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“The important thing is not to stop questioning.
Curiosity has its own reason for existence. One
cannot help but be in awe when he contemplates
the mysteries of eternity, of life, of the marvelous
structure of reality. It is enough if one tries merely to
comprehend a little of this mystery each day. Never
loose a holy curiosity [...] Don’t stop to marvel.”

—Albert Einstein
in a statement to William Miller, “Old Man’s Advice to Youth:

Never Lose a Holy Curiosity,” LIFE Magazine (2 May 1955)
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ZUSAMMENFASSUNG ABSTRACT

Abstract. In this thesis, the morphology of hybrid perovskite thin films for photo-
voltaic application was investigated with grazing-incidence X-ray and neutron scattering
techniques. Important insights into film formation processes on a microscale could help
to explain why certain processing parameters are important to achieve control about film
morphology and thereby yield high power conversion efficiency and good reproducibil-
ity. Furthermore, these results were connected to fundamentally different crystallization
mechanisms which remarkably lead to different preferential crystal orientations. The find-
ings could in turn be used to control the crystal orientation and size, and to develop a
deepened general understanding. Furthermore, in-operando measurements of a perovskite
solar cell shed light on device degradation depending on temperature and crystal phase.
The degradation of thin films as a result of ambient moisture was investigated in situ. The
water uptake of thin films could be quantified which added further understanding to fun-
damental degradation processes. To increase the moisture stability of hybrid perovskite
photovoltaics, a perovskite/perovskite bilayer structure was introduced, and research into
the working principle revealed an important degradation mechanism. Finally, the first
single crystal perovskite solar cells by a top-down approach were fabricated.

Zusammenfassung. In dieser Arbeit wurde die Morphologie von hybriden, dünnen
Perowskit-Schichten für die Anwendung in der Photovoltaik mit Röntgen- und Neutronen-
streuung untersucht. Wichtige Einblicke in Filmentstehungsprozesse auf der Mikroskala
konnten helfen zu erklären, warum bestimmte Prozessparameter wichtig sind um Kontrol-
le über die Filmmorphologie und damit auch Solarzelleneffizienz und -reproduzierbarkeit
zu erlangen. Des Weiteren wurden diese Ergebnisse mit fundamental unterschiedlichen
Kristallisationsmechanismen verknüpft, die erstaunlicherweise zu bestimmten Kristallori-
entierungen führen. Diese Erkenntnisse wiederum wurden benutzt um Kristallorientie-
rung und -größe gezielt zu kontrollieren, und generell ein tieferes Verständnis zu entwi-
ckeln. Ferner konnten in operando Messungen an einer Perowskit-Solarzelle Aufschluss
geben über Zusammenhänge von Degradation mit Temperatur und Kristallphase. Die
Degradation auf Grund von Umgebungsfeuchtigkeit wurde in situ untersucht, und die
Quantifizierung der Wasseraufnahme vertiefte das Verständnis grundlegender Degrada-
tionsprozesse. Um die Widerstandsfähigkeit gegen Feuchtigkeit zu erhöhen wurde eine
Perowskit/Perowskit-Doppelschichtstruktur eingeführt; Nachforschungen in deren Funk-
tionsweise enthüllten einen wichtigen Degradationsprozess. Zuletzt wurden die ersten
Perowskiteinkristall-Solarzellen im Top-Down-Verfahren hergestellt.
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1 Introduction

CHAPTER1
Introduction

While the World’s human population has been well below two billion for thousands of
years, it grew exponentially over the last hundred years, surpassing 7 billion in 2011 with
numbers steadily increasing and likely to hit the 8 billion mark around 2024. An important
factor for this enormous growth was and still is the availability of fossil fuels as dominant
primary energy source. Their being used for energy conversion since the onset of the
industrial revolution resulted in sheer abundance of available primary energy, and public
awareness of their finite nature only arose slowly since the middle of the last century. Thus,
our energy supply is mostly carbon based, with the associated emission of greenhouse
gases, especially CO2, imposing on us the imminent threat of global warming and climate
change.1 In their most recent publication, the scientists of the Intergovernmental Panel
on Climate Change (IPCC) are warning that global warming should be limited to 1.5 ◦C,
beyond which even half a degree increase the risks of drought, floods, extreme heat and
poverty for hundreds of millions of people which requires the elimination of all carbon
pollution by 2050.2

According to the International Energy Agency (IEA), the total amount of consumed
primary energy in the year 2015 was 18.5 TWa,3 with the primary power consumption
per capita in industrialized countries being roughly double as compared to the World’s
average.4 Furthermore, on the one hand, the already ongoing wars for resources (most
prominently for crude oil), but also more subtly the ruthless exploitation of other countries
by highly-industrialized ones (First World) for natural resources are a constant threat for

1IPCC Fifth Assessment Report, “Climate Change 2014: Synthesis Report”, http://ipcc.ch/
report/ar5/syr

2IPCC, “Special Report: Global Warming of 1.5 ◦C”, https://ipcc.ch/report/sr15
3https://www.iea.org
4https://ec.europa.eu/eurostat/data/database
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world peace. On the other hand, the growth of wealth in these countries will bring more
demand for energy. For all these reasons, in order to supply future generations with
enough energy and maintain or increase the current standard of living for all humankind,
the development of a sustainable energy supply is inevitable.

Undoubtedly, the Sun is the most abundant primary energy source, providing around
a thousand times as much energy as the annual consumption by humankind. Nature
itself sets an example of how the Sun’s energy can be stored chemically in plants through
photosynthesis, which consume aerial CO2 thereby closing the carbon cycle.

In 1905 Albert Einstein published his article explaining the photoelectric effect, for which
he was awarded the Nobel price, [1] and in 1941 the first “solar cell” was patended by Russel
Ohl, [2] about a hundred years after the photovoltaic effect was first observed by Alexan-
dre Edmond Becquerel and his father Antoine. This marks the onset of humankind’s
advancing to directly converting sunlight into electricity.

The basic concept of these early photovoltaic cells is based on a silicon homojunction
as absorber, and is now called 1st generation solar cell technology. Thus, this concept
makes use of many advantages of its base materials: Silicon is the second most abundant
element in Earth’s crust, non-toxic, its native surface oxide layer serves as protection
against degradation, and last but not least, its energy gap of 1.12 eV is favorable for light
harvesting from the solar spectrum. However, the biggest disadvantage of silicon is its low
absorption coefficient due to its indirect band gap, which consequently requires a thick
absorber layer. This in turn means that photogenerated charge carriers have to have large
diffusion lengths which is only possible in a high-purity silicon crystal.

Thin film solar cells mark the 2nd generation of photovoltaic technologies; as their ab-
sorber layer is much thinner, their production requires less material thereby saving re-
sources, and furthermore sometimes flexible modules are possible. Apart from CdTe and
copper indium gallium selenide (CIGS), amorphous silicon can also serve as an aborber
here, and its structural disorder makes direct transitions to the photoexcited state possible
while device stability still remains an issue. [3]

In contrast to the aforementioned technologies, the 3rd generation of photovoltaic devices
is destined to overcome the so-called Shockley–Queisser limit of 31–41 % power conversion
efficiency (PCE) that is a result of using a single absorbing material with a specific optical
band gap. Likely candidates for such a technology are e.g. tandem solar cells stacking
layers of several aborber materials on top of each other, or device architectures comprising
concentrating optics. More recent examples are copper zinc tin sulfide (CZTS), quantum
dot, dye-sensitized (DSSC or “Grätzel cells” after their inventor Michael Grätzel), and
organic solar cells (OSC), which all use radically new approaches. Both DSSC and OSC
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1 Introduction

often employ organic molecules as absorbers, sometimes in combination with inorganic
materials, thus the name “hybrid” solar cells. DSSC mimic photosynthesis employing a
thin layer of a non-conducting dye as absorber; in order to increase the overall absorption,
the dye is coated on a mesostructured surface thereby increasing the amount of active
material in the light path. OSC require two materials to separate photoexcited species
into charge carriers with limited diffusion lengths, so these materials have to be closely
intermixed on a nanoscale. There biggest advantages in terms of sustainability are un-
doubtedly the abundance of raw materials, above all carbon, and the easy wet-chemistry
processing.

The search for the ideal 3rd generation photovoltaic technology is ongoing, as the types
mentioned before still pose many challenges until an introduction to a broad market be-
comes feasible. Nevertheless, the use of organic or polymeric absorber materials has many
potential advantages: easy tailoring of optoelectronic properties, cheap, energy-efficient
and up-scalable manufacturing, and versatile applications, just to name a few. To meet
the challenges of limited lifetime and limited PCE , research has brought forward many
alternative absorber materials over the years. Hardly recognized in the beginning, a
hybrid iodoplumbate in perovskite crystal phase has conquered the field in a landslide—
methylammonium lead iodide, or short MAPI. After being know for its high crystallinity
and peculiar optoelectronic properties for decades, [4] it was finally installed as a substitute
for the dye in a DSSC in 2009, [5] marking the starting point as the leader in a photovoltaic
revolution. Initial stability issues resulting from the iodide-based liquid electrolyte were
overcome by a complete solid-state approach helping perovskite-based devices surpass the
10 % PCE barrier in 2012 which infected the entire field with the perovskite fever. [6,7] The
following years were characterized by a hunt for ever higher efficiencies, reaching above
22 % to date. [8]

This verve is justified by the many advantages of perovskite solar cells (PSC) that seem
to combine all the advantages of the earlier photovoltaic generations while solving the
teething troubles of the newer candidates: high crystalline purity and long diffusion
lengths of photogenerated charge carriers, high absorption coefficient due to a direct band
gap which renders thin layers possible and saves material resources, easy processing from
solution and abundance of raw materials whose combination allows for a broad range of
tuning the optoelectronic properties.
The prospect of PSC is bright: Even though the most prominent representatives of hybrid
perovskites contain lead, their environmental impact is low, especially due to an extremely
low energy payback time (EPBT) [9] and if one considers recycling of materials. [10,11] High
device stability can be achieved without the use the precious metal gold which is not only
the biggest drawback in environmental impact of PSC, but also can have a negative im-
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pact on device efficiency. [9,12] Large-area modules are being tested with competitive PCE
to established photovoltaic technologies, [13–16] and flexible solar cells offer the possibility
of versatile applications. [17,18] For large-scale fabrication, low temperature, [19] roll-to-roll
processing, [20,21] and even fully printable architectures are highly promising. [22] While the
first perovskite-perovskite tandem devices are realized, [23] solution-processed perovskite
wafers pose a threat as a cost-effective alternative to the all-dominant semiconductor sil-
icon. [24,25] In the meantime, perovskite/silicon tandem devices may serve as a soft entry
into the photovoltaic market. [26]

The fast initial progress of PSC in terms of PCE from 3.8 % to over 22 % within merely
five years is unprecedented in the history of photovoltaic technologies. However, im-
provements were largely based on a trial-and-error approach, and deeper understanding
of crystallization mechanisms was lagging behind. Therefore, also device reproducibility
and stability became an increasingly important factor in the research of PSC. These two
topics make up the focal points of this thesis, while additionally the possibility of single
crystal PSC is explored. Common optoelectronic characterization techniques like UV–
vis spectroscopy and current–voltage measurements of photovoltaic devices are combined
with structure analysis using scanning electron microscopy for basic investigations. Ad-
vanced grazing-incidence scattering techniques using X-rays and neutrons provide deeper
insight into formation and disintegration of perovskite thin film morphology. The different
aspects and research topics included in this thesis are presented in Figure 1.1 and can
be read as a process flow diagram or control chart for perovskite thin film fabrication.

The remarkable optoelectronic properties reminiscent of high-purity inorganic semicon-
ductor materials like GaAs and easy tuning thereof by compositional engineering renders
possible a broad range of application for hybrid perovskite materials. Additionally, the
tolerance with respect to crystal defects in polycrystalline films mitigates the effects of
grain boundaries, which is why typical PSC device architectures are developing away from
controlled nanoscale morphology necessary for DSSC and OSC towards more traditional
thin film device architectures of 2nd generation technologies. PSC with such planar device
architectures are promising for large-scale industrial fabrication, but in general the crys-
tallization is harder to control than in the mesostructured architecture that historically
evolved from DSSC. Therefore, large-scale industrial production requires understanding
of perovskite thin film formation and crystallization in order to achieve uniform films and
enable robust fabrication processes in future.
In 2-step film deposition, an inorganic precursor layer is deposited first and subsequently
converted to perovskite by addition of the organic compounds, thus making it possible
to individually investigate and eventually also tune both steps. The first step is a closer
look into 2-step perovskite thin film deposition employing grazing-incidence small-angle
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1 Introduction

Figure 1.1: Schematic showing the different aspects and research topics addressed in the present thesis.
Apart from providing a holistic overview, this graphic can also be read as a process flow diagram or control
chart for perovskite thin film fabrication. Reproduced with permission. [27–34]

X-ray scattering (GISAXS). Thus, the aim is to answer the question which microscale
structures are present in such films and what is their origin (Section 5.1).
Early studies report on the impact of the method chosen for deposition of perovskite
thin films on their morphology. [35] Thus, the influence of easy-to-control deposition
parameters—like processing temperatures, conversion techniques, solution concentrations
and compositions—is investigated with grazing-incidence wide-angle X-ray scattering (GI-
WAXS). With an assessment of crystal orientations present in seminal perovskite thin film
deposition methods, the goal is to not only investigate the origin of various crystal ori-
entations (Section 5.2), but also take over control over the film morphology in 2-step
(Section 5.4) and the harder-to-control 1-step deposition methods (Section 5.3), and shed
light on the possible impact of crystal orientation on device performance.

Research into reproducibility and stability of PSC developed into an entirely new branch
in the field, [36] with the additional phenomenon of a current–voltage hysteresis observed
during device testing puzzling researchers and posing new challenges for device charac-
terization. [37,38] In this regard, it is crucial to understand the degradation mechanisms in
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order to be able to take appropriate measures already during film fabrication.
Thus, the effect of the known environmental stress factors—heat and moisture—on degra-
dation of microscale and crystal morphology is investigated with in-situ techniques: With
in-operando GIWAXS, an investigation is conducted of the connection of performance
parameters of PSC under operating conditions with crystal morphology and phase, and
the impact of heat (Section 6.1).
The degradation of hybrid perovskites under the presence of moisture is well-
documented, [39,40] however, little is known on the effects of these crystal phase changes on
the evolution of film morphology. In Section 6.2 changes associated with the ingression
of moisture into hybrid perovskite thin films are addressed with in-situ grazing-incidence
small-angle neutron scattering (GISANS).
In the following, the possibility to prevent degradation from moisture is explored using
a perovskite/perovskite heterojunction approach, and explain the protection mechanism
with a combination of GIWAXS, in-situ X-ray diffraction (XRD) and in-situ GISANS
(Section 6.3).

Hybrid perovskite single crystals of different form factors are highly useful for investiga-
tions into fundamental material properties, as the effects of grain boundaries and other
morphological influences on optoelectronic properties often interfere with the effects orig-
inating from single grains. [24,25,41,42] As a standalone topic, the aim of Chapter 7 is to
fabricate single crystal photovoltaic devices to provide a basis for future investigations on
the impact of crystal orientation on device performance parameters and other fundamental
research topics.

This thesis is structured as follows: After an introduction to the necessary theoretical
background in Chapter 2, the sample preparation and characterization are explained in
Chapter 3 and Chapter 4, respectively. In the latter, the design and construction of a
new solar simulator setup for testing of photovoltaic devices in accordance with industrial
measurement standards (IEC 60904) is documented in Section 4.1.3. Furthermore, the
design and construction of a new in-operando characterization environment for PSC is
covered in Section 4.4.1 and Section 4.4.2. The investigations connected to the crystal-
lization of perovskite thin films are collected in Chapter 5, comprising data of the pub-
lications “A Closer Look into 2-Step Perovskite Conversion with X-Ray Scattering” [27]

and “Toward Tailored Film Morphologies: The Origin of Crystal Orientation in Hybrid
Perovskite Thin Films” [28], with additional data from the co-authored publications of
Nadja Giesbrecht, “Synthesis of Perfectly Oriented and Micrometer-Sized MAPbBr3 Per-
ovskite Crystals for Thin-Film Photovoltaic Applications” [29] and “Single-Crystal-Like
Optoelectronic-Properties of MAPbI3 Perovskite Polycrystalline Thin Films”. [30] Chap-
ter 6 covers the topics related to degradation of perovskite thin films and builds on the
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publication “In Situ Monitoring the Uptake of Moisture into Hybrid Perovskite Thin
Films”, [32] and the publications associated to the close collaboration with Yinghong Hu,
“Hybrid Perovskite/Perovskite Heterojunction Solar Cells” [31] and “Shedding Light on
the Moisture Stability of 3D\2D Hybrid Perovskite Heterojunction Thin Films”. [33] The
studies on single crystal PSC are presented in Chapter 7 and are based on the publica-
tion “Top–Down Approaches Towards Single Crystal Perovskite Solar Cells”. [34] Chapter 8
summarizes the results of this thesis on broad strokes and provides a short outlook.
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2 Theoretical Background

CHAPTER2
Theoretical Background

This chapter provides the theoretical background for the work conducted in the frame of
this thesis. Section 2.1 gives an overview on hybrid perovskite semiconductors with special
focus on CH3NH3PbI3, short MAPI. Apart from a brief introduction of the necessary
tools from crystallography and solid state physics, a major part deals with the connection
between structure and absorption behavior and the the characterization of photovoltaic
devices including peculiarities of perovskite solar cells. Section 2.2 sets the theoretical
basis for the scattering experiments that serve as the backbone for most analyses of this
work.

2.1 Semiconducting Hybrid Perovskites

Hybrid perovskites of the form CH3NH3PbX3 (where X is a halide ion I−, Br− or Cl−) were
first synthesized by Dieter Weber in 1978. [4] Their formidable tunable optoelectronic prop-
erties along with the high crystallinity especially for solution-processed materials sparked
continuous interest over the years, [43–49] but it was not until 2009 that hybrid perovskites
were considered as substitutes for the notoriously unstable dyes in dye-sensitized solar cells
(DSSC). [5] Although the initial power conversion efficiency (PCE) was comparably poor
and the device degraded within mere seconds, further studies could improve the device
stability, [50] which finally resulted in PCE exceeding 10 % in late 2012. [6,7,51] Strong com-
petition for ever higher efficiencies between researching groups, most notably the ones led
by Henry Snaith (University of Oxford), Michael Grätzel (École Polytechnique Fédérale
de Lausanne, EPFL) and Sang Il Seok (Korea Research Institute of Chemical Technology,
KRICT) resulted in unprecedented fast progress, and ultimately led to PCE well above
20 % and good stability in a fully printable architecture. [8,12,22,52,53]
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2.1 Semiconducting Hybrid Perovskites

This section gives an insight into the theoretical background of hybrid perovskites. Sec-
tions 2.1.1 and 2.1.3 cover the structure and optoelectronic properties of hybrid perovskites
based on experimental and theoretical studies, and give a short introduction to the nec-
essary tools of solid state and semiconductor physics. Section 2.1.4 explains the physics
of solar cells in general, with additional focus on the phenomenon of current–voltage
hysteresis observed in perovskite solar cells.

2.1.1 Structural Properties

The name “perovskite” derives from the Russian mineralogist Lev Aleksevich Perovski
and originally refers to the mineral CaTiO3 which was discovered by Gustav Rose in
1839. Its crystal structure was first described by Victor Goldschmidt in 1926. [54] The
perovskite crystal structure ABX3 is inherent to many materials, including the most
abundant mineral on Earth Bridgmanite, and the combination of two cations A and B
with very different sizes and the X anion bonded to both gives rise to many intriguing
properties. The Goldschmidt tolerance factor t relates the crystal structure to the ionic
radii: [54]

t =
rA + rX√

2 (rB + rX)
. (2.1)

As an experimental indicator, it can give a rough estimate of lattice symmetry. In the
range 0.9–1, a highly symmetric cubic phase can be expected, in which case the unit cell
axis is given by

a =
√

2 (rA + rX) = 2 (rB + rX) . (2.2)

In the case of MAPI, the Pb2+ cation is slightly to small, which results in a tetragonal
phase at room temperature. An overview over tolerance factors of hybrid perovskites
relevant for photovoltaics is presented by Green et al. [55] Typical cations at the A site
are methylammonium CH3NH+

3 (MA+), formamidinium NH2CHNH+
2 , and caesium Cs+,

while the more unlikely candidates Ru+ (too small) or guanidinium CH6N+
3 (too large)

are employed as additives to enhance device performance or stability. [56,57] The B site is
occupied by Pb2+ or Sn2+, with Cu2+ as a non-toxic substitute, while so-called double per-
ovskites with alternating unit cells hosting Bi3+ and Ag+ are gaining in popularity. [58–60]

At the X sites are halide ions I−, Br−, or Cl−, forming an octahedron around the metal
ion.

In crystalline solids, the lattice vector ~Rn marks the position of a unit cell, the translation
vector ~T connects two unit cells, reciprocal lattice vector ~G, n ∈ Z.

10



2 Theoretical Background

~Rn = n1 ~a1 + n2 ~a2 + n3 ~a3

~T = ~Rn − ~Rm

~Gn = n1~b1 + n2~b2 + n3~b3

~Gn · ~T = 2πn
~an ~bm = 2πδnm

~b1 = 2π
~a2 × ~a3

~a1 · (~a2 × ~a3), analogous : ~b2, ~b3

(2.3)

Thus, the direction within the crystal is given by the factors [n1n2n3]. A common notation
for Bravais lattices are the Miller indices, where [hkl] denotes the direction in the basis
of direct lattice vectors, 〈hkl〉 the set of all equivalent directions in the symmetry of
the lattice; similarily, (hkl) denote planes orthogonal to [hkl], while {hkl} are the set
of equivalent planes. Per definition of the reciprocal lattice vector as |~G| = 2π/d, with a
being the lattice constant of a cubic crystal, the distance d between adjacent (hkl) planes
is given by

1
d2 = h2 + k2 + l2

a2 (2.4)

while in a tetragonal crystal it reads

1
d2 = h2 + k2

a2 + l2

c2 . (2.5)

The angles φ between planes (h1k1l1) and (h2k2l2) can be calculated for either crystal
symmetry according to

cosφ = h1h2 + k1k2 + l1l2√
(h2

1 + k2
1 + l21) (h2

2 + k2
2 + l22)

cosφ =

h1h2 + k1k2

a2 +
l1l2

c2√√√√√
h2

1 + k2
1

a2 +
l21
c2

 h2
2 + k2

2

a2 +
l22
c2


.

(2.6)

The 14 Bravais lattices are grouped into crystal classes, namely triclinic, monoclin-
ic/orthorhombic, tetragonal, hexagonal and cubic. The symmetry of a crystal can be
classified by a set of (rotational) symmetry operations called point groups; to include
translation symmetry, the combination with the translation vectors of its Bravais lattice
results in 219 space groups (230 considering chiral twins). These are typically written in
the Hermann-Mauguin notation, in which the Bravais lattice type is given by an upper
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2.1 Semiconducting Hybrid Perovskites

case letter, e.g. primitve (P), or body centered (I). Rotation axes are noted by their order
360°/n, n = 1, 2, 3, ..., improper rotations (rotary reflections) are noted with a macron, e.g.
1, 2, 3,... . Screw axes are noted by their order of rotation with an index specifying the
translation along the axis, m denotes mirror planes , and glide planes are noted according
to the axis of movement.

The compounds denoted in this thesis as “hybrid perovskites” come in up to four phases:
a highly symmetric α-phase typically present at high temperatures, a slightly distorted
β-phase at intermediate temperatures, and a low symmetry γ-phase at low temperatures;
the fourth is the non-perovskite δ-phase. [61]

MAPI perovskite is tetragonal at room temperature with a reversible phase transition
around 60 ◦C. [61] Its exact symmetry group has been a matter of determined debate as it
carries important implications for material properties:
More recently, it has become clear that MAPI belongs to the P4mm–I4cm group–subgroup
pair instead of Pm3m–I4/mcm. [62–64] A strong argument is the discovery of ferroelastic
twin domains which points towards the polar I4cm. [65] The nonpolar, centrosymmetric
I4/mcm does not exhibit piezoelectricity. At room temperature, the unit cell parameters
are determined as a = 8.849(2)Å and c = 12.642(2)Å. [61] The high temperature phase
of MAPI is pseudo-cubic in P4mm with minor differences in the a and c axes (a =
6.3115(2)Å, c = 6.3161(2)Å). [61] A schematic representation with scaled ionic radii and
inter-ionic distances for I4cm and P4mm phase is depicted in Figure 2.1.

Figure 2.1: Relevant crystal structures of MAPI perovskite: (a) high-temperature pseudo-cubic P4mm
for temperatures above ~60 ◦C, and (b) tetragonal I4cm present at room temperature, in projected side-view
and top-view.

The phase transition of the MAPI perovskite from tetragonal to pseudo-cubic was pro-
posed by Stoumpos et al. to be of second order within the Landau theory, and neutron
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diffraction data pointed in the same direction. [61,66] Earlier studies saw proof for a first
order transition, [67] or even a tricritical one. [68] In fact, close examination of recent time-of-
flight neutron and high resolution synchrotron X-ray diffraction experiments has shown
that the phase transition is close to tricritical. However, the coexistence of cubic and
tetragonal phases over a wide temperature range of around 15 K (between 320 K and
338 K) proves that it is actually of first order. [69] The out-of-phase tilting of the PbI6
octahedra combined with off-centering along the c-axis during the cubic–tetragonal phase
transition leads to a ferroelectric displacement, thus justifying the tetragonal I4cm space
group assignment. The tilting angle is 16.4° at 293 K and as many inorganic perovskites,
crystal twinning can expected to be common. [61] The transition from the β- to the γ-phase
takes place around 150 K in a narrower range and is as well of first order. [61,69] It should
be noted here, that the behavior is quite dependent on the size and probably the inertia
of the organic cation and even is quite sensitive to different isotopes. [69] If not noted oth-
erwise, the crystallographic information for this thesis is taken from Stoumpos et al. for
consistency reasons, as well as they provide a comprehensive compendium. [61]

Both other halide species are of the highly symmetric Pm3m cubic phase, with lattice
parameters determined as a = 5.931 29(4)Å and a = 5.684 15(6)Å for CH3NH3PbBr3

(MAPB) and CH3NH3PbCl3 (MAPC), respectively. [64] Formamidinium lead iodide
NH2CHNH2PbI3 (FAPI) is in the cubic P3m1 phase at room temperature, however, it
tends to transition to a δ-phase polymorph in the hexagonal P63mc space group. The
δ-phase is optically inactive in the visible range which makes it unattractive for pho-
tovoltaics. [61,70] Yet, a recent study ascribes a passivating and stabilizing effect of trace
amounts of δ-FAPI on MAPI solar cells. [71]

As explained earlier, the orientation and type of the organic cation has a decisive effect on
the crystal phase, on the one hand due to the Goldschmidt tolerance factor, on the other
hand due to its influence on the inorganic cage. [61,69] In fact, a series of articles, most
notably by the group of Seung-Hun Lee, suggests that the adopted crystal phases are
almost purely entropy driven, and thus electric fields can have tremendous effects. [72–76]

The reorientation of the organic cation with its dielectric moment as a response to such
triggers as illumination or applied bias (like in photovoltaics) could not only provoke local
phase transitions, but also be in part responsible for the peculiar optoelectronic behavior
of hybrid perovskites discussed in Sections 2.1.3 and 2.1.4. [72]
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2.1 Semiconducting Hybrid Perovskites

2.1.2 Thin Film Crystallization

An important step to achieve high efficiency photovoltaic devices is to control the crys-
tallization of hybrid perovskite thin films. As a major part of this thesis engages in this
topic, this section provides the theoretical basis with the focus on solution-processing of
MAPI films on planar substrates. This section is based on the review article by Zhou et
al. who give a comprehensive compendium on hybrid perovskite crystallization. [77]

The main effort in the field of hybrid perovskite optoelectronics over the past years was to
optimize the quality of hybrid perovskite thin films; that is, in terms of film homogeneity,
coverage, roughness; the film microstructure, i.e. grain size, distribution, and texture;
and elimination of defects, e.g. voids, pinholes, grain boundaries. However, most studies
are driven by a heuristic approach on a trial-and-error basis. To a certain extent this is
related to the complexity of the matter, as the influences of precursor chemistry, solvents,
substrate properties and processing parameters are hard to disentangle. The myriad of
deposition methods for hybrid perovskite thin films can roughly be classified into “1-step”
and “2-step” (sequential) deposition which are discussed separately in the following.

1-Step Methods

The principle of 1-step methods is to dissolve all precursor materials in a common sol-
vent and during film deposition, the removal of the solvent causes supersaturation in the
precursor solution and formation of perovskite crystals. In the most commmonly applied
spin-coating, supersaturation is achieved essentially by isothermal heating, while an anti-
solvent can be used to simultaneously extract precursor solvent and reduce the solubility
of the precursors. According to classical nucleation theory, the so-called “monomers”
(atoms, ions, molecules, etc.) cluster together and precipitate on the substrate–solution
interface [78] or solution surface [79], or in the form of colloidal particles if complex-building
solvents are used; [80] this is called “heterogeneous” nucleation. [77,81] Another possibility
is the formation of such monomers in solution which is referred to as “homogeneous”
nucleation. [77,81]

In the latter case, the maximum Gibbs free energy ∆G∗hom is highly dependent on the
particle radius r, while only particles above a critical radius r∗ > r are thermodynam-
ically stable enough to grow further, and smaller particles will redissolve. If nucleation
takes place on a surface (substrate/colloid), the particles’ interface energy and thus the
energy barrier is reduced significantly, so ∆G∗het � ∆G∗hom, but in turn depends on the
number of available sites. [77]
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The nucleation rate fnucl is given by

fnucl ∝ exp
[
−EA
RT

]
exp

[
−∆G∗
RT

]
(2.7)

where EA is the activation energy for the transport of “monomers” to the nucleus–solution
interface, and ∆G∗ ∝ lnS resulting in a preference of heterogeneous nucleation at low
supersaturation ratio S, and homogeneous nucleation at high S. [77,82] Thus, the control
of the density of nucleation sites is important for achieving uniform films. At constant
S the nucleation rate has a maximum at a certain temperature, the intersect between
both exponential terms in Equation 2.7. As mentioned before, certain (polar) solvents
can induce strong coordination to the Pb species, forming colloidal particles in which
case the number of possible nucleation sites is increased and hence a higher nucleation
rate and nuclei density is expected which also seems to be the case if non-halide lead
precursors are used. [83,84] Such processes are better controllable at lower temperatures
at which the formation of new nuclei is suppressed; otherwise, these would compete for
available monomers with the growing particles. Instead, anti-solvents can be used for
extraction of the precursor solvent. The remaining polar solvent can subsequently be
removed by heating [85] and the nuclei will grow following a non-epitaxial Vollmer–Weber
growth to reduce the overall free energy. [86] Thus, the growth process is limited by diffusion
(which is more likely in the bulk of the film, as monomers are readily available from
solution at the interface), or by interface reaction kinetics. [87]

2-Step Methods: Nucleation

In 2-step deposition, the inorganic precursor, e.g. PbI2, is applied first and present in solid
state before the film is converted to perovskite. This can be achieved with the organic
precursor compounds, e.g. MAI, being in solid, [88] dissolved, [89] or gaseous state, [90] by
which the reactions are classified as a (i) solid–solid, (ii) solid–liquid, or (iii) solid–vapor
reaction process. These three types form the basis for other variants of 2-step processes,
and typically offer better control over the film formation by moderating the rapid reac-
tion between the organic and the inorganic parts of the precursor. [77] For reaction (i),
the conversion likely already starts during spin-coating and is completed in a solid state
transformation by the subsequent annealing step. Reaction (ii) necessarily starts at the
solid–liquid interface and thus depends strongly on the precursor morphology (see Sec-
tion 5.2.2). In reaction (iii), nuclei form on the surface of the precursor layer. In all cases,
the exact mechanism is debated and thus makes a central point of Chapter 5. As all
processes depend to some extent on the diffusion of the organic compounds, the thickness
d of the pristine perovskite is rate limited by the activation energy Ediff of the solid state
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diffusion process: [91]

d = fnucl exp
[
−Ediff
RT

]
. (2.8)

2-Step Methods: Growth

The growth of as-formed perovskite grains likely depends on many factors as discussed
in detail in Chapter 5. To stay with a classical stochastic picture, the growth in a poly-
crystalline film containing grains of different sizes depends on the number of grain–grain
interfaces (“coordination”) and the resulting “curvature” of these grain boundaries. [91]

Concave grains with six or more sides (dihedral angle ≥ 120°) can be considered thermo-
dynamically stable, so they will grow at the expense of neighboring grains. Convex grains
with fewer sides will thus shrink. The grain coarsening rate (change of grain radius r) is
therefore dependent on the activation energy EGB for grain boundary movement, i.e. the
solid state diffusion of relevant species: [77,91]

r2(t)− r2(t = 0) = fGB exp
[
−EGB
RT

]
. (2.9)

Secondary grain coarsening may depend on preferential crystal orientation as crystal-
lographic planes with a low surface energy that are aligned with the substrate or film
surface grow at the expense of crystals with less favorable orientations in order to mini-
mize the overall free energy of the system. In the context of grain boundary movement,
also adhesive forces and thus the surface energy of the substrate play an important role.
Additionally, classical Ostwald ripening at the solid–liquid interface can have an impact,
as small grains with higher chemical potential dissolve which leads to a local monomer
supersaturation of the solution. These monomers attach again to the surface of larger
grains (with lower chemical potential) resulting in overall coarsening. [77,92]

2.1.3 Optoelectronic Properties

The band gaps of CH3NH3PbX3 perovskites are 1.51 eV, 2.22 eV and 2.94 eV, respectively,
for the pure iodide, bromide and chloride compound which fits to the color impression
of black, orange and transparent. [64] By partly exchanging the I− with Br− anions, the
band gap can be tuned for optimized absorption of the solar spectrum. [85,93,94] The FAPI
and CsPI variants exhibit band gaps around 1.45 eV and 1.73 eV, respectively. [61,95,96]

FA+ and MA+ cation mixing only changes the band gap slightly, [97] but in combina-
tion with halide mixing the photovoltaic device performance can be increased to over
20 % for an optimized ratio with 3 wt% lead excess. [98,99] Addition of small amounts of
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Cs+ to form a triple cation mixed halide perovskite leads to more stable devices, [53]

and further addition of the unlikely Ru+ results in a “cation cascade” in the quadruple
cation mixed halide perovskite fabricated from a precursor solution with the composition
Ru0.05Cs0.047(FA0.75MA0.15)Pb(I0.84Br0.16)3. [56] This shows that the band gap of hybrid
perovskites are broadly tunable over the entire visible range only by changing the com-
position, which is supported by theoretical calculations. [100,101] Thereby, perovskite solar
cells can be optimized towards the theoretical Shockley–Queisser limit, [102] but also color-
ful light emitting devices become feasible. [103] Combination of perovskite absorber layers
with suitable electron (ETM) and hole transport materials (HTM), and electrode mate-
rials, allow for a variety of versatile device architectures and fabrication processes (see
Figure 2.2a). [100]

Figure 2.2: (a) Energy levels of the most commonly employed perovskite absorbers, with applicable
electron (ETM) and hole transport materials (HTM), and electrode materials. Reprinted with permis-
sion. [100] Copyright 2016 by The International Society for Optical Engineering (SPIE). (b) Band structure
of MAPI calculated by quasi-particle self-consistent GW approximation, with 0 set to the VBM and show-
ing the Dresselhaus splitting in the CBM. Green bands denote I 5p, and red ones Pb 6p orbitals. M and
R are Brillouin zone boundary points close to (1/2, 1/2, 0) and (1/2, 1/2, 1/2), respectively. Reprinted with
permission from Brivio et al. [104] Copyright 2014 by the American Physical Society.

Early experimental evidence showed the great promise of the MAPI perovskite for opto-
electronic devices by stepwise discovery of its favorable optoelectronic properties:

• a direct band gap, resulting in high absorption coefficient reminiscent of GaAs [105]

• ambipolar charge transport (both positive and negative charge carriers) [7]

• diffusion length over 1 mm in single crystals indicating that it might only be limited
by crystal size [41]

• high dielectric constant (ε0 = 25.7) resulting in low effective masses (m∗h = 0.12–
0.29 m0 and m∗e = 0.15–0.23 m0), effective splitting of weakly bound Wannier–
Mott excitons (2–50 meV), [106–109] and possibility of charge transport channels along
ferroelectric domain boundaries [39]
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2.1 Semiconducting Hybrid Perovskites

• benign defect physics: no deep trap states, low impact of grain boundaries [105,107,110]

In a theoretical review, Even et al. cover some main differences of hybrid perovskites when
compared with GaAs: [62] While the direct band gap is located at the high symmetry point
R instead of Γ, the band structure is inverted resulting in a trice degenerate conduction
band minimum (CBM), instead of the valence band maximum (VBM). A giant spin–orbit
coupling (SOC) reduces the density of states (DOS) in the conduction band, but at the
same time leads to a similar band curvature and thereby balanced electron and hole trans-
port properties. [111] Furthermore, a Rashba–Dresselhaus spinor splitting leads to a joint
density of states and thereby increased absorption (see Figure 2.2b). [62,104] A further effect
that has been proposed and is also supported by experiments is so-called photon recycling:
The photon resulting from radiative recombination of already dissociated charge carriers
(by geminate or non-geminate/bimolecular recombination) is reabsorbed. [112] Thus, ex-
perimentally observed recombination rates and charge carrier diffusion lengths could be
overestimated. [113] As pointed out before, the theoretical description of optical and also
the charge transport properties of photoexcited species is largely affected by the properties
of the crystal lattice itself, that is, if a polar, non-centrosymmetric I4cm, or a non-polar,
centrosymmetric I4/mcm space group is assumed. [39,62,65,114]

If a photon with an energy Eph ≥ Eg = ECBM−EV BM is impinging onto a semiconductor
material with thickness d, the absorption follows the Beer–Lamber law

T (λ) = I(λ)
I0(λ) = exp[−β(λ) d] = 10−A(λ) (2.10)

with the transmittance T (λ), the wavelength dependent absorption coefficient β(λ), and
the absorbance spectrum A(λ). For thin films, contributions from the interfaces become
more significant. Thus, the absorption coefficient (following the Beer–Lambert law) should
be corrected for the reflectance R(λ) using

β(λ) =
(1
d

)
ln
[

1−R(λ)
T (λ)

]
. (2.11)

Considering a linear dependence of the absorbance spectra it follows

βfilm(λ) =
(
dsub
dfilm

)
(βtot(λ)− βsub(λ)) (2.12)

which leads to the deduction of a “realistic” absorption coefficient for thin films by Cesaria
et al.: [115,116]

βfilm(λ) = dsub
dtot

1
dfilm

ln
[

1−Rtot(λ)
Ttot(λ)

]
− 1
dsub

ln
[

1−Rsub(λ)
Tsub(λ)

]
. (2.13)
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Considering that the substrate thickness dsub is typically orders of magnitude higher than
the thin film thickness dfilm and assuming dtot = dsub + dfilm ≈ dsub, this expression
becomes even simpler. [115]

The absorbance spectra of hybrid perovskite films typically exhibit a sharp absorption
edge with negligible parts below the band gap suggesting a small Urbach energy of
15 meV. [105] From the absorption edge, one can determine the band gap using the Tauc
equation

βhν = A
(
hν − Eopt

g

)r
(2.14)

where A is a proportionality constant. [117] The exponent is determined by the nature of the
band gap, i.e. r = 1/2 for a direct band gap and r = 3/2 for an indirect one, in either case
representing the allowed transition. Theory and experiments predict that the absorption
in hybrid perovskites might even be more complex and lead to multiple transitions with
various involved species. [118–122]

2.1.4 Perovskite Solar Cells

The Solar Spectrum

The Sun is the most abundant primary energy source available on Earth. The total
solar irradiance arriving at the outermost layers of the atmosphere is quite constant with
about 3 % fluctuation over the annual cycle due to the slight elliptical orbit of Earth.
The total energy irradiating from the Sun to the Earth amounts to about 23 000 TWa per
year, which is roughly a thousand times the annual World’s primary energy consumption.
Nevertheless, the processes in the Sun have to be understood to tailor the materials used
in photovoltaic devices.

The energy is produced in the Sun’s core (which is essentially a hydrogen plasma) by
nuclear fusion; the dominating reaction for stars the size of the Sun and smaller is the
proton–proton chain reaction

4p+ → 4He2+ + 2e+ + 2νe (2.15)

of which the most prominent branch releases about 26.732 MeV. Another known process,
the carbon–nitrogen–oxygen (CNO) or Bethe–Weizsäcker cycle, involves various cata-
lysts and is more dominant in larger stars. By radiation and convection, the energy is
transported to the Sun’s surface, and the power radiated from there is described by the
Stefan–Boltzmann law for a black body with emissivity ε = 1, the surface temperature
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T = 5778 K and surface area A:

P = Aεσ T 4

σ =
2π5 k4

B

15 c2
0 h

3.
(2.16)

σ is the Stefan–Boltzmann constant, kB = 1.38× 10−23 J K−1 the Boltzmann constant,
c0 = 2.998× 108 m s−1 the speed of light in vacuum and h = 6.626× 10−34 J s is Planck’s
constant. The spectral density of the radiation (radiance) is given by Planck’s law

B(λ, T ) = 2π hc2
0

λ5

(
exp

[
hc0

λ kBT

]
− 1

)−1

(2.17)

whereas the fraction of the solar spectral irradiance reaching Earth’s surface is reduced by
the factor (rS/dS−E)2, with the Sun’s radius rS = 695.7× 106 m and its distance to Earth
dS−E = 150× 109 m. Thus, the theoretical black body spectrum can be calculated (see
Figure 2.3).

Figure 2.3: Reference solar irradiance spectra after ASTM G173-03 (ISO 9845-1) standard from 2003,
and the black body spectrum calculated for the Sun’s surface temperature of 5778 K via Equation 2.17.
The aerosols responsible for the absorption losses are noted in the graph.

