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Abstract

The thesis is fcoused on the fabrication of highly efficient perovskite solar cells (PSCs),
upscaling the PSCs, and investigating their operational stability under external stressors,
particularly with advanced X-ray scattering methods. The thesis is divided into three pro-
jects: The first project focuses on modifying the buried interface of the perovskite/electron
blocking layer (EBL) to facilitate hole transport and, consequently, achieve a higher power
conversion efficiency (PCE). The second project investigates the operational stability of
PSCs under AM 1.5G illumination and 75 ± 5% relative humidity. The third project stu-
dies the reduced-dimensional perovskites (RDPs) to gain a better understanding of their
phase purity, orientation, charge carrier dynamics, and photostability.

Diese Arbeit fokusiert auf der Herstellung hocheffizienter Perowskit-Solarzellen
(PSCs), der Skalierung der PSCs und der Untersuchung ihrer Betriebsstabi-
lität unter externen Stressfaktoren, insbesondere mit fortschrittlichen Röntgen-
streumethoden. Die Arbeit ist in drei Projekte unterteilt: Das erste Projekt
konzentriert sich auf die Modifikation der inneren Grenzfläche der Perowskit/-
Elektronenblockierschicht (EBL), um den Lochtransport zu erleichtern und
dadurch eine höhere Energieumwandlungseffizienz (PCE) zu erzielen. Im zwei-
ten Projekt wird die Betriebsstabilität von PSCs unter AM 1.5G-Beleuchtung
und 75 ± 5 % relativer Luftfeuchtigkeit untersucht. Das dritte Projekt be-
fasst sich mit reduzierten dimensionalen Perowskiten (RDPs), um ein bes-
seres Verständnis ihrer Phasenreinheit, Orientierung, Ladungsträgerdynamik
und Photostabilität zu gewinnen.
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Chapter 1
Introduction

Organic–inorganic hybrid metal halide perovskites have become a groundbreaking class
of light-harvesting materials in solar cell applications. With less than two decades of
research, the power conversion efficiency (PCE) of perovskite solar cells (PSCs) has expe-
rienced explosive growth, recently reaching a remarkable value of 26.1% for single junction
PSCs and 33.9% for perovskite-Si tandem PSCs [1].
Depending on the sequence of device layers deposited on the substrate, PSCs can be
divided into two types of architectures, namely regular architecture (negative-intrinsic-
positive, n-i-p) and inverted architecture (positive-intrinsic-negative, p-i-n). Ever since
the utilization of tin oxide (SnO2), the PCEs of n-i-p type of PSCs have skyrocketed.
Nevertheless, in the aforementioned highly efficient PSCs, stability issues persist, mainly
due to their commonly used charge transport layers (Spiro-OMeTAD), which require addi-
tional doping and are prone to oxidation. Typically, a good dopant with high conductivity
is hydrophilic and prone to ion migration, which enhances device instability [2]. Inverted
PSCs require no additional doping or oxidation, making their charge transport layers more
stable compared to those in PSCs with a regular structure. In the perovskite field, the
use of self-assembled monolayers (SAMs) has enabled inverted PSCs to gradually catch
up with and even surpass the PCEs of PSCs with a regular structure [3], despite some
wettability issues remained. In addition to SAMs, inorganic materials, particularly oxides
such as NiOx and CuOx, can also be used as electron-blocking layers (also called as hole
transport layers, HTLs) in inverted PSCs. However, some challenges, such as surface
defects and relatively low mobility, hinder their application in this field [4]. Hence, the
first project (Chapter 5) aims to resolve this issue.
In addition to improving the PCE of PSCs, operational stability is another obstacle hin-
dering their real-world applications. For example, compared to the average lifetime of
silicon-based PV panels (25 to 30 years), PSCs currently only maintain their original
PCE for a maximum of a few thousand hours [5]. The stability of PSCs depends on many
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Chapter 1. Introduction

factors (aging conditions, perovskite composition, charge transport layers, electrode, pas-
sivation, encapsulation, and so on) and is not an easy-to-solve issue. In terms of aging
conditions, in 2020, a consensus statement of stability assessment was released, and the
researchers are encouraged to utilize the International Summit on Organic Photovoltaic
Stability testing protocols (ISOS protocols) to achieve comparable results [6]. Despite
significant enhancements in the stability of PSCs over the past few years, their stability,
particularly under external stressors (humidity, light, heat, bias), still falls short of in-
dustry standards, and their degradation mechanisms remain poorly understood. Hence,
in the second project (Chapter 6), I aim to understand the light and humidity-induced
degradation of PSCs with the help of the X-ray scattering method.
To further use perovskite solar cells on a large scale and integrate them into industrial
fabrication production lines, high throughput coating, for example, slot-die coating, roll-
to-roll coating, and inject printing, is required. Slot-die coating stands out from other
scalable methods mainly because of its variable coating speed and the ability to coat
over rigid and flexible substrates [7]. In addition, reduced-dimensional perovskites have
demonstrated superior environmental stability compared to their 3D counterparts, al-
though their PCE still lags behind. Despite their widespread use as passivation layers in
3D PSCs and active layers in quasi-2D PSCs, there is still a lack of comprehensive un-
derstanding of their utilization in PSCs. Therefore, the third project (Chapter 7) aims to
systematically explore reduced-dimensional perovskites with varied dimensionalities using
a scalable slot-die method.
In this thesis, I first introduce the reader to the theoretical background in Chapter 2. This
covers the fundamental knowledge of perovskites, including 3D and reduced-dimensional
perovskties and their optoelectric properties, and the formation and crystallization pro-
cess. Hereafter, I move on to the fundamentals of perovskite solar cells, from their basic
working principle to the basic physic model. Afterward, I discuss the operational stabil-
ity issue of perovskite solar cells and their degradation mechanism under light, humidity,
and heat conditions. Furthermore, the principles of X-ray scattering are detailed since
this is the main technique utilized in this thesis. After that, I continue with experimen-
tal details on the sample fabrication and the materials used in this thesis in Chapter 3.
This covers the substrates used for film deposition and device fabrication, including the
fabrication details about the hole and electron blocking layer, perovskite layer, e.g., 3D
and reduced-dimensional perovskites, as well as electrode deposition. Chapter 4 out-
lines the characterization methods used in this thesis, including techniques that probe
their optoelectronic properties, surface morphology, structure and crystallinity, and de-
vice performance, together with the experimental setups and sample environments at the
synchrotron facilities.
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The first project (Chapter 5) particularly addressed the intrinsic defects (Ni vacancies)
in NiOx film and I vacancies at the buried interface of the perovskite layer in inverted
perovskite solar cells by using iodine-substituted phenyl acids (Figure 1.1, top left panel).
This modification demonstrates that the acid functional groups strongly coordinate with
the Ni vacancies, leading to high conductivity and improved hole transport capacity. As
a result, the power conversion efficiency and long-term stability of inverted PSCs are en-
hanced.
After achieving a decent power conversion efficiency of perovskite solar cells, I shift to
study their operation stability and degradation mechanism. Chapter 6 presents results
and discussion on the degradation mechanism of PSCs under AM 1.5G illumination and
75±5% humidity (Figure 1.1, bottom left panel). In addition, different types of PSCs are
used in this study to further investigate the effects of buried interface engineering on the
stability of PSCs.
Chapter 7 discusses the structural and photophysical properties of reduced-dimensional
perovskites with different dimensionalities (Figure 1.1, right panel).

Figure 1.1: Overview of the projects covered in this PhD thesis. Top left panel: Schematic
illustration of utilizing phenyl acids to reduce Ni vacancies in inverted perovskite solar cells;
Bottom left panel: Illustration of the degradation mechanism of perovskite solar cells under light
and humidity; Right panel: Diagram of the growth mechanism of the slot-die coated reduced-
dimensional perovskite.

This chapter underlines the utilization of Ruddlesden-Popper (RP) RDPs with lower
dimensionality (n=2) as passivation layers and the utilization of Dion-Jacoboson (DJ)
with higher dimensionality (n=4) RDPs as the active layer in quasi-2D PSCs. In addition,
I further emphasize the growth mechanism of reduced-dimensional perovskites and their
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Chapter 1. Introduction

photostability.
I summarize the thesis in Chapter 8, followed by the references listed in the Bibliography.
Then, the first and coauthor publications, as well as scientific contributions, including
contributed talks and posters, are listed.
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Chapter 2
Theoretical Background

This chapter gives an introduction of the theoretical background of this thesis, in Section
2.1, 3D perovskites and reduced-dimensional perovskites, their structural and optoelec-
tronic properties are elucidated. Section 2.2 describes the nucleation and crystallization
process of perovskites in detail. Section 2.3 and Section 2.4 further elaborate on the
working principles of perovskite solar cells (PSCs) and their operational stability under
external stressors. In addition, the fundamental knowledge of the X-ray scattering tech-
nique is elaborated in Section 2.5.

2.1 Perovskites

2.1.1 3D Perovskites

Structural Properties

The 3D perovskite structure is typically defined as ABX3 with a corner-sharing BX6

octahedra surrounding a larger A-site cation, where cations A, B, and anion X refer to
methylammonium (MA) or formamidinium (FA), lead or tin, and halogen, respectively.
A tolerance factor t (also called as Goldschmidt factor) is commonly used to validate the
structural stability of perovskites according to the chemical formula and the ionic radii of
respective ion:

t = rA + rX√
2 (rB + rX)

(2.1)

In general, perovskites with a tolerance factor in the range of 0.9−1.0 have a cubic struc-
ture, where a tolerance factor of 0.7−0.9 leads to a distorted perovskite structure with
tilted octahedra. In particular, when t < 0.8, perovskites tend to form an orthorhombic
structure (Figure 2.1), while a hexagonal structure forms when t > 1.0 [8].
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Chapter 2. Theoretical Background

Figure 2.1: Relations between tolerance factor and crystal structure of perovskites. Reproduced
from Ref. [8] with permission. Copyright 2016, American Chemical Society.

Optoelectronic Properties

The charge carrier dynamics is characterized by the diffusion coefficient (Dn,p) and charge
carrier mobility (µn,p), which can be expressed by the Einstein equation:

µn,p = eDn,p

kBT
(2.2)

where e, kB, and T are electronic charges, Boltzmann constant, and temperature, respec-
tively. The diffusion length (LD) is highly related to the diffusion coefficient and the
photoluminescence lifetime (τ). In other words, high mobility and long charge carrier
lifetime contribute to a long diffusion length.

LD =
√
kBTµn,pτ

e
=
√
Dn,pτ (2.3)

Charge recombination dynamics in perovskite solar cells can be expressed by:

dn

dt

= k1n+ k2n
2 + k3n

3 (2.4)

where k1, k2, k3, n represent the monomolecular recombination constant, bimolecular
recombination constant, Auger recombination constant, and the total charge carrier con-
centration, respectively (Figure 2.2). Monomolecular recombination is governed by the
trap-mediated process, which typically dominates under low excitation densities and high
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2.1. Perovskites

trap densities (< 1015cm−3). On the other hand, bimolecular recombination is a non-
geminate recombination of charge carriers. In contrast, Auger recombination involves an
energy transfer from an electron or hole to a third charge carrier [9].

Figure 2.2: Charge carrier recombination kinetics. (A) Photoexcitation process in perovskite,
where EC and EV correspond to the conduction band minimum and valence band maximum,
respectively. (B) Recombination dynamics of the photo-excited charge carriers, showing the
radiative, defect-assisted, direct, and indirect Auger recombination processes. Reproduced from
Ref. [10] with permission. Copyright 2020, Springer Nature Limited.

2.1.2 Reduced-Dimensional Perovskites

Structural Properties

Reduced-dimensional perovskites (RDPs) consist of single or multiple inorganic layers
separated by long ligands (Figure 2.3).

Figure 2.3: The crystal structure of RDPs with different n-values, showing the dimensionality
evolution from 2D to quasi-2D and 3D. Reproduced with permission from Ref. [11]. Copyright
2023, Springer Nature Limited.

7



Chapter 2. Theoretical Background

2D perovskites have a general formula RAn−1BnX3n+1, where R and A refer to additional
bulky organic cations and organic cations, respectively. B denotes tin or lead, X is a
halide, and n represents the thickness of the inorganic layers. In contrast to 3D perovskite
structure, the layered structure alleviates the constraints on cation dimensions imposed
by the Goldschmidt tolerance factor, thus facilitating the accommodation of cation R in
between the inorganic layers [12].
Typically, these 2D perovskites can be categorized as Ruddlesden–Popper (RP) phases,
Dion-Jacobson (DJ) phases, and the alternating cation (ACI) phases. In terms of the RP
phase, there is a relatively weak van der Waals gap between two adjacent inorganic layers.
The general formula of RP can be written as A′

2An−1BnX3n+1, where the representative
A′ cations are aryl ammonium or alky cation, e.g., phenylethylammonium (PEA+) and
butylammonium (BA+). The octahedra layers in RP are typically offset by an octahedra
unit, resulting in an in-plane displacement (Figure 2.4A). In contrast to the RP structure,
the adjacent inorganic sheets of DJ are directly connected by diamine compounds, which
form hydrogen bonds on both ends such that the structure of DJ is more rigid [13].
Moreover, the inorganic sheets in DJ phases are well-aligned without offsets (Figure 2.4B).
Notably, for ACI-perovskite, the small A cation (Figure 2.4C) resides in both the inorganic
layers and the interlayers with additional bulky organic cations, whereas guanidinium
(Gua+) is the only cation reported so far that can form the ACI structure [14].

Figure 2.4: Examples of (A) RP-, (B) DJ-, and (C) ACI-phase perovskite structure, where the
atoms are indicated in the figures. Reproduced with permission from Ref. [14]. Copyright 2020,
Royal Society of Chemistry.

Optoelectronic Properties

2D perovskite and RDPs exhibit strikingly different optoelectronic properties. Overall,
RDPs have larger bandgaps compared with their 3D counterparts, giving rise to a narrower
absorption window, which varies with the thickness of inorganic layers [15]. Contrary to
3D counterparts, the large exciton binding energies up to hundreds of meV at room
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2.1. Perovskites

temperature make the electron-hole pairs difficult to dissociate [15, 16]. The large exciton
binding energy (Eb) results from the contrasts of dielectric constants of high organic and
inorganic layers [17], where the quantum well (QW) structure of RDPs is shown in Figure
2.5A. The exciton binding energy reduces with the increasing thickness of the inorganic
layers, that is, from 2D to 3D structures. This flexibility of bandgap and composition
tuning makes RDPs suitable for various applications, e.g., light-emitting applications and
solar cells. When n ≤ 2, perovskites display strong exciton behavior due to the quantum
confinement effect, which leads to a high photoluminescence yield and, therefore, makes
them good candidates for LED application. Nevertheless, the large Eb in turn causes a
considerable loss for electron-hole pairs dissociation, which is not ideal for photovoltaic
applications. The quantum confinement effect largely affect the bandgap of RDPs, that
is, the bandgap reduces with the increasing thickness of the inorganic sheets (Figure
2.5B). For example, the bandgap of BA-based RP perovskites decreases from 2.24 eV to
1.52 eV with the increasing inorganic layer thickness (from n=1 to ∞) [15]. In addition,
the bandgap of RDPs is determined by the component of a 3D-like phase and extra
quantization energies of electrons and holes [18].

Figure 2.5: (A) Schematic illustration of RDPs structure with organic and inorganic layers as
well as their energy alignment, showing the QW feature. (B) Absorption spectra of RDPs with
varying inorganic thickness. Panel (A) reproduced from Ref. [11]. Copyright 2023, Springer
Nature Limited. Panel (B) reproduced with permission from Ref. [19]. Copyright 2017, American
Association for the Advancement of Science.

The quantum confinement nature of RDPs also leads to an anisotropic conductivity and
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Chapter 2. Theoretical Background

charge carrier mobility along the in-plane and out-of-plane direction (Figure 2.6A). In
general, the charge carrier mobility along the in-plane direction is considerably larger
(nearly 4 orders of magnitude) than along the out-of-plane direction [20]. In addition,
the charge transfer behavior is highly dependent on the n-values, i.e., their phase purities.
The electrons transfer from the low-n phases to high-n phases (Figure 2.6B), while the
holes are flowing in the opposite direction [21, 22, 23].

Figure 2.6: (A) DJ structure with diffraction planes and the in-plane and out-of-plane direction
being labeled, where piperidinium is abbreviated as AMP. (B) Schematic illustration of charge
carrier transfer in RDPs (n=5), illustrating the flowing directions of holes and electrons. Panel
(A) reproduced from Ref. [24] with permission. Copyright 2022, Springer Nature Limited. Panel
(B) reproduced with permission from Ref. [25]. Copyright 2017, American Chemical Society.

Thus, an optimized phase distribution of RDPs is of utmost importance to achieve an
efficient charge transfer and, therefore, an efficient charge recombination or charge trans-
portation, depending on applications.
In addition, the charge transport between inorganic sheets is initiated by charge tun-
neling, where the tunneling effect is strongly influenced by the tunneling distance and
barrier height. It is acknowledged that charge transport along the out-of-plane direction
is strengthened when the interlayer distance reduces [26]. In terms of tunneling barrier
heights, they are influenced by the intermolecular coupling between neighboring long lig-
ands and the energy arrangement between the perovskite transport belt and the oxidation
or reduction potential of long ligands [14].
The charge carrier dynamics of RDPs after photoexcitation is depicted in Figure 2.7,
where the charge carriers in the valence band and conductive band undergo rapid de-
phasing in the time frame of 10 to 100 fs and intra-band relaxation. Concurrently, each
exciton state features a unique character involving different lattice vibrations originating
from complex spatial fluctuations of the electronic band structure. Such fluctuations re-
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2.2. Perovskite Crystal Growth and Thin Film Crystallization

sult from the reorientation of the organic molecules in the lattice on a time scale of 1 to 10
ps [27]. In particular, the self-trapping of exciton is caused by the lattice distortion [28].
Moreover, the dominant process in the exciton and charge carrier dynamics is charge or
energy transfer, which typically takes place on a time scale ranging from 1 to 100 ps. In
RDPs (n > 1), excitons can diffuse over 100 ps to crystal surfaces or interfaces where they
might dissociate partially to electron-hole pairs and have a longer radiative recombination
lifetime (1–10 ns). There is still debate in the radiative recombination lifetime where a
previous study reported a lifetime of about 1 ns [29], whereas a recent work discloses a
lifetime of free exciton states up to 80 ns [30]. This discrepancy in the lifetime originates
from the quality of RDPs crystal or thin films and uncertainty of the origin of the optical
transition.

Figure 2.7: Schematic illustration of the charge carrier dynamics in RDPs after photoexcitation,
showing the exciton dynamics and charge transport behavior. Reproduced from Ref. [31] with
permission. Copyright 2020, Springer Nature Limited.

2.2 Perovskite Crystal Growth and Thin Film
Crystallization

Understanding the perovskite crystallization process is the prerequisite to fabricating a
highly efficient solar cell. In particular, to achieve a phase-pure or monodisperse quasi-2D
perovskite thin films with the desired orientation, a comprehensive understanding of the
crystallization and growth process is essential. Therefore, in this section, I introduce the
classical nucleation and growth model and summarize the state-of-the-art growth mecha-
nism of perovskite. Furthermore, I discuss the growth process with a special focus on the
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Chapter 2. Theoretical Background

thermodynamic perspective and the fabrication methods that have a direct influence on
the crystallization process.

2.2.1 Nucleation and Growth

Nucleation can be divided into homogeneous nucleation and heterogeneous nucleation,
where heterogeneous nucleation is initiated at preferential sites, e.g., phase boundaries,
surfaces, and impurities [32]. In contrast, homogeneous nucleation typically takes place
when the nucleation starts in the parent phase and forms a stable second phase. In
addition, nucleation is promoted by the supersaturation state, where the formed nuclei-
clusters favor the crystal growth. The nucleation is determined by the Gibbs free energy
(∆G), which is a function of the critical nucleus size. There are two factors that determine
the Gibbs free energy, namely the bulk free energy (∆GV) and surface energy (γ), where
the bulk free energy is related to the difference between the solid and liquid phases and
the surface energy is correlated with the formation of a solid-liquid boundary. The Gibbs
free energy is given by:

∆G = 4
3πr

3∆GV + 4πr2γ (2.5)

Accordingly, ∆G of homogeneous nucleation as a function of radius is depicted in Figure
2.8A. When the radius is below rc, the growth of embryos leads to an increase in the free
energy, whereas in the case of radius above rc, the free energy of the embryonic system
decreases such that the embryos transit to stable nuclei. The number of crystal nuclei
formed per unit volume of liquid per unit time (i.e., nucleation rate) is determined by the
nucleation work factor and the probability factor of atomic diffusion, which is given by:

I = K exp
(

−∆G∗

kT

)
× exp

(−Q
kT

)
(2.6)

where K, ∆G∗, Q, T refer to the proportional constant, the required Gibbs energy to form
a critical nucleus, the diffusion activation energy, and the absolute temperature, respec-
tively. Heterogeneous nucleation is easier to form compared to homogeneous nucleation,
because of low surface energy and energy barrier.
The overall nucleation and growth processes are detailed in the Lamer graph (Figure 2.8B),
including three stages. First, the monomers are accumulating in the perovskite solution.
With solvent removal and temperature increase, a supersaturation point is reached where
nucleation initiates. In the third stage, the crystal subsequently grows with concomitantly
further nucleation. In addition, nucleation is terminated when the concentration is below
the supersaturation point. Finally. the crystal growth ends when the concentration of
monomers is lower than the solubility value ([M ]sol).
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2.2. Perovskite Crystal Growth and Thin Film Crystallization

Figure 2.8: (A) Diagram of classical homogeneous nucleation, where rc is the critical radius,
(B) Lamer diagram, showing the nucleation and growth process, where the critical values are
indicated in the figure. Reproduced from Ref. [33] with permission. Copyright 2020, Royal
Society of Chemistry.

Stable nuclei start to grow in order to reduce the overall free energy and reach the energy
equilibrium when the solute concentration is above the solubility limit. For films, there
are typically three main growth mechanisms, namely island growth, layered growth, and
layer-island growth [34]. In terms of island growth, the nuclei grow both along the vertical
and lateral direction via monomers attachment, as shown in Figure 2.9, where the bonding
between the monomers and the growth phase is stronger than that between monomers
and substrate surface. Eventually, the island coalescence and forms a dense perovskite
thin film. On the other hand, layer growth occurs in an epitaxial system, where the
bonding between monomers and substrate is much stronger. Analogous to layer growth,
island-layer growth also occurs in an epitaxial system. However, the bonding between
monomers and the substrate surface is not strong. In reality, island growth is the most
likely dominant mechanism in perovskite thin film growth. The overall nucleation and
growth kinetics regarding the transformed fraction of material can be modeled by the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation:

y = 1 − exp
π

3 I
(

dr
dt

)3

t4

 (2.7)

where the expression for I is given by Equation 2.6 and the JMAK equation can be
expressed as:

y = 1 − exp (−K3t
n) (2.8)

where K3 is a temperature-dependent nucleation or growth rate, and n is the exponent,
respectively. In reality, typically, K and n can be extracted by fitting the I-t curve.

13
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Figure 2.9: Schematic illustration of growth mechanism. (A) island growth, (B) layer growth,
and c) layer-island growth. Reproduced from Ref. [34] with permission. Copyright 2018,
American Chemical Society.

