earth’s
atmosphere and at the earth’s surface with different angles. Adopted from reference [1%].

Depending on the device architecture and J/—V measurement parameters (e.g., different
scanning rates), the degree of hysteresis effect can be different. Yet, the exact origin of the
hysteresis has not been conclusively clarified. Various studies have identified the
combination of ion migration in the organic-inorganic halide perovskite absorber and
interfacial trap states as the main cause of hysteresis, which originates from the presence
of defects in the crystal lattice of the perovskite layer (as discussed in Section 2-2-2).108136-
138 These mobile ions (with low activation energy) can easily migrate towards the
perovskite/ETL or perovskite/HTL interfaces and accumulate there, inducing trap states
that increase non-radiative recombination. Moreover, transport processes of the charge
carriers at non-selective transport layers also have a considerable impact on hysteresis due
to the slow charge extraction via the interface and increased influence of interfacial trap
states.'3® This highlights the importance of passivation strategies for reducing defects in
the perovskite bulk and surface as well as selecting a proper ETL and HTL with suitable band
alignment relative to the perovskite layer to hinder charge accumulation at the interface,
thereby reducing the hysteresis effect.14°

2.3. Theoretical efficiency limit of single-junction solar cells

Due to the surface temperature of the sun (5762 K), the solar spectrum can be described
as the radiation of a black body at that temperature (Figure 2-19). The total solar irradiance
at the surface of the earth is quantified by the length of the path through the atmosphere
(defined as Air Mass (AM)), which depends on the orientation of the sunlight with respect
to the normal to the earth’s surface.’® The AMO spectrum represents the radiation
intensity measured outside the Earth’s atmosphere with the value of ¢*M°=136.6 mW/cm?
(Figure 2-18b). However, a certain part of this spectrum is eliminated by passing through
the atmosphere to the Earth's surface due to the absorption and scattering effect, lowering
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Figure 2-20: (a) Spectral irradiance of the AM1.5G. The blue area reflects the absorbed part of the solar
spectrum for a single-junction silicon solar cell with a bandgap (Eg) of 1.12 eV. The light blue and gray areas
represent the thermalization and non-absorbed losses due to the photons with energies above and below
the bandgap, respectively, calculated from the Shockley-Queisser limit. Finally, the green area shows the
extraction losses that can occur in the solar cell. (b) A schematic illustration of the corresponding fundamental
loss mechanisms in a simple solar cell that limits the maximum possible efficiency of the solar cell. The data
of the spectral irradiance of the AM1.5G spectrum were taken from reference [*4?].

the intensity to approximately 100.0 mW/cm?. The standard spectrum used for
photovoltaic device testing is the air mass 1.5G (AM1.5G) spectrum with an incident angle
of 48.2°and a total irradiance of ¢*M'>= 100.0 mW/cm? (Figure 2-19).19°

Practically, a real solar cell cannot convert 100% of the sunlight into useful electrical energy
(Figure 2-20a). In principle, upon the interaction of the incident photons with the absorber
material, only photons with energy equal to bandgap (Erh = Eg) can be absorbed and
contribute to photocurrent, while photons with lower energy (Epn < Eg) are transmitted
(transmission losses). Photons with energy above the bandgap (Een > Eg) are also absorbed
and create electron-hole pairs, but the excess energy of the excited electron or generated
hole is transferred to the lattice vibrations (phonons) to reach thermal equilibrium and
cannot be extracted as electrical energy. These losses are called thermalization losses as
illustrated in Figure 2-20b.'*! Additionally, not all generated charge carriers from the
photons with energy Eph = Eg can be collected and transferred from the absorber layer to
the electrodes (extraction loss) due to the recombination losses as we discussed in Section
2-2-2, thereby, limiting the real device performance. Considering an AM 1.5G irradiance
spectrum, the maximum PCE that can be achieved for a single-junction cell with a bandgap
of 1.12 eV is ~ 33.4%.142 This fundamental efficiency limit is determined by considering the
detailed balance principle which was introduced by Shockley-Queisser (S-Q) in 1961.143144
The model considers the emission losses caused by black body radiation of the absorber
and calculates the maximum PCE of the solar cell (without imperfection) by assuming:
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Figure 2-21: Maximum (a) power conversion efficiency (PCE), (b) open-circuit voltage (Voc), (c) FF and short
circuit current (Jsc) limits as a function of the bandgap obtained from Shockley-Queisser (5-Q) limit. The
triangles represent the current records for c-Si (blue), CIGS (green) and metal halide perovskite solar cells
(orange) with considering AM1.5G solar irradiance based on references [?7 14].

(i) 100% absorption for photons with Epn > Eg

(ii) 0% absorption for photons with Eph < Eg

(iii) a full generation of electron/hole pairs upon absorption

(iv) 100% collection (EQE = 100%) for all the photogenerated electrons and holes
(v) Only radiative recombination

the thermalization and transmission losses as well as considering the emission losses
caused by black body radiation of the absorber (radiative recombination). Figure 2-21
displays the resulting photovoltaic parameters calculated from S-Q efficiency limits as a
function of the bandgap obtained for different solar cell technology (Si, CIGS and
perovskite) based on one-sun illumination with the standard AM1.5 light spectrum.?”14

2.3.1. Quantification of radiative and non-radiative open-circuit voltage
losses

As discussed in Section 2-3, according to the S-Q limit, the calculation of the maximum
conversion efficiency is based on the detailed-balanced principle and Planck’s law,*® which
considers the radiative recombination of electrons and holes as the only allowed
recombination for an ideal solar cell. This assumption implies that all incoming light is
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absorbed by the solar cell and then emits radiation according to Planck’s law. Accordingly,
the saturation current density is defined as:

oo

Josq = QI a(E) ¢ppp(E)dE =q | ¢pp(E) dE 2.10

0 Eg

Where a(E) is the absorptance which is equal to 1 for Epn > Egand O for Epn < Egin case of
S-Q limit, and ¢, is the black-body radiation of the solar cell at temperature T:

_ 2mE? 1 2nE? —E
Pov = 153 exp(E /i) =1~ ocg P G 2.11

Here h is Planck’s constant, E is the photon energy, ks is Boltzmann’s constant and ¢
represents the speed of light in a vacuum.144147.148 The approximate expression on the right
is obtained by considering the Boltzmann approximation for £ > 3 ksT. The same
assumption is applied to calculate the radiative dark current density at low mobilities which
is also referred to as the recombination current density. However, in this case, instead of
absorptance, the emitted and absorption of the light is presented by the external quantum

efficiency:144

Jorad = 4 f Qo (E) s (E) dE 212
0

Assuming that all photogenerated charge carriers must radiatively recombine, the value of
radiative current density (Jrad) is equal to Jsc. Therefore, radiative open-circuit voltage (Voc-
rad) is defined as:

n (

kpT ([ Qe(E)psun dE
< / ]O,rad) 2.13

v LI >~kBT1 Isc
oC-rad ¥ — © N

N q Jy Qe(E)Ppp dE
However, as discussed in Section 2-3, the real solar cell suffers from non-radiative
recombination. According to the thermodynamic theory that all photons should be emitted
again, the loss AVocnonrad due to non-radiative recombination in a real solar cell is

correlated to the external photoluminescence quantum yield (PLQY) via:4%-1>2

kgT
AVocnon-rad = Voc-rad — Voc = _Tln PLQY 2.14

Where PLQY is defined as the ratio between the emitted photon flux (¢e,) and the
absorbed photons flux (¢p4p): °41>2
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Figure 2-22: Spectral response of two absorber materials with different bandgap (Eg) in a tandem solar cell
for the given solar spectral irradiance (AM1.5G). Based on the detailed balanced model, by combining the
two subcells with Eg ~1.72 (top cell) and Eg ~1.12 (bottom cell), a maximum power conversion efficiency
(PCE) of 45% can be achieved. The data of the spectral irradiance of the AM1.5G spectrum were taken from
reference [*?].

cl)em =]rad — ]rad
babs J[e Jnon-rad + Jrad 2.15

Here, Js stands for the generation current which under open-circuit condition is equal to

PLQY =

the recombination current Jg = Jrad + Jnon-rad Since the net current flowing in the solar cell is
zero. Equation (2.14) is experimentally useful as by measuring PLQY at 1 Sun irradiation and
calculation of Voc.rad, non-radiative losses in PSCs can be easily quantified. °%'>3 Using Voc =
QFLS/q, where QFLS is the quasi-Fermi level splitting as defined in Section 2-2-1, equation
2-14 can be written in the form of:1>?

QFLS = qVoc—raq + kT In PLQY 2.16
2.4. Tandem solar cells

Operating principle of a tandem solar cell

As we discussed in Section 2-3, the PCE of a single-junction solar cell is mainly limited by
two main factors: thermalization which accounts for the largest source of power loss
(31.7%), and transmission losses. Tandem solar cells with stacking different absorber
bandgaps have been pursued to considerably mitigate this thermalization loss by
sequentially absorbing photons, thereby overcoming the PCE of the single-junction solar
cell. In a double junction tandem, the top wide-bandgap absorber harvests high-energy
photons but allows low-energy photons to pass through into the low-bandgap bottom cell,
such that it utilizes a wide range of the solar spectrum. This is the principle concept of a
multi-junction solar cell, as displayed in Figure 2-22. By considering the detailed balance
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Figure 2-23: Schematic illustrations of a (a) 2-terminal (2T) and (b) 4-terminal (4T) tandem configurations. In
case of 2T configuration both subcells are monolithically interconnected while in 4T tandem solar cell both
subcells are optically interconnected and independently work at their maximum power point. Reproduced

from references [%3%2>%%33],

theory, the fundamental efficiency limit increases to 45% PCE for a tandem cell by
combining two subcells with the ideal bandgaps (1.12 eV for the bottom cell and 1.72 eV
for the top cell) compared to the single-junction solar cell.1>%1>

In general, tandem solar cells can be fabricated in different structures. The most common
configurations are based on either monolithically interconnected two-terminal (2T) or
mechanically stacked four-terminal (4T) configurations, each having its own advantages
and disadvantages (Figure 2-23).232>2933,155 From a process development perspective, 4T
tandem solar cells are the simple configuration where two subcells are electrically
independent, as they are stacked separately on top of each other, thus the total power
density is equal to Par= (J1xV1) + (J2xV2). This allows higher degrees of freedom related to
the fabrication process as well as the selection of the top solar cell absorber’s bandgap
(Figure 2-24a). Therefore, a high PCE can be achieved by utilizing a broad range of
bandgaps.3® In contrast, for the 2T configuration, the two subcells are connected in series,
implying that the photocurrent generated in both the top and bottom subcells must be
identical. Therefore, the power density of the 2T tandem solar cell is obtained by
Por =J x Vor =(V1+V2) J= ViJ + Vo). This results in a current matching requirement that
restricts the bandgap combination of both subcells to a very narrow range (Figure 2-24b)
and also raises the sensitivity of the configuration to spectral variations compared to the
4T device.3®1%6157 Apart from the current matching requirement, the processing of the 2T
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Figure 2-24: Maximum power conversion efficiency (PCE) map of (a) 2-terminal (2T) and (b) 4-terminal (4T)
solar cells as a function of top and bottom subcell bandgap with considering 100% external quantum
efficiency. The dashed line illustrates the peak efficiency that can be achieved by combining the optimum
bandgaps of top and bottom subcells. Adapted from reference [*3].

configuration is more challenging as the top solar cell is directly grown atop the bottom
cell, meaning that the top cell fabrication can easily damage the underlying layers. On the
other hand, thanks to the series connection, the monolithic tandem architecture requires
only two external terminal connectors (contrary to the 4T configuration with 4 external
terminals), which reduces the step and more importantly, only one of the contact
electrodes must be a transparent layer to transfer the light into the device. This significantly
reduces the parasitic absorption in this configuration, thereby implementing significantly
lower optical losses to the overall device performance.**®*9 In contrast, as the top and
bottom cells in the 4T tandem solar cell is optically interconnected, it utilizes three
conductive transparent electrodes at: 1) the front side of the top cell to transmit the full
spectrum, 2) the rear side of the top cell and 3) the front side of the bottom cell to transmit
near-infrared region photons, as illustrated in Figure 2.23. As a result, these TCO electrodes
along with additional charge transport layers and optical spacer imply more parasitic and
reflection losses in this configuration that consequently lower the practical tandem
performance. Recently, monolithic 3T architecture with one terminal at the front and two
terminals at the rear contact has attracted scientific interest in photovoltaic research.6%-
162 |n contrast to the 2T with series connection, this configuration does not require a current
matching between the subcells, exhibiting the next step in achieving higher energy yield

which is the accurate figure of merit for determining the realistic outdoor performance of
the solar cell.
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3. Materials, Devices and Characterization Methods

In the following chapter, we present all the experimental methods and characterization
used in this thesis for the deposition of all layers relevant to the fabrication of opaque and
semi-transparent perovskite solar cells (PSC) and their integration into the two-terminal
(2T) and four-terminal (4T) tandem configurations.

The first section provides the reader with detailed descriptions of the materials, device
architecture (standard n-i-p and inverted p-i-n planar architecture) and the deposition
process (spin-coating, thermal evaporation, sputtering and atomic layer deposition (ALD))
of PSC. The second section further explains the working mechanism of the measurement
techniques used in this work including optical, electrical and material characteristics such
as ultraviolet-visible spectroscopy, photoluminescence spectroscopy, X-ray diffraction, X-
ray photoelectron spectroscopy, scanning electron microscopy, atomic force microscopy,
along with current-density—voltage characteristics, maximum power point tracking
measurement, external quantum efficiency, ideality factor of the devices and space charge
limited current.

3.1. Perovskite solar cell fabrication

In this thesis, we fabricated PSC based on two different types of planar architectures: (i)
standard n-i-p (ii) inverted p-i-n. The discussions below describe the materials and
fabrication of each layer.

Material for preparation of the electron transport layer (ETL) solution

Nanoparticle-based SnO; (np-Sn0Oy; Alfa Aesar)
Fullerene-Cso (Cso0; Sigma Aldrich)

Material for preparation of the perovskite solution:

Lead iodide (Pbly; TCI)

Lead bromide (PbBry; TCl)

Lead chloride, (PbCl2; Merck)

Formamidinium iodide (FAI; Dyesol and Dynamo)
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Cesium iodide (Csl; Sigma Aldrich and Abcr)
Cesium Chloride (CsCl; Abcr)
Methylammonium Bromide (MABr; Dynamo)
Methylammonium Chloride (MACI; Dynamo)

Material for deposition of the 2D/3D perovskite heterostructure:

n-butyl ammonium bromide, (n-BABr; Greatcell solar)
2-phenylethylammonium chloride (PEACI; Sigma Aldrich)
2-phenylethylammonium bromide (PEABr; Sigma Aldrich)
2-phenylethylammonium lodide (PEAI; Sigma Aldrich)
n-Butylammonium Chloride (n-BACI; TCI)

n-Octylammonium Chloride (n-OACI; Greatcell solar materials)

Material for preparation of the hole transport layer (HTL) solution:

2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene(Spiro-MeOTAD; Luminescence Technology)
4-tert-butylpyridine (4-tBP; Sigma Aldrich)

lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI; Sigma Aldrich)
2-(9H-carbazol-9-yl)ethyl)phosphonic acid (2ACz; TCl)

Material for Buffer layer:

molybdenum oxide (MoOx; Sigma Aldrich)
Tin oxide (SnOx)

Material for anti-reflection coating:

Magnesium fluoride (MgF;; Sigma Aldrich)

Solvents:

Dimethylformamide (DMF; Sigma Aldrich, anhydrous)
Dimethyl sulfoxide (DMSO; Sigma Aldrich, anhydrous)
v-butyrolactone (GBL; Merck)

Ethyl Acetate anhydrous (EA; Sigma Aldrich, anhydrous)
Ethanol (VWR Chemicals)

Isopropanol (IPA; Merck)
Chlorobenzene, (CB; Merck)

Preparation of transparent conductive oxide

In general, glass substrates coated with transparent conductive oxide (TCO) were cut in

0.16 cm x 0.16 cm and cleaned with acetone and isopropanol in an ultrasonic bath for 10

minutes each. The substrates were further treated with oxygen plasma for 3 min before

the next step of deposition. Two different front contacts and two different back contacts

TCO were used in this thesis. For front contacts, pre-patterned tin-doped indium oxide (ITO)
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Figure 3-1: Schematic illustration of perovskite absorber layer deposition.

purchased commercially (Luminescence Technology, sheet resistance 15 Q/sq, 140 nm
thickness, CAS: 50926-11-9) or in-house hydrogen-doped indium oxide (IO:H) (sheet
resistance 22 Q/sq, 230 nm thickness) sputtered by the collaboration partner Zentrum fur
Sonnenenergie (ZSW)) were employed. For back TCO, in-house sputtered ITO (sheet
resistance 60 Q/sq, 160 nm thickness) or zinc-doped indium oxide (IZO) (sheet resistance
45 Q/sq, 165 nm thickness) were used for fabricating semi-transparent PSC). The in-house
TCOs were patterned by laser scribing using pulsed laser ablation.

3.1.1. Opaque n-i-p perovskite solar cell

The fabrication of opaque n-i-p PSCs, used in Chapter 4 and Chapter 5, comprises of the
following device stack: Glass/ITO (front contact)/SnO2 (ETL)/Cso.17FA0.83Pb(l1-yBry)s;
0.24 <y <0.56 (double-cation perovskite)/Spiro-MeOTAD (HTL)/Au (Back contact).

Deposition of electron transport layer

The precursor solution was prepared by diluting a 15 wt% aqueous colloidal dispersion of
Sn0; nanoparticles in deionized water to a concentration of 2.04 wt%. A thin (= 30 nm)
SnO; ETL was deposited on the ITO substrate by spin coating (4000 rpm for 30 s) in the
ambient atmosphere, followed by an annealing step at 250 °C for 30 min and oxygen
plasma treatment for 1 min.

Deposition of the perovskite absorber layer

The perovskite precursor solution was prepared by dissolving 0.83 mmol FAI, 0.17 mmol
Csl, ((2 —3 x y))/2) mmol Pbl; and (3/2 x y) mmol PbBr; in a 1 mL solvent mixture of DMF:
DMSO 4:1 (v:v). In Chapter 4, this composition was prepared based on y=0.4
(Cs0.17FA0.83Pb(lo.6Bro.4)3) with a bandgap (Eg) of 1.72 eV. Accordingly, in Chapter 5 the value
of Br content changed between 0.24 <y < 0.56 in order to obtain the perovskite absorber
layers with various bandgaps between 1.65 to 1.85eV. The double-cation perovskite
absorber layer was deposited from the solution on top of the SnO; layer inside of the
glovebox by a two-step spin coating process: i) 1000 rpm (acceleration 2000 rpm/s) for 10
s, ii) 5000 rpm (acceleration 2000 rpm/s) for 30 s. 100 puL CB was poured on the spinning
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substrate 10 s before the end of the second step. The samples were annealed at 100 °C for
30 min in an inert atmosphere (Figure 3-1).

Deposition of interlayer 2D/3D perovskite heterostructure

The interlayers were processed by dynamically spin coating (5000 rpm for 30 s) 100 uL of
n-BABr dissolved in isopropanol (concentration of 2, 5, and 7.5 mg/ml) on top of the
perovskite absorber layer and subsequent annealing at 100 °C for 5 min in an inert
atmosphere.

Deposition of hole transport layer

The HTL precursor solution was prepared with 80 mg spiro-MeOTAD dissolved in 1 mL CB
with 17.5 pL Li-TFSI (520 mg/ml in acetonitrile) and 28.5 uL 4-tBP additives. The solution
was deposited inside of the glovebox by spin coating method with a speed of 4000 rpm,
1000 ac for 30 s, followed by exposure to dry air in =25% relative humidity condition for
=12 h.

Thermal evaporation of metal back electrode for completing opaque PSC

In this step, the edges of the perovskite substrates were swiped using GBL to allow the
deposited back electrode to connect to the front electrode. Eventually, for completing the
opaque PSC as shown in Figure 3-2, a 60 nm thick gold (Au) electrode was evaporated
directly on the HTL by thermal evaporation through shadow masks to define the active area
to 10.5 mm? (Figure 3-2).

3.1.2. Semi-transparent n-i-p perovskite solar cell

For preparing semi-transparent PSC with an active area of 10.5 mm?, the following device
stack is utilized in Chapter 5: Glass/ITO/Sn0O2/Cso.17FAo.83Pb(l1-yBry)3; 0.24 <y < 0.56/Spiro-
MeOTAD/MoOx/Au/ITO/MgF, (Figure 3-2).

Thermal evaporation of buffer layer

After deposition of HTL (spiro-MeOTAD), a thin layer of MoOx (10 nm) as a buffer layer was
evaporated at a rate of 0.8 A s™* using a Lesker Spectros system at 6 x 10® mbar pressure
to protect spiro-MeOTAD during sputtering of rear contact on top of that.

Sputtering of rear transparent conductive oxide electrode for completing semi-
transparent PSC

In the next step, the edges of the substrates were swiped using GBL to induce a connection

between the rear and front electrodes. The semi-transparent PSC was completed by the
deposition of a TCO electrode on the rear side. For this reason, a =150-160 nm ITO layer
(used in Chapter 5) was deposited using a Kurt J. Lesker PVD-75 thin-film deposition system
with sputtering parameters of Power 50 W, substrate temperature 25 °C, deposition time
=2300 s, pressure = 0.8 mTorr and O; to argon ratio = 2.5%. To enhance the rear ITO
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Figure 3-2: Schematic illustration of the opaque and semi-transparent perovskite solar cell (PSC) fabrication
based on two n-i-p and p-i-n architectures.
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conductivity, = 75 nm Au fingers were deposited by thermal evaporation at a rate of 2 A s1
using a shadow mask.

Thermal evaporation of anti-reflection coating

Finally, to further improve the near-infrared (NIR) transmittance and light in-coupling as
well, 150-155 nm MgF; as an anti-reflection coating was deposited by thermal evaporation
on top of the rear ITO using Lesker Spectros PVD system at a rate of 3-4 A st at 6 x 10°°
mbar pressure.'63164 |t should be mentioned that deposition of the layers by the sputtering
system does not produce sharp edges during the process, as it is not directional. Therefore,
a shadow mask with the defined area was employed to make an accurate active area for
the characterization of these semi-transparent PSCs.

3.1.3. Opaque p-i-n perovskite solar cell

The fabrication of opaque p-i-n PSCs, used in Chapter 6, comprises the following device
stack: Glass/ITO (front contact)/2PACz (HTL)/Cso.1sFAo.s213/Ceo (ETL)/BCP/Ag (Back contact)
(Figure 3-2).

Deposition of hole transport layer

The 2PACz precursor solution was prepared by dissolving 2PACz in anhydrous Ethanol with
a concentration of 1 mmol/ml. The prepared solution was put in an ultrasonic bath for 15
min before it was used. A thin layer of 2PACz HTL was deposited on the ITO substrate by
spin-coating at 3000 rpm for 30 s and subsequently annealed at 100 °C for 10 min.

Deposition of the perovskite absorber layer
Cso.18FA0.32Pbls (Eg = 1.57 eV)

Reference perovskite film (Ref): The reference double-cation perovskite Cso.1sFAo.32Pbls
precursor solution was prepared according to the literature by mixing Pbl, (507 mg: 10%
excess of Pbly), CsCl (30 mg) and FAI (172 mg) in 1 mL solvent mixture of DMF:DMSO 4:1
volume ratio.1®® The reference perovskite film was deposited on the substrate using two
steps spin coating method: i) 1000 rpm (acceleration 2000 rpm/s) for 10 s, ii) 5000 rpm
(acceleration 2000 rpm/s) for 30 s. at 1000 rpm/s for 30 s. 150 pL antisolvent CB was quickly
dropped on the spinning substrate 10 s before the end of the second step spin-coating. The
samples were then annealed at 150 °C for 30 min inside the glovebox.

Surface passivated perovskite film (SP): In case of preparing the surface passivation layer,
PEACI solution dissolved in isopropanol (optimized at a concentration of 1.5 mg/ml) is
dynamically spin-coated on the surface of the reference perovskite layer with a speed of
5000 rpm (acceleration 2000 rpm/s) for 30 s, following with annealing at 100 °C for 5 min.

Grain boundary passivated perovskite film (GBP): For preparing the perovskite absorber
layer with grain boundary passivation, 25 uL of PbCl;:PEACI solution with a molar ratio of
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1:1 dissolved in 1 mL DMSO (optimized at a concentration of 2 mol%) was added in the
reference perovskite precursor solution. In the next step, the precursor solutions are spin-
coated on top of ITO/2PACz and subsequently were annealed at 150 °C for 30 min. In the
case of preparing the grain boundary passivated perovskite layer based on other chloride-
based long-chain organic alkylammonium salts (n-BACI and n-OACI) the same procedure
was applied.

Deposition of interlayer 2D/3D perovskite heterostructure

The grain boundary & surface passivated perovskites (GBP&SP) layer are prepared by the
spin coating of PEACI interlayer on top of the grain boundary passivated perovskite film,
followed by annealing at 100 °C for 5 min in a nitrogen atmosphere.