At the perihel of Earth’s orbit this amounts to about 1420 W m3, in the aphel 1325 W m3;
the annual mean value is defined as the solar constant 1366.1 W m3 by the World Me-
teorological Organization (WMO) in 1982. Due to (Rayleigh and Mie) scattering and
absorption losses in Earth’s atmosphere, the local solar spectrum experienced on Earth’s
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surface depends on the light path lφ and the azimuthal angle at the geodetic latitude φ
which leads to the definition of the air mass index

AM = lφ
l0

= 1
cosφ (2.18)

with l0 being the optical thickness of the atmosphere at the equator. Figure 2.3 shows
three simulated terrestrial reference spectra by the American Society for Testing and
Materials (ASTM) as of the standard defined in 2003:

• extraterrestrial radiation, i.e. the solar spectrum at the top of the atmosphere at
mean Earth–Sun distance (AM0); this spectrum is employed for solar applications
in space (e.g. satellites)

• direct normal irradiance of nearly parallel radiation (0.5° divergent cone) onto the
surface with surface normal tracking (pointing to) the Sun, excluding scattered sky
and reflected ground radiation merged with the diffuse “circumsolar” spectrum, i.e.
the spectral irradiance within the field of view centered on the solar disk (aperture
angle 5.8°), but excluding the direct radiation from the disk; this spectrum is em-
ployed for concentrator systems which cannot make use of the scattered light from
the atmosphere

• the most relevant AM1.5 “Global” spectrum, i.e. irradiance on a 37° sun facing tilted
surface for the atmospheric conditions specified in the graph; as the Sun at AM1.5 is
at an angle of 41° above the horizon, its angle to the surface normal vector is 11.2°;
this spectrum is employed for solar applications without concentrator optics, as they
can make use of the blue sky (hence the higher intensity at lower wavelengths)

Working Principle of Photovoltaic Cells

At the instant of the absorption of a photon greater than the band gap energy Eg of
a semiconductor, the bound photoexcited species (“exciton”) are in thermal equilibrium
with the Sun. However, they quickly thermalize to the band edges and the excess energy
is lost. Depending on the dielectric constant ε of the material, the exciton with binding
energy Ebind is dissociated into free charge carriers, an electron and a hole with reduced,
so-called effective masses m∗e and m∗h.

Ebind = −
m∗e,h e

4

8εε0h2 (2.19)
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As the electron–hole pair is now in thermal equilibrium with the lattice, their distributions
are described by a Fermi–Dirac distribution function

ne,h = NCB,V B exp
−

∣∣∣ECB,V B − ECB,V B
F

∣∣∣
kBT

 (2.20)

where NCB,V B are the effective densities of states, ECB,V B are the energy levels, and
ECB,V B
F are the respective quasi-Fermi levels of the conduction band (CB) and the va-

lence band (VB), the latter being the electrochemical potential of either species. The
split of the Fermi level EF occurs due to the additional charge carriers in either energy
band. The maximum energy that can be extracted from a photovoltaic cell is determined
by the potential difference ECB

F − EV B
F , the free energy per electron–hole pair. A chem-

ical potential gradient ∇µ over the entire device causes a diffusion current density Jdiff
according to Fick’s law

Jdiff = −Dene,h
kBT

∇µ (2.21)

with the diffusion coefficient D. An additional electrical potential gradient ∇φ (e.g. by
an applied external field) causes a drift current density Jdrift

Jdrift = −σ∇φ (2.22)

with σ being the conductivity. Free charges—electrons and holes—are created by exciton
dissociation as a result of the gradient in the combined electrochemical potential and the
net charge current density J is

J = Je + Jh = σe
e
∇ECB

F + σh
e
∇EV B

F . (2.23)

Thus, in the case of J = 0, meaning no charges are extracted, the maximum possible
voltage is the open-circuit voltage

eVOC = ECB
F − EV B

F . (2.24)

The opposite case where all generated charge carriers are extracted occurs when the Fermi
level EF of both electrodes is aligned, thus the resulting current is called short-circuit
current density JSC . In both cases the electrical power is zero, so a trade-off between
the free energy and the number of charge carriers is found at the maximum power point
(MPP).

The current–voltage characteristic of a solar cell without illumination basically follows
that of an ideal diode

I = I0

(
exp

[
eV

kBT

]
− 1

)
(2.25)
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Figure 2.4: (a) Current–voltage curve of the KG5-filtered reference cell (cf. Section 4.1.3) measured
under simulated AM1.5G spectrum. The ratio of the cyan/gray areas is the fill factor FF . (b) Two com-
monly employed device architectures of perovskite solar cells: the n–i–p planar (left) and the mesoporous
design with perovskite capping layer (right) which is inspired by dye-sensitized solar cells. The color code
is the same as in Figure 2.2a. An inverted design, i.e. exchanging electron and hole transport layers is
also possible, resulting in a p–i–n structure. Inspired by Song et al. [100] (c) Energy level diagrams of a
photovoltaic cell under operating conditions at different points of the current–voltage curve. The position
of the Fermi level is denoted by a black dashed line while quasi-Fermi levels are marked with dotted lines.
Currents for electrons (red) and holes (black) resulting from gradients of the chemical ~∇µ and electrical
potential ~∇φ are depicted with arrows. Please note that the naming convention for anode and cathode
follows the one for p–n junction diodes, and is opposite to the common notation in dye-sensitized solar
cells.

where I0 is the so-called (dark) saturation current, which is the leakage current of the
diode and thus a measure for the recombination in the device (cf. Section 6.1). Under
illumination, the JV curve shifts due to the additional current exhibited by extracted pho-
togenerated charge carriers, the photocurrent Iph. In an ideal solar cell, this is described
by the Shockley equation

I = I0

(
exp

[
eV

kBT

]
− 1

)
− Iph (2.26)

while in a more realistic equivalent circuit, transport losses in the different solar cell
layers are accommodated for by a series resistance Rs, alternate current paths reducing
the photocurrent flow through the diode by a (parallel) shunt resistance Rp, and the
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non-ideality of the diode by the ideality factor n ∈ [1, 2]:

I = I0

(
exp

[
e(V − IRs)
nkBT

]
− 1

)
− V − IRs

Rp

− Iph. (2.27)

The impact of these resistances on the JV characteristic effectively reduces the extracted
power of the solar cell and is described by the following equations:

Rs =
(
dI

dV

)−1

V=VOC

(2.28)

Rp =
(
dI

dV

)−1

V=0
−Rs. (2.29)

Figure 2.4a shows the JV curve of the KG5-filtered Si reference solar cell from Fraun-
hofer ISE (see Section 4.1.3) and the output power density. Figure 2.4b shows the two
most common PSC architectures today, with the planar n–i–p device architecture most
relevant for this work on the left, and the mesostructured n–i–p architecture with per-
ovskite capping layer on the right. The color code is the same as in Figure 2.2a, from
which a suitable material combination of ETM and HTM and electrode materials can
be chosen, also to build p–i–n architectures. The working principle of photovoltaic cells
is explained with the aid of energy level diagrams in Figure 2.4c: An absorbed photon
generates an electron–hole pair which leads to the accumulation of charge carriers in the
respective energy bands and formation of so-called quasi-Fermi levels. The position of
the Fermi level (in the dark) is denoted by a black dashed line while quasi-Fermi levels
(under illumination) are marked with dotted lines. As Krischer et al. note, they are
more correctly called electrochemical potential. [123] The charge carriers are transported
via drift and diffusion currents through the respective selective contacts responding to an
electric field or gradients in electrical potential ~∇φ or chemical potential ~∇µ. In the cho-
sen representation, the perovskite is treated as an intrinsic absorber which implies that
under operating conditions the current is diffusion driven; however, hybrid perovskites
might be doped unintentionally which would suggest a typical p–n heterojunction. [61,124]

Additionally, ion migration might cause the build-up of an internal electric field which
could be connected to the phenomenon of current–voltage hysteresis discussed later.

Power Conversion Efficiency of Photovoltaics

Generally speaking, the power conversion efficiency (PCE) η of a photovoltaic cell is the
ratio of the maximum generated power Pmax per cell area A and the incoming power flux
Ein.

η = Pmax
EinA

= VMPP IMPP

Ein
(2.30)
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To express this with easily accessible photovoltaic parameters, the fill factor FF relates
Pmax to the VOC and the ISC :

FF = Pmax
Pideal

= VMPP IMPP

VOC ISC
. (2.31)

The theoretical maximum of the fill factor is around 89 %; [3] other more realistic fill factors
are discussed by Martin A. Green which also enable a decoupling of parasitic losses from
Rp and Rs. [125–127]

William Shockley and Hans Queisser were the first to calculate an efficiency limit for
photovoltaics using purely thermodynamic considerations. [102] This so-called Shockley–
Queisser limit places the maximum PCE at 32.9 % for a homojunction solar cell with a
band gap of 1.34 eV assuming an AM1.5 spectrum of unconcentrated sunlight and only
one photogenerated exciton per photon. Their basic considerations are: [102]

• absorption probability (which they assume to be 1)
• entropic losses: black-body radiation due to solar cell temperature
• principle of detailed balance: radiative recombination of electron and hole, the in-

verse process of absorption and as a result of a driving force to thermodynamic
equilibrium (intrinsic carrier concentration generated thermally)

• an “impedance matching factor” (which is the FF)

Others have built on these assumptions and formulated them in terms of efficiencies of
individual energy conversion processes: [3,123,128]

• spectral losses: no absorption of photons below the cut-off energy given by the band
gap

ηabs = −JSC
e

E
>Eg

ph

Eph
(2.32)

• thermalization: intraband relaxation of charge carriers to the band edges, so they
are in thermal equilibrium with the crystal lattice

ηthermalization = Eg + 3kBT
Eph

(2.33)

The additional reduction of ≈ 3kBT relates to the position of quasi-Fermi levels at
the given cell temperature T

• conversion of electron–hole pair’s energy to chemical energy (eVOC < Eg)

ηthermodynamic = eVOC
Eg + 3kBT

(2.34)
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• potential shift (VMPP < VOC) required for conversion of chemical to electrical energy
which results in the fill factor FF

The overall efficiency is thus described by the product of the individual contributions:

η = ηabs ηthermalization ηthermodynamic FF . (2.35)

Other losses in real solar cells are limited charge carrier mobility or even trapping, non-
radiative recombination, and reflection of light, e.g. from the glass cover. The most
prominent concepts to overcome the Shockley–Queisser limit are the use of concentrated
sunlight, or carrier multiplication, i.e. multiple exciton generation by one photon, tandem
cells or photon up-/downconversion. The latter might be an intrinsic property of hybrid
perovskites which possess a photon recycling mechanism. [113] According to calculations
by Brendel et al., the theoretical efficiency limit for non-concentrated sunlight is around
43 %, and even 85 % if concentrator optics are used. [129] Figure 2.5a shows the famous
plot of the SQ limit in black with the other contributions represented in the same color
code as the equivalent in the energy flow diagram presented in Figure 2.5b.

Figure 2.5: (a) Thermodynamic losses calculated for relevant band gap energies explaining the Shockley–
Queisser limit. Adapted from Steve Byrnes, www. sjbyrnes. com/ sq. html . (b) Energy flow diagram
visualizing the energy conversion processes in photovoltaic cells. Inspired by Krischer et al. [123]

An important further reduction of PCE occurs at elevated temperatures, mainly expressed
as a reduction of VOC according to

dVOC
dT

= VOC − Vg0
T

− γ kB
e

(2.36)

where eVg0 = Eg0 is the band gap energy extrapolated to 0 K, and γ = 3 is a characteristic
material constant.
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2 Theoretical Background

Current–Voltage Hysteresis

By crossing the 10 % PCE mark, the 2012 publication by Lee et al. sprouted an entire
field of research on perovskite solar cells with fast initial progress leading to efficiency
reports over 20 % less than three years later. [7] Skepticism arose early on due to the ir-
reproducibility of results among different groups, until in 2014 Henry Snaith et al. first
admitted the existence of a current–voltage hysteresis. [37] They also proposed three pos-
sible reasons, namely (i) ferroelectricity, (ii) charge trapping/detrapping, and (iii) ionic
migration. Further research showed that hysteresis is dominantly associated with the hy-
brid perovskite material itself, but also depends on charge contact materials. [130,131] The
timescales of the hysteresis are in the range of 10–100 s, [132,133] which is in great contrast
to the typical nanosecond regime of charge generation/recombination processes. [134] Af-
ter some time it became obvious that the hysteresis also depends on the parameters of
current–voltage sweeps, such as scan rate and direction, amplitude of external electric
field, pre-bias etc. [135–137] To ensure comparability of results among research groups, this
raised the necessity to comply with industrial standards for testing of perovskite photo-
voltaics as discussed in detail in Section 4.1.3. The following is loosely based on the review
article M. Petrus, J. Schlipf et al., “Capturing the Sun: A Review of the Challenges and
Perspectives of Perovskite Solar Cells”. [138]

Ferroelectricity. In this thesis, I deliberately assign the non-centrosymmetric I4cm
space group to MAPI, rather for consistency reasons, as this is still a topic of debate in the
field. Nevertheless, even the centrosymmetric I4/mcm—or the highly symmetric Pm3m
of MAPB—could show hysteretic behavior due to reorientation of the PbI6 octahedra
or the organic cations as a response to the external electric field. [139,140] Experimental
evidence pointing towards piezoelectricity [141–143] as well as ferroelectric properties [144]

was used to explain hysteresis. [140,145] Recently observed periodic twin domains point
towards ferroelasticity in a I4cm space group. [65] Criticism argues that the effects are
quite small, [144] decay too fast, [143] and thereby disagree with the majority of observed
timescales of hysteresis. While theoretical predictions differ on the exact timescales, [146,147]

the contribution of ferroelectricity remains under debate.

Charge Trapping/Detrapping. Even though hybrid perovskite single crystals can
be fabricated with low defect density, [148] the impact of defects and grain boundaries
in solution-processed polycrystalline thin films on charge separation/recombination and
charge transport is not entirely clear. [149] The exact nature of the defect might be de-
cisive: The first type are shallow defects close to the CB or VB edge which follow an
exponential decrease [150] and might even induce doping and thereby enhance the trans-
port properties. [105,107,110] Experimental evidence suggests that their energetic width, also
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called Urbach energy, ranges between 20 meV and 40 meV, depending on the deposition
method, [151] which is still much smaller than for inorganic semiconductor materials like,
Si or copper indium gallium (di)selenide (CIGS). [55] On the other hand, deep defects
located within the band gap exhibit a Gaussian distribution of states, [150] can serve as
potential trap sites for the charge carriers, and thereby act as non-radiative (Shockley–
Read–Hall) recombination centers. [107,152,153] Charge trapping or detrapping at these sites
leads to a delayed response and could thus cause hysteretic behavior. [154] Possible defect
states that are prevalent in these perovskite films, include vacancies, antisites, and in-
terstitials. [107,155,156] These deep defects, however, require higher formation energies which
explains the excellent defect tolerance of perovskite thin films. [107] Illumination was shown
to lead to an accumulation of holes at the interface between the perovskite and hole trans-
porting layer (HTL), which reduces the effective charge extraction and is the cause for an
unbalanced charge transport. [157–160] Passivation of interfacial defects can be achieved by
the choice of transport material, e.g. (6,6)-phenyl C61–butyric acid methyl ester (PCBM)
which alleviates or even eliminates hysteresis. [130,161,162] The timescales observed here are
still too fast and cannot explain the extremely slow processes observed in the hysteresis,
e.g. the giant switchable photovoltaic effect. [124,147,154,163,164]

Ionic Migration. Van Reenen et al. suggested that hysteresis might be the result of a
combination of factors, including charge trapping/detrapping and ionic migration while
the latter is supposed to be the most dominant. [163] Mobile ions not only influence the
current–voltage hysteresis, [165] but also the emission properties of the perovskite and in-
duce capacitive effects. [166–170] Accumulation of ions at interfaces results in both a change
of the internal field and changes of the interfacial energetic barriers. [136]

As migration of Pb2+ ions can be excluded due to their high activation energy, the remain-
ing candidates are H+, MA+, and I− ions originating from vacancies (Schottky defects),
interstitial (Frenkel) defects, and anti-site substitutions. Ionic migration is described as
a hopping mechanism, i.e. jumping between neighboring sites, [171] which requires an ac-
tivation energy to open the PbX3 framework. Thus, it strongly depends on temperature
and can be described as a thermally-activated point-defect movement. These activation
energies lie in between 0.2–0.5 eV for I−, and 0.5–0.8 eV for MA+ ions which might be
significantly reduced under illumination and even promote decomposition of the mate-
rial. [138,172]

Other possible ionic transport mechanisms are local lattice distortion, induced through
charges or additional impurity atoms, light-induced softening, and piezoelectric effects.
Furthermore, grain boundaries generally represent the site with the highest density of
defects which is why they might be very important as well. [124]

Thus, the hysteresis effect in hybrid perovskite solar cells is similar to the hysteresis
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observed for other (inorganic) thin film solar cells (e.g. CIGS, CdS) where defects and
charge accumulation at interfaces are held responsible. [173–175] The hysteresis often exhibits
a kink in the JV curve especially when using fast scan rates in forward direction, i.e.
sweeping from negative bias beyond ISC . [176] This can be explained by ion diffusion in the
flat band condition around the MPP in the absence of an electric field, driven through
the concentration gradient, rearranging the internal field and leading to a shift of VOC .
As suggested by Christians et al., the steady-state power output of a perovskite solar cell
should be determined to circumvent erroneous efficiency reports, either by extremely slow
scan rates, or MPP tracking algorithms. [38]

2.2 Scattering Methods

This section provides an introduction to the X-ray and neutron scattering techniques
employed for characterization of crystal structures and thin film morphologies on different
length scales.

X-ray diffraction (XRD) is a standard tool for the investigation of crystalline materials;
a brief introduction on the theoretical background and analysis of XRD data is presented
in Section 2.2.1.

Grazing-incidence X-ray scattering (GIXS) methods, namely grazing-incidence wide- and
small-angle X-ray scattering (GIWAXS,GISAXS), and grazing-incidence small-angle neu-
tron scattering (GISANS) have proven to be a valuable asset for investigating the mor-
phology of thin films at different length scales. Consequently, GIXS and GISANS have
been applied to the fast-progressing field of hybrid perovskites and play a central role in
this thesis. Sections 2.2.2, 2.2.3, and 2.2.4 give a short introduction to GIWAXS, GISAXS,
and GISANS, respectively. A schematic illustration of the scattering geometry is shown
in Figure 2.6.

The sample reference frame is usually placed onto the sample surface with z being the
surface normal and x pointing into the direction of the X-ray/neutron beam. The incident
beam with the momentum ~ki impinges on the sample under a shallow angle αi, where
typically αi < 1° (for X-ray energies higher than ~6–8 keV) and slightly below or above
the critical angle αc, thereby creating a long footprint. Thus, the beam penetrates the
film for αi > αc and the diffuse scattering signal originates from a relatively large sample
volume on scales relevant for typical photovoltaic devices. Thereby, GIXS and GISANS
complement the real-space information gained by scanning electron microscopy (SEM) on
small areas on the sample surface with high statistics and information about the structures
buried underneath. The emergent waves with the momentum ~kf are described by the in-
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plane exit angle αf and the out-of-plane angle ψ (in regard to the scattering plane). The
scattering vector is given by

~q = ~kf − ~ki = 2π
λ


cosαf cosψ − cosαi

cosαf sinψ
sinαi + sinαf

 . (2.37)

In general, GIXS and GISANS offer good statistics over a large sample volume while being
nondestructive. Depending on the sample–detector distance (SDD), different length scales
can be probed: In GIWAXS, crystallographic information (specifically about crystal ori-
entation), in GISAXS/GISANS about (crystal) domains and arrangement. If combined
with high-brilliance synchrotron (or high-flux neutron) sources, the counting time reduces
down to milliseconds (minutes), and GIXS/GISANS can be used for in-situ or in-operando
studies of chemical and physical processes. Furthermore, GIWAXS is complementary to
(specular) X-ray diffraction (XRD), which probes a small part of reciprocal space along
the surface normal (q = qz).
This paragraph and introductory parts to individual GIXS methods are based on the
review article J. Schlipf & P. Müller-Buschbaum, “Structure of Organometal Halide Per-
ovskite Films as Determined with Grazing-Incidence X-Ray Scattering Methods”. [177]

Figure 2.6: Schematic illustration showing the scattering geometry of grazing-incidence scattering (GIS)
methods employed for characterization of thin film morphology. The incident beam ~ki hits the sample
under a shallow angle αi, the scattered wave ~kf is described by the in-plane exit angle αf , the out-of-
plane angle ψ, and the azimuthal angle χ. The scattering signal is captured by an area detector and
typically represented in a logarithmic color scale. Depending on the sample–detector distance, different
length scales are probed: In GIWAXS, crystallographic information (specifically about crystal orientation),
in GISAXS/GISANS about (crystal) domains and arrangement. Adapted with permission. [177]
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2.2.1 X-Ray Diffraction

X-ray diffraction (XRD) is a common tool to investigate a crystalline material. A parallel
monochromatic X-ray beam with wavelength λ hitting crystal planes with the distance
dhkl produces peaks by constructive interference of elastically scattered beams according
to Bragg’s law:

nλ = 2dhkl sin θ. (2.38)

If a typical measurement setup is operated in Bragg–Brentano geometry, source and
(point) detector are moved with an angle θ with respect to the sample plane always
maintaining an angle of 2θ with respect to each other, and the diffraction vector ~q is al-
ways normal to the surface of the sample. The intensity of a diffraction peak is determined
by the arrangement of Nj atoms in the entire crystal (more precisely the electron density
ρe at position ~r = (xj, yj, zj)) and is thus dependent on the atomic structure factor Fhkl
and in turn on the atomic form factor fj which quantifies the efficiency of X-ray scattering
at any angle by the group of electrons in each atom.

Ihkl ∝ |Fhkl|2

Fhkl(~q) =
m∑
j=1

Njfj exp [2πi (hxj + kyj + lzj)]

fj(~q) =
∫
V
ρe(~r) exp [2πi(~q · ~r)] dV

(2.39)

Thus, Fhkl(~q) = 0, unless the Laue condition is fulfilled for the reciprocal lattice vectors
a∗, b∗, and c∗:

~G = ha∗ + kb∗ + lc∗ ≡ ~q. (2.40)

Contemplating the relative position of the resulting reflexes (usually plotted in dependence
of the Bragg angle 2θ) the crystal phase of the probed material can be determined. Further
information on the structure is hidden in the peak shape: Peak broadening, apart from
instrumental effects, is connected to crystal size D and microstrain ε as derived by Stokes
and Wilson in 1944: [178]

∆ cos θ = Kλ

D
+ 4 ε sin θ =⇒

D = Kλ

∆ cos θ − ε 4 sin θ = Kλ

y − ε x

ε = ∆ cos θ
4 sin θ = y

x
.

(2.41)

The first half of this equation is the well-known Scherrer equation derived in 1918 which
relates the crystal size D to the peak’s full-width-half-maximum (FWHM) ∆. [179] The
crystallite shape factor K is often approximated as K = 0.9 which implies a spherical (or
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random) crystal shape; a cuboid crystal shape as expected for hybrid perovskites is better
fitted with K = 1. [180] If microstrain is to be considered, plotting ∆ cos θ versus 4 sin θ
in a so-called Williamson–Hall plot delivers D from the intersect of a linear fit with the
vertical axis while ε is extracted from the slope y/x. This analysis is strictly speaking only
applicable for isotropic crystal orientation (i.e. powder diffraction).

X-rays in lab sources are often produced by the emission from a Cu anode which has a
characteristic spectrum with high intensities for the Kα1 (transition from L3 to K) and
Kα2 (transition from L2 to K) doublet, with energies and respective wavelengths given
in Table 2.1. [181] If no expensive filtering optics are used, they typically overlap and

Table 2.1: Wavelengths and energies of relevant transitions in Cu anodes employed for XRD. [181]

Cu Kα1 Cu Kα2

wavelength λ 1.5406Å 1.5444Å
energy E 8047.8 eV 8027.9 eV

lead to a further broadening of the peak. To correct further instrumental broadening
effects resulting from the beam dimensions and divergence, the peak shape is decisive:
If the data is fitted with a Gaussian peak shape, the correction is quadratic β2

obs =
β2
size+β2

strain+β2
instr, with a Lorentzian peak shape it is linear βobs = βsize+βstrain+βinstr,

so the corrected FWHM is either ∆ =
√
β2
obs − β2

instr or ∆ = βobs − βinstr.

2.2.2 Grazing-Incidence Wide-Angle X-ray Scattering

For grazing-incidence wide-angle X-ray scattering (GIWAXS) the detector is placed close
to the sample and thus has access to large diffraction angles comparable to XRD. Hence,
the physics of this measurement technique is similar and Equations 2.38 and 2.39 apply
as well. However, in contrast to XRD, the incident angle αi is fixed in GIWAXS. The
scattering signal consists of Debye diffraction cones for each Bragg angle 2θ which is typ-
ically captured by an area detector and thus contains information about crystal phase
and orientation with respect to the substrate surface normal. In short, crystal orientation
is characterized by the azimuthal angle χ to the normal component qz of the scattering
vector, while random orientation leads to the formation of Debye–Scherrer rings with ho-
mogeneous intensity distribution. As GIWAXS probes the diffuse scattering signal at a
fixed incident beam ~ki, the scattered wavevector ~kf describes a sphere in reciprocal space,
the so-called Ewald sphere, and only the points of the reciprocal lattice coinciding with
its surface fulfill the Laue condition. The detector image has to be corrected accord-
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ingly, which typically results in a wedge-shaped inaccessible area in the GIWAXS data as
explained in the following.

Measurement Principle

Figure 2.7 explains the principle of a GIWAXS experiment:
An X-ray beam with fixed incident angle hits a scattering center (lattice point) in a crystal
sitting on a substrate. In real space, its coordinate system is given by x, y, and z. In
reciprocal space, the lattice is spanned by the reciprocal lattice vectors a∗, b∗, and c∗ (here
shown in two dimensions for simplicity). The origin of reciprocal space O is constructed at
twice the wavevector ~ki, which at the same time is the radius of the (3-dimensional) Ewald
sphere. The surface of the Ewald sphere intersects certain lattice points (orange) and they

Figure 2.7: Schematic explaining the principle of a GIWAXS experiment: A crystal sitting on a sample
is hit by an X-ray beam with fixed incident angle. The balloon shows the construction of the Ewald sphere
in reciprocal space and lattice point intersecting its surface fulfill the Laue condition and can thus be
detected on a detector in real space. The positions of lattice points are taken from an electron diffraction
pattern of a MAPI crystal. [182]
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thus fulfill the Laue condition ~G ≡ ~q which means that the momentum is transferred to
the final wavevector ~kf , and the momentum transfer is described by ~q. The angle between
both wavevectors (in real and reciprocal space) is 2θ. As this situation is the same for all
lattice points, parallel (dashed black) lines can be drawn passing though the scattering
center and the other lattice point. Thus, the wavevector transfer has a contribution in
qx direction. In real space, the scattering angle 2θ can be described by an azimuthal
contribution ψ (in the sample reference frame), and a out-of-plane contribution af . The
momentum transfer ~q is projected onto a (flat) detector in two dimensions, and thus has a
non-negligible contribution in qx in both directions (hence the coordinate system qxy and
qxz in Figure 2.6). In total, the momentum transfer can be translated from the reciprocal-
space to the real-space coordinate system by applying Equation 2.37. Consequently,
there are in principle three ways how to present GIWAXS data without information loss
(see Figure 2.8): (i) translating detector pixels to the in-plane angle ψ and the out-of-
plane angle αf (only small deviations are visible at high angles), (ii) depicting qz versus
qr =

√
q2
x + q2

y which requires a transformation resulting in a distortion of the detector
image and a missing wedge around qr = 0 or χ = 0, or (iii) plotting total q = |~q| versus
the azimuthal angle χ (on the detector plane).

Figure 2.8: Possible representation of 2D GIWAXS data: (a) detector image with in-plane angle ψ and
the out-of-plane angle αf , (b) q transformation resulting in a missing wedge as lattice points with qr = 0
are not accessible, (c) total q vs. χ representation. The data is the same as in Figure 5.14c.

Data Treatment

Due to the measurement geometry in GIWAXS, the detector image is merely a distorted
version of the reciprocal crystal lattice, so for its complete reconstruction certain correc-
tions have to be applied. These corrections are mostly the result of the wide scattering
angles 2θ and consequently αf and ψ, so their effect is negligible in GISAXS.

To begin with, a small remark on naming conventions used in this work:
For the data analysis as described in Section 4.3.2, the term “powder integration” refers
to an integration over all angles χ theoretically resulting in a scattering pattern akin to
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powder XRD (after application of the corrections discussed below); a “cake cut” is a slice
over a smaller χ range. For the analysis of crystal orientations, azimuthal (“tube”) cuts
are performed along the q position of the (hkl) reflex (Debye–Scherrer ring) of interest.
Averaging over a large sample area (as is the case in grazing-incidence geometry) means
also averaging over many crystal orientations. Consequently, a randomly-oriented recip-
rocal lattice vector describes a so-called orientation sphere around the origin of reciprocal
space, as discussed e.g. by Baker et al. [183] Thus, a Debye–Scherrer ring appearing on
the detector can be understood as the (circular) intersect of the orientation sphere with
the Ewald sphere. In the crystal orientation sphere, a polar (meridional) angle describes
the orientation with respect to the substrate normal; the azimuthal (equatorial) angle
describes the in-plane orientation distribution, which is inaccessible by GIWAXS. In con-
trast, the “azimuthal” angle χ of the Debye–Scherrer ring inscribed on the area detector
corresponds to the polar angle of the orientation sphere. For simplicity, the term az-
imuthal angle always refers to χ in this work. To further avoid confusion, the width of a
peak in an azimuthal cut is called “azimuthal FWHM” to distinguish it from the FWHM
in q which theoretically resembles the FWHM ∆ in XRD, but is massively broadened
in GIWAXS by convolution of the scattering signal with the beam shape from the large
footprint.

The flat field correction CFF and the dark field correction CDF account for different
sensitivities of individual pixels on the area detector; while the first is directly performed
on the detector server by calibration files provided by the manufacturer, the second can
be neglected by masking individual “dead” or “hot” pixels.

Solid Angle Correction. This correction accounts for the measurement geometry, as the
nominal pixel area A0 = LxLy covers different solid angles with respect to the scattering
center. The correction is given by

CΩ =
∆Ω0

∆Ω2Θ
, ∆Ω0 =

A0

r2
0
, ∆Ω2Θ =

A2Θ

r2
2Θ

(2.42)

where ∆Ω0 and r0 = SDD are the solid angle and distance of the scattering center to the
pixel at the direct beam position on the detector (x0, y0), A2Θ = A0 cos 2Θ, ∆Ω2Θ, and
r2Θ = SDD/cos 2Θ are the effective pixel area, solid angle, and distance of a pixel (xj, yj) at
the oblique scattering angle

2Θ = arctan

√
L2
x(xj − x0)2 + L2

y(yj − y0)2

SDD

 . (2.43)

Thus, the scattering intensity is normalized to the intensity at the direct beam position.

Efficiency Corrections. As a result of the short SDD and the wide scattering angles,
several effects have to be taken into account to correct for the probability of a scattered
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photon to be detected by a pixel. Photons scattered at different oblique scattering angles
2θ travel different distances through the surrounding medium with linear mass attenuation
coefficient µm, and consequently the attenuation is

CM = (exp [−µm r2Θ])−1 . (2.44)

For measurements conducted in vacuum, no attenuation has to be considered and µm = 0.
Furthermore, a photon hitting a detector pixel under a high oblique angle 2Θ has a higher
absorption probability than a photon at a smaller angle as its path d2Θ = d0/cos 2Θ through
the single photon counter with thickness d0 is longer. Thus, the linear mass attenuation
coefficient µd of the sensor material (typically silicon) leads to the following correction for
the absorption variation:

CD = (1− exp [−µd d2Θ])−1 . (2.45)

As discussed in Section 2.2.3, absorption of X-rays by the sample can be neglected, so no
absorption correction has to be considered.

Polarization Correction. Synchrotron sources produce X-rays with a high percentage
(typically around 98 %) of horizontal (linear) polarization which induces a dipole oscilla-
tion of the electrons in the probed material in the direction of polarization. Thus, a part
of the photons’ energy is lost to the electron excitation and consequently the scattering
intensity is reduced in this direction. Even for non-polarized beams, however, the dipole
emission profile slightly affects the scattering intensity. To correct for this effect, the angle
ξ between the polarization direction and the exit wavevector ~kf are related via

CP = ζh| sin ξ|2 + (1− ζh) cos2 αf = ζh(1− cos2 αf sin2 ψ) + (1− ζh) cos2 αf (2.46)

with the beam’s horizontal polarization fraction ζh ∈ [0, 1].

In total, the corrected intensity of each pixel Icorr is given by

Icorr = Iraw CFF CΩ
CM CD

max(CM CD)
1
CP

. (2.47)

In literature, there is a debate whether intensities of azimuthal GIWAXS cuts should be
multiplied by a factor sinχ. [183–185] This results from the aforementioned picture of the
orientation sphere: Assuming an isotropic crystal orientation in the sample plane but
constrained by a finite film thickness, the sample resembles a “2D powder”, in contrast
to a real “3D powder” sample typically measured in transmission geometry. The main
argument for the correction is that in-plane-oriented crystals distribute their scattering
intensity over the equator of the orientation sphere, while the intensity of crystals with out-
of-plane orientation is concentrated in the poles. Thus, intersecting the orientation sphere
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with the Ewald sphere, the resulting ring on the detector would show a higher intensity for
out-of-plane orientation even if the crystal orientation is completely isotropic. Corrections
for 2D and 3D powder are implemented in GIXSGUI as separate Lorentz corrections and
tested as discussed in Section 5.3.3. As the corrections distort the data, we conclude that
it should not be applied on highly crystalline hybrid perovskite thin films. A possible
explanation is that the faceted perovskite crystals do not qualify as a 2D powder, in
contrast to less ordered semicrystalline polymer films. [185]

Limitations

Even though GIWAXS is capable of delivering a plethora of crystallographic information
on thin films, there are many limitations to this measurement technique that should be
considered during data analysis.
Foremost is the inaccessible wedge-shaped range around qr ≈ 0 which can only partly
be recovered by additional measurements at higher αi. If a fit is used to estimate the
peak intensity hidden in this area, it should be cross-checked with other reflexes not lying
inside the missing wedge.
A source of uncertainty arises from the SDD being in a similar order of magnitude as the
typical sample size and the dimensions of the beam’s footprint on the sample: It leads to
a strong broadening of the Debye–Scherrer rings on the detector which gets more severe
for higher scattering angles. This is a result of the scattering centers being spread over
the entire footprint resulting in a whole range of distances to the detector and not a single
SDD. Thus, extracting crystal sizes via the Scherrer equation is only possible when the
instrumental broadening at the given measurement parameters is small in comparison to
the size broadening, which narrows it down to e.g. semi-crystalline polymers measured
with a highly focussed X-ray beam. Improper adjustment of sample height further changes
the SDD dramatically.

2.2.3 Grazing-Incidence Small-Angle X-Ray Scattering

In grazing-incidence small-angle X-ray scattering (GISAXS), the detector is placed far
away from the sample with typical sample–detector distances being > 1 m. The accessible
length scales are in the order of several nanometers up to micrometers and thus are
interesting for probing crystal morphology and domain/grain sizes. The refractive index
n for X-rays (and neutrons) is close to 1 and often represented as

n = 1− δ + iβ. (2.48)
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For so-called “hard” X-rays (energies ≥ 8 keV), the absorption contribution β is usually
small and the scattering event is elastic

|~ki| = | ~kf | = k. (2.49)

Hence, the scattering mainly depends on the dispersion δ, which in turn depends on the
electron density of the material (also expressed as the scattering length density, SLD). This
makes GISAXS a material-sensitive method and as X-rays are refracted inside the film
they couple out from the film surface under the material’s critical angle αc resulting in an
increased intensity for αf = αc (Yoneda peak). [186] Thus, the GISAXS signal is analyzed
by performing horizontal line cuts around the Yoneda peak of the material of interest
and its intensity decay contains information about the inner film morphology of this
material in contrast to the surroundings. However, translating the reciprocal-space data
to real-space structures requires complex simulations considering scattering and reflection
events between scattering objects and the substrate. Moreover, the shape of the scattering
objects has to be considered. A common framework for data modeling is the distorted-
wave Born approximation (DWBA), which distinguishes between four cases of scattering
events and describes the scattered intensity as their superposition. The interaction of
X-rays with scattering domains inside the film is simulated by form and structure factors
that translate to domain shapes and their distances in real space. [185,187–191]

Diffuse X-Ray Scattering

The first GISAXS measurements were performed by Levine et al. in 1989, al-
though the credit for discovering the “anomalous surface reflection of X-rays” goes to
Y. Yoneda. [186,192] At small scattering angles, the probed part of the Ewald sphere can
be considered sufficiently flat, hence the detector image directly translates to qy and qz

as depicted in Figure 2.6 without the necessity of further corrections as in GIWAXS. As
absorption can be neglected, the critical angle can be approximated from Snell’s law for
shallow angles

n = sin[90°− αc] = cosαc ≈ 1−
α2
c

2 (2.50)

as
αc(λ) ≈

√
2δ(λ). (2.51)

As mentioned before, shallow incident angles result in anomalous scattering from “rough
surfaces”, i.e. outcoupling of photons under the samples critical angle αc, which gives rise
to the Yoneda peak. [186,193] For multicomponent systems, however, the knowledge of αc
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of the material of interest is essential. Henke et al. (http://henke.lbl.gov) list atomic
form factors fj for all elements at different X-ray energies as

fj = f 0
j + f ′j(λ) + if ′′j (λ) (2.52)

where f0 can be approximated by the number of electrons Zj of an element j (for X-
rays) with the dispersion corrections f ′j and f ′′j . The scattering length at position ~r is
ρ(~r) = reρe(~r) depending on the material specific electron density ρe and the classical
electron radius, also called Thomson scattering length

re = 1
4πε0

e2

mec2 ≈ 2.818× 10−15 m (2.53)

with the speed of light c, the elementary charge e, the electron rest mass me, and the
permittivity constant ε0. Thus, the scattering length density (SLD) of a material is given
by the summation over the individual contributions of each element weighted by the
stoichiometric fraction cj

SLD(~r) = ρ(~r)
∑
j cj

(
f 0
j + f ′j(λ) + f ′′j (λ)

)
∑
j Zj

. (2.54)

Alternatively, the specific molar massMj can be used via substituting Zj NA = Mj. Thus,
the position and wavelength dependent dispersion and absorption coefficients are:

δ(~r, λ) = λ2

2π<(SLD) = λ2

2πρ(~r)
∑
j cj

(
f 0
j + f ′j(λ)

)
∑
j Zj

(2.55)

β(~r, λ) = λ2

2π=(SLD) = λ2

2πρ(~r)
∑
j cjf

′′
j (λ)∑

j Zj
. (2.56)

With the approximations f 0
j ≈ Zj and f ′j � f 0

j and for constant λ this becomes

δ(~r) = λ2

2πρ(~r) (2.57)

β(~r) = λ

4πµ(~r) (2.58)

with µ being the linear mass attenuation coefficient for X-rays. Typically, the orders of
magnitude are δ = O(10−6) and β = O(10−7) for hard X-rays. The scattering arises
from an interface between two domains j and j′ with differing refractive indices, and the
scattering contrast ∆ is given by the differences in δ and β:

|∆|2 = ∆δ2 + ∆β2 (2.59)
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The characteristic absorption length 1/µ sets a limit as to which depth in a film a scattered
photon can exit again, and the so-called information/scattering depth Λ can be calculated
via the incoming li and the outgoing X-ray path lf :

Λ = λ√
2π(li + lf )

li,f =

sin2 αc − sin2 αi,f +

√√√√(sin2 αi,f − sin2 αc)2 +
(
µλ

2π

)2


2 (2.60)

Small-Angle Scattering

The likelihood of a scattering event is determined by the total differential scattering cross
section

dσ

dΩ(~q) = 1
V

〈∑
j

∑
j′
F ∗j′(~q)Fj(~q) exp

[
i~q · (~rj − ~r′j)

]〉
(2.61)

where V is the scattering volume, rj,j′ the center positions of two scattering domains j
and j′, and Fj(~q) and Fj′(~q) are (analogous to the atomic form factors) the domains’ form
factors

Fj(~q) =
∫
j
(ρ(~rj)− ρ( ~rj′)) exp [i~q · ~rj] dV (2.62)

with the term (ρ(~rj)− ρ( ~rj′)) relating to the scattering contrast in Equation 2.59. The
notation 〈 〉 signifies the averaging over all possible rotations. Writing F ∗j′(~q)Fj(~q) = F 2(~q)
and introducing an interference function called structure factor S(~q) relating to the inter-
particle arrangement, this can be simplified to

dσ

dΩ(~q) = Nj

V
F 2(~q)S(~q) (2.63)

with
S(~q) = 1

Nj

〈∑
j

∑
j′

exp [i~q · (~rj − ~rj′)]
〉
. (2.64)

For disordered systems, i.e. irregular domain sizes or distributions, additional interaction
terms are introduced by the expression〈

F ∗j′(~q)Fj(~q)
〉

= |〈F (~q)〉|2 + δj,j′
(〈∣∣∣F 2(~q)

∣∣∣2〉− ∣∣∣〈F 2(~q)
〉∣∣∣2) (2.65)

with the Kronecker delta δj,j′ , which are omitted by neglecting correlations between
the scatterer type and their relative arrangement in the decoupling approximation
(DA) [194]

dσ

dΩ(~q) ∝ N |〈F (~q)〉|2 S(~q). (2.66)
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This implies
(〈
|F 2(~q)|2

〉
= |〈F 2(~q)〉|2

)
and the interference function is the structure factor

S(~q) of a suitable monodisperse system without additional terms. Polydisperse systems
whose domains are larger than the coherence length of the beam can be treated as locally
monodisperse according to the local monodisperse approximation (LMA) which
results in the incoherent cross section for one type of scatterer

dσ

dΩ(~q) ∝ N
〈
|F (~q)|2 S ′(~q)

〉
(2.67)

with the local interference function S ′(~q) that includes incoherent terms. [191] Thus, a
strong correlation between the sizes of neighboring domains is assumed, in stark contrast
to the DA.