It should be noted that the transformed fraction is difficult to measure directly; therefore,
other easily accessible proxies are used, e.g., peak intensity in X-ray diffraction, scattering
data [35], and absorption features [36].
Ostwald ripening is a subset of general coarsening and particularly refers to coarsening in
the presence of a second phase, typically a liquid [34]. The perovskite film growth may
also involve Ostwald ripening, where smaller crystals can dissolve back in the perovskite
solution by tuning their small radius of curvature, resulting in partial saturation. At the
same time, the monomers from this sutured solution will deposit on large crystals, making
them grow by merging smaller crystals. The continuous growth of large crystals consumes
the nearby crystals, and the isolated crystals are eventually connected as the growth of
large crystals progresses.
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2.3. Perovskite Solar Cells

2.2.2 Formation Energy

In this subsection, I discuss the formation enthalpy with a BA-based RP phase as a
reference. To obtain phase-pure RDPs, a favorable formation energy for a controllable
crystallization is required, which can be achieved by tuning the composition of the per-
ovskite precursor and casting temperature. This is due to the formation energy of different
n-value phases in RDPs, particularly perovskite with large-n values. As an example, the
formation reaction of BA-based RP phase is given by:

2BAI + (n− 1)MAI + nPbI2 = (BA)2(MA)n−1 PbnI3n+1 (2.9)

(BA)2(MA)n−1 PbnI3n+1( s) → nPbl2(aq) + 2BAI(aq) + (n− 1)MAI(aq),∆H1 (2.10)

2BAI(s) → 2BAI(aq),∆H2 (2.11)

nPbl2( s) → nPbl2(aq),∆H3 (2.12)

(n− 1)MAI(s) → (n− 1)MAI(aq),∆H4 (2.13)

nPbI2( s) + 2BAI(s) + (n− 1)MAI(s) → BA2(MA)n−1 PbnI3n+1( s),∆Hf (2.14)

∆Hf = −∆H1 + ∆H2 + ∆H3 + ∆H4 (2.15)

where s and aq refer to the solid state of the substance and the aqueous solution, re-
spectively, and ∆Hf is the formation enthalpy of the RDPs. In general, the ∆H values
are negative for RDPs with lower dimensionality (typically n ≤ 5) but positive for RDPs
with higher dimensionality. In addition, empirically the −T∆S is positive, therefore, a
negative ∆H is needed for favorable formations, in other words, a negative Gibbs free
energy (∆G) [11]. The ∆G is negative for RDPs (n ≤ 5), showcasing that these phases
are thermodynamically stable and the natural formation of these phases from stoichiome-
try components. Notably, as n increases, ∆G destabilizes sharply, indicating the reduced
possibility of the formation of large-n phases. This analysis illustrates that obtaining pure
phase in RDPs with higher dimensionality is difficult.

2.3 Perovskite Solar Cells

2.3.1 Solar Spectrum

The spectral radiation is described by Planck’s law:

B(λ) = 2hc2

λ5
[
exp

(
hc

kBλT

)
− 1

] (2.16)
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where c, h, kB are the speed of light (2.998 × 108 ms−1), Planck constant (6.626 × 10−34

J/s) , Boltzmann constant (1.38 × 10−23 J/K), respectively. The sun has a surface temper-
ature of 5762 K and its radiation spectrum can be approximated by a black-body radiator
at that temperature. However, the long distance from Earth to the sun indicates that
only radiation emitted directly in the direction of Earth contribute to the solar spectrum.
Moreover, not all solar light of the extraterrestrial solar spectrum reaches Earth’s sur-
face due to scattering and absorption by the Earth’s atmosphere. The radiation intensity
above the Earth’s atmosphere is 1366 W/m2, and the spectral distribution is called air
mass zero radiation spectrum (AM0), where air mass (AM) refers to the spectral content
and intensity of the solar radiation reaching Earth’s surface affected by the absorption in
the atmosphere. The air mass can be calculated by latitude angle (ϕ):

AM = 1
cosϕ

(2.17)

Hence, AM1 refers to perpendicular sunlight, whereas AM1.5 refers to a latitude of around
47◦. The solar spectra are depicted in Figure 2.10, where the sunlight receiving surface
of AM1.5 is defined as an inclined plane at 37◦ tilt toward the equator.

Figure 2.10: Solar irradiance spectra of AM1.0, AM1.5, and AM1.5 Direct+circumsolar
after ASTM G173-03 (ISO9845-1) standard, where the raw data was retrieved from
https://www.pveducation.org/pvcdrom/appendices/standard-solar-spectra.

The integrated power of AM0 (that is, standard spectrum for space application) is 1366
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W/m2, whereas the integrated power of AM1.5 is 1000 W/m2. The AM1.5 Direct+circumsolar
with an integrated power density of 900 W/m2 is defined for solar concentrator work,
which encompasses both the direct beam from the sun and the circumsolar component
within a 2.5-degree disk around the sun. It should be pointed out that the light and other
measurement conditions, e.g., temperature and atmosphere, should be disclosed to ensure
data reproduction when measuring solar cell efficiency and stability [6].

2.3.2 Working Principles of Perovskite Solar Cells

When light is shed on solar cells, the incident photons (hv > Eg) are absorbed by the
active layer, where then the electrons are excited from the valence band (VB) to the
conductive band (CB). The bounded electron-hole pairs are separated by the built-in
electric field. Followed by charge diffusion, transport, and extraction, the electrons and
holes are collected at the respective electrodes (Figure 2.11A). The sketch of a solar
cell is depicted in Figure 2.11B, where HBL, EBL, and TCO represent hole blocking
layer, electron blocking, and transparent conductive oxide, respectively. Nevertheless,
the above process happens in an ideal case, whereas in reality, the charge undergoes
non-radiative recombination, including the Auger recombination, the Shockley-Read-Hall
(SRH) recombination, and the interfacial recombination, which originates from defects,
as explained before in Section 2.1.1. The current-voltage characteristics of an ideal p-n
junction without illumination follow the Shockley equation, which is given by:

I = I0[exp( eV
kBT

) − 1] (2.18)

where I0, e, kB, and T refer to the dark current or leakage current of the diode (i.e.,
non-radiative recombination in the device), the electron charge, the Boltzmann constant,
and the temperature, respectively. When a solar cell is illuminated, the IV curve shifts
due to additional current (Iph), originating from the photo-generated current, which can
be expressed by:

I = Iph − I0[exp( eV
kBT

) − 1] (2.19)

However, in reality, there are some losses during charge transport, e.g., interfaces between
the hole blocking layer or electron blocking layer and the interface between the blocking
layer (depending on the cell configuration), which can be modeled by adding a series
resistance (RS) in the equivalent electric circuit. Therefore, Equation 2.19 will change to:

I = Iph − I0[exp(e(V + IRS)
kBT

− 1)] (2.20)
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Figure 2.11: (A) Working principle of perovskite solar cells, where processes 1-5 correspond to
charge dissociation, charge diffusion, transport, charge extraction, and charge recombination,
respectively. Reproduced from Ref. [37] with permission. Copyright 2019, Wiley-VCH. (B)
Device configuration of perovskite solar cells. (C) Equivalent circuit model of a solar cell,
including the shunting and series resistance.

The presence of a shunting resistance (RSH) also leads to a significant loss of solar cell
performance. This originates from the morphological defects, e.g., grain boundaries and
pinholes. Then, Equation 2.19 will change to:

I = Iph − I0[exp( eV
kBT

− 1)] − V

RSH

(2.21)

In the presence of both RS and RSH , the IV curve of the solar cell can be described by
Equation 2.22, and the equivalent circuit model is shown in Figure 2.11c:

I = Iph − I0[exp(e(V − IRS)
nkBT

− 1] − V + IRS

RSH

(2.22)
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Thus, these parasitic resistances of IV characteristics largely affect the solar cell perfor-
mance and can be described by:

RS = ( dI
dV

)−1
V =VOC

(2.23)

RSH = ( dI
dV

)−1
V =0 −RS (2.24)

2.3.3 Power Conversion Efficiency of Solar Cells

In general, the power conversion efficiency (PCE) η of solar cells refers to the ratio of the
maximum power Pmax per cell area with respect to the incoming power flux (Ein), which
is given by:

η = Pmax

EinA
= VMP P IMP P

Ein

(2.25)

To correlate this equation with solar cell parameters, the fill factor (FF ) is defined as the
ratio of Pmax with respect to the open-circuit voltage (VOC) and the short-circuit current
(JSC):

FF = Pmax

Pideal

= VMP P IMP P

VOCIOC

(2.26)

The theoretical maximum FF is around 89%, whereas the maximum PCE of a solar cell
with a bandgap of 1.34 eV is 32.9% (Figure 2.12) according to the Shockley-Queisser (SQ)
limit calculation with the following assumptions [38]:
• Photon absorptivity equals 1 at Eg and one absorbed photon gives rise to exactly one
electron-hole pair.
• The charge carrier temperature equals the cell and ambient temperature.
• Electron-hole recombination is radiative and there is no ohmic loss between the con-
tacts.
However, there are some certain losses in the energy conversion process, where the effi-
ciency η is given accordingly:
• Spectral losses: no photons absorption below the bandgap of materials.

ηabs = −JSC

e

E>Eg
ph

Eph

(2.27)

• Thermalization: intraband relaxation of charge carriers to the band edges, reaching
thermal equilibrium with crystal lattice, where an additional reduction of ≈ 3kBT , that
is, related to the position of quasi-Fermi level is included.

ηthermalization = Eg + 3kBT

Eph

(2.28)
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• Conversion of electron-hole pair energy to chemical energy in the case of eVOC < Eg.

ηthermodynamic = eVOC

Eg + 3kBT
(2.29)

Taken together, the overall η can be calculated by combining these individual factors,
which is given by:

η = ηabsηthermalizationηthermodynamicFF (2.30)

Researchers have described departures from the ideal SQ model for real-world single-
junction perovskite solar cells (PSCs) by relaxing the aforementioned assumptions (Figure
2.12c). It is noted that we need to optimize all the merits close to the unit at once rather
than maximizing one figure of merit against all others.

Figure 2.12: (A) Fraction power as a function of bandgap calculated based on SQ model using
for the solar spectrum a 5800 K black-body spectrum normalized to 100 mWcm−2. (B) Photon
flux as a function of photon energy, showcasing the energy loss for a PSC with a given bandgap.
The black curve can be defined as current versus voltage, which is achieved by dividing the photo
flux by the element charge q and multiplying the energy with q. (C) Current against voltage of
solar cells and the power losses after relaxing the SQ assumptions. Reproduced from Ref. [39]
with permission. Copyright 2019, Springer Nature Limited.

2.4 Operation Stability of Perovskite Solar Cells
To meet the stability requirements of photovoltaics, tremendous efforts have been made
to enhance the operational stability of perovskite solar cells over the past decade. Nev-
ertheless, the operation stability remains an obstacle hindering commercialization, and
the degradation mechanisms of perovskites (intrinsic or extrinsic) are yet to be fully un-
derstood. Therefore, in this section, we briefly discuss the degradation mechanisms of
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perovskite solar cells under external stimuli.
It is noteworthy that the stability of PSCs depends on many factors, e.g., aging condi-
tion, perovskite composition, configuration, measurement approach, and encapsulation;
therefore, it is difficult to resolve stability issues. To unify the measurement condition, a
consensus statement of stability was established based on the International Summit on Or-
ganic Photovoltaic Stability (ISOS) protocols [6], where D1 and D2 refer to measurement
conditions of dark storage at room temperature and dark storage at high temperature,
respectively. In addition, D2I, L1I and L2I correspond to tests carried out in an inert
atmosphere (intrinsic stability testing), while D3 corresponds to measurement condition
under dark storage at high temperature and high humidity. Moreover, L2 refers to the
test condition under maximum power point (MPP) tracked under illumination at high
temperatures. Figure 2.13 showcases the timeline of world-record certificated efficiency
evolution of PSCs with both n-i-p and p-i-n configurations together with their long-term
stability. The stability of PSCs has largely enhanced, with the stability of p-i-n devices
reaching T80 > 1000 h under the protocol of ISOS-L2/3 [40].

Figure 2.13: PSCs with record certificated efficiency and their stability with time evolution.
The blue and yellow lines refer to the record certificated PCE in PSCs with normal and inverted
configurations, respectively. The red squares represent the certain stability milestone, where D1,
D2, and D3 denote dark storage at room temperature, high temperature, and high temperature
and high humidity, respectively; D2, L1I, and L2I, corresponding measurements in an inert
atmosphere; L2, maximum power point tracked under light illumination and high temperature;
LC1, light-cycled at room temperature. Reproduced from Ref. [40] with permission. Copyright
2023, Springer Nature Limited.
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Perovskite solar cells degrade under different stressors, i.e., bias, heat, oxygen, and hu-
midity. Here, only the degradation mechanisms of PSCs under light, heat, and humidity
are discussed, where detailed discussion of the degradation mechanism I refer readers to
literature [41, 40, 42].

2.4.1 Moisture-Induced Degradation

Moisture is a double-edged sword that can, on the one hand, influence the perovskite
crystallization, growth, orientation, and structure integrity, e.g., perovskite precursor,
spin-coating process, and annealing steps [41, 43, 44]. On the other hand, it can induce
the degradation of perovskite solar cells. Moisture was found to initiate perovskite degra-
dation at the atmospheric interface and move to the grain boundary, in which the grain
boundary contains an amorphous region allowing fast moisture penetration into the per-
ovskite [45]. With the further uptake of moisture, the degradation expands towards the
grain interiors along the in-plane direction [46], accompanied by the slight expansion of
the grains [47, 48]. Previous work showed that the formation of the hydrate phase is not
the most important device degradation pathway for methylammonium lead iodide-based
PSCs; instead, moisture accelerates the iodine ion migration, leading to the corrosion
of the metallic electrode [49]. In addition, Schelhas et al. [50] observed that a binary
FA0.85Cs0.15PbI3 perovskite undergoes spatial de-mixing and phase segregation into more
pure constituent phases during device operation Figure 2.14.

Figure 2.14: (A) in-situ X-ray diffraction of FA0.85Cs0.15PbI3-based PSCs under ∼50% RH and
room temperature, where the hydrate phases are marked in the figure. The X-ray wavelength is
0.99 Å. (B) Solar cell performance as a function of time, where the solar cell parameters were
measured by the reverse scan with an initial PCE of 18%. The degradation of PSCs performance
indicates that the loss mainly originates from the photocurrent decay. Reproduced from Ref.
[50] with permission. Copyright 2019, Royal Society of Chemistry.
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Perovskites undergo hydration or even decomposition when exposed to humidity for ex-
tended periods. For example, our previous work demonstrates that (Figure 2.15), despite
the presence of a hydrophobic bulky cation, rapid disproportionation of the initial 2D
phase in 2D/3D perovskite into lower-n phases occurs under humidity [51]. For a detailed
overview of moisture-induced degradation of perovskites, I refer readers to our review
work, Shedding Light on the Moisture Stability of Halide Perovskite Thin Films (K. Sun,
P. Müller-Buschbaum, Energy Technology, 11, 2201475 (2023)) [41].

Figure 2.15: Sketch of the proposed moisture-induced degradation in a 2D/3D heterojunction.
(A) 2D/3D heterojunction. (B) Disproportionation of high-dimensional 2D perovskite into lower-
dimensional phase, where m refers to the thickness of inorganic layers. Reproduced from Ref.
[51] with permission. Copyright 2019, American Chemistry Society.

2.4.2 Heat-Induced Degradation

In reality, the solar cells need to be operated under sunlight, where the operating cell
temperature can easily reach ∼70 °C. Depending on the environmental conditions where
the solar cells or panels are installed, the cell temperature can experience temperature
extreme ranging from -40 °C to 85 °C [52]. In this regard, PSCs need to pass the thermal
stability test, e.g., thermal cycling test and dam heat test specified by the International
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Summit on Organic Photovoltaic Stability (ISOS) [6].
Early work showed that MAPbI3 perovskite film undergoes a structural change along with
phase transition, leading to a decomposition of MAPbI3 to CH3I, NH3, and PbI2 after
exposure to heating at 100 °C [53]. In addition, depth-dependent GIWAXS measure-
ment (that is, varying the incident angle) disclosed that the decomposition of perovskite
initiates at the surface and progresses toward the bulk [52]. In addition, Kim et al. moni-
tored the thermal decomposition of MAPbI3 perovskite with in-situ transmission electron
microscopy (TEM) [54]. They found that a broad ring pattern appears in the Fourier
transform image corresponding to an amorphous region as the temperature reaches 120
°C. Subsequent heating to 130 °C results in the formation of tetragonaL PbI2. In addi-
tion to decomposition, heat can also induce ion migration, leading to perovskite solar cell
degradation. For example, Li et al. found a significant performance drop of solar cells
with the configuration of FTO/NiOx/MAPbI3/PC61BM/Ag (Figure 2.16) [55].

Figure 2.16: High-angle annular dark-field TEM images and energy-dispersive X-ray element
maps for iodine and lead of sample after heating at different temperatures, where the heating
were performed for 30 min up to 175°C, and at 200 °C for 15min. The scale bar is indicated in
the figure and applied to all panels. Iodide diffusion into HTL is visible at lower temperatures,
whereas lead migration is found at 175 °C or above. Reproduced from Ref. [56] with permission.
Copyright 2016, Spring Nature Limited.

This is due to the accumulation of I−, I−
2 , and CN− ions driven by ion migration at the

PC61BM/Ag interface, leading to the corrosion of the Ag electrode. In terms of PSCs with
normal configuration under heat, a previous study showed that severe iodine ion migration
takes place when the temperature is above 175 °C [56]. At even higher temperatures, more
pronounced iodide diffusion and morphological change can be observed in the perovskite
layer (Figure 2.16).
In addition, temperature variations (or thermal cycling) also challenge PSCs’s stability
by inducing phase transitions and lattice strain. For example, Li et al. found that severe
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morphological change, e.g., enlarged grain boundaries and voids, emerge during thermal
cycling (-60 °C to 80 °C) [57]. By GIWAXS, they also demonstrated that additional
peaks at ∼ 8.2 and 8.6 nm−1 form during the third thermal cycling, corresponding to the
hexagonal photoinactive polytypes 4H and 6H from perovskite (Figure 2.17).

Figure 2.17: The temperature-resolved GIWAXS profiles for (A) control and (B) target per-
ovskites. (C) The lattice strain during thermal cycling for control and target perovskites. (The
temperature starts from room temperature, heating to +80 °C and then cooling to -60 °C, where
one complete cycle takes 90 minutes.). Reproduced from Ref. [57] with permission. Copyright
2023, The authors.

Moreover, they observed additional peaks of tetragonal phases (β phase), which are re-
tained only in the cold region. This indicates that irreversible PbI2, 4H, and 6H, and
reversible tetragonal phase transition jointly result in the degradation of device perfor-
mance.

2.5 X-ray Scattering Techniques
In light of the indispensable usage of the X-ray scattering technique in this thesis, in this
section, the basic knowledge of X-ray scattering, including XRD, GIWAXS, and GISAXS
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is introduced. In particular, with the high brilliance and time-resolution of synchrotron
source, advanced scattering experiments, i.e., in-situ and operando experiments of per-
ovskite film formation and PSCs degradation, can be performed.
X-ray scattering is based on the concept of electromagnetic waves with its electric field
vector (E⃗(r⃗)), which can be described by the Helmholtz Equation as follows [58]:

∇2E⃗ (r⃗) + k2n2 (r⃗) E⃗ (r⃗) = 0 (2.31)

where E⃗ is the wave function, k the wave number, and n (r⃗) the refractive index, respec-
tively. The refractive index centers the light-matter interactions, which can be described
as:

n (r⃗, λ) = 1 − δ (r⃗, λ) + iβ (r⃗, λ) (2.32)

Hence, the refractive index is highly dependent on the dispersion coefficient (δ) and ab-
sorption coefficient (β). The dispersion (δ) is a function of the specific electron density
ρr (r⃗), the classical electron radius re = e2

4πϵ0µ0c2 , and the atomic form factor fj (λ) =
f 0

j + f ′
j (λ) + if ′′

j (λ), which can be described by:

δ (r⃗, λ) = λ2

2πρe (r⃗) re

∑
j cj

(
f 0

j + f ′
j (λ)

)
∑

j Zj

= λ2

2πRe (SLD) ≈ λ2

2πρe (r⃗) re (2.33)

Notably, SLD refers to the scattering length density, reflecting the scattering power of a
material, which can be calculated by:

SLD =
∑N

i=1 bi

Vm

, Vm = M

ρNa

(2.34)

where bi denotes the scattering length contribution, VM the volume, M the molecular
weight, and ρ the bulk density of the material. In terms of the absorption β (r⃗, λ), it can
be defined as:

β (r⃗, λ) = λ2

2πρe (r⃗) re

∑
j cjf

′′
j (λ)∑

j Zj

= λ2

2πIm (SLD) ≈ λ

4πµ (r⃗) (2.35)

In general, dispersion coefficient (δ) and absorption coefficient (β) are in the range of 10−6

and 10−7, respectively, while β is normally smaller than δ. In this regard, the refractive
index is below 1, which is in contrast to visible light. To probe interfaces with a scattering
technique, the incoming X-ray needs to experience a change in refractive index, that is,
two domains with distinct SLD. High scattering contrast can be realized when there is a
huge electron densities mismatch of the materials and it can be defined as:

|∆|2 = (δ1 − δ2)2 + (β1 − β2)2 (2.36)
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2.5. X-ray Scattering Techniques

2.5.1 X-ray Diffraction

X-ray diffraction technique is normally used to investigate the crystal structure of a ma-
terial. When the X-ray beam is scattered from two neighboring lattice planes of a crystal,
interference will show up, giving rise to peaks in the intensities (Figure 2.18).

Figure 2.18: Schematic illustration of a diffraction event on a crystal with the lattice spacing
being labeled. The difference in path length is demonstrated with green color.

If the Bragg equation (Equation 2.37) is fulfilled [59], construction interference will occur,
resulting in the maximum intensity:

2dhklsin(θ) = nλ (2.37)

where dhkl is the lattice space of the crystal and n the order of reflection. Diffraction
angle (2θ) can be calculated for any given set of planes (hkl) by using the plane-spacing
equations. For example, for a given cubic crystal with the lattice parameter a, the lattice
spacing can be then computed by:

1
d2

hkl

= h2 + k2 + l2

a2 (2.38)

When combined with Equation 2.37, Equation 2.38 can be simplified under the condition
of n=1 to:

sin2 θ = λ(h2 + k2 + l2)
4a2 (2.39)

This demonstrates that the angles of the diffraction pattern are correlated with the atoms
in the unit cell. In addition to the lattice parameter, crystal sizes (D) can be estimated
by the Scherrer equation [60]:

∆ cos θ = kλ

D
+ 4ε sin θ (2.40)
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D = kλ

∆ cos θ − 4ε sin θ = kλ

y − εx
(2.41)

ε = ∆ cos θ
4 sin θ = y

x
(2.42)

where ∆ denotes the full width at half maximum (FWHM), K the crystallite shape factor.
When K = 0.9, it indicates that the crystal has a spherical shape; however, one should
keep in mind that K varies with crystallite shape. In addition, when considering the
microstrain, plotting ∆ cos θ as a function of 4 sin θ gives rise to D and ε (Equations 2.41,
2.42), a method commonly known as Williamson-Hall method [61].