Cso.17FAo.83 Pb(lo.92Bro.0s)s (Eg = 1.6 eV)

Dual passivated perovskite layer: The precursor solution of the double-cation
Cso.17FA0.83Pb(lo.92Bro.0s)3 perovskite absorber layer was prepared by dissolving 0.83 mmol
FAI (143 mg), 0.17 mmol Csl (44 mg), 0.88 mmol Pbl, (444 mg, 10% excess of Pbl), and 0.12
mmol PbBr; (46 mg) in a 1 mL solvent mixture of DMF:DMSO 4:1 volume ratio. Afterward,
as a bulk passivation additive, 35 uL of PbCl,:MACI solution with a molar ratio of 1:1
dissolved in 1 ml DMSO was added to the reference perovskite precursor solution. The
solution was deposited on top of the HTL by a two-step spin coating process: i) 1000 rpm
(acceleration 2000 rpm/s) for 10 s, ii) 5000 rpm(acceleration 2000 rpm/s) for 40 s. 150 uL
CB was poured on the spinning substrate 20 s before the end of the second step. The
samples were annealed at 100 °C for 30 min in an inert atmosphere. In the next step, as a
surface passivation interlayer, the PEACI solution dissolved in IPA (1.5 mg/ml
concentration) was deposited on top of bulk passivated perovskite film with a speed of
5000 rpm (acceleration 2000 rpm/s) for 30 s, followed by annealing at 100 °C for 5 min in
a nitrogen atmosphere.

(Cs0.0sMAg.22FA0.73Pb(l0.77Bro.23)3 (Eg = 1.68 eV)

Dual passivated perovskite layer: The precursor solution of the double-cation
Cs0.0sMAp.22FA0.73Pb(lo.77Bro.23)3 perovskite absorber layer was prepared by dissolving 1.21M
Pbl, (558mg), 0.37M PbBr; (136.5mg), 1.11M FAI (191 mg), 0.34M MABr (38.2mg) and
0.075 Csl (19.5 mg) in a 1 mL solvent mixture of DMF:DMSO 4:1 volume ratio. In this case,
as an additive for the bulk passivation strategy, 0.25 mg of PEAI was incorporated into the
precursor solutions. The perovskite films were spin-coated on the substrates by a two-step
program: 1000 rpm (acceleration 200 rpm/s)) for 10 s and 5000 rpm (acceleration 2000
rpm/s) for 30 s. 15s after the start of the second step, 150 pL of EA was poured on the
spinning substrate. The samples were then annealed at 100 °C for 45 min in a nitrogen
atmosphere. Here, we introduced 1 nm lithium fluoride (LiF) by thermal evaporation
between the Perovskite and ETL which is used as a common effective interlayer for
reducing interfacial recombination.4->0:166
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Deposition of electron transport layer

23 nm Csp as an ETL and 3 nm BCP as a hole blocking layer were thermally evaporated,
respectively, at an evaporation rate of 0.1-0.2 A/s and a pressure of around 10® mbar using
a Lesker PVD system

Evaporation of metal back electrode for completing opaque PSC

In this step, the edges of the perovskite substrates were swiped using GBL and the opaque
devices are completed by evaporating Ag (= 125 nm) as a back contact through shadow
masks using a Lesker PVD system to define the active area to 12.5 mm?.

3.1.4. Semi-transparent p-i-n perovskite solar cell

For preparing semi-transparent PSC with an active area of 50 mm?, the following device
stack is utilized in Chapter 6: Glass/I0O:H/2PACz/Cso.17FA0.83Pb(lo.92Bro.08)3/Ce0/SnOx/1Z0/
Au/MgF; (Figure 3-2). It should be noted that here instead of using ITO for the front contact,
we employed I0:H to further reduce the optical losses, in particular in the NIR

wavelengths.'6”

Atomic layer deposition of buffer layer

For fabrication of semi-transparent p-i-n PSC, instead of BCP after deposition of Ceo, a thin
layer of SnOx (= 35 nm) was deposited by reactive ALD (Picosun R200) using TDMASN (pulse
time 1.6 s, purge time 12 s) and water (pulse time 0.1 s, purge time 16 s) as SnOx precursors
and high-purity Ar (99.999%) as carrier/purge gas. The line flows of TDMASn and water
were set to 120 and 150 sccm, respectively. The TDMASHh source container was preheated
for 1 hour at 70 °C, to ensure thermal equilibrium. The deposition of the buffer SnOx layer
with high transparency, which also acts as a carrier-selective contact, is mainly due to the
protection of the underlying organic Cso and perovskite layer from the sputtering damage
during the deposition of rear TCO.36:168

Sputtering of rear transparent conductive oxide electrode for completing p-i-n
semi-transparent PSC

In the next step, a 165 nm of IZO as a transparent rear electrode is sputtered through a
shadow mask with an active area of 50 mm? and sputtering parameters of power 100 W,
substrate temperature 25 °C, deposition time = 2555 s, pressure = 1.5 mTorr and O; to
argon ratio = 1%. It should be noted that here we replaced the in-house sputtered ITO rear
electrode used in Chapter 5 with the in-house sputtered 1ZO rear electrode to further
reduce the absorption losses.1?>167.16% Finally, the semi-transparent p-i-n devices were
completed by deposition of Au fingers by thermal evaporation at a rate of 2 A s using a
shadow mask.
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Figure 3-3: Schematic illustration of a 4-terminal (4T) perovskite/c-Si or perovskite/CIGS tandem solar cell.

Thermal evaporation of anti-reflection coating

For this case, a 165 nm MgF, was deposited on top of the rear 1ZO at a rate of 3—4 A s1at
6 x 107® mbar pressure, while we attached polydimethylsiloxane (PDMS) anti-reflection foil
textured with randomly-inverted pyramids on the backside of the I0:H front electrode to
achieve better light trapping as well as more transmission from the top semi-transparent
cell into the bottom cell for 4T tandem configuration.70-173

3.1.5. 4-terminal perovskite-based tandem solar cell

As we discussed in Chapter 2, in case of 4T tandem solar cells both top semi-transparent
PSC and bottom c-Si or CIGS bottom cells are independently electrically connected while
they are optically interlinked. As a result, we fabricated semi-transparent PSCs (as the
fabrication process was described in Sections 3-1-2 and 3-1-4) and measured their PCE
exactly in the same way as the single-junction opaque PSC. On the other hand, the PCE of
the bottom cells was measured while a filter of top semi-transparent PSC with the opposite
front TCO electrode is applied on top of the bottom cell as illustrated in Figure 3-4. It should
be mentioned that a filter comprises of the same layer stack and optical properties as the
semi-transparent PSC but with a larger area. A shadow mask with an aperture area of
165 mm? was used to define an aperture area in order to measure the bottom solar cells.
The final PCE of the 4T devices is calculated by the sum of PCE obtained individually from
the top semi-transparent PSC and bottom c-Si or CIGS solar cell when operating underneath
the semi-transparent PSC filter. The bottom c-Si used for fabricating 4T tandem solar cells
is an interdigitated back contact (IBC) c-Si solar cell provided by a collaboration partner
from Institute for Solar Energy Research GmbH (ISFH)’# and CIGS solar cell was provided
by the collaborator Zentrum fiir Sonnenenergie und Wasserstoff-Forschung Baden-
Wirttemberg (ZSW).17>
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Figure 3-4: Schematic illustration of the fabrication process for 2-terminal (2T) perovskite/silicon tandem solar
cell.

3.1.6. 2-terminal perovskite/c-Si tandem solar cell

2T perovskite/silicon tandem solar cells were fabricated in the p-i-n architecture. The
silicon solar cells used in this thesis were provided by a collaboration partner (Meyer Burger
company) with a size of 0.16 cm x 0.16 cm. It should be mentioned that the ITO
recombination layer was already formed by the company on the front side of the substrate
as illustrated in Figure 3-4. We started with cleaning the silicon wafers by using acetone
and isopropanol via spin coating the substrates. After that, the back contact was formed by
thermal evaporation of 300 nm silver with a rear of 0.5 A s at the backside of the silicon
wafers using a shadow mask with an active area of 50 mm?. For deposition of HTL, a very
thin layer of NiOx (15-20 nm) was sputtered in a pure argon atmosphere at a pressure of 1
mTorr and a power of 8 W in a PVD 75 Pro-Line sputter system (Kurt J. Lesker Company).
The purpose of the NiOx layer prior to deposition of the self-assembled monolayer (2PACz)
was to enhance the surface coverage of the 2PACz on the substrate.'’® The samples were
then transferred to the glovebox for deposition of 2PACz. At the next step, wide-bandgap
double-cation Cso.osMAg.22FA0.73Pb(lo.77Bro.23)3 (Eg = 1.68 eV) and Ceo layers were deposited
in the same way as we proceeded the perovskite single-junction devices. Afterward, a thin
layer of SnOx (35 nm) was deposited by reactive ALD similar to the fabrication of semi-
transparent p-i-n PSC. For deposition of the transparent front electrode, 160 nm of the 1ZO
layer was sputtered under the same condition as the fabrication of p-i-n semi-transparent
PSC. Finally, a c-shaped silver electrode was thermally evaporated using a mask with an
active area of 50 mm?. At the final step, 150 nm of MgF, was employed as an antireflective
coating.

3.2. Characterization techniques

3.2.1. Current density-voltage characteristic

As discussed in Chapter 2, the standard test condition for measuring the current density-
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voltage (J-V) characteristic of a solar cell is illuminated with a reference AM1.5G (100
mW,/m?) solar spectrum at the temperature of 25 °C. The typical J-V characteristic of a solar
cell is shown in Figure 2-15. In this thesis, the measurement was carried out using a solar
simulator (Newport, Oriel Sol3A) with a xenon lamp (Osram Licht AG). To adjust the light
intensity to the global standard AM1.5G spectrum, it was calibrated using a certified silicon
solar cell (Fraunhofer ISE) equipped with a KG5 bandpass filter for PSC and a KGo for
monolithic perovskite/silicon solar cell. Meanwhile, during the measurement, the
temperature of the devices was controlled by a house-made sample holder that is with a
Peltier element for cooling and heating. To take into account the effect of the hysteresis on
the performance of the perovskite solar cell (as discussed in Section 2-2-4 and Figure 2-
17a), we measured the devices with a constant sweeping rate of 600 mV/s in both
backward and forward directions. To derive a reliable PCE of the PSCs due to the hysteresis
effect we measured the stabilized PCE under 5 min continuous illumination (Figure 2-17b)
at a constant voltage close to the maximum power point (MPP) (Chapters 4 and 5) and at
the MPP (Chapters 6 and 7).

3.2.2. External quantum efficiency

As we discussed in Section 2-2-4 in Chapter 2, the external quantum efficiency (EQE) is
measured to determine the spectrally resolved response of the solar cell. In this thesis, the
EQE measurement was performed by PVE300 photovoltaic QE system (Bentham EQE
system) with a chopping frequency of ~570 Hz and an integration time of 500 ms to obtain
the spectra a wavelength range from 300 to 850 nm. An illumination spot (1.5 mm) was
utilized to acquire the average in the EQE spectra due to the variation introduced by
inhomogeneous scattering and transmission from the perovskite layer. It should be noted
that the reported Jsc for the 4T devices in Chapter 5 and 7 and the best-performing PSCs in
Chapter 6 is corrected using the ratio of Jsc derived from the EQE and J-V measurements
to obtain a further accurate determination of the Jsc and thus PCE for the fabricated devices.

3.2.3. Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is an analytical technique to measure the
transmittance (T) and reflectance (R) of thin films. In this measurement, a light beam is split
into a monochromatic light (with the desired wavelength), focusing on the sample to
measure either the reflection at the sample or the transmission through the sample. The
central component in both cases is an integrating sphere, where its interior is an almost
perfectly diffuse reflecting body (Figure 3-5). When transmittance is measured, the sample
is attached to the input port of the integrating sphere and the exit side is closed by a white
standard (Figure 3-5a). In case of reflectance, the sample is attached to the exit side of the
integrating sphere and irradiated by an incident beam through the entrance port (Figure 3-
5b). The transmitted or reflected light is collected using a detector placed inside an
integrating sphere. Typical transmittance and reflectance spectra of the perovskite
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Figure 3-5: lllustration of (a) transmittance and (b) reflectance principle. The typical (c) transmittance and (d)
reflectance measurement of semi-transparent perovskite solar cell used in Chapter 5.

absorber layer is demonstrated in Figures 3-5c and d. For calibration, at the beginning, a
zero line and a 100% signal are measured without a sample. The absorptance (A) is
determined by using the following equation:

A=1-T-R 3.1

Moreover, this measurement can be used to calculate the absorption coefficient of a thin
film with a thickness of d, which describes how far the light can penetrate into the material
before it is absorbed. Therefore, according to Lambert-Beer’s law:

1l I 1l (1 —R)? 3.2

ada=——InN—=——n—m—

d I d T
Where Iy is the incident light intensity and / is the light intensity after passing through the
perovskite layer. By knowing a and the energy of the photons (hv), the optical E; of the

perovskite can be determined from a Tauc plot method using the following equation:t’’

(ahv)* o« B (hv — Ey) 3.3

where x is defined as the nature of the electron transition and is equal to 2 for the direct
bandgap semiconductors.'’® By plotting (ahv)? as a function of hv, the bandgap is

39



Materials, Devices and Characterization Methods

estimated by the intersection of the linearly fitted region and the x-axis where (ahv)?=0.In
this thesis, the transmittance and reflectance measurements of the perovskite absorber
layer were performed using a PerkinElmer Lambda 1050 spectrophotometer using an
integrating sphere. We set the illumination spot as large as possible to average the possible
inhomogeneities of the films.

3.2.4. Photoluminescence

In a semiconductor, when the energy of the incident photons is equal or higher than the
bandgap, a transition of an electron from the valence band to the conduction band occurs,
resulting in a generation of electron-hole pairs (see Chapter 2, Section 2-2). The emission
of light or photons due to the radiative recombination of these free electron and hole pairs
is called photoluminescence (PL). Steady-state and time-resolved photoluminescence are
two well-known PL spectroscopy techniques that are used to determine the optical and
electronic properties of the thin film. In case of steady-state PL, the average emission on
the scale of microseconds to milliseconds is measured through the samples upon
excitation. Contrary to steady-state PL spectroscopy, in TPRL measurement, a short light
pulse in a scale of picosecond or femtosecond is used to generate free charge carriers. This
allows us to investigate the dynamic process occurring in the sample after excitation such
as temporal decay in PL spectra, thus providing useful information on the charge carrier
recombination dynamics. As discussed in Chapter 2, not all excited electrons can be
radiatively recombined, as the presence of the defects enhances the possibility of non-
radiative recombination (such as trap-assisted non-radiative recombination). As a result, a
shorter lifetime of charge carriers reflects the low quality of the absorber layer due to the
enhanced non-radiative recombination losses.

In this thesis, TPRL measurements were performed in the air for the perovskite absorber
layer in gated mode with a pulsed laser of 532 nm. For the excitation of the sample, a
repetition rate of 1 kHz and a pulse width of 0.8 ns was employed. All measurements were
carried out with a pump fluence of ~20-30 nJ/cm?. The PL emission was detected using an
ACTON spectrometer and a CCD camera PIMAX512 at room temperature.

3.2.5. X-ray diffraction

X-ray diffraction (XRD) is a prevalent technique to determine the crystallographic
properties (crystallite grain size and preferred orientation, lattice parameters) of the
material based on interaction of X-ray waves in a crystalline substance. Figure 3.6
demonstrates a schematic representation of the working principle of XRD. When the X-rays
with the wavelengths in the same order as the spacing atoms hits the periodically arranged
atoms, it is scattered from the crystal plane, resulting in constructive and destructive
interference according to Bragg’s law of diffraction:

2dsin@=n4;n=1,2,3.... 3.4
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Figure 3-6: (a) X-ray diffraction (XRD) in accordance with Bragg’s law. (b) A typical XRD diffraction pattern of
a double-cation perovskite layer used in Chapter 4.

where d is the distance between the crystal lattice planes of atoms, A is the wavelengths of
X-rays, 8 is the incident angle of the X-rays and n is a constant. Subsequently, detecting the
intensity of the diffracted X-rays as a function of scattering angle provides information on
the density of the electrons that can determine the mean position of the atoms within the
crystal. Therefore, the XRD pattern exhibits the position and intensity of the resulting
diffraction peaks which is as unique as a fingerprint and can be used to identify the
unknown material and its phase. In this thesis, XRD measurements were conducted to
determine the crystal plane diffraction from 2D-RP perovskite and 3D perovskite absorbers.
The crystal structure of the perovskite layers was carried out utilizing XRD (Bruker D2Phaser
system) with Cu-Ka radiation (A = 1.5405 A) in Bragg—Brentano configuration using a
LynxEye detector. High-resolution XRD was performed by a Bruker D8 DISCOVER system
with Cu-Ka radiation in Bragg—Brentano configuration.

3.2.6. X-ray photoelectron spectroscopy

To analyze the chemical composition and the chemical environment of the material on the
surface of the thin film (probing depth of a few nanometers), X-ray photoelectron
spectroscopy (XPS) as a surface-sensitive technique is used. This is based on the
photoelectric effect by utilizing X-ray illumination to ionize the atoms (exciting electrons
from a core level into the vacuum) and probing the kinetic energies (Ex) of the ejected
photoelectrons (Figure 3-7 a). As the Ex of emitted electrons is detected, the binding energy
(Ep) of the excited electron is calculated by the following equation:

E, = hv — (Ex + ¢) 3.5

where hv is the energy of the X-ray photons and ¢ is the work function (energy difference
between the vacuum level and the Fermi level) of the sample. As the binding energy of the
core level electrons for each element is specific and depends on the chemical environment,
therefore, it provides information about the elemental composition and the bonds at the
surface. The sensitivity toward surface chemistry arises from a relatively short depth that
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Figure 3-7: Schematic illustration of the X-ray photoelectron spectroscopy (XPS) principle. (b) A typical XPS
survey pattern of double-cation perovskite thin film used in Chapter 4.

a photoelectron can travel before it losses its energy due to an inelastic scattering process
with another electron, a photon, and/or composition impurity.

In this thesis, we used the XPS technique to determine the chemical compositional changes
at the surface of the perovskite absorber layer upon deposition of the ultrathin 2D RP
perovskite layer. Figure 3-7b demonstrates an XPS spectrum of the perovskite absorber
layer used in Chapter 4, in which the intensity of the detected photoelectrons is plotted as
a function of binding energy (in eV). Each element exhibits a distinct set of XPS peaks
correlated to the electron’s configuration, e.g., 1s, 2s, 2p, etc. The XPS measurement in
Chapter 4 was carried out by UHV experimental system in the Materials for Energy (MFE)
Lab at KIT by Dr. Dirk Hauschild. The samples were sealed under Argon gas and introduced
into the ultra-high vacuum (UHV) system via an Argon-filled glovebox without air exposure.
The UHV experimental system was equipped with an Omicron Argus CU electron analyzer,
a DAR 450 twin anode (Mg Ka and Al Ka) X-ray source, and a He gas discharge lamp. In
order to avoid beam-induced changes due to X-rays prior to the reported measurements,
extensive time-resolved measurements were performed to characterize beam damage.
Based on this study, measurement times of 10 min (or less) for XPS were determined
suitable to avoid the influence of beam-induced changes on the spectra. The XPS
measurement in Chapter 6 was performed by Dr. Fredricks at Innovation Lab GmbH in
Heidelberg using photoelectron spectroscopy with a PHI 5000 Versa Probe at the Cluster
tool.

3.2.7. Scanning electron microscopy and cathodoluminescence

Scanning electron microscopy (SEM) is one of the main techniques for imaging thin films
(surface, cross-section) with resolutions less than 1 nm which can provide useful
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Figure 3-8: lllustration of the incident electron beam interaction with the sample, generating variety effects
at different depth of thin fil. For scanning electron microscopy, the secondary electrons are collected and
detected for surface imaging.

information about the microstructure and composition of the layer. In principle, in an SEM
setup, a thermionic electron gun produces electron beams that are accelerated and then
concentrated and focused by a series of electromagnetic lenses before being directed
towards the sample. The focused beams (with kinetic energies in the keV range) moved
across the sample surface via scanning coils. Upon impinging of these electron beams at
various depths of the surface, multiple processes occur including reflection of high-energy
backscattered electrons (BSE), emission of low-energy secondary electrons (SEs) by
inelastic scattering and Auger electrons which are detected by specified detectors (Figure
3-8). Apart from electron signals, a broad spectrum of electromagnetic radiation (emission
of X-rays) and cathodoluminescence (CL) are also detected (Figure 3-8).17° The SEM images
are captured based on using SEs and BSEs. Owing to low kinetic energy, the SEs are emitted
only from the top few nanometers of the samples and can be detected either at a low-angle
cone to provide information on material contrast, or at high angles to image the surface
topography of the sample. Furthermore, high-energy BSEs are emitted from the deeper
regions of the samples, yielding information on compositional and elemental distribution.

In this thesis, cross-sectional and top-view SEM images of all perovskite thin films were
performed by high-resolution field emission SEM using a Zeiss LEO1530 VP SEM with an in-
lens and secondary detector and an aperture size of 20 um. The SEM images were captured
using a 3-kV acceleration voltage. As we mentioned above, electron beam interaction with
the sample can also excite an electron from the valence band to the conduction band.
However, due to the high energy of primary electrons, inelastic scattering of these
electrons generates secondary electrons, Auger electrons and X-rays. Subsequently, these
are the secondary electrons with energy three times higher than the bandgap of the sample
that can promote the valence electrons into the conduction band. Upon thermalization,
the electrons and holes combine radiatively, resulting in the emission of photons with an
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energy range between 0.5 to 6 eV (known as CL). This technique can be used for controlling
the quality of the samples and detecting the structural composition, electrical
conductivity/insulating feature and defect distribution. The CL measurement was
conducted at the Australian National University by Dr T. Duong using an FEl Verios SEM
equipped with a GatanMonoCL4 Elite at 3 kV accelerating voltage / 25 pA beam current.
The CL images were captured in panchromatic mode with appropriate dichroic filters
(bandpass filter with 500 + 40 nm)

3.2.8. Atomic force microscopy

To determine the surface roughness and topography of the perovskite films on a few
nanometers scale, atomic force microscopy (AFM) technique is used. This technique
comprises a cantilever with a small radius tip for probing the surface, a four-quadrant
photodiode, a scanner unit and a laser. In principle, there are two different modes of
measurement: static contact and dynamic noncontact or dynamic contact. In a contact
mode, once the tip is in contact with the surface, the static deflection of the cantilever due
to the forces between tip and sample such as mechanical contact forces, van der Waals
forces, or electrostatic forces is detected by the four-quadrant photodiode. In contrast to
contact mode which can damage the surface of the samples, in a dynamic or noncontact
mode, the tip scans the surface of the sample at a minimal distance and the force
interaction varies the resonance frequency of the cantilever oscillation (due to material
changes or height differences. This modulation can be measured optically via the reflection
of a laser beam pointed onto the cantilever head. Assuming a constant chemical
composition of the surface, variations can be primarily traced back to differences in the
distance between the sample and the measuring tip. The spatially resolved measurement
over a surface thus allows the determination of the roughness of the sample surface. In
this work, all the AFM figures were measured on a Bruker Dimension Icon AFM.

3.2.9. Determining of ideality factor by intensity-dependent measurement

of the quasi-Fermi level splitting

The ideality factor (nig) of solar cells provides information on the dominant recombination
mechanism in the solar cell as we discussed earlier in Chapter 2. A common way to identify
the nig of the PSCs is based on the slope of a logarithmic fit of a Voc or internal quasi-Fermi
level splitting vs. light intensity plot, using the following equation derived from Equation 2-
4:

q dVoc 3.6
nig(I) =
Tk T g L
1 mW/cm?

Where q is the electron charge, ks is the Boltzmann constant, / is the irradiation intensity
and T is the temperature.’® This equation indicates that Voc is completely independent of
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Figure 3-9: Ideality factor (nia) of the perovskite solar cell derived from light-intensity dependent open-circuit
voltage (Voc).

series resistance because no current flows at open-circuit conditions. According to the
literature, nig has been proven to be governed by bulk as well as interfacial recombination
properties.>3180.181 Eor high-performing PSCs that are not limited by failures at either of
the perovskite/CTL interfaces, a reduction of nig towards a value of 1 is typically associated
with a predominant bimolecular radiative and reduced trap-assisted Shockley—Read Hall
recombination.'31>% |n this thesis, niq of PSCs in Chapter 4 was conducted by plotting Voc
as a function of the light intensity using an all-in-one measurement system Paios (Fluxim
AG). A white LED (Cree XP-G) was used for the illumination in all experiments. An exemplary
measurement of nig for PSC used in Chapter 4 is shown in Figure 3-9.

3.2.10. Space-charge-limited current

Space-charge-limited current (SCLC) measurement is a well-known technique for
estimating charge carrier mobility and trap density in semiconductors and has been widely
used in metal halide perovskites as well. To estimate the charge carrier mobility in the
perovskite layer, the electron-only or hole-only devices are fabricated, meaning that the
perovskite layer is sandwiched between the two ETL with a device configuration of
ITO/SnO/Perovskite/Cso/BCP/Ag for electron only or two HTL with a structure of
ITO/2PACz/Perovskite/Spiro-MeOTAD/Ag for the hole-only device. The dark J-V
measurements of the devices plotted on a log-log scale show three distinct regions: (1)
Ohmic region with a slope of ~1, (2) trap filling region with a slope larger than 2 and (3)
trap-free SCLC region with a slope of ~2. The mobility value is extracted from the quadratic
region of the dark J-V curve that is governed by the Mott-Gurney equation:

9 v? 3.7
] =gHEE 13

where Jis the current density, Vis the applied voltage, &o is the permittivity of the vacuum,
€ is the dielectric constant of the material, u is the mobility of the charge carrier (electron
or hole) and d is the thickness of the active layer. This equation is also referred to as the
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square law for trap-free SCLC. In SCLC measurement, J is dominated by charge carriers
injected from the contacts, thus it is only dependent on the mobility and no more on the
charge carrier density.