Accounting for Reflection Geometry

Due to the presence of a reflecting interface (the substrate), multiple scattering effects
come into play. The incoherent (diffuse) scattering from a “rough surface” (with regard
to the small scattering angle) reads

dσ

dΩ(~q) = Aπ2

λ4 |∆|
2 |Ti|2 |Tf |2 P (~q) (2.68)

where A is the illuminated sample area, |Ti,f | are the Fresnel transmission coefficients
for the incoming and outgoing beam which both have a maximum at αc leading to the
enhanced intensity of the Yoneda peak. [191] This is the reason why out-of-plane cuts are
usually performed at this position. P (~q) is called the diffuse scattering factor. Multiple
scattering events are considered in the so-called distorted-wave Born approximation
(DWBA)

P (~q) ∝ NS ′(~q)F 2
DWBA(~q) (2.69)

by three additional terms in the form form factor FDWBA(~q) relating to reflection before
and/or after the diffraction at an object. The significance of these contributions depends
strongly on the refractive index of the substrate and is reduced for increasing exit angles
αf . [191]

Data Modeling

To translate the information contained in the reciprocal-space data of GISAS experiments
to real space, we assume a model of abstract geometrical shapes as scattering objects dis-
tributed over a reflecting surface. The software used for creation of out-of-plane scattering
curves is based on a deduction by David Magerl, adapted by Christoph J. Schaffer for
Python 2.7 and adjusted by D. Magerl and L. Bießmann.
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For simplicity reasons, we choose the LMA; contributions from different types of scatterers
can then be treated as independently, so they are simply summed up:

P (~q) ∝
∑
j

NjS
′
j(~q)Fj(~q). (2.70)

Using the approximations described above, we adapt the equations provided by R. Lazzari
in the compendium for the (now discontinued) software IsGISAXS. [194]

The mean interdomain distance Dc of a perturbed system after Hosemann et al. reads

S ′(~q) = −
1− φ2(~q)

1 + φ2(~q)− 2φ(~q) cos [|~q|Dc]
(2.71)

with
φ(~q) = exp

[
π ω2

DD
2
c |~q|2

]
(2.72)

and ωD being the width (standard deviation) of a Gaussian (normal) distribution around
the central value Dc (cf. Equation 2.77). [195]

Looking at a cut at constant qz (which is approximated as qz ≈ 0), Equation 2.71 simplifies
and the distance between two scattering centers Dc is given by

S ′(qy)
∣∣∣
qz≈0

= −
1− exp

[
π ω2D2

c q
2
y

]2
1 + exp

[
π ω2D2

c q
2
y

]2
− 2 exp

[
π ω2D2

c q
2
y

]
cos [qyDc]

. (2.73)

This is the interference function of a 1D paracrystal and thus implicitly assumes the
effective interface approximation (EIA) disregarding vertical contributions of the
scattering intensity. [188,194]

As scattering objects, we assume simple rotational-averaged geometrical shapes, namely
spheres (for complete isotropy) and cylinders (accounting for the vertical constraint by
the substrate and film surface). The respective form factors are

Fsph(~q) = 4πR3 sin [qR]− qR cos [~q · ~r]
(qR)3 exp [iqzR] (2.74)

for spheres with radius R, and

Fcyl(~q) = 2πR2H
J1(qrR)
qrR

sin
[
qz
H

2

]
exp

[
iqz
H

2

]
(2.75)

for cylinders with radius R and height H, with J1(qrR) being the first-kind Bessel function
of first order. [194] Again applying the EIA, the expressions simplify:

|Fcyl(qy)|2
∣∣∣
qz≈0
≈
(
R
J1(qy, R)

qy

)2

|Fsph(qy)|2
∣∣∣
qz≈0
≈
(

sin [qyR]− qyR cos [qyR]
q3
y

)2 (2.76)
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Introducing polydispersity to the system, the domains are modeled with a discrete Gaus-
sian distribution with 1000 points according to

G(R) = 1
ωR
√

2π
exp

− (R− 〈R〉)2

2ω2
R

 (2.77)

with the average domain radius 〈R〉.

For a low concentration of scatterers, S(~q) = 1 in the so-calledGuinier limit which at the
example of a (more or less) dense hybrid perovskite film can mean that the micrometer-
sized domains (crystals) are beyond the resolution limit and the resolved structures are
scarce (cf. Section 5.1).

The created model curves represent the diffuse scattering factor P (~q) which is proportional
to the number of scatterers Nj and thus the domain size. This relation is omitted by a
normalization of the form factors in the first fitting iterations (by which the intensity value
looses its meaning); for relative comparisons of scattering intensities the data is fitted
without the normalization. The set of fitting parameters, namely 〈R〉, ωR, Dc, ωD can
then be adjusted to overlap the data by changing magnitude and intensity independently.
The instrumental resolution is approximated with a three-parameter Lorentzian function
around qy = 0

Lres(qy, ωres, Ires) = Ires

(
1 +

(
qy
ωres

)2
)−1

(2.78)

with width ωres, which is adjusted to reproduce the central scattering rod, i.e. the first
2–3 data points. A linear background is used to account for additional effects, e.g. surface
roughness.

2.2.4 Grazing-Incidence Small-Angle Neutron Scattering

Grazing-incidence small-angle neutron scattering (GISANS) adapts the measurement
principle of GISAXS for neutrons as first shown by Peter Müller-Buschbaum. [196] The
theoretical framework is quite similar, although the scattering for neutrons arises from
the atomic nucleus rather than the electrons in the orbitals. Thus, the interaction is
especially strong for lighter elements and for some even results in a negative SLD, e.g. for
hydrogen (H), as it simply captures the neutron to form deuterium (D). In contrast, D is
the element with the highest SLD, which exemplary shows that neutrons are sensitive to
isotopes.

The refractive index is formulated analogous to X-rays, with the dispersion and absorption
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contributions being

δ(~q, λ) = λ2

2π <(SLD) = λ2

2π Nb

β(λ) = λ

4π =(SLD) = λ

4π Nσa
(2.79)

where N is the atomic number density, b the coherent scattering amplitude of the bound
atom (also called scattering length), and σa the absorption cross section for neutrons. In
analogy to X-rays, Nb is called the (coherent) neutron SLD. [190] It can be calculated by

Nb =
∑N
j=1 njb

coh
i

Vm
=
ρNA

∑N
j=1 njb

coh
j∑N

j=1Mj

. (2.80)

Similar to the small-angle approximation for X-rays (Equation 2.51), it follows

αc ≈ λ

√
Nb

π
. (2.81)

The scattering signal is recorded by indirect detection of thermal neutrons (≈ 25 meV) by
adsorption in a gas proportional detector filled with 3He, forming tritium and a proton:

3He+ n −→ 3H + p+ (2.82)

The proton is then typically slowed down by a converter gas (e.g. CF4) and detected as
a current by charge division.
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CHAPTER3
Sample Preparation

This chapter covers the preparation of samples that are the basis for this work. The
individual sections are structured as follows: First, the basic fabrication protocol is intro-
duced. As some samples had to be adjusted for specific experiments, the altered processes
are described with a reference to the section to which they correspond. As reproducibility
is a challenge in the fabrication of perovskite thin films, it should be mentioned that the
samples investigated here have been prepared by many different people—students and
collaboration partners—and in different laboratories as noted. The descriptions in this
Section are extracted from the respective publications. [27–34]

3.1 Substrate Preparation

3.1.1 Silicon Substrates

P-doped silicon wafers (Si-Mat Silicon Materials e.K.) with 100 mm diameter and polished
on the side of (100) crystal planes are used with their native oxide layer which is important
for proper surface coverage of perovskite films. If necessary, they are cut to desired sample
size with a diamond cutter from the backside and broken on a sharp edge. Cleaning is done
by subsequent rinsing with ethanol, acetone and isopropyl alcohol (IPA). These solvents
are purchased from Carl Roth (99.8 %) and are used throughout for cleaning purposes if
not noted otherwise. The silicon surface is further cleaned and functionalized with O2

plasma (0.4 mbar, 250 W, 10 min) prior to spin-coating of solutions.
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3.1.2 Glass Substrates

Standard microscope slides made of soda-lime glass in the dimensions 76× 26 mm2 and
with a thickness of 1 mm are used as glass substrates and cut to the desired sample
size with a diamond cutter if required. The substrates are washed with deionized water
(resistitivity 18.2 MΩ) to wash off glass splinters and sonicated step-by-step in an aqueous
Alconox® detergent solution (16 g l−1), ethanol, acetone, and IPA. In between sonication
steps they are washed with the solvent used in the next step, and directly after the
Alconox® sonication step additionally with deionized water to completely remove residual
detergent. After the last step, the substrates are dried on the spin-coater by rotating for
10 s at around 2000–3000 rpm. Directly before the spin-coating of the solutions, they are
cleaned in oxygen plasma as described in the previous paragraph.

3.1.3 Transparent Conductive Oxide Substrates

Soda-lime glass covered with transparent conductive oxide (TCO) is used as the front
contact for solar cells and as a substrate for many thin film samples to ensure compara-
bility. Most commonly, fluorine-doped tin oxide (FTO) is used as TCO, and to a lesser
extent also indium tin oxide (ITO).

FTO-coated glass substrates (Solems TEC7, 7–10Ω�−1) are either cut to 22× 22 mm2

from 300× 300 mm2 plates or purchased pre-cut in the dimensions 25× 25 mm2 with a
glass thickness of 2.2 mm and about 600 nm FTO deposited by chemical vapor deposition.
ITO-coated glass substrates (Solems ITOSOL30, 25–35Ω�−1) are purchased pre-cut in
the dimensions 25× 25 mm2 with a glass thickness of 1.1 mm and about 100 nm ITO de-
posited by physical vapor deposition.
To obtain the required electrode pattern for solar cells, common sticky tape
(TESAFILM®) is used to protect the electrode area and the rest of the TCO is etched
in a catalytic reaction using zinc powder and diluted hydrochloric acid (2 m) by applying
the zinc powder with a “pepper box” (a snap cap vial with holes in the lid), dripping the
HCl with a glass pipette and mechanically wiping it with cotton buds. Afterwards, the
substrates are rinsed excessively under the tap with process water to remove residual acid
before the tape is removed. Then, the substrates are scrubbed with a toothbrush dipped
in aqueous Alconox® detergent solution, rinsed with deionized water and subjected to the
stepwise sonication process in Alconox® solution, ethanol, acetone, and IPA as described
in the previous paragraph. Directly before the spin-coating of a solution, they are cleaned
and functionalized in oxygen plasma.
According to literature, after this treatment the work function of FTO should be in the
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range of 4.98–5.07 eV [197] while for ITO it should be in the range of 4.78–5.24 eV. [198]

ITO and FTO substrates for samples prepared in collaboration with Nadja Giesbrecht
and Yinghong Hu were ITO-covered soda-lime glass slides with a thickness of 1.1 mm by
Zhuhai Kaivo Optoelectronic Technology Co., Ltd., (<15Ω�−1) or FTO covered soda-
lime glass slides with a thickness of 2.2 mm by Pilkington (7Ω�−1) are etched with 2 m
HCl and zinc powder, scrubbed with a toothbrush in 2 % Hellmanex® detergent, and after
rinsing with H2O are successively rinsed with acetone and ethanol and blown dry under
dry N2 stream.

3.2 Charge Transport Layers

3.2.1 Titania Films

Titania films (TiO2) are used as electron transport layers (ETL) for the most common
n–i–p solar cell architecture and as a substrate coatings for many thin film samples to
ensure comparability of surface properties. If not noted otherwise, TiO2 is prepared
following a protocol described by Ball et al. and Docampo et al.: [182,199]

Typically, 35 µl of a stock solution of 2 m of fuming hydrochloric acid (37 % or 12 m HCl)
in anhydrous IPA (Sigma Aldrich, 99.5 % purity) is further diluted in IPA under vigorous
stirring to achieve a total of 2.5 ml solution of 27.2 mm. Subsequently, this HCl solution is
added dropwise to a 0.43 m solution of titanium(IV) isopropoxide (TTIP, Sigma Aldrich,
97 %) in anhydrous IPA (99.5 %), typically 368 µl of TTIP in 2.5 ml IPA. The resulting sol–
gel solution is stirred for approximately 1–2 h. After plasma treatment of the substrates,
it is spin-coated dynamically at 2000–3000 rpm for 45 s and placed on a hotplate at 150 ◦C
for at least 5 min. The film is calcined in air at 500 ◦C for 1 h in a tube furnace after a
temperature ramp of 1 h to achieve full crystallization and sintering.

For the solar cells discussed in Section 5.1.1, the TiO2 is prepared with a sol–gel synthesis
using 0.95 m titanium butoxide (TiBO, Sigma Aldrich, 97 %) and 0.77 m diethylamine
(DEA, Sigma Aldrich, 99.5 %) in ethanol with 0.95 m deionized water additive and stirred
over night. [200] After deposition of the TiO2 precursor solution at 2000–3000 rpm, the
samples are sintered at 450 ◦C for 2 h in a tube furnace after a slow ramp of 68 min. For
TiCl4 treatment the samples are immersed into an aqueous 2 m TiCl4 solution at room
temperature which is heated to 70 ◦C within 15 min. After resting in the bath for 30 min,
they are rinsed in deionized H2O and ethanol, and subsequently sintered again at 500 ◦C
for 1 h after a faster temperature ramp of 30 min. [201,202]
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3.2.2 Spiro-OMeTAD Films

For the solar cells discussed in Section 5.1.1 and 6.1, spiro-OMeTAD (short spiro) films
are prepared following a recipe by Docampo et al.: [182]

First, 75 mg ml−1 of (2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl)amino]–9,9’-
spirobifluorene) (Solarpur© SHT-263 by Merck Performance Materials, 99.9 % purity,
or Borun Chemicals, 99.5 % sublimed grade) are dissolved in anhydrous chlorobenzene
(CB, Sigma Aldrich, 99.8 % purity). Then, 30 µl ml−1 of a stock solution of 170 mg ml−1

(or 25 mm) bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI, Sigma Aldrich)
in anhydrous acetonitrile (Sigma Aldrich, 99.8 % purity) and 10 µl ml−1 (or 80 mm)
4-tert-butylpyridine (tBP, Sigma Aldrich, 96 %) are added as dopants. The solution is
spin-coated dynamically at 1000–1500 rpm for 45 s with a second step at 2000 rpm for 5 s
after a fast acceleration. The spiro is oxidized in ambient air in an air-conditioned room
at around 15–20 ◦C in a desiccator filled with silica gel (15–20 %rh) over night.
For the solar cells prepared by Nadja Giesbrecht and Yinghong Hu, spiro (Borun
Chemicals, 99.1 % purity) is used in a concentration of 96 wt% with the same amount of
additives and the film is deposited in the same way.

For exact parameters, please refer to Sections 3.4 and 3.5.

3.2.3 PEDOT:PSS Films

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is a common hole
transport layer (HTL) for perovskite solar cells with p–i–n architecture and used here
as a substrate coating for many thin film samples to ensure comparability of surface
properties to results published in literature. [203] If not noted otherwise, a stock solution of
PEDOT:PSS (Clevios Al 4083, Ossila Ltd.) is used, which has 1.3–1.7 wt% PEDOT-to-
PSS ratio of 1:6 (by weight) dissolved in water and stored at 4 ◦C in a light resistant bottle
is first sonicated for 10–15 min and subsequently filtered with a polyvinylidene fluoride
(PVDF) filter with 0.45 µm pore size to ensure that no agglomerates are present in the
solution. According to the manufacturer, its work function is around 5.0–5.2 eV without
further treatment. Typically, the such-prepared PEDOT:PSS solution is spin-coated at
1000–2500 rpm for 50–60 s and annealed at 140 ◦C for 10 min.

For exact parameters see Sections 3.3.4 and 3.5.
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3.2.4 PCBM Films

Films made from (6,6)-phenyl C61–butyric acid methyl ester (PCBM, Nano-C, 99.5 %
purity) are used as ETL in p–i–n solar cell architecture. As spray deposition is employed
in Section 7, very dilute concentrations of 4 mg ml−1 PCBM dissolved in anhydrous CB
are used. For spin-coating, a 12 mg ml−1 is deposited at a velocity of 1500 rpm for 30 s
and annealed at 80 ◦C for 10 min.

3.3 Deposition of Perovskite Thin Films

3.3.1 Synthesis of Methylammonium Halide Precursors

This section briefly summarizes the synthesis of methylammonium halide precursors as
carried out by the group of Pablo Docampo and described in earlier works: [7,29,31,182]

Methylammonium iodide (CH3NH3I, short MAI) is synthesized by reacting 24 ml of a
methylamine solution (33 % in ethanol, diluted further in 100 ml ethanol) with 10 ml of
hydriodic acid solution (57 wt% in water) which is added under constant stirring. A 1 h
reaction time in a round-bottom flask at room temperature is followed by a removal of
solvents in a rotary evaporator at 60 ◦C under mild underpressure of ~200 mbar. The
resulting white precipitate is collected by suction filtration and washed repeatedly in dry
diethyl ether and recrystallized from ethanol in vacuum.
Methylammonium bromide (CH3NH3Br, short MABr) is synthesized by reacting 8 ml
aqueous hydrobromic acid (48 wt%) with 24 ml of a methylamine solution (33 % in
methanol) with the same procedure.
For the synthesis of methylammonium chloride (CH3NH3Cl, short MACl), 15 ml of fuming
hydrochloric acid (37 % in water) are used, followed by the same purification process.

These synthesized materials are used for samples prepared by Nadja Giesbrecht and
Yinghong Hu, and for the samples for Sections 5.1.1 and 5.1.2. Otherwise, MAI is pur-
chased from Solaronix and MACl from Merck as noted below and used without further
purification.

Phenylethylammonium iodide (C6H5C2H4NH3I, short PEAI) as used in Section 6 is syn-
thesized by dropwise addition of 27 ml of an aqueous HI solution (Sigma Aldrich, 57 wt%
in water) to 50 ml of a 1:1 volumetric mixture of a 2-phenylethylamine (Sigma Aldrich)
and ethanol under stirring. In this case, the recrystallization is achieved from IPA. To syn-
thesize n-butylammonium iodide (C4H9NH3I, short BAI), n-butylamine (Acros, 99.5 %)
is reacted with HI in the same way as described for the PEAI synthesis.
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3.3.2 1-Step: Anti-Solvent Method

The anti-solvent method was first introduced almost simultaneously by Xiao et al. and
Jeon et al.: [85,204]

For Section 5.2, we follow the approach of Xiao et al.: First, stoichiometric amounts of
lead(II) iodide (PbI2, Sigma Aldrich, 99 % or higher) and MAI (1:1 molar ratio, 1.25 m) are
dissolved in anhydrous N,N-dimethylformamide (DMF, Sigma Aldrich, 99.8 %). Subse-
quently, the perovskite precursor solution (75 µl) is dynamically spin-coated on a substrate
spinning at 5000 rpm. After a delay time of 4–5 s, 200 µl of anhydrous chlorobenzene (CB,
Sigma Aldrich, 99.8 %) is dropped as an anti-solvent on the spinning sample. Finally,
after a total spin-coating time of 30 s, the samples are immediately annealed at 100 ◦C for
10 min.
The method used in Section 5.3.1 is more related to the one of Jeon et al. who use
a mixed solvent approach with dimethyl sulfoxide (DMSO). In our case, a 4:1 mixture
of DMF:DMSO by volume is added to a mixture of PbI2:MAI in the molar ratio 1.1:1
(DMSO from Sigma Aldrich, 99.9 %). Then, 75 µl (for a 30× 30 mm2 sample) are spin-
coated dynamically at 1000 rpm for 10 s, followed by a quick ramp up to 5000 rpm. This
velocity is set for 30 s, and about 15 s before the end, 500 µl of the anti-solvent CB are
dropped onto the spinning sample. The resulting whitish film is transferred to a hotplate
and annealed either at 100 ◦C for 10 min, or an additional pre–annealing step of 40 min at
40 ◦C and subsequent transfer to a hotplate at 100 ◦C. During this step the film transforms
into dark perovskite within the first 1–2 min.

For Section 6.3.2, MAPI films were fabricated according to a similar procedure on silicon
wafers with 100 mm diameter (for the GISANS experiments): Stoichiometric amounts
of PbI2 (576 mg, 1.25 mmol, TCI) and MAI (199 mg, 1.25 mmol, Greatcell Solar) were
dissolved in 1 ml of a 4:1 (v:v) solvent mixture of anhydrous DMF (Sigma Aldrich) and
anhydrous DMSO (Sigma Aldrich) by heating up to 100 ◦C. Then 1 ml of the perovskite
precursor solution was dynamically spin-coated on the substrates first at 1000 rpm for 10 s,
followed by a second step at 5000 rpm for 30 s. 1 ml of anhydrous CB (Sigma Aldrich)
was added to the spinning film 15 s before the end of the program. The samples were first
annealed at 40 ◦C for 40 min and subsequently annealed at 100 ◦C for 10 min. [33]

FAMARC perovskite thin films were fabricated according to a protocol similar to the
one reported by Saliba et al.: [56,205] Here, PbI2 (508 mg, 1.1 mmol), PbBr2 (80.7 mg,
0.22 mmol), FAI (171.97 mg, 1 mmol) and MABr (22.4 mg, 0.2 mmol) are dissolved
in a mixture of 800 µl of DMF and 200 µl DMSO by heating the solution up to
100 ◦C. Then, 42 µl of a 1.5 m CsI solution in DMSO and 42 µl of a 1.5 m RbI
solution in DMF:DMSO (4:1, v:v) are added to 1 ml of the lead-containing pre-
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cursor solution, yielding a nominal composition of the quadruple cation perovskite
Rb0.05Cs0.05[(FA0.83MA0.17)]0.9Pb(I0.83Br0.17). [53,56,205] The solution is filtered through a
0.45 µm PET syringe filter prior to usage. 1 ml of the FAMARC precursor solution is
spin-coated on clean Si substrates at 1000 rpm for 10 s and then 4000 rpm for 30 s. Ap-
proximately 20 s before the end of spinning, 1 ml of CB is added as anti-solvent and finally
the films were annealed at 100 ◦C for 60 min. [33]

To fabricate MAPI or FAMARC films on cleaned 25× 25 mm2 glass slides (for the XRD,
GIWAXS, SEM, and AFM measurements), 50 µl perovskite precursor solution and 400 µl
CB are used. [33]

The entire film fabrication is conducted inside a N2-filled glovebox by Yinghong Hu.
For neutron experiments, still in the N2-filled glovebox, the samples are sealed in bags
of compound foil with a 12 µm Al film to protect them from degradation by ambient
humidity during transport to the beamline. Before the neutron experiments, they are
broken into 70× 70 mm2 pieces. [33]

3.3.3 1-Step: Lead Acetate Method

The lead acetate method is based on a method first described by Zhang et al.: [84]

For the samples in Section 5.2, a solution of 1.5 m Pb(CH3COO)2 (PbAc2, Sigma Aldrich)
and 4.5 m MAI is prepared. The solution (100 µl) is spin-coated at 5000 rpm for 180 s.
The samples are subsequently annealed at 100 ◦C for 2 min.

In a variant of this method called controlled solvent drying (CSD method), the MAPB
perovskite layer is deposited at room temperature via dynamically spin-coating 50 µL
Pb(CH3COO)2 (1.5 m) and MABr (4.5 m) dissolved in DMF (for a 30× 30 mm2 sample)
at 5000 rpm for 180 s. The samples are subsequently annealed at 100 ◦C for 2 min with a
glass lid covering the substrate in order to avoid defects caused by gas circulation. [29]

The samples in Section 5.3.3 were prepared as follows: A perovskite solution consisting
of lead acetate trihydrate PbAc2•3H2O (Sigma Aldrich, 99.995 % purity) is mixed with
MAI (Dyesol) in dry state in a molar ratio of 1:3. The main solvent is DMF while the
additives DMSO or tetrahydrothiophene–1-oxide (THTO, Alfa Aesar) are added in the
noted concentrations. The total solid content is kept constant at 0.75 m or 62 wt%. The
solution is then spin-coated dynamically at 5000 rpm for 180 s. Here, it is very important
to use the minimum amount of solvent to cover the substrate, i.e. 50 µL for a 30× 30 mm2

sample. The sample is transferred to a hotplate and annealed at 130 ◦C for 5 min. [30]

When not noted otherwise, the entire film fabrication is conducted inside a N2-filled
glovebox. These samples were prepared by Nadja Giesbrecht.
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3.3.4 2-Step: Dipping Method

The conversion of a crystalline PbI2 precursor layer to MAPI perovskite by dipping into
a solution containing the organic constituents was developed by Burschka et al. and
adopted for the planar device architecture by Docampo et al. [89,182]

The study presented in Section 5.1.2 is performed with precursor and perovskite films
deposited on silicon substrates which are cleaned prior to use as described before. Solution
mixing and further processing is conducted in a N2-filled glovebox. PbI2 is dissolved in
DMF in a 0.75 m solution, stirred at 70 ◦C for 1 h and filtered using a PTFE syringe filter
with 0.45 µm pore size before use. For spin-coating, substrates and solution are heated on
a hot plate set to 60 ◦C. Spin-coating dynamically at 3000 rpm for only 10–15 s ensures
that they do not cool down too much, and the samples are transferred back to the hot plate
immediately after coating. All glassware used for the conversion step is cleaned intensely
and dried in a furnace at 100 ◦C for 1 h to remove residual water. MAI (9.5 mg ml−1 or
0.0598 m) and MACl (0.5 mg ml−1 or 0.0074 m) are dissolved in anhydrous IPA and stirred
at 130 ◦C. The samples are immersed into the solution for 5 min where the conversion to
MAPI starts immediately. Subsequently, the samples are dipped into a rinsing solution
of pristine anhydrous IPA for 20 s and dried on the spin-coater at 3000 rpm. Samples
are sealed in a N2-filled container to prevent degradation by ambient moisture during
transport to the beamline. The samples for SEM and XRD measurements were prepared
by Nadja Giesbrecht.
For Section 5.2, PbI2 (394 mg ml−1 in Section 5.2.1 or 461 mg ml−1 in Section 5.2.3) is
dissolved in DMF. Both the solution and the samples are kept at 60 ◦C prior to spin-
coating for the standard sample in Section 5.2.1 or kept at different temperatures ranging
from 25–100 ◦C for Section 5.2.3. The solution (100 µl) is spin-coated dynamically at
3000 rpm for 15 s and afterwards annealed for 5 min. The samples are immersed in a MAI
(9.5 mg ml−1) : MACl (0.5 mg ml−1) IPA solution at 60 ◦C for 10 min to convert the PbI2
film to MAPI. Afterwards, the samples are rinsed in IPA and quickly dried with a N2

stream. Figure 3.1 shows a schematic of the fabrication of perovskite solar cells with
the dipping method. The samples in Section 5.2.1 were prepared by Nadja Giesbrecht,
the samples in Sections 5.2.2 and 5.2.3 were prepared by Lukas Oesinghaus, except for
the samples in the immersion time study which were prepared by Armin Schreiber.
The sample preparation for Section 5.3.2 is analogous with a PbBr2 precursor film dipped
into a MABr solution in IPA; the fabrication is conducted inside a N2-filled glovebox.
These samples were prepared by Nadja Giesbrecht.

Films for further studies on the dipping method, i.e. the films investigated in Sections 5.2.3
and 5.4, are prepared on glass\PEDOT:PSS substrates. PEDOT:PSS is spin-coated at
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Figure 3.1: Schematic showing the fabrication of planar perovskite solar cells with the dipping method.
After cleaning of the FTO substrate, a planar TiO2 layer is deposited as ETL, followed by an optional
treatment in a TiCl4 bath to smoothen the surface. [201,202] After individual sintering of the TiO2 layers,
a PbI2 layer is spin-coated; temperature control is important in this step. [28,182] During immersion of the
precursor layer in the conversion solution, the perovskite film is formed. Deposition of a HTL (typically
spiro) and thermal evaporation of a Au electrode complete the solar cell device. The inset shows a
photograph and corresponding scanning electron microscopy images of a half-immersed film during the
conversion step. [182] The color code introduced here for the PbI2 precursor (blue) and the MAPI perovskite
film by the dipping method (red) are used throughout this thesis.

2500 rpm for 50 s or 60 s and annealed at 140 ◦C for 10 min.

For the temperature study in Section 5.2.2, the substrates as well as the precursor solution
are kept on a hotplate set to the denoted temperature before and after the spin-coating
step.

For Section 5.4, the films with MAI additive are prepared as follows: 0.75 m PbI2
(391 mg ml−1) and 0.13 m MAI (20.5 mg ml−1) are dissolved in DMF. Both the solution
and the samples are kept at varying temperatures prior to spin-coating. The solution
(100 µl) is spin-coated dynamically at 3000 rpm for 15 s. The samples are immersed in
a MAI (10 mg ml−1) solution in IPA at 60 ◦C for 3 min to convert the MAIPbI2 film to
MAPI perovskite. Afterwards, the samples are rinsed in IPA and quickly dried with a N2

stream. All samples are prepared by Lukas Oesinghaus in ambient conditions except for
the samples in Figure 5.17 which are prepared by Armin Schreiber in a N2-filled glovebox.

For the variant in Section 5.4.1, PbI2 (391 mg ml−1) and MAI (20.5 mg ml−1 or 0.13 m) are
dissolved in DMF following the idea by Zhang et al. by adding the appropriate amount of
PbI2 solution to the dry MAI. [206] Both the solution and the samples are kept at varying
temperatures prior to spin-coating. The solution (100 µl) is spin-coated dynamically at
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3000 rpm for 15 s. The samples are immersed in a MAI (10 mg ml−1) IPA solution at 60 ◦C
for 3 min to convert the MAIPbI2 film to MAPI. Afterwards, the samples are rinsed in
IPA and quickly dried with a N2 stream. The variation of temperature is performed in
the same manner as described previously. For investigating the effect of chloride, MACl is
added in the noted amounts by weight while the solid content in solution is kept constant
at 10 mg ml−1. These samples were prepared by Lukas Oesinghaus.
In the study in Section 5.4.2, stock solutions of the solvents DMF and DMSO are mixed
prior to the sample preparation in the volumetric ratio 4:1. 0.13 m MAI or 0.13 m lead(II)
chloride (PbCl2, Sigma Aldrich, 98 %) are added in the same manner as before. Here,
a 10 mg ml−1 solution of MAI in IPA is used exclusively for perovskite conversion and
no MACl is added to the conversion solution. These samples were prepared by Armin
Schreiber in a N2-filled glovebox.

The dipping method is adjusted for the in-situ neutron scattering experiments discussed
in Section 6.2 as these require large samples and many methods are optimized for solar
cell samples on small substrates:
Complete 100 mm diameter silicon wafers are used and cleaned as described previously.
Before spin-coating a 1 m solution of PbI2 (Sigma Aldrich for the GISANS measurements,
or TCI Chemicals for the reference XRD measurements) in DMF the silicon surface was
further cleaned and functionalized with O2 plasma. In contrast to other methods, the
solution is dropped onto the wafer at room temperature and rotation is started afterwards.
If this step would be been done at 60 ◦C as usual, it would result in inhomogeneous
perovskite films. Furthermore, not spin-casting the solution dynamically results in thicker
films as required for GISANS experiments. Finally, the lower temperature also results
in slightly more porous films which lead to faster degradation kinetics and make the
experiment feasible for in-situ neutron scattering experiments. The films are then heated
to 60 ◦C and dipped into the typical solution of MAI and MACl for 10 min to fully convert
them to MAPI perovskite, which is slightly longer than usual as the films are thicker.
Afterwards, the films are washed in a rinsing bath of anhydrous IPA at room temperature
and dried on a spin-coater at 3000 rpm for 30 s. The experiments are conducted in ambient
atmosphere while humidity is generally between 30–35 %rh. For transport to the beamline
at the ILL, the samples are placed into a desiccator which is filled with N2 and sealed
with paraffin tape. Before the neutron experiments, they are broken into 70× 70 mm2

pieces.
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3.3.5 2-Step: Interdiffusion Method

The interdiffusion method was introduced as a variant to the dipping method by Xiao et
al.: [88]

For Section 5.2: PbI2 (345.75 mg ml−1) is dissolved in DMF. Both the solution and the
samples are kept at 60 ◦C prior to spin-coating. The solution (100 µl) is spin-coated
dynamically at 3000 rpm for 15 s. MAI (40 mg ml−1) is dissolved in IPA. The solution
(200 µl) is spin-coated at 3000 rpm for 30 s. The spin-coated films are annealed at 100 ◦C
for 1 h. The samples for the solar cells were prepared by Nadja Giesbrecht, the samples
for XRD, UV–vis and SEM measurements by Lukas Oesinghaus.

3.3.6 2-Step: Vapor-Assisted Solution Process (VASP)

The vapor-assisted solution process, dubbed VASP by its inventors, is carried out as
follows: [90]

For Section 5.2: PbI2 (394 mg ml−1) is dissolved in DMF. Both the solution and the
samples are kept at 60 ◦C prior to spin-coating. The solution (100 µl) is spin-coated
dynamically at 3000 rpm for 15 s and annealed afterwards for 5 min. The samples are
placed in MAI vapor to convert them to MAPI for 2 h. Afterwards, the samples are
rinsed in IPA and quickly dried with a N2 stream.

For the films discussed in Section 5.3.2, PbBr2 a 1 m solution in DMF is used, preheated
together with the substrates at 60 ◦C before spin-coating the layer at 3000 rpm for 15 s.
Afterwards, the PbBr2 film is dried at 60 ◦C for 10 min and converted in a closed vial to
the perovskite in MABr vapor for 2 h at 150 ◦C.

The entire film fabrication is conducted inside a N2-filled glovebox by Nadja Giesbrecht.

3.3.7 3D\2D Perovskite Heterojunction Films

The perovskite films consisting of a 3D\2D heterojunction as described in Section 6.3.1
were fabricated by Yinghong Hu following the anti-solvent method according to Xiao et
al. as described in Section 3.3.2. [204] The conversion of the top layer of the MAPI thin film
into the layered PEAMAPI perovskite structure is achieved by spin-coating an equimolar
mixture of phenylethylammonium iodide (PEAI) and MAI in IPA. PEAI and MAI are
dissolved in IPA with different concentrations varying from 5–40 mm (the molarity refers
to both PEAI and MAI). Subsequently, 75 µl of PEAI:MAI solution is spin-coated onto
the MAPI film at 4000 rpm for 45 s, and the films are annealed at 70 ◦C for 5 min to
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remove residual solvents. [31]

The 3D\2D heterojunction films studied in Section 6.3.2 were fabricated in a similar
fashion: After letting the MAPI film cool down to room temperature, the 2D perovskite
is formed by spin-coating an IPA solution containing PEAI and MAI on top of the MAPI
film, followed by a heating step at 70 ◦C for 5 min. For a 10 mm PEAI:MAI solution,
12.4 mg PEAI and 7.9 mg MAI are dissolved in 5 ml anhydrous IPA (Sigma Aldrich). For
20 mm and 40 mm solutions, the amount of the cation salts was adjusted accordingly. The
2D perovskite is formed on top of FAMARC in the same way as for the MAPI\2D film.
Still in the N2-filled glovebox, the samples are sealed in bags of compound foil with a
12 µm Al film to protect them from degradation by ambient humidity during transport
to the beamline. [33]

3.4 Thin Film Solar Cells

Thin film perovskite solar cells in this thesis are typically prepared in the most commonly
used planar n–i–p device architecture with the structure FTO\TiO2\perovskite\spiro\Au.
An example for the fabrication of perovskite solar cells using the dipping method is
depicted in Figure 3.1.

3.4.1 Perovskite Solar Cells by the Dipping Method

The solar cells in Section 5.1.1 are prepared as follows: First, 100 µl of the TiO2 sol–gel
based on TiBO is pipetted per 22×22 mm2 substrate and then spin-coated at 2000 rpm
for 60 s (AC9). Afterwards, it is calcined at 450 ◦C for 2 h. For perovskite film deposition,
a 0.75 m PbI2 solution is filtered with a PTFE filter (0.45 µm pore size) and spin-coated at
3000 rpm at 60 ◦C. Afterwards, the samples are cooled to room temperature, before being
immersed into a MAI:MACl conversion solution (synthesized methylammonium halides)
for 5 min. After rinsing in IPA, the solvent is spun off at 3000 rpm for 15 s. As a HTM
layer, a spiro solution (Merck) is filtered with a 0.45 µm pore PTFE filter and spin-coated
at 1500 rpm and 2000 rpm in the usual manner, utilizing 75 µl per 22× 22 mm2 substrate.
For self-doping of the spiro, the samples are stored in a desiccator with silica gel (25–
30 %rh) over night, before thermally evaporating 24 nm of gold at 2× 10−5 mbar with a
rate of roughly 1Å s−1. All steps involving perovskite and spiro film deposition are carried
out in a N2-filled glovebox.
For the study of the additional titania layer by the TiCl4 treatment, the TiBO-based sol–
gel is deposited at 3000 rpm with otherwise unchanged parameters. The TCl4 treatment
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is conducted as described in Section 3.2.1. After deposition of the PbI2 layer in the same
fashion as before (but without filtering the solution) follows a conversion step of 10 min
in ambient conditions at roughly 31 %rh. After rinsing in IPA, the films are blown dry
with N2. The spiro solution (Borun, 99.5 sublimed) is spin-coated at 1000 rpm in the first
step with the same amount of solvent per substrate. The samples are again stored in a
desiccator and on the next day, 36–42 nm of gold are evaporated at 2.6× 10−5 mbar with
the same rate.

The solar cells studied in Section 6.1 utilize a TiO2 layer which is deposited by spin-coating
the TTIP-based sol–gel at 2000 rpm for 45 s and transferring the samples to a hotplate at
150 ◦C for 10 min annealing directly afterwards. Calcination at 450 ◦C for 2 h is followed
by deposition of a filtered PbI2 solution (PTFE, 0.45 µm pore size) at 3000 rpm. These
films are converted to MAPI by dipping for 5 min (MAI by Solaronix, MACl by Merck),
rinsing, dry-blowing and additional annealing at 100 ◦C for about 20 min to ensure that no
solvent remains inside the perovskite film and it stays stable during the transport to the
beamline. The spiro solution (Merck) is filtered (PTFE, 0.45 µm pore size), spin-coated
again at 1000 rpm in the first step and stored in desiccator over night. Gold is evaporated
in two separate batches, with the Au film thicknesses being 49 nm and 25 nm, respectively.
For transportation to the beamline, the samples are packed in a polypropylene ex-wafer
box with silica gel. The reference samples for Section 6.1 discussed in Section 6.1.1 were
fabricated by Kiran M. John following the same recipe.

All these solar cells are characterized with the KHS SolarConstant1200 solar simulator
which is calibrated with an unfiltered HOQ silicon reference cell (certified by Fraunhofer
ISE); the samples in Section 6.1 are additionally measured at the beamline with the
an newly designed measurement chamber based on the original Poket Solar setup (see
Section 4.4.1). The reference samples for Section 6.1 were measured by Kiran M. John
with the newly designed solar simulator setup described in Section 4.1.3.

3.4.2 Perovskite Solar Cells by Seminal Deposition Methods

The solar cells discussed in Sections 5.2 and 5.3.2 were prepared by Nadja Giesbrecht and
Yinghong Hu as follows: To obtain the required electrode pattern for solar cells, FTO
substrates are etched, and washed with an aqueous Alconox detergent solution, acetone
and IPA as described in Section 3.1.3. Directly before the spin-coating of the next layer,
they are cleaned in oxygen plasma for 5–10 min. TiO2 is employed as the ETM. HCl
(27.6 mm) in IPA is added dropwise to a TTIP solution (0.43 m) in IPA. The resulting
solution is stirred for 90 min. It is then spin-coated dynamically at 2000 rpm for 45 s and
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placed on a hotplate at 150 ◦C for 5–10 min afterwards. The film is calcined at 500 ◦C for
~1 h. After the deposition of the perovskite film, a solution of 75 mg ml−1 spiro (Borun
Chemicals) with additives tBP and Li-TFSI is employed as the HTM. The solution is spin-
coated at 1000 rpm for 45 s. Approximately 40 nm of Au are thermally evaporated onto
the samples with a deposition rate of 1Å s−1 under high vacuum conditions (< 10× 10−6–
10× 10−7 mbar) leading to devices with a top electrode in the range of 0.10 cm2 as defined
by a metal aperture. The photovoltaic performance is measured with a Keithley 2400
SourceMeter under illumination by a Newport Oriel Sol2A solar simulator calibrated with
a KG5-filtered Si reference cell (certified by Fraunhofer ISE) which results in a mismatch
factor of 1.01. The active area of the solar cells is defined to be 0.083(1) cm2 with a square
metal aperture mask.
The devices in Section 5.3.3 were prepared by Nadja Giesbrecht essentially in the same
manner. However, a monolayer of C60 is added on top of the TiO2 layer by spin-coating a
0.5 mg ml−1 solution of 4-(1’,5’-dihydro–1’methyl–2’H-[5,6]fullereno–C60-Ih-[1,9-c]pyrrol-
2’-yl)benzoic acid (Sigma Aldrich, 99 %) in CB at 2000 rpm for 30 s and annealing for
5 min at 100 ◦C in a glovebox. To achieve a better wetting of the perovskite solution,
a 0.2 wt% solution of Al2O3 nanoparticles in IPA (diluted from Sigma-Aldrich, < 50 nm
particle size, 20 wt% in IPA) is deposited on top of C60 at 2000 rpm for 30 s and dried at
130 ◦C for 5 min.

3.4.3 Perovskite Solar Cells Employing a 3D\2D
Heterojunction

The 3D\2D heterojunction films for the solar cells studied in Section 6.3.1 were fabricated
by Yinghong Hu as described in Section 3.3.7. For the fabrication of the best performing
devices, a further optimized procedure for the MAPI film deposition similar to the one
in Section 5.3.1 is used: Here, a 1.2 m solution of PbI2 (TCI, 98 %) and MAI in a 4:1
volumetric solvent mixture of DMF and DMSO is deposited in a consecutive two-step spin-
coating process at 1000 rpm and 5000 rpm for 10 and 30 s, respectively. Approximately
15 s before the end of spinning, 500 µl of CB is dropped onto the film. After annealing the
substrates at 100 ◦C for 10 min on a hotplate, MAPI films are formed. The formation of
the PEAMAPI top layer by spin-coating a 10 mm PEAI:MAI (1:1) solution followed the
same protocol as described above (cf. Section 3.3.7). [31]
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3.5 Single Crystal Perovskite Solar Cells

The samples in Sections 7.1 and 7.2 were prepared during the Bachelor Thesis of Florian
Pantle, the samples in Section 7.2 were prepared during the Bachelor Theses of Peter
Schneider (n–i–p architecture) and Linus Huber (free-standing architecture).

3.5.1 Perovskite Single Crystals by Inverse Temperature
Crystallization

Perovskite single crystals, more precisely CH3NH3PbI3 (MAPI) and CH3NH3PbBr3

(MAPB), were synthesized following the inverse temperature crystallization (ITC) ap-
proach first demonstrated by Bakr and coworkers: [42,207]

MAPI single crystals are prepared using a 1–1.3 m solution of MAPI (CH3NH3I (Dyesol)
+ PbI2 (Acros Organics)) in γ-butyrolactone (GBL, Sigma-Aldrich, 99 %), which fully
dissolves at 60 ◦C after 30 min of stirring. The solution is then filtered using a 0.22 µm
PVDF filter. The stock solution is distributed into vials with 4 ml of solution each. The
vials are kept undisturbed in an oil bath around 110 ◦C. After 3–4 h, the crystals are
4–6 mm in size. Upon achieving the desired size, the crystals are removed from the syn-
thesis solution, rinsed quickly with GBL, dried under N2 flow, and stored in the dark
in a desiccator. Similarly, MAPB single crystals are prepared using a 1.0 m solution of
CH3NH3PbBr3 (CH3NH3Br (Dyesol) + PbBr2 (Sigma-Aldrich) in DMF (Fischer Scien-
tific)) which fully dissolves at room temperature. A 0.22 µm PVDF filter is used to filter
the solution, which is then distributed into vials with 4 ml of solution each, put in an
oil bath undisturbed at 80 ◦C. After 3–4 h of synthesis, the crystals are around 5–7 mm
in size. The crystals are removed and rinsed with DMF, dried with N2 and stored in a
desiccator in the dark.
The single crystals used in this work were fabricated by the group of Prof. Karthik
Shankar at the University of Alberta, Canada. After shipment in a sealed container they
were transferred to a N2-filled glovebox immediatly after reception.
If not noted otherwise in the text, perovskite crystals are treated in the following way
before use: First, they are dipped into either anhydrous DMF (MAPB) or GBL (MAPI)
(Sigma-Aldrich, 99 %, not anhydrous) at room temperature and blown dry with nitrogen.
Then, common sandpaper with a grit of several tens of microns (grit designation 1000)
is used to bring the crystals into shape and progress is regularly checked with an optical
microscope. Further grinding is successively performed with calcined alumina lapping
sheets with 1 µm and 0.3 µm grits (Thorlabs LF1P and LF03P) and care is taken so that
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no spot on the lapping sheets is used twice in order to prevent scratches from broken-off
perovskite pieces.
All single crystal solar cells are characterized with the KHS SolarConstant1200 solar simu-
lator which is calibrated with the KG5-filtered silicon reference cell certified by Fraunhofer
ISE. The voltage is sweeped between −0.2 V and 1.2 V in velocities ranging from 20 mV s−1

to 1 V s−1 without pre-bias as noted in Section 7.