2.5.2 Grazing-Incidence Small-Angle X-ray Scattering

Grazing-incidence small-angle X-ray scattering (GISAXS) is a powerful technique to
probe the surface morphology and buried structure in a relatively large length scale from
nanometers to several hundred nanometers. The typical geometry of GISAXS is depicted
in Figure 2.19, where the X-ray beam impinges on the sample surface with a very shallow
incident angle αi (typically below 1◦), and the scattered intensity is captured with a small
exit angle αf and out-of-plane angle ψ. The very small incident angle leads to a large
footprint on the thin film due to the grazing geometry. The projected footprint dimension
can be calculated according to:

Hfootprint = hbeam

tanαi

(2.43)

where hbeam denotes the beam height.
The characteristic region of GISAXS can be defined as: the specular beam position at
αi = αf , diffuse scattering if αi ̸= αf , and out-of-plane diffuse scattering when Ψ ̸= 0
Considering an incoming monochromatic beam with a wave number ki = 2π

λ
= const.,

where λ denotes the wavelength, the moment transfer q⃗ is given by:

q⃗ =


qx

qy

qz

 = k⃗f − k⃗i = 2π
λ


cosαf cos Ψ − cosαi

cosαf sin Ψ
sinαf + sinαi

 (2.44)

With the condition for elastic scattering:

|⃗ki| = |⃗kf | = 2π
λ

(2.45)

The critical angle αc is highly dependent on materials and is defined by:

αc ≈
√

2δ = λ

√
Re(SLD)

π
(2.46)
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2.5. X-ray Scattering Techniques

Figure 2.19: Schematic illustration of the typical experimental setup of GISXAS and GIWAXS,
where the typical sample-to-detector distance, detector images, incident angle αi, excit angle
αf , the out-of-plane angle Ψ, and the coordinate-system are given. Reproduced from Ref. [62]
with permission. Copyright 2014, Wiley-VCH

For αi < αc, the X-ray beam can only probe surface information and the penetration depth
is limited to several nanometers. For αi > αf , the X-ray beam can penetrate through
the film and average the structure across its entire depth, depending on the absorption
and film thickness. In reality, by varying incident angle αi and critical angle αc, we can
balance obtaining desired information and maximizing the intensity.
• evanescence regime: αi < αc(activelayer), probing surface information
• dynamic regime: αc(activelayer) < αi < αc(substrate), probing bulk information
• kinematic regime: αc(substrate) < αi, probing comprehensive information on both the
active layer and substrate
For grazing-incidence, reflection and refraction take place at the sample interface and
substrate interface. Therefore, the so-called distorted wave Born approximation (DWBA)
is applied when taking reflection and refraction into consideration. To further simplify the
analysis of horizontal line cuts (with respect to the sample surface), the so-called effective
interface approximation (EIA) is applied, meaning that the data is only analyzed against
qy, and therefore, the lateral structure information is retrieved. For αi ≫ αc and a
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constant qz, the diffuse intensity in the DWBA simplifies for an EIA, and the differential
cross ( dσ

dΩ) section is described by:

dσ

dΩ

∣∣∣∣∣
df

= Cπ2

λ4

(
1 − n2

)2
|Ti|2 |Tf |2 F (q⃗) ∝ F (q⃗) (2.47)

where C refers to the illuminated surface area, λ the wavelength, n the refractive index,
Ti,f the Fresnel transmission functions, and F (q⃗) the diffuse scattering factor. With the
incident angle αi being equal to the exit angle αf , the Fresnel transmission functions
reach a maximum, contributing to a pronounced scattering density, which is also known
as Yoneda peak [63]. The diffuse scattering factor F (q⃗) can be simplified by using a form
factor P (q⃗) of the individual scattering domains as well as a structure factor S(q⃗) of the
domain:

F (q⃗) ∝ N⟨P (q⃗)⟩S(q⃗) (2.48)

where N refers to the scattering domains.
In practice, normally, the complete flight path is evacuated to suppress air or window
scattering. The sample-to-detector distance (SDD) is set according to the desired q range,
where the signal is captured by a 2D area detector. Moreover, the direct beam and
specular beam are typically blocked by beam stops. When αi = αc, the specular and
the Yoneda peak overlap, rendering it difficult to resolve large structures. Nevertheless,
this configuration is still applied in GISAXS measurements because the strong intensity
allows for the detection of weak signals. In terms of αi > αc, the specular and the Yoneda
peak are well separated along the z direction. Nevertheless, the signal decreases rapidly
with increasing the incident angle αi. To ensure sufficient statistics, one needs to consider
the sufficient sample exposure time while avoiding radiation damage. For GISAXS data
analysis, we start with data reduction, where the 2D GISAXS data is reduced to 1D
intensity profiles by the vertical line cut along qz direction and horizontal line cut at the
Yoneda peak (αc) along qy. Then the horizontal line cut is modeled in the framework of
DWBA (Figure 2.20). It is also stressed that, for data modeling in perovskite samples,
the structure factor is typically neglected because perovskite crystals are positioned with
uncorrelated distances. Detailed analysis of GISAXS data, including data extraction and
modeling, can be found in Section 6.3.

2.5.3 Grazing-Incidence Wide-Angle X-ray Scattering

Grazing-incidence wide-angle X-ray scattering (GIWAXS) is a powerful technique to probe
the crystalline structure and molecular orientation and is typically performed using the
same scattering geometry as in GISAXS (Figure 2.19) but with a reduced SDD (several
hundreds of millimeters).
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2.5. X-ray Scattering Techniques

Figure 2.20: Example of a 2D GISAXS detector image with a horizontal line cut (indicated by
the red rectangle) and a vertical line cut (indicated by the green rectangle).

Larger q ranges can be realized with this configuration, and therefore, atomic and molec-
ular structures are accessible. Analogous to GISAXS, the incident angle αi can also be
varied in order to probe information at different scattering lengths.
• αi < αc(activelayer): probes information about the crystalline structures in the surface
region
• αc(activelayer) < αi < αc(substrate): probes information about crystalline structures
in the active layer
• αc(substrate) < αi: probes crystalline structure information of both the active layer
and the substrate
The penetration depth Λ can be calculated by:

Λ = λ

4π

√√√√ 2√
(α2

i − α2
i )2 + 4β2 − (α2

i − α2
c)

(2.49)

The penetration depth of an X-ray depends on the beam energy and the optical properties
of the materials; especially, a lower penetration depth is achieved when the X-ray beam
penetrates higher-energy materials. Moreover, in the case of the X-ray beam penetrating
into the substrate, the penetration depth is not equal to the scattering depth because
the detection of X-ray requires photons to traverse and exit back to the film surface. In
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this regard, the attenuation of the diffracted beam, which depends on the incident angle
αi and exit angle αf , must be considered. Consequently, the scattering depth Λ∗ can be
calculated by:

Λ∗ = sin (αf)
sin (αi) + sin (αf)

Λ (2.50)

As described by Laue condition, the reciprocal lattice of crystals is probed through con-
structive interference of X-rays passing a set of lattice planes with the Miller indices {hkl},
with the momentum transfer q⃗ being equal to the reciprocal lattice vector G⃗:

q⃗ = ha∗ + kb∗ + lc∗ = G⃗ (2.51)

In terms of elastic scattering, the scattering vector k⃗f points onto the surface of the Edward
sphere with radius k. The intersections of the Ewald sphere with the reciprocal lattice
points are measured as reflexes on the 2D detector. The Laue condition in reciprocal
space is equivalent to the Bragg condition in real space when the path length differences
are multiples of the wavelength λ at a certain angle θ (Equation 2.37).
Typically, processing 2D GIWAXS raw images into reshaped 2D GIWAXS images requires
transforming pixel space into q space, where in the reshaped 2D GIWAXS image, the
scattering intensity is plotted against (qr, qz) with qr =

√
q2

x + q2
y (Figure 2.21). This

transformation results in a reshaped GIWAXS image with a missing wedge, which results
from the mathematical correction of projecting a 3D surface on a 2D plane.
To further reduce 2D GIWAXS data into 1D profiles, azimuthal cake cuts–slices over a
narrow angular range–can be performed, giving rise to 1D diffraction profiles (also known
as pseudo-XRD). In particular of 2D perovskite filed, sector integrals, e.g., radial/cake
cuts along specific directions (vertical or horizontal) can be also performed to understand
the heterogeneity along different directions (in-plane and out-of-plane).
In addition, one can also perform azimuthal tube cuts along the q position of a specific
plane to analyze the orientation distribution. Figure 2.22 maps out the typical GIWAXS
patterns of different perovskite dimensionality and preferential orientations. A mixture of
different phases is easily formed during the fabrication process of perovskite thin films, e.g.,
2D/3D heterostructures and quasi-2D perovskites, which gives rise to different scattering
patterns. In general, Low-dimensional perovskite can facilitate the formation of highly-
ordered structures along either in-or out-of-plane direction. Depending on the degree of
crystal orientation within the perovskite thin film, incomplete or complete Debye-Scherrer
rings might be observed. In the case of highly oriented thin films, sharp Bragg points can
be detected, resulting from the reciprocal lattice of a fixed orientation [64].
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Figure 2.21: Typical GIWAXS image processing. (A) 2D GIWAXS raw image with pixel space,
(B) reshaped 2D GIWAXS image with q space, and (C) data plotted as a function of q, χ

.

Figure 2.23 shows examples of azimuthal cake cuts and pole figures. One should keep in
mind that the signal intensity distribution along the azimuthal angles should be the same
as the distribution of the actual material quantity. For processing with material quantity
MQ, the signal intensity of the azimuthal cake cuts must be Lorentz-corrected, that is,
corrected by a factor of sinχ, which gives rise to the pole figures [65]. In addition, thanks
to Manuel, Lennart, and other colleagues who developed the Python-based software (IN-
SIGHT) for reducing and processing 2D X-ray scattering data, enabling fast data analysis
for large time-resolved synchrotron datasets [66].
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Figure 2.22: Overview of typical GIWAXS patterns for different oriented structures and degrees
of order in perovskite thin films. Reproduced from Ref. [64] with permission. Copyright 2023,
Wiley-VCH.

Figure 2.23: (A) Example of azimuthal tube cuts (points) with fits (lines). (B) Example of a
pole figure with red and green shaded area corresponding to the edge-on and isotropic material
quantity MQ, respectively. Reproduced from Ref[65] with permission. Copyright 2022, Wiley-
VCH.
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Chapter 3
Sample Preparation

This chapter is based on the publications Morphological Insights into the Degradation
of Perovskite Solar Cells under Light and Humidity (K. Sun, R. Guo, Y. Liang, J. E.
Heger, S. Liu, S. Yin, M. A. Reus, L. V. Spanier, F. Deschler, S. Bernstorff, P. Müller-
Buschbaum, ACS Applied Materials Interface, 15, 30342-30349 (2023)) [48], Unraveling
the modification effect at NiOx/perovskite interfaces for efficient and stable inverted per-
ovskite solar cells (X. Kang, D. Wang, K. Sun, X. Dong, W. Hui, B. Wang, L. Gu, M.
Li, Y. Bao, J. Zhang, R. Guo, Z. Li, X. Jiang, P. Müller-Buschbaum, L. Song, Journal
of Materials Chemistry A, 11, 22982-22991 (2023)) [67], and Deciphering Structure and
Charge Carrier Behavior in Reduced-Dimensional Perovskites (K. Sun, R. Guo, S. Liu,
D. Yang, X. Jiang, L. F. Huber, Y. Liang, M. A. Reus, Z. Li, T. Guan, J. Zhou, M.
Schwartzkopf, S. D. Stranks, F. Deschler, P. Müller-Buschbaum, Advanced Functional
Materials, 2411153 (2024)) [68]. Reproduced from [48] with permission from American
Chemical Society, Copyright 2023 and reproduced from [67] with permission from Royal
Society of Chemistry, Copyright 2023, and reproduced from [68] with permission, Copy-
right 2024, Wiley-VCH.

3.1 Substrates
The patterned indium doped tin oxide substrates (ITO, high transmittance, 25×25 mm,
15 Ohm/Sq) and the glass (76×26 mm2) were purchased from Yingkou Shangneng Pho-
toelectric Material Co., Ltd, and Carl Roth, respectively. They were sequentially rinsed
in Hellmanex III (Hellmanex III: DI water = 2:98), DI water, ethanol (Carl Roth, 70%),
acetone (Carl Roth, 99.8%), and isopropanol (Carl Roth, 99.5%) in the ultrasonic bath
for 10 min each. The substrates were further cleaned and functionalized with O2 plasma
(0.4 bar, 250 W) for 10 min before spin-coating.
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3.2 Materials
This section lists all the chemicals used in this thesis. The materials were used directly
without any additional treatment (Table 3.1) unless stated otherwise.

3.3 Electron Blocking Layer
In general, PEDOT:PSS and NiOx are the materials of electron blocking layer (EBL) used
in inverted PSCs (p-i-n). The PEDOT:PSS solution was filtered and spin-coated at 4000
rpm for 30 min on ITO or glass substrates, followed by annealing at 150 ◦C for 30 min
in air. In terms of the fabrication of NiOx nanoparticle, Ni(NO3)2·6H2O (5.815 g) was
dissolved in DI water (20 mL) to get a green solution by stirring for 30 min. An aqueous
solution of NaOH (10 mol L−1 in deionized water) was then slowly added to the green
solution by stirring for 20 min. DI water was used to wash the colloidal precipitates,
which were dried in vacuum freeze dryers for 24 h. The resulting products were finally
calcined at 270 °C for 2 h. For fabrication of NiOx EBL, the nanoparticle ink (10 mg/mL
in DI water and IPA = 3:1, v:v) was spin-coated on substrates at 2000 rpm for 30 s and
annealed at 130 ◦C for 50 min.
For the EBL used in n-i-p PSCs, spiro-OMeTAD solutions were made by mixing 72.3 mg
spiro-OMeTAD, 17.5 µL LITFSI (520 mg/mL in ACN), and 28.8 µL tBP in 1 mL CB.
Then the spiro-OMeTAD solution was dynamically spin-coated on top of perovskite/HBL
samples at 3500 rpm for 30 s, followed by storage in a dark desiccator with silica gel
overnight.

3.4 Hole Blocking Layer
In terms of fabrication of n-i-p PSCs, SnO2 was used for HBL, which was achieved by
spin-coating diluted tin (IV) oxide solution (SnO2:DI water = 1:4) on the ITO or glass
substrates at 4000 rpm for 30 min in air. Afterward, the as-prepared samples were an-
nealed in air at 150 ◦C for 30 min.
The PC61BM solutions used in p-i-n PSCs were prepared by mixing 20 mg PC61BM in
1 mL CB. Subsequently, the solutions were dynamically spin-coated on top of perovskite
samples at 3000 rpm for 30 s.
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Table 3.1: Materials and solvents
Materials Formula or Ab-

breviations
Company Purity

chlorobenzene CB Sigma-Aldrich 99.8%
lead iodide PbI2 Sigma-Aldrich 99.99%
lead bromide PbBr2 Sigma-Aldrich ≥99%
methylammonium bromide MABr Sigma-Aldrich 99%
formamidinium iodide FAI Sigma-Aldrich 99%
methylammonium iodide MAI Sigma-Aldrich 99%
N,N-dimethylformamide DMF Sigma-Aldrich 99.8%
dimethyl sulfoxide DMSO Sigma-Aldrich 99.9%
4-tert-butylpyridine tBP Sigma-Aldrich 96%
bis(trifluoromethane)sulfonimide
lithium salt

TFSI Sigma-Aldrich 99.95%

2,2’,7,7’-tetrakis[N,N-di(4-
methoxyphenyl)amino]–9,9’-
spirobifluorene

sprio-OMeTAD Sigma-Aldrich 99%

acetonitrile ACN Sigma-Aldrich ≥99.8%
tin (IV) oxide SnO2 Alfa Aesar \
poly(3,4-ethylenedioxythiophene)
polystyrene sulfonatee

PEDOT:PSS
(AI 4083)

Ossila \

[6, 6]-phenyl C61 butyric acid
methyl ester

PC61BM Sigma-Aldrich ≥99.5%

bathocuproine BCP Sigma-Aldrich 99%
phenethylammonium iodide PEAI Sigma-Aldrich 98%
1,4-
phenylenedimethanammonium

PDMAI2 Xi’an Polymer
Light Technology
Corporation

99.5%

isopropanol IPA Sigma-Aldrich 99.8%
cesium iodide CsI Sigma-Aldrich 99.9%
2-Iodobenzoic acid 2-IBA Adamas 98%
2-iodobenzenesulfonic acid 2-IBSA Adamas 97%
2-iodophenylboronic acid 2-IPBA Adamas 95%
4-iodophenylboronic acid 4-IPBA Adamas 95%
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3.5 Perovskite Layer

3.5.1 Perovskite Layer Used in Chapter 5

Cs0.05(FA0.99MA0.02)0.95Pb(I0.98Br0.02)3 was prepared by mixing PbI2 (725.8 mg), FAI
(244.9 mg), MABr2 (3.3 mg), PbBr2 (11.2 mg), CsI (19.8 mg) and MACl (16.0 mg)
powder in DMF/DMSO (5:1, v/v) with 4 h stirring at room temperature. The mixed-
cation perovskite films were obtained by a two-step spin-coating process with 1000 rpm
for 10 s and 4000 rpm for 40 s. 150 µL chlorobenzene was then dropped at the 25 s of
the second spin-coating step. Finally, the films were annealed at 110 °C for 20 min.

3.5.2 Perovskite Layer Used in Chapter 6

To prepare the MAFA precursor [(MAPbBr3)0.08(FAPbI3)0.92)], the powder containing
methylammonium bromide (10.75 mg), lead bromide (35.23 mg), formamidinium iodide
(189.85 mg), lead iodide (530.10 mg) were mixed and added into 800 µL DMF and 200
µL DMSO stirring at 70 °C for 40 min. The CsMAFA perovskite solution was mixed with
cesium iodide (15.59 mg), methylammonium bromide (10.21 mg), lead bromide (33.47
mg), formamidinium iodide (180.36 mg), lead iodide (532.47 mg) into 800 µL DMF and
200 µL DMSO stirring at 70 °C for 40 min. For the CsI-HBL solution, cesium iodide
(15.59 mg) was added into a diluted tin (IV) oxide solution (SnO2 in 15% H2O colloid
dispersion; SnO2: DI water=1:4), after that the solution was stirred overnight at room
temperature.

3.5.3 Perovskite Layer Used in Chapter 7

The 2D RP (PEA)2MAn−1PbnI3n+1 perovskite and DJ (PDMA)MAn−1PbnI3n+1 per-
ovskite solutions were prepared by dissolving the appropriate stoichiometric quantities
of PbI2, MAI, and PEAI or PDMAI2 in a mixture of DMF and DMSO (9:1, v/v), where
the concentration of Pb2+ is 0.5 M. The solutions were stirred at 70 °C until fully dis-
solved and cooled down to room temperature before use. Subsequently, the perovskite
precursor was slot-die-coated on a preheated substrate (70 °C) with a coating speed of 5
mm/s (Figure 3.1). The pumping speed was 110 µL/min, and the gap height was 200 µm.
The N2 knife was set at a 45-degree angle against the printing direction with a pressure
of 10 psi. Importantly, the slot-die coating parameters, including the gap height, print-
ing speed, pump speed, substrate temperature, and N2 flow rate need to be reoptimized
since these parameters vary from one solution system to another. For example, solutions
with volatile solvents can allow for a relatively higher coating speed and a lower substrate
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temperature.

Figure 3.1: Sketch of slot-die coating, including a slot-die head, an air blade, a sample stage,
and a syringe pump system.

Afterwards, the samples were annealed at 100 °C for 10 min. Details about the slot-die
coater can be found elsewhere [69].

3.6 Metal Electrodes
For n-i-p PSCs, an 80 nm Au film was thermally evaporated on top of the EBL layer
under a vacuum pressure of 1 × 10−6 bar at the rate of 0.6 Å s−1, whereas for p-i-n PSCs,
a 100 nm thick Ag was evaporated under a vacuum of 1× 10−6 bar.

3.7 Devices
The fabrication process of n-i-p devices is presented here (Figure 3.2). The ITO substrates
were sequentially rinsed in Hellmanex III, DI water, ethanol, acetone, and isopropanol.
After 10 min treatment of O2 plasma, the diluted tin (IV) oxide solution (SnO2: DI
water=1:4) was spin-coated on the ITO substrate at 4000 rpm for 30 s and followed by
annealing at 150 ◦C for 30 min. Then, the perovskite thin films were deposited onto the
SnO2 layer at 5000 rpm for 35 s in a nitrogen glovebox, and chlorobenzene (150 µL) was
applied 10 s before ending. Afterwards, the films were annealed at 150 ◦C for 20 min.
Subsequently, the electron blocking layer (EBL) was deposited on top of the perovskite
film at 3500 rpm for 30 s using the spiro-OMeTAD solution, which contains 72.3 mg spiro-
OMeTAD, 17.5 µL bis(trifluoroethane)sulfonamide lithium salt (LiTFSI) stock solution
(520 mg/mL in acetonitrile), 28.8 µL 4-tertburtylpridine (tBP) and 1 mL chlorobenzene.
Finally, 80 nm Au film was thermally evaporated on top of the EBL layer under a vacuum
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pressure of 1 × 10 −6 torr at the rate of 0.6 Å s−1.

Figure 3.2: Fabrication process of n-i-p PSCs, where the main processes are indicated.

For the p-i-n device in Chapter 7, the description of the fabrication of the active layer is dis-
closed in Section 3.5.3. The inverted solar cells had a device structure of ITO/PEDOT:PSS-
/perovskite/PC61BM/BCP/Ag. The PEDOT:PSS was filtered and spin-coated on O2-
plasma treated ITO substrates at 4000 rpm for 30 s and then annealed at 150°C in air for
30 min. Afterwards, the perovskite was deposited as described above. The PC61BM so-
lution (20 mg/mL in CB) was dynamically spin-coated on ITO/PEDOT:PSS/perovskite
layers at 3000 rpm for 30 s. Afterward, the BCP (0.5 mg/mL in IPA) solutions were
dynamically deposited at 3000 rpm for 30 s. Finally, a 100 nm thick Ag was evaporated
under a vacuum of 1 × 10−6 bar.
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In this chapter, we overview the characterization methods used in this thesis, including
spectroscopy, X-ray scattering, and imaging technique, where most of this chapter is
based on the publications Morphological Insights into the Degradation of Perovskite Solar
Cells under Light and Humidity (K. Sun, R. Guo, Y. Liang, J. E. Heger, S. Liu, S.
Yin, M. A. Reus, L. V. Spanier, F. Deschler, S. Bernstorff, P. Müller-Buschbaum, ACS
Applied Materials Interfaces, 15, 30342-30349 (2023)) [48], Unraveling the modification
effect at NiOx/perovskite interfaces for efficient and stable inverted perovskite solar cells
(X. Kang, D. Wang, K. Sun, X. Dong, W. Hui, B. Wang, L. Gu, M. Li, Y. Bao, J. Zhang,
R. Guo, Z. Li, X. Jiang, P. Müller-Buschbaum, L. Song, Journal of Materials Chmeistry
A, 11, 22982-22991 (2023)) [67], and Deciphering Structure and Charge Carrier Behavior
in Reduced-Dimensional Perovskites (K. Sun, R. Guo, S. Liu, D. Guo, X. Jiang, L. F.
Huber, Y. Liang, M. A. Reus, Z. Li, T. Guan, J. Zhou, M. Schwartzkopf, S. D. Stranks,
F. Deschler, P. Müller-Buschbaum, Advanced Functional Materials, 2411153 (2024)) [68].
Reproduced from [48] with permission from American Chemical Society, Copyright 2023,
reproduced from [67] with permission from Royal Society of Chemistry, Copyright 2023,
and reproduced from [68] with permission from Wiley-VCH, Copyright 2024.

4.1 Scanning Electron Microscopy
A scanning electron microscope (SEM) probes the surface of a sample with a focus beam
of electrons since electron wavelengths are much shorter than photon wavelengths in
the visual spectrum. The electrons interact with atoms in the sample, giving rise to
information about the surface topography and composition of the sample. The electron
wavelength λC can be extracted from the de Broglie equation:

λC = h

p
= hc√

2meV ec2 + V 2e2 (4.1)
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where m0, e, p, h, and c correspond to the electron rest mass, charge, momentum, Planck’s
constant, and the speed of light, respectively. With the typical acceleration potential of
5 kV, the λC is calculated to be around 17.3 pm. Most SEM measurements are measured
at the Zentrum für Nanotechnologie und Nanomaterialien (ZNN) of the Walter-Schottky-
Institut (WSI) with a 5-7 mm working distance and an accelerating voltage of 5 kV. To
avoid electron beam-induced perovskite degradation, a larger working distance is applied
in our case [70]. Line-by-line raster scans with the electron beam generate secondary
electrons by inelastic scattering, which are then detected by an InLense detector to capture
the surface morphology. The brightness of SEM images is related to the detected electrons;
thus, elevated points or areas with positive curvature are brighter. In contrast, materials
with high electron density emit electrons, and therefore, dielectric materials that are
charged up are darker. To further process SEM images, the open-source software ImageJ
was used (https://imagej.net/ij/docs/install/index.html).

4.2 Atomic Force Microscopy
Atom force microscopy (AFM) is another powerful technique that can be used to probe
the surface topology of materials at atomic resolution without damaging the sample. A
detailed setup is depicted in Figure 4.1, including a sample stage, a cantilever with a fine
tip, a laser diode, a detector, and an electronic feedback loop, with the tip attached to
the flexible cantilever.

Figure 4.1: Sketch of AFM setup with the main parts indicated.