The trap densities are also calculated from the trap-filled-limit voltage (VrrL):

qn.d? 3.8
2¢¢

VrpL =

Where n: is the trap density of the perovskite absorber layer, Vi is the voltage at the
intersection point of the tangent with slope 1 and tangent with a slope higher than 2 in the
dark J-V curve. In our experiment, SCLC measurements were conducted on Paios (Fluxim
AG)-platform for all cells and OLEDs.
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4. Wide-Bandgap n-i-p Perovskite Solar Cells with 2D/3D
Heterostructure

This chapter deals with open-circuit voltage (Voc) losses in wide-bandgap (1.72 eV)
perovskite solar cells (PSCs) based on the standard n-i-p device architecture. It introduces
an effective approach to reducing these losses by employing a large alkylammonium
interlayer at the interface between the perovskite and hole extracting layer. We
demonstrate that this strategy strongly surpasses non-radiative and interfacial
recombination that typically occurs between the charge transport layer (CTL) and
perovskite, enabling one of the highest Voc and power conversion efficiency (PCE) reported
for wide-bandgap PSCs so far.

This chapter is based on our publication in Advanced Energy Materials with the title
“Record Open-Circuit Voltage Wide-Bandgap Perovskite Solar Cells Utilizing 2D/3D
Perovskite Heterostructure”. Most of the figures in this chapter are adapted or reproduced
with the permission of Advanced Energy Materials.*®?
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4.1. Introduction

High-efficiency mixed-halide wide-bandgap PSCs (1.65-1.80 eV) in combination with well-
established photovoltaic (PV) technologies as a tandem configuration bear an excellent
potential to achieve the PCE beyond the Shockley-Queisser (S-Q) limit of single-junction
solar cells (~33 %).143183184 Nevertheless, the issue of a large Vocloss in such wide-bandgap
PSCs hinders further enhancement of PCE, as the Voc deficit increases when the bandgap
widens.?”/18>186 Thjs |arge Voc deficit is partly attributed to the segregation of halides under
illumination. In fact, to widen the bandgap of the mixed-halides perovskite, the partial
replacement of iodide (I") with bromide (Br) anions in the X site of the crystal lattice is
needed (see discussion in Chapter 2).°® However, once illuminated, the mixed-halides
perovskite phase is prone to separate into low-bandgap I-rich and wide-bandgap Br-rich
domains. Consequently, the formation of I-rich domains with a lower bandgap during
photo-induced phase segregation can generate more charge carrier traps that increase the
recombination rate, thus deteriorating the device performance.87-18
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Figure 4-1: Champion (a) open-circuit voltage (Voc) and (b) power conversion efficiency (PCE) of perovskite
solar cell (PSC) without (3D Ref.) and with 2D/3D perovskite heterostructure (2D/3D Pero.) as a function of
bandgap (Eg) (marked with black and red star). For comparison, the data of the best-performing mixed-halide
PSCs with high Voc (marked with gray circles) and decent PCE (>13%) (marked with full-colored and half-
colored circles corresponding to the PCEs determined by maximum power point tracking and current-voltage
measurements, respectively) reported in the literature as of 2019. The updated data can be found in Chapter
1. The dashed line represents 90% of Shockley-Queisser (S-Q) limit values for Voc and 70% for maximum
attainable PCE with respect to a certain Eg. The gray region displays the ideal bandgap range (1.65-1.8 eV) for
the top perovskite cell in tandem configuration. All references are provided in Appendix A, Table Al. Adapted
with permission from reference [*82]. Copyright 2019, Wiley.
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In addition to the photo-induced phase segregation, the non-radiative recombination
process, which is responsible for four to five times the Voc loss compared to the loss from
phase segregation, is identified as a dominant recombination loss in mixed-halide PSC.#34°
Defects are one of the predominant non-radiative recombination pathways arising from
both potentially poor quality of the perovskite absorber and perovskite/CTL interfaces.'®
For this reason, intensive studies have been undertaken to minimize the phase segregation
and detrimental defects in PSCs with emphasis on controlling the crystallization of the
perovskite film, incorporating additives into the perovskite bulk, engineering the interface
and passivating the surface of the perovskite layer.#+45122130,131 Recently, a post-treatment
of perovskite films by employing a wider bandgap layered, namely 2D Ruddlesden-Popper
(2D-RP) perovskite, has emerged as among the most effective strategy to reduce non-
radiative recombination and consequently enhance Voc of PSCs by the formation of 2D/3D
perovskite heterostructure.?%°7.29.191-133 Nevertheless, despite all the great developments
so far, the Voc of all reported wide-bandgap PSCs with respect to the given bandgap is still
less than the record value achieved using a low-bandgap of ~1.6 eV perovskite as shown
in Figure 4-1 and Appendix, Table Al. This clearly demonstrates that Voc does not
proportionally increase with the bandgap. Thereby, further effort remains vital in order to
reduce the Voc loss for wide-bandgap PSCs to achieve a value close to their maximum
theoretical limit predicted by the S-Q limit.

To address this challenge, in this chapter, we demonstrate a post-treatment strategy by
introducing a novel ultrathin 2D/3D heterostructure interlayer at perovskite/hole
transporting layer interface for wide-bandgap PSCs (Eg ~1.72 eV) via spin coating
n-butylammonium bromide (n-BABr) on top of the 3D perovskite layer. Through effective
interface passivation, 2D/3D heterostructure PSC delivers a Voc 80 mV higher than the
reference devices with an enhanced stabilized PCE of up to 19.4%. As shown in Figure 4-1
this achievement exhibits one of the highest Voc reported so far in the literature for such
bandgap in PSCs with n-i-p architecture, which also corresponds to 90% of the S-Q limit for
the given bandgap. The results show that the formation of the 2D/3D heterostructure
interlayer not only acts as an efficient strategy to passivate the surface of the perovskite
layer but also as an electron blocking layer due to its wider bandgap. As a result, the
interfacial non-radiative recombination decreases, leading to a remarkable reduction in the
photovoltage loss of the devices. In the follow-up sections, a detailed investigation of the
material properties, as well as the photovoltage characterization of the samples treated
with an optimized concentration of n-BABr is performed.

4.2. Performance of solar cells with n-BABr surface treatment

In this section, we investigate the photovoltaic characteristics of PSCs without and with
n-BABr surface treatment. Using a double-cation (FA and Cs) perovskite absorber layer in
the composition Cso.17FA0.83Pb(lo.6Bro.a)3, we fabricated wide-bandgap PSCs (Eg ~1.72 eV) in
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Figure 4-2: (a) Schematic of device architecture based on n-i-p wide-bandgap perovskite solar cells (PSCs)
Cso.17FA0.83Pb(lo.sBro.s)s treated with n-BABr solution on top of the perovskite absorber layer. (b) Forward
(closed symbols) and reverse (opened symbols) current-voltage (/—V) characteristics of champion 3D reference
(3D Ref.) and 2D/3D perovskite heterostructure (2D/3D Pero.) devices measured under solar illumination
condition (AM 1.5G, 1000 W m=2. (c) Stabilized PCE of the corresponding devices measured at a constant
voltage close to the maximum power point (MPP) under 5 min continuous illumination. (d) Steady-state open-
circuit voltage (Voc) of the champion 2D/3D Pero. device measured at continuous illumination (AM 1.5G). (e)
The statistic of Voc and (f) PCE distribution for 3D Ref. and 2D/3D Pero. PSCs (from a total of 48 devices),
respectively. Adapted with permission from reference [*82]. Copyright 2019, Wiley.

a n-i-p layer stack of glass substrate/indium tin oxide (ITO)/nanoparticle-based SnO»
/perovskite (Cso.17FA0.83Pb(lo.6Bro.a)s)/2,2',7,7'-tetrakis (N, N'-di-p-methoxy phenylamine)-
9,9'-spirobifluorene (spiro-MeOTAD)/Au back electrode (Figure 4-2a). The current-density—
voltage (/—V) measurement of the best-performing reference 3D perovskite solar cell
exhibits a Voc of 1.23 V, a fill factor (FF) of 0.74 and a short-circuit current density (Jsc) of
19.2 mA/cm?, yielding a PCE of 17.5% (Figure 4-2b). After n-BABr surface treatment with a
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Figure 4-3: Optical bandgap extracted from (a) Tauc plot and (b) inflection point of the external quantum
efficiency (EQE) spectra for wide-bandgap double-cation perovskite layers (FAo.83Cso.17Pb(lo.6Bro.4)3) with and
without a 2D/3D perovskite heterostructure. Adapted with permission from reference [*3?]. Copyright 2019,
Wiley.

concentration of 2 mg/ml on top of the perovskite absorber layer, an ultrathin 2D/3D
interlayer is formed between the 3D perovskite layer and the hole transport layer (HTL) (as
we will show later in Section 4-3). The formation of this interlayer results in a substantial
increase in device PCE to 19.8% (Figure 4-2b) with negligible hysteresis compared to the
reference device. A rapid rise in stabilized PCE of the device incorporating 2D/3D
heterostructure is also observed from 16.7% to 19.4% compared to reference PSC
measured under 5 min constant illumination at AM 1.5G with 1000 Wm™2 (Figure 4-2c). This
enhancement primarily arises from a remarkable increase in Voc of up to 1.31 eV, leading
to a constant stabilized Voc measured under 5 min constant illumination (Figure 4.2d). This
Voc value corresponds to 90% of the maximum theoretical limit Voc achievable for the given
bandgap as illustrated in Figure 4.1a. Moreover, the calculated gVoc/Eg ratio for the 2D/3D
perovskite heterostructure devices represents one of the highest values of 0.76 achieved
so far for wide-bandgap PSCs in the range of 1.65-1.8 eV with PCEs above 13% (Appendix
A, Table A1l). This is indicative of the high-quality PV material (2D/3D perovskite
heterostructure in our case) which demonstrates a high fraction of radiative recombination
relative to non-recombination pathways.?>%1941% |t s worth noting that no shift in the
bandgap of the 3D perovskite layer after n-BABr treatment is observed, indicating that a
widening of the perovskite bandgap, which could be one of the causes for enhanced Vo,
does not play any role in Voc enhancement. This observation is supported by comparing
the optical bandgap of the perovskite films without and with n-BABr treatment measured
by the Tauc plot method as well as the inflection point of the external quantum efficiency
(EQE) spectra (Figure 4-3). The statistical distribution of Voc and PCE from 71 devices for
both 3D and 2D/3D heterostructure devices verifies the high reproducibility of the surface-
treated process with n-BABr solution (Figures 4-1e and f). Along with the improved Voc, we
also observe an increase in FF up to 0.78 upon n-BABr treatment, while the Jsc remains
almost unchanged, indicating that the extraction of charge carriers in 2D/3D
heterostructure PSCs occurs effectively as the reference devices. The photovoltaic
parameters of the best-performing PSCs are summarized in Table 4-1.
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Table 4-1: Current-density—voltage (J-V) characteristics of best-performing devices for reference and 2D/3D
heterostructure PSCSs treated the various concentrations of n-BABr solution (2, 5 and 7.5 mg/ml) on top of
the perovskite absorber layer measured under both reverse- and forward scan direction. Reproduced with
permission from reference ['#2]. Copyright 2019, Wiley.

PSCs Scan Voc Jsc (mA/cm?) FF PCE
direction (V) (%)
BW 1.23 19.2 0.74 17.5
Reference W 1.22 18.9 0.69 16.2
Treated w. n-BABr (2 BW 1.31 19.2 0.78 19.8
mg/ml) W 1.31 19.2 0.75 19.2
Treated w. n-BABr (5 BW 1.32 18.2 0.60 14.7
mg/ml) W 1.28 18.3 0.58 13.54
Treated w. n-BABr (7.5 BW 1.18 12.4 0.49 7.1
mg/ml) W 1.15 11.9 0.47 6.4

In order to optimize the thickness of the n-BABr interlayer on the performance of the PSCs,
we fabricated 2D/3D heterostructure PSCs by varying the concentration of the n-BABr
solution dissolved in IPA (2, 5, and 7.5 mg/ml). As depicted from the statistics of the PV
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Figure 4-4: Statistical distribution of (a) power conversion efficiency (PCE), (b) open-circuit voltage (Voc), (c)
fill factor (FF), and (d) short-circuit current (Jsc) determined form the J—V characteristic for 70 devices (in total)
prepared without (reference) and with 2D/3D perovskite heterostructure interlayer processed by n-BABr
treatment with various concentrations of 0, 2, 5, and 7.5 mg/ml. Adapted with permission from reference
[182]. Copyright 2019, Wiley.
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Figure 4-5: (a) External quantum efficiency (EQE) and (b) absorbance of wide-bandgap perovskite solar cells
treated without (3D Ref.) and with various concentrations of n-BABr solution (2, 5, 7.5 mg/ml). Adapted with
permission from reference [*¥?]. Copyright 2019, Wiley.

parameters in Figure 4-4, we find the concentration of 2 mg/ml as the optimum
concentration to achieve the highest performance of the 2D/3D heterostructure PSCs.
Although a further enhancement in Vocup to 1.32 V is observed for a concentration of 5
mg/ml, this enhancement is compensated by a decrease in the FF and Jsc. For a higher
concentration (up to 7.5 mg/ml) the reduction in both FF and Jsc becomes more substantial.
As we discussed earlier in Chapter 2, this is because of the insulating nature of the 2D layer
which hinders the transport of the charge carriers when the thickness of the 2D layer
increases, thereby inducing severe charge accumulation and recombination loss.1°%1%7 The
integrated photocurrent obtained from the external EQE spectra is consistent with the
trend of Jsc derived from the J-V characteristics for the corresponding devices prepared
without and with various concentrations of 2, 5 and 7.5 mg/ml (18.4, 18.6, 17.4 and 11.8
mA/cm?, respectively). As shown in Figure 4-5a, for 2D/3D PSCs treated with a 2 mg/ml
concentration solution, the EQE spectrum demonstrates a similar excellent charge-carrier
extraction as the reference PSC, whereas a notable drop in the overall EQE spectrum is
observed when the concentration increases to 5 mg/ml. This reduction becomes even more
severe for the higher concentration of 7.5 mg/ml, confirming the low resultant Jsc for these
devices (5 and 7.5 mg/ml). Moreover, the optimum concentration of 2 mg/ml exhibits a
similar absorbance spectrum to the reference film, indicating that a thin layer of the 2D
perovskite on the surface of the 3D perovskite does not affect the absorption of the
underlying 3D perovskite film. In contrast, the expected increase in thickness of the 2D
interlayers (volume ratio of 2D to 3D) with increasing n-BABr concentration decreases the
absorbance of the 3D perovskite thin film, which is in turn responsible for a reduction in

JSC-198'199

In the next section, we investigate the material and photophysical characterizations of PSCs
based on the optimum concentration of n-BABr (2 mg/ml) to understand how the
formation of such an ultrathin 2D perovskite interlayer can induce the significant
enhancement in PCE of the devices, in particular an increase in Voc.
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4.3. Material characterization of 2D/3D heterostructure

4.3.1. Structural properties

As we discussed in Chapter 2, considering that n-BABr is a large aliphatic alkylammonium
spacer cation, which is commonly known to form layered 2D-RP perovskite phase, 7418 we
expect the formation of the 2D layer when n-BABr is coated on top of the 3D double-cation
perovskite film. In this context, to obtain information regarding the crystal structure of the
perovskite layer and assess whether the interlayer formed upon deposition of n-BABr
solution on top of the 3D perovskite is indeed a 2D-RP perovskite, X-ray diffraction (XRD)
measurements were performed. As depicted in Figure 4-6a, the characteristic peaks at 26
~14.8°, 21.1°, 24.8°, 28.6° are indexed to typical (100), (110), (111) and (200) lattice plane

diffraction of double-cation perovskite (Cso.17FA0.s3Pb(lo.6Bro.a)s, respectively.8
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Figure 4-6: (a) X-ray diffraction pattern of wide-bandgap FAo.83Cso.17Pb(lo.sBro.4)s perovskite thin-films treated
without (3D Ref.) and with various concentrations (2, 5 and 7.5 mg/ml) of n-BABr on top of the 3D perovskite
absorber layer. New peaks (denoted by star) indicate periodic reflections and the resulting interference from
the 2D perovskite interlayer. (b) Logarithmic intensities of the low angle peaks from 3D Ref., ultra-thin and thick
2D/3D heterostructure layers were performed with higher X-ray intensities and longer integration times. (c)
Schematic representation of 2D/3D perovskite heterostructure with a stacking distance of ~¥2 nm and an
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Figure 4-7: X-ray diffraction (XRD) patterns of pure n-BABr and pure 2D Ruddlesden-Popper perovskite
(BAPbI2Br) prepared on the glass substrate. Adapted with permission from reference ['#2]. Copyright 2019,
Wiley.

Interestingly, compared to XRD peaks of the 3D reference perovskite film, perovskite
samples treated with n-BABr exhibit additional periodic peaks (marked with stars in Figure
4-6a) starting from a very low-angle at 26 ~4.5°, 9.0°, 13.5°, 18.0°, 22.6°, and 27.2°. These
periodic peaks do not correspond to the characteristic peaks of pure n-BABr and pure 2D-
RP (BAPbI;Br) perovskite phase (Figure 4-7).93200201 |nstead, consistent with the literature,
these peaks with a periodic interval of A28 ~4.5°are associated with planes of RP-2D
perovskite phase with a composition of (BA)2An-1Pbn(IxBri—)sn+1 (n=2), where n=2 is the
thickness or the number of the inorganic layers and A could be the mixture of FA and Cs in
our cases (the exact composition is still unknown).%32027205 |t is noteworthy that the
intensity of the distinct XRD pattern of the 2D-RP is noticeably stronger for the samples
treated with higher concentration n-BABr (5 and 7.5 mg/ml), while they are not visually
detectable for the optimal low concentration of 2 mg/ml. This could be due to the ultrathin
thickness of the 2D layer on top of bulk 3D perovskite which is not sufficient to be
determined by the limited sensitivity of the XRD measurement setup to a very thin layer.
Therefore, we repeated the measurement with higher X-ray intensities along with long
integration times for the perovskite sample treated with low concentration n-BABr. The
log-scale plot of the diffraction intensity of the low-angle XRD peaks (below 26 ~10°)
reveals similar peaks located at 26 ~4.5° and 9° for the low-concentration of 2 mg/ml as
the thicker 2D-RP perovskite interlayers, confirming the formation of a 2D perovskite phase
even for this optimum concentration (Figure 4-6b). However, the intensity of these peaks
is weak and broad, which is due to the low thickness of the stacked 2D perovskite layer
formed on top of the bulk 3D perovskite, which results in a low scattering volume reflected
from the lattice plane of ultra-thin 2D perovskites.'8> J. Yoo, et al. has been reported a
similar observation by grazing incident X-ray diffraction (GIXRD) setup after deposition of
n-BABr on the perovskite surface. According to this measurement, when the incident angle
decreases from w = 10 to w = 0.26, the intensity of the 2D layer peak reduces, indicating
that the 2D layer formation is only limited to the surface of the 3D bulk perovskite film.%3
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Figure 4-8: (a) Bright-field transmission electron microscopy (TEM) image of the perovskite layer based on n-
BABr surface treatment for demonstrating the presence of the 2D-RP perovskite. (b) High-resolution TEM
(HRTEM) image of the highlighted region displayed in panel (a). (c) Zoom-in view of the image in panel (b).
The figure is adapted with permission from reference [?%2].

In a separate international collaboration with the Australian National University, a follow-
up study based on the surface-coating strategy with n-BABr cation conducted by T. Duong,
et al. verified the presence of 2D perovskite phases in the perovskite films upon n-BABr
surface treatment using transmission electron microscopy (TEM) measurement.?%? Figure
4-8 demonstrates the bright-field TEM image of a perovskite film treated with high
concentration n-BABr. The region with 2D perovskite on the surface is highlighted in yellow.
From the high-resolution TEM (HRTEM) image of this region (Figure 4-7c and d), two
different interplanar lattice spacings of around 6.68 A and 3.62 A are observed which can
be assigned to the crystal plane of the 2D perovskite at peak 20 ~13.5° and 3D perovskite
at 20 ~24.8°, respectively.?922% Therefore, both XRD and TEM measurements greatly
confirm the formation of 2D/3D perovskite heterostructure when n-BABr is coated on the
surface of the 3D perovskite layer.

4.3.1. Surface elemental composition and electronic structure

To further identify the chemical composition, distribution and electronic structure of 2D/3D
perovskite heterostructure after low concentration n-BABr surface treatment, X-ray and
ultraviolet photoelectron spectroscopy (XPS and UPS) were carried out in collaboration
with Materials for Energy (MFE) lab at Karlsruhe Institute of Technology by Dr. Dirk
Hauschild. As both measurements are surface-sensitive characterization techniques, the
following discussion focuses on the surface properties of perovskite layers. Figure 4-9a
depicts the XPS overview spectrum of the characteristic emission lines associated with
elements of double-cation perovskite including cesium (Cs), nitrogen (N), carbon (C), lead
(Pb), iodine (I), and bromine (Br) for both 3D reference and 2D/3D perovskite
heterostructure layer. We observe a slight intensity decrease of |, Pb and Cs signals as well
as an intensity increase of Br signals for the 2D/3D perovskite heterostructure compared
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Figure 4-9: (a) Comparison of X-ray photoelectron spectroscopy (XPS) overview spectrum of the double-cation
perovskite film prepared without (3D Ref.) and with 2D/3D perovskite heterostructure (2D/3D Pero.) treated
with 2 mg/ml n-BABr. XPS spectra of (a) the C 1s and (b) the N 1s peaks. Adapted with permission from
reference [*#2]. Copyright 2019, Wiley.

to the 3D perovskite film. Furthermore, a considerable change in the spectral shapes of the
C 1s and N 1s lines is observed (Figures 4-9b and c). To get a better insight into this
modification, the detailed core-level energy spectra of the corresponding elements are
presented in Figure 4-10. As shown in the C 1s spectrum of the 3D perovskite film (Figure
4-9b), two types of carbon-based chemical bonds are detected at 284.3 and 288.0 eV,
which correspond to C-C (or C-H at similar binding energy) and C=N bonding,
respectively.?’” Upon n-BABr treatment, the intensity of the C=N signal decreases slightly,
while the signal of the C-C bond becomes more intensive and shifts to 285.0 eV. This
enhancement is correlated to the presence of the long butylammonium (BA) cation on the
surface of the perovskite layer, as the hydrocarbon (-CH) in the BA cations has similar
binding energy at 285.2 eV.?%8209 Moreover, an additional peak at around 286.2 eV appears
which is assigned to a bond between a C and N atom in the organic amide or amine group
(C-N).2°7 A similar behavior is observed for the N 1s signal (Figure 4-9c), in which two
individual peaks located at ~400.2 and 402 eV are detected for the 2D/3D perovskite
heterostructure, originating from FA and BA cations respectively, whereas the peak related
to BA component is notably absent for the 3D reference film.?1° This result provides strong
evidence for the presence of BA* cation on the surface of the 2D/3D heterostructure
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Figure 4-10: X-ray photoelectron spectroscopy (XPS) spectra of the normalized Cs 3ds/2, | 3d3/2, Pb 4fs/2, and Br
3ds/2 of double-cation perovskite film prepared without (3D perovskite: black) and with 2D/3D perovskite
heterostructure (red). The lower and upper panels demonstrate the spectral changes and the peak shits of
the corresponding elements by the addition of n-BABr on the surface of the perovskite layer, respectively. The
difference “(2D/3D Perovskite — 3D perovskite) x3” is indicated by the blue colour below each spectrum in low
panels computes after implementing a shift to each 2D/3D perovskite spectrum. Reproduced with permission
from reference [*#2]. Copyright 2019, Wiley.

perovskite film. Looking at the spectral changes of the Cs 3ds/, | 3d3/2, Pb 4fs/2 and Br 3ds2
emission lines (Figure 4-10), we do not observe any prominent change after the addition of
n-BABr. This is particularly evident for the Cs 3ds/2 peak, where plotting the difference
between reference and surface treated sample for this peak only shows noise, suggesting
that the chemical environment of Cs is not varied by the addition of n-BABr. However, a
small peak shift for Cs 3ds/2 and | 3d3/2 (less than 100 meV) and a slightly larger peak shift
(between 100 meV to 200 meV) for Pb 4fs;; and Br 3dsyz is revealed for n-BABr treated
perovskite as compared to reference film. This indicates that upon n-BABr surface
treatment, even with a low concentration, the chemical environment of these elements at
the surface of the perovskite is notably varied and results in a modified composition and
bonding structure through the formation of a 2D surface layer.?!! This result strongly
supports the finding of the XRD measurement that a thin 2D RP perovskite film is formed
on the surface of the 3D perovskite film by the addition of n-BABr.