3.5.2 Fabrication of Perovskite Single Crystal Solar Cells with
p–i–n Architecture

ITO substrates are successively sonicated in aqueous detergent solution, ethanol, acetone
and IPA. Before further processing they are submitted to an oxygen plasma. PEDOT:PSS
solution is sonicated and filtered with a 0.45 µm PVDF filter before use. 30 mg ml−1 of
glycerol (Carl Roth, 98 %) are added by weight as a plasticizer and the solution is stirred
for at least 20 min. The first layer is spin-cast at 2000 rpm for 60 s and then annealed at
140 ◦C for 10 min. Two additional layers are added with 500 rpm for 60 s and a second step

Figure 3.2: Scheme depicting the fabrication process of p–i–n single crystal perovskite solar cells. The
inset is a photograph of a sample during the imprint of a MAPB single crystal.
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with 2000 rpm for 10 s without annealing. The prepared perovskite crystal is then placed
onto the substrate and pressed into it with copper weights wrapped in aluminum foil
(605 g). The sample is then heated to 80 ◦C for 3 h to remove the plasticizer. A 4 mg ml−1

solution of PCBM in anhydrous CB is sprayed on top at a distance of 220 mm and a flow
rate of 1 ml/min with 10 sprays of 30 s each. Finally, the cathode is made up of conductive
silver paste (Ferro GmbH) or thermally evaporated aluminum (~2× 10−5 mbar).

Due to the irregular shape of the crystals no illumination mask is employed during photo-
voltaic characterization. Instead, the sample is taken to an optical microscope afterwards
and the contact as seen through the lower glass substrate is measured with the software
ImageJ and used to normalize the data. This method rather serves to compensate for
the different crystal sizes and to achieve comparability amongst our samples than for a
standardized performance report.

3.5.3 Fabrication of Perovskite Single Crystal Solar Cells with
n–i–p Architecture

FTO-coated glass substrates are sonicated in aqueous detergent solution, ethanol, acetone
and IPA. Before further processing they are submitted to an oxygen plasma. A 12 mg ml−1

solution of PCBM in anhydrous CB is spin-cast on top with 1500 rpm for 30 s and annealed
at 80 ◦C for 10 min. A small droplet (<50 µl) of PCBM solution is positioned on the
sample and the perovskite crystal is placed into it. A pen-like metal bolt is lowered with
a micrometer screw from the top until first contact is made. As the setup is equipped
with a spring, the pressure is only fixing the crystal at its position. An aluminum frame is
placed onto the sample and PDMS precursor (10:1 ratio of base:curing agent, Sylgard 184
by Dow Corning) with 40 wt% n-hexane (Carl Roth, 99 %) added to decrease viscosity is
poured into it until the surface is flush with the crystal top surface. After curing the PDMS
for 60 min at 80 ◦C, a 100 mg ml−1 solution of spiro (Merck) in anhydrous chlorobenzene
with tBP and Li-TFSI solution added as dopants is spin-cast dynamically at 800 rpm for
40 s. The samples are stored in dry environment overnight for self-doping of the spiro.
Finally, the anode is fabricated from thermally evaporated gold (~2× 10−5 mbar).

3.5.4 Fabrication of Perovskite Single Crystal Solar Cells in
Free-Standing Architecture

Silicon wafers (Si-Mat) are oxidized at 1000 ◦C for 24 h. Prepared perovskite single crystals
are placed on top and fixed with the pen-like metal bolt, and as before, the PDMS
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Figure 3.3: (a) Scheme depicting the fabrication process of n–i–p single crystal perovskite solar cells
with the aid of a polymer bezel (PDMS). A droplet of PCBM solution is used to ensure good contact of the
perovskite crystal to the underlying spin-cast PCBM layer. The crystal is then held in place during PCBM
annealing and subsequent deposition of the PDMS precursor. Finally, a spiro solution is spin-cast and
gold is thermally evaporated. The insets are photographs of a sample during the imprint with the pen-like
metal bolt (step II) and of a sample after the polymer bezel is hardened (step III) where the reddish PCBM
droplet is visible. (b) Photograph of the pen-like metal bolt (left) and optical microscopy of its tip before
and after grinding (right) in order to have a smooth surface and to not harm the perovskite crystals.
(c) Photographs of the setup with the metal bolt installed and the spring/micrometer screw combination.
(d) Optical microscopy images of the various grinding stages of a MAPI crystal as denoted after the
sandpaper (grit size of various tens of microns), 1 µm and 0.3 µm calcined alumina lapping sheets. [34]

solution is poured around. After the PDMS is cured, it is detached from the substrate
and the PDMS slab with the crystal is sandwiched in between two sheets of silicone
rubber with a hole in the middle where the crystal is sitting. The sandwich is fixed on
a glass substrate for spin-coating the PCBM solution and then turned around to spin-
coat the spiro solution. Silver paste and thermally evaporated gold are used as contacts.
Contacting the solar cell to the external circuit is challenging in this configuration: A
copper wire is dipped into the droplet of still-liquid silver paste and fixed with adhesive
tape to prevent it from shifting (see inset in Figure 7.8a).
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CHAPTER4
Sample Characterization

The focus of this work is the characterization of planar perovskite thin films for application
in photovoltaic devices. Hence, basic thin film characterization techniques were employed
to investigate optical, by UV–vis spectroscopy (Section 4.1.1), and structural properties,
by optical microscopy (Section 4.2.1), scanning electron microscopy (Section 4.2.2), and
profilometry (Section 4.2.3). As hybrid perovskites are highly crystalline materials, X-ray
diffraction is an important tool (Section 4.3.1). Furthermore, characterization of pho-
tovoltaic devices is performed by recording a diode curve (current density vs. voltage)
under simulated sunlight (Section 4.1.2).
A large part of this thesis deals with the investigation of crystal structure and film mor-
phology of perovskite thin films. Grazing-incidence scattering techniques with X-rays or
neutrons are a powerful tool to gain morphology information of thin films with high sta-
tistical relevance. In contrast to SEM, an area of similar size as a photovoltaic device is
probed and the inner film morphology can be investigated in addition to the surface. The
techniques explained in Section 4.3 yield information in reciprocal space which has to be
translated to real-space structures. Apart from crystal phase information similar to XRD,
GIWAXS allows a quantitative evaluation of the crystal orientation and maps a comple-
mentary part of reciprocal space as XRD (see Section 4.3.2). The analysis of GISAXS
(Section 4.3.3) and GISANS data (Section 4.3.4) bears information about structures in
the range of typical perovskite crystal sizes and is thus relevant to understand device
functioning or failure. Finally, Section 4.4 gives an insight into in-situ and in-operando
characterization of films or devices with simultaneously monitoring of the scattering sig-
nal.
Additionally to the characterization method, the construction of three measurement se-
tups is shortly described: Section 4.1.3 explains the necessity and design of a new solar
simulator setup to comply with international measurement standards. Sections 4.4.1
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and 4.4.2 cover the construction of two sample environments for in-operando measure-
ments of photovoltaic devices at a synchrotron.

4.1 Spectroscopic and Electronic Characterization

Spectroscopic and electronic characterization methods are used for two purposes: On the
one hand, basic material properties like absorption behavior help to evaluate the quality
of thin films and their value for photovoltaic devices; on the other hand, photovoltaic
characterization, i.e. voltage sweeps under simulated sunlight, are important to verify the
functioning of the tested materials in their intended purpose or to identify starting points
for further research.

4.1.1 UV–vis Spectroscopy

The characterization of the absorption behavior from the ultraviolet through the visible
range of the tested materials is performed by UV–vis spectroscopy measurements. A
transmission or reflection spectrum is recorded by guiding a monochromatic light beam
onto the sample and detecting the difference to an unobstructed reference beam.
Most UV–vis spectroscopy measurements for this work were performed using a
PerkinElmer Lambda 650S. The instrument is equipped with two lamps: A deuterium
lamp provides light in the UV range starting from a wavelength of 190 nm, while a
tungsten-halogen lamp covers the visible to near-infrared region until 900 nm. An all-
reflecting monochromator consisting of a mirror to switch the required light source at
319.3 nm, a filter wheel assembly, collimating mirrors, and a holographic grating with
1440 lines/mm is used to produce monochromatic light with a resolution of ≤ 0.17 nm
and an accuracy of ±0.15 nm after passing through a slit typically set to 2 nm width.
A beam splitter (chopper operating at 46 Hz) is used to separate sample and reference
beam. The sample is mounted in front of (transmission geometry) or at the end (reflection
geometry) of an integrating (Ulbricht) sphere with 150 mm diameter whose white coating
is a diffuse reflector (Lambertian surface) and distributes the scattered light from the
sample equally to all other points within. The difference to the reference beam coming
from the side is monitored by a R955 photomultiplier as detector. Before each set of
measurements, a so-called auto-zero (empty beam) measurement is performed for instru-
ment calibration in standard configuration. Measurements are conducted with a scanning
speed of 266.75 nm/min, and a proprietary software weighs the measured intensity with
the empty beam measurement.
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Data analysis is based on the Beer–Lambert law (Equation 2.10) where the reference beam
intensity resembles I0(λ) and the signal coming from the sample is I(λ). Furthermore,
the absorption coefficient β(λ) is calculated from transmittance and reflectance spectra
and film thickness determined by profilometry via Equation 2.13, while the band gap is
extracted from a linear fit in a Tauc plot (Equation 2.14).

4.1.2 Photovoltaic Characterization

The solar cells discussed in Section 5.1.1 were typically characterized with a KHS So-
larConstant1200 (K.H. Steuernagel Lichttechnik GmbH) solar simulator which was cali-
brated with an unfiltered HOQ silicon reference cell (certified by Fraunhofer ISE) using a
Keithley 2400 sourcemeter. If not noted otherwise, no pre-bias was used and voltage was
swept from 2 V to −1 V (reverse scan) or vice versa (forward scan) at a rate of 0.5 V s−1.
The single crystal solar cells were first subjected to a test measurement starting from 1.2 V
for MAPI and 1.5 V for MAPB and swept to −0.2 V at a rate of 0.2 V s−1, and subsequent
scans were adjusted to about 10–20 % above the determined VOC . No aperture mask was
used in both cases.

For Sections 5.2.1, 5.3.2, 5.3.3, and 6.3.1, the photovoltaic device performance was mea-
sured with a Keithley 2400 sourcemeter in air at 25 ◦C under illumination by a Newport
Oriel Sol2A solar simulator (class ABA) equipped with a 450 W xenon lamp, which was
calibrated to 100 mW cm−2 with a Fraunhofer ISE certified silicon cell (KG5-filtered)
which results in a mismatch factor of 1.01. The active area of the solar cell was defined
with a square metal aperture mask of 0.083(1) cm2. For these measurements, a short
pre-bias at 1.5 V for 5 s and a scan speed of 0.2 V s−1 were typically employed.

Reference measurements for the in-operando samples were conducted with the newly
constructed solar simulator setup (see Section 4.1.3).
JV measurements at the beamline on site of the Elettra-Sincrotrone were performed
employing the first setup described in Section 4.4.1. Dark measurements were fitted using
Equation 2.25 for an ideal diode. Ideality factors were extracted from linear fits to the
dark curves in a semi-logarithmic plot using Equation 2.27 as described in more detail in
Section 4.4.1.

4.1.3 Design of a New Solar Simulator Setup

A comparison of the spectrum generated by the KHS SolarConstant1200 solar simulator
with an AM1.5G solar spectrum after IEC 60904-9 or ASTM G173-03 results in a spectral
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classification into class C in both standards, due to the significant (~43 %) deviation in the
700–800 nm waveband significant for solar cells employing perovskites or low–band gap
polymers as absorber materials. In order to comply with the high standards required for
accurate reporting of photovoltaic PCE , especially in the fields of organic and perovskite
solar cells where skepticism increased over the past years, the design of a new solar
simulator setup was inevitable. [38,208–217] For this setup, we want to focus on the three
most relevant standards defined by the International Electrotechnical Committee (IEC)
for testing of photovoltaic devices:

• IEC 60904-3 Measurement principles for terrestrial photovoltaic (PV) solar devices
with reference spectral irradiance data (2008)

• IEC 60904-7 Computation of spectral mismatch error introduced in the testing of a
photovoltaic device (1998)

• IEC 60904-9 Solar simulator requirements (1995)

Figure 4.1 depicts the computer-aided design (CAD) sketches for a sample holder con-
structed with SolidWorks 2014. It has the same dimensions as the World PV Scale
Standard (WPVS) reference cells (IEC 60904-2) fabricated and certified by the Fraun-
hofer Institute which are typically used for calibration of light intensity of a simulated
solar spectrum, i.e. 70× 79× 17 mm3. It is held in place by a polyvinyl chloride (PVC)
holder which also hosts a selection mask made from a thin aluminum plate to block the
other solar cells (pixels) on the same sample from potentially harmful, direct illumination
by the solar simulator. It is eventually painted black to prevent increased light scattering
effects. The holder itself is made from copper and inside is a channel trough which it
can be cooled (for standard testing conditions, STC, at 25 ◦C, IEC 60904-3) or heated to
simulate device degradation under conditions closer to real applications. A block made
from polytetrafluorethylene (PTFE) which holds the measurement pins is inserted from
the back and the holder is closed with a screwed-on copper lid. The measurement pins
are model 0853 power spring pins by Mill-Max Mfg. Corp. which have a maximum stroke
of 2.29 mm. Thus, the holder is able to host both samples on 1.1 mm thick ITO- and
2.2 mm thick FTO-covered glass substrates, while ensuring at the same time the exact
same working distance to the lamp. The sample position is marked with gray lines in the
lower left image of Figure 4.1a. The aperture mask in Figure 4.1b defines the illuminated
area of each pixel to approximately 0.12 cm2. Thus, they correspond to about 70 % of the
actual active area of 0.175 cm2 of the sample.

A photograph of the complete setup is shown in Figure 4.2a: The sample holder is sur-
rounded by a sample chamber with black walls. A LOT Quantum Design LS0500 solar
simulator is used as the light source: The uniformly illuminated area of 45× 45 mm2 has
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Figure 4.1: (a) Sample holder designed for the solar simulator setup. The holder consists of three parts,
a copper frame (including channels for cooling or heating), a PTFE holder for the pins, and a copper lid
to close it. A sketch of the gold pins is presented in the middle. An aluminum selection mask (gray) can
be used to prevent non-measured pixels to be illuminated. (b) Aperture mask to define the illuminated
area of the pixel. (c) Position of the active area on a 25× 25 mm2 sample as defined by the overlap of
TCO (lilac) and metal electrodes (gray). Numbers À–Ç mark the position of each pixel, CE stands for
counter electrode.

an ABA classification, i.e. spectral match of 0.75–1.25 towards AM1.5G, spatial irradi-
ance non-uniformity of ≤ 5 % and a temporal stability of ≤ 2 %. Apart from collimation
optics and a AM1.5G filter, it is equipped with an electric shutter unit to be controlled
by a toggle switch at the shutter control, or an external trigger from a PC. A Keithley
sourcemeter of the 2600 series is used for current–voltage measurements and individual
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Figure 4.2: (a) Photograph of the solar simulator setup. (b) Reference solar spectrum and absorption
of both Fraunhofer ISE certified Si reference cells as defined by HOQ filter and KG5 filter. (c) Current–
voltage curves of the KG5-filtered reference cell without selection mask (full), and for the selection mask
moved to the respective pixel position of a sample (1–8).

pixels can be addressed by the depicted rotary control switch or a PC-controlled relay cir-
cuit. Especially the latter significantly speeds up photovoltaic measurements and makes
more reliable measurements possible, especially if materials degrade fast in ambient envi-
ronment (like many low–band gap polymers) or if samples are notoriously unreproducible
(like perovskites).

Figure 4.3 shows photographs of the electronic connections for the sample holder, cables
and the switcher box. The assignment and color code for reference cell, solar cell pixels À–
Ç, and connections to sourcemeter and shutter unit are given in Table 4.2. In combination
with a Keithley 2611B with digital I/O D-sub connector, the switcher box can be used for
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PC-controlled selection of one or multiple pixels (connected in parallel), or the reference
cell, with a timed opening/closing of the shutter. Thus, advanced measurement protocols
are possible, like controlled light-soaking of e.g. 3 s or simultaneous aging experiments
of all pixels. Additionally, every pixel and the counter electrode are measurable in a
four-wire connection thereby eliminating resistances of the cables. A concomitant Python
software was written by Lorenz Bießmann and the function of the relay switcher was
tested successfully.

To further comply with the IEC 60904-7 standard, a KG5-filtered Si reference solar cell
should be used for calibration of the light intensity, as it more closely resembles the spectral
response (SR) of the tested materials (cf. Figure 4.2b). Calibration with the (unfiltered)
HOQ cell would result in overestimation of the near-infrared region—due to the low band
gap of silicon—and thus erroneous PCE reports. To test the viability of reliable JV
characterization of solar cells with this setup, the KG5-filtered reference cell is measured
with the aperture placed at the positions resembling the pixels À–Ç of a real test sample
(see Figure 4.1c), and without masking (full illumination). The resulting JV curves are
plotted in Figure 4.2c, normalized by the illuminated area of the respective window in
the selection mask, i.e. 0.473 cm2 (pixels À–Ã) or 0.506 cm2 (pixels Ä–Ç), as determined
with the software ImageJ from optical microscopy images. The result shows that due to
the dark current contributions of non-illuminated areas, the VOC is slightly reduced from
0.6107(21) V to around 0.55 V. The certified current ISC = 47.98(91) mA results in a
measured current density of JSC = 11.96 mA cm−2 for a complete cell area of 4 cm2 (black
curve). The individual values of each “pixel” deviates by up to 7.4 %, although it should be
noted that the proprietary calibration report explicitly states that “a measurement with
partial illumination of the active area may cause a different characteristic of the spectral
response”. Nevertheless, the measurement uncertainty is comparable to the spatial non-
uniformity of the solar simulator. Pixel sizes of the illumination mask are presented in
Table 4.1.

Table 4.1: Pixel sizes of pixels À–Ç of the illumination mask built after the sketch in Figure 4.1b as
determined with the optical microscope and the software ImageJ.

pixel # À Á Â Ã Ä Å Æ Ç

size (cm2) 0.117 0.113 0.111 0.114 0.119 0.113 0.117 0.119

If the intensity of the simulated solar spectrum is calibrated with an appropriate reference
cell (RC), the measured current IRCSIM has to be the same as the certified current under
standard test conditions (STC), IRCSTC . Then, the PCE of the test cell (TC) can be
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Figure 4.3: Photographs of the electronic connections for the solar simulator setup. (a) The relay circuit
in top-view and (b) bottom-view, with two make-contact relays (5 V, 5 A DC) per pixel À–Ç, the counter
electrode (CE) and the reference cell (R), their coil being connected in parallel to a diode to prevent
current peaks by inrush current surge; the digital I/O signal coming from the Keithley (blue cables) goes
through a base resistance of 2.88 kΩ to the base of a transistor (BC337). The HI (green) and HI-S signals
pass through the cables in the middle. The supply voltage of 5 V comes through the red cable. The common
ground is along the upper and lower edges (violet and black cables). An additional relay circuit controls
the electric shutter unit (orange cable). The assignment is specified in Table 4.2. (c) Pin assignment
at the D-sub connector plugs, and (d) inside the sample holder, with color coded cables, brindled cables
denoting HI-S and solid ones HI. (e) Fully assembled switcher box with cables as noted.
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Table 4.2: Color code of the cables connected to the reference cell, the counter electrode, pixels À–Ç or
the Keithley I/O (only “HI” colors apply), the outgoing signals to the Keithley, and the shutter unit, and
assignment on the relay circuit board and the D-sub or LEMO plugs/sockets if applicable.

# assignment signal cable color
1

reference cell

LO yellow
2 LO-S brown
3 HI green
4 HI-S white
8

counter electrode
LO black

9 LO-S violet
10

solar cell pixels,
Keithley I/O

À
HI green

11 HI-S green-white
12

Á
HI yellow

13 HI-S yellow-white
14

Â
HI gray

15 HI-S gray-white
16

Ã
HI pink

17 HI-S pink-white
18

Ä
HI blue

19 HI-S blue-white
20

Å
HI red

21 HI-S red-blue
22

Æ
HI white

23 HI-S yellow-brown
24

Ç
HI brown

25 HI-S brown-pink
26

Keithley

HI-S white
27 HI green
28 LO-S brown
29 LO yellow
31

shutter
LO black

32 HI red
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corrected to STC via adjusting the measured current ITCSIM following

ITCSTC = 1
M

IRCSTC
IRCSIM

ITCSIM = 1
M

ITCSIM (4.1)

with M being the mismatch factor and ITCSTC the corrected current under STC. The mis-
match factor accounts for differences in the simulated ESIM to the standard AM1.5G
reference spectrum ESTC and the spectral response (SR) of TC and RC under both spec-
tra:

M =
∫
ESTC(λ) SRRC(λ) dλ∫
ESIM(λ) SRRC(λ) dλ

∫
ESIM(λ) SRTC(λ) dλ∫
ESTC(λ) SRTC(λ) dλ =

IRCSTC
IRCSIM

ITCSIM
ITCSTC

. (4.2)

Alternatively, if the current would be adjusted to fulfill IRCSTC = M IRCSIM the measured
current of the TC would directly be the same as under STC.
Nevertheless, M has to be calculated from external quantum efficiency (EQE) measure-
ments of TC, SRTC , which is integrated with the simulated and the reference spectrum.
SRRC data is provided by Fraunhofer ISE in the proprietary calibration report.

4.2 Real-Space Structural Characterization

This section covers the imaging techniques used for investigating the surface morphology
of thin films.

4.2.1 Optical Microscopy

Optical microscopy measurement are performed on a Zeiss Axiolab A microscope and
images (1280 × 1024 pixels) are captured by a PixeLink USB Capture BE 2.6 charge
coupled device (CCD) camera. Where necessary, the software ImageJ is used for analysis.

Table 4.3: Spatial resolution and pixel size for used magnifications.

magnification numerical aperture (NA) resolution (R) at 700 nm pixel size
1.25× 0.035 12.2 µm 6.26 µm
2.5× 0.075 5.7 µm 3.11 µm
10× 0.2 2.1 µm 0.82 µm
50× 0.7 0.61 µm 0.17 µm
100× 0.75 0.57 µm 0.082 µm
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The resolution is given by:
R = 1.22λ

2 NA . (4.3)

4.2.2 Scanning Electron Microscopy

In scanning electron microscopy (SEM), electrons are used to probe the sample surface.
Thus, higher resolutions are achievable as the wavelengths of electrons are much smaller
than that of photons in the visible range. With the typical acceleration potential of
V = 5 keV used in this work, the Compton wavelength results from the de Broglie equation

λC = h

p
= hc√

2meV ec2 + V 2e2 ≈ 17.3 pm (4.4)

with the electron rest mass m0, charge e and momentum p, Planck’s constant h and the
speed of light c. Thereby, resolutions below 1 nm can be achieved, about 250 times better
magnification than possible with optical microscopes.
Most SEM measurements in this work were performed at a Zeiss NVision40 FIB-SEM
located at the Zentrum für Nanotechnologie und Nanomaterialien (ZNN) of the Walter-
Schottky-Institut (WSI). Electrons are generated by a field emission electrode and focused
via electromagnetic lenses. The sample is placed at working distances between the focus-
ing point and the detector, typically around 5–7 mm. These working distances are higher
than for other materials, as hybrid perovskites are prone to degradation under intense
electron beams. [218,219] Line-by-line raster scans with the electron beam generate sec-
ondary electrons by inelastic scattering which are detected by a ring-like InLense detector
to monitor topographic changes of the sample surface. The brightness in SEM images
scales with detected electrons, hence elevated points or areas with positive local curvature
appear brighter. As materials with high electron density emit more electrons, dielectric
materials which are charged up appear darker. Therefore, conductive carbon tape is used
to attach the samples to the holder. Apart from secondary electrons, elastic scattering,
i.e. back-scattered electrons and Auger electrons, also contributes to the detected signal.
SEM measurements in Figures 5.7 and 5.19a were recorded using a Hitachi S-4300 micro-
scope with a working distance of 8–10 mm and an acceleration voltage of 3 kV.
A JEOL JSM-6500F with an acceleration voltage of 5 kV was used to acquire the SEM
images in Figures 5.24 and 6.16.
SEM images in Figure 6.23 were recorded with an FEI Helios Nanolab G3 UC DualBeam
scanning electron microscope, operated at an acceleration voltage of 3 kV.
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4.2.3 Profilometry

Profilometry measurements were performed using a Bruker DektakXT. A diamond tip
with radius 2 µm is pressed onto the sample with a force corresponding to 1 mg. For film
thickness measurements, the film is scratched at three to five positions spread over the
sample and scanned with a moderate speed of 100 µm s−1.

4.2.4 Atomic Force Microscopy

Atomic force microscopy (AFM) is based on the interaction of a sharp tip with a surface
which typically follows a Lennard–Jones potential; making use of the short-range repulsive
and long-range attractive interaction, three measurement modes are possible: contact,
tapping, and non-contact. The tip is fixed on a cantilever oscillating with its resonance
frequency, and a laser focused on the tip is reflected onto a multi-segmented photodiode.
Changes in amplitude as a response to changes in surface morphology are thus recorded
as a change in position on the photodiode while the sample stage is moved by piezoelectric
elements with respect to the tip to scan the surface line-by-line. The AFM measurements
for Figure 6.21 were carried out with a NANOINK atomic force microscope in tapping
mode with a scan rate of 0.3 Hz, a proportional gain of 30 and an integral gain of 15.

4.3 Reciprocal-Space Structural Characterization

This section explains experimental details of the scattering techniques used for investi-
gating the morphology of thin films as well as data analysis. Theoretical aspects are
covered in Section 2.2. An important aspect which has to be considered when working
with X-ray beams with high flux and brilliance (like synchrotron sources) is potential
beam damage: In case of perovskites containing lead, beam energies around 13 keV may
be especially harmful as they are close to the Pb L3 absorption edge at 13 035.1 eV. [220,221]

Beam damage by neutrons, on the other hand, is unlikely. [221]

4.3.1 X-Ray Diffraction

Most X-ray diffraction (XRD) measurements in this work were carried out using a Bruker
D8 Advance X-ray diffractometer equipped with a Göbel mirror, and in case of the data
presented in Figures 5.17, 5.31, 5.34 and 6.13 with a 2.5 mrad axial Soller slit to increase
in-plane beam collimation. The Cu source is operated at 40 kV and 40 mA and produces
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X-rays with two wavelength, 1.5406Å (Cu Kα1) and 1.5444Å (Cu Kα2) in a 2:1 intensity
ratio, [181] as no filters are used; therefore, an average 1.5418Å is assumed for data taken
with this instrument. A 0.2 mm slit is used before the sample, and a 0.2 mm and a 0.1 mm
slit before the scintillation detector. After alignment of detector and source, the sample
height is aligned by moving it vertically through the beam and setting it to half of the
maximum intensity. Thereby, the beam will later hit the sample center and will not
accidently move out of the sample. Finally, a so-called rocking scan is performed: Source
and detector are fixed at a respective angle of 0.4° and are simultaneously rotated around
the sample to find the specular reflection. Measurement time and range are adjusted for
the needs of each experiment; typically, the scan is performed over a range of 10° to 45°
or 10° to 60° with a step size of ∆2θ = 0.05°.
The data presented in Figures 5.6 and 5.25, and the data discussed in Section 6.3 were
recorded with a Bruker D8 Discover X-ray diffractometer located in the laboratory of
Thomas Bein, Department Chemistry and Center for NanoScience (LMU). The source
operating at 40 kV and 30 mA produces Ni-filtered Cu Kα1 radiation. A step size of
∆2θ = 0.05° is used and the signal is recorded by a LynxEye detector.
Williamson-Hall plots using Equation 2.41 are employed for strain analysis and to estimate
a lower bound for the crystal size with a Scherrer constant approximated as K = 1 which
is a good choice for cubic crystals. [180] Such an analysis is typically performed on powder
XRD data as demonstrated in Section 5.1.2. For MAPI perovskite this is complicated by
the fact, that many peaks are double peaks in the tetragonal I4cm crystal phase present
at room temperature. Applied on thin films as done in Section 5.2, the uncertainty is
increased. Therefore, the obtained values are rather interpreted in a qualitative way.

4.3.2 Grazing-Incidence Wide-Angle X-Ray Scattering

Except for the measurements in Section 5.1, all grazing-incidence wide-angle X-ray scatter-
ing experiments were performed using a Saxslab Ganesha 300XL SAXS–WAXS equipped
with a Cu Kα X-ray source. The source Xenocs GeniX3D Cu ULD SL contains a copper
anode operated at 49.79 kV and 0.59 mA and optical components, and produces photons
with an energy of 8.047 keV (wavelength λ = 1.5408Å) and a high photon flux around
several 108 photons/s. High beam collimation is achieved with a set of three slit systems
set to 0.4× 0.4 mm2, 1× 1 mm2 (“beam polishing”) and 0.3× 0.05 mm2 for GIWAXS
measurements, so the height is small in the sample reference frame to maximize instru-
mental resolution, and 0.7× 0.2 mm2, 2× 2 mm2 and 0.1× 0.02 mm2 for alignment at a
sample–detector distance of 1056 mm (GISAXS mode).
Data were typically collected at an incident angle of 0.4° which is well above the critical
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angle of hybrid perovskites. A Dectris Pilatus 300k detector (operated at 20 Hz, cutoff
energy 4024 eV) is placed at a nominal sample–detector distance of 106 mm. However, in
practice it varies in the range of 105–112 mm and is typically around 108 mm. This is
not the result of imprecise motors, but rather comes from the narrow beam setup used to
increase the instrumental resolution and the movement of the small beam over the sam-
ple with marginal changes in height alignment. Complementary XRD measurements are
then used to adjust the sample–detector distance for each sample. The detector consists
of 619 × 487 single photon counters made from silicon with a size of 0.172 × 0.172 µm2

and a thickness of 0.32 mm. It can be considered noise-free, as flat-field and dark-field
corrections are directly applied on the measurement server. Measurements are performed
in vacuum at 1.87× 10−2 mbar.

The typical measurement procedure as established in the beginning of this thesis is as
follows:
The sample is mounted onto a U-shaped aluminum holder by gluing with double-sided
sticky tape and care is taken that the sample is flat on the holder and not tilted, e.g. due
to wrinkles in the tape. The holder is placed vertically into the grazing-incidence stage
which consists of a motor for tilt correction (χgi) and a high-precision stepper motor
for height alignment (ygi). The proprietary sample stage of the instrument is equipped
with a goniometer to set the incident angle θSAM , and motors for vertical (in the sample
plane, zSAM) and horizontal alignment (height alignment, ySAM), the latter of which is
too imprecise for grazing-incidence measurements.
Alignment is performed in GISAXS mode using motor scans around the expected value
and following the signal with a diode. First the detector itself is aligned to the direct
beam by an automated macro, as the beamstop is at a fixed position on the detector,
then the sample stage is aligned in height (ySAM), followed by three iterations of height
(ygi) and angle (θSAM) scans. After bringing the detector to GIWAXS mode, it has to be
aligned again because it typically moves by around 1 mm or 6 pixels in the detector plane
as the movement is not exactly along the beam direction. Therefore, the sample is moved
out of the beam in vertical direction (zSAM), as the precision of the sample stage motors
is much higher than the beam dimensions. However, moving the sample out of the beam
in horizontal direction (ySAM) would destroy the previous alignment.
As soon as the detector is at its final position, an image is acquired to later verify its
position (typical counting time 1 s). After moving the sample back in, the desired incident
angle is set, the beamstop moved into place and consecutive 30 s and 300 s shots are taken
to make sure no oversaturation of the detector would take place (typical counting threshold
~1 000 000 ). With these images, it should be checked that the sample horizon is parallel
to the detector and if necessary, a tilt of the sample can be corrected using χgi. Then,
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a bunch of 1 h measurements are started which can later be summed up to the desired
counting time. Good statistics for detailed GIWAXS analysis on hybrid perovskites is
achievable with around 10 h of integrated counting time.

Treatment of GIWAXS data was conducted using the Matlab-based software GIXSGUI
which was developed by Zhang Jiang from the Advanced Photon Source at the Argonne
National Laboratory (Illinois, USA). [222] It is a graphical user interface (GUI) that runs
on top of the toolbox gixsdata which can be run in script mode for processing of large
amounts of data. The software can be downloaded via www.aps.anl.gov/Sector-8/
8-ID/Operations-and-Schedules/Useful-Links/Sector-8-GIXSGUI and is constantly
updated with new features, and the manual provided with it contains a comprehensive
explanation of the GIWAXS technique and data treatment. The versions used in this
work are 1.6 and 1.6.4.
First, the experimental parameters have to be set; the direct beam can be retrieved from
the empty beam measurement. The “specular” peak position is merely used for determin-
ing the direction of the scattering plane, so the value is not important. Theoretically, it
could be used for a tilt correction if necessary. The solid angle correction is applied auto-
matically by the software. For measurements performed with the Ganesha, the scattered
X-rays move through vacuum, so the path length in the efficiency correction should be set
to 0 (which leads to a radial intensity decay from the direct beam position by ~0.8 %); it
should be noted that for GIWAXS measurements performed at synchrotrons this usually
is not the case and instead the sample–detector distance should be entered here. For the
polarization correction, the option “unpolarized” has to be chosen for laboratory X-ray
sources. This also leads to a radial intensity decay, however, with around 20 % difference
in intensity. Synchrotron radiation is typically polarized in the plane of the ring with
around 98 % which results in a linear intensity decay by around 20 %. As discussed in
Section 5.3.3, no Lorentz correction should be applied for hybrid perovskites. For con-
version of the 2D data to reciprocal space with axes qr vs. qz, the detector dimensions
should be taken into account, and as the software bins the intensity from neighboring
pixels, the amount of points that can be chosen for a corrected image is about half the
number of detector pixels in this direction. Practically, images with maximum 450× 354
can be produced from a detector image of the 300k.
Powder integrations are performed by default; also here, the detector dimensions have
to be taken into account, as signals at higher exit angles are cut off on the sides. Thus,
the resulting pattern only resembles a powder pattern until around q = 1.5Å−1 (if the
full detector image is used, or q = 1.9Å−1 if only the right side is used. These pow-
der patterns are in the first step also used to correct the sample–detector distance by
comparison to XRD (see above). If azimuthal cuts are to be performed, their width is

77

www.aps.anl.gov/Sector-8/8-ID/Operations-and-Schedules/Useful-Links/Sector-8-GIXSGUI
www.aps.anl.gov/Sector-8/8-ID/Operations-and-Schedules/Useful-Links/Sector-8-GIXSGUI


4.3 Reciprocal-Space Structural Characterization

determined by the FWHM of the same peak in q direction. Thus, inter-sample com-
parability is ensured. These azimuthal cuts can then be used to determine the ratio of
preferentially-oriented crystals with respect to isotropic orientation. Therefore, a cut of
similar width is taken next to the peak and treated as background and subtracted (e.g.
resulting from film roughness). Then, the point of lowest intensity is used to generate a
straight line over all χ angles which is defined as the isotropic crystal orientation. The
ratio of area of oriented Aori to non-oriented crystals Aiso is then defined as the fraction
fori of preferentially-oriented crystals: [28]

fori = Aori
Aori + Aiso

. (4.5)

This method was established during this thesis and was later adapted by others. [79]

In order to gain information on the material composition of the films studied in Sec-
tion 5.1.2, we monitored the crystal structure of the samples by GIWAXS measurements
simultaneous to the GISAXS measurements, applying a Pilatus 100k detector with a
sample–detector distance of 188 mm. Consequently, X-ray energy and incident angle were
the same as for GISAXS (see Section 4.3.3). To incorporate the smaller detector into
the experimental setup, it had to be tilted by 53° respective to the surface normal of the
sample table. Due to this strong tilt of the detector, intensity corrections as described in
Section 2.2.2 are not trivial and are therefore not performed here and the raw detector
data is presented with pixels translated to scattering angles (cf. Figure 2.8). Nevertheless,
the higher scattering orders of PbI2 and tetragonal (213) MAPI perovskite are identified,
although they appear slightly broadened as an artifact of detector tilt (cf. Figure 5.5).

4.3.3 Grazing-Incidence Small-Angle X-Ray Scattering

At the Austrian SAXS beamline at Elettra-Sincrotrone the energy of the X-ray beam is
similar to Cu Kα radiation with 8 keV, so the same incident angle of αi = 0.4° is used as
with the Ganesha instrument (see Section 4.3.2). The sample–detector distance (SDD)
was 1991 mm as determined with a calibration sample (silver behenate) with aid of the
software Igor Pro 6.37 including the Nika macro package developed at the Advanced Light
Source, Berkeley, USA. The Nika package can be downloaded via https://usaxs.xray.
aps.anl.gov/software/nika. After alignment of the sample, an initial beam damage
check (constant exposure for ~30 min) was followed by a scan varying the incident angle.
The incident angle finally chosen for the surface sensitive measurements was αi = 0.22°,
the angle for probing the film volume was αi = 0.4°. The scattering signal was monitored
with a Pilatus3 1M area detector with a pixel size of 172× 172 µm2; the data are presented
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in Figure 5.6. The graph also shows the positions of the horizontal cuts (averaged over five
pixels) presented in Figure 5.6. The rectangular region of lower intensity in the middle
of the detector arises from a semitransparent aluminum absorber (beamstop) made from
several layers of folded aluminum foil to protect the sensitive detector from high intensities
at the specular peak and the Yoneda region. Due to the generally low count rate for
the samples investigated here, a beamstop correction as demonstrated by Christoph J.
Schaffer, i.e. recovery of the data in the absorber region, is not possible. [223]

Figure 4.4: Information depth of PbI2 precursor
and MAPI perovskite for two different densities as
determined with Equation 2.60.

In principle, the information depth of a scattering experiment can be calculated by Equa-
tion 2.60 with respect to the ratio of incident angle and critical angle of the probed mate-
rial αi/αc. Considering the critical angles of MAPI perovskite and PbI2 precursor resulting
from calculations with literature material densities of 4.159 g cm−3 and 6.106 g cm−3, [61,224]

this results in modest information depths, e.g. 133 nm for MAPI at a wavelength of 1.54Å
and an incident angle of 0.4° (see Figure 4.4). Experimental evidence presented in Se-
cion 5.1.2 suggests, however, material densities around 2.8 g cm−3 judging from the Yoneda
peak position in the GISAXS pattern at 0.22° (see Figure 5.6). Thus, the information
depth for MAPI perovskite would be around 166 nm, and slightly lower for PbI2. The
lower material density can be justified with the relatively high porosity of these films with
free-standing cuboids at the film surface. The real penetration depth of X-rays is likely
also higher for such films as the surface of tilted microscale crystals is hit by the X-ray
beam at a different angle.

Data modeling is performed using a Python 2.7 script by Christoph J. Schaffer. The
theoretical basis of the applied model is discussed in detail in Section 2.2.3. A central
aspect is that radial isotropy of the scattering objects is assumed which therefore are
represented by either cylinders or spheres. The effective interface approximation allows
to only consider 1D cuts of the 2D scattering data. The contribution of objects with
different sizes can be seen as a superposition of their individual scattering signals following
the local monodisperse approximation.
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Table 4.4: Material properties of MAPI perovskite, PbI2 precursor and the silicon substrate.

material silicon MAPI lead iodide
structural formula Si CNH6PbI3 PbI2
molar weight (g mol−1) 28.09 619.98 461.01
density (g cm−3) 2.329 4.159 [61] 2.8 6.106 [224] 2.9
critical angle (°) for EX−ray = 8 keV 0.224 0.27 0.222 0.323 0.222
critical angle (°) for EX−ray = 13 keV 0.138 0.163 0.134 0.193 0.132

4.3.4 Grazing-Incidence Small-Angle Neutron Scattering

In-situ grazing-incidence small-angle neutron scattering (GISANS) experiments were con-
ducted at the Institut Laue-Langevin (ILL) in Grenoble (France) at the beamline D22.
The aperture opening was 40 mm and a neutron wavelength of 6Å was used. The de-
tector at a sample–detector distance of 11 m was a 3He multi-tube detector (Reuter–
Stokes tubes, 15 bar, efficiency 75 %) with 128 × 256 pixels à 8× 4 mm2. The sample
chamber was built from extremely pure aluminum (Al 99.5) to exclude activation. The
samples were placed vertically to have a better resolution in the out-of-plane scatter-
ing signal on the detector. The incident angle was αi = 0.475° and typical exposure
time was 10 min. To achieve better statistics e.g. for the fitting, several frames were
summed up as noted in Section 6.2. [32,225] To account for the variation of sensitivity over
the detector area, background measurements with homogeneously scattering materials
(e.g. plexiglas) are performed. By using the software GRASSANSP (Graphical Reduc-
tion and Analysis SANS Program for Matlab) by Charles Dewhurst from ILL was used
for data treatment (summation, cuts). It can by downloaded via www.ill.eu/users/
support-labs-infrastructure/software-scientific-tools/grasp/ and always in-
cludes the current sensitivity files for all beamlines and corrections are performed auto-
matically. In-plane cuts are performed around the direct beam, and out-of-plane cuts
around the Yoneda peak position, respectively, with a width of 7 pixels. Model curves
are created with the Python script by Christoph J. Schaffer (cf. Section 2.2.3).
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4.4 In-Situ and In-Operando Structural
Characterization

4.4.1 In-Operando Characterization of Solar Cells

Thin film solar cells like semicrystalline organic and polycrystalline perovskite solar cells
are less stable than wafer-based monocrystalline cells e.g. based on silicon. The Poket
Solar setup originally built by Matthias A. Ruderer and adjusted and successfully used
by Christoph J. Schaffer [226] allows to follow structural changes of the thin film during
device operation. It employs a PerkinElmer (now Excelitas) PX5 xenon lamp with 150 W
power which is operated with a light-weight and mobile power supply unit. Thus, it can
be transported to a synchrotron source where the sample is mounted in a measurement
chamber for simultaneous photovoltaic operation and grazing-incidence experiments.
The original Poket Solar chamber was designed for GISAXS measurements with small
exit angles. For observation of crystallographic changes in perovskite thin films it is
therefore not applicable, so a new measurement chamber was constructed from a single
aluminum block based on the original design but with a much larger exit window. With
this, exit angles up to 60° are observable in vertical direction. The polyimide foil (Kapton
HN300 by DuPont, thickness 76.2 µm) used for the windows is mostly transparent for
X-rays and extremely durable. Nevertheless, it can break from the high tensile stresses
arising during evacuating or venting the sample chamber. Therefore, the foil is stretched
over an aluminum frame and several prepared windows are taken to the beamline as
replacement in case of breakage. The sample chamber itself was designed more voluminous
than the previous one to be able to host additional equipment like a water reservoir
for measurements in humid environment. These two choices, the larger design and the
exchangeable windows, resulted in slightly worse vacuum quality than its predecessor
around 9× 10−2 mbar. For perovskites, however, humidity is a more severe problem than
oxygen (as compared to some low–band gap polymers), so this drawback is considered
of minor importance. The sample stage is mounted on an aluminum plate and can be
completely removed from the chamber for easier access and sample change. The electrodes
are contacted with gold-coated spring pins from above as in the original setup for GISAXS,
although the plate on which they are mounted is at a higher position of the sample as to
not interfere with the scattering signal in GIWAXS. However, shadowing effects from the
setup are still visible in Figure 4.5b.