The basic working principle is the interaction between the tip and the sample surface,
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which typically follows the Lennard-Jones potential. There are three modes in AFM:
contact, tapping, and non-contact, depending on the distance between the sample surface
and the tip. Regarding the contact mode, the tip is pressed to the surface, and the in-
duced deflection of the cantilever measures the interaction between the tip and the sample
surface. However, this mode is not always recommended, as this might damage the tip. In
terms of tapping and non-contact mode, the tip oscillates close to the resonance frequency
just above the surface with the oscillation amplitude as the measurement parameter. No-
tably, the tip-to-sample distance is monotonous to the oscillation amplitude. Images were
obtained using a MultiMode 8 atomic force microscope (Bruker) in ambient conditions.
Images were taken in tapping mode at a scan rate below 1 Hz, and the data were further
processed by Gwyddion (http://gwyddion.net/) to adjust contrast and quantify the sur-
face roughness. NSG30 AFM probes (TipsNano) were utilized for the imaging process,
featuring a typical resonance frequency of 320 kHz, a nominal tip radius of 8 nm, and a
scan size of 5 µm × 5 µm.

4.3 Optoelectronic Characterization

4.3.1 Photoluminescence Spectroscopy

Photoluminescence (PL) is a non-destructive and contactless method of studying mate-
rial properties of perovskites, e.g., bandgaps, electronic properties, local disorder, phase
distribution, and dynamic effects like degradation mechanism or photo-induced phase seg-
regation. When the sample is exposed to light irradiation, a photoexcitation process is
initiated, where light is absorbed and imparts the excess energy to the material. This
energy can be dissipated by the emission of light or through luminescence. A typical PL
setup is depicted in Figure 4.2, where the emitted light is collected by a spherical mirror
system and focused on the entrance hall of an optical fiber. This results in the emitted
photons being directed to a monochromator and subsequently collected by a photodiode
array detector. The reflected laser light is then filtered off by a long-pass filter.
In typical fluorescence, photons are emitted at higher wavelengths compared to the pho-
tons absorbed. When incident light aligns with a molecule’s absorption wavelength, the
molecule transitions from its ground state to a higher excited state, referred to as S2 here.
Subsequently, electrons undergo internal conversion, influenced by vibrational relaxation
and heat dissipation to the environment. As depicted in Figure 4.3, the ultimate photo-
emission transition can occur via either a rapid singlet state (fluorescence, typically in the
range of nanoseconds) or a slower triplet state (phosphorescence, typically in microsec-
onds).
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Figure 4.2: Sketch of a PL setup.

Two non-radiative deactivation mechanisms compete with fluorescence: internal conver-
sion from the lowest singlet excited state to the ground state and intersystem crossing
from the excited singlet state to the triplet state. This latter process gives rise to phos-
phorescence. The photoluminescence flux can be used to calculate the quasi-Fermi level
splitting (∆Ef ) [71]:

∆(Ef ) = kT ln n
2

n2
i

(4.2)

where n and ni refer to the concentration of electrons and the equilibrium charge carriers,
respectively.

Figure 4.3: Sketch of the Jablonski diagram, showing the absorbance, fluorescence, and phos-
phorescence.
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The charge carrier concentration can be calculated with the effective density of states NC

and NV (for conductive and valence bands, respectively) and the bandgap (Eg).

n2
i = NCNV exp(−Eg

kT
) (4.3)

Equation 4.2 ensures that for a given generation and recombination rate, materials with
larger bandgap (that is, materials with lower ni according to Equation 4.3) tend to have
a higher ∆Ef . Typically, a 405 nm or 450 nm excitation is chosen. However, it is
important to select the most suitable excitation energy and slit sizes, as our instrument
has a saturation point (maximum intensity of 1000). Typically, scans can be performed
from 500 nm to 900 nm, with a slit size typically ranging from 5 to 15 nm.

4.3.2 Confocal Photoluminescence Mapping

Photoluminescence mapping was performed using a confocal time-correlated single-photon
counting (TCSPC) setup (PicoQuant, MicroTime 200). A 404 nm pulsed laser with an
average power of 100 mW/cm2 (0.1 µJ/cm2 per pulse), operating at repetition rates of
10 MHz for various perovskite films, was focused onto the sample using a ×100 objec-
tive. The resulting data were smoothed by averaging nearby data points spatially and
temporally. PL was collected across a region of 10 µm × 10 µm. [72]. Confocal PL and
time-resolved photoluminescence (TRPL) measurements in this thesis were performed at
Cambridge University. In addition, a time-correlated single photon counting technique is
used to record the transient photoluminescence signals, which is typically used to study
the charge carrier recombination kinetics in the perovskite field. The typical setup with
each component is shown in Figure 4.4. In short, the pulsed laser excites the perovskite
sample (which can be either a pure film or a perovskite film with a charge transport layer),
and then the luminescence is directed toward a detector. The detection unit measures the
time elapsed between the excitation laser pulse and the first photon emitted and recorded.
Because photon emission is a statistical process, the measurement is conducted at a high
repetition rate (kHz–MHz). This results in the generation of a histogram of photon emis-
sion times, which mirrors the luminescence decay observed in the sample. The average
radiative lifetime was used as a means to mathematically quantify the lifetime and sta-
tistically compare the decay times between samples, but it was stressed that no physical
model was involved in this.

4.3.3 UV-Vis Spectroscopy

UV-Vis spectroscopy is a powerful technique to quantify the absorption, transmission,
and reflection in ultra-violet and visible range.
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Figure 4.4: Sketch of the TRPL setup, typically consisting of a pulsed laser diode, photodetector,
and counting electronics. Reproduced from Ref. [71] with permission. Copyright 2020, Wiley-
VCH

Typically, a UV-Vis setup consists of three main components, that is, the light sources
for visible light (halogen lamp) and ultraviolet light (deuterium lamp), a monochromator
that narrows down the spectrum to a selected wavelength band, and a beam splitter that
divides the beam into a sample and a reference beam (Figure 4.5).

Figure 4.5: Sketch of a UV-Vis setup.

When light passes through the sample, the intensity of the transmitted light, It(λ), is
measured by a photodetector and compared with the incident radiation, I0(λ). The
absorbance A(λ) of the sample is defined by the Lambert-Beer law:

A(λ) = − log10

(
It(λ)
I0(λ)

)
= Lα(λ) log10(e) (4.4)
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where L and α(λ) are the thickness and the absorption coefficient of the material, respec-
tively. Therefore, by including the transparent substrate of the sample in the reference
beam, its contributions can be eliminated by logarithmic subtraction. The prerequisite
of light absorption for semiconducting materials is that the photon energy Eph is higher
than the bandgap energy Eg. In other words, the bandgap of a semiconducting sample
can be extracted from UV-Vis spectroscopy using the Tauc equation: [73]

(αhν)n = B (hν − Eg) (4.5)

where B and h refer to a constant and the Planck’s constant, respectively. By plotting
(αhν)n against photon energy hν, the bandgap can be extracted from the intersection on
the x-axis after linear extrapolation. The exponent n refers to the semiconductor material
with indirect bandgaps (n = 0.5) or direct bandgaps (n = 2). In addition, the Urbach
energy, which corresponds to the energetic disorder, can be extracted from the absorption
spectrum with a characteristic sharp band edge [74]. In practical measurements, baseline
correction typically involves blocking the probe beam entirely to establish 0% transmission
and allowing the probe beam to pass freely to establish 100% transmission. Typically,
the scan range is set from 500 to 900 nm, with a scan speed of 240 nm/min. The spectral
slit width is set to 1 nm, and depending on the sample, either a glass or ITO substrate is
used as the reference.

4.3.4 Transient Absorption Spectroscopy

Transient absorption spectroscopy (TAS) is used to unravel the photoexcited charge car-
riers of perovskite materials. In a TA measurement, a femtosecond pulse (that is pump
pulse) initiates the populations of excited states, which are then monitored by another
broadband femtosecond pulse (probe) with a varied time delay (Figure 4.6A). This delay
is controlled either by a mechanical delay stage for picosecond delay or an electrical delay
stage for nanosecond delay. By monitoring the difference in the transmission spectra of
the probe with and without pump pulse, time-resolved changes in the absorption of the
materials induced by the pump pulse can be retrieved and correlated with the evolution
of excited states. Therefore, the signal obtained from TA measurements is the relative
transmission change to the probe, given by:

∆T
T

= Tpump on − Tpump off

Tpump off

(4.6)

The resultant transmission difference spectrum contains three types of signals (Figure
4.6B):
• photoinduced absorption (PIA), ∆T < 0, might be due to a band renormalization, a
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self-trapped state, and an excited state absorption (ESA).
• ground state bleach (GSB), ∆T > 0, resulting from the reduction in optical density in
the region of the ground state absorption from the depletion of the ground state electronic
population and filling of excited states [75].
• stimulated emission (SE), ∆T > 0, due to a pump-induced emission from the sample,
which is located at similar energies of the photoluminescence of the sample.

Figure 4.6: (A) Sketch of a typical fs-TAS setup. (B) Illustration of the photobleach (PB),
photoinduced absorption (PIA), and stimulated emission (SE) processes. Reproduced from Ref.
[75] with permission. Copyright 2016, American Chemical Society.

TA measurements in this thesis were performed at Heidelberg University with commercial
TA spectrometers (Ultrafast Systems, HELIOS and EOS). The relative content of the
respective phase in RDPs can be quantified by the amplitude of the GSBs peak signal as
[76]:

pni =
∫ n

ni ∆AdE∫m
n ∆AdE (4.7)

where pni and ∆A are the relative content of the respective phase and the amplitude of the
GSBs signal of each phase, respectively. All TA data were collected for photoexcitation
at 430 nm with pump fluence of ∼ 200 µJ/cm2.

4.4 Solar Cell Characterization

4.4.1 Current density-Voltage measurement

The current density-voltage (J-V) was characterized using a Keithley 2611B source meter
under 1.5G illumination (class ABA, LOT-Quantum design GmbH, 100 W/m2). The light
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intensity was calibrated by a Si reference cell (Fraunhofer ISE019-2015). The Si reference
cell should give rise to a short circuit current of 47.95 mA under AM 1.5G illumination.
The PSCs were measured with a scan step of 10 mV, a scan speed of 50 mV s−1, and an
integration time of 100 ms. If not stated otherwise, the forward scan and reverse scan
are operated from -0.2 V to 1.2 V and from 1.2 V to -0.2 V in the case of n-i-p PSCs.
There are 6 solar cells per substrate with a substrate dimension of 2.5 cm × 2.5 cm.
The active area was defined by a metal aperture (0.079 cm2). All devices were measured
without encapsulation. The solar cell performance was calculated based on Python codes
(available at https://collab.dvb.bayern/display/TUMe13/Batch processing).

4.4.2 External Quantum Efficiency

The external quantum efficiency (EQE) is defined as the flux of electrons extracted from
a solar cell under operation divided by the incident photon flux. Measurements of EQE
spectra were made using a QTEST HIFINITY 5 (Crowntech Inc., USA) at room temper-
ature in the air. A standard Si single-crystal photovoltaic cell was used to calibrate the
light intensity.

4.5 Experimental Setups for X-ray Scattering
This section describes the experimental setups using sychronchon sources, the detailed
technical parameters, and data correction and processing.

Operando GISAXS/GIWAXS During Device Operation

Operando GISAXS/GIWAXS measurements are performed at the Austrian SAXS beam-
line (ELETTRA, Trieste, Italy) and the beamline P03 MiNaXS of the storage ring PETRA
III (DESY, Hamburg, Germany), respectively [77].
Regarding the operando experiment at ELETTRA, the X-ray wavelength is 1.550 Å,
corresponding to a photon energy of 8 keV. The scattering data were collected by a
Pilatus 1M detector (Detrics, pixel size of 172 µm) at an incidence angle of 0.4◦. The
sample-to-detector distance (SDD) was set to 1577.5 mm.
In terms of the operando setup at ELETTRA (Figure 4.7), the whole setup consists of a
home-made gas-flow setup, a solar simulator, a Keithley, a water-cooling system, and a
chamber with two attached Kapton windows on both front and back side. The working
temperature of the perovskite solar cell chamber was set to 25 ◦C by a water-cooling
system in order to eliminate the potential structure change induced by temperature. A
homemade gas-flow setup was applied to control the humidity of the whole device. The
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solar cell performance as a function of time was simultaneously obtained by a source
meter (Keithley 2600) at 120 s intervals. Notably, the relative humidity was set to 75 %
ramping up from the start.

Figure 4.7: Operando setup at ELETTRA, consisting of a pocket solar, a Julabo, and a solar
simulator.

In addition, static GIWAXS measurements (Chapter 6) were carried out with a Ganesha
300XL SAXS-WAXS instrument at a beam energy of 8.047 keV. The GIWAXS data was
recorded by a Pilatus 300 K (Detrics, pixel size of 172 µm) at a SDD of 95.67 mm, and
the incident angle was 0.6 ◦.
All GIWAXS data (in and ex situ) in Chapter 7 were collected at beamline P03 at PE-
TRA III synchrotron (DESY, Hamburg) [77]. In situ 2D GIWAXS data was collected
under an incidence angle of 0.4° with an X-ray beam energy of 11.8 keV and recorded
on a LAMBDA 9M detector (X-Spectrum), where the SDD was 243 mm. In the ki-
netic study of the film growth, the data was recorded with an exposure time of 0.2 s.
Operando GIWAXS data was collected under an incident angle of 0.6° with an electron
X-ray beam energy of 11.83 keV and a SDD of 354 mm, whereas an exposure time of 1
s was used. Angular-dependent X-ray scattering data was collected with an X-ray beam
energy of 12.92 keV and a SDD of 279.25 mm. The scattering depth is calculated in
https://gixa.ati.tuwien.ac.at/tools/penetrationdepth.xhtml [78].
The in-situ printing setup is depicted in Figure 4.8, where a portable photoluminescence
setup and atmosphere control can be integrated. The operando GIWAXS measurement
on the quasi-2D perovskite solar cells was done via the ISOS-L-1I protocol (i.e., under the
continuous bias scan and light illumination), using the same setup as mentioned earlier
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Figure 4.8: In-situ printing setup at DESY, Hamburg, with the main parts labeled.

at ELETTRA. In addition, the entire chamber was connected with cooling water (25 °C)
to preclude the temperature-induced degradation.
The positions of the beam center and SDD in all measurements were calibrated by fits to
the patterns of LaB6 and CeO2 with the DPDAK package [79]. The reshaped 2D GIWAXS
data, the line cuts, and the azimuthal integration of the scattering data were processed
with the Python tool INSIGHT [66]. The correction of SDD was done by calibrating the
ITO peak to q = 2.132 Å−1. The GIWAXS data in Chapter 7 was indexed according to
literature [80, 81].
A proper operando experiment should adhere to these protocols: conducting an X-ray
radiation damage test to determine the maximum exposure time of the sample; aligning
the sample, which includes determining the sample movement limit (especially crucial for
GISAXS measurements) and correcting for tilt; periodically checking the alignment due
to heat expansion. Notably, the sample holder is moved in tiny steps by the hexapod
before each individual X-ray measurement to minimize beam-induced damage.
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Chapter 5
Unraveling the Modification Effect at
NiOx/Perovskite Interfaces

The results shown in this chapter are retrieved from the publication: Unraveling the mod-
ification effect at NiOx/perovskite interfaces for efficient and stable inverted perovskite
solar cells (X. Kang, D. Wang, K. Sun, X. Dong, W. Hui, B. Wang, L. Gu, M. Li, Y. Bao,
J. Zhang, R. Guo, Z. Li, X. Jiang, P. Müller-Buschbaum, L. Song, Journal of Materials
Chemistry A, 11, 22982-22991 (2023)), reproduced from [67] with permission, copyright
2023, Royal Society of Chemistry. Kang et al., contributed to device fabrication and
performed SEM, FTIR, KPFM, and SEM characterizations.

Due to low costs and high light transmittance, solution-processed NiOx nanocrystals as
the hole transport layer (HTL) for inverted perovskite solar cells (PSCs) have attracted
great attention recently. Nevertheless, the intrinsic defects (Ni vacancies) in the NiOx

film and the I vacancies at the buried interface of the perovskite limit the performance
of PSCs. Thus, in this work, iodine-substituted phenyl acids are used to modify the
NiOx/perovskite layer interface. The results show that the acid functional groups have
strong coordination with Ni vacancies in the NiOx film, giving rise to a high conductivity
of NiOx films and thereby an improved hole transport capacity. The para-iodine gives the
molecule a larger dipole moment, leading to a better energy level alignment between NiOx

and the perovskite and thereby a favorable hole transfer through the NiOx/perovskite
interface. As a result, the PSC based on 4-iodophenylboronic acid yields a champion
power conversion efficiency (PCE) of 22.91% and an improved fill factor of 86.18%. The
non-encapsulated device maintains above 80% of its initial PCE after storing in N2 for
3000 h, under heating at 60 °C for 1000 h and in air with a relative humidity (RH) of
50−70% for 1000 h.
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5.1 Preface
Taking advantage of high efficiency, low costs, solution processability and long term op-
erational stability, PSCs have been identified as one of the most promising photovoltaic
technologies [82, 83, 84, 85, 86]. Among the device configurations, inverted PSCs have
attracted great attention in recent years due to their excellent operating stability, low hys-
teresis, and low temperature processability [87, 88]. Particularly, PCEs underwent a rapid
increase, which have been pushed well beyond 25% [89]. The hole transport layer (HTL)
plays a critical role in inverted PSCs because it determines the hole conductivity and crys-
tallization of perovskites. Poly(triarylamine) (PTAA) hinders the commercialization of
PSCs due to its strong hydrophobicity and poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) is substituted due to the energy level mismatch between the
HTL/perovskite layer and the carrier recombination at the interface [90, 91, 92, 93].
Other than that, self-assembled monolayers (SAMs) emerging in recent years typically
require complex synthesis and high costs and are unsuitable for large area deposition [94,
95, 96, 97]. Moreover, the intrinsic hole mobility is low. To address this issue, various
dopants featuring hygroscopicity and corrosivity are used to modify the electronic prop-
erties of organic HTMs. However, the obtained device stability will be negatively affected
[98, 99, 100, 101, 102, 103, 104].
Owing to superior physical and chemical stability, high light transmittance, ease of pro-
duction and low costs, the inorganic counterparts have gained significant research interest
in inverted PSCs [105, 106, 107, 108, 109, 110, 111, 112]. Among various species, NiOx is
an attractive and promising alternative with the additional merits of having an appropri-
ate energy level alignment with perovskites and a low hysteresis in device operation [113,
114, 115]. The intrinsic defects (Ni vacancies) in NiOx films are essential for hole conduc-
tivity, but they simultaneously cause the generation of defect energy levels and perovskite
degradation [116, 117, 118, 119]. Therefore, a proper modification at the NiOx/perovskite
interface is necessary. Halogen-substituted benzoic acids have been reported to modify
NiOx films, which could lower charge carrier recombination and achieve stable and effi-
cient inverted PSCs [120, 121]. On the one hand, acid groups were found to passivate
oxygen defects at the NiOx surface. On the other hand, halogen bonding allowed for
a strong reaction between the used molecules and perovskites, which was beneficial to
passivate defects and suppress ion migration in the perovskite films [120]. Therefore, the
modification molecules served as bridging agents at the interface as they had chemical
bonding with both NiOx and perovskite.
Inspired by these approaches, a series of iodine-substituted phenyl acids are used to modify
the NiOx/perovskite interface and present a systematic study on how the acid functional
groups and iodine locations at the benzene ring impact the photovoltaic performance

54



5.2. Solar Cell Performance and Morphology

of inverted PSCs. Different acid groups feature different coordination effects with the
NiOx film, consequently giving different degrees of modification on the semiconductor
properties of the NiOx. Among the used modifiers, 2-iodophenylboronic acid (2-IPBA)
is optimal due to the strongest coordination with Ni vacancies. In addition, the influ-
ence of iodophenyl functional groups by varying the iodine locations at the benzene ring
is further explored. The para-substituent gives a larger dipole moment than the ortho-
iodine, engendering a better energy level alignment between the NiOx and perovskite
and thereby a favorable hole transfer through the NiOx/perovskite interface. Moreover,
the halogen bonding between the 4-iodophenylboronic acid (4-IPBA) with perovskite is
stronger than for the 2-IPBA-perovskite interaction, leading to a decreased density of trap
states at the buried surface of the perovskite film. As a result, the 4-IPBA-based inverted
Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3 PSCs exhibited a champion PCE of 22.91% and a
fill factor (FF ) of 86.18%. The nonencapsulated devices retain 81.1%, 80.6% and 80.1%
of their initial PCEs after storing in N2 for 3000 h, in air with a relative humidity (RH)
of 50−70% and heating at 60 °C for 1000 h, respectively.

5.2 Solar Cell Performance and Morphology
The perovskite studied in this work is Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3. It has been
demonstrated that halogenated phenyl acids could efficiently modify NiOx layer surfaces,
leading to stable and efficient inverted perovskite solar cells [120, 121]. For a systematic
study, the influence of acid groups on the modification properties of NiOx thin films is
discussed. Following this concept, 2-iodobenzoic acid (2-IBA), 2-iodobenzenesulfonic acid
(2-IBSA), and 2-IPBA are selected to modify the NiOx layers (Figure 5.1).

Figure 5.1: Chemical structures of (A) 2-IBA, (B) 2-IBSA, and (C) 2-IPBA. Reproduced from
Ref. [67] with permission. Copyright 2023, Royal Chemistry of Society.

Figure 5.2A compares the current–voltage (J − V ) characteristics of the best-performing
PSCs without (control) and with different modifiers.
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Figure 5.2: (A) J–V curves of PSCs measured in both reverse and forward directions. (B)
EQE spectra with integrated Jsc curves and (C) steady-state photocurrents at maximum power
points of the control, 2-IBA-, 2-IBSA- and 2-IPBA-modified devices, respectively. SEM im-
ages of perovskite films deposited on (D) NiOx, (E) NiOx/2-IBA, (F) NiOx/2-IBSA, and (G)
NiOx/2-IPBA, respectively. Reproduced from Ref. [67] with permission. Copyright 2023, Royal
Chemistry of Society.

Table 5.1: Extracted champion photovoltaic parameters from J–V curves
samples scan direction VOC (V ) JSC

(mA · cm−2)
FF (%) PCE (%)

control forward 1.03 24.35 80.04 20.04
control reverse 1.02 23.50 75.82 18.23
W 2-IBA forward 1.06 24.20 80.81 20.77
W 2-IBA reverse 1.06 24.16 80.77 20.76
W 2-IBSA forward 1.10 23.95 80.97 21.37
W 2-IBSA reverse 1.10 23.84 81.09 21.28
W 2-IPBA forward 1.10 23.76 82.90 21.81
W 2-IPBA reverse 1.10 23.30 84.25 21.68

The extracted photovoltaic parameters are summarized in Table 5.1. It is noted that
the control device exhibits a champion PCE of 20.04%. With the introduction of iodine-
substituted phenyl acids, the obtained PCEs increased, reaching 20.77%, 21.37% and
21.81% for the 2-IBA-based, 2-IBSA-modified and 2-IPBA-treated devices, respectively.
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To verify the performance reliability, the PCE distributions are obtained out of 35 devices
for each type individually (Figure 5.3).

Figure 5.3: PCE statistics obtained from 35 individual control, 2-IBA, 2-IBSA, and 2-IPBA
modified PSCs. Reproduced from Ref. [67] with permission. Copyright 2023, Royal Chemistry
of Society.