To assess whether the electronic properties at the surface of the 2D/3D perovskite
heterostructure also change upon low concentration n-BABr treatment, UPS measurement
was performed. Figure 4-11 presents the secondary electron cut-off region, UPS spectra in
the valence band (VB) region and enlarged corresponding UPS spectra of the perovskite
layer without and with n-BABr treatment. Compared to the 3D perovskite, the 2D/3D
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Figure 4-11: Ultraviolet photoelectron spectroscopy (UPS) measurements of (a) Helium la (hv = 21.22 eV)
spectra of secondary electron cut-off, (b) UPS spectra in the valence band and (c) the valence band maximum
(VBM) region of the 3D perovskite and the 2D/3D perovskite heterostructure thin films. For energy
calibration, a sputter-cleaned Au foil and its Fermi edge (green) are used. A linear extrapolation of the
secondary electron cut-off (+0.05 eV) and the leading edge of the valence band (+0.10 eV) indicates the work
function and the distance of the VBM with respect to the Fermi level (Ef), respectively. (d) Schematic of the
energy band diagram. Adapted with permission from reference [*¥?]. Copyright 2019, Wiley.

perovskite heterostructure exhibits a considerable reduction in work function from 4.27 +
0.05 to 3.94 + 0.05 eV (a reduction of 0.33 + 0.07 eV), as extracted from the intercept in
the secondary electron cut-off (Figure 4-11a). Furthermore, the UPS spectral shape of the
2D/3D perovskite heterostructure, which is indicative of valence band/orbital structure,
differs considerably from the 3D perovskite film across the entire energy range (Figure 4-
11b). Accordingly, a noticeable enhancement in the distance of the valence band maximum
(VBM) with respect to the Fermi level (Ef) is determined from linear extrapolation of the
leading edge in the magnified UPS spectra (Figure 4-11c) from 1.84 £+ 0.10 eV t0 2.08 + 0.10
eV for the 2D/3D perovskite heterostructure compared to the 3D perovskite film. This
represents a downward shift of around 0.24 eV for the VBM, as shown in the schematic of
the energy level diagram for the corresponding films (Figure 4-11d). This VBM downward
shift, along with the decrease of the work function and shifts of XPS signals for the 2D/3D
perovskite heterostructure indicates a downward band bending. Besides, a possible
bandgap widening may occur at the surface of the perovskite layer after n-BABr treatment
due to the formation of the wide-bandgap 2D layer.9>203.212.213 S ch 3 bandgap widening in
conjunction with the downward band bending at the surface of the 2D/3D perovskite
heterostructure acts as an efficient electron blocking layer, thereby reducing the charge
carrier recombination at the perovskite/HTL interface and in turn results in an enhanced
Voc.23212214 |t should be noted that this band bending can still facilitate efficient hole
transport from perovskite to the HTL, as we will observe from transient photoluminescence
(PL) measurement in the next section.
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Figure 4-12: Top-view scanning electron microscopy images of the double-cation perovskite
(FA0.83Cs0.17Pb(lo.6Bro.a)3) layers (a) without (3D Ref.) and with 2D/3D perovskite heterostructure processed by
n-BABr treatment with different concentration (b) 2 mg/ml and (c) 5 mg/ml, and (d) 7.5 mg/ml. Reproduced
with permission from reference [*82]. Copyright 2019, Wiley.

4.3.2. Thin-film morphology

To further investigate the morphological modification of the perovskite surface upon n-
BABr treatment, top view scanning electron microscope (SEM) and atomic force
microscopy (AFM) were performed. The 3D reference perovskite film exhibits distinct well-
crystallized perovskite grains ranging from 300 to 400 nm (Figure 4-12a). Although the size
of crystal grains does not change in case of low concentration, they noticeably exhibit less
visible valleys on the perovskite surface, which could indicate a smoothing of the perovskite
layer surface (Figure 4-12b). A reduced surface roughness is confirmed using atomic force
microscopy (AFM) from the root mean square (RMS) roughness of 13.8 nm to 11.4 nm
(Figures 4-13a and b).?® However, no additional layer is observed on the surface of the 3D
perovskite layer for the sample treated with 2 mg/ml n-BABr solution, as shown in the top-
view SEM as well as cross-section SEM images (Figure 4-12b and Figures 4-14a and b). This
is in line with the low XRD intensity detected for such a low concentration due to the
ultrathin thickness of the 2D layer. Accordingly, when the concentration of n-BABr
increases (>2 mg/ml), a thin disordered layer with flaky-like features appears on the
surface of the 3D perovskite layer, which is determined to be a 2D layered perovskite
(Figure 4-12c). This flaky-like layer becomes more distinguishable and inhomogeneous for
the case of 7.5 mg/ml (see Figure 4-12d), resulting in high surface roughness with RMS of
17.3 and 21.9 nm for the samples treated with 5 and 7.5 mg/ml, respectively (Figure 4-13
c and d). As a result, this can be in turn responsible for the low FF obtained for devices
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Figure 4-13: Atomic force microscopy (AFM) scans of double-cation perovskite surface prepared without (3D
Ref.) and with 2D/3D perovskite heterostructure prepared by spin coating of n-BABr solution with various
concentrations (2, 5 and 7.5 mg/ml): (a-d) The height sensor images display the information regarding the
surface topography of the samples. (e-h) The amplitude error images demonstrate a better illustration of the

contrast. Adapted with permission from reference [*%?]. Copyright 2019, Wiley.

based on high concentration n-BABr.2%> The formation of the thin 2D interlayer is also
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Figure 4-14: Cross-section scanning electron microscopy image of the double-cation perovskite with a layer
stack of ITO/SnO2/ Perovskite prepared (a) without (3D Ref.) and with 2D/3D perovskite heterostructure
processed by n-BABr treatment with different concentration (b) 2 mg/ml and (c) 5 mg/ml, and (d) 7.5 mg/ml.

The images show that an additional interlayer (2D layer) only appears on the 3D perovskite surface upon n-

BABr treatment with a higher concentration (7.5 mg/ml). Reproduced with permission from reference [*%].

Copyright 2019, Wiley.

visualized in the cross-sectional SEM images of the corresponding samples (Figures 4-14c
and d).

4.4. Photophysical properties of the 2D/3D heterostructure

Having established that the formation of the ultrathin 2D interlayer on the surface of the
double-cation perovskite is the origin of enhanced Voc, we next perform photophysical
characterizations, such as ideality factor (nig) and time-resolved photoluminescence (TPRL)
measurements, to determine the recombination mechanism after this surface treatment.
In this regard, as a first step, the ideality factor of the complete devices without and with
2D/3D perovskite heterostructure was examined by measuring the illumination intensity-
dependence of the Voc, as we explained previously in Chapter 2.18 The nig of reference
PSCs is estimated to be around 1.35+0.04, while this value considerably reduces to
1.18+0.06 for devices based on 2D/3D perovskite heterostructures (Figure 4-15). It is
known that a nig of 2 is typically indicative of trap-assisted Shockley-Read-Hall (SRH)
recombination being a dominant recombination mechanism in the bulk of the perovskite
thin films. 8! Therefore, the decreased ni¢ value of 2D/3D perovskite heterostructure
devices to 1.18 demonstrates that non-radiative SRH recombination is significantly
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Figure 4-15: Diode ideality factor (nis) of double cation perovskite solar cells prepared without (3D. Ref.) and
with 2D/3D perovskite (2D/3D Pero.) heterostructure with the optimum concentration (2 mg/ml). The value
of ni4 is determined from light-intensity-dependent open-circuit voltage (Voc) measurements of the
corresponding devices at 25 °C. Adapted with permission from ['82]. Copyright 2019, Wiley.

mitigated for these devices, which is in a good agreement with the enhanced Voc (Figure 4-
2) and the TRPL results which we will discuss in the following.

Next, a TRPL experiment was performed, where we measure the lifetimes of a charge
carrier for the 2D/3D perovskite heterostructure compared to the reference sample. To
avoid the lifetime quenching owing to electron extraction, samples were prepared on glass
substrates for this measurement. Figure 4-16a shows a strong enhancement in carrier
lifetime from 12 = 158 to 12 = 230 ns for samples with a 2D perovskite interlayer (optimum
concentration of 2 mg/ml) compared to the reference 3D perovskite. This indicated that
the surface treatment with n-BABr is accompanied by a significant reduction in charge
carrier non-radiative recombination pathways by passivating the surface of the 3D
perovskite layer, thereby accounting for higher Voc and improved PCE of corresponding
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Figure 4-16: Time-resolved photoluminescence (TRPL) measurements of (a) double-cation perovskite film
without (3D Ref) and with 2D/3D perovskite heterostructures (2D/3D Pero.) processed by spin coating of n-
BABr (2 mg/ml) on top of the 3D perovskite layer. The perovskite layer is deposited on the glass substrate. (b)
TRPL measurements of the perovskite/spiro-MeOTAD (Spiro) as a hole transport layer to examine hole
extraction through the 2D-RP perovskite interlayers. Adapted with permission from reference [*%?]. Copyright
2019, Wiley.
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devices. Furthermore, to examine the extraction of holes from the surface passivated
perovskite layer to the HTL, TPRL measurement was carried out for samples containing the
perovskite absorber with a top layer of Spiro-MeOTAD. Interestingly, both 3D and 2D/3D
perovskite films exhibit similar TPRL decays (Figure 4-16b), in which the lifetime is
considerably decreased upon the addition of the HTL. This implies that the ultrathin 2D
interlayer can not only effectively passivate the surface of the perovskite layer but also
maintain fast hole extraction at the perovskite/HTL interface. In the next chapter, we will
show that employing this 2D/3D perovskite heterostructure strategy is universally
applicable to PSCs of different bandgaps.

4.5. Summary

In this chapter, we investigated the effect of the n-BABr surface treatment as a long-chain
alkylammonium material on top of the double-cation FAo.83Cso.17Pb(lo.6Bro.4)s wide-bandgap
perovskite thin films and its role in improving the photovoltaic performance of the devices
with a layer stack of glass/ITO/Sn0/Cso.17FA0.83Pb(lo.6Bro.a)3/Spiro-MeOTAD/Au. By
determining the optimum concentration of the BABr solution (2 mg/ml), we could
significantly improve the PCE of the PSCs to 19.4% from 16.7%, along with a remarkable
enhancement in Voc up to 1.31 V from 1.23V compared to the reference 3D PSCs. The
reported voltage corresponds to one of the highest observed ratio of Voc over the
maximum possible Voc based on the S-Q limit for WBP organic-inorganic mixed-halide
perovskite solar cell so far.

Next, we investigated the material and photophysical properties of double-cation
perovskite layers treated with the optimum concentration of BABr solution in order to
understand the underlying mechanism resulting in such a high performance. Referring to
XRD, XPS and SEM results, we identified that this achievement is based on the formation
of 2D-RP perovskites, resulting in an ultrathin 2D/3D perovskite heterostructure at the hole
extracting side of the device upon deposition of n-BABr. Our results along with the
following studies in the literature based on TEM and GIXRD measurements confirmed that
the formation of 2D is limited to the surface of the film. Furthermore, results obtained from
UPS measurements demonstrated that the formation of such a 2D/3D perovskite
heterostructure with a wider bandgap leads to a modification of the electronic structure at
the top surface of the perovskite layer, which induced an energy band offset. As a result,
this interlayer could block the transfer of excited electrons to the HTM layer, resulting in a
reduced charge recombination at the interface of the perovskite/HTL. Besides, TPRL
measurements revealed a longer carrier lifetime for the 2D/3D based perovskite films as
compared to the 3D reference perovskite film, thereby, leading to reduced non-radiative
recombination. Hence, introducing a 2D/3D interlayer could provide excellent surface
passivation of our wide-bandgap perovskite absorber layer along with reducing interfacial
charge recombination, resulting in an overall Vocenhancement of 80 mV compared to the
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reference devices without the 2D-RP surface treatment. These results are particularly
important for a step forward in achieving high-efficiency perovskite-based multi-junction
photovoltaics (PV) as we will discuss in the following chapter.
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5. 2D/3D Semi-transparent Perovskite Solar Cells with
Engineered Bandgaps for Tandem Photovoltaics

In this chapter, we investigate the performance of four-terminal (4T) perovskite-based
tandem solar cells by stacking top semi-transparent perovskite solar cells (PSCs), based on
a 2D/3D perovskite heterostructure, on top of bottom silicon (c-Si) and copper indium
gallium selenide (CIGS) solar cells. In this regard, we initially investigate the influence of the
2D/3D perovskite heterostructure on power conversion efficiency (PCE) of double-cation
(FA0.83Cs0.17Pb(l1-yBry)s n-i-p opaque PSCs with a bandgap engineered via iodine variation
(0.24 <y £0.56). In the following, we fabricate a series of 2D/3D semi-transparent PSCs
with engineered bandgaps in order to determine the optimum bandgap for maximizing the
performance of 4T configurations.

This chapter is based on our publication in Advanced Functional Materials with the title
“2D/3D Heterostructure for Semitransparent Perovskite Solar Cells with Engineered
Bandgap Enables Efficiencies Exceeding 25% in Four-Terminal Tandems with Silicon and
CIGS”.?16 Most of the graphs in this chapter are adapted or reproduced with the permission
of Advanced Functional Materials.
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CIGS/perovskite solar cell. Philip Jackson, Dr. Michael Powalla, Dr. Séren Schdéfer, Michael
Riendicker, Dr. Tobias Wietler and Dr. Robby Peibst provide the silicon samples for
fabricating 4T c-Si/perovskite solar cell. Dr. Tobias Abzieher carried out the Scanning
Electron Microscopy (SEM) measurement. The whole project was supervised by Dr. Ulrich
Paetzold.

5.1. Introduction

A pivotal requirement to achieve a high PCE in 4T perovskite/c-Si or perovskite/CIGS
tandem solar cell is to combine a highly efficient top semi-transparent perovskite solar cell
(PSC) with prominent transparency in order to deliver a high number of long-wavelength
photons to the bottom cell. In this context, according to the detailed-balance calculations
under standard test conditions (AM1.5G, 1 kW/m?), developing PSCs with a wide range of
bandgaps (Eg) from 1.65 to 1.85 eV (ideally at 1.75 eV) can meet this requirement for the
top cell in tandem configurations.?#3338 Although, increasing Br content to widen the
bandgap of top PSCs results in higher transmission for the long-wavelength photons, it is
accompanied by a large open-circuit voltage (Voc) deficit, stemming from increased defect
density, severe interfacial recombination as well as photo-induced phase segregation, as
previously discussed in Chapter 4.42°6217.218 These |osses are neglected in detailed-balance
calculations such that the optimum bandgap predicted by simulation is different in
experimental studies. For example, the current record efficiency for a 4T perovskite/c-Si
tandem device is 28.2% which is based on stacking a top semi-transparent PSC with an Eg
of 1.63 eV.?'% In addition, a record 4T perovskite/CIGS tandem solar cell with a PCE of 25.9%
has been obtained for an optimum E; of 1.68 eV.??° Therefore, a more detailed
experimental investigation is needed to find the optimum bandgap of the perovskite
absorber for developing real prototype tandem devices in order to achieve simultaneously
high transmission and maximum Voc.

In Chapter 4, we demonstrated that utilizing the surface passivation strategy by developing
a 2D/3D perovskite heterostructure enhanced dramatically the Voc of our wide-bandgap
PSC (1.72 eV). Motivated by this successful development, in this chapter, we further extend
this strategy to investigate the effect of n-BABr on the performance of PSCs with various
bandgaps in order to optimize such devices for incorporation into 4T tandem solar cells. In
this regard, we initially (Section 5-2) fabricate PSCs with a wide range of bandgaps (1.65,
1.69, 1.74, 1.78, 1.85 eV) by varying the halide ratio in the perovskite precursor solution
(FA0.83Cs0.17Pb(lyBri.y)3; (0.24 <y <0.56). In the next step, the surface of these five
mentioned bandgaps is treated with n-BABr, resulting in a strong enhancement in Voc of
around 45 mV for all devices compared to the reference PSC, regardless of perovskite
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Figure 5-1: Comparison of the best open-circuit voltage (Voc) as a function of perovskite bandgap (Eg) obtained
in this chapter (marked by red stars) with the best-performing mixed-halide perovskite solar cells with decent
power conversion efficiency (>12%) reported in the literature (dark grey circles). The dashed line represents
90% of the maximum theoretical Voc calculated by the Shockley-Queisser (S-Q) limit. More details are
provided in Appendix B, Table B1. Adapted with permission from reference [?!]. © John Wiley & Sons.

absorber bandgap. It should be mentioned that obtained Vocs were among the highest
values reported in the literature in 2020 for this bandgap region as depicted in Figure 5-1.
This result demonstrates that our 2D passivation strategy reduces non-radiative
recombination losses not only for devices with Eg of 1.73 eV (discussed in Chapter 4), but
also is impressively effective over a broad range of bandgaps. Utilizing this strategy, we
further develop a series of semi-transparent PSCs with engineered bandgaps (Section 5-3),
followed by integrating them with high-efficiency c-Si and CIGS bottom solar cells in a 4T
configuration. Finally, in Section 5-4 we demonstrate comparable tandem PCEs for a broad
range of perovskite bandgaps, achieving stabilized PCEs as high as 25.7% and 25% for
mechanically stacked 4T perovskite/c-Si and perovskite/CIGS tandem solar cells,
respectively, with an optimum bandgap of 1.65 eV for both cases. These results are
equivalent to 2.5% and 3.8% absolute enhancement in PCE over the single-junction solar
cell, highlighting the importance of high-efficiency top PSCs, enabled via the discussed
strategies, as well as the optimization of perovskite bandgap in order to obtain the best
configuration for prototype 4T devices.

5.2.2D/3D heterostructure solar cells with engineered bandgap

In this section, we investigate the effect of n-BABr surface treatment (2 mg/ml) on
structural, morphological and optical properties of a series of double-cation perovskite
absorber layers with five different bandgaps.

5.2.1. Material properties

We control the bandgap of our perovskites by varying the amount of Br (0.24 <y <0.56) in
the perovskite precursor solution (FAo.83Cso.17Pb(l1-yBry)3). This results in a shift in
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Figure 5-2: (a) Ultraviolet-visible absorbance spectra and (b) Tauc plots of double-cation perovskite layers
with 5 different bandgaps as shown in the inset (FAo0.83Cso.17Pb(l1-yBry)3); (0.24 <y < 0.56), proceed with spin
coating of n-BABr on top of the 3D perovskite. The perovskite layer is deposited on the glass substrate.
Adapted with permission from reference [?'¢]. © John Wiley & Sons.

absorption edge towards lower wavelengths, as shown in UV-vis absorbance spectra
(Figure 5-2a). Therefore, a broad range of Eg from 1.65 eV (y = 0.24) to 1.85 eV (y = 0.56),
determined via Tauc plot, is obtained (Figure 5-2b). To ascertain whether a 2D/3D
perovskite heterostructure is formed on top of the 3D perovskite for all five mentioned
bandgaps, X-ray diffraction (XRD) was performed. Interestingly, consistent with the XRD
result observed for the 2D/3D perovskite layer with the Eg = 1.72 eV in Chapter 4, we
observe similar low-intensity diffraction peaks at low angles of 26 ~4.5° and ~9°, which
clearly corresponds to the presence of an ultrathin 2D Ruddlesden-Popper (2D-RP) on top
of the perovskite films for all investigated bandgaps (Figure 5-3). It is worth mentioning
that when the bandgap of the double-cation perovskite increases, the typical XRD pattern
of 3D bulk perovskites reflections from the planes (100), (110), (111) and (200) exhibits a
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Figure 5-3: X-ray diffraction (XRD) pattern of the double-cation cation perovskite layers with 5 different
bandgaps 1.65, 1.69, 1.74, 1.79 and 1.85 eV proceed with spin coating of n-BABr solution on top pf the bulk
3D perovskite layers (right panel). Zoomed region in the left panel shows the diffractions corresponding to
crystal planes of two-dimensional Ruddlesden—Popper on the perovskite surface. Adapted with permission
from reference [2%6]. © John Wiley & Sons.
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3D PSC 2D/3D PSC

Figure 5-4: Top view scanning electron microscopy images of double-cation perovskite (3, c, e, g, j) without
(3D PSC) and (b, d, f, h, j) with 2D/3D perovskite (2D/3D PSC) heterostructure with 5 different bandgaps: 1.65,
1.68,1.73,1.78 and 1.85 eV, respectively. Adapted with permission from reference [2%6]. © John Wiley & Sons.

shift into higher diffraction angles. This is indicative of a lattice contraction arising from the
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Figure 5-5: (a) Schematic of the perovskite solar cell (PSC) layer stack used in this study. Comparison of (b)
open-circuit voltage (Voc) and (c) power conversion efficiency (PCE) (in the reverse scan) as a function of the
perovskite absorbers bandgap for opaque PSCs without (3D PSC) and with 2D/3D perovskite (2D/3D PSC)
heterostructure derived from current-voltage measurement under the illumination of 100 mW/cm?2. (d)
Stabilized PCE of PSCs of the corresponding devices using 2D/3D heterostructure with engineered bandgap
after 5 min constant illumination and at constant voltage close to the maximum power point (MPP). Adapted
with permission from reference [?'¢]. © John Wiley & Sons.

reduction in the perovskite crystal structure, as upon widening the bandgap of the
perovskite absorber iodine ions with a larger ionic radius (2.2 A) are replaced in the lattice
structure by smaller Br ions (1.9 A).3° Meanwhile, top-view scanning electron microscopy
(SEM) images in Figure 5-4 demonstrate a slight morphological change at the surface
texture of the perovskite layer treated with n-BABr compared to the bulk 3D reference for
all investigated bandgaps. Although we do not observe any change in the perovskite grain
size, such a modification on the surface texture is contributed to the formation of the 2D
perovskite layer for all 5 mentioned bandgaps, as verified by our XRD measurement as well
as previous studies in the literature.??1222 In the next section, the photovoltaic parameters
of the 2D/3D PSCs with all 5 mentioned bandgaps are investigated.

5.2.2. Photovoltaic characteristics

In order to find out the effect of our 2D/3D perovskite heterostructure on the photovoltaic
parameters of PSCs with engineered bandgaps, the /-V characteristics of opaque PSCs are
measured under simulated air mass 1.5 global (AM1.5G) solar irradiation. Devices are
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Figure 5-6: Current density-voltage (J—V) characteristics of best-performing opaque perovskite solar cells (left
panel) without (3D PSC) and (right panel) with 2D/3D perovskite (2D/3D PSC) heterostructure with
engineered bandgaps: (a, b) 1.65 eV, (c, d) 1.69 eV, (e, f) 1.74 eV, (g, h) 1.79 eV and (i, j) 1.85 eV measured
under full simulated solar illumination conditions (AM1.5, 100 mW/cm?) in a reverse (solid line) and forward
(dashed line) scans. The photovoltaic parameters of each PSC derived from reverse scan measurement are
presented in the inset. Adapted with permission from reference [2!]. © John Wiley & Sons.

fabricated in a similar planar n-i-p architecture presented in Chapter 4 with a layer stack
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glass/ITO/nanoparticle-based SnO, (np-Sn02)/FAo.83Cso0.17Pb(l1-,Bry)3/2,2',7,7'-tetrakis (N,
N’-di-p-methoxy phenylamine)-9,9’-spirobifluorene (spiro-MeOTAD)/Au (Figure 5-5a).
Interestingly, all investigated bandgaps using a 2D/3D perovskite heterostructure
demonstrate an enhancement in Voc of around 45 mV compared to 3D reference devices
(Figure 5-5b). This indicates that employing a 2D-RP perovskite interlayer results in
enhanced Voc over a broad range of bandgaps. As previously discussed in Chapter 4, this
notable improvement is induced by the effective surface passivation and better energetic
alignment at the perovskite/hole transport material (HTL) interface due to the formation
of a wider-bandgap 2D-RP interlayer, which leads to a significant reduction in non-radiative
recombination.

Apart from the Voc enhancement, we observe that when the bandgap of the perovskite
absorber increases from 1.65 to 1.74 eV, the Voc in both 3D and 2D/3D PSCs increases
linearly (from 1.13 to 1.23 V and from 1.18 to 1.28 V, respectively) and reaches their
maximum value. However, further widening the bandgap to 1.85 eV, results in saturation
and subsequent reduction in Vocto 1.20 and 1.26 V, respectively. This large Voc deficit due
to bandgap widening is a very common observation that prevails in mixed-halide PSCs with
higher Br content, arising from increased recombination losses due to phase segregation
and higher defect density, as discussed in detail in Chapter 4.4218%223 Tg better compare
Voc values obtained for all 5 mentioned bandgaps in our study with the other studies, a
literature survey of reported champion Voc extracted from the best mixed-halide
perovskite solar cells along with the corresponding Voc deficits is provided in Table B1 in
Appendix B and Figure 5-1. It is worth mentioning that the Voc of the double-cation PSC
with an Eg of 1.74 eV reported in this chapter is 30 mV lower than achieved with the same
device layer stack in Chapter 4. One main cause is that the Pbl, material is of inferior quality
due to using a different supplier during the course of this study, which is the key component
in fabricating highly efficient PSCs.

Consequently, opaque PSCs using 2D/3D perovskite heterostructure yield a remarkable
improvement in PCE (0.8-1.3% absolute) compared to the 3D reference PSCs (Figure 5-4c),
exhibiting a maximum PCE of 19.2% for 2D/3D PSC with the bandgap of Eg = 1.65 eV. This
enhancement is driven not only by the significant boost in Voc but also by a slight increase
in fill factor (FF) (=1.5-2% absolute) derived from the J-V measurement of corresponding
devices measured in the reverse direction (Figure 5-6). However, by widening the absorber
bandgap from 1.65 to 1.85 eV, PCE continuously decreases from 19.2% to 18.7%, 18.4%,
16.5% and 14.7% respectively. This mainly originates not only from the large Voc deficit for
wider bandgap perovskites as mentioned previously but also from the decrease in short-
circuit current density (Jsc) as a result of spectrum onset shift to the shorter wavelengths
(Figure 5-3). These reductions cause a strong drop in PCE for both 3D and 2D/3D PSCs, in
particular for Eg > 1.74 eV. The J-V characteristics and photovoltaic parameters of the best-
performing devices measured under AM 1.5G solar illumination are displayed in Figure 5-6
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Figure 5-7: (a) Cross-sectional scanning electron microscopy (SEM) image of the semi-transparent perovskite
solar cells (PSCs) using 2D/3D heterostructure. Current density-voltage (/—V) characteristics of best-
performing semi-transparent PSCs using 2D/3D heterostructure with engineered bandgap of (b) 1.65 eV, (c)
1.69eV, (d) 1.74 eV, (e) 1.79 eV and (f) 1.85 eV measured under full solar illumination conditions (AM1.5, 100
mW/cm?) in a reverse (solid line) and forward (dashed line) scans.

In addition to the improved PCE, opaque PSCs using 2D/3D perovskite heterostructure
exhibit stabilized PCEs of up to 17.9%, 17.6%, 17.2%, 15.6%, and 13.8% with increasing
bandgap measured for 5 min of constant illumination at a constant voltage near to the
maximum power point (MPP) (Figure 5-5d).