MAPI perovskite solar cells are fabricated as detailed in Section 3.4 and pre-characterized
with the KHS SolarConstant1200. For transportation to the beamline, the samples are
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Figure 4.5: (a) The Poket Solar setup with the new chamber mounted at the Austrian SAXS beamline
at Elettra (X-ray path indicated by arrow). (b) Exemplary raw detector image of GIWAXS measurements
on a polymer film show shadowing effects from the sample stage. (c) Report of the local TV channel
“TIDE TV” about the Deutsches Elektronen-Synchrotron (DESY) in Hamburg (6:22 min, in German).
The measurement chamber is installed at the MiNaXS beamline (P03) headed by Stephan V. Roth where
perovskite solar cells are measured in operando.

packed in a polypropylene ex-wafer box with silica gel to keep them in a low-humidity
environment.
At the Austrian SAXS beamline at Elettra-Sincrotrone the energy of the X-ray beam
is 8 keV, and an incident angle of around αi = 0.6° is used which is higher than the
critical angle of gold at this wavelength. As opposed to polymer-based solar cells where
scattering experiments are conducted next to the contacts, [226] GIWAXS measurements
below the solar cell contacts become feasible due to the high intensity of the scattered
signal from crystalline perovskite films. A Pilatus3 1M detector at a sample–detector
distance (SDD) of 234 mm is used to capture the scattering signal. The SDD was de-
termined with reference measurements of silver behenate fitted with the Nika package
for IgorPro. After precise alignment of the sample, we follow a measurement protocol
similar to the one established by Christoph J. Schaffer. [226] In contrast to organic solar
cells, the scattering signal of the perovskite is strong enough to penetrate through the gold
contacts, so additional measurements are performed directly at the contacts. Additional
measurements are performed at an elevated temperature which is achieved by heating
the copper blocks with the integrated Peltier elements. The temperature of the copper
blocks was around 90 ◦C as determined with ceramic-enclosed Pt100 sensors placed inside
drill holes within each of the two blocks. However, the sample temperature was likely
between 60–70 ◦C as the temperature was just above the phase transition of MAPI from
tetragonal to pseudo-cubic. [61,66] Evaluation of GIWAXS data is performed with GIXS-
GUI assuming 98 % horizontal beam polarization; time-dependent plots of GIWAXS data
are created with the software package DPDAK developed at the Deutsches Elektronen-
Synchrotron (DESY) in Hamburg. [227] Solar cell evaluation was performed with a Python
software written by Christoph J. Schaffer. Ideality factors of the dark measurements are
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calculated using

n = e

kBT

(
ln I
V
− ln I0

V

)−1

(4.6)

where ln I
V

is the slope of a linear fit for the data plotted as ln I vs. V ; V was taken
from the x intercept of the linear fits, and I0 was extracted from an exponential fit to the
respective dark curve as I0(RT ) = 2.04× 10−6 A and I0(HT ) = 1.53× 10−5 A.

4.4.2 Design of a New In-Operando X-Ray Scattering
Measurement Environment

Due to the already mentioned shortcomings of the chamber for in-operando GIWAXS
measurements described in Section 4.4.1, namely the vacuum quality and the shadowing
effects, a completely new design is developed from scratch. In the focus of the concept
for the setup constructed during the Master Thesis of Bernhard Roland Kalis are the
following requirements:

• easy usability
• plug-and-play installation of the setup at the beamline
• high durability during transport
• high vacuum quality of at least 10−2 mbar
• control over temperature and atmosphere
• compliance with JV measurement standards
• use of commercial, standardized parts for easy replaceability
• expandability

Figure 4.6a shows a 3D CAD sketch (SolidWorks) of the final design of the chamber
(with interior) mounted onto the base (green) housing the electronic control unit, a silver
mirror to guide the simulated sunlight into the chamber and a shutter. At the lower inlets,
D-sub connector sockets with 44 pins and identical assignment are responsible for in- and
out-going electronic signals; these are up to eight double-contacted solar cell pixels and
two counter electrodes, four double-contacted Pt100 temperature sensors and several pins
to endure the high currents of the Peltier elements. The sample stage can be removed for
sample change and maintenance, and is screwed in every corner to ensure good electrical
contact between the two D-sub plugs on either side with the sockets at the bottom of the
chamber.
The chamber walls contain channels for cooling with a Julabo Heating Circulator ther-
mostat. A simulation of the heat distribution performed with SolidWorks verifies the
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effectiveness of this approach (cf. Figure 4.6b): The simulation assumes 150 W irradia-
tion power from the side (i.e. by the xenon lamp) and 20 W from the bottom (i.e. by
light reflected upward from the mirror), and cooling with 15 ◦C water in the channels.
Figure 4.6c shows a cross section of the chamber in the scattering plane where the mirror
and the housing for electronics in the base is visible; the chamber is closed with a plex-
iglas lid sealed with an O-ring, and the screw threads are reinforced by steel to prevent
wear-out of the softer aluminum.

Figure 4.6: (a) 3D CAD sketch of the in-operando measurement chamber mounted onto the base (green).
(b) Analysis of heat distribution of the chamber walls by illumination with an irradiation power equal to
150 W (from side) and 20 W (from bottom) and with 15 ◦C cooling water in the channels. (c) Cross
section of the chamber in the scattering plane visualizing the X-ray beam path. (d) Top and (e) side view
of the sample with maximum opening angles for the scattering signal. (f) Scaled spectra of the PX5 xenon
lamp without filter (orange) and with the KG2 filter glass (green). (g) Photograph of the sample holder
with illumination mask.
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Figure 4.6d and 4.6e shows that high exit angles can be achieved which is an important
requirement for GIWAXS measurements.

The xenon lamp is mounted on two metal rods screwed into the base from the side. The
simulated sunlight originating from the xenon lamp passes onto a silver-coated mirror
(Thorlabs) which guides it upwards into the chamber. The opening in the chamber bottom
is covered with a KG2 filter glass to improve the spectrum of the lamp. In Figure 4.6f
the spectrum of the unfiltered xenon lamp (orange) is compared to the spectrum achieved
with the filter glass (green). The agreement with the AM1.5G reference spectrum is
much better and results in a IEC 60904-9 classification of the spectrum as class A for the
relevant wavelengths (see Table 4.5).

Table 4.5: Integrated irradiance (int. irr.) and IEC 60904-9 classification of the spectrum generated by
the PX5 xenon lamp (150 W) used in the Poket Solar setup without and with KG2 filter glass.

waveband
(nm)

AM1.5G unfiltered KG2-filtered
int. irr. int. irr. deviation class int. irr. deviation class

300-400 6.195 3.487 0.563 C 9.025 1.457 C
400-500 17.37 7.590 0.437 C 19.77 1.138 A
500-600 18.96 9.022 0.476 C 23.514 1.240 A
600-700 17.52 8.568 0.489 C 20.19 1.152 A
700-800 13.94 8.271 0.593 C 13.67 0.980 A
800-900 11.86 8.324 0.702 B 6.947 0.586 C
900-1100 14.75 38.86 2.632 C 9.187 0.623 B

The sample is placed onto an interchangeable illumination mask made from copper (de-
picted in Figure 4.6g) or an optional copper frame with full sample illumination; similar
elements are available to adjust the sample height, e.g. when instead of FTO substrates,
ITO substrates with a lower thickness are used. To control the temperature of the sample,
be it cooling or heating, these masks are in thermal contact with two Peltier elements with
a maximum power of 10.4 W which are sandwiched between two copper blocks each. The
lower copper blocks are sized accordingly to act as heat sink for a temperature difference
to the sample of 60 K. As they are additionally in thermal contact with the chamber
bottom, the actual heat capacity of the setup is larger. Thus, even if the sample would
heat up to 80 ◦C under illumination it can still be cooled to 25 ◦C as required by STC
(cf. Section 4.1.3). Also visible are the filigree gold-plated BeCu contacts (by accuprobe)
which are glued into two PTFE holders on the sides. When only one side of the sample is
to be contacted or the contacts are not needed altogether (e.g. to calibrate the distance
of the lamp), they can be unplugged and the PTFE holders can be removed. To further
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prevent shadowing effects from the setup, an optional knife edge with micrometer screws
can be mounted onto the holder.
One of the upper flanges can be used to connect the vacuum pump, the other for ad-
ditional inlets e.g. to guide humid air inside or for further sensors (e.g. humidity and
atmospheric temperature) and other electronic parts.

4.4.3 In-Situ Characterization in Humid Environment

Humidity is generally expressed as the ratio between partial pressure pH2O and saturation
vapor pressure p∗H2O, i.e. the pressure at the phase boundary in the state of thermo-
dynamic equilibrium between the liquid and gas phase of water. Thus, the relative
humidity is defined as

RH = pH2O

p∗H2O
(4.7)

and written in the unit %rh in this thesis.

For the in-situ GISANS and the ex-situ XRD experiments in Section 6.2, saturated salt
solutions in D2O (Deutero) were employed. After injection of 5 ml into a basin inside
the chamber the D2O started to saturate the 1.048 l volume. The established saturated
relative humidity levels (at ~26 ◦C) were as follows: LiCl:Mg(NO3)2 (41 %rh), Mg(NO3)2

(58 %rh), NaCl (73 %rh). With pure D2O humidity levels of 93 %rh and 96 %rh were
achieved at ~26 ◦C and 41 ◦C, respectively. The water basin was located at the backside
of the sample as to not accidentally splash the perovskite film during injection. Neutrons
enter and exit the chamber through two windows covered with thin aluminum foil prac-
tically transparent to neutrons. The chamber was temperature controlled with a Julabo
Heating Circulator thermostat running a water-polyethyleneglycol mixture through the
chamber base. For monitoring temperature and relative humidity, a Sensirion Evaluation
Kit EK-H5 and a SHT2x was used. Before the subsequent experiment, the chamber was
disassembled and blow-dried with a fan. Additionally, in order to have defined low hu-
midity starting conditions, it was put to mild underpressure with a vacuum pump. The
setup is depicted in Figure 4.7. [32]

Thermogravimetric H2O adsorption measurements were carried out by Edith Berger from
the group of Johannes A. Lercher at the Catalysis Research Center. The sample, MAPI
on Si substrate, was dried overnight under vacuum (10−7 mbar) to ensure the removal of
pre-adsorbed gases or moisture. For reference measurements, the film was washed off by
sonication in DMSO and wiping, and the blank Si substrate was additionally heated to
200 ◦C for 1 h before the start of the experiment to ensure complete removal of solvent
residues. Adsorption isotherms of H2O were determined by dosing H2O vapor into the
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Figure 4.7: Photographs of the setup at the D22 instrument, showing on the left the sample environment
with the sample in vertical position relative to the beam (coordinate system as displayed), and the water
basin at the backside. In the right image the lid is screwed on top to close the humidity chamber. A
sensor for combined read-out of relative humidity and temperature is located inside the chamber. [32]

evacuated system in the pressure range between 1 mbar and 28 mbar, analogous to 3.6–
87 %rh, on a Setaram TG-DSC 111 system at 25 ◦C.
We note that these measurements are quasi-static as the sample had time to equilibrate as
opposed to the in-situ GISANS measurements where the humidity was steadily increasing
until it saturated. Therefore, the water content obtained from these measurements for
75 %rh is slightly higher than the value for 73 %rh obtained from GISANS; however,
even after almost 500 min GISANS measurement time, the water content still seems to
increase for this sample which suggests that it had not reached equilibrium when the
measurement was stopped. [32]

For the in-situ GISANS experiments in Section 6.3.2 the same sample chamber was used
as before. The experiments were conducted at the beamline D22 of the Institut Laue-
Langevin in Grenoble, France. [228] As setup parameters we chose a wavelength of 6Å, a
collimation length of 17.6 m, a beam size of 16× 0.5 mm2 (as determined by the slit size),
and a sample–detector distance of 11 m. After initial static measurements, D2O (Deutero)
was injected through a septum in the chamber lid into a basin, and kinetic measurements
with 10 min counting time per frame were started immediately while humidity was sat-
urating to ~95 %rh. The temperature of the chamber base was controlled by a Julabo
Heating Circulator thermostat and was set to ~25 ◦C. Both temperature and relative
humidity were monitored by a SHT2x sensor (Sensirion Evaluation Kit EK-H5). Before
every experiment, the chamber parts were quickly dried with a fan. GISANS data was
reduced with the software GRASansP (Graphical Reduction and Analysis SANS Program
for Matlab, by Charles Dewhurst) which was provided with the detector sensitivity files
and other settings from beamline D22. Further analysis was conducted with Origin and
custom Python-based software.
In-situ X-ray diffraction (XRD) measurements under controlled humidity were performed
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using a custom-made hydration chamber with a volume around 250 ml made of X-ray
transparent polymers. The air humidity within the hydration chamber was held above
90 %rh employing vials filled with deionized water and measured using a hygrometer. All
experiments were conducted without illumination at room temperature (21 ◦C), employ-
ing a Bruker D8 Discover X-ray diffractometer operating at 40 kV and 30 mA, equipped
with a Ni-filtered Cu Kα1 radiation (λ = 1.5406Å) and a position-sensitive LynxEye de-
tector. Perovskite films on 25× 25 mm2 glass substrates were placed into the humidity
chamber using pure H2O as source and exposed to > 90 %rh over a period comparable
to the in-situ GISANS experiments.
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CHAPTER5
Crystallization of Perovskite Thin Films

In order to tune the morphology of perovskite films and as a consequence the perfor-
mance of the resulting solar cells, understanding the crystallization process is crucial:
While developing a deposition technique that allows for full surface coverage of the sub-
strate initially led to large leaps in efficiency, this is only the first step towards pushing the
performance to the limit. Various studies have shown that it is important to maximize the
crystalline domains in the resulting perovskite solar cells by introducing different crystal-
lization strategies which enabled longer crystal growth times. [77,100,138] Different strategies
employed so far are summarized in Figure 5.1. In principle, there are many different
pathways how crystallization in solution can occur, as discussed in great detail by Zhou
et al.: [77] While homogeneous nucleation is likely relevant for the formation of big single
crystals, e.g. by inverse temperature crystallization, [42] heterogeneous crystallization is
considered the dominant mechanism for thin film synthesis. It is induced by growth of a
crystal phase from various nucleation sites, e.g. the solution–substrate interface by pre-
cipitation or oversaturation which might be induced by an anti-solvent, or by attachment
to a colloid, like a solid–liquid complex. [77]

In principle perovskite thin film can be deposited by 1-step or 2-step (sequential) de-
position techniques. While 1-step methods have been popularized by the Grätzel group
and are known to achieve outstanding device efficiencies, [53,56,99] 2-step methods are in
principle more versatile which allows better control over the film synthesis—and renders
pushing the device efficiencies towards the theoretical limit possible. [8]

In this chapter, the relation between perovskite film morphology and the choice of the
deposition method is discussed. Section 5.1 sheds light into the microscale morphology
of perovskite thin films deposited via a sequential deposition (dipping method) and is
based on the results obtained with GISAXS measurements on precursor and perovskite
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Figure 5.1: Overview of the relations between perovskite thin film deposition methods from solution,
starting from simple 1-step, where often non-stoichiometric precursor mixtures are used to achieve ho-
mogeneous films [35,84] and 2-step methods, where a pre-deposited metal halide film is converted to per-
ovskite. [182,229] The first was improved by either anti-solvent drop to induce fast crystallization, [204]

or by application of complex forming solvents like DMSO in a mixed solvent approach [85] or by post-
processing. [230] 2-step methods also frequently involved such solvents to form a complex, [231,232] but also
different conversion methods have been explored either by spin-coating [88] or organic vapor. [90] Reproduced
with permission. [138]

films presented in the publication J. Schlipf et al., “A Closer Look into 2-Step Perovskite
Conversion with X-Ray Scattering” [27]. Section 5.2 builds on these results and further
explores the crystalline morphology and orientation related to five seminal film deposi-
tion methods and their origin using GIWAXS as discussed in L. Oesinghaus & J. Schlipf
et al. “Toward Tailored Film Morphologies: The Origin of Crystal Orientation in Hy-
brid Perovskite Thin Films”. [28] Sections 5.3 and 5.4 investigate tunability options of the
2-step deposition method and furthermore cover GIWAXS measurements performed in
collaboration with Yinghong Hu and Nadja Giesbrecht, respectively, which are published
in N. Giesbrecht et al., “Synthesis of Perfectly Oriented and Micrometer-Sized MAPbBr3

Perovskite Crystals for Thin-Film Photovoltaic Applications” [29] and N. Giesbrecht et
al., “Single-Crystal-Like Optoelectronic-Properties of MAPbI3 Perovskite Polycrystalline
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Thin Films” [30]. In the end of this chapter, conclusions on possible perovskite crystal
orientations are drawn based on this broad range of deposition methods in Section 5.5.
Introductory parts to individual deposition methods are based on the review articles
J. Schlipf & P. Müller-Buschbaum, “Structure of Organometal Halide Perovskite Films
as Determined with Grazing-Incidence X-Ray Scattering Methods” [177] and M. Petrus,
J. Schlipf et al., “Capturing the Sun: A Review of the Challenges and Perspectives of
Perovskite Solar Cells”. [138]

5.1 Microscale Morphology of Perovskite Thin
Films by 2-Step Deposition

Having evolved from dye-sensitized solar cells, where a mesoporous TiO2 scaffold is needed
to increase the interface of the mostly poorly absorbing dyes, perovskite solar cells were
initially designed in a similar way. [5,50,100,233] Seminal work by Lee et al. and Ball et
al. showed that both methylammonium lead iodide perovskite (MAPI) and the sim-
ilar MAPI(Cl) (where a certain amount of chloride is present during film formation)
exhibit ambipolar charge transport by exchanging the conducting TiO2 with insulating
Al2O3. [7,199] In combination with long charge carrier diffusion lengths, this allows for omis-
sion of the mesoporous scaffold altogether, and has led to the introduction of a simple,
planar architecture akin to more traditional n–i–p or p–i–n heterojunctions found in other
thin film photovoltaic technologies. [7,203] However, depositing a dense perovskite layer in
a single step from a common precursor solution on planar substrates was only possible
by tuning the stoichiometry and composition of the mixture. [35,203] The first successful
demonstration that perovskite solar cells with a planar architecture can be as efficient
as their counterparts incorporating a mesoporous scaffold was achieved with dual-source
vapor deposition. [234] Yet the breakthrough for the planar architecture came with a sim-
pler, solution-based approach: Docampo et al. adopted a sequential deposition process
developed by Liu et al. and first used by Burschka et al. for perovskite solar cells with
a mesoporous TiO2 layer. [89,235] Hereby, a crystalline PbI2 precursor layer is deposited
via spin-coating from solution and subsequently converted to a dense perovskite film by
immersion into a solution containing the organohalide salts (hence referred to as dipping
method). A crucial point for achieving homogeneous perovskite films is the temperature
control of substrate and solution during deposition of the PbI2 layer. [182] Further im-
provements in terms of photovoltaic performance saw the inclusion of methylammonium
chloride (MACl) into the conversion solution, which enhances the lifetime of photoexcited
species generated within the final film and makes devices more reproducible. [182,236] Yet
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chloride does not act as a dopant, like sometimes speculated, but rather as a mediator
during the film formation, and many studies show that no chloride is incorporated into
the final film. [182,237–241] More details on the role of chloride are discussed in Section 5.2.3.
In the following, we have prepared MAPI and MAPI(Cl) perovskite films via 2-step depo-
sition with a mixed MAI:MACl conversion solution as outlined in Section 3.3.4, following
the protocol of Docampo et al. [182] Section 5.1.1 examines typical optoelectronic proper-
ties of precursor and perovskite films as well as photovoltaic devices. Section 5.1.2 covers
the results obtained from grazing-incidence small-angle X-ray scattering (GISAXS) ex-
periments on both precursor and final perovskite films and presents a tentative model for
the conversion process. [27]

5.1.1 Influence on the Optoelectronic Properties of Perovskite
Thin Films and Photovoltaic Devices

Crystallinity and Absorption Behavior

Hybrid perovskites posess remarkable optoelectronic properties like a direct band gap
resulting in high absorption coefficients reminiscent of GaAs, [105] low exciton binding en-
ergies so absorbed photons mostly generate Wannier–Mott excitons, [109] ambipolar charge
transport [7,199] with low effective masses due to a strong spin–orbit coupling at the heavy
lead ions, [108] long diffusion lengths [41,134] even in polycrystalline thin films due to benign
defect physics, [107,110] and a giant Rashba splitting of the valence band minimum. [242]

Figure 5.2: (a) X-ray diffraction patterns of PbI2 (blue) and MAPI (red) measured with a Cu Kα lab
source, with simulated powder patterns taken from literature in light blue and orange, respectively. [61,224]

(b) UV–vis spectroscopy measurement of a soda-lime glass substrate (gray), a PbI2 precursor (blue) and
resulting MAPI film (red) by the dipping method in transmission (solid lines) and reflection mode (broken
lines).
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Many of these intrinsic material properties are directly linked to their highly crystalline
nature (see Section 2.1).
Crystalline thin films are typically characterized with X-ray diffraction measurements
(XRD); as an example, a PbI2 precursor and MAPI perovskite film are shown together
with simulated powder patterns in Figure 5.2a with the MAPI being in a tetragonal
I4cm and the PbI2 in a hexagonal P3m1 crystal phase. [61,224] In Figure 5.2b, the strong
absorption of MAPI perovskite and PbI2 precursor, as measured with UV–vis in trans-
mission mode, is apparent from almost 100 % absorption of the incoming light, and the
steep absorption onset is inherent to a high crystal quality. [105] In case of the precursor,
porosity can be blamed for the increased reflection, while it is very low in the MAPI film
due to the high roughness typical for the dipping method (see e.g. Figure 5.11).

Using Equation 2.13 this can be translated to an absorption coefficient that is corrected
for the reflection and influences of the substrate. Tauc plots (cf. Equation 2.14) are used
to extract the band gaps which are 2.39 eV for PbI2 and 1.59 eV for MAPI explaining why
MAPI absorbs over the entire visible range (see Figure 5.3).

Figure 5.3: (a) Calculated absorption coefficients and (b) Tauc plots from the measurements in Fig-
ure 5.2 using Equation 2.13 and thicknesses of 265 nm and 511 nm, respectively.

Solar Cell Characteristics

Perovskite solar cells with the structure FTO\TiO2\MAPI\spiro\Au were produced with
the dipping method using the mixture of MAI:MACl in a ratio of 9.5 mg ml−1:0.5 mg ml−1

which was reported by Docampo et al. to deliver optimum power conversion efficiencies
(PCE). [182] The TiO2 was prepared with a sol–gel synthesis using Ti-butoxide and di-
ethylamine in ethanol with water additive and stirred over night. After deposition of the
TiO2 precursor solution, the samples were sintered at 450 ◦C for 2 h after a slow ramp
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of 68 min. The HTL was prepared from a 75 mg ml−1 solution of spiro with tBP and
Li-TFSI as additives and kept in a dry and dark environment overnight to induce self-
doping by oxidation before the thermal evaporation of Au on the next day (For more
details see Section 3.4). Figure 5.4a shows the seven best solar cells out of a total of
30 devices produced in the same batch in a N2-filled glovebox. The best device exhibits
a PCE of 9.07 %, a VOC of 0.796 V, a FF of 57.5 % and a JSC of 19.8 mA cm−2. Other
devices delivered up to 60.6 % for the FF or 0.914 V for the VOC . A statistical evaluation
of the photovoltaic parameters for the entire batch is depicted in Figure 5.4b showing
a big spread of the values. While almost half of the devices did not work at all, big
discrepancies can be observed for the JSC indicating issues with proper charge extraction
that could be related to recombinations at the interfaces between perovskite and charge
transport layers as seen from the spread in FF , or more severely, a low shunt resistance
due to pin-holes and resulting short-circuits that directly result in a loss of current.

Perovskite solar cells are known to frequently exhibit a hysteresis in current–voltage
sweeps depending on sweep direction and speed, a phenomenon first acknowledged by
Snaith et al. in 2014. [37] The details about the origin and the nature of the hysteresis
phenomenon are discussed in Section 2.1.4. The JV curves presented in Figure 5.4a are
measured in reverse direction with a velocity of 0.5 V s−1; Figure 5.4c compares reverse
(black, red and green) and forward scans (gray, orange and cyan) for some representative
devices. The inset shows a zoom-in to the region of interest for photovoltaic operation:
Here, it is obvious that reverse scans slightly exaggerate the device performance. If the
scan rate is reduced to 0.1 V s−1 (see Figure 5.4d), one prominent feature is visible in the
onset of the reverse scan (red), indicating a charging of the device. This might be related
to an ionic contribution to the current as iodide ions move in about the same speed as
the scan rate. [176] This leads to a more severe overestimation of the device performance in
the reverse scan as can be seen in the inset. Even lower scan velocities would again lead
to a reduced hysteresis effect as later shown by Christians et al. [38] The microstructure
of perovskite films and also the presence of chloride ions during film growth seems to be
related to the non-radiative decay of excited charge carriers at the grain boundaries, [243]

although this effect also strongly depends on device architecture. [8,244] Therefore, knowl-
edge about the crystal growth mechanisms during perovskite film synthesis is important
in order to increase device performance and stability.
Figure 5.4e–f shows the evaluation of another batch of solar cells fabricated in ambient
air at ~31–35 %rh. Here, the influence of an additional TiCl4 bath was studied which is
known to be beneficial for dye-sensitized solar cells. [201,202] In total, 16 devices were pro-
duced with a TiO2 layer following the same recipe as described before, and 19 devices were
additionally immersed into an aqueous solution of 2 m TiCl4 at 70 ◦C for 45 min and sub-
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Figure 5.4: (a) JV curves of the seven best solar cells out of a batch of a total of 30 devices showing
some typical features discussed in the text. (b) Histograms of photovoltaic parameters for the entire batch
showing a big spread of values. (c) Reverse and forward scans for some devices from (a) showing slight
hysteresis. (d) An example for an enhanced hysteresis at lower sweep velocity. The insets in (c–d) show
the region of interest for photovoltaic operation. (e–f) Statistical comparison of samples with standard
TiO2 and samples which were subjected to TiCl4 treatment.

sequently sintered again at 500 ◦C for 1 h after a faster ramp of 30 min. The photovoltaic
parameters of resulting devices are represented by a box plot in red for the reference
samples and in black for the samples which underwent additional TiCl4 treatment. Here,
where an open symbol represents the mean value, the median is given by a line, the 25–
75 percentile is depicted as a box, while whiskers span across the 10–90 percentile and
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asterisks across the 1–99 percentile. While the short-circuit density is improved by the
treatment, the fill factor shows a wider spread which becomes even more severe in the
open-circuit voltage and consequently the power conversion efficiency shows a wider dis-
tribution as well. The reason could lie in the formation of TiO2 in the brookite phase due
to the TiCl4 bath whose conduction band minimum is slightly higher than the anatase
phase and thereby leads to a less favorable alignment with conduction band of the MAPI
perovskite absorber. [245–247]

5.1.2 Microscale Morphology Changes During Perovskite
Conversion

In order to probe the structural properties of the prepared films, both the initial lead iodide
layer and the perovskite film were studied with GISAXS. Measurements were conducted
at the Austrian SAXS beamline at Elettra-Sincrotrone Trieste, Italy, in collaboration with
Sigrid Bernstorff. The X-rays had an energy of 8 keV which corresponds to a wavelength
of λ = 1.54Å similar to X-rays originating from the Cu Kα transition found in lab-scale
sources, so no beam damage is expected for the probed materials. The sample–detector
distance (SDD) was 1991 mm as determined with a calibration sample (silver behenate).
At grazing angles close to the critical angle of the materials the beam penetrates the film,
while the contribution from the flat substrate is negligible. The diffuse scattering signal
is captured by a Pilatus3 1M area detector and information on the lateral structures
of the films is deduced within the framework of the DWBA (see Section 2.2.3). [191,194]

Figure 5.5: 2D GIWAXS data of PbI2 (left) and MAPI (right) as indicated, and sector cuts (yellow
area) plotted against 2θ for better comparison with literature XRD (cf. Figure 5.2). [27]
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The crystal structures of PbI2 and perovskite were monitored by simultaneous GIWAXS
measurements with a second detector (Pilatus 100k) at a SDD of 188 mm.

As a first step, the GIWAXS data is analyzed to verify the crystal structures of the probed
materials (see Figure 5.5). To incorporate the smaller detector into the experimental
setup, it had to be tilted by 53° respective to the surface normal of the sample table.
It should be noted that due to the strong tilt of the detector, intensity corrections as
described in Section 2.2.2 are not trivial and are therefore not performed here and the
data is presented with scattering angles. [223] Nevertheless, the higher scattering orders of
PbI2 and tetragonal (213) MAPI perovskite are identified, although they appear slightly
broadened as an artifact of detector tilt. In order to facilitate comparison with X-ray
diffraction (XRD) patterns from literature (typically Cu Kα), the scattering vector is
converted to 2θ.

Figure 5.6 shows the 2D detector images and four horizontal line cuts taken at different
positions for both samples: The scattering signal obtained with an incident beam imping-
ing under the critical angle of the perovskite (αi = 0.22°) is highly sensitive to the sample

Figure 5.6: GISAXS data of PbI2 precursor (left) and MAPI perovskite (right) as indicated, measured
with two different incident angles, namely (a) αi = 0.22° (the critical angle of MAPI) and (c) αi = 0.4°.
Horizontal linecuts averaged over 5 (vertical) detector pixels at the positions indicated by yellow broken
lines are plotted as black data points in (b) for cuts taken just below the Yoneda region yielding information
about the film surface, and (d) above the semi-transparent beamstop. Solid lines are the respective model
curves fit to the data for PbI2 (blue) and MAPI (red), and the gray area marks the beamstop. [27]
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surface (Figure 5.6a) while at larger angles the beam penetrates the film completely and
thus yields information on the volume morphology (Figure 5.6c). [186] The scattering signal
is modeled within the DWBA to fit the data. [191,194] In the graph, this is represented by
blue and red curves for the PbI2 and perovskite film, respectively. The sample–detector
distance was selected in order to investigate smaller structures below the resolution of
depicted SEM images. However, this sets an upper resolution limit for this measurement
and the largest crystals around 0.5–1 µm are not accessible. The rectangular region of
lower intensity in the middle of the detector arises from a semitransparent aluminum ab-
sorber (beamstop) to protect the sensitive detector from high intensities at the specular
peak. Due to the generally low count rate for the samples investigated here, a beamstop
correction i.e. recovery of the data in the absorber region is not possible, [223] therefore
the cuts for the bulk measurements were taken above the beamstop to access the lower q
range.

To investigate the development of differently sized crystals, we assign three form factors to
model the curves within the LMA that describes the scattering signal as the superposition
of scattering from individual centers of different size: Large crystals (FF1) in the range
over 100 nm radius, small crystals (FF2) of 20–100 nm and very small crystals (FF3) below
20 nm; the latter could also be interpreted as a background signal originating from the
high film roughness. Considering radii with a Gaussian size distribution, the model is
able to reproduce the scattering signal for the bulk measurements above the beamstop
very well as indicated by the small error bars in Figure 5.7a where the extracted form
factors are plotted with their standard deviation (boxes). The color code is the same as
above, i.e. blue for PbI2 and red for MAPI. We assign the same radii to model the curves
of the surface sensitive measurements, and although a part of the signal is shielded by the
beamstop (qy < 0.1 nm−1, gray area) the model curves fit well to the data (cf. Figure 5.6b
and 5.6d). In all cases, the structure factors, i.e. distances between the investigated
crystals, are very large owing to the fact that the films contain large crystals beyond the
resolution limit. This reflects the Guinier limit for the highly diluted case which is why
structure factors are not considered here (see Section 2.2.3).

Our results clearly show a striking resemblance of (lateral) crystal sizes in the precursor
and the perovskite film implicating a constrained crystal growth during the conversion
step parallel to the substrate (Figure 5.7a). This is remarkable as the PbI2 unit cell
has to expand to include the MA+ cations as indicated in Figure 5.8. [248] This leads us
to conclude that the dominant crystal growth must take place in the vertical direction
which is supported by previous measurements of increasing film thickness from PbI2 to
MAPI. [236,248] Yet such anisotropic growth would lead to significant strain within the
crystals and cause them to separate into smaller units. The resulting non-uniform vertical
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distribution of crystal sizes is supported by SEM images of sample cross sections for similar
samples (cf. Figure 5.7b).

To quantify our findings from GISAXS, we analyze the intensities associated with scatter-
ing from individual form factors extracted from the modeling: As intensities scale linearly
with the number of crystals of a specific size, the superposition of the Gaussian distributed
form factors relates to the crystal size distribution. Figure 5.7c shows these distributions
for each individual model curve, normalized to the number of large crystals (FF1). Thus,
the ratios of small to large crystals (FF2:FF1) are given directly by the peak values. It

Figure 5.7: (a) Form factors for PbI2 (blue) and MAPI (red) extracted from the model curves in
Figure 5.6b and 5.6d. Boxes indicate the standard deviation from the mean value with a Gaussian dis-
tribution. The small error bars indicate a good validity. (b) SEM surface and cross section images of a
PbI2 (top) showing pancake-like layered crystals, and MAPI film (bottom) (cross section is from a solar
cell setup) with predominantly large differently shaped crystals of up to 1 µm, but also many smaller ones
visible close to the compact TiO2 layer. (c) Size distribution extracted from the superposition of Gaussian
distributions for the three form factors in (a), normalized to FF1. The arrow indicates an increase of the
amount of small crystals during the conversion process in the bulk. (d) Powder XRD pattern of MAPI
and Williamson–Hall analysis (inset) of reflexes from {001} (squares) and {101} (diamonds) families.
As the {001} and {110} reflexes are only separated for higher angles and therefore would appear more
narrow (full black squares), gray full squares indicate an estimate of the higher order peaks determined
by interpolation. [27]
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should be noted that we exclude the smallest objects (FF3) in the following discussion as
the background signal arising from film roughness interferes with their intensity values.
Plotting the superposition of form factor functions versus their intensity represents the
size distribution inside the film, whereas the intensity scales linearly with the number
of scattering centers with an average radius 〈Ri〉, so volume fractions are deduced by
estimating the volume ratio (for cylindrical domains) with Equation 5.1:

V1

V2
=
πH 〈R1〉2

πH 〈R2〉2
⇒ v =

N2 V2

N1 V1
=

N2

N2 +N1
V1

V2

. (5.1)

Ratios of small (FF2) to large (FF1) crystals are given in Table 5.1 along with an estimate
of the volume ratio. Already in the PbI2 film there is a larger amount of smaller crystals
inside the bulk than closer to the film surface. This depletion of smaller crystals with
respect to larger ones on the film surface is further supported by SEM images (cf. Fig-
ure 5.7c). The disparity further increases upon conversion of PbI2 to MAPI, as crystals
inside the bulk probably split due to the strain. Smaller crystals on the surface, how-
ever, are either detached and washed away in the conversion solution and the subsequent
rinsing, or, alternatively, they are partly dissolved and united with the larger crystals
by Ostwald-type ripening. [249] The latter process appears to be unlikely due to the low
solubility of crystalline PbI2 in IPA. However, smaller crystals on the surface could also
react upon strain by epitaxial assimilation, i.e. merging with the larger crystals by contin-
uation of their crystal lattice. They cannot do this in the bulk due to spatial constraints
and differences in crystal orientations of adjacent domains. However, we do not exclude
Ostwald-type ripening in the bulk: Medium-sized crystals would then continue to grow
in the same orientation as adjacent larger ones while the residues would contribute to the
group of smaller crystals in this treatment (FF2 and FF3). At this point, one should keep
in mind that modeling is done by use of abstract form factors. However, these findings
are further supported by crystal sizes and strain extracted from a detailed analysis of
powder X-ray diffraction (cf. Figure 5.7d). From the linear fits in the Williamson–Hall
plot, a lower bound for the crystal sizes of 36 nm and 62 nm (y-intersect) and strains of
−3.4× 10−4 and −1.9× 10−4 (slope) for the peaks originating from the {001} family and
the {101} family are found. The differing, negative (i.e. compressive) strains suggest
anisotropically strained crystals due to partial confinement which results in a smaller unit
cell volume. Also the values for the crystal sizes are well inside the range of the medium
sized crystals (FF2) extracted from the GISAXS model curves. However, it should be
noted here that due to the tetragonal crystal structure of MAPI perovskite most lower
order peaks within the {001} family coincide with reflections from {110}, while they can
be differentiated for higher orders. To account for this, we estimated the higher order
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values by interpolation from the individual peaks, thus the values represent an average
estimate over both directions.

Table 5.1: Ratios of small (FF2) to large (FF1) crystals as determined from the peak height in Fig-
ure 5.6g and Equation 5.1.

small:large small/volume
PbI2 perovskite PbI2 perovskite

surface 0.8:1 1:1 5.1 % 6.3 %
bulk 10:1 70:1 40 % 83 %

Hence, the analysis of the evolution of relative amounts of small and large crystal do-
mains gives insights into the conversion process during the preparation of perovskite films
with 2-step methods. The observations discussed above are summarized graphically in
Figure 5.8b, which shows the conversion process combining the information gained from
modeling the scattering signal with abstract shapes (form factors) and from a typical
film morphology as seen in cross sectional SEM images (cf. Figure 5.7b). Initially, the
precursor film consists of densely packed pancake-like PbI2 crystals layered on top of each
other (yellow). Upon immersion into the conversion solution the crystals start to expand
as they are converted to MAPI perovskite by migration of MA+ cations from the grain
boundaries (see Figure 5.8a). [248] However, due to the dense packing their growth is con-
strained laterally so the dominant growth is in an upward direction. The resulting strain
leads to cracking of the crystals, which results in smaller grains being enclosed inside the
film. In contrast, on the surface, they contribute to form larger crystals.

This description seems to contradict a previous study: Moore et al. suggest a complete
reorganization of constituting ions. [250] However, they used a PbCl2 precursor layer, thus
we conclude that it might in fact depend on the halide species already contained in the
precursor layer whether ionic reorganization takes place. To some extent, iodide seems to
be favorable above chloride for incorporation into the perovskite unit cell. [251] This may
be the reason for the apparent morphological continuation observed in our study where
the organic cation is introduced into an already crystalline layer. Considering a recent
study, another possibility is that the MA+ ion gradient from the surface to the inner
film plays an important role: It could explain why we observe a complete dissolution and
recrystallization on the surface (at high concentrations) but topotactic transformation of
the crystals in the bulk (low concentrations). [252] In fact, preliminary tests with varying
MA+ concentrations in the conversion solution suggest the preference to a different growth
mechanism at high concentrations: When the concentration of the methylammonium salt
in the dipping solution is increased towards about 170 mmol, large crystals form on the film
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Figure 5.8: (a) Crystal structure of PbI2 (hexagonal P3m1) [224] and MAPI perovskite (subunit of
tetragonal I4cm) [61] with distances between neighboring lead ions; thus, a volume expansion by a factor of
1.71 is necessary. (b) Schematic representation of the proposed mechanism: Due to lateral confinement
crystals grow mainly in vertical direction. The resulting strain inside the film leads to cracking into
smaller units while smaller crystals on the surface grow together. [27]

surface as observed with SEM; at higher concentrations, the film even peels off from the
substrate. As discussed in Section 5.2.3, a high ion concentration in the dipping solution
is likely to enhance a dissolution of the PbI2 crystals, so stronger Ostwald ripening during
recrystallization might lead to exaggerated crystal outgrowth (cf. Figure 5.19).

Understanding the morphology and implied crystal growth processes of 2-step perovskite
deposition is a major step towards controlling the morphology in other related 2-step
methods for which the dipping method serves as a benchmark. For example, if the con-
version solution is spin-cast onto the precursor layer, the porosity of this layer has to be
adjusted by the substrate temperature during its deposition, and a higher ion concentra-
tion of the conversion solution is necessary (cf. Section 5.2.2). [88] Further, although the
observed strain leads to the formation of smaller crystals in this deposition method, an
impact of strain in perovskite films on optoelectronic properties and overall stability was
observed for other methods. [253]
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5.2 Crystal Morphology and Orientation from
Seminal Perovskite Deposition Methods

As mentioned before, the gradual improvement of perovskite film quality driven by effi-
ciency hunting of perovskite solar cells sprouted a plethora of perovskite film deposition
techniques. Concentrating on wet chemical deposition methods, thin perovskite films for
planar heterojunction solar cells are typically prepared by combining lead salts such as
PbI2, PbCl2 or the non-halide lead source lead acetate, Pb(CH3COO)2 or PbAc2, with
organic cations such as methylammonium iodide (MAI) or methylammonium chloride
(MACl). Deposition techniques can be classified into two categories, namely 1-step meth-
ods, in which both types of precursors are mixed in the same solution with a common
solvent, and 2-step methods, in which the precursors are applied sequentially.
1-step methods are usually faster, yet crystallization is difficult to control. [254,255] The
film quality is improved by a careful choice of precursors, solvent additives or solvent-
engineering during or after deposition which results in some of the most efficient solar
cells. [35,56,84,204] 2-step methods are generally more versatile: They usually start from an
already crystalline precursor layer which is converted to the perovskite phase by exposing
it to a solution or vapor containing the organic cation(s). [88,90,182,256,257] Having two inde-
pendent fabrication steps makes 2-step methods highly versatile and allows for an easy
inclusion or modification of additional treatment steps for improved efficiencies. [8,258]

In this section, the origin of crystal morphology and orientation in MAPI perovskite films
is investigated. A starting point is the comparison of five seminal 1-step and 2-step thin
film deposition methods that act as representative cornerstones of possible MAPI film
preparation techniques and thus give a good impression of the effects of experimental
parameters out of the toolbox of tuning possibilities (see Section 5.2.1). Building on
the gained understanding of 2-step deposition, we shed light on the importance of the
precursor film morphology for the final perovskite film in Section 5.2.2. Section 5.2.3 digs
further into the influence of experimental parameters of 2-step perovskite conversion by
the dipping method already discussed in Section 5.1. Finally, a model for the conversion
mechnism in the dipping method is developped in Section 5.2.4, which establishes also
general rules applicable to other 2-step and even 1-step deposition techniques.