Table 5.2: The average data collected out of 35 cells
samples VOC (V ) JSC

(mA cm−2)
FF (%) PCE (%)

control 1.03±0.01 24.23±0.27 79.89±1.32 20.06±0.15
W 2-IBA 1.06±0.01 24.19±0.16 80.93±0.14 20.61±0.24
W 2-IBSA 1.10±0.01 23.95±0.19 80.32±0.21 21.20±0.17
W 2-IPBA 1.10±0.01 23.57±0.33 82.08±0.71 21.70±0.14

The average data collected out of 35 cells are summarized in Table 5.2 and the value is the
highest for the 2-IPBA-treated cells as well. Figure 5.2B displays the external quantum
efficiency (EQE) spectra of these four types of PSCs, in which the integrated JSC values
agree well with the values obtained from J − V sweeps. The observed PCE improvement
mainly originates from the enhancement of FF and VOC (Table 5.1). The steady-state
photocurrent outputs at the maximum power points show higher photocurrents over time
in the device based on NiOx/2-IPBA (Figure 5.2C) among other types of PSCs. The
differences in the device performance induced by different acid groups are discussed in
detail regarding their interaction with NiOx in the following.
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To investigate the influence of 2-IBA, 2-IBSA and 2-IPBA treatments on the morphology
of the perovskite films, plan view scanning electron microscope (SEM) measurements are
carried out and the obtained results are displayed in Figure 5.2D−G. All films present
a dense structure composed of closely packed perovskite crystals. However, the grain
sizes differ. The control sample features an average size of about 200 ± 44.76 nm. With
the modification at the NiOx/perovskite interface, an increase in the average grain size is
observed, reading 278 ± 65.66 nm for the 2-IBA-modified perovskite film, 267 ± 49.60 nm
for the 2-IBSA-modified perovskite sample and 290 ± 54.58 nm for the 2-IPBA-modified
perovskite film (Figure 5.4).

Figure 5.4: Size distributions of the perovskite grains deposited on (A) NiOx, (B) NiOx/2-
IBA, (C) NiOx/2-IBSA, and (D) NiOx/2-IPBA, respectively. Reproduced from Ref. [67] with
permission. Copyright 2023, Royal Chemistry of Society.

The increased grain size is ascribed to the improved hydrophobicity of the NiOx film after
modification, which is verified by contact angle measurements (Figure 5.5). It is found
that all modified NiOx films are more hydrophobic than the control sample. A similar
observation was reported by Su et al., who found that an improved hydrophobicity of
the deposited substrate gave rise to an increased perovskite-grain size due to the reduced
nucleation sites induced by the higher surface energy [122]. From the cross-sectional SEM
images, the thicknesses of all perovskite films are determined to be about 700 nm (Figure
5.6).

58



5.2. Solar Cell Performance and Morphology

Figure 5.5: Contact angle testing for (A) the NiOx, (B) NiOx/2-IBA, (C) NiOx/2-IBSA, and
(D) NiOx/2-IPBA substrates. Reproduced from Ref. [67] with permission. Copyright 2023,
Royal Chemistry of Society.

5.2.1 Crystallinity and Orientation

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements give crystalline
information about the whole film. The reshaped 2D-GIWAXS data are shown in Fig-
ure 5.7A−D. The perovskite films deposited on NiOx, NiOx/2-IBA, NiOx/2-IBSA and
NiOx/2-IPBA display characteristic diffraction rings at q ∼ 1, 2, and 2.2 Å−1, which
correspond to the (110), (220), and (310) crystal planes, suggesting that 2-IBA, 2-IBSA
and 2-IPBA treatments do not alter the crystal phase (the signal at q ∼ 0.5 Å−1 is from

Figure 5.6: Cross-sectional SEM images of the perovskite films deposited on the (A) NiOx/2-
IBA, (B) NiOx/2-IBSA, and (C) NiOx/2-IPBA substrates. Reproduced from Ref. [67] with
permission. Copyright 2023, Royal Chemistry of Society.
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Figure 5.7: Reshaped 2D GIWAXS data obtained from the perovskite films deposited on (A)
NiOx, (B) NiOx/2-IBA, (C) NiOx/2-IBSA, and (D) NiOx/2-IPBA, respectively. The vertical
black stripes at qr = -0.5–0.2 Å−1 and qr = 0.8–1.1 Å−1 are due to the inter-module detec-
tor gaps. Azimuthal tube integrals are performed on (110) diffraction rings with an angular
width of qr = 0.97–1.02 Å−1 of perovskite films deposited on (E) NiOx, (F) NiOx/2-IBA, (G)
NiOx/2-IBSA, and (H) NiOx/2-IPBA, respectively. Reproduced from Ref. [67] with permission.
Copyright 2023, Royal Chemistry of Society.

Kapton windows at the beamline, which consequently is not related to perovskite films).
From the sector-averaged integrals of the 2D-GIWAXS data, the position of the diffrac-
tion peak was not shifted in the perovskite layer deposited on all modified NiOx films
compared to the control sample, indicating that the halogenated benzoic acid did not
affect the crystal structure of the perovskite (Figure 5.8). To further study the crystal
orientation induced by the modification molecules, azimuthal tube cuts are performed on
the (110) peaks of the 2D-GIWAXS data with an angular width of qr = 0.97−1.02 Å−1

(Figure 5.7E−H). The perovskite crystals in all simples have preferred orientations at χ
∼ 0°, 40° and 65°, but the full width at half maximum (FWHM) and degree of orientation
(DoO) of the corresponding peaks differ (Table 5.3). In detail, the FWHM values decrease
and the DoO values increase for the peak at χ ∼ 0°. However an opposite trend is shown
in the peak at χ ∼ 65°, in which the FWHM values increase but the DoO values reduce.
This observation indicates that the interfacial molecules shift the orientation of the (110)
crystal plane from χ ∼ 65° to normal to the substrate and increase the grain size. This is
expressed remarkably in the perovskite sample based on the NiOx/2-IPBA, in which the
smallest FWHM and the largest DoO are present for the peak at χ ∼ 0°.
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Figure 5.8: The sector-averaged integrals obtained from the 2D GIWAXS data for the per-
ovskite films deposited on the NiOx, NiOx/2-IBA, NiOx/2-IBSA and NiOx/2-IPBA substrates.
Reproduced from Ref. [67] with permission. Copyright 2023, Royal Chemistry of Society.

Table 5.3: FWHM and DoO parameters from Figure 5.7E-H
samples χ∼0° χ∼40° χ∼65°

NiOx/PVK FWHM 52.18 48.24 17.68
NiOx/PVK DoO 2.34% 28.06% 11.20%
NiOx/2I-BA/PVK FWHM 34.41 31.81 41.76
NiOx/2I-BA/PVK DoO 5.58% 30.38% 15.62%
NiOx/2I-BSA/PVK FWHM 20.57 41.14 36.91
NiOx/2I-BSA/PVK DoO 6.21% 22.48% 10.64%
NiOx/2I-PBA/PVK FWHM 8.37 43.66 242.76
NiOx/2I-PBA/PVK DoO 8.02% 18.58% 8.28%

According to the literature, the growth of perovskite crystals is closely related to the
substrate surface [122], and an ordered crystal orientation with a large grain size along
the (110) direction is believed to have a positive effect on the charge carrier transport.

5.3 Optoelectronic Properties and Chemical Reaction
The UV/Vis absorption spectra of the perovskite films are shown in Figure 5.9A.
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Figure 5.9: (A) UV-vis absorption spectra, (B) steady-state PL spectra, and (C) TRPL spec-
tra of perovskite films deposited on the NiOx, NiOx/2-IBA, NiOx/2-IBSA, and NiOx/2-IPBA
substrates, respectively. XPS spectra of the Ni 2p region for (D) NiOx, (E) NiOx/2-IBA, (F)
NiOx/2-IBSA, and (G) NiOx/2-IPBA films, respectively. Reproduced from Ref. [67] with per-
mission. Copyright 2023, Royal Chemistry of Society.

Generally, higher absorption is observed in the whole visible range for the modified samples
than the control film, which is due to the larger grains induced by the halogenated phenyl
acids. The photoluminescence (PL) curves show a reduced PL intensity in the modified
films compared to the control sample (Figure 5.9B), indicating that the charge carrier
transfer is more efficient in the presence of halogenated phenyl acids. This phenomenon is
the most significant in the 2-IPBA-modified sample. Time-resolved PL (TRPL) spectra
further confirm this conclusion (Figure 5.9C). Biexponential decay functions are used to
fit these TRPL data and the obtained parameters are summarized in Table 5.4.

Table 5.4: Fitted TRPL parameters from Figure 5.9C
samples τ1 (ns) τ2 (ns) A1 A2 ave.

(ns)
NiOx/PVK 20.75 149.46 39.84% 60.16% 98.18
NiOx/2I-BA/PVK 20.14 144.81 40.43% 59.57% 94.41
NiOx/2I-BSA/PVK 19.76 143.88 38.34% 61.66% 96.29
NiOx/2I-PBA/PVK 19.38 136.86 37.41% 62.59% 92.91

The fast decay process is associated with the transfer of photogenerated charge carriers
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from the perovskite film to the NiOx substrate. For the control sample, the fast decay
lifetime (τ1) is about 20.8 ns. After the modification of the NiOx/perovskite interface, τ1

decreases and the 2-IPBA-modified sample exhibits the smallest value of 19.4 ns. This
occurrence suggests that the charge carrier transfer to the modified NiOx layers is more
efficient. In order to clarify the difference in the morphology and optoelectronic properties
of these samples, the interaction between the halogenated phenyl acids and NiOx is inves-
tigated with X-ray photoelectron spectroscopy (XPS) measurements (Figure 5.9D−G).
It can be seen that Ni 2p signals for the control sample demonstrate two peaks located
at binding energies of 853.75 and 855.42 eV, which originate from Ni2+ and Ni3+ (Ni
vacancies) in NiOx, respectively, according to the reported literature [123]. Based on the
integral area of both peaks, the ratio of Ni3+/Ni2+ is determined to be 3.05. For all mod-
ified samples, the Ni2+ peaks remain almost unchanged but the Ni3+ peaks shift towards
higher binding energies. This occurrence implies that the acid functional groups of the
used halogenated phenyl acids interact with Ni vacancies in the NiOx films. Because of
the presence of an unoccupied orbital in boron, the borate groups exhibit the strongest
ability to accept electron pairs, while the carboxylate groups demonstrate the weakest
ability. As a result, the relative shift observed is the largest for the 2-IPBA-modified
NiOx and the smallest for the 2-IBA-treated sample. Moreover, the ratio of Ni3+/Ni2+

decreases after modification as compared to the control sample, reading 2.59, 2.56 and
2.63 for the 2-IBA-, 2-IBSA- and 2-IPBA-treated NiOx. To study the difference in the
Ni3+/Ni2+ ratio, the NiOx film before thermal annealing is investigated with XPS mea-
surements as well (Figure 5.10). The ratio is determined to be 2.52 in this sample. The

Figure 5.10: XPS spectra of Ni 2p for the NiOx film before thermal annealing. Reproduced
from Ref. [67] with permission. Copyright 2023, Royal Chemistry of Society.
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similar ratio values in the NiOx samples after modification and before annealing indicate
that the deposited halogenated phenyl acids could seclude NiOx from oxygen to further
inhibit the expansion of Ni vacancies during thermal annealing.
However, the conductivity of the modified NiOx is better than that of the control sam-
ple (Figure 5.11), which seems to contradict the fact that the higher Ni3+ concentration
typically gives a higher conductivity of NiOx films [124].

Figure 5.11: I–V curves of the NiOx, NiOx/2-IBA, NiOx/2-IBSA and NiOx/2-IPBA films,
respectively. Reproduced from Ref. [67] with permission. Copyright 2023, Royal Chemistry of
Society.

This is because the ability to accept electron pairs of the used halogenated phenyl acids
allows for the decrease of minority electron density in the p-type NiOx films, leading
to a decreased charge carrier recombination probability and thereby an increased hole
transport ability. As a result, FF improvement occurs with the modification of NiOx

films and the 2-IPBA device gives the highest FF . Furthermore, the decreased content of
Ni vacancies will introduce fewer defect energy levels in the NiOx film, which contributes
to a higher VOC for the modified devices than the control one. In addition, the O 1s
spectra show a decreased peak intensity of the −OH groups (located at 532.44 eV) in
the NiOx film after modification (Figure 5.12).This occurrence is due to the fact that
the acid radical groups could react with the −OH groups in the NiOx films as well. This
conclusion is further verified with Fourier transform infrared (FTIR) spectroscopy (Figure
5.13), in which the ν(O−H) peaks located at ∼3500 cm−1 decrease in intensity after the
modification. The reduced −OH groups contribute to the improved hydrophobicity of the
modified films, which is in line with the results from the aforementioned contact angle
measurements (Figure 5.5).
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Figure 5.12: XPS spectra of O 1s for (A) the NiOx, (B) NiOx/2-IBA, (C) NiOx/2-IBSA, and
(D) NiOx/2-IPBA films. Reproduced from Ref. [67] with permission. Copyright 2023, Royal
Chemistry of Society.

Furthermore, it has been reported that −OH groups at the NiOx surface could trigger a
deprotonation reaction with the deposited perovskite layer, which could cause perovskite
degradation [125, 126]. Thus, the chemical reaction between the used acids and −OH
groups is conducive to the device stability in this work.

5.4 Impact of Iodine Locations on the Optoelectronic
Properties.

In general, the used iodine-substituted phenyl acids are efficient in modifying the NiOx

film regarding the performance improvement of inverted PSCs. Among others, the 2-
IPBA is optimal. Its borate group is found to have the strongest coordination with Ni
vacancies in the NiOx films, which also inhibit the increase of Ni3+ density. This results
in the highest conductivity and reduced defects in the modified NiOx film, giving an en-
hanced FF and VOC for the final photovoltaic devices. In addition to the acid functional
groups, the influence of the iodophenyl functional groups on the performance of PSCs
with respect to the iodine locations at the benzene ring is further explored.
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Figure 5.13: FT-IR spectra of the NiOx, NiOx/2-IBA, NiOx/2-IBSA, and NiOx/2-IPBA films.
Reproduced from Ref. [67] with permission. Copyright 2023, Royal Chemistry of Society.

Since the inverted PSCs with iodophenylboronic acids exhibit the best performance from
the above research, 2-IPBA and 4-IPBA are selected as the candidates to understand
why different iodine locations at the benzene ring produce different modification effects
at the NiOx/perovskite interfaces. Thus, the following studies focus on the impact of the
iodine locations on the device performance. The energy band structures of the modified
NiOx films are studied with ultraviolet photoelectron spectroscopy (UPS) measurements.
From the secondary electron cut-off (Ecutoff ) spectra (Figure 5.16A), the Fermi level (EF)
values are determined to be 4.54 eV, 4.63 eV, 4.67 eV for the control, 2-IPBA-treated and
4-IPBA-modified NiOx films, respectively. Furthermore, Kelvin probe force microscopy
(KPFM) is used to gain an overview of the surface potential of the NiOx films (Figure
5.14). The surface potential of NiOx/4-IPBA is larger than that of NiOx/2-IPBA, suggest-
ing an increased work function (WF) after 4-IPBA treatment, which is consistent with
the UPS results. Figure 5.15 demonstrates the dipole moments of the used molecules,
in which the 4-IPBA has a larger dipole moment (4.55 D) than the 2-IPBA (2.85 D).
The dipole moments of the used molecules are calculated using density functional theory
(DFT) and the molecular structure is optimized at the B3LYP/6-31G (d, p) level with
the program Gaussian 09. Since acid groups attach to the NiOx-film surface, the negative
end of the dipole moment points toward the NiOx substrate and the positive end points
upward. In this way, a shift of the vacuum level of the electron energy band at the inter-
face occurs [127, 128], which causes the Ecutoff shift of the modified NiOx films in Figure
5.16A and the shift is much larger for the 4-IPBA-treated film.
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Figure 5.14: KPFM images of (A) the NiOx/2-IPBA and (B) NiOx/4-IPBA films. Reproduced
from Ref. [67] with permission. Copyright 2023, Royal Chemistry of Society.

From the valence band curves (Figure 5.16B), the energy gaps between EF and valence
band maximum (VBM) are determined, reading 0.67 eV, 0.80 eV and 0.85 eV for the con-
trol, 2-IPBA-treated and 4-IPBA-modified samples. This observation can be interpreted
by the XPS results in Figure 5.9D−G as the gap values are related to the content of
Ni vacancies, in which the higher Ni3+ density leads to a stronger p-type semiconductor.
Moreover, the VBM levels of the control, 2-IPBA-treated and 4-IPBA-modified samples
are calculated to be -5.21 eV, -5.43 eV and -5.52 eV, respectively. Based on the UPS
results, a schematic band diagram of the NiOx/perovskite interface is pictured in Figure
5.16. It is noted that the energy level offset between the VBM and perovskite is the
smallest for the 4-IPBA-modified sample, which facilitates hole transfer from perovskite
to NiOx. This conclusion is verified by PL and TRPL measurements on the perovskite
films with the modified NiOx substrates.

Figure 5.15: Molecular structures and dipole moments of (A) 2-IPBA and (B) 4-IPBA molecules.
Reproduced from Ref. [67] with permission. Copyright 2023, Royal Chemistry of Society.
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Figure 5.16: UPS spectra of (A) secondary electron cut-off and (B) valence band for the
NiOx, NiOx/2-IPBA, NiOx/4-IPBA and perovskite samples, respectively. (C) The corresponding
energy level diagram. (D) Steady-state PL spectra and (E) TRPL spectra of perovskite films
deposited on the NiOx/2-IPBA and NiOx/4-IPBA films, respectively. (F) Dark J–V and (G)
SCLC curves of the devices based on NiOx/2-IPBA and NiOx/4-IPBA substrates, respectively.
Reproduced from Ref. [67] with permission. Copyright 2023, Royal Chemistry of Society.

In Figure 5.16D, a reduced PL intensity is observed in the 4-IPBA/perovskite sample
than the 2-IPBA-based film, suggesting more efficient hole extraction in the presence of
larger dipole moments. From the modeling of TRPL data (Figure 5.16E), t1 is extracted
to be 16.41 ns for the 4-IPBA/perovskite film (Table 5.5).

Table 5.5: Fitted TRPL parameters from Figure 5.16E
samples τ1 (ns) τ2 (ns) A1 A2 ave.

(ns)
NiOx/4I-PBA/PVK 16.41 137.80 42.58% 57.42% 86.11

Compared to the 2-IPBA/perovskite sample (Figure 5.9C), the decreased t1 implies that
larger dipole moments at the interface benefit the hole transfer from the perovskite to
NiOx. This is verified by the dark-current measurements. Figure 5.16F shows that the
dark current of the 4-IPBA-modified device is lower than that of the control PSC over the
applied bias, depicting a reduced trap-meditated recombination. To quantitatively ana-
lyze the density of trap states, the space charge-limited current (SCLC) measurements are
performed on the hole-only devices (Figure 5.16G). The trap-filled limit voltage (VTFL)
values are determined to be 0.092 and 0.081 V for the 2-IPBA- and 4-IPBA-modified
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devices, which correspond to densities of trap states (Nt) of 1.29 × 1015 and 1.13 ×
1015 cm−3, respectively. The light-intensity dependent Voc is displayed in Figure 5.17A.
For the NiOx/4-IPBA device, the linear slope (1.27 kBT/q) is smaller than that of the
NiOx/2-IPBA device (1.45 kBT/q), where kB, T , and e represent the Boltzmann con-
stant, temperature, and elementary charge, respectively. The reduction in ideality factor
demonstrates that a significant amount of defect-assisted recombination has been sup-
pressed in the NiOx/4-IPBA device. The power-law equation describes how Jsc and light
intensity are related: JSC ∝ Iα, (where I and a, respectively, stand for light intensity and
the exponential factor). The corresponding plot is shown in Figure 5.17B.

Figure 5.17: (A) VOC and (B) JSC versus light intensity of PSCs with the 2-IPBA and 4-IPBA
modification. Reproduced from Ref. [67] with permission. Copyright 2023, Royal Chemistry of
Society.

The a value of the device based on NiOx/4-IPBA (a = 0.998) is closer to 1 as compared
to that of the NiOx/2-IPBA device (a = 0.991), indicating the reduced trap-assisted re-
combination. The larger dipole moments lower the hole transport barrier and suppress
charge carrier recombination, which consequently facilitates the extraction of holes from
perovskites and hole transfer to the anode. This may lead to a higher FF in the pho-
tovoltaic device. To clarify the difference in the density of trap states, the interaction
between iodophenylboronic acids and perovskite is investigated with XPS measurements
(Figure 5.18A). For the perovskite sample, the I 3d core level exhibits two main peaks
located at 630.31 and 618.81 eV, corresponding to I 3d3/2 and I 3d5/2, respectively. How-
ever both peaks shift towards higher binding energies in the modified films. I atoms in
iodophenylboronic acid (Lewis acid) can coordinate with the uncoordinated I− (Lewis
base) in perovskites through halogen bonds, which are stronger in the 4-IPBA/perovskite
sample. Halogen bonds have been demonstrated to passivate the perovskite buried inter-
face efficiently [120]. The stronger coordination leads to larger sized perovskite grains with
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the 4-IPBA treatment, which is visible in plan-view (Figure 5.18B) and cross-sectional
SEM images (Figue 5.18C and Figure 5.6C). The 2D-GIWAXS data and the sector-
averaged integrals show no obvious changes in peak positions for the 4-IPBA-modified
perovskite film compared to the 2-IPBA-treated one (Figure 5.18D−E). However, the az-
imuthal tube cuts based on the (110) peak depict a slight change (Figure 5.18F), in which
a smaller FWHM (8.17) and a larger DoO are observed for the peak at χ ∼ 0° (10.46%).
This observation indicates that the para-substituents further induce larger crystals with
a preferred orientation normal to the substrate.

Figure 5.18: (A) XPS of the I 3d core level of the perovskite thin films without treatment,
with 2-IPBA and 4-IPBA, respectively. (B) Plan-view SEM of the perovskite thin film deposited
on NiOx/4-IPBA. (C) Cross-sectional SEM images of the perovskite thin films deposited on
NiOx/4-IPBA. (D) 2D GIWAXS data of perovskite thin films deposited on NiOx/4-IPBA. (E)
The sector-averaged integrals of the 2D-GIWAXS data of perovskite deposited on NiOx/4-IPBA.
(F) Azimuthal tube integrals are performed on (110) diffraction rings with an angular width of
qr = 0.97–1.02 Å−1 of perovskite films deposited on NiOx/4-IPBA. Reproduced from Ref. [67]
with permission. Copyright 2023, Royal Chemistry of Society.

5.5 Long-term Stability
The J − V characteristics of the 4-IPBA-based inverted PSCs are depicted in Figure
5.19A. The best-performing PSC is examined to have a champion PCE of 22.91% with
a VOC of 1.08 V , a JSC of 24.42 mA/cm2, and a FF of 86.18%, which are superior to
the performance of other devices with the halogenated phenyl acid-modified NiOx HTLs.
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Figure 5.19: (A) J–V curves of the 4-IPBA-based PSC measured in the reverse and forward
directions and the steady-state photocurrent output at the maximum power point (inset). (B)
EQE spectrum and the corresponding integrated JSC curve. (C) PCE statistics obtained from
35 4-IPBA-treated PSCs. Storage stability in (D) N2 atmosphere at 25 °C for 3000 h, (E) 60
°C for 1000 h and (F) air (RH of 50–70%, 25 °C) for 1000 h. PCEs are normalized to their
initial values. Reproduced from Ref. [67] with permission. Copyright 2023, Royal Chemistry of
Society.

The steady-state photocurrent output at the maximum power point shows that the de-
vice based on the NiOx/4-IPBA substrate exhibits a higher photocurrent (22.18 mA/cm2)
over time than the NiOx/2-IPBA-based device (21.28 mA/cm2) (Figure 5.19A and Figure
5.2C). EQE measurements are carried out to verify the JSC reliability (Figure 5.19B). By
integrating the EQE data over the whole measured spectrum, the JSC is calculated to be
23.45 mA cm−2, which is line with the value extracted from the J − V curve. A PCE
statistical plot is given in Figure 5.19C, demonstrating good device reproducibility. Other
photovoltaic parameters are displayed in Figure 5.20. Furthermore, the durability test
against elevated temperatures and moisture is carried out on both inverted PSCs. After
storage in a nitrogen glovebox at room temperature under ambient light illumination for
3000 h, the 2-IPBA- and 4-IPBA-based devices retain 61.5% and 81.0% of their initial
PCEs, respectively (Figure 5.19D).
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Figure 5.20: (A) VOC , (B) JSC , and (C) FF statistics obtained from 35 PSCs with the 4-IPBA
modification. Reproduced from Ref. [67] with permission. Copyright 2023, Royal Chemistry of
Society.