5.3.2D/3D heterostructure for semi-transparent perovskite solar
cells

Having verified that employing a 2D/3D perovskite heterostructure results in a remarkable
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Figure 5-8: (a) Open-circuit voltage Voc, (b) fill factor (FF), (c) short-circuit current density (Jsc), and (d) power
conversion efficiency (PCE) statistics of semi-transparent perovskite solar cells using 2D/3D perovskite
heterostructure with engineered bandgaps measured under 1 sun AM1.5G illumination. Photovoltaic
parameters determined form the J-V characteristic of a statistically relevant number (> 60 in total). Adapted
with permission from reference [?¢]. © John Wiley & Sons.

enhancement in PCE for opaque PSCs over a wide range of the bandgaps, for the next step
we transferred all fabrication processes developed for opaque PSCs directly into semi-
transparent devices in order to construct 4T perovskite-based tandem solar cells. For this
reason, we replaced the Au electrode with a MoOx buffer layer and transparent in-house
sputtered ITO rear electrode, as illustrated in the cross-sectional SEM in Figure 5-7a.
Meanwhile, 125 nm of MgF; as an anti-reflection layer was deposited on top of the rear
ITO to increase the optical transmission of the semi-transparent device, as we will discuss
later.

Similar to the opaque PSC, the best device performance for semi-transparent PSCs using
2D/3D heterostructure is obtained for an Eg of 1.65 eV, exhibiting a PCE of 18%, Voc of
1.16V, FF of 78.7% and Jsc of 19.7 mA/cm? (Figure 5-7). The J-V characteristics, with detailed
photovoltaic parameters of the best-performing semi-transparent devices and statistical
analysis of all investigated bandgaps can be found in Figures 5-7 and 5-8. For better
comparison of opaque and semi-transparent PSC performance over a range of bandgaps,
the PCE and Vocvalues derived from the J-V characteristics are normalized to the Shockley—
Queisser (S-Q) limit at the relevant bandgaps (Figure 5-9). Although both devices exhibit a
similar trend for relative Voc, a slight drop by about 20-30 mV is observed in the Voc of semi-
transparent PSCs for all investigated bandgaps (Figure 5-9a). This reduction is primarily
correlated to using a shadow mask to measure a reliable Jsc by specifying a reduced, but
accurate active area of the cell. This is necessary as the area of the semi-transparent PSCs
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Figure 5-9: Best-performing (a) open-circuit voltage (Voc) and (b) stabilized power conversion efficiency (PCE)
of opaque and semi-transparent perovskite solar cells (PSCs) with engineered bandgap normalized to the
Shockley-Queisser (S-Q) limit at the respective bandgap. Adapted with permission from reference [%1¢]. ©
John Wiley & Sons.

is not precisely defined after the ITO rear electrode sputtering. However, we found that,
due to the edge effect of the mask, shading the active area induces a dark solar cell parallel
with the cell under light illumination which can result in a reduction in Voc.2?* Alternatively,
the lower Voc of the semi-transparent devices might be correlated to the change in
interface from HTL/Au to HTL/MoOx/ITO.?%° It is worth considering that while the PCE trend
of opaque PSCs remains relatively stable up to Eg = 1.74 eV and only reduces for wider
bandgaps (Eg > 1.74 eV) (due to an enhanced Voc deficit), semi-transparent PSCs show a
significant and continual reduction in relative PCE for Eg > 1.65 eV (Figure 5-9b). This could
be explained by an additional reduction in Jsc (by about 1-1.5 mA/cm?) of semi-transparent
PSCs compared to opaque PSCs, as indicated from the EQE spectrum (Figure 5-10) in the
wavelength range between 550 to 800 nm. The primary cause of this reduction is the
reduced optical path length in incident photons due to significantly reduced internal
reflection when replacing the rear opaque Au with a rear transparent conductive oxide
(TCO) electrode or spiro-MeOTAD. (see Figure B1 in Appendix B).202220,225,226
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Figure 5-10: (a) External quantum efficiency (EQE) and (b) transmittance of semi-transparent perovskite
solar cells using 2D/3D heterostructure with engineered bandgaps. Adapted with permission from reference
[2'¢]. © John Wiley & Sons.
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Figure 5-11: Stabilized power conversion efficiency (PCE) of semi-transparent perovskite solar cells (PSCs)
using 2D/3D heterostructure with engineered bandgaps measured at a constant voltage near the maximum
power point under continuous 1 sun illumination for 5 min. (b) Normalized stabilized PCE of the
corresponding devices measured under continuous illumination for 1 hour.

Consistent with the absorbance spectrum (Figure 5-2), the EQE spectrum for semi-
transparent PSCs shows a continuous shift towards shorter wavelengths with increasing
bandgap of the perovskite absorber (Figure 5-10a). This means more light in the long-
wavelength region transmits through the top semitransparent PSCs to reach the bottom
solar cell (Figure 5-10b). Moreover, a trend of reduced signal over the sub-bandgap region
is observed with increasing bandgap. This trend may be correlated to reduced charge
carrier extraction or enhanced carrier trapping in bromine-rich absorber layers, but the
exact cause is beyond the scope of this study. Nevertheless, the FF of semi-transparent
devices is comparable with opaque PSCs, indicating a high conductivity of our in-house
sputtered rear ITO electrode.

To better quantify the PCE of corresponding devices, we performed initial stability
measurements by exposing the devices to continuous AM 1.5G illumination for 5 minutes
at a constant voltage near MPP tracking. A stabilized PCE of 17.5%, 16.6%, 16.0%, 14.4%
and 12.0% is achieved for the best-performing semi-transparent PSCs with a bandgap of
1.65, 1.69, 1.74, 1.78 and 1.85 eV, respectively (Figure 5-11a). As expected, this value is
lower than the stabilized PCE of opaque devices (Figure 5-4d). By measuring the long-term
normalized stabilized PCE for 60 min continuous irradiation, we do not observe any drop in
PCE for Eg < 1.74 eV, revealing that the PSCs with these bandgaps are not significantly
affected by phase segregation or other degradation mechanisms during 60 min. In contrast,
when widening the bandgap of the perovskite absorber to 1.79 eV and 1.85 eV, the
stabilized PCE of these semi-transparent devices gradually begins to decrease to 96% and
94% of its initial value after 1 hour, respectively (Figure 5-11b). This is expected to arise
from the enhancement in photoinduced phase segregation with increasing Br content,
thereby affecting the long-term efficiency of wider-bandgap PSCs.#%°6:189
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Figure 5-12: (a) Schematic illustration of top semi-transparent perovskite solar cell (s-PSC) and bottom c-Si
and CIGS solar cell to measure the performance of 4-terminal tandem configurations. A filter s-PSC is the same
layer stack and optical properties as the s-PSC but with a larger area cells. Adapted with permission from
reference [*'?]. © John Wiley & Sons.

5.4. High-efficiency 4-terminal perovskite-based tandem solar cells

In order to fabricate 4T perovskite-based tandem solar cells, as discussed in Chapter 2, each
subcells is independently fabricated before mechanical stacking to form a single device
(Figure 5-12a). As the size of our semi-transparent PSC active area is smaller than bottom
c-Si (aperture area 165 mm?) or CIGS (designated area 50 mm?), we fabricated a perovskite
optical filter with a substrate area of 225mm? under the same processing conditions and
device stack as the semi-transparent PSC to directly measure the bottom cell performance
(Figure 12b). These semi-transparent filters demonstrate a high transmittance of more than
70% (with a peak at =850 nm) at energies below perovskite absorber bandgaps (Figure 5-
10b) due to the deposition of MgF, on the rear ITO side. The addition of MgF, on the semi-
transparent devices stack as an anti-reflection coating layer dramatically reduces optical
losses in the long-wavelength range,32227 which is a critical requirement in a tandem solar
cell configuration. The transmittance and reflectance of the semi-transparent perovskite
filter with and without MgF, are depicted in Appendix B; Figure B2 for better comparison.

To determine the best obtainable PCE of our 4T perovskite/c-Si and perovskite/CIGS
tandem solar cell, fabricated semi-transparent PSC filters using 2D/3D perovskite
heterostructure with various bandgaps are coupled with an efficient interdigitated back
contact (IBC) c-Si (Eg = 1.1 eV, PCE = 23.2%) or CIGS (Eg = 1.13 eV, PCE = 21.2%) solar cells
as illustrated in Figure 5-13a and b. The stabilized PCE of both c-Si and CIGS bottom solar
cells when operating underneath the semi-transparent PSC filter (termed as filtered c-Si
and filtered CIGS) demonstrate a quasi-linear enhancement with the widening bandgap of
the top semi-transparent PSC filter (Figure 5-13c). As expected, this is a result of enhanced
photo-generated current in the bottom cell. In general, a wider bandgap increases
transmitted photon intensity reaching the bottom cell, which is consistent with their
transmission spectra (Figure 5-10b). Thereby, we observe a similar quasi-linear increase in
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Figure 5-13: Schematic of a 4-terminal (4T) tandem configuration fabricated with a semi-transparent
perovskite (s-PSC) filter integrated on top of (a) c-Si (b) CIGS solar cells. (c) Stabilized power conversion
efficiency (PCE) of s-PSCs using 2D/3D heterostructure, filtered c-Si solar cell, filtered CIGS solar cells and
corresponding tandem solar cells (calculated). (d) Integrated short-circuit current density (Jsc) of semi-
transparent PSCs, filtered c-Si and filtered CIGS solar cells, extracted from external quantum efficiency.
Adapted with permission from reference [?'¢]. © John Wiley & Sons.

the Jsc of both bottom solar cells with a widening bandgap (Figure 5-13d), in which an
increase in Jsc of 2 mA/cm? per 0.1 eV is obtained by a linear fitting curve for both c-Si and
CIGS bottom cells. However, this enhancement does not entirely compensate for the larger
decrease in Jsc of top semi-transparent PSCs, with a loss of —2.86 mA/cm? per 0.1 eV (Figure
5-13d) for an increasing bandgap, as evidenced by the EQE spectra of corresponding
devices in Figure 5-10a. On the other hand, obtained Voc for filtered bottom cells exhibits
a slight increase of =3-4 mV per 0.1 eV with widening the bandgap, which is a consequence
of the increased number of photons and the logarithmic dependency of Voc on light
intensity. This enhancement is also not comparable to the large Voc deficit at wider
bandgaps of top semi-transparent PSCs due to an increased Br content, as discussed in
Section 5-2. As a result, despite the enhanced photogenerated Jsc in the bottom cell, the
overall PCE of 4T tandem solar cells decreases for wider bandgaps (Eg > 1.74 eV) due to the
strong reduction in Jsc of top semi-transparent PSC along with the large Voc deficit, which
is contrary to the simulations.?® Therefore, these results underline the importance of
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Figure 5-14: (a, b) Current density—voltage (/-V) characteristics and (c, d) external quantum efficiency (EQE)
of semi-transparent perovskite solar cells (s-PSCs) with an optimum bandgap of 1.65 eV, standalone c-Si,
filtered c-Si, standalone CIGS and filtered CIGS solar cells. The corresponding integrated short-circuit current
density (Jsc) of the standalone and the 4-terminal tandem solar cells are also presented. Adapted with
permission from reference [?!]. © John Wiley & Sons.

finding the optimum bandgap, as well as reducing the photovoltage loss in top semi-
semitransparent PSC to improve the overall performance of 4T tandem solar cells.

Figure 5-14 displays J-V characteristics and EQE responses of the best-performing
perovskite/c-Si and perovskite/CIGS 4T tandem architectures with E; of 1.65 eV.
Accordingly, by placing high-efficiency c-Si or CIGS solar cells under the semi-transparent
filter with an optimum bandgap, PCEs of 8.2% and 7.5% are obtained for filtered c-Si and
filtered CIGS, respectively. A lower rise in the PCE of CIGS compared to c-Si solar cells is due
to its wider bandgap, which generates 2 mA/cm? less Jsc (13.6 mA/cm?) compared to a c-Si
solar cell (15.6 mA/cm?), as observed by a reduction in EQE response of standalone CIGS
solar cell at a longer wavelength (Figures 5-14c and d). Thereby, the tandem efficiency
reaches a stabilized PCE of 25.7% and 25.0% for 4T perovskite/c-Si and perovskite/CIGS
configurations, exhibiting an absolute gain of 2.5% and 3.9% compared to standalone c-Si
or CIGS solar cells, respectively. These results clearly emphasize the benefits of tandem
configurations. Detailed photovoltaic parameters of corresponding top and bottom solar
cells, as well as calculated PCE for 4T tandem devices are summarized in Table 5-1. Yet, the
obtained PCE of 4T perovskite-based tandem solar cells in this chapter is still far below the
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Table 5-1: Photovoltaic parameters of best-performing device configuration.

Solar cell architecture Measurement Voc Jsc FF PCE Stabilized
protocol (V) (mA/cm?) (%) (%) PCE (%)
s-PSC BW 1.16 19.7 78.7 18.0 17.5
(Ez=1.65 eV) W 1.13 20 74.8 16.9
c-Si solar cell Stand-alone 0.69 41.4 81.2 23.2 23.2
. 0.66 15.6 80.2 8.2 8.2
Filtered
4T perovskite/c-Si BW - - - 26.2 25.7
EW - - - 25.1
CIGS solar cell Stand-alone 0.74 37.2 77.0 21.2 21.2
. 0.71 13.6 78.1 7.5 7.5
Filtered
4T perovskite/CIGS BW - - - 25.5 25.0
= - - - 24.4

theoretical limit. Therefore, further improvement in both transmission and performance of
the top semi-transparent PSC seems to be an imperative requirement in order to increase
the overall PCE of 4T perovskite-based tandem solar cells toward 30%in the near future. In
this context, in the next chapter, we will discuss a strategy to further reduce non-radiative
recombination in the top PSC to enhance performance.

5.5.Summary

In this chapter, we explored the effect of a 2D/3D perovskite heterostructure on the
performance of a series of semi-transparent PSCs with engineered bandgaps (1.65, 1.74,
1.69, 1.78 and 1.85 eV) in order to maximize the PCE of a 4T perovskite-based tandem solar
cell. For this, we first demonstrated that, regardless of the perovskite absorber bandgap,
opaque PSCs exhibit a reduced non-radiative recombination loss, resulting in a significant
enhancement in Voc and stabilized PCE compared to reference devices. To the best of our
knowledge, it was the first time an effective 2D passivation strategy is reported over such
a broad range of bandgaps. By using this strategy to combine a series of semi-transparent
PSCs with engineered bandgaps with high-efficiency c-Si and CIGS bottom solar cells, we
found out that an Eg of 1.65 eV exhibits an optimum bandgap for the top-semitransparent
PSC in real prototype 4T devices. This is contrary to simulations, in which a wide bandgap
of 1.75 eV is considered as the ideal bandgap of the top-semitransparent PSC. The disparity
between simulations and experimental results primarily originates from the decrease in
PCE of the top subcell due to reduced Jsc from photon absorption and an enhanced Voc
deficit as a result of increased non-radiative recombination losses. However, such losses
are not considered in the simulation (detailed balance calculation) and, thereby, the
optimum bandgap in our experimental study shifts to a smaller bandgap until these losses
can be resolved. As a result, by applying the best-performing semi-transparent PSC with a
PCE of 17% and bandgap of 1.65 eV, we achieved a champion stabilized PCE of 25.7% and
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25.0% for AT perovskite/c-Si and perovskite/CIGS tandem solar cells. This exceeds the
highest PCE obtained for a single-junction c-Si (23.2%) or CIGS solar cell (21.2%) in this
study. Our results highlight the importance of a detailed experimental investigation for
finding the optimum bandgap, as well as the need to develop a strategy for suppressing
non-radiative recombination in the top semi-transparent perovskite absorber to improve
the photovoltaic performance of 4T perovskite-based tandem solar cells.

82



Simultaneous Interfacial and Grain-boundary Passivation for Highly Efficient p-i-n Perovskite Solar Cells
for Tandem Photovoltaics

6. Simultaneous Interfacial and Grain-boundary
Passivation for Highly Efficient p-i-n Perovskite Solar
Cells for Tandem Photovoltaics

The focus of this chapter is on reducing non-radiative recombination in double-cation
perovskite solar cells (PSCs) with a bandgap of 1.57 eV based on the inverted p-i-n
architecture. Here, we introduce a dual-functional passivation strategy based on the
incorporation of long-chain alkylammonium salt phenethylammonium chloride (PEACI) at
both bulk and interface of perovskite/electron transport material (ETL). Therefore, a
simultaneous enhancement in both the open-circuit voltage (Voc) and fill factor (FF) of the
devices is observed, leading to not only high efficiency but also high stability for p-i-n PSCs.

This chapter is based on our publication in Energy & Environmental Science with the title
“Two birds with one stone: dual grain-boundary and interface passivation enable > 22%
efficient inverted methylammonium-free perovskite solar cells”.??2 Most of the graphs in
this chapter are adapted or reproduced with the permission of Energy & Environmental
Science.
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6.1. Introduction

Although the highest power conversion efficiency (PCE) for single-junction PSC has been
achieved based on the standard n-i-p architecture (up to 25.8% certified),?” applying them
into monolithic n-i-p tandem solar cells is limited due to (i) a high-temperature annealing
process required for the formation of ETL such as mesoporous or compact TiO2 and SnO,,
(i) high parasitic absorption and stability issues arising from ionically doped spiro-MeOTAD
as a common hole transport layer (HTL) in n-i-p architecture, and (iii) the complexity of the
conformal coverage of the perovskite top subcell on pyramidal textured silicon solar
cells.?7125:202,223,230 |n contrast, recently PSCs with inverted planar p-i-n architecture have
been intensively developed and employed for monolithic perovskite/c-Si tandem
photovoltaics because of their (i) low-processing temperature required for deposition of
the charge transport layers (CTL) (< 100 °C), (ii) low parasitic absorption thanks to the newly
developed hole transport layer (HTL) as named 2PACz, (iii) impressive operational stability
(due to the dopant-free CTL) (iv) along with negligible J-V hysteresis.3637:125159,231 However,
the maximum PCE (not-certified) that has been reported so far for p-i-n PSC is 24.3%
(stabilized at 24%)°? which is still lower than the certified record for standard n-i-p
architecture (25.7%).

The most predominant factor causing inferior PCE for p-i-n PSCs is associated with non-
radiative recombination at the interface of the perovskite with CTLs,>%232233 |eading to a
relatively large Voc loss for a given bandgap compare to n-i-p PSCs as shown in Figure 6-1a.
In particular, a comparison of the Voc x FF product relative to the Shockley-Queisser (S-Q)
limit demonstrates severe losses for p-i-n PSCs than n-i-p architecture (Figure 6-1b).
Recently, introducing 2PACs as the HTL in p-i-n PSC could significantly minimize the non-
radiative recombination losses at the HTL/perovskite interface. However, the
perovskite/Ceo (as the most common ETL used in p-i-n architecture) interface still suffers
from severe interfacial recombination.>%12>232233 Moreover, the high defect densities
within the bulk/grain boundaries of the perovskite absorber are also the sources of non-
radiative recombination.1?®120 The presence of these defects facilitates ion migration in
perovskite film which is known to accelerate the degradation of the PSC under light and
thermal stress.1?2234235 Therefore, reducing interfacial and bulk recombination by
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Figure 6-1: Open-circuit voltage (Voc) and (b) Voc x fill factor (FF) product of best-performing PSCs relative to
the Shockley-Queisser (S-Q) limit for the given bandgap with n-i-p and p-i-n architecture reported in the
literature. Adapted with permission from reference [?%%]. Copyright 2021, The Royal Society of Chemistry.

passivating the defects at the surface/interface as well as at bulk/grain boundaries of the
PSC is an essential requirement to not only reduce the photovoltage loss but also improve
the long-term stability issue of the devices which is one of the key bottlenecks for future
commercialization of perovskite photovoltaics. . In terms of bulk/grain boundary defects,
the incorporation of different additives into the perovskite precursor solutions or
antisolvents has been intensively reported as an effective strategy to reduce the density of
the defects. This strategy either improves the crystal quality of the perovskite film during
the perovskite film formation or passivates detrimental defects within the perovskite layer.
44,45,118,236 |n terms of interfacial recombination, post-treatment of the perovskite films by
using long (alkyllammonium salts and other organic compounds has been effectively
employed to reduce interfacial non-radiative recombination. 47°2°3.237.238 Thjs strategy
leads to the formation of 2D/3D perovskite heterostructures or wide-bandgap interlayers,
resulting in passivation of the dangling bonds (chemical passivation) that exit at the surface
of the perovskite layer or better energy level alignment of the perovskite with
CTLs.47°253.237.238  Although all these strategies surpass effectively non-radiative
recombination losses in PSCs, only two works have been reported to passivate the defects
both at bulk/grain boundaries and surface of the perovskite absorber by employing the
same passivation material.23%240

Having demonstrated the successful surface passivation strategy in reducing non-radiative
recombination presented in Chapter 4, in this chapter we aim to develop a dual passivation
strategy in order to passivate simultaneously the grain boundaries and the perovskite/Ceo
interface in p-i-n PSC. For this, we use long-chain alkylammonium salt named
phenethylammonium chloride (PEACI). Devices developed by this method demonstrate
one of the highest PCE (22.7%, stabilized at 22.3%) reported so far for p—i—n PSCs, which is
mainly due to the enhancement in the Voc x FF product (Figure 6-1b). In Sections 6-2 and
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Figure 6-2: Schematic of the dual passivation strategy used for the deposition of the perovskite absorber
layer: The process of (a) grain boundary passivation (GBP) by incorporation of PEACI:PbCl: into the perovskite
precursor solution, (b) surface passivation (SP) by treatment of PEACI (1 mg/ml dissolved in IPA) on top of the
perovskite absorber layer and (c) combination of grain boundary and surface passivation (GBP&SP).

and 6-3, we first describe the fabrication process of dual passivated PSC and compare the
photovoltaic parameters of the devices proceeding either with individual or dual
passivation strategies. In the following section, using a wide range of experimental
techniques including photophysical and material characterization, we show that this
enhancement in both Voc and FF for dual passivated devices is correlated to the formation
of a 2D Ruddlesden—Popper (2D-RP) phase at the grain boundaries as well as on the surface
of the perovskite films, leading to a substantial reduction in non-radiative recombination.
Finally, in the last section, we apply the dual passivated PSC into two-terminal (2T) and
four-terminal (4T) perovskite-based tandem solar cells.

6.2. Dual passivation strategy

This approach relies on using long-chain alkylammonium salts (PEACI) incorporated as an
additive (PEACI: PbCl;) into the perovskite precursor solution to passivate the perovskite
grain boundary (termed as grain-boundary passivation: GBP) (Figure 6-2a) and employed
as a post-treatment solution (PEACI in IPA) on the perovskite surface to passivate the
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Figure 6-3: (a) Schematic of the device architecture used in this chapter. (b) Statistical photovoltaic
parameters of (b) open-circuit voltage (Voc), (c) fill factor (FF), (d) short-circuit current density (Jsc), and (e)
power conversion efficiency (PCE) of perovskite solar cells without any modification (Ref), with surface
passivation (SP), grain boundary passivation (GBP) and combination of grain boundary and surface
passivation (GBP&SP). Photovoltaic parameters determined form the J-V characteristic of a statistically
relevant number of 150 in total. Adapted with permission from reference [?%%]. Copyright 2021, The Royal
Society of Chemistry.

surface of the perovskite layer (termed as surface passivation: SP) (Figure 6-2b). It is worth
noting that we refer to the additive incorporation strategy as the “grain boundary
passivation” strategy, as we will show later that this process particularly targets the defects
at the grain boundary of the perovskite layer. With the combination of both strategies on
the reference perovskite film (termed as Ref), we achieve simultaneous grain-boundary
and surface passivated perovskite film (termed as GBP&SP) (Figure 6-2c). A detailed
description of the experimental method can be found in Chapter 3.

6.3. Photovoltaic performance

To examine the effect of each passivation strategy on the performance of the PSC
compared to the reference devices, we fabricated planar p-i-n PSCs with a bandgap (Eg) of
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Figure 6-4: (a) Comparison of Current density—voltage (J—V) characteristics of the best performing devices

without any modification (Ref) and with individual surface or grain boundary passivation (SP or GBP) as well
as a combination of grain boundary and surface passivation (GBP&SP). (b) J-V characteristics of best
performing GBP&SP perovskite solar cell along with stabilized (c) power conversion efficiency (PCE), (e) short-

circuit current (Jsc) and open-circuit voltage (Voc) at maximum power point (MPP) tracking under continuous

1-sun illumination for 300 s. Adapted with permission from reference [*?%]. Copyright 2021, The Royal Society

of Chemistry.

1.57 eV using the individual as well as dual passivation strategies with a layer stack
ITO/2PACz/perovskite/Ceso/BCP/Ag (Figure 6-3a). As shown in Figure 6-3, a comparison of

Table 6-1: Photovoltaic parameters in reverse (BW) and forward (FW) bias of perovskite solar cells based on

the reference (Ref), grain boundary passivation (GBP), surface passivation (SP), and combination of grain
boundary & surface passivation (GBP&SP) processes.