5.2.1 Examining Five Seminal Deposition Methods

To gain a better understanding, a better control of the different methods for producing
perovskite films and, thereby, a higher device efficiency, the crystal structures of the re-
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sulting films as well as of the precursors must be studied in detail. Here, we give an
overview over MAPI film morphologies produced by using a set of seminal fabrication
procedures investigated with SEM and GIWAXS. In contrast to the investigated 1-step
methods, the 2-step methods show drastically different morphologies and crystal orienta-
tions depending on the conversion method, evidencing fundamentally different conversion
mechanisms. As we already have a deeper understanding of the microscale morphology
changes during conversion of crystalline precursor to perovskite in the dipping method,
we concentrate on this method; additionally, it exhibits two distinct preferential crystal
orientations which is unique among the five studied methods. To understand the corre-
lation of morphology and orientation between the precursor film and the resulting MAPI
film depending on the conversion mechanism, we systematically tune the morphology of
the perovskite film by varying the spin-coating temperature of the precursor solution, and
by following the effects when changing the dipping time, temperature, chloride content
and overall ion concentration of the conversion solution. Our results reveal that specific
orientations in the MAPI films are the result of an in-situ conversion process, while others
are the result of a dissolution–recrystallization process. Since this correlation is intrinsic
to the crystal structures of PbI2 and MAPI, this study shows that GIWAXS is useful
for an easy, rapid classification of the conversion mechanism of 2-step methods starting
from a crystalline precursor layer. Understanding the relationship between the different
crystallization mechanisms and the chosen precursors is crucial for development of ra-
tionally designed film morphologies in perovskite thin films and ultimately reproducible
photovoltaic device performance.

Comparison of Optoelectronic Properties

For our study we compare five seminal deposition methods, as presented schematically in
Figure 5.9a. We chose two 1-step methods and three 2-step methods to cover a broad
range out of the toolbox of possible MAPI film preparation tricks. All five methods have
reached respectable device efficiencies at the time of the original publication. [84,88,90,182,204]

The investigated methods are the following: (i) A 1-step method, in which PbI2 and MAI
are dissolved with a 1:1 stoichiometric ratio in the common solvent DMF and spin-coated
on a substrate. After a certain delay time, an anti-solvent (in this case chlorobenzene) is
dropped onto the spinning sample to induce fast crystallization of the MAPI phase, result-
ing in a smooth and densely packed film. [204] Hereafter we refer to this as the anti-solvent
method. (ii) A 1-step method, in which PbAc2 (lead acetate) and MAI are spin-coated
in a common solution in DMF. The use of lead acetate results in extremly smooth and
uniform films. [84] In this section we refer to this method as the lead acetate method. (iii)
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Figure 5.9: (a) Schematic representation of the five seminal perovskite film deposition methods studied
in this section establishing the employed color code: The two 1-step deposition methods are the anti-solvent
(cyan) and the lead acetate method (violet); the three 2-step deposition method all begin with a spin-coated
PbI2 film and the subsequent conversion to perovskite happens by dipping (red), interdiffusion (green) and
MAI vapor sublimation (brown) in the vapor-assisted solution process (VASP). (b) JV curves of the
champion devices of solar cells incorporating films produced with each method. (c) Statistical evaluation
of the power conversion efficiencies of each batch of devices for every method. An explanation of the box
plot representation can be found in the text. [28]

A 2-step method, in which PbI2 in DMF is spin-coated, and then converted into MAPI by
immersing the sample in a mixed solution of MAI:MACl in 2-propanol, hereafter referred
to as the dipping method. [182] (iv) A 2-step method, in which PbI2 in DMF is spin-coated
and converted by first spin-coating MAI in 2-propanol, leaving unreacted layers of PbI2
and MAI, and then annealing the sample to induce the diffusion of MAI into the PbI2
layer. [88] This method is hereafter referred to as the interdiffusion method. (v) Finally, a
2-step method, in which PbI2 in DMF is spin-coated and converted by placing it in MAI
vapor, [90] hereafter referred to as the vapor-assisted solution process (VASP).
Figure 5.9b shows the JV curves of the champion device of a batch of solar cells with the
architecture FTO\TiO2\MAPI\spiro\Au for each of the methods scanned in reverse (solid
lines) and forward bias (broken lines). It is apparent that devices of all deposition methods
exhibit strong hysteresis, likely due to the fast scanning velocity. Nevertheless, the power
conversion efficiencies of the reverse scans come close to the ones of the original publica-
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tions (in brackets): anti-solvent 12.7 % (13.9 % [204]), lead acetate 12.6 % (15.2 % [84]), dip-
ping 13.1 % (15.7 % [182]), interdiffusion 11.7 % (15.4 % [88]), and VASP 8.7 % (12.1 % [90]).
This adds to the relevancy of the presented study. In Figure 5.9c the efficiencies of all
devices of the respective batch are represented in a box plot: Here, an open symbol rep-
resents the mean value, the median is given by a line; the 25–75 percentile is depicted as
a box, while whiskers span across the 10–90 percentile and asterisks across the 1–99 per-
centile. All methods have been optimized and are quite reproducible.
In the following, films prepared with these five methods on FTO\TiO2 substrates are
studied in detail to gain further insight.

Figure 5.10: (a) Transmission spectra of perovskite films fabricated with the five methods. The difference
in transmission stems from the variation in film thickness which is optimized for solar cell performance.
(b) Tauc plots with linear fits and extracted optical band gaps. Film thicknesses are given in Table 5.2. [28]

UV–vis spectroscopy measurements show that these films absorb most of the light below
a wavelength of 750 nm with slight differences in transmission resulting from the fact that
the investigated films vary in thickness as they are optimized for photovoltaic performance
(cf. Figure 5.10a). The band gaps of all films as extracted by linear fits in Tauc plots
(Figure 5.10b) differ marginally which hints at small differences in crystal size, with the
dipping method exhibiting the smallest, and the VASP and anti-solvent methods the
largest band gaps.

Table 5.2: Film thicknesses of the studied perovskite films optimized for solar cells as determined by
profilometry.

deposition method anti-solvent lead acetate dipping interdiffusion VASP
thickness (nm) 210 330 510 340 420
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Comparison of Surface Structure and Crystal Phase

Figure 5.11 shows SEM surface scans of MAPI films prepared with the five different
methods. The 1-step methods produce films with densely-packed crystals of sizes up to
half a micron and, although small crystallites can be found on the surface (likely due
to secondary nucleation), they generally have a low surface roughness. For the 2-step
methods, on the other hand, we obtain a wider variety of surface morphologies: The
PbI2 precursor film used for all 2-step methods has a smooth surface and pores which
have an average size of roughly 40 nm. The dipping method produces very rough films,
and individual cube-shaped crystallites up to the micrometer scale on the surface. The
interdiffusion method produces very densely-packed and overall rather flat films, although
in this particular case some crystal overgrowth is observed. The sample produced with
the VASP method exhibits very flat films with large grains mostly over 1 µm. Here, it is
important to note, that the SEM images only show the film surface; in case of the dipping
method, for example, there are smaller crystals hidden below the cuboids as revealed in
the previous Section 5.1.2 by GISAXS.

To further analyze the properties of the crystallites in these films, we evaluate the XRD
measurements depicted in Figure 5.12a. Simulated powder patterns of the high temper-
ature pseudo-cubic α-phase and the tetragonal β-phase typically found at room tempera-
ture are depicted for comparison. [61] The normalized XRD curves of the samples produced
by the anti-solvent and lead acetate methods are almost identical with the relative peak
intensities close to the theoretical powder patterns. This lack of preferential crystal ori-
entation can likely be seen as the norm for most perovskite films, at least if deposited
in a 1-step process. It is likely the result of the evaporation of the common solvent that
leads to an increased concentration of the precursors, which in turn leads to precipitation
close to the substrate thereby promoting random formation of nucleation centers for crys-
tallization. The picture is quite different for the 2-step methods: The intensities of the
minor peaks differ depending on the conversion method, with the (202) peak intensity be-
ing enhanced for the dipped sample. Astonishingly, for the VASP sample, the (211) peak
is missing completely. A comparison with the simulated α-phase (P4mm) and β-phase
(I4cm) powder patterns shows that the VASP sample is cubic. Pistor et al. found that a
chloride content of less than 2 % can lead to MAPbI3−xClx assuming a cubic structure. [259]

For the VASP sample, no chloride was used in the fabrication, making its cubic structure
surprising and hinting at further differences in the crystallization. One possible explana-
tion would be that during the sublimation process of MAI vapor with high kinetic energy
the perovskite forms in the cubic phase and upon cooling down the energy is quenched,
thus the crystals maintain their pseudo-cubic phase.
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Figure 5.11: Scanning electron microscopy images of the investigated perovskite films fabricated with the
five methods, namely the anti-solvent and lead acetate 1-step methods, the PbI2 precursor film from which
the 2-step films where obtained by dipping, interdiffusion and VASP method. While the films produced
via 1-step deposition are smooth and dense, the films by 2-step deposition from a porous PbI2 film show
very different surface morphologies hinting at different conversion mechanisms. [28]

To get an idea about the crystal quality, we perform a Williamson–Hall analysis, being
aware of the limitations when applied to XRD patterns obtained from thin films rather
than from powder samples. [260] Figure 5.12b shows linear fits for reflexes stemming from
the {002}/{110} and {112}/{200} (for tetragonal) and {001}/{100} and {101}/{110} (for
pseudo-cubic) set of planes, respectively; data for all other peaks are presented as open
symbols. After correction for the instrumental resolution, the estimated minimum crystal
size (full symbols in Figure 5.12c) shows a high uncertainty. Nevertheless, in general the
size correlates well with the band gaps extracted from Tauc plots: The average crystal
size for the VASP and anti-solvent methods is smallest and they exhibit an increased band
gap; the two films with the smallest band gaps, however, show a huge spread in obtained
crystal sizes (dipping and interdiffusion). All films also show crystallographic microstrain:
The smallest strain is found in the VASP sample; it can be speculated if this is due to its
cubic phase or if this is an artifact of the peaks in the other (tetragonal) samples being
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Figure 5.12: (a) X-ray diffraction patterns of the five films, namely anti-solvent (cyan), lead acetate
(violet), dipping (red), interdiffusion (green) and VASP (brown), with simulated powder patterns for α-
(top) and β-phase MAPI (bottom). [28,61] (b) Williamson–Hall analysis for the 002/110 and 112/200 (for
tetragonal) and 001/100 and 101/110 (for pseudo-cubic) set of planes (full symbols) with respective linear
fits; empty symbols represent data points of the remaining reflexes that were not used for the analysis.
(c) Extracted estimated minimal crystal sizes (full symbols) and microstrain (empty symbols) for each set
of data as noted.

artificially broadened as they stem from two reflexes. As before for the powder sample,
the dipping method again shows anisotropic strain (cf. Figure 5.7d), which could mean
that also the spread in extracted crystal sizes actually hints at anisotropic crystal growth
(see also Figure 7.1a). The interdiffusion sample behaves quite similar.

Crystal Orientations in 1-Step Deposition Methods

In order to study the crystal structures of perovskite films, we performed GIWAXS mea-
surements. In GIWAXS, the detector captures a two-dimensional slice through reciprocal
space which allows the reconstruction of the crystal structure, where crystal plane spacing
relates to the magnitude of the scattering vector, whereas the orientation of these planes,
and thus of the crystallites, is apparent from the azimuthal intensity distribution.

Figure 5.13a and 5.13c show 2D GIWAXS data for the two perovskite films fabricated by
the 1-step methods in typical qz vs. qr =

√
q2
x + q2

y representation. q is the total magnitude
of the scattering vector and χ = arctan[qr/qz] is the azimuthal angle. The azimuthal angle
contains information of how scattering planes are tilted relative to the substrate. The
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Figure 5.13: 2D GIWAXS data of MAPI perovskite films prepared by 1-step deposition via the (a) anti-
solvent method and the (c) lead acetate method. (b,c) Azimuthal cuts along the Debye–Scherrer ring at
about 1Å−1. In this case, the areas are colored to visualize the evaluation of crystal orientation according
to Equation 4.5: The cyan or violet area corresponds to the portion of preferentially-oriented crystals
with face-up orientation (schematically represented by an orange cuboid in the inset), while the gray area
represents isotropically-oriented crystallites. [28]

conversion of the raw detector image to reciprocal space leads to the pixel wise corrected
intensity maps with a wedge of missing information which is complementary accessible
with XRD. Apart from the conversion to reciprocal space, a number of corrections, e.g. for
beam polarization or detection efficiency, have to be applied to the raw detector picture to
allow for a correct reconstruction of the reciprocal space morphology (cf. Section 2.2.2).
To perform a quantitative analysis, we integrate the intensity along the azimuthal angle
χ over the diffraction pattern arising from (002)/(110) planes which forms a Debye–
Scherrer ring at about 1Å−1. This gives information about the orientation distribution
of the crystal planes responsible for this peak. The result is presented in Figure 5.13b
and 5.13d, where an amended and normalized azimuthal cuts of the (002)/(110) peak is
shown.
Both, the anti-solvent and the lead acetate sample, have a very flat azimuthal intensity
distribution with no pronounced peaks, but with a slight preference for an orientation
where (002)/(110) planes are parallel to the substrate. The inset visualizes the crystal
orientation: A small part of crystallites is standing face-up (orange cuboid) whereas
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the majority has no preferential orientation (gray cuboids). As a simple estimation of
the degree of orientation, we assign the flat part of the azimuthal cut to an isotropic
orientation distribution of crystallites and the rest to oriented crystallites. Both samples
have ~17 % crystallites with preferential orientation. This measure of order does not
consider the broadness of the peaks for samples with preferential orientation. It can be
considered by looking at the azimuthal FWHM of the individual orientations. This lack
of preferential crystal orientation is in good agreement with the XRD patterns of these
samples as discussed before (cf. Figure 5.12a).

Crystal Orientations in 2-Step Deposition Methods

Figure 5.14 shows 2D GIWAXS data with respective azimuthal intensity distributions
for the perovskite film fabricated via 2-step deposition and the PbI2 precursor film; again
insets visualize the orientation of crystallites.

To gain understanding about the crystal morphology of the 2-step films, we first look at
the crystal orientation of the PbI2 precursor film. Comparing the orientation of this pre-
cursor film to the orientation of the MAPI film yields information about the chemical and
mechanical aspects of the conversion mechanisms. Chemically, the conversion can happen
in-situ, i.e. by diffusion of the MAI into the PbI2, hardly influencing the inorganic frame-
work, or by dissolution–recrystallization, where the inorganic lead cage is dissolved and
recrystallized as MAPI. [261] Apart from the chemical conversion mechanism, crystallites
can be moved or broken up mechanically by increasing crystal strain which results from
expansion of next neighbor Pb+

2 distances during conversion as discussed in Section 5.1.2
for the dipping method.
Crystalline PbI2 has a layered structure in which lead layers are separated by iodide lay-
ers. The PbI2 films prior to conversion show strong (001) preferential orientation, meaning
that the lead layers are lying parallel to the substrate. In spite of these highly-oriented
precursor crystals, all three 2-step methods produce MAPI films with very different crystal
orientations, hinting at the existence of different conversion mechanisms.

The dipping method shows rather strong preferential orientation with a characteristic
feature appearing in the 2D GIWAXS pattern (cf. Figure 5.14c). Overall, about 66 % of
crystallites in the film are preferentially oriented. Interestingly, there are two preferential
crystal orientations, one around a polar angle of 0° and one roughly around 55°. The
0° orientation corresponds to crystallites whose (002) or (110) planes are parallel to the
substrate, i.e. face-up for a cube-shaped crystallite, visualized again as an orange cuboid
in the inset; and the 55° orientation corresponds to crystallites whose (202) planes are
parallel to the substrate, i.e. corner-up for a cube-shaped crystallite, visualized by tilted
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Figure 5.14: 2D GIWAXS data of the (a) PbI2 precursor and corresponding MAPI perovskite films
prepared by 2-step deposition with conversion via (c) dipping, (e) interdiffusion, or (g) vapor-assisted
solution process (VASP). (b,c,f,h) Corresponding azimuthal cuts with colored areas to visualize the eval-
uation of crystal orientation according to Equation 4.5: Blue, red, green, or brown areas correspond to
preferentially-oriented crystals with face-up or corner-up orientation (represented by an orange or purple
cuboid, respectively), while the gray area represents isotropically-oriented crystallites. [28,224,262]
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purple cuboids (see Figure 5.14). Correspondingly, these two orientations show a larger
intensity in the XRD for the dipping sample than for the anti-solvent sample (cf. Fig-
ure 5.14d). Because the film exhibits almost free-standing, individual crystallites with
roughly cubic shape on the surface, these preferential orientations are also visible in the
SEM image of the dipped sample in Figure 5.11. Only a small amount of isotropically-
oriented crystallites is present in the film (gray area in Figure 5.14d), and we can assume
that those are the small crystallites formed in the vicinity of the substrate during conver-
sion due to the constrained growth as discussed in Section 5.1.2. As the volume of the
unit cells (and hence the film) increases by a factor of about 1.7 during conversion from
PbI2 to MAPI, [263] not all crystallites can remain in the same position, regardless of the
chemical conversion mechanism. During the expansion, crystallites in the bulk break up
into smaller crystallites, thereby possibly losing their orientation. [206] Furthermore, crys-
tallites will have to be pushed out of the film during conversion, as most of the volume
expansion occurs in-plane, due to the fact that the spacing between lead atoms for PbI2
as compared to MAPI is much smaller within a lead layer, but similar between lead layers,
i.e. along the direction perpendicular to the substrate (cf. Figure 5.21). Thus, part of the
isotropic portion of the crystallite orientation distribution can be explained by mechanical
reordering due to the volume expansion during conversion.
The inset in Figure 5.14b shows the layered crystal structure of PbI2, which can be seen
as consisting of edge-sharing PbI6 octahedra. These octahedra are actually tilted at an
angle of roughly 55° relative to the c-axis. In the perovskite crystal structure, these oc-
tahedra are corner-sharing and parallel to the respective c-axis. Therefore, leaving the
lead layers and the orientation of the PbI6 octahedra intact during the conversion would
result in (002)/(110) planes tilted 55° relative to the c-axis of the lead iodide, which is
one of the preferential orientations we find for this method. Based on this correlation,
we hypothesize that the corner-up crystallites are the result of a direct in-situ conversion
where the perovskite phase is formed by intercalation of the organic MA+ cations.
The face-up crystal orientation has no such direct relation to the crystals structure and ori-
entation of the precursor film. However, this orientation is reminiscent of the 1-step meth-
ods which develop a similar preferential orientation with (002)/(110) planes parallel to the
substrate as observed in the previous section and also in literature. [27,264,265] Therefore,
we hypothesize that the (002)/(110) orientation is due to a dissolution–recrystallization
process which competes with the in-situ conversion process producing (202) orientation.
The prevalence of each process is strongly dependent on the precursor film morphology as
well as the composition of the conversion solution as discussed in Sections 5.2.2 and 5.2.3.

Analysis of the GIWAXS data of the interdiffusion sample yields a reduced orientation
with only 25 % preferentially-oriented crystallites. There is one pronounced orientation in
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Figure 5.14f at 0° azimuthal angle, meaning (002)/(110) preferential orientation, i.e. face-
up orientation for a cube-shaped crystallite. This correlates with a corresponding higher
intensity of this peak in the XRD measurements (cf. Figure 5.12a). As mentioned before,
this orientation was hypothesized to be due to a dissolution–recrystallization process
which reportedly connected to high ion concentrations in the solution. [261] This seems
to be odd with respect to the notion that this process is based on the diffusion of MAI
atoms into the PbI2 film during the annealing process. [204] It is likely that only a thin
layer on top is dissolved by the initial spin-coating of the MAI that acts as a nucleation
center for the crystals formed by the diffusion of MA+ and I− ions through this top
layer. As most crystallites are not oriented, this seed layer is either not very oriented,
which could mean that the dissolution of the top PbI2 layer breaks the strong preferential
orientation of the precursor film, or the seed layer picture is not a complete description
of the conversion mechanism present in the interdiffusion method. Further investigations
on the interdiffusion method are therefore necessary.

The third investigated 2-step deposition method (VASP) shows almost completely
isotropic crystal orientation similar to the investigated 1-step methods (cf. Figure 5.13)
with only 19 % preferentially-oriented crystallites with mostly (002) orientation. Thus, the
highly-oriented PbI2 film is converted into an almost completely non-oriented MAPI film.
If there is a defined relationship between precursor orientation and MAPI film orientation,
this would imply a reorganization of all PbI6 octahedra, i.e. a dissolution–recrystallization
process initiated by volatile MAI vapor particles with high kinetic energy. Based on the
intensity distribution in Figure 5.14h, we would expect an XRD pattern with relative
peak intensities similar to a (tetragonal) powder sample. However, as mentioned before,
due to the missing (211) reflex we assign the pseudo-cubic crystal phase to this sample
that usually only exists at elevated temperatures above 60 ◦C (see Figure 5.12a). A small
amount of crystallites also seems to be oriented at an angle of 45° which is not observed
for any other method discussed so far. The occurrence of this particular orientation is
further discussed in Sections 5.3.3 and 5.5.

Due to the variety of different orientations found in the investigated 2-step methods, in
the following section we make use of the fact that the solution conversion sample shows
both types of preferential orientation in order to conduct a systematic study on their
origin and tunability.
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5.2.2 Importance of Precursor Porosity in 2-Step Deposition

In order to prove that different orientations are the result of different conversion mecha-
nisms, the morphology and orientation of the precursor film have to be varied and their
influence quantified. For an in-situ conversion, a clear correlation between the degree
of orientation of the precursor film and the MAPI film is expected. In-situ conversion
should also be more likely in the absence of additives inside the conversion solution and
for flat and dense films, as a dissolution process necessarily begins at the interface to
the conversion solution. [261] Following this line of thought, a dissolution–recrystallization
mechanism would be more likely for porous precursor films. After a complete dissolution
of the precursor’s crystal structure, there is no reason to assume an obvious correlation of
crystal orientations in the precursor and the perovskite film. It should be pointed out that
(002)/(110) orientation is only a possible outcome of a recrystallization process, but not
a necessary outcome. There is also a possibility of intermediate stages, e.g. a conversion
by an intermediate phase as described by Moore et al. and Nenon et al. for 1-step pro-
cesses. [241,255] In such an intermediate process, a correlation between orientations might
be present.
Because the dipping method exhibits both preferential crystal orientations observed for
the investigated five deposition methods, and allows for an easy variation of fabrication
parameters while still producing homogeneous and reproducible films, we choose this
method to study the correlation of precursor and MAPI film morphologies.

The lead iodide film in 2-step methods is often spin-coated at elevated temperatures,
typically around 60 ◦C. [182,258,266] To explore the influence of the spin-coating tempera-
ture, we spin-coat lead iodide films on glass\PEDOT:PSS substrates at three different
temperatures—25 ◦C, 60 ◦C, 100 ◦C—and subsequently convert them to MAPI films by
dipping at 60 ◦C.
Figure 5.15a and 5.15b show SEM images of the precursor and perovskite films, respec-
tively. Unexpectedly, the spin-coating temperature has a large impact on the precursor
film morphology. Spin-coating at a low temperature of 25 ◦C results in a film that is
highly porous, the 60 ◦C temperature that is typically chosen results in a flat film with
small pores roughly 50 nm in size, and spin-coating at the highest temperature of 100 ◦C
results in a dense film.
Both a porous and a non-porous structure can have advantages for the fabrication of homo-
geneous perovskite films. On the one hand, a porous structure has a large interface to the
conversion solution, thus promotes a fast conversion to the perovskite structure and also
leaves space for the volume expansion during the conversion. [267] The explanation therefor
is that a porous structure should influence the prevalence of dissolution–recrystallization
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Figure 5.15: Scanning electron microscopy images of (a) PbI2 precursor films spin-coated at different
temperatures and (b) resulting MAPI perovskite films after conversion by dipping. (c) UV–vis spectroscopy
and (d) X-ray diffraction measurements of these films. (e) Zoom-in showing the increasing intensity of
the (202) reflex with precursor spin-coating temperature. [28]

over in-situ conversion, as mentioned before. On the other hand, a structure that is too
porous will leave voids and pinholes even after conversion with resulting detrimental leak-
age currents ultimately limiting device efficiencies. The morphology of resulting MAPI
films clearly shows why an elevated spin-coating temperature is preferable: When going
from room temperature spin-coating to 60 ◦C spin-coating, the surface coverage becomes
denser and the average size of larger crystallites doubles from around 250 nm to around
500 nm. The crystallites also become distinctly more cube-shaped. The change to even
higher temperatures is smaller, though the sample spin-coated at 100 ◦C shows a larger
number of smaller crystallites which could be a result of the mechanical reordering out-
lined in Section 5.1.2.
The varying surface roughness of the precursor film is reflected by the sub–band gap re-
duction in transmission, although the MAPI films are hardly affected (cf. Figure 5.15c).
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Figure 5.16: 2D GIWAXS data of the (a) PbI2 precursor films spin-coated at different temperatures and
(b) corresponding MAPI perovskite films. Azimuthal cuts of the (c) PbI2 samples along the (001) and
(101) reflexes, and (d) of corresponding MAPI samples along the (002)/(110) reflex showing an increasing
intensity at 55° for elevated precursor deposition temperatures. (e) Azimuthal FWHM extracted from (c)
and (d) confirming the correlation between PbI2 crystal structure and MAPI (202) orientation. [28]

XRD measurements reveal an increased intensity of the (202) reflex for elevated precursor
film deposition temperatures, i.e. reduced film porosity, especially for the 100 ◦C sample,
hinting at a dependence of MAPI crystal orientation and precursor film porosity (see
Figure 5.15d and 5.15e).

A first glance at 2D GIWAXS data of the precursor (Figure 5.16a) and resulting per-
ovskite films (Figure 5.16b) confirms this notion. Azimuthal cuts along the PbI2 (001) and
(101) and the MAPI (002)/(110) peaks are shown in Figure 5.16c and 5.16d. The PbI2
films all show (001) preferential orientation with quantitative differences, namely varia-
tions in peak intensity and azimuthal FWHM: 23.6°, 15.4°, and 20.5° for the 25 ◦C, 60 ◦C,
and 100 ◦C samples, respectively. However, the resulting MAPI films show pronounced
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qualitative differences: All films have (202) preferential orientation, but the (002)/(110)
orientation is absent from the 25 ◦C sample and only very weakly pronounced for the
100 ◦C sample. The increasing intensity of the peak at 55° for higher temperatures in
Figure 5.16d is in agreement with the increasing preferential (202) orientation observed
in XRD (cf. Figure 5.15e). The azimuthal FWHM of the 55° peaks are 27.8°, 19.0°,
and 22.1° for the 25 ◦C, 60 ◦C, and 100 ◦C samples, respectively, and thus they follow the
same trend as the azimuthal FWHM of the respective PbI2 film preferential orientations.
In contrast, the azimuthal FWHM of the peaks at 0° has no clear correlation with the
precursor film.
The intensity of the orientations does not follow the same trend. While the FWHM of
the 60 ◦C sample (202) orientation is smaller than the FWHM of the 100 ◦C sample (202)
orientation, its intensity is much weaker. This leads to the more pronounced (202) peak
in the XRD measurement for the 100 ◦C sample, as XRD cannot distinguish between the
overall prevalence and azimuthal width of a preferential orientation. Correspondingly, the
(002)/(110) orientation in the GIWAXS measurement is less pronounced for the 100 ◦C
sample as compared to the 60 ◦C sample. This agrees with our hypothesis regarding
the origin of this orientation as the 60 ◦C lead iodide sample has a porous surface mor-
phology, which should enhance the dissolution of the film compared to the dense surface
morphology of the 100 ◦C film. The lack of (002)/(110) orientation for the 25 ◦C sample
illustrates that the (002)/(110) orientation is only a possible, but not a necessary result
of a dissolution–recrystallization conversion. Here, the larger interface to the conversion
solution in comparison to the precursor films deposited at higher temperatures leads to a
faster dissolution of the precursor layer and results in a higher amount of isotropic crystal
orientation.

In conclusion, the comparison of azimuthal FHWM illustrates the need for GIWAXS for a
quantitative evaluation of the orientation as XRD cannot distinguish between the overall
prevalence and azimuthal width of a preferential orientation. However, the intensities
seen in the GIWAXS cuts (Figure 5.16d) coincide with the respective intensity of the
(202) peak in XRD (Figure 5.15g) and can be used for a qualitative explanation of the
processes present:
The intensity of the (202) orientation increases with increasing temperature. Thereby,
it increases with decreasing PbI2 film porosity (cf. Figure 5.15). This agrees with our
hypothesis of the (202) orientation being the result of an in-situ conversion process, since
a dense, flat surface should suppress a dissolution of the film. The intensities of the
(002)/(110) orientation behave somewhat more erratically. It is stronger for the 60 ◦C
sample than for the 100 ◦C sample, which agrees with our hypothesis of the origin of this
orientation being a dissolution–recrystallization process. In this case, the porous surface
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of the 60 ◦C lead iodide sample should enhance the dissolution of the film compared to
the dense surface morphology of the 100 ◦C film. However, the (002)/(110) orientation
is almost completely absent from the 25 ◦C sample, illustrating that the (002)/(110) ori-
entation is only a possible, but not a necessary result of a dissolution–recrystallization
conversion. The absence of the (002)/(110) orientation from this sample can be explained
by the fact that this preferential orientation should only be present relative to the surface
on which the crystallization is taking place. Therefore, a crystallization in a very strongly
porous film should not lead to an overall preferential orientation of crystallites in the film,
which was demonstrated in literature by a comparison of preferential orientations for thin
films produced on a flat surface and in a mesoporous scaffold. [268]

All in all, the correlation of the FWHM between the PbI2 (001) orientation and the MAPI
(202) orientation and the relation of the frequency of their occurrence to the surface mor-
phology prove that the (202) orientation is indeed the result of an in-situ conversion
process.

5.2.3 Crystal Morphology Changes During Perovskite
Conversion

In contrast to Section 5.1.2, which covers the microscale morphology changes happening
during perovskite conversion in the dipping method, this section deals with the effects of
various parameters during this step on the crystal morphology and orientation.

Influence of Dipping Time and Temperature

As mentioned in the original publication by Docampo et al., timing and temperatures are
crucial in the dipping method. [182] In the previous section the substrate and solution tem-
perature during the deposition of the PbI2 precursor film are discussed. In the absence of
a heated spin-coating disc, this step already becomes challenging and very dependent on
the swiftness and skill of the experimenter. To further complicate matters, the exact time
the sample spends in the conversion solution has to be adjusted to the thickness of the
precursor film: Is the time too short, residual PbI2 might still be present after the sample
is removed and dried which can harm device efficiencies. [182,269] Is the dipping time too
long, the film delaminates from the substrate as apparent from black specks floating in
the conversion solution. Thus, samples dipped for varying amounts of time are frequently
characterized ex situ with XRD during optimization of the deposition method. [89,182]

A similar dipping time studyis conducted and ex-situ XRD measurements are performed
on the MAPI films (cf. Figure 5.17c). The peak at around 12.6° indicates that residual
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Figure 5.17: (a) 2D GIWAXS data of samples with varying time spent in the conversion solution as
noted. (b) Azimuthal cuts along the (002)/(110) reflex of the data in (a). (c) X-ray diffraction patterns
of the same samples indicating the presence of residual PbI2 in all films immersed for 2 min or less.

PbI2 is present in samples dipped only 2 min or less consistent with literature. [236] 2D GI-
WAXS data is recorded to evaluate the influence of the dipping time on the competition
between in-situ conversion and dissolution–recrystallization mechanism. Azimuthal cuts
along the (002)/(110) reflex shows only marginal intensity fluctuations of the peaks at 0°
and 55°, indicating that both processes are happening at the same time. The interpre-
tation is straight forward: After some MA+ ions initially intercalate into the inorganic
PbI2 cage and form MAPI crystals with (202) preferential orientation (cf. cut after 5 s
in Figure 5.17b), the gradual dissolution and recrystallization of PbI2 crystals directly
exposed to the conversion solution promotes formation of MAPI crystals with random
or (002) preferential orientation. Ostwald ripening finally slightly reduces the amount of
crystallites with random orientation as seen in an increase in intensity for both prefer-
ential orientations and a reduced intensity in between. It should be noted that for this
comparison the intensity of the azimuthal cuts was normalized for each sample to the in-
tegrated intensity of the (002)/(110) peak of an azimuthal integration (powder cut) that
represents the total amount of perovskite material in the film (see Section 2.2.2).

Apart from the dipping time, the temperature of the conversion solution can be expected
to play an important role, too: An elevated solution temperature can result in a higher
mobility of reacting species, especially a faster diffusion of the MA+ ions to the precursor
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Figure 5.18: 2D GIWAXS data of MAPI samples converted at 25 ◦C from PbI2 films deposited (a) at
room temperature and (b) at 60 ◦C, respectively. (c) Comparison of azimuthal cuts along the (002)/(110)
reflex of the MAPI films in (a) and (b) with the measurements presented in Figure 5.16. (d) X-ray
diffraction patterns of the four films in (c) with zoom-ins presented as insets. Arrows indicate changes
with increasing immersion temperature.

crystal surface and also inside the inorganic matrix. Additionally, at 60 ◦C, the solution
temperature that reportedly leads to the best solar cell performance, the freshly-formed
MAPI crystals would be in pseudo-cubic phase. [61,182] Finally, Docampo et al. claimed
an effect on the crystal orientation depending on the temperature of the conversion solu-
tion. [236] According to their study based on XRD measurements, an increasing immersion
temperature from 30–60 ◦C leads to a reduced (002) and enhanced (110) orientation, i.e.
a tipping of the crystals. They attribute the better and more reproducible device per-
formance of samples immersed at higher temperature to the preferential alignment of
(002) planes perpendicular to the substrate. Such an observation can be explained by
anisotropic charge transport, as suggested by Feng et al. who calculated effective masses
for different crystal directions in the tetragonal MAPI phase using basic density functional
theory (DFT). [270] However, their calculations suggest a more efficient charge transport
for holes and electrons along the 〈001〉 direction which would make an orientation of (002)
planes parallel to the substrate preferable as the main charge transport in a photovoltaic
device is cross-plane. Taking into account other effects like spin–orbit coupling, giant
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Rashba splitting of the valence band, photoexcited states, photon re-absorption etc., ef-
fective masses are reduced significantly or are overshadowed. [113,242,271–273] Furthermore,
at the temperature a solar cell is typically operated MAPI can be assumed to be in the
pseudo-cubic crystal phase making the distinction between these crystal directions futile.
Nevertheless, as immersion temperature seems to have an effect on the photovoltaic effi-
ciency, we want to rehash its effect on the crystal morphology.
Therefore, in addition to the samples discussed in Section 5.2.2, we prepare samples with
varying temperatures of the conversion solution.The 2D GIWAXS data presented in Fig-
ure 5.18a and 5.18b shows at first glance a similar trend to the data presented earlier
in Figure 5.16b, i.e. the presence of the peak at χ = 0° indicating preferential (002)
orientation is solely dependent on the precursor deposition temperature. Figure 5.18c
shows a comparison of azimuthal cuts for MAPI samples converted at 25 ◦C and 60 ◦C
from precursor films spun at 25 ◦C and 60 ◦C, respectively, denoted as “RT–60 ◦C” for a
film formed at 60 ◦C from a precursor deposited at room temperature and so forth. The
azimuthal intensity distribution depending is almost identical for the perovskite films fab-
ricated from the same precursor film. Due to the experimental geometry it is difficult to
distinguish between (002) and (110) reflexes in GIWAXS. That is why additional XRD
measurements of all four samples are performed (cf. Figure 5.18d). We observe a slight
increase of the (202) peak for increased immersion temperature in direct comparison of
each set of samples produced from the same precursor film. The (004) and (220) com-
parison fails to follow the same trend as observed by Docampo et al. who additionally
tuned the thickness of the precursor film to achieve full conversion to perovskite. Here,
however, a significant amount of residual PbI2 is still present in the films converted at
room temperature as apparent from the peak at 12.6° and the highest (004) and (220)
peak intensities are found for the 60 ◦C–60 ◦C sample.
This is where the relation between dipping time and temperature comes full circle: As
laid out before, both a higher immersion temperature and a precursor film deposited at
lower temperature, i.e. with higher porosity, which has a higher interface to the conver-
sion solution, promote faster conversion. Thus, the residual PbI2 is less in the RT–RT
film than in the 60 ◦C–RT film. As discussed in the following Section 5.2.3, a longer
dipping time leads to stronger dissolution of the precursor film regardless of other param-
eters and thereby favors a dissolution–recrystallization mechanism. Interestingly, there
we observe the same trend as discussed by Docampo et al., i.e. stronger (110) orientation
at the expense of (002) orientation. At this late stage of conversion, this could be the
effect of Ostwald ripening as a means of self-purification leading to the statistically more
probable orientation—the Miller index (110), after all, stands for twice as many crystal
planes as (002). Thus, we conclude that the effect Docampo et al. observe results from a
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combination of increased reaction speed and a self-purification process.

Influence of the Dipping Solution Ion Concentration

The competition of in-situ conversion and dissolution–recrystallization mechanism in the
transformation of a crystalline precursor to the perovskite phase was first described by
Yang et al. and later extended to thin films by Fu et al. [252,261] Both studies highlight the
importance of halide concentration in the solution. At low concentration of X− halide
ions, in-situ conversion is favored after the following reaction scheme:

PbX2(s) +MA+(sol) +X−(sol)→MAPbX3(s). (5.2)

Thus, in a regime with halide ion deficiency the reaction rate is diffusion limited. Two cases
can be distinguished: Firstly, this means, that at low ion concentrations in the dipping
solution, an already formed interfacial perovskite layer would obstruct further diffusion
of the organic cations to the underlying precursor resulting in slow or even incomplete
conversion. [261] Secondly, in buried regions of the precursor layer, i.e. in the vicinity of the
substrate, the concentration of additional organic cations and halide anions needed for the
formation of the perovskite phase is limited by the ability to diffuse through the upper
layers. Due to this vertical gradient in ionic concentrations across the precursor film,
in-situ conversion is more likely in the bulk of the film even at high ion concentrations.
At higher ion concentrations—and here, Fu et al. specifically name a concentration of
≥ 10 mg ml−1 MAI for thin film conversion—the dissolution–recrystallization mechanism
is favored, as described by the following equation:

MAPbX3(s) + (x− 1)X−(sol) 
MA+(sol) + PbXx−
2+x(sol), (x = 1, 2). (5.3)

This means, that the formation of lead halide complexes PbX2−
4 is the driving force to

the dissolution of already formed perovskite by in-situ conversion, and their formation
directly from crystalline PbX2 is also probable:

PbX2(s) + xX−(sol) 
 PbXx−
2+x(sol), (x = 1, 2). (5.4)

These reactions are limited by the saturation concentration of PbXx−
2+x complexes, upon

which these complexes react with the organic cation in the reverse direction of Equa-
tion 5.3 and form perovskite crystals which would naturally adapt to the next surface and
thus be preferentially oriented face-up in the vicinity of the substrate. The recrystalliza-
tion consequently leads to crystals with thermodynamically favorable shape, i.e. optimum
surface–volume ratio, and hence cube-shaped crystals are found on the surface of these
films (cf. Figure 5.19a).
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Figure 5.19: (a) Scanning electron microscopy images of MAPI films converted in solution with
MAI:MACl mixture in the typical ratio with overall ion concentration as noted. Cyrstal overgrowth is
apparent for the highest ion concentrion. [27] SEM images of even more extreme ion concentrations of
(b) 5 mg ml−1 with almost preserved PbI2 crystal morphology and (c) 40 mg ml−1 the strong dissolution
results in a highly porous MAPI film. (e,f) 2D GIWAXS measurements of the films in (c) and (d), and
(g) corresponding azimuthal cuts. (h) Comparison of XRD measurements for different concentrations
and (i) different immersion times in the solution with lowest concentration hinting at a “self-purification”
mechanism.
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On this background, we can postulate the following scenario: Upon immersion of the
porous, crystalline PbI2 layer into the conversion solution, both reactions start imme-
diately. Initially formed perovskite on the precursor crystal surface is redissolved and
recrystallized to form large crystals while the smaller ones have a shorter lifetime and
are more readily redissolved and afterwards incorporated into the big crystals by Ostwald
ripening. In the vicinity of the substrate the low halide ion concentration leads to in-situ
conversion of the precursor, preserving its crystal orientation. These crystals react upon
strain resulting from the volume expansion with cracking into smaller units, while even-
tually some crystals closer to the film surface win the race over still smaller crystals with
other orientation and grow upwards. Thus, big, cube-shaped crystals are found on the
surface, while smaller ones are present in the bulk of the film, especially in the vicinity
of the substrate. An affirmative experimental corroboration of this model is described by
Im et al. for the interdiffusion method. [274]

Figure 5.19a shows SEM images of MAPI films that still function in a photovoltaic device
but have been converted in solutions with varying overall ion concentration consisting
of MAI:MACl in the typical 9.5:0.5 weight ratio.While the 10 mg ml−1 film delivers the
best device performance, the 25 mg ml−1 film shows crystal overgrowth typical for pre-
ferred dissolution–recrystallization. These needle-like crystals lead to short-circuits in
solar cell devices and the resulting leakage currents reduce the fill factor. The 8 mg ml−1

sample has a smooth surface, however, the crystals are smaller than in the 10 mg ml−1

sample which leads to reduced short-circuit currents. SEM images of samples converted
in solutions with extreme ion concentrations of 5 mg ml−1 and 40 mg ml−1 visualize the
effect of the concentration:While at low concentration the MAPI crystals have a simi-
lar flake-like morphology as the PbI2 precursor film and only small parts are flat and
faceted from a dissolution–recrystallization process, an extremely high ion concentration
dissolves the precursor film completely which leads to the formation of scarce needle-like
crystals but mostly smaller crystals in a highly porous film (cf. Figure 5.19c and 5.19d).
The results from GIWAXS measurements presented in Figure 5.19e–g confirm that for
increasing concentration the (002) orientation (increased intensity at 0°) is favored over
the (202) orientation (reduced intensity at 55°), i.e. dissolution–recrystallization over in-
situ conversion. This observation is confirmed by a reduced intensity of the (202) reflex
at 24.5° with increasing concentration in XRD (cf. Figure 5.19h). As mentioned before,
the reaction rate is diffusion limited, therefore a lower ion concentration requires a longer
immersion time for full conversion.
Interestingly, XRD measurements reveal a reorientation of crystallites at a later stage after
long immersion times: While a slight reduction of the (202) peak at 24.5° can be explained
by further dissolution of the film, the (220) reflex becomes more intense at the expense of
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the (004) reflex (cf. Figure 5.19i). This means that the cuboid unit cell tips over from an
upright-standing to a side-lying conformation. There are twice as many {110} planes as
{002} planes in tetragonal MAPI, thus, statistically, (110) orientation would be favored
over (002) orientation. Hence, this phenomenon can be explained by a “self-purification”
mechanism of the crystals eventually leading to strong (110) orientation.