For thermal stability, both cells are aged at an elevated temperature of 60 °C in a nitrogen
glovebox under ambient light illumination for 1000 h, 47.2% and 19.9% PCE losses are
found in the 2-IPBA- and 4-IPBA-based PSCs, respectively (Figure 5.19E). For the water-
vapor stability, the 2-IPBA- and 4-IPBA-modified cells are exposed to air with a RH of
50−70% under ambient light illumination at room temperature for 1000 h, showing the
remaining PCEs of 60.6% and 80.6%, respectively (Figure 5.19F). It is noted that 4-
IPBA-based PSCs exhibit a better device stability than the 2-IPBA-modified devices
regarding storage in a N2 atmosphere, thermal aging, and moisture resistance. Moreover,
the modified inverted PSCs generally demonstrate much better device stability than those
control cells as they undergo severe performance decay under the same aging conditions
(Figure 5.21).

Figure 5.21: Normalized PCEs of the control device stored in (A) N2 atmosphere at 25 °C for
3000 h, (B) 60 °C for 1000 h, and (C) air (RH of 50-70%, 25 °C) for 1000 h. Reproduced from
Ref. [67] with permission. Copyright 2023, Royal Chemistry of Society.

Firstly, the interaction between the used molecules and the NiOx is verified to inhibit the
expansion of Ni vacancies and to reduce the density of −OH groups at the film surface,
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leading to improved device stability. It has been demonstrated that Ni vacancies had a
strong oxidation ability, in which iodide ions could be oxidized to iodine [116]. And −OH
groups were found to degrade the perovskite by introducing positive charge defects [126].
Secondly, I atoms in iodophenylboronic acids can coordinate with the uncoordinated I-
(Lewis base) at the perovskite buried interface via halogen bonding to strengthen the
structural stability of the device. Han et al. verified that the halogen bonds inhibited
the formation of the voids at the NiOx/perovskite interface under a light soaking aging
test with 1-sun illumination and the voids were the trigger of the perovskite degradation
[120]. The strongest coordination effect between the 4-IPBA and perovskite accounts for
the best device stability.

5.6 Conclusion
A systematic study on the modification of NiOx/perovskite interfaces with iodine-substituted
phenyl acids for inverted perovskite solar cells is performed. First, the influence of differ-
ent acid groups on the photovoltaic performance is investigated. Generally, the modified
devices achieve a better performance than the control cells. It is found that the iodine-
substituted phenyl acids can seclude NiOx from oxygen to further inhibit the Ni vacancy
expansion during thermal annealing, which results in fewer defect energy levels in the
NiOx film. This occurrence interprets higher VOC values in the modified devices. More-
over, the acid groups are found to coordinate with Ni vacancies in the NiOx films, leading
to a decreased charge carrier recombination probability and thereby an increased hole
transport ability. Among the studied iodine-substituted phenyl acids, the modification
with 2-IPBA is optimal, which exhibits a champion PCE of 21.81%. The influence of
iodophenyl functional groups on the device performance from the aspect of iodine lo-
cations at the benzene ring is also investigated. Owing to a larger dipole moment, the
4-IPBA-modified NiOx film has a better energy level alignment with the perovskite, which
consequently facilitates the hole extraction from perovskites and hole transfer to the an-
ode. Furthermore, the stronger coordination between 4-IPBA and perovskite via halogen
bonding leads to larger sized perovskite grains and a reduced density of trap states. As a
result, the 4-IPBA-based inverted PSC shows a champion PCE of 22.91% with negligible
hysteresis. The device demonstrates excellent long-term stability, which retains 81.04%,
80.56% and 80.07% of the initial PCE values after storage in N2 for 3000 h, at an ele-
vated temperature of 60 °C and in air with relative humidity (RH) of 50−70% for 1000
h, respectively. This work illustrates a basic understanding of how iodine-substituted
phenyl acids improve the NiOx/perovskite interface, providing general guidance to design
interfacial modification molecules for efficient and stable inverted PSCs.
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Chapter 6
Degradation of Perovskite Solar Cells under
Light and Humidity

The results shown in this chapter are extracted from the publication: Morphological In-
sights into the Degradation of Perovskite Solar Cells under Light and Humidity (K. Sun,
R. Guo, Y. Liang, J. E. Heger, S. Liu, S. Yin, M. A. Reus, L. V. Spanier, F. Deschler, S.
Bernstorff, P. Müller-Buschbaum, ACS Applied Materials & Interfaces, 15, 30342-30349
(2023)), reproduced from [48] with permission, copyright 2023, American Chemical Soci-
ety.

Perovskite solar cells have achieved competitive power conversion efficiencies compared
with established solar cell technologies. However, their operational stability under differ-
ent external stimuli is limited, and the underlying mechanisms are not fully understood.
In particular, an understanding of degradation mechanisms from a morphology perspec-
tive during device operation is missing. Herein, I investigate the operational stability of
PSCs with CsI bulk modification and a CsI-modified buried interface under AM 1.5G
illumination and 75 ± 5% relative humidity, respectively, and concomitantly probe the
morphology evolution with grazing-incidence small-angle X-ray scattering. I find that
volume expansion within perovskite grains, induced by water incorporation, initiates the
degradation of PSCs under light and humidity and leads to the degradation of device
performance, in particular, the fill factor and short-circuit current. However, PSCs with
modified buried interface degrade faster, which is ascribed to grain fragmentation and
increased grain boundaries. In addition, a slight lattice expansion and PL redshifts in
both PSCs after exposure to light and humidity are revealed. The detailed insights from
a buried microstructure perspective on the degradation mechanisms under light and hu-
midity are essential for extending the operational stability of PSCs.

75



Chapter 6. Degradation of Perovskite Solar Cells under Light and Humidity

6.1 Preface
Organic–inorganic hybrid perovskites with intriguing properties like long charge carrier
diffusion length and large absorption coefficient are attracting tremendous attention as
one of the most promising next-generation photovoltaic materials [129, 130]. The power
conversion efficiency (PCE) of state-of-the-art perovskite solar cells (PSCs) has risen to
25.6% with the help of composite engineering [129, 131, 132], surface passivation, and in-
terface engineering [133, 134]. In contrast to the significant improvement in PCE recently
achieved, the operational stability with respect to different stresses, however, remains a
major drawback toward the commercialization of PSCs. Therefore, understanding degra-
dation mechanisms under operation conditions with the presence of different stresses is
the prerequisite to further improve the operation stability and longevity of PSCs.
Previous works have shown that mixed halide perovskites undergo phase segregation when
consecutively exposed to 1 sun illumination (AM 1.5G), resulting in the formation of
halide-rich domains and localized variations in the materials bandgap [135, 136, 137].
This change would further cause the reduction of the open circuit voltage (VOC) and
charge carrier mobility, which is detrimental to the device performance [138, 139, 140,
141]. Additionally, direct evidence shows that in the presence of moisture, particularly
under high humidity, perovskites form phase segregation during the operation[50] and
decompose to hydrate products and, eventually, lead iodide (PbI2) [142, 143, 47]. In
addition to hydrate phases, when water penetrates perovskite solar cells, it also leads to
enhanced ion migration and further deteriorates the solar cell performance [49].
However, it was also reported that upon exposure to either light or moisture alone, no
decomposition or spatial changes can be found in the case of Cs0.15FA0.85PbI3, where
FA and Cs are formamidinium (FA) and cesium (Cs), respectively [144]. In addition to
the aforementioned circumstances, a lower level of humidity has limited impacts on the
perovskite stability [145, 33, 146].
Thus, understanding the operational stability of PSCs under light and high humidity
should be prioritized. Moreover, a study of the buried microstructure evolution of PSCs
during operation, particularly the buried interface, where the deep-level trap states are
accumulated [147], is still lacking, mainly due to their non-easily accessible characteristics.
Grazing-incidence small-angle X-ray scattering (GISAXS) featuring high statistics via a
large probing area, has proven to be a powerful and non-destructive tool for tracking
buried structures in real time during device operation [62, 148, 149, 150, 151]. In addition,
GISAXS can differentiate changes through different scattering length densities of different
materials, which enables tracking changes of the active layer during device operation.
To the best of our knowledge, there is no study monitoring the real-time evolution of
PSCs’ buried structures under high humidity and light during device operation. There-
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fore, it is of particular interest to investigate the operational stability through GISAXS
in the presence of light and high humidity from a morphological and optoelectronic per-
spective.
Composition engineering and interface engineering, particularly buried interface modifi-
cation, have already been successfully applied to increase the PSC performance [129, 152,
153, 154]. In this regard, I use the component of (MAPbBr3)0.08(FAPbI3)0.92 as MAFA
solar cells and dope cesium iodide (CsI) in the perovskite precursor, hereby denoted as
CsMAFA. In the second case, to form a strengthened buried interface, CsI is added in the
hole-blocking layer (HBL) to interact with the excess lead iodide (PbI2) in the perovskite
layer, hereby denoted as CsI-HBL.
In the present work, I concomitantly investigate the evolution of different PSC perfor-
mances and related morphological changes under AM 1.5G illumination and 75 ± 5%
relative humidity. I find that the CsI-HBL PSCs experience a faster decay, while Cs-
MAFA PSCs show great potential in their stability against light and humidity. Notably,
device degradation is highly related to the morphology change of the perovskite layer.
Operando GISAXS measurements show that volume expansion drives the PSCs degra-
dation under light and humidity independent of the modification method, whereas grain
fragmentation along with increased grain boundaries (GBs) in CsI-HBL devices after aging
causes the deterioration of the solar cell performance. Moreover, a slight lattice expansion
and photoluminescence redshift are disclosed by ex situ grazing-incidence wide-angle X-
ray scattering (GIWAXS) and photoluminescence (PL), respectively. As such, I highlight
the importance of bulk defect passivation and the reduction of small grains and grain
boundaries in terms of enhancing the longevity of PSCs against external stimuli.

6.2 Solar Cell Evolution under Light and Humidity
The PSCs were fabricated using a one-step deposition method with the architecture of
indium tin oxide (ITO)/SnO2/perovskite/spiro-OMeTAD/Au, as illustrated in Figure
6.1A. Details of the fabrication process can be found in Chapter 3. A blueshift in both
the absorption and PL spectra is observed (Figure 6.2A), manifesting the incorporation
of CsI in the perovskite components. In addition, smooth and pinhole-free MAFA and
CsMAFA films are displayed in Figure 6.2B,C. The transmittance (Figure 6.3) of the HBL
is found to decrease by ∼ 4.5% in the visible light region (400−800 nm) after the addition
of CsI. However, the absorbance of different HBL-based perovskite films is rather similar
in the whole absorption range (Figure 6.4A). The CsI-HBL sample exhibits a faster PL
quenching, indicating a faster electron transfer compared to the MAFA sample.
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Figure 6.1: (A) Schematic illustration of the used device architecture. Champion performance of
(B) CsMAFA device and (C) CsI-HBL device. d) PCE histograms of respective devices acquired
from 15 devices, where red lines show the respective Gaussian fit. Device performance under AM
1.5G illumination and 75±5% relative humidity as a function of time measured by reverse scans
for (E) CsMAFA devices and (F) CsI-HBL devices. Reproduced from Ref. [48] with permission.
Copyright 2023, American Chemical Society.

In addition, the histograms of the PCE data collected from CsMAFA and CsI-HBL are
displayed in Figure 6.1D, with the PCE values of the champion devices (Figure 6.1B,C)
of CsMAFA and CsI-HBL reaching 19.15 and 18.05%, respectively.
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Figure 6.2: (A) Normalized light absorption and photoluminescence spectral of pure MAFA
(black) and CsMAFA films (red). SEM images of (B) MAFA and (C) CsMAFA films. Reproduced
from Ref. [48] with permission. Copyright 2023, American Chemical Society.

The respective solar cell parameters are shown in Figure 6.5, where the CsMAFA devices
demonstrate better performance in comparison to the other devices. Notably, the average
FF and VOC values of the CsI-HBL cells are enhanced compared to those of the MAFA
cells, which can be presumably ascribed to the defect passivation at the buried interface
by CsI modification. In terms of device stability, I use these PSCs in operando setup
under continuous light illumination for 2 h to verify their stability (Figure 6.6).

Figure 6.3: Transmittance spectra of pristine SnO2 film (black) and CsI doped SnO2 film (red).
Reproduced from Ref. [48] with permission. Copyright 2023, American Chemical Society.
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Figure 6.4: (A) Absorbance of perovskite film deposited on pristine SnO2 (MAFA, black line)
and SnO2 -CsI (red line) films on glass. (B) PL spectra of MAFA deposited on SnO2 (black) and
SnO2 -CsI (red) films on glass. Reproduced from Ref. [48] with permission. Copyright 2023,
American Chemical Society.

Figure 6.5: Statistic distribution of solar cell parameters of 15 MAFA, CsMAFA and CsI-HBL
devices: (A)) PCE, (B) VOC , (C) JSC , and (D) FF . Reproduced from Ref. [48] with permis-
sion. Copyright 2023, American Chemical Society.

The operando setup, which has been already successfully used in previous work, is pictured
in Figure 4.7, in which a cooling water system is applied to rule out any temperature-
induced degradation [148, 155, 156].
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Figure 6.6: Solar cell performance evolution of devices under 1-sun illumination measured by
reverse scans of (A) MAFA device, (B) CsI-HBL device, suggesting that the enhanced stability
of CsI-HBL compared to MAFA, and (C) CsMAFA device. Reproduced from Ref. [48] with
permission. Copyright 2023, American Chemical Society.

A decrease in PCE after aging of 30% for the MAFA devices, 10% for the CsMAFA
devices, and 25% for the CsI-HBL devices is observed, suggesting the intrinsic stability of
the CsMAFA device against light, which coincides with the work of Saliba et al. [157] In
the case of being exposed to light and humidity, the solar cells are placed in the operando
setup connected with a gas-flow setup. In detail, the whole setup consists of a homemade
gas-flow setup, a solar simulator, a Keithley, a water-cooling system, and a chamber with
two attached Kapton windows on both the front and backside. The working temperature
of the perovskite solar cell chamber was set to 25 ◦ C by a water-cooling system in order to
eliminate the potential structure change induced by temperature. A homemade gas-flow
setup was applied to control the humidity of the whole device. The solar cell performance
as a function of time was simultaneously obtained by a source meter (Keithley 2600)
at 120 s intervals. Notably, the relative humidity was set to 75% ramping up from the
start. The solar cell performances of different devices as a function of time is shown
in Figure 6.1E,F. If it is not stated elsewhere, the aging test is performed under AM
1.5G light illumination and 75% humidity at a temperature of 25 °C. I observe that the
PCEs of the CsMAFA and CsI-HBL devices drop by ∼ 17 and 66%, respectively, mainly
originating from the loss in the FF and JSC . This observation shows that the solar cell
performance is critically deteriorated in the presence of high humidity, in accordance with
theoretical calculation in the work of Lu et al.[158]. Low FF values result from high
parasitic resistance (shunt and series resistance) losses, whereas in practice, a non-dense
and non-uniform perovskite layer may give rise to a lower shunt resistance [159]. Thus, the
degradation of solar cells is highly related to the morphology evolution of the perovskite
active layer, which is discussed in the GISAXS results part. On the other hand, the
evolution of the photovoltaic performance also manifests that the CsMAFA devices are
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more stable against light and moisture compared to the CsI-HBL devices, corroborating
that perovskites with CsI distributed evenly in the bulk are more durable against light
and moisture.

6.3 Structural Evolution during Device Operation
Prior to the GISAXS results, the microscopic surface morphologies of the samples before
(Figure 6.7) and after aging are shown in Figure 6.11A,B.

Figure 6.7: SEM images of (A) CsMAFA/HBL film before aging and (B) CsI-HBL/HBL before
aging. Reproduced from Ref. [48] with permission. Copyright 2023, American Chemical Society.

There is no formation of needle-shaped crystals during device operation, which are often
observed after aging [160]. In contrast, round-shaped crystals (highlighted by the red
frame), with which water ingresses into the perovskite crystals, are easily seen after ag-
ing. However, scanning electron microscopy (SEM) is restricted to probing the surface
morphology and insufficient to probe the inner morphology, while GISAXS, featuring a
high photon flux and large sample probe area, is ideal for tracking the buried structure
evolution at a high time resolution. Thus, GISAXS is selected to investigate the struc-
tural changes under AM 1.5G illumination and humidity during device operation. The
2D GISAXS data of the PSCs are acquired with a time interval of 2 min in the initial 36
min and a time interval of 4 min for the remaining 84 min, and each frame is recorded
at a 1 s acquisition time to avoid any beam damage on the sample. Detailed technical
information is present in the following text. Operando GISAXS experiments were carried
out at the Austrian SAXS beamline of the Elettra Synchrotron at Trieste, with a beam
energy of 8 keV. The scattering data were collected by a Pilatus 1M detector (Detrics,
pixel size of 172 µm) at an incidence angle of 0.4◦. The sample-to-detector distance (SDD)
was set to 1577.5 mm. The GISAXS images were further analyzed via DPDAK software
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[79]. Notably, Figure 6.8 shows that no morphological damage can be found after 100 s
of exposure to the X-ray beam.

Figure 6.8: X-ray beam irradiation damage tests acquired from horizontal line cuts of 2D
GISAXS data of (A) CsMAFA device and (B) CsI-HBL device. Reproduced from Ref. [48] with
permission. Copyright 2023, American Chemical Society.

Selected 2D GISAXS data of each sample measured at different operation times are pre-
sented in Figures 6.9 and 6.10, corroborating the relatively stable structure of the PSCs
against light soaking and humidity. Additionally, the 2D GISAXS data of the CsMAFA
device (Figure 6.9) shows that a more uniform structure can be obtained with the in-
troduction of CsI in the perovskite precursor, in good agreement with the SEM images
(Figure 6.2C).

Figure 6.9: Selected 2D GISAXS data of CsMAFA device at different operation time as indicated.
Reproduced from Ref. [48] with permission. Copyright 2023, American Chemical Society.
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Figure 6.10: Selected 2D GISAXS data of CsI-HBL device at different operation time as indi-
cated. Reproduced from Ref. [48] with permission. Copyright 2023, American Chemical Society.

To quantitatively analyze the morphology changes during device operation, horizontal
line cuts of the 2D GISAXS data are performed at the respective Yoneda regions. After-
ward, the corresponding GISAXS data are modeled with a 1D paracrystal model (Figure
6.11C,D) [161]. Details about the GISAXS modeling are displayed below. The critical
angle of each material with respect to each layer was calculated. A vertical line cut was
performed to identify the respective Yoneda peak position and afterwards a horizontal
line cut was done by cutting at the Yoneda peak position of the perovskite material [62].
Then the horizontal line cut data were modelled in the framework of the distorted wave
Born approximation (DWBA). Additionally, local monodisperse approximation (LMA) in
combination with the effective interface approximation (EIA) were used. Thus, the total
scattering intensity depended linearly on the number of scattering centers N, the square
of form factor F (q⃗) and structure factor S(q⃗) and can be descried as [162]:

I(q) ∝ N ·
〈
|F (q̄, Ri)|2

〉
· S (q, Ri) (6.1)

Given that perovskite crystals were positioned with uncorrelated distances between the
crystals, as evidenced by the SEM images, thereafter the structure factor was neglected.
The scattering signal constituted of rotation-symmetric averages over the scattering cen-
ters in the plane of the substrate, while the substrate and film surface act as vertical
confinement. Therefore, a cylinder model was used regardless of the real perovskite grain
shape [163]. In terms of detailed crystal size distribution modeling, I refer readers to the
literature [163].
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Figure 6.11: SEM images of (A) CsMAFA and (B) CsI-HBL film after aging. Horizontal line cuts
of 2D GISAXS data (symbols) shown with fits (lines), where the grey rectangular area illustrates
the resolution: (C) CsMAFA and (D) CsI-HBL devices. The data is shifted along the y-axis
for data readability. Crystal size evolution extracted from GISAXS fits over time under device
operation: e) CsMAFA and f) CsI-HBL devices. Reproduced from Ref. [48] with permission.
Copyright 2023, American Chemical Society.
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Moreover, the crystal size distributions from the GISAXS fits [163] are derived. Figure
6.11E,F shows the distributions with the counts normalized to the number of large crystals.
The crystal sizes, which refer to as the volumes of perovskite grains, increase in the end,
manifesting the integration of small grains with water molecules for both samples, in
accordance with the SEM results. Thus, I infer that a volume expansion where water
is incorporated within the perovskite grains results in the degradation of both PSCs. In
contrast to the crystal evolution in CsMAFA devices, the crystal size (∼70 nm) of the
CsI-HBL device decreases and reaches ∼56.4 nm at 4 min (Figure 6.11F), suggesting grain
fragmentation during operation. Moreover, the intensity increases in the CsI-HBL devices
(Figure 6.11F), indicating an increase in the number of perovskite crystals during the
device operation, while there is no such increase in the CsMAFA devices. Small perovskite
grains might be deemed as recombination hot spots, leading to a stronger recombination
loss and limiting the VOC [164, 165, 166, 167]. Such an increase in the quantity of the
perovskite crystals would introduce an increasing number of grain boundaries, which
accelerates the moisture degradation and decreases the shunt resistance (Figure 6.12),
therefore reducing the JSC and FF [168, 169].

Figure 6.12: Normalized shunt resistance of CsI-HBL device under light and humidity as a
function of time. Reproduced from Ref. [48] with permission. Copyright 2023, American
Chemical Society.

In addition, to exclude that such grain fragmentation is peculiar in CsI-HBL devices,
an operando GISAXS measurement of MAFA is also performed (Figure 6.13), which
manifests that no grain fragmentation is found in the MAFA samples. The morphology
evolution of the said device is in line with the evolution of the device performance.
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Figure 6.13: (A) Horizontal line cuts of 2D GISAXS data (symbols) shown with fits (lines),
where the grey rectangle represents the resolution. (B) Crystal size evolution extracted from
GISAXS fits over time under device operation, indicating only minor changes in the large-size tail
of the size distribution. Reproduced from Ref. [48] with permission. Copyright 2023, American
Chemical Society.

As such, I deduce that the degradation of CsMAFA PSCs under light and humidity
is initiated by the volume expansion, whereas the degradation of PSCs with modified
buried interfaces is initiated by the grain fragmentation as well as the increased GBs
and exacerbated by volume expansion. In addition, there might be a partial interaction
between perovskite and water molecules, which may not be captured without suitable in
situ techniques.

6.4 Crystallinity Evolution
In addition to the GISAXS measurements, I also perform ex situ GIWAXS to gain insights
on the change of the crystalline structure. Figure 6.16A-D shows the 2D GIWAXS data of
respective sample before and after aging, where the prominent Debye–Scherrer-ring (∼1.0
Å–1) and a halo at ∼0.9 Å–1 correspond to the (100) Bragg peak of the perovskite and
the PbI2 peak [65]. In contrast to the CsMAFA devices, the halo ring in Figure 6.16C is
invisible, corroborating the reaction between CsI-doped HBL and the excess PbI2 in the
active layer. The azimuthal cake cuts integrated from the 2D GIWAXS data are seen in
Figure 6.14, in which no split or additional peak can be observed. This finding indicates
that no phase segregation and phase transformation occurred during device operation.
Also, these results illustrate that there is no perovskite decomposition after aging.
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Figure 6.14: Azimuthal integration of 2D GIWAXS data before and after aging, obtained from
cake cuts: (A) CsMAFA device and (B) CsI-HBL device. Reproduced from Ref. [48] with
permission. Copyright 2023, American Chemical Society.