PSCs

Ref

GBP

SP

GBP&SP

Scan
direction

BW
FW
BW
FW
BW
FW
BW
FW

Voc
(V)
1.086
1.080

1.114
1.11

1.131
1.131

1.162
1.153

Jsc FF
(mA/cm?) (%)
23.9 78.6
23.6 75.6
23.5 79.3
23.6 77.9
23.7 82.3
23.6 79.9
23.5 83.2
23.6 80.6
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PCE
(%)
20.4
19.3

20.8
20.4

22.1
213

22.7
22.0



Simultaneous Interfacial and Grain-boundary Passivation for Highly Efficient p-i-n Perovskite Solar Cells
for Tandem Photovoltaics

(a , (b)
D Ref:1.56eV i i — Ref: 1.564 eV ) )
E |—sP:1.56eV 2000} ——sP: 1.569 eV i
§ 6l GBP:157ev . = GBP: 1.574 eV
Q e GBP&SP: 1.57 €V % 1500L — GBP&SP: 1.577 eV i
o Ve S~
54t ; {3
* 9 1000} ]
= b1
2 2L i
E 5001 i
0 'A" Il Il Il Il 0 Il Il Il Il
1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.50 1.53 1.56 1.59 1.62 1.65
hv (eV) E, (eV)

Figure 6-5: Optical bandgap derived from (a) Tauc plot measurement and (b) the inflection point of the
external quantum efficiency (EQE) spectra of perovskite films prepared without any modification (Ref) and
with surface passivation (SP), grain boundary passivation (GBP) and grain boundary & surface passivation
(GBP&SP). Reproduced with permission from reference [2?%]. Copyright 2021, The Royal Society of Chemistry.

the average photovoltaic parameters obtained from current density—voltage (/—V)
characteristics of 147 devices (in total) reveal an obvious continuous enhancement in Voc
and FF values of the devices based on the passivation strategy. For GBP devices, we observe
a 26 mV increase in Voc from 1.086 to 1.114 V and a slight improvement in FF from 78.6%
to 79.3% compared to Ref devices obtained from backward scan direction, demonstrating
a rise in PCE from 19.7% to 20.4% Figure 6-4a. The SP PSCs exhibit even a very higher Voc
of 1.13 V and FF of 82% with a significant improvement in PCE to 22.3% as compared to Ref
and GBP PSCs. Impressively, upon dual passivation strategy, these values are further
increased to 1.162 V and 83.2% respectively, reaching a maximum PCE of 22.7% with an
outstanding stabilized PCE, Voc and Jsc of 22.3%, 1.161 V and 23.4 mA/cm?, respectively,
measured under continuous AM1.5G illumination over 300 s at maximum power point
tracking (Figures 6-4b,c and d). Figure 6-4a and Table 6-1 summarize the J-V characteristics
and photovoltaic parameters of the best-performing devices. It is important to mention
that the Jsc reported in this study is corrected to the integrated Jsc derived from the external
guantum efficiency (EQE) spectrum to obtain a further accurate determination of the PCE
for the fabricated devices, although this leads to a rather conservative PCE. Compared to
published high-efficiency p-i-n PSCs with PCEs > 21% in the literature (as displayed in Figure
6-1), this is one of the highest reported Voc x FF achieved for p-i-n PSCs so far. Therefore,
our work highlights the necessity of the passivation of both grain boundaries of the
perovskite thin film and the perovskite/Ceo interface. Consistent with our observation for
enhanced Voc of n-i-p PSC in Chapter 4, the considerable rise of Voc in this study also does
not steam from an increase in the perovskite absorber bandgap as verified by the Tauc plot
method and the inflection point of the EQE spectra (Figure 6-5). This enhancement mainly
results from reduced non-radiative recombination as we will show later in the following
sections. Furthermore, as shown in Figure 6-3c we observe a negligible change in the Jsc of
SP PSCs compared to Ref devices. This is in line with our observation in Chapter 4, in which
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Figure 6-6: External quantum efficiency (EQE) and absorptance spectra of the best-performing perovskite
solar cells fabricated without any modification (Ref) and with surface passivation (SP), grain boundary
passivation (GBP), and grain boundary & surface passivation (GBP&SP). Adapted with permission from
reference [?%%]. Copyright 2021, The Royal Society of Chemistry.

the thickness of the 3D perovskite absorber is not significantly modified by the low-
concentration of n-butylammonium bromide surface treatment. However, GBP PSCs
demonstrate a slight drop in Jsc from 23.9 to 23.5 mA/cm? compared to Ref devices. This
reduction is attributed to the insulating nature of long-chain PEACI incorporated into
perovskite film which inhibits the charge carrier extraction, thus resulting in a slight
decrease in the EQE spectrum (Figure 6-6a).%82%2 For this reason, the reduction in the Jsc
value becomes even stronger when we increase the concentration of the PEACI additive in
the perovskite solution from 10 to 25 and 40 pyL named as GBP(25) and GBP(40) (Figure 6-
7c). The ultraviolet-visible (UV-vis) measurement also confirms a minor decline in
absorptance spectra of the perovskite layer incorporated with PEACI additive compared to
Ref or surface passivated films (Figure 6-6b). Therefore, finding the optimum concentration
for both GBP and SP devices is essentially required in order to achieve the maximum
photocurrent and PCE. In this regard, we varied the concentration of both PEACI:PBCI;
additive (10, 25 and 40 pL) and PEACI solution dissolved in IPA (1.5 and 3 mg/ml). It can be
seen that the optimum concentration of 25 pL for GBP and 1.5 mg/ml for SP PSCs are found
to deliver the highest photovoltaic parameters for dual-passivated PSCs (Figure 6-7). Here,
it should be noted that although the higher concentration of PEACI (3mg) treated on the
surface of GBP PSCs (termed as GBP&SP(3)) results in a further enhancement in Vocto 1.18
V, the Jsc and FF of the resultant devices concurrently decline which is due to the mentioned
insulating nature of a thicker 2D-RP passivation layer at the surface,?®2%? leading to a low
PCE of 21.8%.

To figure out that employing other chloride-based long-chain organic ammonium can also
be used as dual passivation in the bulk and at the surface of the perovskite layer, we
exploded using n-Butylammonium chloride (BACI) and n-Octylammonium Chloride (OACI),
as n-Butylammonium iodide (BAIl), n-Butylammonium bromide (BABr), Octylammonium
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Figure 6-7: (a-d) Statistical photovoltaic parameters of perovskite solar cells (PSCs) (relevant number of 80)
without any modification (Ref) and with various concentrations of PEACI:PbCl (10, 25 and 40 L, referred to
as GBP(10), GBP(25) and GBP(40), respectively) as an additive solution. (e-h) The effect of the PEACI
concentration (1.5 mg/ml and 3 mg/ml) as a surface passivation interlayer on the performance of the Ref and
GBP PSCs with optimum concentration of 40 pL referred to as: SP(1.5), SP(3), GBP&SP(1.5) and GBP&SP(3),
respectively, obtained from relevant number of 160 devices. (a, €) Open-circuit voltage (Voc), (b, f) fill factor
(FF), (c, g) short-circuit current density (Jsc), and (d, h) power conversion efficiency (PCE).
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Figure 6-8: Comparison of the Photovoltaic parameters of the reference (Ref) perovskite solar cells and
surface passivated devices treated with OACI, BACI and PEACI solution respectively. (a) Power conversion
efficiency (PCE), (b) open-circuit voltage (Voc), (c) fill factor (FF), (d) short- circuit current density (Jsc).
Photovoltaic parameters determined form the J-V characteristic of a statistically relevant number of 100 in
total Reproduced with permission from reference [?%%]. Copyright 2021, The Royal Society of Chemistry.

iodide (OAIl) and Octylammonium bromide (OABr) have been previously reported for
passivating of the perovskite films in numerous works.?#1-2% Under a similar preparation
method, first we fabricated the surface passivated devices based on these materials (OACI
and BACI solution dissolved in IPA). Interestingly, both devices demonstrate a slight
increase in PCE compared to the Ref PSCs, which is mainly associated with an enhancement
in Voc and FF (Figure 6-8). Nevertheless, the enhancements are most substantial in the case
of PEACI-based devices. In the second step, we employed the dual passivation strategy by
incorporating OACI:PbCl, or BACI:PbCl; (termed as Oc-Cl or Bu-Cl) into the bulk, as well as
treating the surface of the perovskite layer with OACI or BACI solution (termed: Oc-Cl/OACI
and Bu-ClI/BACI, respectively). As displayed in Figure 6-9, GBP&SP devices based on Oc-
Cl/OACI and Bu-CI/BACI demonstrate a Voc enhancement by about 30 mV compared to Ref
PSCs, whereas this value is much higher (70 mV) in case of GBP&SP devices based on the
PEACI. Besides, contrary to Bu-Cl/BACI PSCs with a small drop in Jsc and no noticeable
change in FF compared to Ref PSCs, these parameters decrease even strongly for Oc-
CI/OACI PSC. This reduction is in agreement with previous observation based on utilizing
too large amounts of alkylammonium salts as an additive.4”98185202 Ag 3 result, this
interfacial

reduction in charge carrier transport hinders the effect of reduced
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Figure 6-9: Comparison of historical photovoltaic parameters of the perovskite solar cells without any
modification (Ref) and with combined grain boundary & surface passivation processes based on the
incorporation of OACI:PbCl (Oc-Cl), BACI:PbCl2 (Bu-Cl) and PEACI:PbCl2 (Ph-Cl) in the precursor solution, as
well as surface treatment with OACI, BACI and PEACI solution, respectively (referred to as: Oc-ClI/OACI, Bu-
Cl/BACI and Ph-CI/PEACI). (a) Open-circuit voltage (Voc), (b) fill factor (FF), (c) short-circuit current density
(Jsc) and (d) power conversion efficiency (PCE). Photovoltaic parameters determined form the J-V
characteristic of a statistically relevant number of 95 in total. Reproduced with permission from reference
[2%8]. Copyright 2021, The Royal Society of Chemistry.

recombination (i.e., higher Voc), leading to the average PCE of 20.6% and 20.9% for the Oc-
CI/OACI and Bu-CI/BACI based devices, respectively. Given that the dual passivated PSC
based on PEACI demonstrated the highest performance in comparison with other Cl-based
long-chain alkylammonium salts, our focus in the following section will be the investigation
of the photophysical and material characterization of the PEACI-based GBP&SP film in order
to understand the mechanism behind the enhancement in the Voc x FF product.

6.4. Photophysical characteristics

To identify the impact of GBP, SP and GBP&SP on the charge carrier recombination
dynamics of the perovskite film, we first investigate transient photoluminescence (TRPL) of
ITO/2PACz/perovskite/Ceo layer stacks (Figure 6-10a). A clear trend toward increasing the
carrier lifetime (by more than one order of magnitude) is observed for Ref (19 ns)
- GBP (48 ns) = SP (113 ns) —> GBP&SP (256 ns) samples. This carrier lifetime
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Figure 6-10: (a) Time-resolved photoluminescence (TRPL) of ITO/2PACz/Perovskite/Ceo layer stack. (b)
Photoluminescence quantum yield (PLQY) and (c) the quasi-Fermi level splitting/elementary charge (QFLS/q)
of the perovskite solar cell without any modification (Ref), and with surface passivation (SP), grain boundary
passivation (GBP) and grain boundary & surface passivation (GBP&SP) strategy. Adapted with permission from
reference [*%8]. Copyright 2021, The Royal Society of Chemistry.

enhancement follows the same trend as Voc (Figure 6-3b), indicating the effective
suppression of non-radiative recombination. It should be noted that although it is a
challenge to interpret such transients,?* a longer monomolecular charge carrier lifetime
(at low-level injection) can be ascribed to the reduction in non-radiative recombination
within the bulk (and the grain boundaries) or at the perovskite/CTL interfaces.?332% In
order to quantify the non-radiative recombination losses, the internal quasi-Fermi level
splitting (QFLS) is calculated by measuring photoluminescence quantum vyield (PLQY)
according to the equation QFLS = gVocrad + ksT In(PLQY) as previously explained in Chapter
2. 153246 | this regard, first, PLQY measurement is carried out for the half layer stack
ITO/2PACz/perovskite without Ceo to determine whether the non-radiative recombination
at the HTL/perovskite side restricts the Voc of our PSCs.>%1>3247 The average PLQY (Figure
6-11a) exhibits already a high value of ~7.2% for the Ref perovskite thin film, correlating to
internal voltage (QFLS/q) of ~1.20 V. For GBP, SP and GBP&SP films, these values only rise
slightly to ~7.9% (1.218 V), 9.8% (1.218 V) and 9.7% (1.225 V) (Figure 6-11b), respectively,
which is above the Voc values of full device stack obtained in this study (Figure 6-3a). This
is in line with previous reports, where 2PACz/perovskite interface induces minimal non-
radiative recombination losses, verifying that the Voc of our PSCs is not limited by the HTL
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Figure 6-11: (a) Photoluminescence quantum yield (PLQY), (b) the quasi-Fermi level splitting/elementary
charge (QFLS/q) and (c) time-resolved photoluminescence (TRPL) of the half layer stack ITO/2PACz/perovskite
prepared without any modification (Ref), and with surface passivation (SP), grain boundary passivation (GBP)
and grain boundary & surface passivation (GBP&SP) strategy. Adapted with permission from reference [2%%].
Copyright 2021, The Royal Society of Chemistry.

interface.®®12> Nevertheless, as the obtained QFLS/q for the perovskite layer deposited on
the half layer stack ITO/2PACz (Figure 6-11b) only slightly rises for all passivation strategies
in comparison to the Ref films, the positive effect of each passivation strategy (either
PEACI:PbCl, additive or PEACI post-treatment) on the device performance is not clear. To
get a deep-going vision, we measure representative TPRL of the same layer stack
(ITO/2PACz/perovskite) prepared for Ref, GBP, SP and GBP&SP films (Figure 6-11c).
Interestingly, TPRL measurement reveals a longer monomolecular lifetime at low-level
injection for GBP (1624), GBP&SP (1497 ns) and SP films (~464 ns). as compared to Ref
perovskite films (335 ns). This longer lifetime of GBP film can be explained by the
passivation of shallow grain boundary traps via the self-assembly of PEA* molecules and/or
the formation of a PEACI-based 2D-RP phase as observed in the literature. 47:109,185248-252
However, it should be noted that under 1-sun illumination these shallow traps are typically
filled which could roughly clarify the reason for similar values obtained for PLQY and QFLS/q
for all passivation strategies deposited on the ITO/2PACz substrate,2°9251,253

Notably, for the complete device stack (ITO/2PACz/perovskite/Ceo/BCP/Ag as shown in
Figures 6-10b and c, the average PLQY exhibits a significant reduction to 0.058% for the Ref
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Figure 6-12: (a) Photoluminescence quantum yield (PLQY) and (b) the quasi-Fermi level splitting/elementary
charge (QFLS/q) of the reference (Ref) and grain boundary passivated (GBP) perovskite treated with various
concentrations of PEACI (1.5 and 3 mg/ml) (termed as: SP (1.5), SP(3), GBP&SP(1.5) and GBP&SP(1.5),
respectively. These measurements were performed on half-layer stack ITO/2PACz/perovskite without Cso.
Reproduced with permission from reference [*?%]. Copyright 2021, The Royal Society of Chemistry.

perovskite films, leading to a consequence of low QFLS/q ~1.081 V. This low value of
QFLS/q upon deposition of Ceo is clear evidence that imperfect perovskite/Ceo interface
dominates the photovoltage loss in the full device stack, as reported in the previous studies
as well.*6153 Strikingly, upon employing individual and dual passivation strategies, the PLQY
increases one order of magnitude to 0.083%, 0.26% and 0.45% for GBP, SP and GBP&SP
(Figure 6-10b). Accordingly, these PLQY values correspond to an increased QFLS/q of 1.100
V, 1.122 V and 1.144 V for GBP, SP and GBP&SP respectively (Figure 6-10c), showing a
similar trend as the measured Voc of the corresponding devices. This result vigorously
indicates that to maximize the PLQY and lifetime in the PSC, the combination of both grain
boundary and surface passivation strategy must be considered to minimize the non-
radiative recombination losses. In case of PSC passivated by the higher concentration of
PEACI (3mg/ml), a further enhancement in PLQY and QFLS/q values up to 2.3% and 1.19 V
is observed (Figure 6-12), which is in line with the higher Voc obtained for the respective
devices (Figure 6-7e). Nevertheless, as discussed in Section 6-3, this enhancement does not
compensate for the severe reduction in FF and Jsc.

To better understand the mechanism of the observed reduction in non-radiative
recombination via passivation of the defects, the trap-state density (n:) and charge carrier
mobility (1) of electrons and holes in the perovskite layer were measured. In this context,
as previously discussed in Chapter 2, we sandwiched the perovskite layer between two ETL
or HTL to fabricate electron-/or hole-only devices with the structure of
ITO/SnO2/Perovskite/Cso/BCP/Ag  or  ITO/2PACz/Perovskite/Spiro-MeOTAD/Ag. By
measuring the dark J-V characteristics of devices according to the space charge-limited
current (SCLC) method,?>* the electron mobility of 4.9 x 103 cm?V-1s! is obtained for the
Ref device, whereas a comparable enhancement to 6.3 x 103 and 7.2 x 103cm?V-istis
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Figure 6-13: The dark J-V characteristics (log scale) of hole-only devices with an architecture of
ITO/2PACz/Perovskite/Spiro-MeOTAD/Ag based on perovskite (a) without any modification (Ref) and with
(b) grain boundary passivation (GBP), (c) surface passivation (SP), and (d) grain boundary & surface
passivation (GBP&SP) films. The curve is divided into three distinct regimes: ohmic, trap-filled limit (TFL),
and trap-free space charge-limited current (SCLC) regime. Adapted with permission from reference [%%%].

Copyright 2021, The Royal Society of Chemistry.

observed for both SP and GBP, respectively (Figure 6-13). For the GBP&SP device, this value
further enhances to 10.0 x 103cm?V-s'l. Next to carrier mobility, the value of trap-filled
limit voltage (VrrL) exhibits a significant reduction in the order Ref > GBP > SP - GBP&SP

Table 6-2: The calculated electron/hole mobility along with respective electron/hole trap densities obtained
from dark J-V characteristic of the electron-/hole-only devices based on the perovskite without any
modification (Ref), and with grain boundary passivation (GBP), surface passivation (SP) and combination of
grain boundary & surface passivation (GBP&SP) strategies.

Device Electron mobility  Electron trap density = Hole mobility Hole trap density

(cm?vis?) (cm??) (cm?vis?) (ecm?®)
Ref 49x103 9.2 x 10%° 4.0x 103 4.2 x 10%°
GBP 7.2 x1073 6.5 x 10%° 6.2 x 1073 3.4x 10"
SP 6.3 x 1073 5.4 x 10%° 5.3x 103 3.0x 10"
GBP&SP 10.0 x 1073 3.7 x 10" 7.9x 103 2.9 x 10
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Figure 6-14: The dark J—V characteristics (log scale) of hole-only devices with a configuration of
ITO/2PACz/Perovskite/Spiro-MeOTAD/Ag based on perovskite (a) without any modification (Ref) and with (b)
grain boundary passivation (GBP), (c) surface passivation (SP), and (d) grain boundary & surface passivation
(GBP&SP) films. The curve is divided into three distinct regimes: ohmic, trap-filled limit (TFL), and trap-free
space charge-limited current (SCLC) regime. Adapted with permission from reference [*?%]. Copyright 2021,
The Royal Society of Chemistry.

which according to equation 3-7 (Vrri= gnil?/2ee0) discussed in Chapter 3 results in a
decreased electron trap density from 9.2 x 10> cm™ to 6.5 x 10*>, 5.4 x 10'>and 3.7x 10%
cm3, respectively (Table 6-2). The calculated hole mobility also follows a very similar trend
as the electron mobility (Figure 6-14). Therefore, based on the TPRL and SCLC results
together, we conclude that each passivation strategy either at the grain boundaries or
surface of the perovskite film individually participates in enhancing the charge carriers
lifetime and reducing the charge trap densities. Thereby, the combination of GBP and SP
strategy (GBP&SP) leads to substantial enhancement in the photovoltaic performance of
the devices.

Having identified that by measuring the ideality factor (nig) we can establish a better
understanding of the dominant type of recombination behaviors in our dual passivate
devices as previously discussed in Chapter 3, in the next step, we measured intensity-
dependent PLQY measurements. The niq is extracted from the slope of calculated QFLS/q
versus the logarithm of the illumination intensity data.'>3 Figure 6-15a depicts the value of
the niq attained for all PSCs with complete layer stacks, exhibiting a significant decrease in
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Figure 6-15: Ideality factor (nid) of (a) perovskite solar cell (PSCs) prepared without any modification (Ref) and
with surface passivation (SP), grain boundary passivation (GBP) and grain boundary & surface passivation
(GBP&SP) strategy determined from the slope of a logarithmic fit to the intensity-dependent QFLS/q. (b) Ref
and GBP based PSCs treated with various concentration of PEACI (1.5 and 3 mg/ml) (termed as: SP(1.5) and
SP(3)) respectively.

niqg of the GBP&SP films to 1.3 compared to GBP (nig~1.48), SP (nia~1.60), and Ref (nig~1.71)
perovskite films, respectively. This reduction of nig towards the value of 1 for high-
performing GBP&SP PSC demonstrates a predominant radiative bimolecular and decreased
trap-assisted Shockley—Read Hall recombination, as evidenced by the reduced trap-state
density obtained from SCLC measurement (Figures 6-13 and 6-14) resulting in high Voc.
Moreover, there is a direct correlation between the reduced nig and high FF
value.123:159,181,255 Bagjides, we find that the value of niq for SP and GBP&SP devices treated
with higher concentrations of PEACI (3 mg/ml) increases to 1.49 and 1.42 (Figure 6-15b),
respectively. This reveals that despite the highest Voc of 1.17 and 1.18 V obtained for the
corresponding devices (Figure 6-7), formation of too thick passivation layers increases the
possibility of charge carrier recombination, thus leading to low FF.

In brief, our findings based on TPRL and PLQY demonstrate that the Voc of our PSC is mainly
limited by the perovskite/Ceo interface and (ii) that grain boundary passivation becomes
specifically crucial in the case where the perovskite/CTL interfaces are already well
passivated. Therefore, our results highlight that dual passivation is a critical requirement in
order to reach simultaneously high FF and Voc by the reduction in both non-radiative
recombination losses and the nigq.

6.5. Material characterization

In this section, in order to provide further insights into how both individual and dual
passivation strategies modify the morphology, structure and surface composition of the
perovskite films, SEM, XRD, CL, XPS, UPS and KPFM measurements were performed.
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Figure 6-16: Top-view scanning electron microscopy (SEM) images of perovskite films prepare (a) without any
modification (Ref) and with (b) surface passivation (SP) (c) grain boundary passivation (GBP), and (d) grain
boundary & surface passivation (GBP&SP) strategies. The inset is a high-magnification image of the respective
images. Reproduced with permission from reference [?28]. Copyright 2021, The Royal Society of Chemistry.

6.5.1. Thin-film morphology

As revealed by top-view SEM images in Figures 6-16a and b, no noticeable change in surface
morphology and grain sizes for both Ref and SP perovskite films is observed, which is similar
to our previous observation in Chapters 4 and 5 with low-concentration of the 2D-RP layer.
In contrast, the surface treatment with higher concentration of PEACI (3 mg/ml)
demonstrates multiple grains stacking on each other (Figure 6-17).2°62°8 Furthermore,
brighter grains are also observed on the surface of both Ref and SP films which later we will

Figure 6-17: Top-view scanning electron microscopy (SEM) images of the perovskite film treated with a high-
concentration of PEACI (3 mg/ml) on top of the (a) reference (Ref) and (b) grain boundary passivation (GBP)
perovskite layers.
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Figure 6-18: Atomic force microscopy (AFM) images of perovskite films prepared (a) without any modification
(Ref) and with (b) surface passivation (SP) (c) grain boundary passivation (GBP), and (d) grain boundary &
surface passivation (GBP&SP) strategy. The surface roughness of each perovskite film is determined by the
root-mean-square (RMS) value.

show that it is related to Pbl; crystallites. Upon incorporating PEACI:PbCl; additive into the
bulk, similar perovskite grains size as the Ref and SP films are observed (Figure 6-16c).
However, the size and amount of the bright grains related to Pbl,-rich grains slightly grow.
Intriguingly, for GBB film notable small bright grains (smaller than bright Pbl,-rich grains)
also start to appear located close to the grain boundaries, providing us a clue that additive
incorporation mainly passivates the regions near the grain boundaries. For the GBP&SP
film, these small bright crystallites even become smaller and much more dispersed with a
plate-like appearance all over the surface (Figure 6-16d). This intimates that some reaction
could happen with these crystallites upon deposition of PEACI on top of GBP films. We
further characterized the roughness of the corresponding perovskite films by atomic force
microscopy (AFM) measurement (Figure 6-18). The root-mean-squared (RMS) roughness
of the Ref, SP, GBP and GBP&SP perovskite films is found to be 23.2, 22, 25 and 23.6 nm,
respectively, demonstrating that PEACI preferably fills regions near the grain
boundaries.®3°>

To develop a better understanding of the different phases and chemical composition
related to the observed small and large bright grains on the surface of the perovskite layer,
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Figure 6-19: Scanning electron microscopy (SEM) and cathodoluminescence (CL) images recorded without
and with bandpass filter (500 + 40 nm) from perovskite film prepared (a—c) without any modification (Ref),
(d—f) with surface passivation (SP), (g—i) grain boundary passivation (GBP) and (j—I) grain boundary & surface
passivation (GBP&SP), respectively. The green encircled grains represent the expected 3D perovskite phase
with a bandgap of 1.57 eV. The yellow encircled grains are attributed to Pbl,-rich crystallites. The small red
encircled grains appear close to the grain boundaries for GBP films. Reproduced with permission from
reference [2?8]. Copyright 2021, The Royal Society of Chemistry.

CL measurement was conducted in the following. Figure 6-19 presents the SEM images of
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Figure 6-20: Cathodoluminescence (CL) spectra of (a) the reference perovskite film recorded from the dark
(1) and bright (2) spots in SEM image (insert). (b) CL spectra of perovskite films prepared without any
modification (Ref) and with surface passivation (SP), grain boundary passivation (GBP), and grain boundary
& surface passivation (GBP&SP). The left panel is a zoom-in view of the same CL spectra in the wavelength
region between 400 to 700 nm. Reproduced with permission from reference [2%%]. Copyright 2021, The Royal
Society of Chemistry.