Influence of Chloride in the Dipping Solution

Employing chloride-containing precursors in conversion solution has been previously
shown to improve the performance of the resulting solar cells. [182] Also, it has been shown
for a similar method that a high concentration of MAI is necessary for a strong dissolu-
tion of the PbI2 film when a pure MAI conversion solution without chloride is used. [261]

In the presented dipping method the rather low concentration should only lead to a com-
paratively small contribution of the dissolution–recrystallization mechanism as discussed
in the previous section. Since we linked the (002)/(110) orientation to a dissolution–
recrystallization mechanism, this implies a significant dissolution of the PbI2 film for the
employed mixed halide solution. Here, we study the impact of chloride in the solution
conversion mechanism on the morphology of the MAPI film and how its presence con-
tributes to the relative prevalence of dissolution–recrystallization to in-situ conversion and
the formation of different crystal orientations.
One known effect of chloride in the conversion solution is a larger size and a more cubic
appearance of the individual crystallites. [182] A cubic shape—which is thermodynami-
cally favored as the crystal interface is minimized—has previously been associated with a
dissolution–recrystallization mechanism. Thus, it forms when a MAPI crystallite grows
directly from solution, but does not result from an in-situ conversion as the original PbI2
crystallites have a different shape. [252]

The effect of chloride on the orientation is shown in Figure 5.20a, where 2D GIWAXS
data is shown for a dipping film without chloride in the conversion solution and the typical
prominent peak in the middle of the (002)/(110) reflex is absent.An azimuthal cut along
this reflex is shown in Figure 5.20b in comparison to the cut from the 10 mg ml−1 sample
in Figure 5.19g. The presence of chloride in the conversion solution leads to a strong
decrease of the (202) preferential orientation (peak around 55°) and an increase of the
(002)/(110) preferential orientation and randomly-oriented crystallites, which implies that
chloride contributes to a dissolution–recrystallization-type conversion mechanism. This
is to be expected, since chloride is not incorporated into the structure to a significant
degree and must thus facilitate a conversion process that is more complex than a simple
in-situ conversion, e.g. by lowering the activation energy for the precursor–to–perovskite
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Figure 5.20: (a) 2D GIWAXS data of a MAPI film prepared via the dipping method 10 mg ml−1 pure
MAI in the conversion solution and thus at the absence of chloride ions. (b) Azimuthal cuts along
the (002)/(110) reflex of the data in (a) and the cut from the 10 mg ml−1 sample in Figure 5.19g for
comparison. The reduced intensity at 55° reveals a reduced (202) crystal orientation when chloride ions
are present during the conversion. [28]

transition. [255]

In 1-step methods which use chloride, an intermediate chloride phase appears during the
film formation. This intermediate phase is then replaced by MAPI as it is more thermo-
dynamically stable. [240,241,275] Therefore, it is plausible to speculate that the mechanism
of the conversion of PbI2 in 2-step methods in the presence of chloride could involve an
intermediate cubic MAPbCl3 or MAPbI3−xClx phase showing strong intrinsic (001) ori-
entation,. This phase is then converted to MAPI—or slightly doped MAPI(Cl)—by a
replacement of the halide ions similar to what is observed in 1-step methods. [241,275] Chlo-
ride has previously been implied as increasing (001) orientation (face-up in cubic phase)
in 1-step methods. [240,276] This would explain why films converted in the presence of chlo-
ride show more (002)/(110) orientation (face-up in tetragonal phase). Since this process
would require a dissolution of the PbI6 octahedra, it can be considered a dissolution–
recrystallization process, which agrees with the notion that (002)/(110) orientation is the
result of this mechanism. In this regard, the role of chloride could be seen as the fa-
cilitation of the dissolution of the PbI2 lead cage by providing an alternative conversion
pathway with lower activation energy. [255]

By combining the evidence from the correlation of FWHM in Section 5.2.2, the influence of
surface morphology and the role of chloride, it can be concluded that the (202) orientation
found in some 2-step methods is indeed the result of an in-situ conversion process, while
the (002)/(110) orientation is the result of a type of dissolution–recrystallization process.
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5.2.4 Origin of Crystal Orientation in 2-Step Deposition

In summary, we compare the morphology of MAPI films prepared by a range of differ-
ent 1-step and 2-step processes. They were chosen as representatives out of a variety of
synthesis methods that produce high efficiency solar cells [84,88,90,182,204] but surprisingly
exhibit very different morphologies. For the two investigated 1-step methods, we do not
find any significant preferential orientation. The three 2-step methods start from a highly-
oriented PbI2 film in which the lead layers are lying parallel to the substrate. Despite the
fixed orientation of the PbI2 precursor film, we observe very different orientation distri-
butions of the MAPI films after conversion. For a conversion by dipping in solution, we
find strong (002)/(110) and (202) preferential orientation which would correspond to face-
up and corner-up orientation for cube-shaped crystallites. For conversion by spin-coating
MAI (interdiffusion method), we see weak face-up orientation, and for conversion in vapor
(VASP), we observe no preferential orientation at all. Based on the comparison of the ini-
tial orientation and morphology of the precursor layer to the orientation and morphology
of the resulting MAPI layer, we hypothesize that the corner-up preferential orientation
of the solution conversion method is the result of an in-situ conversion mechanism, while
the face-up orientation is based on a dissolution–recrystallization mechanism. Further-
more, due to the volume expansion of the PbI2 film, mechanical reordering of crystallites
takes place. In contrast, the lack of orientation of the evaporation method indicates a
full dissolution of the film during conversion. Further evidence is given by our systematic
study of the PbI2 precursor film morphology. Varying the spin-coating temperature from
25–100 ◦C was found to produce PbI2 films ranging from strongly porous to dense and
flat which is found to influence the different crystal orientations in the resulting MAPI
films. By correlating the width of the PbI2 orientation to the width of the (202) MAPI
orientation, the (202) orientation could be shown to be the result of an in-situ conversion
process.
We note that in comparison to Figure 5.11, the crystal size of the 60 ◦C dipping sample is
larger in Figure 5.15b which is likely due to the different substrates used for the samples
(TiO2 and PEDOT:PSS). However, the orientations we find are the same for both PbI2
and the resulting MAPI film, meaning that the conclusions drawn here are independent
from the substrate, as expected based on our explanation of the orientations we find.

The dipping time and temperature only showed minor influences on the crystal orientation,
but interestingly, a reorientation of crystals from (002) to (110) preferential orientation
was observed at later stages of the conversion and attributed to a self-purification process.
Strong changes were observed for variation of ion concentration and composition of the
dipping solution. Especially the presence of chloride in the conversion conclusion—similar
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Figure 5.21: Schematic summary of the origin of crystal orientation in 2-step methods with special
focus on the dipping method. There are two competing processes: In-situ conversion leads to either
corner-up or (202) preferential orientation as perovskite crystals are formed by intercalation of organic
cations (green) into the inorganic matrix and thus preserve its crystal orientation of 55°. A dissolution–
recrystallization mechanism often leads to face-up or (002)/(110) preferential orientation as crystals
are completely dissolved and recrystallize at the solid–liquid interface. Experimental parameters such
as high ion concentration of the conversion solution and the presence of chloride ions promote the latter
mechanism, while a vertical concentration gradient across the precursor film can lead to in-situ conversion
at the substrate which is accompanied by volume expansion and resulting mechanical reordering on the
microscale as outlined in Figure 5.8. [28]

to high ion concentrations in general—was found to enhance the (002)/(110) orientation
at the expense of the (202) orientation, which is likely due to the formation of an (001)-
oriented intermediate phase. [255] Thus, the role of chloride in the film conversion for 2-step
methods is related to the facilitation of PbI2 crystallite dissolution. We thus conclude that
the (002)/(110) orientation is the result of a dissolution–recrystallization-type process.
Overall, with this knowledge, we have gained tools for the systematic variation of PbI2
film morphology and the resulting perovskite crystal orientation, and have also found
a simple way to quickly characterize the conversion mechanism of 2-step methods by a
comparison of precursor and MAPI film orientation.
The origin of orientation in 2-step processes (with special focus on the dipping method)
is summarized graphically in Figure 5.21.
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Studying the orientation of perovskite films quantitatively by the aid of GIWAXS serves
two purposes: As demonstrated in this investigation, it helps to understand the differences
in film formation mechanics for different fabrication methods. In particular, for 2-step
processes, where the final orientation can be compared to the precursor film orientation,
the GIWAXS analysis is complementary to SEM, which has been previously used to a large
extent to study the formation of MAPI films. [252,261] Understanding these mechanisms
could in turn lead to optimized processes that allow for better control of film morphology,
including crystal size, density and orientation. These parameters are deemed beneficial
for solar cell performance and likely influence each other. Specific orientations and large
oriented domains have been reported as being important for achieving efficient charge
transport and thereby large photocurrents. [29,236,263,264] Reasons for this could include
better charge transport between neighboring crystallites with similar orientation which
likely reduces the prevalence of transport-hindering defects at the grain boundaries as well
as different interactions between the crystal planes and the charge extraction layers. [270,277]

As samples prepared on different substrates show essentially the same orientations, the
implications of this section can be considered universal and independent of the substrate.
The insight into the origin of crystal orientations found in representative cornerstones of
possible MAPI film preparation techniques gained in this section gives us a toolbox of
tuning possibilities to achieve certain film morphologies. Together with the experience
gained in GIWAXS data evaluation, this provides the basis for controlling the crystal
morphology and orientation as discussed in following section.

5.3 Controlling Crystallization and Crystal
Orientation in 1-Step Deposition Methods

The conclusions drawn in Section 5.2.1 for the crystal orientations found in typical 1-step
film deposition are based on the assumption that the morphology of crystals found in
the final perovskite film is mostly influenced by the density of nucleation centers. In the
anti-solvent method, for example, the sudden oversaturation of the precursor solution
by the addition of the anti-solvent chlorobenzene leads to the rapid formation of many
nucleation centers with a high density in the vicinity of the substrate as a result of
heterogeneous nucleation. [77,138,177] Thus, crystal size is limited and the crystallites show
a slight preference for face-up orientation. In the lead acetate method, the crystallization
rate is much slower as the acetate anion have to be exchanged for the MA+ cations
before the perovskite phase can be formed. This section explores the tunability of 1-step
deposition methods by various processing parameters like solvent composition, and heat
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and solvent vapor treatment.

5.3.1 The Influence of Annealing—the Anti-Solvent Method
Revisited

As mentioned above, the explanation in Section 5.2.1 considers the crystal morphology
in perovskite films fabricated via the anti-solvent method to be a result of the initial
nucleation step alone. Yet this assumption neglects the possibility of further changes at
a later stage of the film fabrication process. The major interference with the “natural”
progression of crystallization adheres to the annealing step as additional energy is added
to the system. As postulated in Section 5.2.3, extended annealing can lead to a self-
purification process which leads to an alignment of other crystallites with crystals in the
predominant orientation. Thus, we can assume that similar effects are possible in 1-step
deposition methods.
To test this hypothesis, the common annealing protocol at 100 ◦C for 10 min usually
employed for the anti-solvent method is extended by an additional pre-annealing step of
40 min at 40 ◦C. To additionally slow down the annealing, a 4:1 mixture of DMF:DMSO
by volume is used: The higher boiling point of the DMSO and it’s stronger coordination
ability with the Pb2+ ions leads to the formation of metastable complexes. As a result,
the film stays in an intermediate (whitish) phase and only transforms to dark perovskite
during annealing on the hotplate. [77,85,231,278]

Figure 5.22: (a) 2D GIWAXS data of MAPI films prepared with the anti-solvent method and variation
of the annealing protocol. (b) Corresponding azimuthal cuts along the (002)/(110) reflex. The sample with
mixed annealing including 40 min at 40 ◦C shows higher preferential orientation around 0° in comparison
with the common 100 ◦C for 10 min protocol.

Figure 5.22a presents 2D GIWAXS data of films fabricated with the standard annealing
and the slow, mixed annealing.At first glance, both films consist of mostly randomly-
oriented crystallites. However, the higher intensity around 0° for the mixed annealing
indicates that a reorientation of crystals indeed takes place to a certain extent. Azimuthal
line cuts along the (002)/(110) reflex reveal that the intensity between 20° and 70° is
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reduced, indicating in fact crystals of previously random orientation are being aligned with
the slightly predominant (002) orientation. As a result this orientation is greatly enhanced,
proving the existence of the ascribed self-purification process for 1-step methods.

5.3.2 A Highly-Oriented MAPB Perovskite Film

In this section, MAPB films investigated in collaboration with Nadja Giesbrecht are dis-
cussed. Part of these results is published in N. Giesbrecht et al., “Synthesis of Perfectly
Oriented and Micrometer-Sized MAPbBr3 Perovskite Crystals for Thin-Film Photovoltaic
Applications” representing the first published GIWAXS study on MAPB perovskite. [29]

Wide band gap perovskites such as methylammonium lead bromide (MAPB) are interest-
ing materials for photovoltaic applications because of their potentially high open-circuit
voltage. Furthermore, they could be implemented in tandem cells to enhance the light
harvesting capability above the Shockley–Queisser limit. However, as most research into
hybrid perovskites was targeting at ever-higher efficiencies, the fabrication of high-quality
planar MAPB films has not been investigated in detail.

Revisiting Seminal Deposition Methods for MAPB Films

First, in order to draw a comparison to MAPI, two deposition methods already discussed
in Section 5.2.1 are investigated for MAPB. GIWAXS measurements for MAPB films
fabricated with 2-step methods show at first glance that these do not exhibit strong
preferential crystal orientation (cf. Figure 5.23). In both cases, a 1 m solution of PbBr2 in
DMF is spin-coated at 60 ◦C similar to the dipping method with MAPI and then converted
by either dipping or MABr vapor. In the vapor-assisted solution process (VASP) the
sample is placed in a closed vial with MABr vapor for 2 h at 150 ◦C, while in the dipping
method it is converted in a 10 mg ml−1 MABr solution in IPA. Azimuthal cuts along the
(100) reflex at around 1.05Å−1 confirm the initial impression of the crystal orientation
in the samples being mostly random. However, there is a slight preference towards face-
up orientation, i.e. (001) for the cubic Pm3m MAPB crystal phase. For the VASP
method, this can be expected from the MAPI analogue, however, MAPB seems to have a
slight preference for being more oriented. In case of the dipping method, the situation is
very different, as the pronounced peak at 55° is missing completely here. Considering the
origin of this orientation in the MAPI film deducted in Section 5.2.4, this is not surprising:
PbBr2 crystallizes in the orthorhombic space group Pmnb which does not form a layered
structure such as the PbI2 analogue in P3m1. Furthermore, the bromide-variant likely
has a smaller activation energy for the crystal formation which lies in between the values
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for MAPI and MAPC and a results from a higher Pb–X (X = I, Br) bond strength as
MAPI. [255,279,280] Thus, when performing the conversion to perovskite in a dipping solution
at the same temperature, the dissolution–recrystallization process is preferred over in-situ
conversion leading to enhanced face-up orientation with the (100) reflex intensity being
enhanced around 0° in the GIWAXS measurements (cf. Figure 5.23c). Based on these
results, it is obvious that in a 2-step deposition method the crystal orientation in MAPB
films is not easily tunable by the precursor morphology as it is the case for MAPI. Thus,

Figure 5.23: 2D GIWAXS data of MAPB films prepared with different methods: (a) Vapor-assisted
solution processing (VASP) and (b) dipping with corresponding azimuthal cuts along (100) in (c), both
being 2-step methods; films prepared with controlled solvent drying in a 1-step deposition (d) in a N2-filled
glovebox and (e) in air with corresponding cuts along (100), (101) and (102) presented in (f) with data
being shifted for clarity. [29]
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new approaches are necessary to fulfill this aim.

In the previous Section 5.3.1 the influence of annealing temperature and time on the crys-
tal orientation in a 1-step anti-solvent method is discussed. As concluded, slow annealing
can lead to enhanced preferential crystal orientation in 1-step methods. In a variant of the
lead acetate method investigated in Section 5.2.1, a solution of PbAc2 and MABr precur-
sors is spin-coated in a nitrogen-rich environment and is annealed under a glass cover.Here,
we find that control of the solvent atmosphere during the whole crystallization process
is crucial to maximize crystal size. In particular, films undergo gentle solvent annealing
during the 3 min spin-coating process as a result of the evaporated solvent coating the
walls of the spin-coater. To achieve high-quality films and ensure good reproducibility,
excess of solvent in the spin-coater must be removed between samples. Exposure to too
much solvent or traces of alcoholic solvents such as methanol lead to secondary nucleation
and inhomogeneous films. This process is hereafter referred to as the controlled solvent
drying (CSD) method. [29]

In contrast to the investigated 2-step methods, 2D GIWAXS data of films fabricated via
the CSD method show intense Bragg peaks and no rings which implies a strong prefer-
ential crystal orientation with {001} planes parallel to the glass substrate, i.e. face-up
orientation (cf. Figure 5.23). This is remarkable for a thin polycrystalline film processed
from solution. Azimuthal cuts around the q positions of (100), (101) and (102) reflexes are
presented in Figure 5.23f. A comparison of films produced in a N2-filled glovebox and air
shows the effect of secondary nucleation: Additionally to the highly-oriented crystals, a
minor contribution of crystallites without preferential orientation is visible in the sample
produced in air. In total, we assume that such a high degree of orientation is derived from
a pre-crystallization step in the presence of a solvent layer on top. Similar strong prefer-
ential orientation was found by Chen et al. for other perovskite variants, and they could
prove with in-situ techniques that crystallization in fact starts at the precursor solution
surface. [79,281]

Improved Properties of Oriented Films

In the following, the properties of these highly-oriented CSD films are compared to VASP
films with mostly random crystal orientation. A comparison of surface morphologies
reveals that with the CSD method, we achieve extended control over crystallization which
results in smooth perovskite film with densely packed grains and domains sizes between
5–10 µm (cf. Figure 5.24b). The MAPB sample fabricated with VASP on the other
hand exhibits a similar morphology as the iodide variant with grain sizes of up to 1 µm
(see Figure 5.24a and Section 5.2.1). The tiny white dots in Figure 5.24b are crystallites
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stemming from secondary nucleation as explained earlier.

Figure 5.24: Scanning electron microscopy images of (a) a MAPB film fabricated with the VASP method
showing crystals with sub-micron size, and (b) a MAPB film fabricated with the CSD method on ITO\TiO2

with crystal sizes between 5–10 µm. [29] Representative device performance data for such films reveal that
high current density is mainly responsible for the better performance of the CSD films.

To correlate the effect of morphology and crystal orientation with photovoltaic perfor-
mance, devices with the configuration ITO\TiO2\MAPB\spiro\Au are compared for
MAPB films prepared via VASP and CSD, respectively. To exclude variations in the
optical absorption of the films due to different perovskite film thicknesses, it is fixed to
350 nm. It should be noted that the VASP method is reportedly achieving the high-
est efficiencies for MAPB devices in a similar architecture on mesoporous TiO2 scaffold,
although no conclusive EQE measurement is reported in this study. [282] Here, devices em-
ploying a CSD film outperform the devices with VASP films and show good reprodiciblity
exhibiting much higher photocurrents. The best devices achieved a current density of
almost 7 mA cm−2, which is twice the average value found for devices employing VASP
films, and incicative of an internal quantum efficiency of over 95 % as determined by
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EQE measurements. Additionally, time-resolved photoluminescence measurements imply
a lower defect density for MAPB films prepared via CSD. [29]

To exclude an impact of the larger domain sizes in CSD films, solar cell samples are
also fabricated on FTO substrates: The higher roughness as compared to ITO substrates
hinders horizontal crystal growth and reduces the domain sizes in the perovskite layer,
leading to domain sizes comparable to those derived with the VASP approach. However,
the short-circuit current is not affected by the reduced domain size, leading us to postu-
late that the degree of crystal orientation in MAPB films is the parameter responsible for
the high short-circuit currents. This may be a result of a lower number of defects at the
grain boundaries because all neighboring crystals exhibit the same facets with the same
orientation.

5.3.3 Highly-Oriented MAPI Perovskite Films

Variation of the Pb:DMSO Ratio

Encouraged by the results of the previous two sections, we engage in the quest of skimming
the full potential of tunability via retarded nucleation by non-halide lead precursors and
complex-forming solvent additives. To achieve this, the molar ratio of Pb and DMSO
is tuned carefully by changing the composition of the DMF:DMSO mixed solvent and
keeping the 1:3 precursor mixture of PbAc2:MAI constant at 0.75 m.Here, it is important
to note that lead acetate trihydrate PbAc2•3H2O is used. The possibility to manipulate
crystal orientation and morphology via hydration water is investigated in detail by Zhou
et al.. [283] After dynamical spin-coating for 3 min the sample is transferred to a hotplate
and annealed at 130 ◦C for 5 min.

GIWAXS measurements were performed on samples with three different Pb:DMSO mo-
lar ratios. Remarkably, all samples exhibit very different orientations. The sample with
1:2

3 Pb:DMSO ratio (Figure 5.25a) shows unprecedented pure and strong preferential
orientation in (200) direction (side-up orientation), so that every single peak is identified
and indexed with respective (hkl) indices. The azimuthal cut along the (002)/(110) re-
flex presented in Figure 5.25d with blue circles is fitted with Gaussian functions; their
position is at 44.85(1)° with an azimuthal FWHM of 1.32(1)°. Interestingly, the sample
with a 1:1 Pb:DMSO ratio (Figure 5.25b) exhibits equally strong preferential orientation,
however, with an additional hitherto not described orientation that gives rise to peaks at
18.94(2)° with an azimuthal FWHM of 4.92(6)° and at 76.3(7)° with an azimuthal FWHM
of 4.53(8)°. This second orientation is hard to identify, however, the best agreement is an
orientation with the (321) lattice planes parallel to the substrate which equals a cuboid
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Figure 5.25: (a–c) 2D GIWAXS data of highly-oriented MAPI films fabricated with specified molar ratios
of Pb:DMSO of (a) 1: 2

3 , (b) 1:1 and (c) 1: 4
3 . Remarkably, the samples exhibit very different orientations

and individual reflexes are color coded correspondingly. (d) Azimuthal cuts along the (002)/(110) reflex
for all samples. (e) X-ray diffraction patterns of the same samples in comparison to a theoretical powder
pattern. [61] (f) Graphic representation of the volumetric percentage of individual crystal orientations.

standing on its edge but with a slight tilt, therefore, it will hereafter be referred to as
edge-on orientation. The peak originating from the (200) orientation is found at 44.95(2)°
with an azimuthal FWHM of 3.98(9)°. The amount of crystallites of either orientation
is roughly equal as apparent from the peak intensities. The sample with least-oriented
crystals is the one with a 1:4/3 Pb:DMSO ratio (Figure 5.25c). The most prominent ori-
entation is in (002) direction (face-up orientation). This is the case for about 60 % of the
crystals as determined from integration of the area below the peaks. The two orientations
seen in the other samples are present as well, though to a much lesser extent: A little
more than one fourth of the crystals in the sample are oriented in (321) orientation and
the rest is in (200) orientation. A graphical representation of the volumetric amounts of
each crystal orientation is depicted in Figure 5.25f.
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Complementary XRD measurements are presented in Figure 5.25e, proving the strong
and opposing orientations of the 1:2

3 and 1:4
3 samples by the absence of respective peaks

as compared to the pattern of a theoretical powder sample. [61] As expected from GI-
WAXS, the 1:1 sample hardly shows any peaks in XRD, as the most prominent reflexes of
tetragonal MAPI appear outside the scattering plane. This is a demonstration of the ad-
vantage of GIWAXS, as the 1:1 sample could be assumed to be of no specific preferential
orientation judging from XRD measurements alone.

Figure 5.26: (a) Azimuthal cuts of the 1: 2
3 sample in Figure 5.25a along the reflexes of (hkl) planes

as noted. Data is shifted for clarity. (b) Cake cuts of the 1:1 sample in Figure 5.25b for the reflexes at
19° and 76° identifying (002) and (110) by q position. (c) Azimuthal cuts of the sample in (b) along the
(002)/(110) reflex with and without different Lorentz corrections. [222]

Figure 5.26 shows a more in-depth evaluation of GIWAXS cuts performed on the data
for samples 1:2

3 and 1:1. In Figure 5.26a azimuthal cuts along the reflexes originating
from crystal planes as noted by (hkl) indices are plotted. The positions of individual
peaks can be identified to great precision by Gaussian fits and the results are compared in
Table 5.3 which gives the values averaged over the left and right side of the 2D GIWAXS
pattern. A comparison to the theoretical positions based on a simulation using GIXSGUI
and literature values from Stoumpos et al. shows severe deviations for some peaks that
could indicate crystal strain. [61] The strong deviation of the (310) and (312) positions
might be indicative of an overcorrection of the data at high scattering angles. However,
the deviations of (211) and (202) positions at much lower scattering angles could very
well be a feature of the sample as those two arise from the splitting of the (111) peak
in the cubic–to–tetragonal phase transition which occurs when cooling down the sample
after annealing.

Figure 5.26b shows cake cuts for the peak at 19° (red) and the one at 76° (black),
identifying the correct crystal plane by the q values of 1.0077(9)Å and 1.0114(9)Å for
(002) and (110), respectively. Figure 5.26c shows azimuthal cuts along the (002)/(110)
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Table 5.3: Azimuthal peak positions determined from Gaussian fits to azimuthal cuts along respective
(hkl) reflexes and theoretical values calculated with GIXSGUI. [61,222] In the third column I evaluate if the
obtained values fit the theoretical ones; a deviation might indicate crystal strain.

(hkl) theoretical 1:2
3 evaluation

(002) 90.0° – –
(110) 44.5° 44.9(4)° ok
(112) 59.3° 59.7(4)° ok
(200) 0.0° – –
(211) 29.2° 31.5(3)° strain
(121) 64.1° 64.7(4)° ok
(202) 32.9° 35.1(4)° strain
(004) 90.0° – ok
(220) 43.1° 45.0(4)° ok
(310) 8.6° 19.8° strain
(222) 48.7° 50.1(4)° ok
(312) 24.3° 30.0(3)° strain

reflex without and with the Lorentz corrections for 2D and 3D powder samples already
incorporated in the GIXSGUI software. There is a debate in literature why this correc-
tion should be applied as outlined in Section 2.2.2. [183–185] Here, we have proof that the
intensity ratio of these two peaks originating from the same crystals would be reversed if
any of the two corrections would be applied. Judging from the intensities in Figure 5.26c
alone, we would assign the (002) to the peak at 19° as it is smaller than the intensity of
the peak at 76°. However, the q positions in Figure 5.26b unmistakably identify the peak
at 19° as being (110). Even though one could assume that a thin MAPI film would require
a Lorentz correction for 2D powder being isotropic in the sample plane, the validity
of the Lorentz correction can be disproved for perovskite based on this simple comparison.

Using Highly Polar Solvents as Additives

MAPI perovskite films with similar strong orientation can be achieved with the solvent
additive tetrahydrothiophene–1-oxide (THTO). As calculated by Foley et al., the co-
ordination number with Pb is still higher than for DMSO, allowing a complexation of
three THTO molecules with one Pb2+ ion, and significantly raising the enthalpy of solva-
tion. [78,231] Using computational screening, they identified solvent additives with the S=O
functional group (such as THTO) as a crucial factor to form complexes with Pb2+ which
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suppresses the formation of homogeneous nucleation sites as well as crystalline interme-
diate structures. It has been suggested that in these cases colloidal particles are formed
in the solutions which act as heterogeneous nucleation sites but with a lower density, e.g.
as compared to the fast crystallization in the anti-solvent method. [77]

Figure 5.27: (a) 2D GIWAXS data of a sample based on pure DMF with no preferential orientation.
(b) 2D GIWAXS data of a sample with 13 vol% THTO additive with strong preferential orientation
and individual reflexes are identified and labeled with according (hkl) indices. (c) Azimuthal cuts along
(002)/(110) and (004)/(220) as noted, with Voigt fits.

Combining this knowledge with our earlier findings, we substitute the DMSO additive
with THTO and systematically vary the volume content from 0–26 vol%.The results
are published in N. Giesbrecht et al., “Single-Crystal-Like Optoelectronic-Properties of
MAPbI3 Perovskite Polycrystalline Thin Films” [30]. [30] Devices with the planar architec-
ture FTO\TiO2\C60\Al2O3\MAPI\spiro\Au reach a PCE of 18.5 % for 13 vol% THTO.
This is due to remarkably enhanced electronic properties reaching single-crystalline prop-
erties, such as charge carrier mobility values in the range of 40 cm2 V−1 s−1 as evidenced
by time-of-flight measurements of photogenerated species. Indeed, this approach leads to
perovskite films with extremely large and highly-oriented crystalline domains of 10–40 µm
in size as determined by high resolution transmission electron microscopy (HRTEM).
The crucial step in the film formation process is mixing the precursors lead acetate tri-
hydrate PbAc2•3H2O and MAI in the ratio 1:3 in the solid state. Only by using the
trihydrate, they form a stable and highly crystalline intermediate phase in the space
group P222. With the addition of the solvent mixture containing the highly polar sol-
vent additive THTO, perovskite crystallization is inhibited and its amount determines the
number of potential nucleation sites and thereby influences grain size. The nucleation rate
is significantly reduced and fast perovskite crystal growth is triggered with the beginning
of the annealing step. Figure 5.27 shows 2D GIWAXS data and respective azimuthal
cuts for a highly-oriented THTO-based film in comparison to a film fabricated from pure
DMF which does not show preferential orientation. As the film with 1:2

3 Pb:DMSO ratio,
the 13 vol% THTO film exhibits pure side-up or (200) orientation and every reflex can
be indexed. The (110) peak is found at 44.8(3)° by fitting a Voigt function, and the
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azimuthal FWHM is only slightly larger the for the DMSO sample with 2.0(7)°. [30]

5.4 Controlling Crystallization and Crystal
Orientation in 2-Step Deposition Methods

In lieu with the findings in Section 5.2.4, this section explores various possibilities to
influence the crystallization of MAPI films in 2-step processes.

5.4.1 MAI Additive in the Precursor Film

Zhang et al. investigated the effect of adding a small amount of MAI to the PbI2 precursor
solution. [206] According to this study, the MAI additive improves the reproducibilty of the
dipping method and leads to photovoltaic devices with up to 17.22 %. To study the impact
on precursor and perovskite film morphology, the MACl additive is initially omitted from
the conversion solution. The films investigated here use a 0.75 m PbI2 solution in DMF
with 0.13 m MAI additive (hereafter referred to as MAIPbI2) spin-coated at the same
temperatures as in Section 5.2.2 and conversion at standard 60 ◦C but reduced immersion
time of 3 min.

Precursor and Perovskite Crystal Morphology and Orientation

Figure 5.28 shows SEM images for the PbI2 films with MAI additive, which where spin-
coated at different substrate temperatures akin to Section 5.2.2, and the resulting MAPI
films. While there are some slight differences in between the individual spin-coating tem-
peratures, all films exhibit a dense surface structure comparable to the 100 ◦C sample in
Figure 5.15. The resulting MAPI films show an increase in crystallite size with temper-
ature with an average size of around 100 nm for the 25 ◦C sample, 160 nm for the 60 ◦C
sample, and 220 nm for the 100 ◦C sample. The crystallites are smaller and appear less
cubic than for samples fabricated with the unmodified dipping method, which is partially
due to the absence of chloride in the conversion solution, as will be seen later in this Sec-
tion. The 25 ◦C film displays the poorest quality and is rather inhomogeneous, while the
100 ◦C film has the densest coverage and the most homogeneous distribution of crystallite
sizes.
The small faceted crystallites clearly visible on the surface of the 100 ◦C film (and also

to less extent on the 60 ◦C film) are MAPI crystallites that are formed during the spin-
coating process, which is unsurprising since 100 ◦C is a typical temperature to convert
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Figure 5.28: Scanning electron microscopy images of (a) PbI2 precursor films with MAI additive spin-
coated at different temperatures and (b) resulting MAPI perovskite films after conversion by dipping.
(c) UV–vis spectroscopy and (d) X-ray diffraction measurements of these films. (e) Zoom-in showing the
gradually increasing intensity of the (202) reflex with precursor spin-coating temperature.

a mixed film of PbI2 and MAI to MAPI in 1-step methods. This can be seen in the
small absorption edge around 775 nm in UV–vis spectra presented in Figure 5.28c. XRD
patterns of these films do not show any signs of the perovskite which is explained later
by GIWAXS measurements (cf. Figure 5.28d). However, the intensity of the reflex aris-
ing from (202) perovskite lattice planes increases gradually with increasing spin-coating
temperature of the MAIPbI2 precursor solution, indicating a change in crystal orientation
(cf. Figure 5.28e). These MAPI crystallites can act as seed crystals during the conver-
sion, thereby directing the perovskite crystal growth which apparently makes it possible
to reduce the immersion time to 3 min and still achieve full conversion to perovskite.

The 2D GIWAXS data of these samples and evaluation of azimuthal cuts along the
(002)/(110) reflex are shown in Figure 5.29. In stark contrast to the findings of Zhang
et al., who found that the MAI additive decreases the degree of orientation of the lead
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Figure 5.29: 2D GIWAXS data of the (a) MAIPbI2 precursor films spin-coated at different temperatures
and (b) corresponding MAPI perovskite films. Azimuthal cuts of the (c) MAIPbI2 samples along the
(001) and (101) reflexes, and (d) of corresponding MAPI samples along the (002)/(110) reflex showing
a gradually increasing intensity at 55° for elevated precursor deposition temperatures. (e) Azimuthal
FWHM extracted from (c) and (d) confirming the correlation between PbI2 crystal structure and MAPI
(202) orientation.

iodide films, we find a strong increase in orientation upon the addition of the MAI addi-
tive to the precursor solution. [206] The effect of spin-coating temperature is also far more
pronounced compared to the films without MAI additive, as the width of the MAIPbI2
azimuthal FWHM roughly halves with each temperature step (cf. Figure 5.29c): The
azimuthal FWHM of the MAIPbI2 films’ (001) orientations are 18.7°, 10.3°, and 5.7° for
the 25 ◦C, 60 ◦C, and 100 ◦C samples, respectively. The 100 ◦C sample is so oriented that
its (001) peak vanishes almost completely within the missing wedge, yet the trend is con-
firmed by azimuthal cuts along the (101) peak.
Unlike for the samples of the unmodified dipping method, the height of the MAPI (202)
orientation (peak at 55° in Figure 5.29d) also fits well to the height of the MAIPbI2 (001)
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orientation, with each temperature step doubling the peak height which is in line with the
observations in XRD patterns. This agreement is again as expected, since all three meth-
ods show a similar surface morphology in SEM, indicating that in-situ conversion and
dissolution–recrystallization should play a similar role for all samples. The (002)/(110)
peak is significantly less pronounced than for the 60 ◦C sample fabricated from a pure
PbI2 precursor film. As explained later, this is partly due to the presence of chloride in
the conversion solution. It does, however, also agree with the surface morphology, as a
dense surface should suppress the dissolution–recrystallization process, giving this peak a
similar appearance as for the 100 ◦C sample in Figure 5.16, which showed a similar surface
morphology in the corresponding SEM in Figure 5.15.
The trend observed for MAIPbI2 azimuthal FWHM translates well to the trend of az-
imuthal FWHM of the MAPI (202) peak, which is 20.3°, 12.5°, and 7.8° for 25 ◦C, 60 ◦C,
and 100 ◦C samples (cf. Figure 5.29e). The FWHM shows an excellent agreement over
the entire range of values, proving that the (202) orientation results directly from the
orientation of the precursor film.

Figure 5.30: (a) Cake cuts around χ = 45° of the GIWAXS data of the 100 ◦C samples in Figure 5.29
indicating the co-existence of different crystal phases. (b) Zoom-in of the azimuthal cuts along the PbI2

(001) and the MAPI (002)/(110). (c) Degree of order in the precursor and perovskite films of Sec-
tion 5.2.2 and this section as determined by the Herman order parameter and integration of azimuthal
cuts, respectively.

Apart from this expected behavior with less porous precursor films, there are some ad-
ditional features visible in the perovskite as well as in the precursor films spin-coated at
higher temperature:
Additionally to the peak at 0°, there are peaks at χ = 14.8° and χ = 78.2°. These come
very close to the positions of the peaks observed in Figure 5.25c for a 1-step method
with tuned DMSO additive, and we want to assign these to the same (321) or edge-on
orientation.
Surprisingly, there is also a small additional double-peak in the 100 ◦C precursor and per-
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ovskite samples around χ = 45° azimuthal angle which allows insight into what happens
during the spin-coating process (cf. Figure 5.29a and 5.29b). Figure 5.30a shows cake
cuts around χ = 45° which make it possible to determine the q positions of these peaks.
For the MAIPbI2 sample the positions are q = 0.95Å−1 and q = 1.01Å−1, the latter of
which can be assigned to MAPI perovskite. The second peak lies in between the q values
of PbI2 (001) and MAPI (002)/(110) and could belong to an intermediate phase also
described by Zhang et al. [206] However, as the q value is higher than the one of PbI2, the
lattice is not “pre-expanded” as described by Zhang et al., but rather contracted. The
fact that both peaks appear under two different azimuthal angles, namely χ = 45.0° and
χ = 54.5° is on the one hand a nice proof of our theory of the origin of the peak at 55°
found in MAPI films fabricated with the dipping method; on the other hand, the peak at
45° could be an indication of rotating seed crystals during conversion as observed by oth-
ers. [284] That these peaks only appear out of the scattering plane is the reason why they
are not visible in XRD. In the corresponding 100 ◦C MAPI film, there seems to be a slight
amount of unreacted PbI2 as indicated by the peak at q = 0.89Å−1 and a small amount
of slightly compressed perovskite crystals as indicated by the peak at q = 1.05Å−1.

Finally, the addition of MAI to the PbI2 precursor solution leads to plain films for all
spin-coating temperatures in contrast to the pristine PbI2 solution. As mentioned in the
previous discussions, there is a close correlation of the FWHM of PbI2 (001) and the peak
at 55° of the MAPI (002)/(110) reflex. Thus the amount of oriented crystals directly
correlates with the degree of order in the precursor film.
As all precursor films are highly oriented, their overall degree of orientation can be char-
acterized by the Herman order parameter

S =
3 〈cos2χ〉 − 1

2 (5.5)

which yields values between S = 0.84 and 0.98 for the various precursor samples of both
methods with and without addition of MAI, where the latter is very close to a perfect
orientation of S = 1. [285] The reason for the smaller Herman order parameter of the 100 ◦C
PbI2 sample as compared to the 25 ◦C PbI2 sample despite its smaller FWHM is due to
an increased intensity at larger azimuthal angles (cf. Figure 5.16d). The percentage of
oriented crystallites for the MAPI samples is varied between 24.6 % and 89.8 % which
shows the broad range of tunability by accessing simple processing parameters.

The Influence of the Chloride Content in the Conversion Solution

The 60 ◦C sample in Section 5.2.2 shows a far stronger orientation along (002)/(110) than
the 60 ◦C sample in this section. This is due to the lack of chloride in the conversion
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Figure 5.31: (a) 2D GIWAXS data of a MAPI film prepared from a MAIPbI2 precursor film by dipping
in a conversion solution containing MACl. (b) Scanning electron microscopy image of the same sample.
(c) Azimuthal cuts along the (002)/(110) reflex of the data in (a) and the cut from the 60 ◦C sample in
Figure 5.29c for comparison. The reduced intensity at 55° reveals a reduced (202) crystal orientation when
chloride ions are present during the conversion, although to a lesser extent as for a pure PbI2 precursor
film.

solution. One effect of chloride in the conversion solution is a larger size and a more
cubic appearance of the individual crystallites. [182] This is also observed when chloride
is added to the conversion solution for films with MAI additive, though the increase is
much smaller than for the films without additive (cf. Figure 5.31b). The crystallite
size increases from around 160 nm to around 220 nm. 2D GIWAXS data for a MAPI
film with MACl in the conversion solution is shown in Figure 5.31a and an azimuthal
cut along the (002)/(110) reflex is shown in comparison with the cut from Figure 5.29c.
The effect of chloride in the conversion solution is qualitatively the same for films with
and without MAI additive, namely a decrease of the (202) preferential orientation and
an increase of the (002)/(110) preferential orientation, but less pronounced for the film
with additive, which can again be explained by the different surface morphology of the
precursor films. This is further evidence that the conversion process involving chloride
can only take place at the interface to the fluid, indicating that it is more similar to a
dissolution–recrystallization type process.
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To investigate whether the trend holds, different concentrations of chloride in the solution
were investigated. The total halide salt concentration in the conversion solution was kept
at 10 mg ml−1. XRD measurements confirm the expected trend: With increasing chloride
content, the intensity of the (002)/(110) peak increases (Figure 5.31d) and the intensity
of the (202) peak decreases (Figure 5.31e).
For very high chloride concentrations, the result is a transparent film, the crystal struc-
ture of which fits to MAPC with strong (001) or face-up preferential orientation (cf.
Figure 5.31d). [64] This orientation would correspond to (002)/(110) orientation in MAPI
upon replacing the chloride ions by iodide ions which is further proof of chloride promot-
ing a dissolution–recrystallization mechanism which leads to strong face-up orientation
(cf. Section 5.2.3). [240,276]

The Influence of the Iodide Content in the Conversion Solution

In order to elucidate the origin of the peaks at χ = 14.8° and χ = 78.2° belonging to the
edge-on orientation, the MAI concentration in the conversion solution (without MACl)
and the immersion time are varied. Figure 5.32 shows azimuthal cuts of GIWAXS mea-
surements performed on the resulting MAPI films. The peaks are most prominent for low
ion concentration and short immersion time, and vanish completely for high concentration
or long immersion time. Extended immersion leads to strongly enhanced face-up orienta-
tion due to the dissolution–recrystallization mechanism. Thus, the edge-on orientation is
not formed due to the conversion conditions, but is rather a result of the properties of the
precursor film. A closer look to the films presented in Section 5.2.3 with varied immersion
time (Figure 5.17) also reveals this feature. As these films were accidently annealed at
100 ◦C after the deposition of PbI2, the precursor films were much denser than usually.
This is a property they share with the MAIPbI2 samples, which lets us conclude that the
edge-on orientation is somehow a result of dense precursor films.

Figure 5.32: Azimuthal cuts of MAPI perovskite
films fabricated from MAIPbI2 precursor films dipped
in conversion solution with different MAI content for
either 3 min or 10 min as noted.
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5.4.2 Interplay of Additives and Solvent Mixture

The tunability of the precursor and perovskite film morphology by the means of additives
like MAI is compellingly simple, as no foreign substances are involved whose removal of
the final film has to be ensured. Building on the knowledge about the strong influence
of chloride on the growth mechanisms, introducing chloride directly to the precursor film
seems a logical next step. However, to study the effect of chloride alone, there should
not be any contamination with organic cations which could introduce seed crystals as
discussed in the previous Section 5.4.1.