Figure 6.15: Zoom in and fits of azimuthal integration of 2D GIWAXS data: (A) CsMAFA
before aging, (B) CsI-HBL before aging, (C) CsMAFA after aging, and (D) CsI-HBL after aging.
The Bragg peak position of PbI2 (0.89 Å−1) was unchanged after aging. Reproduced from Ref.
[48] with permission. Copyright 2023, American Chemical Society.
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Figure 6.16: Reshaped 2D GIWAXS data of (A) fresh CsMAFA device, (B) aged CsMAFA
device, (C) fresh CsI-HBL device, and (D) aged CsI-HBL device Enlarged pseudo-XRD data,
obtained from the azimuthal cake cuts of (E) CsMAFA and (F) CsI-HBL device data. (G) Peak
positions and FWHM of the perovskite (100) peak before and after aging, where the circles and
rhombus denote the FWHM and q position, respectively. The error bars are calculated through
three-times fits of the perovskite (100) peak with Gaussian profiles. Normalized PL data of
respective film before and after aging: (H) CsMAFA and (I) CsI-HBL. Reproduced from Ref.
[48] with permission. Copyright 2023, American Chemical Society.
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Therefore, the ex situ GIWAXS experiments manifest that water molecules are not in-
teracting with perovskite absorbers during this aging period; however, longer exposure
to light and high humidity would lead to the hydration and even decomposition of the
perovskites [41]. In order to track the evolution of the crystal lattice, the (100) peak is
fitted with Gaussian functions as illustrated in Figure 6.16E.F. The fit data is displayed
in Figure 6.15. It is worth noticing that the (100) peaks with respect to all samples
shift toward lower values (Figure 6.16G), indicating a slight lattice expansion after aging.
This slight lattice expansion can further lead to defect formation and even non-radiative
recombination, which are detrimental to solar cell performance [170, 171, 172, 173]. More-
over, the full width at half maximum (FWHM) of the respective perovskite (100) peak
increases, suggesting the reduced crystallinity after 120 min aging [174]. Apart from the
GIWAXS measurements, Figure 6.16H,I shows the PL data before and after aging. From
fits with Gaussian functions, I find that the PL signal positions of the CsMAFA and
CsI-HBL samples are shifted 20 and 10 meV to lower values (redshift), respectively. This
phenomenon can be attributed to an enlarged unit cell or the enrichment of FA+ since
an FA-based perovskite has a larger crystal lattice and a smaller bandgap with respect to
other A-site-based perovskites [141, 174, 175]. Figure 6.17 demonstrates relatively similar
absorption in the range of 500−800 nm after being exposed to light soaking and humidity,
whereas the light absorption of CsI-HBL drops at around 500 nm (Figure 6.14C).

Figure 6.17: Light absorption spectral of ITO/HBL/perovskite films before and after aging:
(A) CsMAFA and (B) CsI-HBL. Reproduced from Ref. [48] with permission. Copyright 2023,
American Chemical Society.

Taken together, a slight lattice expansion is observed after aging under light and humidity
regardless of the CsI modification method. To wrap up, I find that water incorporation
into perovskite grains results in volume expansion, as evidenced by the GISAXS results.
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However, PSCs with CsI-modified buried interfaces experience grain fragmentation with
water molecule invasion, leading to a faster decay of the device performance under ex-
ternal stimuli. These morphology changes result in the deterioration of FF and JSC ,
exacerbating the degradation of the solar cell performance under light and humidity. In
addition, GIWAXS data suggest that no chemical decomposition occurs and a minor
lattice expansion is discovered after aging.

6.5 Conclusion
To conclude, I concurrently study the device performance and morphology evolution of
different PSCs during operation under AM 1.5G illumination and 75 ± 5% humidity
by GISAXS. I find that the solar cells undergo severe degradation when continuously
exposed to light and humidity, particularly FF and JSC , which is induced by the mor-
phology change of the active layer. Such morphology change originates from the volume
expansion with water molecule incorporation into the perovskite grains. In addition, I
also find a slight lattice expansion and PL redshift in both types of PSCs after aging. At
the same time, devices with bulk component modification show a better stability against
both light and humidity, while the grain fragmentation and increased grain boundaries in
PSCs with modified buried interfaces after aging lead to a faster decay of the device perfor-
mance. This work demonstrates the evolution of the microscopic morphology during the
operation of chemically engineered perovskite solar cells under light and humidity expo-
sure. Specifically, I find that a bulk modification effectively suppresses moisture-induced
degradation under operation conditions. This understanding contributes to identifying
the degradation mechanism and guiding the fabrication of stable PSCs.
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Chapter 7
Structure and Charge Carrier Behavior in
Reduced-Dimensional Perovskites

The results shown in this chapter are retrieved from the publication: Deciphering Struc-
ture and Charge Carrier Behavior in Reduced-Dimensional Perovskites (K. Sun, R. Guo,
S. Liu, D. Yang, X. Jiang, L. F. Huber, Y. Liang, M. A. Reus, Z. Li, T. Guan, J. Zhou,
M. Schwartzkopf, S. D. Stranks, F. Deschler, P. Müller-Buschbaum, Advanced Functional
Materials, 2411153 (2024)), reproduced from [68] with permission, copyright 2024, Wiley-
VCH.

Reduced-dimensional perovskites (RDPs) have advanced perovskite optoelectronic devices
due to their tunable energy landscape, structure, and orientation. However, the origin
of structural and photophysical property changes when moving from low-dimensional
to high-dimensional RDPs remains to be understood. This study systematically re-
veals structural and photophysical properties of slot-die-coated Dion-Jacobson (DJ) and
Ruddlesden-Popper (RP) RDPs with different dimensionalities. RP RDPs with lower di-
mensionality (n=2) exhibit a dominant n=2 phase, preferential out-of-plane orientation,
and longer charge carrier lifetime compared with DJ RDPs. In addition, the formation
kinetics of RDPs with higher dimensionality (n=4) are unraveled by in situ X-ray scat-
tering, showing the favorable formation of the lower-n phase in RP RDPs. The formation
of these lower-n phases is thermodynamically and stoichiometrically favored, while these
phases are likely in the form of an “intermediate phase” which bridges the 3D-like and
lower-n phases in DJ RDPs. DJ RDPs with higher dimensionality demonstrate compara-
ble phase purity, preferential orientation, spatially vertical phase homogeneity, and longer
charge carrier lifetime. As such, DJ-based perovskite solar cells (PSCs) (n=4) demon-
strate better photostability under operational conditions than RP-based PSCs. Thus, the
work paves the way for the utilization of RDPs to upscale PSCs.
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7.1 Preface
Reduced-dimensional (2D and quasi-2D) perovskites (RDPs) with intriguing physical and
structural properties [31, 12], have emerged as promising candidates in photovoltaics
(PV) [176, 177, 178, 179], light-emitting devices [180], and next-generation optoelectronics
devices [181]. RDPs are perovskite quantum wells (QWs) separated by bulky organic
cations, in which the width (n) of the RDPs is determined by the thickness of the PbI6

octahedra. Two typical RDPs, i.e., Dion-Jacobson (DJ) and Ruddlesden-Popper (RP)
perovskites have the chemical formulas of LAn−1PbnI3n+1 and L’2An−1PbnI3n+1, where
L, L’, and A refer to the divalent, monovalent organic spacer cations, and monovalent
cations, respectively.
In general, a number of factors, e.g., the stoichiometry of the perovskite precursor [11],
ligand type and size [182, 183], additives [184, 185], fabrication methods [186, 187], jointly
affect the phase distributions of RDPs. A mixture of multiple dimensionalities of RDPs
with random crystal orientation is expected to build up during the film formation process
[177, 188, 189]. Such phase impurities may introduce an inhomogeneous energy landscape
and impede charge transport [183, 190, 191]. Therefore, it is imperative to investigate
the phase distribution and crystal orientation of RDPs, which necessitates studying their
growth kinetics, as these characteristics are determined during film growth. However,
despite some pioneering work on the growth kinetics of RP RDPs [35, 192], a comprehen-
sive study combining the growth mechanisms of both, RP and DJ RDPs in a large-scale
deposition is still missing.
In addition to the growth kinetics, the organic cations heavily influence the structural dis-
tortion and interlayer screening, resulting in their different photophysical properties, e.g.,
binding energy and charge carrier mobility [193]. In particular, the coupling of inorganic
anions and organic spacers in RDPs facilitates the electron-phonon reaction, resulting in
high non-radiative charge recombination and shorter charge carrier lifetimes [194]. There-
fore, understanding the function of organic ligands on the phase purity, growth mecha-
nism, and charge carrier dynamics is beneficial for directing the usage of RDPs in 2D/3D
heterojunction and quasi-2D solar cell applications.
To fill this gap and enable the advancement of large-scale deposition of RDPs, I fo-
cus on the slot-die coated RP and DJ RDPs with varying dimensionalities (n=2 or 4),
i.e., (PEA)2MAn−1PbnI3n+1 (PEA: phenethylammonium) and (PDMA)MAn−1PbnI3n+1

(PDMA: 1,4-phenylenedimethanammonium), owing to their chemical similarities and ex-
tensive applications in the field [186, 195]. Using grazing incidence wide-angle X-ray
scattering (GIWAXS), the phase distribution and orientations of respective RDPs is deter-
mined, highlighting the different phase composition in RDPs with higher dimensionality.
The film growth of RDPs (n=4) is further monitored during slot-die coating with in situ
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scattering techniques, showing the stoichiometry-determined phase formation. With the
help of transient absorption (TA) spectroscopy, I unravel the phase purity, charge carrier
behavior, and energy transfer in respective RDPs. I further test the intrinsic stability
of perovskite solar cells (PSCs) based on RP and DJ (n=4) RDPs under the protocol of
ISOS-L-1I with operando GIWAXS, showcasing the overall better stability of DJ-based
PSCs. This work leverages the understanding of structural-photophysical properties in
RP and DJ materials with different dimensionalities, thus advancing the utilization of
2D perovskites as passivation layers and promoting the fabrication of efficient quasi-2D
PSCs.

7.2 Phase Purity and Spatially Vertical Homogeneity
Multiple n-value phases of RDPs are naturally formed during the crystallization, resulting
in an inhomogeneous energy landscape and inefficient energy transfer [176, 76]. Identifying
the phase distributions and their orientations enables a deeper understanding of the charge
carrier dynamics. Therefore, the depth-dependent GIWAXS measurements at different
incident angles (αi, 0.2 -0.6◦) are performed to investigate the vertically spatial phase
distribution (Figure 7.6; Figure 7.1).

Figure 7.1: Scattering depth of the X-ray beam versus incident angle. The scattering depth is
441.2 nm at the incident angle of 0.6 ◦. Reproduced from Ref. [68] with permission. Copyright
2024, Wiley-VCH.

I find that the lower-n phases (normally below 1 Å−1) and 3D-like phase (∼ 1 Å−1) of
RP and DJ RDPs (n=2) present with the increase αi, indicating that these phases are
distributed homogeneously throughout the film.
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The reshaped 2D GIWAXS data at αi=0.6◦ (Figure 7.2) illustrate that the RP RDPs
exhibit a preferential orientation (Bragg peaks) along the out-of-plane direction. In con-
trast, DJ RDPs appear to be predominantly isotropic with a partially vertical orientation.

Figure 7.2: Reshaped 2D GIWAXS data of RDPs (n=2) at incident angle (αi) of 0.6 ◦ with the
main phases indicated. (A) RP RDPs and (B) DJ RDPs. The Bragg spots in (A) demonstrate
the preferential orientation along the out-of-plane direction, whereas DJ RDP is overall isotropic
with partially vertical orientations (highlighted in the red framework). Azimuthal tube cuts as a
function of polar angle, extracted from the cut along (C) q∼0.56 Å−1 of RP RDPs and (D) q∼
0.66 Å−1 of DJ RDPs, where the data was corrected by subtracting the local background near
the selected q range such that the data only shows the highly-oriented area. Reproduced from
Ref. [68] with permission. Copyright 2024, Wiley-VCH.

In terms of high-dimensional RDPs, with an increased scattering depth, the peak of lower-
n phases in RP RDPs (n=4) becomes more prominent (Figure 7.6E; Figure 7.3, A-C),
corroborating that lower-n phases are prone to be present in the interior of the RP film
and their phase heterogeneity along the vertical direction. In contrast, the signals of lower-
n phases in DJ RDPs (n=4) are indiscernible (Figure 7.6F; Figure 7.3, D-F), meaning
an insufficient presence of lower-n phases in DJ RDPs and their spatially vertical phase
homogeneity. This structure variance in RP and DJ RDPs illustrates that DJ with higher
dimensionality are prone to form phase-pure perovskite. On the other hand, the signals at
lower αi in both RP and DJ RDPs (n=4) are predominantly 3D-like phases, manifesting
that the 3D-like phase tends to stack at the air-substrate interface.
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Figure 7.3: Reshaped 2D GIWAXS data of RDPs (n=4) with different incident angles (αi). RP
RDPs at (A) αi=0.2 ◦ , (B) αi=0.3 ◦, and (C) αi=0.4 ◦. DJ RDPs at (D) αi=0.2 ◦, (E) αi=0.3
◦ and (F) αi=0.4 ◦. Reproduced from Ref. [68] with permission. Copyright 2024, Wiley-VCH.

In addition, the PL spectra (Figure 7.4) excited from front and back (glass side) show
that the intensities at peak ∼570 nm (back) are higher, implying that the lower-n phases
are mainly located at the bottom of the films, in agreement with GIWAXS data.
In light of the favorable formation of 3D-like phase and phase distribution along the
vertical direction [52], I can deduce that the nucleation of RDPs (n=4) starts at the
air-precursor interface. Knowing where the nucleation and crystallization take place and
locating these n-value phases enable suppressing the lower-n phase and realizing a ho-
mogenous energy landscape.
Furthermore, with the increased dimensionality, the orientation of perovskite crystals be-
comes less pronounced, shifting from a predominantly vertical or partially vertical align-
ment to a more isotropic orientation. Notably, DJ RDPs show distinct orientations at
χ=0°, 45° and 80° (Figure 7.5) compared to RP RDPs (oriented mainly at χ=0°). In
addition, to retrieve the crystal orientation distribution, the material quantity (MQ) is
calculated by correcting the intensity with a factor of sinχ (Figure 7.5) [65].
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Figure 7.4: Steady-state photoluminescence spectra of (A) RP RDPs (n=4) film on glass and
(B) DJ RDPs (n=4) film on glass, where black and red curves represent PL data acquired from
front and back (glass side) excitation, respectively. Reproduced from Ref. [68] with permission.
Copyright 2024, Wiley-VCH.

I notice an increase in oriented crystal contribution in DJ RDPs (43%) in comparison to
RP RDPs (23%), suggesting their preferential orientation and potentially higher efficiency
for charge transport.
Taken together, the schematic illustration of the respective RDPs is depicted in Figure
7.6, C, D, G, and H. In short, the 3D-like phase and lower-n phases of RP and DJ
(n=2) are homogenously distributed throughout the film, where the RP and DJ crystals
are vertically oriented and partially vertically oriented, respectively. With increasing
dimensionality, the texture becomes weaker in both RP and DJ RDPs. Moreover, I notice
multiple n-values phases coexist in RP film (n=4), with stacking of substrate/lower-n
phase/3D-like phase, whereas the lower-n phase is invisible in DJ RDPs. These results
indicate that RP RDPs with lower dimensionality have a preferential orientation along the
out-of-plane direction compared to DJ, which facilitates charge transport. In contrast, DJ
RDPs (n=4) demonstrate an improved phase purity and a more pronounced orientation
distribution (43%) compared to RP RDPs (23%).
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Figure 7.5: Reshaped 2D GIWAXS data of RDPs (n=4) at incident angle (αi) of 0.6 ◦. (A)
RP RDPs and (B) DJ RDPs. Azimuthal tube cuts as a function of polar angle, extracted from
the cut along (C) q∼1.0 Å−1 of RP RDPs and (D) q∼1.0 Å−1 of DJ RDPs, where the data was
corrected by subtracting the local background near the selected q range such that the data only
shows the highly-oriented area. This demonstrates that the DJ RDPs have a more pronounced
orientation distribution compared to RP RDPs, particularly at χ = 45◦, 80◦. Pole figures of (E)
RP RDPs and (F) DJ RDPs, where light red and light blue shaded areas refer to the oriented
contributions and isotropic orientations, respectively. The intensity was corrected using the
Lorenz factor sinχ, and the orientation distributions were calculated based on the integration
ratio of the respective shaded areas. Reproduced from Ref. [68] with permission. Copyright
2024, Wiley-VCH.
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Figure 7.6: Phase distributions and schematic illustration of RDPs film. Angular-dependent
pseudo-XRD was extracted from 2D GIWAXS data with varying incident angles, in which the
different phases of RDPs and the ITO peak are indicated. (A) RP RDPs (n=2) and (B) DJ
RDPs (n=2). Schematic illustration of the structures of RDPs (n=2). (C) RP RDPs, where
the crystals are vertically oriented, and (D) DJ RDPs, in which the 3D-like phase and lower-n
phase are partially vertically oriented. Angular-dependent pseudo-XRD of (E) RP RDPs (n=4),
showing the increased quantity of lower-n phases with increasing depth, and (F) DJ RDPs
(n=4). Schematic illustration of the structures of RDPs (n=4). (G) RP RDPs, showing that
the majorities are randomly oriented and the lower-n phase is distributed in the interior of
the film, and (H) DJ RDPs, exhibiting their phase purity and orientations at χ = 0° and 45°
Reproduced from Ref. [68] with permission. Copyright 2024, Wiley-VCH.
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7.3 Growth Mechanisms of RDPS
To disclose the structural and orientational disparities in RDPs (n=4), in situ GIWAXS
measurements (Figure 7.7, A and B) are performed to monitor the growth kinetics during
film growth.

Figure 7.7: Growth kinetics of RP and DJ RDPs (n=4) on ITO substrates. 2D color plots of
radially integrated line profiles of in situ GIWAXS data, where the prominent peaks are indicated.
(A) RP RDPs film and (B) DJ RDPs film. The normalized integrated intensity of the selected
Bragg peaks as a function of time for (C) RP and (D) DJ RDPs. This shows the conversion
of precursor (broad peak at q∼0.5 Å−1) to the final quasi-2D perovskite film, where the Bragg
peaks of q∼0.56 Å−1 and q∼1.0 Å−1 represent the lower-n phase (040) and 3D-like phase of
RDPs. The background color indicates the different regimes of growth of RDPs. Reproduced
from Ref. [68] with permission. Copyright 2024, Wiley-VCH.

I observe two broad isotropic rings at ∼0.5 Å−1 and ∼1.9 Å−1 in both RP and DJ RDPs
(n=4, Figure 7.8A and Figure 7.8A) for the first 40 s, representing the colloidal precursor
sol-gels. Selected 2D reshaped GIWAXS data (Figure 7.8 and Figure 7.9) of RP and DJ
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RDPs show the representative features at different timescales during film growth.

Figure 7.8: Selected reshaped 2D GIWAXS data of RP RDPs (n=4) during film growth, where
the time scale and main phases are indicated. These data indicate that the formation of 3D-
like phases is prior to the formation of lower-n phases in RP. In terms of orientation, the RP
perovskites start growth along the out-of-plane direction, reorient, and ultimately become less
oriented, i.e., shifting from Bragg spots to Debye–Scherrer rings. (A) 6.4s, (B) 36.2 s, (C) 42.2
s, (D) 45.6 s, (E) 46.2 s, and (F) 49.4 s. Reproduced from Ref. [68] with permission. Copyright
2024, Wiley-VCH.

After 40 s, the broad rings start to diminish, and the 3D-like phase appears. I do not
observe any intermediate phase (e.g., 2MAI· · · PbI2 · · · 2DMF) during film growth, likely
due to the higher substrate temperature, which suppresses the formation of an interme-
diate phase [196].
To quantify the conversion of the precursor and the formation of RDPs, the peak inten-
sities of the precursor, 3D-like phase, and n=2 phase (q∼0.56 Å−1) are extracted and
plotted (Figure 7.7, C and D).
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Figure 7.9: Selected reshaped 2D GIWAXS data of DJ RDPs (n=4) during film growth at
different time scales. (A) 6.4 s, (B) 18.2 s, and (C) 42.2 s. Reproduced from Ref. [68] with
permission. Copyright 2024, Wiley-VCH.

The conversion rate of the precursor peak mirrors the formation of the 3D-like phase,
indicating a direct transition from precursor to RDPs in both studied cases. Interestingly,
the emergence of the 3D-like phase (at ∼40.2 s) precedes the formation of the n=2 phase in
RP RDPs (∼45.6 s). This difference is related to the stoichiometry and formation energy,
i.e., the formation of the 3D-like phase is more thermodynamically favored compared with
lower-n phases [197].
In addition, I find that many lower-n phases coexist in RP, while these signals are indis-
cernible in DJ RDPs, in accordance with depth-dependent GIWAXS data. Such phenom-
ena are correlated with three factors: a) The stoichiometries of RDPs (n=4), particularly
the concentration of long ligands in relation to MA+, determine the formation of lower-n
phase such that the formation of lower-n phases in RP RDPs is more favorable compared
to DJ RDPs. To test this, the growth of RP RDPs (n=2) is monitored under the same
condition with in situ GIWAXS (Figure 7.10).
It is found that lower-n phases (q∼0.28 Å−1) are formed prior to the formation of 3D-like
phase, which is ascribed to the higher concentration of long ligands than that of MA+; b)
I infer that there might be an insufficient presence of lower-n phase or some “intermediate
phases” bridging the 3D-like phase and lower-n phases in DJ RDPs, likely not yielding the
signal of lower-n phase in GIWAXS (15); c) The lower formation energies of the lower-n
phases in RP RDPs facilitate their formation in comparison to their DJ analogs [198, 199,
191].
The schematic illustrations (Figure 7.11) summarize the formation kinetics of RP and
DJ RDPs (n=4), showing the individual events that occur during the film growth. In
terms of RP formation, first, the solvent-perovskite complex provides the scaffold that can
facilitate the nucleation and the construction of the QWs [200], followed by the formation
of a weakly-textured 3D-like phase at the air-film interface. Continuous nucleation leads
to the formation of lower-n phases that consume a large portion of long ligands, which in
turn leave the short-chain precursors and promote the further growth and reorientation
of the 3D-like phase.
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Figure 7.10: 2D color plot of radically integrated line profiles of in situ 2D GIWAXS data of
RP RDPs (n=2), showing the main phases and the formation of lower-n phase ahead of the
formation of 3D-like phase. Reproduced from Ref. [68] with permission. Copyright 2024, Wiley-
VCH.

Considering the different formation rates of lower-n and 3D-like phases in RP and the
location of these lower-n phases (i.e., the interior of the film), further efforts should be
devoted to employing buried interface engineering, e.g., using ligands that can anchor
lower-n phases to achieve controllable the growth and the orientation of these phases.
In contrast, DJ RDPs undergo a direct transformation from precursor to 3D-like phase
and “intermediate phase.” It is also worth mentioning that the film formation processes of
slot-die coating and one-step spin-coating for RDPs are quite similar, as they both involve
three stages: sol-gel, 3D-like perovskite, and 2D perovskite formation [35].

7.4 Charge Carrier Behavior
To further determine the phase purity and the charge carrier behavior of RDPs with differ-
ent dimensionalities, I utilize ultraviolet-visible (UV-vis) and ultrafast TA spectroscopy.
Multiple absorption features of respective RDPs are disclosed in Figure 7.12.
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Figure 7.11: Schematic illustration of the growth mechanism. (A) RP RDPs (n=4) and (B) DJ
RDPs (n=4). In both cases, the film starts in the sol-gel stage, followed by the nucleation at the
air-substrate interface. Then, in RP, weakly-textured perovskites are formed, accompanied by
the formation of preferentially oriented lower-n phases. Further growth leads to the perovskite
reorientation and, thus, a broader orientation distribution. While DJ RDPs exhibit a direct
transition from sol-gel to 3D-like phase and pronounced orientations at χ=0°, 45° and 85°,
respectively. Reproduced from Ref. [68] with permission. Copyright 2024, Wiley-VCH.

Interestingly, DJ RDPs (n=4) show only small signals of lower-n phases, corroborating
the minor presence of lower-n phases compared to the predominant 3D-like phase. Figure
7.13A-D shows TA contour plots as a function of pump-probe delay time. For RP RDPs,
distinct ground state bleach peaks (GSBs) at ∼567 nm, 607 nm, 640 nm, and 718 nm
correspond to the n=2, 3, 4, and 3D-like phases (GSBn=∞), whereas for DJ RDPs, the
GSBs peaks of n=2, 3, and 3D-like phases are located at 564 nm, 609 nm, and 746 nm,
respectively.
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Figure 7.12: Transmittance data of respective RDPs film on glass substrate with characteristic
peaks indicated. Reproduced from Ref. [68] with permission. Copyright 2024, Wiley-VCH.