Ref and all three passivated perovskite films together with the resultant CL images
(captured from the same SEM images) without and with a 500 nm long-pass filter. From
the CL image in Figure 6-19b, two different CL intensities are observed for the Ref sample.
(1) Higher intensity originating from the dark grains in the SEM image (marked by a green
circle in Figure 6-19a) and (2) lower intensity originating from the bright grains (marked by
ayellow circlein Figure 6-19a). As shown in CL spectra in Figure 6-20a, these dark and bright
spots demonstrate CL peaks located at 774 nm and 500 nm that correspond to the optical
bandgap of the 3D perovskite phase and Pbl,-crystallites, respectively. Importantly, when
we apply 500 nm £ 40 nm bandpass filter, the grains related to 3D perovskite are filtered
and only those with low-intensity CL are detectable in Figure 6-19c. This provides us clear
evidence that the large bright grain observed in the top-view SEM of all perovskite films
(Figure 6-16) is indeed attributed to Pbl,-rich crystallites, as reported in other studies as
well.2>%260 For the SP sample, we do not observe any noticeable change in CL images
(Figures 6-19d and e) compared to the Ref film. Nevertheless, the SEM image is slightly
charging, possibly due to the formation of the 2D-RP phase with insulating nature. Besides,
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Figure 6-21: Steady-state photoluminescence (PL) of the Reference (Ref) and grain boundary passivation
(GBP) perovskite films treated with various PEACI concentrations (termed as: SP(1.5), SP(3), GBP&SP(1.5),
GBP&SP(3) in the low-wavelength range (560-700 nm).

the CL emission peak is notably higher compared to the Ref film (Figure 6-20b). Interestingly,
for the GBP film, the small bright grains located close to grain boundaries in SEM images
(Figures 6-16¢c and 6-19g) also demonstrate lower CL intensity (similar to Pbl-rich
crystallites), appearing as dark spots around the perovskite grains in CL image in Figure 6-
19h (marked by a red circle). However, it is important to note that by applying 500 nm + 40
nm bandpass filter the signal or features related to these small grains entirely disappear
(Figure 6-19i) which is contrary to Pbl,-rich grains. As a result, we conclude that these small
grains are not correlated to Pbl, or PbCl;, but rather to the formation of the 2D close to the
grain boundaries. Eventually, for GBP&SP film these small grains become much less visible
in the SEM image (Figure 3j) and are no longer trackable in both CL images either without
or with the bandpass filter (Figure 6-19k and |). The distinct point of the CL image captured
for the GBP&SP compared to Ref, GBP and SP perovskite films is the highest CL signal
observed all over the surface, as further confirmed by the CL spectrum (Figure 6-20b). This
high CL intensity is a result of combining the passivation effect both in the grain boundary
and at the surface of the perovskite layer,26* which is also in line with a result of combining
the passivation effect both in the grain boundary and at the surface of the perovskite layer,
261 which is also in line with the PLQY and TPRL results. Furthermore, an additional CL peak
located at a low wavelength of 620 nm is detected for GBP&SP perovskite film, which does
not correlate to either the 3D perovskite or the Pbl,-rich phase. A similar peak is also
observed in the PL spectrum for both Ref and GBP films treated with higher concertation
of PEACI (3 mg/ml) (Figure 6-21). This is attributed to the formation of ultrathin 2D-RP
(PEA)2(CsyFA1-y)n-1Pbn(l11-xClx)3n+1 phase upon PEACI surface treatment, as will be discussed
in the following.196:262

We further explored the crystalline properties of the films by performing XRD
measurements in order to confirm the presence of the 2D-RP layer by employing our
passivation strategies. As revealed in Figure 6-22a, the expected characteristic peaks at 20
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Figure 6-22: (a) X-ray diffraction (XRD) pattern of perovskite films prepared without any modification (Ref)
and with surface passivation (SP), grain boundary passivation (GBP), and grain boundary & surface passivation
(GBP&SP) strategy. (b) Calculated intensity ratios of the various crystal planes.

~14.21, 20.11, 24.61 and 28.41 corresponding to (100), (110), (111) and (200) diffraction
planes of the 3D cubic a-Cso.18FA0.s2Pbls phase are observed for all perovskite films,*7:165263
along with a small peak at ~12.9 assigned to Pbl,. Comparing the XRD pattern of the Ref
and SP films, no profound change in the position, intensity or full width at half maximum
(FWHM) of the peaks is found, which is very similar to our previous observation by using
the n-BABr surface treatment discussed in Chapter 4.'82 Besides, a small decrease in the
ratio of (100) to (111) peak is seen compared to Ref and SP films, which suggests the less
(100) preferential orientation of the perovskite grains (Figure 6-22b).4”° The GBP&SP film
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Figure 6-23: XRD patterns of grain boundary & surface passivation (GBP&SP) perovskite film using high
concentration PEACI (4.5 and 10 mg/ml) as a surface treatment. The red stars illustrate the diffraction peaks
related to pure (n = 1) 2D Ruddlesden-Popper (PEA)2Pb(l1-yCly)s phase.

105



Simultaneous Interfacial and Grain-boundary Passivation for Highly Efficient p-i-n Perovskite Solar Cells
for Tandem Photovoltaics

(a) 138.7eV,}  Pbaf,,[(b) ccinpea cas](c) cl2p

2"! component
from
2D RP phase

N-C=N in FA
\C-N in PEA

Intensity (a.u.)

'l 'l L ] 'l 'l
140 139 138 288 285 200 198 196
Binding energy (eV)
(d). N-C=N in\FA ) N1s |(e) ) C5.3d5/z (f) ) 'l:‘"ds/z

Intensity (a.u.)

404 402 400 726 724 620 618
Binding energy (eV)

Figure 6-24: X-ray photoelectron spectroscopy (XPS) spectra of (a) Pb 4f7/2, (b) C 1s, and (c) Cl 2p, (d) N 1s, (e)
Cs 3dsy2 and (f) | 3dsy2 core levels for perovskite prepared without any modification (Ref), with surface
passivation (SP), grain boundary passivation (GBP), and grain boundary & surface passivation (GBP&SP)
processes. The perovskite is deposited on the ITO/2PACz substrates. Adapted with permission from reference
[2%8]. Copyright 2021, The Royal Society of Chemistry.

also follows the identical tendency, showing no noticeable change in the XRD pattern as
compared to GBP films. It should be noted that for the SP and GBP&SP films the XRD
diffraction pattern correlated to the 2D-RP phase is not visible. The possible explanation
could be due to the formation of the ultrathin or non-crystalline PEA-based passivation
layer which can not be detected by XRD measurement.!82264-266 Nevertheless, with
increasing PEACI concentration to 4.5 or 10 mg/ml, the expected peaks related to 2D-RP
appear at ~5.3°,10.5°, 15.7°, 20.9°, 26.1° and 31.8°. These can be attributed to a formation

of pure 2D-RP (n =1) (PEA)2Pb(l1xClx)s phase at the surface of the perovskite (Figure 6-
23).267—271

6.5.2. Surface elemental distribution and electronic structure

To gain more detail on the chemical composition at the surface of the perovskite layer upon
dual passivation strategy, XPS measurement was analyzed to confirm the presence of the
PEACI passivation material. As displayed in XPS core-level spectra in Figure 6-24, the
characteristic peaks related to Pb 4f;/;, C 1s from FA’s N—C=N bonding, N 1s, Cs 3ds;; and |
3ds,2 elements with binding energies of ~138.7 eV, 288.6 eV, 400.8 eV, 725.3 eV and 619.6
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Figure 6-25: Normalized X-ray photoelectron spectroscopy (XPS) spectra related to Pb 4f spectrum (same
data as in Figure 6-24a) recorded for reference (Ref) and grain boundary passivation (GBP) perovskite films
treated with various concentration (1.5 and 3 mg/ml) of PEACI (termed as: SP (1.5), SP (3) and GBP&SP (1.5),
GBP&SP(3)) (left). The right panel shows a zoomed-in view of Pb 4f72 peak. Reproduced with permission
from reference [?%8]. Copyright 2021, The Royal Society of Chemistry.

eV, respectively, is observed from XPS survey of Ref perovskite film with the composition
of Cso.18FA0.82Pbl3.272 Besides, the spectrum shows an additional C 1s peak (~288.8 eV)
originating from adventitious carbon (sp3 C—C bonding) at the film surface.?°%273 By
comparing the XPS spectra of the Ref perovskite film with either individual (SP and/or GBP)
or dual passivated samples (GBP&SP) three major differences can be distinguished. (1) For
the GBP film a slight shift to the higher binding energies in the Pb 4f7/; spectrum and an
increase in FWHM is identified, whereas the intensity of this peak at the binding energy of
~138.7 is considerably reduced for SP and GBP&SP films (Figure 6-24a). Meanwhile, for
GBP&SP films, the relevant peaks become even broader and asymmetric shifting to the
high-energy side. (2) In the XPS spectra of C 1s signal for SP and GBP&SP films, two new
notable peaks at the binding energy of ~285.2 eV and 286.7 eV appear which can be
assigned to C 1s emission from PEA (C—C and C—N bonds), respectively (Figure 6-24b). The
same peaks but with very low intensity are also detected for GBP film. (3) All three
passivated films demonstrate a Cl 2p line at ~198.6 eV (Cl 2p3/2) and 200.2 eV (Cl 2p1/2)
which is more intensive in case of GBP&SP film (Figure 6-24c). Notably, when the
concentration of surface passivation solution (PEACI in IPA) increases to 3 mg/ml, the
difference becomes even stronger for the Pb 4f core levels compared to Ref film (Figure 6-
25). It should be noted that the peak position or shape of the | 3ds/2 and Cs 3ds/, core levels
does not change (Figures 6-24 4 and f), which excludes the probability that the shift arises
from the electronic doping of the perovskite bulk.?’3>7276 Thereby, we correlated all
observations of damping signal at the binding energy of ~138.7 eV for SP and GBP&SP films,
emerging of a second Pb component (at ~139.1 eV) as well as a Cl 2p (at ~198.2 and 200.2
eV) and PEA signal (at ~285.2 and 286.6) to the formation of an ultrathin PEACI-based
passivation layer on the surface of the perovskite films.?>1%2277.278 |n brief, our XPS and XRD
results together with the observation of a PL signal at 620 nm evidently verify the formation
of 2D-RP (PEA)2(CsyFA1-y)n-1Pbn(l1xClx)3n+1 for dual passivated perovskite film.
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Figure 6-26: (a) Secondary electron cut-off spectra obtained from ultraviolet photoelectron spectroscopy
(UPS) for perovskite solar cells without any modification (Ref) and with surface passivation (SP), grain
boundary passivation (GBP), and grain boundary & surface passivation (GBP&SP) to determine the work
function of the perovskite films. (b) Respective spectra of the region close to the valence band onset.

In the following analysis, UPS measurement was conducted in order to determine the effect
of the thin 2D-RP surface layer on the electronic structure of the perovskite films. Derived
from the secondary electron cut-off and valence band spectra (Figure 6-26), we plot the
energy band diagram for each film as schematically illustrated in Figure 6-27. For the Ref
film, a work function (WF) and an ionization potential (IP) of 4.68 eV and 5.1 eV are
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Figure 6-27: Proposed energy band diagrams derived from ultraviolet photoelectron spectroscopy (UPS)
measurements for reference (Ref) and grain boundary passivated perovskite films treated with various
concentrations of PEACI concentration (1.5 and 3 mg/ml). Er, Evac, CB and VB demonstrate the Fermi level,
vacuum level, conduction band and valence band, respectively. The CB position of the 3D perovskite was

determined from the corresponding optical bandgap.
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observed, respectively. This represents slightly n-type perovskite film as reported in
previous studies.*”:212:237.273,279 \Wjith only the GBP strategy, the IP value remains nearly
constant at 5.69 eV whereas the WF substantially declines to 4.39 eV. This is an indication
of more n-type perovskite which could possibly originate from a reduced electron trap
density as observed in our SCLC results or a different surface termination.4”:237.279-281 The
WEF is further reduced to 4.23 eV and 3.91 eV for SP and GBP&SP films, respectively. A
similar reduction in IP to 4.23 eV and 3.91 eV is also observed for both samples. We
correlate this reduction to the formation of the wide-bandgap ultrathin 2D-RP phase on
the surface of the perovskite with different chemical environments as previously
demonstrated by PL, CL and XPS results. This is further verified by measuring the UPS of the
SP and GBP&SP films prepared with higher concentration of PEACI (3 mg/ml) (Figure 6-27).
For this case, a similar IP value of 5.45 eV and 5.47 eV is observed for SP and GBP&SP films,
respectively, while WF further decreases to 3.89 eV and 3.82 eV, which represents a
valence band (VB) onset of 1.57 eV and 1.66 eV. Furthermore, the surface passivation also
modifies the shape of the VB density states for all passivated perovskite films compared to
the Ref sample (Figure 6-26 b), indicating that the electronic properties of the 2D-RP
surface layer are different compared to the 3D bulk perovskite.?®? Thus, based on the UPS
result we conjecture that in addition to the expected chemical passivation,?! the increased
distance between the VB to the Fermi level leads to the formation of a thin hole blocking
layer at the interface between the perovskite and Ceo layer. This ultrathin hole blocking
layer hinders the possible recombination of the holes with electrons at this interface,
47,82,121,283,284 \yhile electrons can still effectively tunnel through the perovskite layer into
Ceo. Thereby, effective charge carrier extraction occurs in the devices that yields a very high
FF47.284-28 |n terms of higher PEACI concentration (3 mg/ml), the formation of the thicker
tunneling layer notably reduces the probability of transporting electrons from perovskite
to Ceo, thus, resulting in a lower FF and consequently poor PCE (Figure 6-7).

So far, our results demonstrate that employing the dual passivation strategy results in the
reduction of non-radiative recombination particularly at the interface between the
perovskite and Ceo layer as well as at the grain boundaries. To figure out in detail whether
the PEACI:PbCl, additive passivates mainly defects in the grain interior and/or at the grain
boundaries and how uniform the surface passivation is formed for each strategy, we used
frequency-modulated KPFM (FM-KPFM).?®” This is a technique that provides direct
information on the WF of the surface by measuring the local contact potential difference
(CPD) between a metallic tip and the sample surface.?®8?89 |n this regard, we investigate
the effect of passivation on the CPD distribution of ITO/2PACz/perovskite/Ceo layer stacks
and establish particularly the main focus on mapping of grain boundaries and Pbl;-rich
grains (Figure 6-28). As depicted in Figure 6-28a, a quite uniform CPD of - 430 + 40 mV is
observed for the Ref film which contains darker grains with ~110-230 mV lower CPD than
bright grains. These dark regions correspond to the Pbl,-rich grains as their size and
distribution at the surface are in line with SEM and CL observations (Figure 6-19). Note that

109



Simultaneous Interfacial and Grain-boundary Passivation for Highly Efficient p-i-n Perovskite Solar Cells
for Tandem Photovoltaics

(@) opm 1 2 3 4
N Jo -0.30V -050V
035 -0.60
-0.70
-0.40
-0.80
-0.45
-0.90
-0.50 -1.00
-055 -1.10
-0.59 -1.20
010V -054V
0.05 -0.60
0.00 -0.65
—0.05 -0.70
—0.10 -0.75
-0.15 -0.80
-022 -0.87

Figure 6-28: Kelvin probe force microscopy (KPFM) images of the ITO/2PACz/perovskite/Ceso layer stack based
on perovskite (a) without any modification (Ref), (b) with grain boundary passivation (GBP), (c) surface
passivation (SP), and (d) grain boundary & surface passivation (GBP&SP) strategy. Reproduced with
permission from reference [??%]. Copyright 2021, The Royal Society of Chemistry.

here the CPD contrast is negative which could be due to the higher WF of Pbl,-rich grains
compared to the 3D perovskite which arises from p-type characteristics and wider bandgap
of Pbl,,2°%2%3 3s observed in previous reports as well.?*#2°> The same trend is observed in
CPD contrast for the GBP film, where the uniform perovskite grains and dark regions exhibit
a CPD of ~-700 + 120 and -1300 + 120 mV, respectively (Figure 6-28b). It is worthwhile to
mention that the value of CPD always relies on tip conditions and the environment that
could be potentially affected by contamination during the measurement. Thus, we can not
obtain an absolute value but a relative WF. This could explain the overall lower absolute
CPD in the GBP films. Thereby, we estimate the relative difference between the CPD value
of the bright 3D perovskite and dark Pbl-rich grains, i.e. ACPD3p-pbi2 (CPD3p-grains—CPDpbi2-
grains) and achieve a ACPD3p-ppi2 of ~170 mV and ~600 mV for Ref and GBP samples,
respectively, which can be observed from the scales in Figure 6-30a and b. This 430 mV
difference between ACPD3p.pui2 Of both samples is comparable with the reduced WF that
was obtained from UPS measurement for GBP film compared to Ref (Figure 6-26). This
indicates that additive incorporation mainly decreases the WF of the 3D perovskite grains,
whereas the Pbl,-rich grains are not changed by this strategy. Similarly, to figure out the
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Figure 6-29: Visualization of the relative difference between the contact potential difference (CPD) value of
grain boundaries and grain interior for some localized regions between grain boundary and grain interior
illustrated in CPD map and CPD profile lines remarked by blue and pink for (a) reference (Ref) and (b) grain
boundary passivation (GBP) perovskite films.

difference between CPD at the grain boundaries and grain interior for both Ref and GBP
samples, i.e., ACPDgg (CPD grain boundary=CPD grain), line profiles are drawn across some
localized grain boundaries areas as displayed in Figure 6-29. For better comparison, the
CPD values of the grain interior at different positions are shifted to zero. In the CPD map
for the Ref film, the grain boundaries are more distinguishable, showing a ~50-100 mV
lower CPD than the grain interiors (Figures 6-29a), as observed in the previous studies as
well.296:297,235,298 This observation has been related to enhanced ionic defects and/or mobile
ions at the grain boundaries region, probably arising from the lower energy that is needed
for the formation of the defects in these regions.??%2°63% |n contrast, in terms of the GBP
sample the contrast between grain boundaries and grain interior can not be clearly
identified as compared to Ref film (either in the CPD map or line profiles for some localized
regions highlighted by pink arrows in Figure 6-29b). For better statistics, we calculate CPD
grain boundary— CPD grain for ~60 samples as shown in Figure 6-30. The calculated average CPD
shows a difference of ~74 mV for GBP films, which is ~20 mV lower than those estimated
for the Ref samples. This reduction implies that the additive incorporation (PEACI: PbCl)
passivates explicitly the grain boundaries, leading to a more notable reduction in WF with
respect to the Pbl,-rich grains as compared to the grain interior. In conjunction with CL and
XPS results, we correlate this to the formation of a PEACI-based 2D-RP phase particularly
close to the grain boundaries. Despite the Ref and GBP samples, the CPD of SP film exhibit
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boundary passivated (GBP) films. (c) Respective histogram of the extracted ACPDas (CPD grain boundary~ CPD grain).
Reproduced with permission from reference [?28]. Copyright 2021, The Royal Society of Chemistry.
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Figure 6-31: Contact potential difference (CPD) images and CPD variation of (a), (b) reference (Ref) and (c), (d)
grain boundary & surface passivation (GBP&SP) films measured in dark. The line profiles along the blue line and
red lines in the CPD maps correspond to Ref and GBP&SP films, respectively.
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no noticeable distinction between high- and low-CPD grains with an enhanced CPD
heterogeneity (-52 +50 mV) over different grains. We correlate this to formation of
ultrathin 2D-RP on top of the perovskite with different electrical properties compared to
the Ref sample as verified by XPS and UPS results as well. Yet, a slight grain boundary
contrast at the surface is still distinguishable, which could be explained by the
interpretation that PEAC| cannot completely penetrate and thus passivate the grain
boundary regions. More importantly, by looking at the CPD map and the relevant line
profile for the GBP&SP sample, no obvious grain boundaries and Pbl,-rich grains can be
distinguished, demonstrating even more heterogeneous CPD of -670 + 70 mV compared to
Ref, GBP and SP samples (Figure 6-31). Finally, we note that the CPD value can be affected
both by the facet orientation and the existence of 2D-RP phases with various n, which
makes it difficult to disentangle these effects in detail .287:301:302 Briefly, considering the CL,
XPS and KPFM results together, we conclude that by using both PEACI:PbCl; as additive and
PEACI as surface treatment a thin heterogeneous 2D-RP phase is formed at the grain
boundaries and surface of the perovskite film. This leads to simultaneous passivation at the
regions, resulting in considerable enhancement in Voc and PCE.

6.6. Stability of full devices

Defect sites serve as centers that accelerate the degradation of perovskite due to the
migration of ionic species or charged defects.?”:393304 Gjven that our dual passivation
strategy results in simultaneous passivation of the defect at the grain boundaries and the
surface of the perovskite film, thereby we expect a considerable enhancement in device
stability. To examine whether the stability improvement can be practically observed, we
measured the activation energy of ion migration for Ref, SP, GBP and GBP&SP PSCs
conducted by thermal admittance spectroscopy (TAS). In this method, the activation
energy (Ea) is derived from the derivative of capacitance (C)-frequency (w) spectra
(wdC/dw) using the equation wpeak= BT?exp(Ea/ksT).8%39% Here, B is a temperature-
independent prefactor, T is the absolute temperature between 250-320 K and kg is the
Boltzmann constant, and weeak is the angular frequency obtained by the maxima of the
capacitance logarithmic derivative as displayed in Figure 6-32. The result presents that the
dual passivation strategy remarkably enhances the activation energy of the devices to the
highest value of about 696 meV compared to GBP, SP and the Ref PSC with E; of 580, 551
and 502 meV, respectively (Figure 6-33a). This high activation energy for GBP&SP PSCs
indicates that combining grain boundary and surface passivation of the perovskite layer
strongly hinders the accumulation of ionic defects in these regions due to building the
highest energy barrier for ion migration.3%43% As a result, the reduced ion migration
potentially suggests that the GBP&SP PSC should be more stable than the Ref device.30>306
To verify this further, we compare the long-term stability of both GBP&SP and Ref devices
via measuring their performance under 14 h constant illumination (100 mW/cm?, AM1.5G)
inside the glovebox in a room temperature and MPP tracking conditions. As shown in Figure
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Figure 6-32: (a, b, ¢, d) Capacitance (C)-frequency (w) spectra and (e, f, g, h) derivative of admittance spectra
of the corresponding perovskite solar cells prepared without modification (Ref) and with surface passivation
(SP), grain boundary passivation (GBP), and grain boundary & surface passivation (GBP&SP) strategy. The
measurement was performed in a temperature range between 278 to 318 K.

6-33b, GBP&SP PSC demonstrates great photostability compared to Ref device such that
its PCE reaches 98% of initial device performance after 14h, while this value drops to 80%
for Ref PSC. Apart from the photostability test, we also examined the thermal stability of
the devices by tracking their PCE after aging under 85 °C heating in the dark and inside of
an Nx-filled glove box and) for over 1000 h (Figure 6-33c). Consistent with improved
photostability under constant AM1.5G illumination, the GBP&SP device also exhibits
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Figure 6-33: (a) Arrhenius plots of In (wpeak/T?) versus 1/ksT obtained from the derivative of admittance

spectra to determine the activation energy (Ea) for the perovskite solar cells (PSCs) prepared without any
modification (Ref) and with grain boundary & surface passivation (GBP&SP). (b) The stabilized power
conversion efficiency of the Ref and GBP&SP PSCs measured under maximum power point (MPP) tracking

and continuous solar illumination (100 mW/cm?) in a nitrogen atmosphere. (c) Normalized PCE of the devices

heated at the temperature of 85 °C in dark condition inside of a glovebox extracted from J-V curves at

various time intervals to determine the thermal stability.
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Figure 6-34: (a) The ultraviolet-visible absorption spectra obtained for perovskite without and modification
(Ref) and with grain boundary & surface passivation (GBP&SP) measured after 1 day of their exposure to the
50% humidity. Contact angle of the water droplet on top of the (b) Ref (c) GBP&SP perovskite film.
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Figure 6-35: (a) Schematic stack of the 4-terminal (4T) perovskite/CIGS tandem solar cell. (b) Current density—
voltage (/—V) characteristics and (c) external quantum efficiency (EQE) of semi-transparent perovskite solar
cells (PSCs) with an optimum bandgap of 1.61 eV, standalone and filtered CIGS solar cells.

superior thermal stability, retaining 85% of its initial PCE, while for Ref PSC it declines to
73% after 1000h. Moisture sensitivity of the devices was further investigated by exposing
the humidity of 50% and room temperature for 24 h. As illustrated in Figure 6-34a, thanks
to the presence of hydrophobic PEA* cations at grain boundaries and the surface of the
perovskite films that act as a hydrophobic barrier, no obvious change in the photographs
and absorption data of GBP&SP film is observed.4”:2443% |n contrast, for Ref film without
any modification, the penetration of moisture/water causes an exclusive degradation of
the perovskite composition to Pbl; (Figure 6-34a). The high moisture resistance capability
is further confirmed by the increased contact angle of water droplets from 59.9° for the Ref
film to 78.4° for the GBP&SP film (Figure 6-34b). In summary, our dual passivation strategy
emphasizes the importance of defect passivation at both the surface and the grain
boundaries of perovskite films to not improve the PCE but also is beneficial for enhancing
the stability of the devices.

6.7. 4-terminal perovskite/CIGS tandem solar cell

Having demonstrated that employing the dual passivation strategy resulted in a significant
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Figure 6-36: (a) Current density—voltage (/—V) characteristics of the best performing semi-transparent
perovskite solar cell based on dual passivation strategy. (b) stabilized PCE of the corresponding device at
maximum power point tracking under continuous 1-sun illumination for 300 s.

enhancement in photovoltaic performance of the p-i-n PSC with a bandgap of E; ~1.57 eV,
we fabricated a wide bandgap p-i-n PSC Cso.18FA0.83Pb(lo.9Bro.1)3; Eg ~1.61 eV with the same
strategy in order to combine it as the top cell in a 4T CIGS/perovskite solar cell. Figure 6-
37a displays schematic illustration of the 4T perovskite/CIGS solar cell, based on a semi-
transparent top solar cell with a layer stack of glass/IO:H (front contact)/2PACz
(HTL)/Cso.18FA0.83Pb(lo.9Bro.1)s  (absorber)/Cso (ETL)/SnO: (buffer layer)/1Z0 (Back
contact)/Au (metal fingers)/MgF, (antireflection coating layer)/ polydimethylsiloxane
(PDMS) as the top PSC (Figure 6-35a). As mentioned earlier in Chapter 2, SnO; deposited
with atomic layer deposition systems is used to protect the Cso and perovskite layer from
ion bombardment during the sputtering of the rear 1Z0. Besides, to achieve better light
trapping and more transmission from the top semi-transparent cell into the CIGS bottom
cell, here we attach PDMS anti-reflection foil textured with randomly-inverted pyramids on
the front electrode of the top PSC,17%173 as discussed in Chapter 2. The dual passivation
strategy utilized in this semi-transparent PSC is based on employing MACI: PbCl; as a bulk
additive and PEACI dissolved in IPA as a surface passivation layer. The semi-transparent
device exhibit a high PCE of 20.3% with a Voc of 1.185V, Jsc of 21.7 mA/cm? and FF of 0.79
as well as stabilized PCE of 19.4% (Figure 6-36). It should be mentioned that for this

Table 6-3: Photovoltaic parameters of best-performing device configuration.

Solar cell architecture Measurement Voc Jsc FF PCE Stabilized
protocol (\) (mA/cm?) (%) (%) PCE (%)
s-PSC BW 1.185 21.7 78.8 20.3 19.4
(E¢ = 1.65 eV) W 1.182 21.7 76.2 19.6
CIGS solar cell Stand-alone 0.74 37.2 77.0 21.2 21.2
. 0.71 1 78.1 7.5 8.3
Filtered
4T perovskite/CIGS BW - - - 28.6 27.7

117



Simultaneous Interfacial and Grain-boundary Passivation for Highly Efficient p-i-n Perovskite Solar Cells
for Tandem Photovoltaics

experiment we increase the size of the active area to 0.5 cm?, which is three times larger
than the active area of the semi-transparent devices in Chapter 5 with the size of 0.16 cm?.

To determine the PCE of the 4T perovskite/CIGS solar cell, we individually calculate the PCE
of each top and bottom cell. In this regard, the PCE of the bottom CIGS solar cell (as called
filtered CIGS solar cell) is measured while placing a semi-transparent PSC with a matching
active area on top, as previously illustrated in Chapter 5, showing a PCE of 8.3%. By combing
the PCE of semi-transparent top PSC (19.3%) and filtered CIGS bottom cell (8.3%), we
approach a high PCE value of 28.6% (stabilized PCE of 27.7%) for 4T perovskite/CIGS
tandem solar cell (Figure 6-35b). This PCE is one of the highest values reported so far for 4T
perovskite-CIGS tandem solar cells in the literature.’®> The J=V characteristics of the best
performing top and bottom solar cell as well as calculated values for the 4T tandem solar
cell are summarized in table 6-3. It should be noted that the high PCE achieved in this
chapter is not only due to the employing dual passivation strategy, but also using PDMS
anti-reflection foil. Thanks to PDMS, Jsc of the semi-transparent PSC and filtered CIGS solar
cell increase by about 1 and 1.5 mA/cm? (Appendix C, Figure C1), respectively, resulting in
Jsc of 21.7 and 15 mA/cm? as shown from EQE measurements (Figure 6-35c).

6.8. 2-terminal perovskite/c-Si tandem solar cell

In this section, we integrate dual passivated semi-transparent PSC with a bandgap of 1.68
eV into a monolithic perovskite-silicon tandem solar cell. As discussed earlier in Chapter 2,
due to the series interconnection of the top and bottom cell in the 2T tandem
configuration, the photocurrents of both subcells are needed to match. For this reason, PSC
with an Egof 1.68 eV is identified to be a suitable candidate to combine with a ¢-Si (1.12 eV)
in the 2T configuration.?333 Figure 6-37 demonstrates the schematic illustration and cross-
section SEM image of the 2T devices used in this thesis composed of a p-type c-Si solar cell
covered by ITO as a recombination layer and a p-i-n semi-transparent PSC with a layer stack
of NiOx (HTL)//2PACz (HTL)/Cso0.0sMAo.15FA0.75Pb(lo.77Bro.23)s (absorber)/Ceso (ETL)/SnO;
(buffer layer)/ 1ZO (Back contact)/Ag (metal fingers)/MgF, (antireflection coating layer). It
should be noted that, here in this experiment, we use PEAI as a bulk additive and lithium
fluoride (LiF) as a surface passivation layer. To investigate the effect of the dual passivation
strategy on the performance of the 2T devices, we measure the PCE of the devices based
on perovskite without and with this strategy as shown in the J~V curves (Figure 6-37 d and
e). As expected, 2T devices based on the dual passivation strategy exhibit a significant
enhancement in Voc from 1.79 V to 1.85 V compared to the reference device. This results
in a noticeable improvement in PCE from 23.9% to 24.2%. Accordingly, the EQE
measurements reveal a perfect current matching with the photocurrent of both subcells
for the reference and dual passivated device, exhibiting integrated Jsc of 17.5 and 17.3
mA/cm?, respectively (Figures 4.37 f and g). Therefore, our result highlight that the
combination of passivation strategy both in the bulk/grain boundaries and surface of the
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Figure 6-37: (a) Schematic illustration of the 2T perovskite/c-Si tandem layer stack. (b, c) Champion current
density—voltage (J-V) characteristics and (e, g) external quantum efficiency of 2T devices based on perovskite
without (Reference) and with dual passivation strategy, respectively.

perovskite layer is an essential requirement in the PSC fabrication process in order to
improve the performance of 2T or 4T tandem solar cell.

6.9. Summary

In the first part of this chapter, we demonstrated that using long-chain alkylammonium salt
(PEACI) incorporated into the perovskite precursor solution and treated on the surface of
the perovskite layer passivate the defects simultaneously in the grain boundaries of the
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perovskite as well as at the interface between perovskite and Cso layer. The devices based
on the dual passivation strategy exhibited a substantial enhancement in performance
compared to the reference and each individual passivated PSCs, yielding one of the highest
reported PCE for p—i—n PSCs (Eg ~1.57 eV) with stabilized PCE of 22.3%. This enhancement
mainly originated from the simultaneous increase in Voc (76 mV) and FF (4.6%),
respectively.

Next, we performed a series of photophysical measurements including PLQY and TPRL to
determine the causes for the performance increase. These results collectively showed a
remarkable enhancement in quasi-Fermi level splitting and charge carrier lifetime for dual
passivated films compared to each individual grain boundary or surface passivated films.
From SEM, CL, XPS, XRD results we found that this performance improvement is correlated
to the formation of the 2D-RP phase at the surface and grain boundaries of the films.
Further characterization by SCLC, UPS and KPFM measurements demonstrate that
incorporating PEACI into the bulk and surface of the perovskite layer could result in (1)
effective chemical passivation of grain boundary and surface defects and also (2) act as an
additional hole blocking at the perovskite/Ceo interface. Finally, TAS measurement revealed
an outstanding increase in the activation energy of the ions upon dual passivation strategy
which resulted in enhanced operational stability under continuous illumination at MPP
tracking as well as the thermal stability of the devices for 1000 h.

Accordingly, by employing the dual passivated PSC as the top subcell in 4T and 2T tandem
solar cells, we observed a significant improvement in the performance of the perovskite-
based tandem devices. These results emphasize the necessity of reduced defect-assisted
non-radiative recombination at the interface and the grain boundaries of the perovskite
absorber to not only promote the performance of the PSCs and consequently perovskite-
based tandem solar cell but also improve the long-term stability of the devices.
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7. Conclusion and Outlook

The combination of a wide-bandgap (1.6 - 1.85 eV) perovskite solar cell (PSC) with a c-
silicon or copper indium gallium selenide (CIGS) in a two-terminal (2T) or four-terminal (4T)
tandem configuration demonstrates a promising approach to surpass the Shockley-
Queisser (S-Q) limit of 33% for single-junction photovoltaic solar cells. To fulfill this
objective, one of the critical challenges in wide-bandgap PSCs - the open-circuit voltage
deficit (Eg/q - Voc) - that originates from non-radiative recombination losses must be
addressed. The presence of defects in the bulk and at the interfaces of the perovskite thin
film and charge-transport layers (CTL) is identified as the dominant source of non-radiative
recombination in n-i-p and p-i-n architectures of PSCs. This thesis highlights the importance
of a passivation strategy either at the grain boundaries or at the surface/interface of the
perovskite absorber layer and CTLs to reduce these defects that lead to pronounced voltage
losses in wide-bandgap perovskites to boost the PCE of the perovskite-based tandem solar
cell.

At the beginning of my Ph.D. study, the record efficiency of the PSC in the literature was
based on low-bandgap planar n-i-p architecture (1.56 eV) using ITO/SnO,/perovskite/p-
doped spiro-MeOTAD /Au.3% Nonetheless, theoretical studies demonstrate that such low
bandgap perovskite absorbers are not ideal to maximize the PCE in a tandem application.
Therefore, in Chapter 4, the focus lies on improving the bandgap to a near-ideal 1.73 eV in
the same architecture with a foremost emphasis placed on reducing the voltage deficit as
said earlier. In this regard, an emerging 2D perovskite (Ruddlesden—Popper (RP)) is used as
surface passivation of the perovskite absorber layer, owing to its potential to enhance the
Voc of the devices.429297:99,192,193 We introduce a novel n-butylammonium bromide (n-BABr)
as an interlayer between the perovskite and spiro-MeOTAD (hole transport layer), as non-
radiative losses at this interface are more pronounced than to its counterpart interface with
SnO; (electron transport layer).?%214232 The fabricated devices reveal the formation of the
ultrathin 2D/3D perovskite heterostructure, exhibiting a significant enhancement in Voc by
about 80 mV (close to 90% of the theoretical maximum) compared to reference devices
and thereby, resulting in a high PCE of 19% for wide-bandgap n-i-p PSC. We indicate that
this enhancement mainly originates from the improved lifetime of the charge carrier due
to the passivation of the perovskite surface. Furthermore, we observe that this interlayer
also acts as an electron blocking layer at the interface, leading to an overall reduction in
non-radiative recombination. Overall, these results demonstrate that employing 2D/3D
perovskite heterostructure as surface passivation is an effective approach to successfully
reduce the voltage deficit loss in wide-bandgap PSC, which is highly essential for the
tandem application.

In Chapter 5, we employ this 2D/3D perovskite heterostructure in a series of double-cation
PSCs (FAo.83Cso.17Pbl3-yBry (0.24 <y < 0.56)) with different bandgaps (Eg) between 1.65 eV
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and 1.85 eV to determine the optimum bandgap of the top perovskite absorber and
maximize the PCE of 4T perovskite/c-Si and perovskite/CIGS tandem solar cells. Our results
demonstrate that irrespective of the bandgap of the perovskite absorber, employing the
surface passivation strategy resulted in an overall improvement of = 45 mV for all devices.
This implies that n-butylammonium bromide can be used effectively for a wide range of
bandgaps to reduce voltage deficit loss. Further, applying 2D/3D based semi-transparent
PSC as a top solar cell in a perovskite/c-Si or perovskite/CIGS 4T tandem solar cell reveals
that bandgaps ranging from 1.65-1.74 eV exhibit a comparable and yet high PCE, while this
is not the case for Eg > 1.74 eV. This experimental finding for the first time indicates that
wide-bandgap PSC with Eg > 1.74 eV is not the ideal bandgap to reach the highest PCE for
the 4T tandem configuration, which contradicts predictions made by simulations based on
the detailed-balance principle.333%18 This is due to the fact that simulations do not account
for the extensive non-radiative recombination processes that incur in real wide bandgap
(Eg > 1.74) PSCs, even though more light is transmitted to a bottom cell for such bandgaps
in the tandem configuration.

In Chapter 6, we investigate the effect of the passivation strategy on the performance of
the 2T perovskite/silicon solar cell, which is a cost-effective architecture compared to 4T
devices. In this regard, PSCs in p-i-n configuration are developed, as implementing n-i-p
architecture into a 2T perovskite/silicon tandem solar cell is accompanied by a lack of a
low-temperature ETL deposition process and high optical losses associated with the
transparent conductive oxide and the HTL.363” The main limitation for the p-i-n PSC though
is the significant non-radiative recombination at the perovskite/organic ETL interface (such
as Ceo) compared to a PSC with n-i-p architecture.>®23%233 |n this work, we establish a multi-
functional passivation strategy using long-chain alkylammonium salt phenethylammonium
chloride (PEACI) as a 2D material to not only passivate the interface between the
perovskite/Ceo layer but also reduce the number of defects that exist in the perovskite grain
boundaries. As a result, a dual passivated PSC exhibits a significant enhancement in the Voc
along with the FF, leading to a high PCE of 23%, which is one of the highest efficiency for p-
i-n PSC reported in the literature to date. Furthermore, we demonstrate that the device
stability of the dual passivated PSCs under maximum power point (MPP) tracking and heat
treatment is enhanced notably due to the increased activation energy of ion migration.
Further, we apply the dual passivated PSC in both 4T and 2T configurations and we could
achieve one of the highest PCE (27%) for 4T perovskite/CIGS and 24% for 2T
perovskite/silicon tandem solar cells, respectively. To conclude, our work highlights the
importance of passivation for both the perovskite/ETL interface as well as grain boundaries
inside the bulk of the perovskite thin film to reduce the voltage-deficit losses in perovskite-
based solar cells.

122



Conclusion and Outlook

7.1 Outlook

This thesis contributes to the applicability of PSCs for tandem solar cells that show the great
potential to induce a substantial boost in device performance and thus superior adaptation
in the solar cell industry. The study intensively focuses on reducing electrical losses in
tandem-relevant wide-bandgap PSCs with both common architectures (regular n-i-p and
inverted p-i-n) via the composition and interface engineering using emerging 2D-RP
materials. This method proves to reduce successfully non-radiative recombination and
therefore, voltage losses in the resultant devices. Despite this significant improvement,
there is still large room for improving the Voc, FF as well as optical losses present in wide-
bandgap PSCs to reach their full potential in tandem applications. The directions for
continuing work on the further developments of the performance are presented in the
following:

While in Chapter 4, we demonstrate the formation of 2D/3D perovskite heterostructure at
the interface of the perovskite/ spiro-MeOTAD layer by using n-BABr, the specific chemical
bonding is unclear. Therefore, a further fundamental investigation using density-functional
theory calculations is required for understanding the exact interaction such as the
electronic coupling and chemical bonding between the n-BABr and the perovskite. This
guides the finding or designing of the new multifunctional passivation molecules (2D-
hybrid Dion—Jacobson or Ruddlesden popper perovskite) to fully passivate multiple defects
(either positive or negative charged defects), thus can further increase the PCE of wide-
bandgap PSCs. Moreover, this can further decrease the ion migration and consequently
prolong the stability of PSCs which is still the largest obstacle in the step of entering them
into industrial production. In this regard, intensively shifting the focus toward reaching
higher stability by tailoring the dimensionality (n) of the 2D-perovskite layer via varying the
annealing temperature or developing high-efficiency pure 2D PSC shows an effective
strategy to further increase the stability of the PSC compared to the method we present in
this thesis.>?30°

Although the passivation strategy used either at the surface of the perovskite layer
(presented in Chapters 4 and 5) or in both bulk (grain-boundaries) & surface of the
perovskite (presented in Chapter 6) shows reduced Voc deficit for wide-bandgap mixed-
halide PSCs, they still suffer from photo-induced phase segregation under illumination,
affecting both Voc and the stability of the devices. It has been reported that the partial
substitution of the large cation at the A site such as dimethylammonium or guanidinium
can be an alternative approach for increasing the bandgap of the perovskite absorber while
maintaining low amounts of bromide (< 20%) in the ABX3 perovskite structure. Therefore,
further studies could explore various large monovalent cations in dual passivated PSC and
their impact on the phase segregation effect and stability.
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In terms of optical losses, these losses arise from parasitic absorption and reflection losses.
Not only do these losses decrease the PCE of the top semi-transparent PSC, but they also
limit the sub-bandgap transmission of the photons through the perovskite top cell to the
bottom cell in a tandem configuration. Though every active layer contributes in some form
to parasitic absorption, the main contributors in a 4T tandem device are the two TCOs at
the front and rear side of the top semitransparent perovskite sub-cell. The reflection losses
are more complex, stemming from numerous interfaces in the tandem stack, for instance,
air/glass, perovskite/CTL, TCO/air, etc. Thus, further studies could focus on reducing these
losses, such as using highly transparent conductive oxides, micro- and nano-textures, grids,
etc.
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A. Appendix for Chapter 4

Table Al: Detailed information for the references in Figure 4-1. The bandgap (Eg) is determined from the
differential of the EQE (d(EQE)/dE) close to the absorption edge. Open-circuit voltage (Voc) deficit is calculated
by subtracting Voc from Eg (from d(EQE)/dE). For the Voc deficit in brackets, as no EQE data was provided, Eg
from the literature reference was used. Therefore these values should be considered with care.

Nominal perovskite composition Eg as Eg(from Voc (V) V(?c' Reference
as reported reported | d(EQE)/dE) deficit
CH3NH3Pblz—xClx 1.55 1.618 1.13 1.13 1S
CH3NH3zPblzxBryx 1.72 1.718 1.02 0.698 2S
MAPDbBr«l3- x 1.75 1.803 1.21 0.593 3S
FAo.83Cs0.17Pb(lo.6Bro.a)3 1.74 1.72 1.2 0.52 4S
(FAPDbI3)o.8s(MAPbBrs3)o.15 1.6 1.618 1.118 0.5 5S
FA0.67MA0.33Pb(lo.83Bro.17)3 1.64 1.643 1.14 0.503 6S
FA0.3MAo.17Pb(l0.67Bro.33)3 1.68 no EQE 1.18 (05) 65
FA0.67MAo.33Pb(lo.67Bro.33)3 1.68 1.684 1.15 0.534 6S
Rbo.05(Cs0.05(FA0.83MA0.17)0.95)0.95Pb(lo.83Bro.17)3 1.63 1.628 1.24 0.388 7S
Cso.05(FA0.83MAo.17)0.95Pb(lo.83Bro.17)3 1.6 no EQE 1.23 (0.37) 8S
Rbo.05(FA0.7sMA0.15CS0.1)0.95Pb(lo.67Bro.33)3 1.73 1.735 1.13 0.605 9s
FA0.8Cs0.2Pb(lo.7Bro:3)s w/ Pb(SCN) 175 1.741 1.23 0.511 10S
Cs0.05(FA0.83MA0.17)0.95Pb(lo.6 Bro.a)s 171 1.763 12 0.563 11S
MAPbls 1.59 1.612 1.17 0.442 125
Cs0.07Rbo0.03FA0.765MA0.135Pb(lo.85Bro.15)3 non 1.607 1.18 0.427 13S
FA0.83sMAo.15Pb(lo.g5Bro.15)3 1.592 1.592 1.14 0.452 14S
FAo.83MA0.17Pb(lo.6Bro.s)3 1.72 1.72 115 0.57 14S
BAo.0s(FA0.83Cs0.17)0.55Pb(Io.sBro2)s 1.61 1.61 1.14 0.47 155
BAo.09(FA0.83Cs0.17)0.91Pb(lo.6Bro.a)3 1.72 1.72 1.18 0.54 15S
FAos5Cs0.15Pb(10.73Bro.27)s 1.72 1.735 1.24 0.495 165
MAPb(losBroz)s 1.72 1.695 1.11 0.585 175
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FA0.8Cs0.2Pb(Brolo.7)s L.75 1.739 1.2 0.539 18S
FA0.6Cs0.4Pb(lo.7Bro.3)s L.75 1.76 117 0.59 19S
FAo.75Cs0.25Pb(lo.sBro2)s 1.68 1.678 11 0.578 195
Cs0.1FA0.74MA0.13Pbl2.48Bro.39 1.62 1.6 1.14 0.46 20S
FA0.83Cs0.17Pb(lo.6Bro.a)3 L.75 1.773 1.23 0.543 21S
Ko.1(Cs0.06FAO0.79MAo.15)0.9Pb(lo.85Bro.15)3 1.56 1.591 1.17 0.421 22S
Ko.1(Cs0.06FAO0.79MAo.15)0.9Pb(l0.4Bro.s)3 1.78 1.835 1.23 0.605 22S
MAPb(lo.cBro.)s 1.82 1.83 1.30 0.53 235
MAPD{lBrds 171 1.708 1.24 0.468 25
(FA0.95Pbl2.95)0.85(MAPbBr3)o.15 1.62 1.594 121 0.384 25S
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B. Appendix for Chapter 5

Table B1: Detailed information for the references in Figure 5-1. It should be noted that the references related
to 1s to 25s has been already mentioned in Appendix A, Table Al.

Nominal perovskite composition Eg as Eg(from Voc (V) V(?c- Reference
as reported reported | d(EQE)/dE) deficit
FAo.83Cs0.17Pb(lo.73Bro.27)3 w/ Pb(SCN) 1.72 1.716 1.244 0.472 26S
FAo.83Cs0.17Pb(lo.6Bro.a)s w/ Pb(SCN) 1.79 1.786 1.284 0.502 26S
FAo.83Cs0.17Pb(lo.5Bro.s)3 w/ Pb(SCN) 1.86 1.849 1.296 0.553 26S
FA0.83Cs0.17Pb(lo.4Bro.s)3 w/ Pb(SCN) 1.93 191 1312 0.598 26S

Cs0.12MAo.05F A0 53Pb(l0.6Bro.)s 1.74 1.785 1.25 0.535 275
Cs0.0sMA0.15FA0sPb(l0.7sBroas)s 1.65 1.677 1.22 0.457 275
Cs0.05((FA0.8sMAo.15)Pb(lo.85Bro.15)3)o.95 1.61 1.627 1.245 0.382 28S
MAo.sFA4Pb(losBroa)s 1.76 1.788 1.17 0.618 205

MAPbls 1.6 1.615 1.262 0.353 305
FAos5Cs0.15Pb(10.71Bro.s)s 1.72 1.819 1.22 0.599 315
Cs0.0sMAo.14FA0.81Pb(lo.e5Bro.15)3 non 1.611 115 0.461 328
FA0.8Cso.2Pbl3 1.56 1.532 11 0.432 33S
GAs(Css(MAo.17FA0.83)0.95)0.95Pb(l0.83Bro.17)3 1.6 no EQE 12 (04) 34S
Coy(FRo.s7MA043)1Pb(11xBr)3 1.56 1.571 1.147 0.413 355
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Cs0.0sMAo.14FAo.81Pb(lo.g5Bro.15)3 1.57 1.607 1.23 034 36S
Cs0.0sFA0.70MA0.25Pbl3 151 1.551 1.16 0.391 37S
MAPbI 1.55 1.616 1.18 0.436 375
FAosCso.2Pb(lo.6Broa)s 1.82 1.842 1.26 0.582 375
FA0.83Cs0.17Pb(lo.6Bro.a)3 1.72 1.747 131 0.434 38S
GAxFA0.8Cs0.2Pb(lo.7Bro.3+x/3)3 L.75 1.751 1.24 0511 39S
(FA.6sMAo.20Cs0.15)Pb(lo.sBroz)s 1.68 1.657 1.17 0.487 405
(FAPbI)os2(MAPbBrs)ocs 1.53 1.569 1.186 0.383 41s
(CsPbl3z)o.0s[(FAPDbI3)0.83(MAPbBr3)o.17]0.95 1.6 1.632 1.205 0.427 42S
Cs0.07FA0.sMA0.03Pb(lo.92Bro.os)3 non 1.56 L15 041 43S
Cso.05FA0.81MA0.14Pbl2.55Bro.45 16 16 1.16 0.44 44s
FAosCso.4Pb(lo.6sBroas)s 1.8 no EQE 1.21 (0.59) 455
Cs0.07Rb0.03FA0.76sMAo.135Pb(lo.8sBro.15)3 1.6 1.615 1.2 0415 46S
Cso0.05FA0.81MA0.14Pb(lo.e6Bro.14)3 1.61 1.615 1.14 0.46 47sS
MAPbIs 1.59 1.597 1.16 0.43 485
MAPb(l0.sBro2)s 1.68 no EQE 1.22 (0.46) 485
Not stated -- 1.577 1.195 0.382 495
Not stated -- 1.536 1.17 0.366 495
Not stated -- 1.536 1.179 0.357 495
FA0.83Cs0.17Pb(lo.76Bro.24)3 1.65 1.667 1.18 0.487 This work
FA0.83Cs0.17Pb(lo.68Bro.32)3 1.69 1.702 1.223 0.479 This work
FA0.83Cs0.17Pb(lo.6Bro.a)3 1.74 1.748 1.278 0.47 This work
FA0.83Cs0.17Pb(lo.52Bro.a8)3 175 1.809 1.263 0.546 This work
FA0.83Cs0.17Pb(l0.44Bro.se)3 1.85 1.855 1.259 0.596 This work
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without and with MgF2 layer deposition on the rear ITO.
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C. Appendix for Chapter 6
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Figure C1: (a) Transmittance and (b) external quantum efficiency of semi-transparent perovskite solar cell
without and with using polydimethylsiloxane as an anti-reflection foil textured
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