The temporal evolution of TA spectra shows GSBs features with high-energy tails near
the band edge as well as the photo-induced absorption (PIA) signals [201].
As shown in Figure 7.13E,F, RP RDPs (n=2) have a dominant GSBn=2 peak, whereas
DJ RDPs (n=2) have a broad phase distribution. In addition, in comparison to DJ RDPs
(n=4), which have a relatively uniform phase distribution, features with lower n phase in
RP RDPs (n=4) are enhanced (Figure 7.13G and H).
I also notice a redshift of the 3D-like phase in both RP and DJ with higher dimensionality,
which might be caused by hot carrier cooling or energy transfer from the “intermediate
phase” to a 3D-like phase [20, 25].
To quantitively evaluate the relative contents of each phase, the respective GSB peak at
a time delay of 1 ps is integrated and normalized to the maximum value (Figure 7.13I,
detailed analysis in Table 7.1).
Notably, I find that the RP RDPs with lower dimensionality demonstrate a dominant
n=2 phase (85%) compared with DJ RDPs (40%), suggesting their phase purity. RDPs
with higher dimensionality show an opposite trend, where DJ RDPs consist of a large
population of larger-n phases (n > 3, 60%) compared to RP RDPs.

106



7.4. Charge Carrier Behavior

Figure 7.13: Charge carrier behavior of RDPs. Transient absorption maps of (A) RP RDPs
(n=2), (B) DJ RDPs (n=2), (C) RP RDPs (n=4), and (D) DJ RDPs (n=4), where the RDPs
were deposited on glass substrates. TA spectra at selected time delays after excitation of (E) RP
RDPs (n=2), (F) DJ RDPs (n=2), (G) RP RDPs (n=4), and (H) DJ RDPs (n=4). TA spectra
were collected following photoexcitation at 430 nm with pump fluence of ∼200 µJ/cm2. (I) The
relative contribution from different phases of respective RDPs to the TA signal, as calculated
from the amplitudes of the respective GSBs in TA spectra at 1 ps. Recombination dynamics
at (J) GSBn=2 of RDPs (n=2) and (K) GSBn=∞ of RDPs (n=4). Reproduced from Ref. [68]
with permission. Copyright 2024, Wiley-VCH.

To compare the charge carrier dynamics in the respective RDPs, I take the TA kinetics of
the representative GSBs (i.e., the GSBn=2 peak for RDPs with lower dimensionality and
GSBn=∞ for RDPs with higher dimensionality) and plot them against delay time (Figure
7.13J,K). I find that the TA decay in the GSBn=2 region of DJ (n=2) RDPs is faster than
that of RP RDPs, whereas the decay of GSBs (3D-like phase) of RP (n=4) RDPs is faster
than that of DJ RDPs. The complex charge carrier dynamics between different phases
can be only fitted qualitatively, i.e., without a firm physical model (detailed analysis in
Table 7.2).

107



Chapter 7. Structure and Charge Carrier Behavior in Reduced-Dimensional Perovskites

Table 7.1: Relative content of respective phases in RDPs, where the data was extracted from
the integration of respective GSBs peaks and normalized.

Sample Phases Relative content
(%)

RP, n=2

n=1 4%
n=2 85%
n=3 11%
n=4 0%
3D-like phase 0%

DJ, n=2

n=1 8%
n=2 40%
n=3 29%
n=4 21%
3D-like phase 0%

RP, n=4

n=1 0%
n=2 58%
n=3 24%
n=4 8%
3D-like phase 10%

DJ, n=4

n=1 0%
n=2 35%
n=3 1%
n=4 11%
3D-like phase 53%

In the case of GSBsn=2 of RDPs (n=2), RP RDPs exhibit an average lifetime of 167.6
ps, which is higher than that of DJ RDPs (11.91 ps). The faster decay in DJ might
relate to energy transfer from lower-n phases to higher-n phases and the non-radiative
recombination, arising from the large population of isotropic lower-n phases [202].
Contrary to GSBs (n=2), the average lifetime of GSBsn=∞ in DJ RDPs (n=4) is 893.21
ps, which is two times higher than that of RP RDPs (391.86 ps) and likely related to their
larger population of radiative recombination channels.
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Table 7.2: Fit results of the decay kinetics in the GSBs region of respective RDPs.
Sample Amplitude Decay lifetimes

(ps)

RP, n=2
0.287 τ1 = 0.34
0.426 τ2 = 39.77
0.288 τ3 = 523.10

DJ, n=2
0.043 τ1 = 0.40
0.025 τ2 = 2.14
0.932 τ3 = 12.70

RP, n=4
0.226 τ1 = 0.12
0.455 τ2 = 101.45
0.319 τ3 = 1094.30

DJ, n=4
0.314 τ1 = 0.30
0.385 τ2 = 468.41
0.301 τ3 = 2670.08

In addition, the GSBs peaks of lower-n phases undergo fast decay accompanied by a rising
signal of larger-n phases (Figure 7.14), indicating charge carrier transfer and accumulation
in larger-n phases [203, 204, 205].
In addition to examining the structure and charge carrier behaviors of RDPs with different
dimensionalities, confocal-PL measurements (Figure 7.15) are utilized to map out the
lifetime and film heterogeneity of respective RDPs.
Prior to showing the confocal PL results, the surface morphology and roughness of the
respective RDPs are examined to rule out the effects of morphology defects (Figure 7.16).
The root-mean-square roughness (RMS) of lower-dimensional RP RDPs (26.9 nm) is lower
than that of DJ RDPs (31.9 nm). For RDPs with increasing dimensionality, RP (n=4)
exhibits an RMS of 12.3 nm compared to DJ RDPs (17.4 nm).
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Figure 7.14: TA kinetics extracted from respective phases of (A) RP RDPs (n=2), (B) DJ RDPs
(n=2), (C) RP RDPs (n=4), and (D) DJ RDPs (n=4), respectively, where the depopulation of
lower-n phases and the buildup of higher-n phases indicate the energy funneling in the respective
RDPs. (E) Schematic illustration of charge carrier transport in RDPs, showing the electrons
transferring from lower-n phases to larger n-phases and the holes transferring from larger n-
phases to lower-n phases. This likely results in a spatial charge separation that forms populations
of longer-lived charge carriers. Recombination dynamics at (J) GSBn=2 of RDPs (n=2) and (K)
GSBn=∞ of RDPs (n=4). Reproduced from Ref. [68] with permission. Copyright 2024, Wiley-
VCH.
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Figure 7.15: Film homogeneity and average radiative lifetime of RDPs. Confocal PL maps of
encapsulated perovskite films with a 404 nm excitation (10 MHz; 0.1 µJ/cm2 per pulse), with
scale bars (2 µm). (A) RP RDPs (n=2), (B) DJ RDPs (n=2), (D) RP RDPs (n=4), and (E)
DJ RDPs (n=4). Statistics of average photoluminescence lifetime of (E) RDPs (n=2) and (F)
RDPs (n=4). Time-resolved PL measurements of (C) RDPs (n=2) and (F) RDPs (n=4) using
a 404 nm excitation. Reproduced from Ref. [68] with permission. Copyright 2024, Wiley-VCH.

Figure 7.16: AFM images of (A) RP RDP films (n=2), (B) DJ RDP film (n=2), (C) RP RDP
film (n = 4), and (D) DJ RDP film (n=4), where the scale bar is 2 µm. Reproduced from Ref.
[68] with permission. Copyright 2024, Wiley-VCH.
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Unlike RDPs (n=4), those with lower dimensionality, particularly DJ RDPs, exhibit dis-
tinct film heterogeneity (Figure 7.15A and B). The dark regions in Figure 7.15B corre-
spond to reduced average PL lifetime, indicating a higher concentration of defects serving
as non-radiative recombination centers over micrometer length scales [206].
In contrast, I observe film homogeneity in RDPs (n=4, Figure 7.15D and E). In addition,
the average radiative lifetime of respective RDPs is extracted (Figure 7.15C and F),
where RP RDPs (n=2) exhibit a longer average radiative lifetime (10.6 ns) compared to
DJ RDPs (3.0 ns), indicating a decrease in the non-radiative recombination loss of RP
RDPs with lower dimensionality.
Interestingly, when increasing the dimensionality, a different trend is observed, that is,
DJ RDPs (n=4) reveal a longer average radiative lifetime of 37.6 ns, which is four times
higher than that of RP RDPs. This indicates that DJ RDPs (n=4) exhibit a reduced
non-radiative recombination compared with RP RDPs. It should be noted that due to
differences in detected spectral ranges, applied excitation fluences, and local diffusion
effects [207], direct comparison of charge carrier lifetimes obtained from confocal PL and
TA spectra measurements is less feasible.

7.5 Solar Cell Performance and Stability
Collectively, a systematical study of structural and photophysical properties of RDPs with
representative dimensionalities (n=2, 4) would contribute significantly to the utilization
of RDPs in solar cell applications. RP RDPs with lower dimensionality exhibit a domi-
nant n=2 phase, vertical orientation, longer charge carrier lifetime, and homogeneity, as
confirmed by GIWAXS and TA. These characteristics could potentially make them more
suitable as passivation layers in 2D/3D PSCs.
Conversely, DJ RDPs with higher dimensionality demonstrate phase purity, a higher
contribution of oriented crystals, spatially vertical phase homogeneity, and longer charge
carrier lifetimes, rendering them more suitable for PSCs compared to RP RDPs.
In addition, based on the optoelectronic properties of RP and DJ RDPs with higher
dimensionality along with the band structures retrieved from literature [177, 208, 209], an
energy level diagram is proposed (Figure 7.17). I observe an energy alignment mismatch
between the n < 3 phase and hole transport layer (HTL), resulting in inefficient hole
extraction. Therefore, reducing the contribution of the lower n phase can facilitate the
hole transport in inverted quasi-2D PSCs.
I further use PL to investigate the intrinsic stability of RDPs (n=4) under light illumina-
tion (Figure 7.18A and B).
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Figure 7.17: Schematic energy band alignment of inverted (A) RP-based PSCs and (B) DJ-based
PSCs, showing the energy alignment mismatch of lower-n phases (n < 3) and PEDOT:PSS.
Reproduced from Ref. [68] with permission. Copyright 2024, Wiley-VCH.

The peak corresponding to the 3D-like phase shows a redshift in both cases along with
brightening for the first 30 min, indicative of a decrease in trap density [210]. After
illuminating for 60 min, a blueshift in RP RDPs from 752.2 nm to 749.7 nm (Figure
7.18C) and a slight blueshift in DJ RDPs from 771.2 nm to 770.3 nm are observed,
suggesting that the population fraction of “intermediate phase” is increasing.
To evaluate the device stability under light illumination, I monitor devices under the
protocol of ISOS-L-1l and concurrently track the phase evolution of reduced-dimensional
perovskites with operando GIWAXS [6]. The devices are fabricated with an inverted
architecture of ITO/PEDOT:PSS/RDPs/PC61BM/BCP/Ag. The detailed fabrication
process of inverted perovskite solar cells can be found in Chapter 3.

113



Chapter 7. Structure and Charge Carrier Behavior in Reduced-Dimensional Perovskites

Figure 7.18: Stability of RDPs (n=4) films and their device under continuous light illumination.
2D contour plots of normalized photoluminescence as a function of time for (A) RP RDPs, (B)
DJ RDPs, and (C) peak positions of the 3D-like phase of RP and DJ RDPs versus time. (D)
A schematic illustration of devices operated under AM 1.5 G illumination with concomitant
GIWAXS measurement. The solar cell performance as a function of time under 1-sun AM 1.5 G
illumination of (E) RP-based PSCs and (G) DJ-based PSCs. (F) Zoom-in pseudo-XRD acquired
from 2D GIWAXS data of (F) RP-based device and (H) DJ-based device as a function of time.
Notably, the azimuthal cake cuts were cut over the full azimuthal angles, i.e., from 0 to 180 ◦.
(I) Evolution of strain derived from (F) and (H). The strain is defined by the q shift relative to
the original q value, i.e., calculated by (qt − q0)/q0, where t and q0 represent the time of light
illumination and the initial q value, respectively. Reproduced from Ref. [68] with permission.
Copyright 2024, Wiley-VCH.
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The champion device performance of RP and DJ are shown in Figure 7.19A, in which the
champion device of RP exhibits a power conversion efficiency (PCE) of 8.84%, a short-
circuit current (JSC) of 13.67 mA·cm−2, an open-circuit voltage (VOC) of 0.92 V, and a
fill factor (FF ) of 70.02%.

Figure 7.19: Solar cells performance of (A) champion device performance of RP and DJ-based
PSCs. Statistics distribution of device performance, collected from the forward scans. (B) PCE,
(C) VOC , (D) JSC , and (E) FF. Reproduced from Ref. [68] with permission. Copyright 2024,
Wiley-VCH.

The DJ-based device displays a PCE of 11.16%, a JSC of 14.73 mA·cm−2, a VOC of 1.04 V,
and a FF of 72.42%. I notice that DJ-based devices exhibit excellent reproducibility and
narrow performance distributions (Figure 7.19B-E) in comparison to RP-based devices.
Together with GWIAXS and TA data, three main factors that lead to the variations
in device performances are identified, i.e., phase purity, crystal orientation, and energy
transfer. On the one hand, the prevalence of lower-n phases in RP RDPs, particularly
the isotropic ones, are detrimental to charge transport, resulting in charge recombination
and the loss of short-current density [20]. On the other hand, the inhomogeneous energy
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landscape caused by the phase impurities leads to inefficient energy transfer from lower-n
phases to 3D-like phases. The energy disorder, including band structure, charge transport,
and phase distribution disorder, deteriorates the VOC [176, 26]. In addition, I speculate
that the non-radiative recombination at the interface of the 3D-like phase and lower-n
phase constrains the FF .

Figure 7.20: The normalized J-V curves as a function of time for (A) RP-based device and
(B) DJ-based device under ISOS-L-1I condition. Reproduced from Ref. [68] with permission.
Copyright 2024, Wiley-VCH.

The solar cell performance as a function of time is mapped out in Figure 7.20. After 150
min of continuous illumination, the DJ-based device shows negligible degradation, whereas
the RP-based device remains at 89% of its initial PCE. Synchrotron-based operando
GIWAXS as a function of time is shown in Figure 7.21.
Figure 7.18D and E demonstrate that the q ∼1.0 Å−1 peaks of RP and DJ-based device
decrease in intensity and shift to a higher q value, manifesting a lattice compressive
strain in all directions. To quantitatively analyze the GIWAXS, the Gaussian profile is
used to fit the peak of q∼1.0 Å−1 (Figure 7.18F). Interestingly, I notice an appreciable
increase of strain in the first 40 min in the RP device, followed by a slower increase of
strain for the next 60 min. This behavior is in line with the degradation of solar cell
performance. Moreover, the strain can also affect the interfaces between different phases
in RP, consequently resulting in the degradation of FF . Overall, the RP-based device
displays a compressive strain of 0.62% after 150 min of continuous illumination, which
is four times higher than that of the DJ-based device (0.13%). In particular, a larger
strain along the out-of-plane direction is observed compared to the in-plane direction in
the RP-based device (Figure 7.22).
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Figure 7.21: Time evolution of operando synchrotron radiation-based GIWAXS data acquired
from the azimuthally integrated line profiles of 2D GIWAXS data for the device operated under
the protocol of ISOS-L-1I. (A) RP-based device and (B) DJ-based device. Reproduced from Ref.
[68] with permission. Copyright 2024, Wiley-VCH.

This strain variation in RP and DJ-based device is correlated with the existence of inter-
faces induced by phase impurity and their atomic structural rigidity, where the adjacent
PbI6 octahedra of DJ RDPs is directly connected by the long ligand, resulting in a reduced
thickness of I· · · I distance (7.18 Å) [80], a lower structural distortion and thus enhanced
structural rigidity [24, 194] compared to RP RDPs (∼8.47 Å) [211].

Figure 7.22: Peak positions of q ∼ 1.0Å−1 for the device operated under the protocol of
ISOS-L-1I, acquired from the in-plane and out-of-plane cuts. (A) The RP-based device, showing
the larger out-of-plane compressive strain over the in-plane strain, and (B) DJ-based device.
Reproduced from Ref. [68] with permission. Copyright 2024, Wiley-VCH.
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7.6 Discussion
In summary, I unravel the structural-photophysical properties of slot-die-coated RP and
DJ RDPs with modifying dimensionalities. GIWAXS data confirm that RP RDPs with
lower dimensionality exhibit a uniform phase distribution and preferential orientation
along the out-of-plane direction, which favors charge transport in solar cells. In addition,
they have a longer charge carrier lifetime and better film homogeneity in comparison to
DJ, demonstrating the potential to form an ideal 2D/3D heterostructure with desired
phase and orientation. In situ GIWAXS discloses the growth kinetics of respective RDPs,
showing that the formation of lower-n phases is governed by stoichiometry and the for-
mation energy. Thus, the formation of lower-n phases in RP RDPs is more favorable than
DJ RDPs. This highlights the potential of DJ RDPs in narrowing the phase distribution
and, thereafter, a homogenous energy landscape. When the dimensionality increases, DJ
RDPs demonstrate highly concentrated phase distributions, pronounced orientation, spa-
tially vertical phase homogeneity, and longer charge carrier lifetime, which enhances their
device performance and stability under light illumination. Despite solvents and the film
deposition method affecting the kinetics and leading to variations in structural properties,
this work demonstrates that a rational design of the device architecture–by combining RP
RDPs with lower dimensionality as the interface passivation layer and DJ RDPs as the
active layer–can alleviate phase impurities and crystal random orientation, potentially
achieving highly efficient and large-scale reduced-dimensional PSCs.
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Chapter 8
Summary and Outlook

Over the past decades, the power conversion efficiency of perovskite solar cells has strongly
increased. However, as illustrated in Chapter 1, the obstacles hindering their commercial-
ization remain unsolved. In this regard, in this thesis, I attempt to address these challenges
by: optimizing the charge transfer in the buried interface of inverted perovskite solar
cells to improve the power conversion efficiency; investigating the operational stability
of perovskite solar cells under light and humidity; and fabricating large-area reduced-
dimensional perovskite solar cells while concurrently enhance their photostability. To
realize these investigations, advanced X-ray scattering methods are utilized. In particu-
lar, the excellent brilliance at synchrotron facilities enables the study of perovskite solar
cells with high spatial and temporal resolution, allowing for the research of thin film
formation kinetics and degradation mechanisms.
The first project demonstrates that the buried interface in inverted perovskite solar cells
is overlooked in this field. By adding iodine-substitute phenyl acids, fewer defects can
be achieved in NiOx film. This way, the higher open-circuit voltage VOC can be realized.
In addition, the acid groups are also found to be coordinated with Ni vacancies, thereby
reducing the probability of charge carrier recombination, which in turn enhances the
hole transport ability. In addition, the influence of iodophenyl functional groups on the
device performance is studied in terms of iodine locations at the benzene rings. The 4-
IPBA modified NiOx film has a better energy level alignment with perovskite, and due
to the stronger halogen bonding between 4-IPBA and perovskite, perovskite film exhibits
reduced trap densities. As a result, the power conversion efficiency and long-term stability
are largely enhanced.
The second project focuses on the degradation mechanism of perovskite solar cells with
a normal configuration under AM 1.5 G illumination and 75 ± 5% relative humidity.
Importantly, a morphological perspective of perovskite solar cells during operation under
external stressors is still missing. To address this, grazing-incidence small-angle X-ray
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scattering (GISAXS) is used to monitor the morphological evolution. In addition, the
effects of bulk modification and the buried interface engineering, particularly with cesium
iodide (CsI), on perovskite device performance are examined during the opearndo test.
Throughout the solar cell performance evolution, the fill factor FF and the short-circuit
current (JSC) are found to decrease most compared to other solar cell parameters. By
correlating these findings with GISAXS, the driving force for PSCs degradation is identi-
fied as volume expansion, induced by the incorporation of water molecules. Nevertheless,
PSCs with CsI buried interface engineering degrade faster compared to the PSCs with
bulk modification, which is ascribed to grain fragmentation and increased grain bound-
aries. This work highlights the importance of understanding the microscopy morphology
during the device operation, a factor often overlooked owing to the lack of proper tech-
niques. More importantly, the addition of CsI in the perovskite active layer can improve
their device stability under light and humidity conditions.
The third project investigates the reduced-dimensional perovskites, which have been
widely used in highly efficient perovskite solar cells and light-emitting diodes owing to their
tunable structure, phase distribution, and energy landscape. Nevertheless, a systematic
study that combines dimensionality, structure, growth mechanism, charge carrier behav-
ior, and photostability is still missing. Hence, in this project, I study the aforementioned
properties of reduced-dimensional perovskite by grazing-incidence wide-angle X-ray scat-
tering (GWIAXS) and transient absorption spectroscopy. Angular-dependent GIWAXS
measurements reveal the structure and the phase distribution of reduced-dimensional
perovskite with different dimensionality. In particular, the low-dimensional Ruddlesden-
Popper perovskites have demonstrated better phase purity, preferential out-of-plane direc-
tion, and longer charge carrier lifetime compared to their Dion-Jacoboson perovskite coun-
terparts. In stark contrast, as the dimensionality increases, Dion-Jacoboson perovskites
demonstrate better phase purity, preferential orientation, and longer charge carrier life-
time. Moreover, the growth kinetics of reduced-dimensional perovskite during slot-die
coating are disclosed, which illustrates that the formation of low-dimensional perovskite
in Ruddlesden-Popper perovskite is thermodynamically and stoichiometrically favored.
Leveraging this knowledge, this work paves the way for utilizing reduced-dimensional
perovskite to upscale perovskite solar cells.
In summary, this thesis addresses selected key challenges within the perovskite solar cell
field. However, much work remains to be done before perovskite solar cells (PSCs) can
be fully commercialized and used in real-world applications. In terms of operational sta-
bility, particular attention should be paid to the stability of PSCs under light and heat
conditions, as these issues originate from their intrinsic properties and are not easily re-
solved. However, the stability of PSCs under humidity can theoretically be mitigated
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by encapsulation. When addressing the issue of device stability, it is also important to
consider the potential instability of other charge transport layers, e.g., Spiro-OMeTAD
in n-i-p PSCs and self-assembled monolayers (SAMs) in inverted PSCs, which could be
limiting factors in device performance. Therefore, enhancing stability may involve devel-
oping suitable encapsulation techniques and new passivation layers, as most degradation
sites originate from defects. For commercialization, it is crucial to explore alternative
large-scale deposition methods, such as slot-die coating and physical vapor deposition,
since these methods require a different understanding of perovskite growth and solvent
systems. Thermal evaporation is another large-scale deposition method that could be
integrated into industrial pilot lines and warrants more attention.
Tandem perovskite solar cells, which combine mature solar technologies like silicon solar
cells with perovskites, show great promise as game-changers. They have the potential to
overcome efficiency barriers and significantly boost power conversion efficiency. Recently,
Oxford PV has begun commercializing perovskite/silicon tandem solar panels, shipping
the first batch to customers with efficiencies above 20%, demonstrating the superior sta-
bility and performance of these solar panels. However, as with single-junction PSCs, the
efficiency of large-scale tandem perovskite solar cells still lags behind, which underscores
the need for a better understanding of large-scale deposition methods. Additionally, sta-
bility issues persist in tandem devices. The understanding of perovskite tandem solar
cells, particularly in terms of improving efficiency and stability and achieving commer-
cialization, needs to be further developed.
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[29] Mikaël Kepenekian, Boubacar Traore, Jean-Christophe Blancon, Laurent Pedesseau,
Hsinhan Tsai, Wanyi Nie, Constantinos C Stoumpos, Mercouri G Kanatzidis, Jacky
Even, Aditya D Mohite, et al. ”Concept of lattice mismatch and emergence of sur-
face states in two-dimensional hybrid perovskite quantum wells“. In: Nano letters
18.9 (2018), 5603–5609.
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Peter Müller-Buschbaum, and Lakshminarayana Polavarapu. ”Ligand chemistry of
inorganic lead halide perovskite nanocrystals“. In: ACS Energy Letters 8.2 (2023),
1152–1191.
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