Therefore, 0.85 m PbI2 is dissolved in DMF and added to 0.13 m of either MAI or PbCl2
(hereafter referred to as PbClPbI2).A similar strategy using an interdiffusion method has
led to 17.56 % solar cells with negligible hysteresis and improved reproducibility. [286] As
seen in Section 5.3.3, the strong coordination to DMSO can induce profound changes to
the crystallization process and resulting crystal structure. In accordance with the 1-step
method investigated in the beginning of Section 5.3, we thus also study the effect if a
DMF:DMSO mixed solvent in the same volumetric ratio 4:1 is used for the precursor film.
To ensure that most of the DMSO stays in the precursor film, the samples are not returned
to the hotplate after spin-coating at 60 ◦C. The combination of PbCl2 additive in a DMSO-
based precursor solution resulted in solar cells with 14.42 % PCE . [287] Figure 5.33 shows
SEM images as well as UV–vis spectroscopy measurements of the precursor and resulting
MAPI perovskite films.
The simple PbI2 film fabricated from a solution with pure DMF solvent exhibits the
typical porous structure, although the pores appear more ordered probably due to the
slower evaporation of remaining solvent after spin-coating. For the same reason, the
resulting MAPI film also seems to have more uniform crystal sizes. The precursor film with
MAI additive again shows faceted MAPI seed crystals, and a zoom-in reveals additional
small white dots (inset in Figure 5.33a) which could be smaller MAPI crystals from
secondary nucleation during the retarded evaporation of the solvent similar to what we
observed in Section 5.3.2 for the CSD method. The resulting MAPI film has slightly
smaller crystals than the film where no additive is used. Finally, the precursor film with
the PbCl2 additive exhibits an interesting highly porous structure which results in even
smaller MAPI crystals. This seems counterintuitive, as so far chloride has been associated
with producing larger MAPI crystals. We speculate that a fast halide exchange reaction
upon immersing the PbClPbI2 precursor sample into the conversion solution leads to the
formation of numerous nucleation sites with high density which in the end limits crystal
growth.
The situation is very different with the DMF:DMSO solvent mix: The pure PbI2 film
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Figure 5.33: (a–d) Scanning electron microscopy images of (a) PbI2, MAIPbI2 and PbClPbI2 films fabri-
cated from a pure DMF solution and (b) resulting MAPI films, and (c) PbI2, MAIPbI2 and PbClPbI2 films
fabricated from a 4:1 mixed DMF:DMSO solution and (d) resulting MAPI films. UV–vis transmission
(solid lines) and reflection (broken lines) spectra of (e) the precursor and (f) perovskite films.
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shows even smaller pores and round crystallites instead of the typical flattened, pancake-
like forms which might be due to a retarded crystal growth that started from a nucleation
site in their center slowly progressed symmetrically due to the strong coordination with
DMSO. The precursor film fabricated from the mixed solvent with MAI additive consists
of a network of large crystals on the surface which form a worm-like structure. Underneath
a spiderweb-like arrangement is visible, and similar to its counterpart from pure DMF
it has small white dots on the surface. The mixed solvent with PbCl2 additive yields a
precursor film consisting in equal parts of round crystals and sticks that are reminiscent of
chipped wood. All resulting MAPI films are dense with very small and round crystals, but
also exhibit sticks on the surface with lengths of several micron. While the first two also
have faceted and large cuboids over 1 µm, the last one rather shows platelets. Of course,
these films would not be suitable for solar cells, as the crystals sticking out from the film
would pierce through the charge transport layer deposited above and form short circuits.
However, as shown in Section 5.2.3 and Figure 5.19a, this can by avoided via fine-tuning
the ion concentration in the conversion solution. Solar cells with over 10 % PCE have
been fabricated with the combination MAIPbI2 and mixed DMF:DMSO solvent. [288]

As mentioned before, the precursor films are not returned to the hotplate after spin-
coating at 60 ◦C in order to make sure that as little as possible of the DMSO evaporates.
Nevertheless, over time the films might undergo changes. Figure 5.34 presents ex-
situ UV–vis spectra of PbI2 and MAIPbI2 films fabricated from a pure DMF and mixed
solvent solution. The simple PbI2 film from pure DMF clearly shows the absorption
onset of crystalline PbI2 at 520 nm corresponding to the band gap of 2.33 eV. [289] It also
seems stable, only the sub–band gap oscillations straighten out which might indicate an
increasing surface roughness. The sample maintains its initial yellow color after more
than three days. The MAIPbI2 from pure DMF exhibits a slight shift of the absorption
onset as a result of slow conversion of the PbI2 and the intermediate phase where PbI2
and MAI are not tightly bound into MAPI perovskite; this is supported by the brownish
hue of the aged sample. [290] The PbI2 and MAIPbI2 samples produced from the mixed
DMF:DMSO solution initially have an absorption onset at much lower wavelength which is
in accordance with the presence of polyiodide plumbate complexes like PbI2−4 •2(DMSO)2

(λ = 428 nm). As the DMSO evaporates, there is a gradual red shift to a value around
λ = 490 nm which belongs to PbI4−6 moieties. In the absence of MAI it stays there, but
for the film containing MAI additive the red shift continues until it reaches the value for
crystalline PbI2.
The changes in absorption behavior are thus due to phase changes which we follow with
ex-situ XRD (cf. Figure 5.34e). Surprisingly, the (001) peak intensity of the simple PbI2
increases which indicates that some residual DMF solvent might still be present over an
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Figure 5.34: (a–d) Ex-situ UV–vis spectroscopy measurements during aging of (a) PbI2 and (b) MAIPbI2

films fabricated from a pure DMF solution, and (c) PbI2 and (d) MAIPbI2 films fabricated from a 4:1
mixed DMF:DMSO solution. The times with an asterisk * belong to a different sample. The insets are
photographs of the aged samples. (e) Ex-situ X-ray diffraction measurements of a similar sample series
during aging.

extended period. The MAIPbI2 film initially does not show the (001) reflex which implies
that there is no crystalline PbI2, so the crystallization must be inhibited by the presence of
MAI. Instead, there are two broad peaks with low intensity which likely do not belong to
a crystalline phase but merely indicate short range order. The positions of these peaks at
11.7° and 14.1°, however, roughly correspond to an expanded PbI2 and MAPI perovskite.
After some time the (001) reflex of crystalline PbI2 arises. The precursor films fabricated
from the mixed solvent initially have a peak around 9.6° which is consistent with the value
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Figure 5.35: 2D GIWAXS data of (a) precursor films fabricated from a pure DMF solution and (b) re-
sulting MAPI films, (c) precursor films fabricated from a 4:1 mixed DMF:DMSO solution and (d) resulting
MAPI films.

for the DMSO complex. [278] As the DMSO evaporates, crystalline PbI2 is formed, and in
case of the MAIPbI2 a small amount of MAPI perovskite.

Figure 5.35 shows 2D GIWAXS data of the investigated films with MAI or PbCl2 ad-
ditive and pure DMF and mixed solvent. The precursor films in Figure 5.35a are not
as well oriented as before due to the slower evaporation of residual solvent. Both MAPI
films resulting from PbI2 and MAIPbI2 show the typical orientation pattern usually found
for the dipping method with face-up and corner-up orientation. The PbClPbI2 sample has
an additional peak at q = 1Å−1 which is not consistent with either crystal phase of PbI2
or PbCl2. Interestingly, the corresponding MAPI film has a strong (002) orientation and
a slightly weaker orientation at 49.5° instead of 55°. The samples based on the mixed
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solvent all show peaks with different degree of orientation at lower q than PbI2, namely
q = 0.69Å−1 for PbI2 or q = 0.67Å−1 and q = 0.50Å−1 for MAIPbI2. Furthermore, the
mixed-solvent MAIPbI2 and PbClPbI2 samples hardly contain any crystalline PbI2. The
resulting MAPI films are much more random than for pure DMF.
It should be noted, that no additional MACl was added to the conversion solution and
different baths were used for the different precursor mixtures. A comparison of the fea-
tures observed here with Figure 5.29 reveals a stronger (002) orientation for the MAPI
films originating from a precursor solution with pure DMF (Figure 5.35b) and generally
more randomly-oriented crystals in the MAPI films converted from precursors employing
mixed solvents (Figure 5.35d). Thus, only by changing the solvent mixture ratio and
additive type and content of the precursor film, the amount of oriented and non-oriented
crystallites in the MAPI film can be adjusted.

5.5 Possible Crystal Orientations of Perovskite
Films

On the basis of the findings in Sections 5.2, 5.3 and 5.3, we want to draw conclusion
about possible preferential crystal orientations in MAPI perovskite films and link them
to their respective PbI2 orientations. This does not imply that these crystal orientations
are necessarily the result of a 2-step deposition method. We rather want to discuss the
thermodynamic origin of these orientations in terms of coordination of Pb2+ ions with
surrounding I− ions.

Figure 5.36 shows theoretically possible PbI2 crystal orientations. Lead layers parallel
to the substrate surface are marked by dashed lines. Underneath, a schematic sketch
visualizes the coordination of a Pb2+ ion sitting on a substrate surface with surrounding
I− ions. With regard to the entropy of the total arrangement of ions, the ones with lower
coordination number would be more likely as they require a lesser amount of order. Thus,
the sketches in Figure 5.36a–d are ordered from left—likely, to right—unlikely. The orien-
tation shown in Figure 5.36b, however, is rather unlikely and would quickly transform to
the orientations in Figure 5.36c or 5.36d due to the close vicinity of I− ions of neighboring
Pb2+ ions.
In general, the link between PbI2 and MAPI perovskite orientations holds for both 1-step
and 2-step deposition methods. For 2-step methods the explanation is straightforward and
has been discussed intensively in previous sections. But also for 1-step methods the same
thermodynamic considerations hold for the MAPI crystals. Furthermore, the formation of
the perovskite phase is not always the first stage of crystallization—even in 1-step meth-
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Figure 5.36: (a–d) Theoretically possible PbI2 crystal orientations. Lead layers are indicated by dashed
lines and crystal directions by a coordinate system with red (a axis), green (b axis) and blue arrows (c
axis). Underneath, sketches visualize the coordination of a Pb2+ ion with surrounding I− ions, i.e. a
single nucleus. This is the link to (e–h) resulting MAPI orientations whose crystal directions are again
indicated by a coordinate system and color-coded cuboids with labels according to the (hkl) index of the
plane parallel to the substrate.

ods. Many intermediate stages are possible and sometimes required to make the crystal
formation energetically feasible. [8,241,255,275] On the other hand, perovskite crystallization
during evaporation seems to be affected by the choice of substrate. In particular, MAI
seems to have a varying affinity to physisorb on certain substrates and might even de-
compose, which hinders the formation of the perovskite phase in the first few nanometers
which initially leads to the growth of a PbI2 at the vicinity to the substrate. [291,292] Similar
aspects might play a role in solution-processed films as well, and therefore the orientation
that PbI2 crystals could theoretically take has a direct impact on the preferential crystal
orientation actually found in the respective final MAPI perovskite films.

These PbI2 orientations directly lead to preferential crystal orientations of MAPI per-
ovskite as noted below the sketches:
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The (001) PbI2 orientation in Figure 5.36a leads to a (202) or corner-up orientation of
MAPI as presented in Figure 5.36e. This orientation is connected to an in-situ or solid
state conversion mechanism of a crystalline precursor film to perovskite in 2-step depo-
sition processes as explained in detail in Section 5.2. The same orientation is also found
for similar deposition techniques by others. [293–296] It seems to be inherent to this type
of 2-step deposition method, and to the best of our knowledge, there are no reports of
this orientation for 1-step methods. This could be due to the high entropy required for
formation of a single nucleus as shown in Figure 5.36a. For the PbI2 itself we find this
orientation most frequently, so the entropic picture has to be revisited: Here, the parallel
arrangement of layers consisting of PbI4−6 octahedra with the substrate surface seems to
be beneficial. Thus, as long as the external energy supply during transformation to the
perovskite phase is limited, it is energetically favorable to keep this crystal orientation
intact. External triggers, such as high ion concentration, thermal treatments etc. can
lead to a dissolution of the precursor crystals (cf. Section 5.2).
For the crystal orientation in Figure 5.36c, the (110) plane of PbI2 is approximately or-
thogonal to the substrate surface. This orientation leads to a (200) or side-up orientation
of MAPI perovskite. This orientation was mostly found in 1-step methods with complex-
forming solvent additives (cf. Section 5.3.3). However, the shift of the (110) peak from
χ = 55° to χ = 49.5° for a precursor film with chloride and solvent additive in Section 5.4.2
might be an indication of at least a mixed orientation phase between (202) and (200) ori-
entation. Thus, we can assume that the side-up orientation is linked to the formation of
colloids in the precursor solution and thus a heterogeneous nucleation. [77,83,297]

The crystal orientation in Figure 5.36d is approximately along (011) of PbI2 and has the
highest coordination number of 5 and the highest order. In this arrangement, the PbI4−6
octahedra of the PbI2 cage are standing upright which can lead to two MAPI orientations
with analogous octahedra configuration: (i) The most commonly found preferential crys-
tal orientation in MAPI perovskite films is undoubtedly (002) or face-up orientation. As
shown in the previous sections, it is often present to a certain extent in most 1-step and
2-step deposition methods (cf. Sections 5.2.1, 5.3.2 and 5.3.3). This MAPI orientation
is most likely the result of a “free” crystallization of particles, i.e. oversaturation of the
precursor solution followed by a homogeneous nucleation. In case a crystalline precursor
film is converted to the perovskite phase in a 2-step method, it is the second step of a
dissolution–recrystallization mechanism (cf. Section 5.2.4). (ii) The other preferential
perovskite crystal orientation that can follow from upright PbI4−6 octahedra is (321) or
edge-up orientation. In contrast to the (002) orientation, the (312) orientation seems to
be linked to a certain type of heterogeneous nucleation which is either connected to colloid
formation in 1-step methods (cf. Section 5.3.3), or a rather closed precursor film surface
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in 2-step methods which serves as a nucleation center (cf. Section 5.2.3 and 5.4.2). [77,298]

In conclusion, with the investigations covered in this chapter we are able to elucidate the
origin of all possible preferential crystal orientations that can be found in MAPI perovskite
films.

5.6 Conclusion

In this chapter, we have established a comprehensive picture of the crystallization mech-
anisms and resulting morphologies of perovskite thin films on planar substrates. This is
achieved by in-depth analysis of X-ray scattering measurements—in particular GISAXS
and GIWAXS—and a comparison of different film deposition methods.

In general, we distinguish between 1-step and 2-step deposition. As individual contribu-
tions of organic and inorganic species can nicely be accessed in 2-step methods, we first
investigated the sequential deposition method where a crystalline PbI2 precursor film is
converted to MAPI perovskite by dipping in a conversion solution containing the organic
compounds MAI and sometimes MACl as introduced by Docampo et al. for a planar
device architecture. With this method, we prepared high quality perovskite films in a
single tetragonal I4cm phase and high absorption coefficient. The solar cells show the
typical spread of device parameters owing to moderate reproducibility, and also strong
hysteresis. Nevertheless, the highest PCE achieved in this work is around 9 %, and the
influence of an additional mixed-phase TiO2 interlayer is studied. We further investigated
the microscale morphology of PbI2 precursor and MAPI perovskite film with GISAXS
with a typical incident angle of 0.4°. Additional measurements with an incident angle of
0.22°, which is close to the films’ critical angle, a higher surface sensitivity is achieved.
For the analysis using a model with abstract geometrical shapes as scattering objects, we
assign three form factors to represent domains in the size ranges of over 100 nm (large),
20–100 nm (small) and below 20 nm (very small). Thus, by contemplating the intensities
of these form factors, the ratio of small to large crystals can be estimated and gives insight
into the conversion step by comparing bulk with surface, and precursor with perovskite:
The precursor film shows consistently less small crystals than the perovskite, where the
amount of small crystals increases especially in the bulk. Therefore, we assume that these
small crystals are formed by breaking of the large ones due to lattice strain induced by
laterally constrained growth during topotactic transformation in the bulk. Indeed we
find compressive strain by a Williamson–Hall analysis of XRD measurements on a pow-
der sample prepared with this method. Furthermore, our observations from GISAXS are
confirmed by cross-sectional SEM images. Finally, we consider that the vertical MAI

156



5 Crystallization of Perovskite Thin Films

concentration gradient plays a role in the stronger dissolution of the precursor at the
solid–liquid interface and attribute the lower amount of small crystals at the surface of
the MAPI film to Ostwald ripening.

This first insight indicated the presence of several competing conversion mechanisms
whose detailed understanding required a closer look to crystallographic length scales.
In order to gain a basic understanding of crystal orientation and morphology in hybrid
perovskite thin films, we examined five seminal deposition methods. We chose two 1-
step and three 2-step methods which at the time of their original publication marked the
cornerstones of the playing ground of wet chemical film deposition tricks achieving PCE
of around 12–16 %. Our verification of remarkable and comparable high optoelectronic
quality of these films is followed by an in-depth analysis of GIWAXS data, which also
helped to establish a road map for this type of evaluation.
The representatives of the 1-step methods, dubbed anti-solvent and lead acetate method,
show mostly random crystal orientation, while the investigated 2-step methods exhibit
different orientation features depending on the type of conversion regardless of their being
descended from the same highly-oriented PbI2 precursor layer:
The VASP method where the perovskite film is converted in MAI vapor exhibits simi-
lar low degree of orientation as the 1-step methods in 〈002〉 direction with an additional
45° orientation. Interestingly, it exists in the pseudo-cubic P4mm crystal phase at room
temperature commonly only observable above 60 ◦C. The origin is unclear, although in
comparison to the other samples investigated here, it showed the smallest strain.
The sample converted by interdiffusion of a higher concentrated MAI solution as used for
the dipping method shows higher preferential orientation and consists of 25 % face-up-
oriented crystals which might originate from a seed layer formed at the film surface.
The dipping method has the highest orientation with 66 % and interestingly shows two
preferential crystal orientations which could be identified as belonging to fundamentally
different conversion mechanisms. The (002)/(110) or face-up orientation, also found in 1-
step methods to some extent, originates from a complete dissolution of the precursor crys-
tals and subsequent recrystallization to the perovskite phase (dissolution–recrystallization
mechanism). The (202) or corner-up orientation belongs to an in-situ conversion process,
where the structure and orientation of the PbI6 octahedra in the highly-oriented PbI2
precursor crystals is preserved and leads to MAPI crystals tilted at a 55° angle. This
correlation was verified by systematically tuning the porosity of the precursor layer by
adjusting the temperature of substrate and solution during spin-coating, and compari-
son of the azimuthal FWHM of respective peaks in GIWAXS. Key is the area of the
solid–liquid interface to the conversion solution, and an optimized deposition tempera-
ture of 60 ◦C leads to almost equal contribution from both mechanisms while balancing
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the effects of volume expansion observed with GISAXS. While a higher temperature of
the conversion solution favors faster dissolution of the precursor, there is no pronounced
influence on the orientation distribution as both mechanisms seem to happen simulta-
neously. With extended dipping time a self-purification process kicks in at later stages,
converting (002) to (110) orientation. The ion concentration, and especially the presence
of chloride ions in the conversion solution are an important factor for the crystal orien-
tation in the dipping method, as both high ion concentration and the MACl additive
promote a dissolution–recrystallization process.

This knowledge was subsequently used for controlling the crystal orientation in films
prepared via 1-step and 2-step deposition methods.

A slower annealing of a film prepared with the anti-solvent method with a mixed solvent
verified the existence of the self-purification process described before and led to stronger
face-up orientation.
Controlled and slowed-down crystallization was also a successful technique for achieving
highly-oriented MAPB films with (001) orientation via an adapted lead acetate method.
Photovoltaic devices fabricated with this method dubbed controlled solvent drying (CSD)
yielded consistently higher current densities and PCE as compared to devices fabricated
with VASP. The dipping method does not lead to strong preferential crystal orientation
of MAPB films and completely misses the 55° peak, as PbBr2 does not possess a layered
crystal structure leading to the strong orientation of its cousin PbI2.
Combining the knowledge of these experiments, highly-oriented MAPI films were fabri-
cated from lead acetate in a mixed solvent system changing the stoichiometric amount
of highly polar solvents like DMSO and THTO which tend to form complexes with lead.
With increasing amounts of DMSO, this leads to varying degrees of (200) orientation,
(321) or edge-on orientation, or face-up orientation. The sample with equal (200) and
(321) orientation fabricated from a solution with 1:1 Pb:DMSO further helped to disprove
the necessity of a Lorentz correction for GIWAXS data of MAPI perovskite.

Building on the deep knowledge about the processes in the dipping method, we further
looked into the possibility of tuning crystal orientations in 2-step deposition. The addi-
tion of 0.13 m MAI to the PbI2 precursor solution leads to dense layers with seed crystals
in case of a precursor layer deposited at 100 ◦C. These seed crystals are mostly oriented
around 55° again proving the correlation with the precursor orientation, while an addi-
tional orientation at 45° is also present to less extent; both peaks originate from MAPI
and an intermediate phase with a smaller lattice constant and the second orientation is
indicative of crystal rotation during conversion. The resulting MAPI film exhibits a (321)
orientation in addition to the (002) and (202) orientations which is a result of the dense
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precursor film. Acting as a counteragent to the predominant (202) orientation tunable by
temperature, an increasing chloride content in the conversion solution leads to a stronger
(002) orientation as a result of the dissolution–recrystallization mechanism, and a pure
MAPC film when 45 % of MACl are used.
In a final set of samples, the interplay of the solvent mixture DMF:DMSO, the MAI
additive and a PbCl2 additive to the precursor solution is studied. The precursor films
exhibit remarkably different morphologies as evidenced by SEM. The chloride additive
generally leads to higher precursor film porosity with either foam-like (pure DMF) or
needle-like morphology (mix), and smaller MAPI crystals. Due to the slower evaporation
of the DMSO, the mixed solvent precursor layers result in either spherical (pure PbI2)
or a well-arranged worm-like structure (with MAI additive). As observed by UV–vis and
XRD, the mixed solvent precursor layers undergo compositional and structural changes
within minutes after deposition. GIWAXS measurements reveal a mixed crystal phase for
the precursor with chloride additive from pure DMF, and a strong (002) orientation and
weaker 49.5° orientation for the MAPI film. The mixed-solvent MAIPbI2 and PbClPbI2
samples hardly contain any crystalline PbI2, but different solvent complexes with varying
degree of orientation, which result in MAPI films with generally more random distribution.

Finally, we discussed the observed preferential crystal orientations found in MAPI films
produced via 1-step and 2-step methods and related their existence to entropic consider-
ations regarding the arrangement of the inorganic species on a planar substrate.
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CHAPTER6
Degradation of Perovskite Thin Films

Solution-processed hybrid perovskites are of great interest for the use in cost-effective thin
film photovoltaics with device efficiencies challenging other thin film and even wafer-based
technologies. However, polycrystalline perovskite thin films show strong degradation in
humid atmospheres, which poses an important challenge for large-scale market introduc-
tion, especially if aspiring production in ambient conditions. In combination with trace
amounts of moisture, even encapsulated perovskite solar cells are prone to degradation
under illumination with accompanied heating up of the device. [299] Thermal degradation
of hybrid perovskites has also been independently described. [300] Chemical and structural
instability of hybrid perovskites due to influences like elevated temperature, and moisture
and the question if these represent thermodynamically stable phases, are therefore central
issues towards the feasibility of perovskite photovoltaics. [36]

Experimental evidence suggests structural changes under working conditions (light, bias)
with fast rotational dynamics of the MA+ cations leading to a phase transition from
tetragonal to pseudo-cubic on a picosecond time scale. [133] In Section 6.1 we follow the
crystalline changes in a perovskite solar cell in operando while performing GIWAXS mea-
surements. Our observations suggest different transport and degradation mechanisms
below and above the tetragonal–cubic phase transition temperature for MAPI perovskite
solar cells.

With in-situ grazing-incidence small-angle neutron scattering (GISANS) we analyzed wa-
ter content, degradation products and morphological changes during prolonged exposure
to several humidity levels. In high humidity, formation of metastable hydrate phases
is accompanied by domain swelling, which transforms the faceted crystals to a round-
washed, pebble-like form. The films incorporate much more water than is integrated
into the hydrates, with smaller crystals being more affected, making the degradation
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strongly dependent on film morphology. Even at low humidity, water is adsorbed on the
crystal surfaces without formation of crystalline degradation products. Thus, although
production in ambient atmosphere is of interest for industrial production it might lead to
long-term degradation without appropriate countermeasures like post-production drying
below 30 %rh. These results are published in J. Schlipf et al., “In Situ Monitoring the
Uptake of Moisture into Hybrid Perovskite Thin Films” and discussed in Section 6.2. [32]

Section 6.3.1 explores a perovskite\perovskite heterojunction approach developed in col-
laboration with Yinghong Hu. A facile solution-based cation infiltration process to deposit
layered perovskite (2D perovskite) structures onto MAPI films. GIWAXS experiments
were performed to gain insights into the crystallite orientation and the formation process
of the perovskite bilayer. Our results show that the self-assembly of the 2D layer on top
of an intact MAPI layer is accompanied by a reorganization of the perovskite interface.
This leads to an enhancement of the open-circuit voltage and power conversion efficiency
due to reduced recombination losses, as well as improved moisture stability in the result-
ing photovoltaic devices. These results are part of the publication Y. Hu et al., “Hybrid
Perovskite/Perovskite Heterojunction Solar Cells”. [31]

To increase the moisture stability of hybrid perovskite photovoltaics, this combination of
3D and a thin layer of 2D perovskite incorporating long-chained organic cations is often
employed as photoabsorber. However, the detailed interaction between water and 3D\2D
perovskite heterojunctions has not been elucidated yet. Using in-situ neutron and X-ray
scattering techniques, we reveal surprisingly strong water uptake into 3D\2D perovskite
films despite the presence of hydrophobic bulky cations. Our results show rapid dispro-
portionation of the initial 2D phase (m = 5) in MAPI\2D films into lower-m phases under
humidity. Nevertheless, the 2D perovskite inhibits the escape of MAI and irreversible for-
mation of PbI2, which suggests that suppressed I− and MA+ ion migration is related to
the improved moisture stability of MAPI\2D perovskite films. In comparison, quadruple-
cation perovskites including Rb+ exhibit poor stability towards phase segregation upon
exposure to moisture regardless of the 2D perovskite layer. The results of this study are
described in Section 6.3.2, which is based on the publication J. Schlipf, Y. Hu et al.,
“Shedding Light on the Moisture Stability of 3D\2D Hybrid Perovskite Heterojunction
Thin Films”. [33]

Introductory parts are taken from the review articles J. Schlipf & P. Müller-Buschbaum,
“Structure of Organometal Halide Perovskite Films as Determined with Grazing-Incidence
X-Ray Scattering Methods” [177] and M. Petrus, J. Schlipf et al., “Capturing the Sun: A
Review of the Challenges and Perspectives of Perovskite Solar Cells”. [138].
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6.1 Degradation under Operating Conditions:
The Influence of Heat and Crystal Phase

As already mentioned, elevated temperatures can lead to the degradation of hybrid per-
ovskites. The critical question is, if thermal degradation plays a role at typical operating
temperatures, as solar cells illuminated with a light intensity of 1 sun power can easily
heat up above 60 ◦C. [12]

In literature, the thermal stability of hybrid perovskites is a matter of debate: Fundamen-
tal studies showed that these materials decompose under high temperatures above 300 ◦C
before melting. [61,63] However, this seems to depend a lot on environmental conditions
and the crystal structure: Some studies report decomposition starting at 150 ◦C [301], or
even much lower, [302] while initial mass loss of MAPI perovskite thin films was already
observed around 80 ◦C. [241] The all-inorganic CsPbI3 is typically processed at 250 ◦C [303]

and stable above 300 ◦C, while Sn-containing compounds are less stable. [61] Thus, ther-
mal degradation might indeed play a role for devices under operation. Depending on the
device architecture and certain additives, the thermal stability of hybrid perovskites can
be increased significantly. [12]

A thorough study of degradation products as a result of thermal decomposition of MAPI
perovskite is presented by Juarez-Perez et al.: The degradation of CH3NH3PbI3 to PbI2 is
accompanied by sublimation or assisted chemical reaction leading to the release of gases
which are detected via a combination of thermal gravimetric and differential thermal
analysis with mass spectrometry. [300] In contrast to others before them, who suggested
decomposition to CH3NH2 and HI, [304] they conclude that the primary gases released
during the thermal decomposition are ammonia NH3 and methyliodide CH3I. [300] Based
on experiments conducted under inert atmosphere, they formulate the following reaction
mechanism:

CH3NH3PbI3
∆−→ NH3 + CH3I + PbI2

CH3NH3I
∆−→ NH3 + CH3I.

(6.1)

NH3 undergoes further decomposition through the so-called reverse Menshutkin reaction
describing the simultaneous breaking of the C–N bond and formation of the C–I bond: [300]

CH3NH
+
3 +NH3 → CH3NH2 +NH+

4

CH3NH2 + CH3I → (CH3)2NH +H+ + I−

(CH3)2NH + CH3I → (CH3)3N +H+ + I−.

(6.2)

Under the presence of oxygen and other agents, the remaining PbI2 might be partially
converted to lead oxide ashes (PbxOy). With the aid of additional density functional the-
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ory (DFT) calculations, they propose a seven-stage degradation process with the following
competing reactions: [300]

CH3NH
+
3 (g) + I−(g)→ CH3I(g) +NH3(g)

CH3NH
+
3 (g) + I−(g) 
 CH3NH2(g) +HI(g).

(6.3)

Both reactions are thermodynamically spontaneous while the first has a slightly lower
Gibbs free enthalpy; however, the molecular ionic pair (CH3NH+

3 and I−) rather decom-
poses to the energetically favored degradation products CH3I and NH3 in the studied
temperature range of 25–600 ◦C. [300] In a later study, Juarez-Perez et al. found that the
first reaction is the detrimental one, while the second one is reversible. [305] The authors
further argue that a photodecomposition to metallic Pb(0) and gaseous I2 (mainly caused
by UV light) is reversible by iodide vapor treatment which is in accordance with observed
device regeneration in the dark. [305–307]

In this section, we want to focus on the degradation of the MAPI variant under operating
conditions relevant for real devices. Here, the “history” of the film seems to has an impor-
tant effect on the stability: Nenon et al. observed that the crystalline perovskite phase
persists to higher temperatures in thin films derived from chloride-containing precursor
solutions as opposed to films prepared without chloride (approximately 280 ◦C versus
250 ◦C). [241] While this might be due to a larger crystals or less lattice defects in such
films (cf. Figures 5.28 and 5.31), their results are entirely based on XRD and the obser-
vation of changing peak intensities which might be also result from crystal reorientation
due to heating (see Sections 5.2.3 and 5.3.1). In the following, the device operation un-
der standard testing conditions (STC) is compared to realistic conditions at an elevated
temperature. To further investigate the effect of the crystal phase, the temperature is de-
liberately chosen to be above the tetragonal–cubic phase transition of MAPI. The crystal
phases of the MAPI film in a perovskite solar cell are verified by in-operando GIWAXS
measurements, and the degradation of photovoltaic device parameters is monitored.

6.1.1 Photovoltaic Behavior under Different Operating
Conditions

A planar perovskite solar cell with the common layer architecture
FTO\TiO2\MAPI\spiro\Au is fabricated via the dipping method with the usual
MACl additive in the conversion solution (cf. Section 3.4 for details). [182]

Figure 6.1 shows dark and light current–voltage measurements of the best performing so-
lar cell pixel measured with the improved solar simulator setup described in Section 4.1.3.
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Figure 6.1: Current–voltage characteristics of the best performing solar cell pixel of a reference mea-
surement (a) in linear and (b) corresponding semi-logarithmic representation measured with the solar
simulator setup described in Section 4.1.3.

Here, we make use of the temperature control of the setup and conduct measurements at
STC of 25 ◦C, and at an elevated temperature of 70 ◦C. The voltage was scanned from
1.4 V to −0.5 V with a velocity of 0.2 V s−1. The extracted performance parameters are
listed in Table 6.1.

Table 6.1: Photovoltaic performance parameters of the current–voltage curves presented in Figure 6.1.

temperature (◦C) 25 70
VOC (V) 1.11 0.97
Rs (Ω cm2) 34.59 19.6
JSC (mA cm−2) 15.47 12.22
Rp (Ω cm2) 778.4 252.1
VMPP (V) 0.626 0.682
PMPP (mW) 8.87 7.56
JMPP (mA cm−2) 14.17 11.08
Rc (Ω cm2) 44.2 61.6
FF (%) 51.7 63.8
PCE (%) 8.87 7.56

The dark curve at 70 ◦C is shifted to the left with respect to the dark curve measured at
STC. This is a well-known behavior of semiconductors and results in a shift of the VOC by
dVOC/dT = −3.1 mV K−1 (see Section 2.36). This is slightly more than expected for silicon
solar cells where dVOC/dT ≈ −2.2 mV K−1. As the temperature values can be treated as
accurate here, this result is rather astonishing, as it implies a much higher dependence on
temperature. It should be noted here that these measurements were conducted in ambient
conditions and thus the observed shift in VOC could have a contribution of degradation
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which fits to the reduced current at 70 ◦C. The decreased shunt resistance Rp points
towards emerging shunting paths. Nevertheless, the obtained FF is still much better
at higher temperature which is indicative of overall reduced losses due to the parasitic
resistances Rs and Rp. An estimate of the characteristic resistance Rc = VMP P/JMP P ≈
VOC/JSC, the output resistance at the maximum power point (MPP), gives a better insight
into the impact of parasitic loss mechanisms as the FF . [125–127] As it represents the inverse
of the slope of a line pointing from the origin to the MPP, an increase in Rc denotes a
decrease in the slope and hence a relative shift if the MPP towards the VOC and vice versa.
The Rc is higher at 70 ◦C which is in line with the lower Rs and indicates better charge
transport through the device at elevated temperature. The role of the crystal phase of
the MAPI perovskite and how this ultimately affects the device degradation is discussed
in the following sections.

6.1.2 Measurement Procedure for In-Operando
Characterization of Perovskite Solar Cells

Based on this, we performed in-operando GIWAXS experiments at the Austrian SAXS
Beamline at Elettra-Sincrotrone. Our aim was to find out more about the interdependence
of film morphology—i.e. crystal phase, crystallinity, and composition—and solar cell per-
formance evolution. Therefore, planar perovskite solar cells the same device architecture
FTO\TiO2\MAPI\spiro\Au were fabricated with the dipping method to be measured in
a custom-made in-operando chamber which was installed at the beamline. [182] The exper-
imental setup made it possible to monitor the performance of perovskite solar cells and
at the same time track changes in the crystalline morphology in situ during operation
with controlled temperature. For details on the solar cell device fabrication please refer
to Section 3.4; the experimental procedure along with the design and construction of a
dedicated in-operando GIWAXS chamber is briefly described in Section 4.4.1. Devices
from the same batch were pre-characterized directly after fabrication with the KHS So-
larConstant 1200 and exhibited PCE in the range of 7–8 %, similar to the ones presented
in the previous section.

Theory predicts a reversible phase transition from a tetragonal (I4cm) to a pseudo-cubic
(P4mm) phase for the hybrid perovskite MAPI due to dynamical disorder of the MA+ ion
at higher temperatures (see Section 2.1). [62] Measurements have shown that this phase
transition occurs between 53 ◦C [66] and 60 ◦C, [61] while it likely takes place over a temper-
ature range of ~15 K in which both phases are coexisting. [69] However, the implications of
this high temperature phase for solar cell performance and stability are unclear.
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Figure 6.2 visualizes the experimental procedure of the in-operando measurement: In
Figure 6.2a the current measured inside the ionization chamber installed near the beam
front-end to monitor its intensity is plotted versus time starting with the first electronic
tests on the sample. A measured current denotes that the beam shutter was open and
the sample illuminated by X-rays. After sample alignment (t < 0), the solar cell pixels
were tested individually in the dark and under illumination, and two equally performing
pixels (connected in parallel) were chosen for further testing. Subsequently, current–
voltage sweeps (from 2 V to −1 V, scan speed 0.5 V s−1) were run in four measurement
intervals under illumination (I–IV in Figure 6.2a), two with active cooling of the sample
to ambient conditions of≈ 30 ◦C and 34 %rh (“RT”), and two at high temperature (“HT”)
with controlled heating via Peltier elements and irradiation by the solar simulator lamp.
These illumination intervals (yellow areas) were interrupted by recovering times in the
dark (gray areas) during continuous current–voltage sweeping.
Figure 6.2b shows the evolution of the normalized photovoltaic performance parameters
for measurement Intervals I–IV. These are discussed in detail in the following sections.

Figure 6.2: Measurement protocol for in-operando measurements as performed at Elettra-Sincrotrone
on MAPI solar cells. (a) Measured ionization current visualizing when GIWAXS data was recorded.
Measurements at ambient conditions (≈ 30 ◦C and 34 %rh, denoted as “RT”) in the dark (gray areas)
and under illumination (yellow areas) where followed by a temperature ramp above the phase transi-
tion of MAPI after 3.5 h and subsequent measurements under illumination and in the dark (denoted as
“HT”). (b) Overview over relevant photovoltaic parameters extracted from current–voltage measurements
in measurement Intervals I–IV as marked in (a), normalized to the very first value in the beginning of
Interval I.

6.1.3 Photovoltaic Performance Beyond the Phase-Transition
Temperature

In a first set of experiments (Intervals I–II), we performed standard current–voltage
measurements by sweeping from forward bias to short-circuit with and without illumi-
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Figure 6.3: Representative 2D GIWAXS data of MAPI solar cells at the beginning of measurement
Intervals I and III showing (a) the low temperature tetragonal phase and (b) the high temperature pseudo-
cubic phase. (c) Azimuthally integrated GIWAXS data from χ = 25° to 65°) during temperature ramp
from ≈ 30 ◦C to ≈ 65 ◦C. (d) Powder cuts from χ = 0° to 90°) with (hkl) indices of the data in (a)
and (b). (e) Corresponding current–voltage characteristics of two solar cell pixels connected in parallel
at the beginning of each measurement interval, and (f) corresponding semi-logarithmic plots with linear
fits.

nation while simultaneously monitoring the GIWAXS signal. To exclude the influence
of changing sample temperature due to illumination by the powerful xenon lamp of the
solar simulator mimicking the solar spectrum, the sample temperature was controlled by
use of two Peltier elements and Pt100 temperature sensors integrated into the copper
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sample stage. Figure 6.3a shows typical 2D GIWAXS data collected at room tempera-
ture. The scattering pattern corresponds to the tetragonal crystal phase and the reflexes
(Debye–Scherrer rings) are marked with corresponding Miller indices. In a second set
of experiments (Intervals III–IV), the sample was heated by using the Peltier elements
in opposite bias until the phase transition was observed in the GIWAXS patterns. This
phase change is most apparent as the reflex at q ≈ 1.7Å−1 vanishes, which corresponds to
the (211) peak in the tetragonal phase with no direct correspondence in the cubic phase
as both (211) and (202) collapse to the (111) reflex (see Figure 6.3a–d). Thus, for the first
time, the phase transition was observed in an operated solar cell device, and, notably, JV
characteristics of the solar cells were recorded also in-operando at the high temperature.
The phase transition was observed in situ during heating and starting around 70 ◦C as
measured by the Pt100 sensors the (211) reflex had vanished completely. Powder inte-
grations from χ = 0° to χ = 90° are plotted versus the time in Figure 6.3c using the
software package DPDAK. [227] The final temperature of the copper blocks was around
90 ◦C according to the Pt100 sensors, however, the sample temperature was likely around
65 ◦C as explained in the following: Whitfield et al. found a coexistence of tetragonal
and cubic phase over a temperature range of ~15 K; due to the absence of any tetragonal
peak in the GIWAXS data, we can assume that the sample is at the higher end of this
range. As the temperatures are not known exactly, they are hereafter referred to as room
temperature (RT) and high temperature (HT), respectively. Nevertheless, this example
shows the importance of simultaneous monitoring of the crystal phase as performed here,
to make sure the entire MAPI film is in the cubic phase.

Figure 6.3e and 6.3f depicts dark and light current–voltage curves for both temperatures
in linear and semi-logarithmic representation, respectively. The dark curve at HT (light
red) is shifted to the left with respect to the dark curve at RT (gray). This results in
a lower VOC by roughly 50 mV (see Section 2.36). Thus, dVOC/dT ≈ −2.9 mV K−1 for the
measured VOC = 0.76 V, similar to the device measured with the solar simulator setup.
This value, however, very much depends on the assumed band gap Eg0 = 1.55 eV and
the measured VOC = 0.76 V which is slightly lower than the usually reported values for
MAPI around VOC = 1 V. If one assumes the theoretical values for MAPI obtained
from DFT calculations, which slightly differ for the cubic EG0 = 1.3 eV and tetragonal
Eg0 = 1.43 eV phase, [63] and VOC = 1 V, this results in dVOC/dT = −1.2 mV K−1 and
dVOC/dT = −1.7 mV K−1 for 330 K and 300 K, respectively. This would imply a less severe
impact of the temperature on the VOC , and it remains unclear at this point if the significant
reduction observed here has also some contribution from a reduced band gap in the cubic
phase. [63] Further UV–vis measurements at different temperatures would be necessary to
corroborate this theory.
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Nevertheless, the linear fits to the dark curves in Figure 6.3f are parallel indicative of a
similar diode ideality factor for both temperatures, namely n ≈ 1.44 and n ≈ 1.34 at RT
and HT, respectively. The dark saturation current densities are J0 = 0.85 mA cm−2 and
J0 = 6.39 mA cm−2 at RT and HT, respectively, indicating a higher recombination rate
with increasing temperature (see Section 2.1.4). Under illumination, however, the slopes
of the linear fits are quite different hinting at different charge transport behavior in the
cubic phase as opposed to the tetragonal phase. This results in a higher FF as apparent
from the more rectangular shape of the red JV curve in Figure 6.3e.

6.1.4 Evolution of Photovoltaic Performance Depending on
Temperature

At high temperatures the photovoltaic performance of the tested devices differs from the
one at room temperature. It can therefore be expected that the evolution of performance
parameters might also be different. To test this, the samples were subjected to current–
voltage sweeps over a prolonged time under constant illumination while simultaneous
GIWAXS measurements monitored the crystal phase at the respective temperature over
the entire time.

Figure 6.4a and 6.4b show powder integrations from χ = 0° to χ = 90° plotted versus
time for measurement Intervals I (RT) and III (HT). In Figure 6.4a the (211) reflex is
constantly present verifying the tetragonal phase over the entire measurement time of 1 h,
while its absence in Figure 6.4b denotes that the perovskite film was in the cubic phase
for the HT measurements over a time of half an hour.
Figure 6.4c–f shows plots with the evolution of all photovoltaic performance parameters
for measurement Intervals I–IV; also depicted is the ionization current which is roughly
constant for each interval but has different absolute values. Consequently, the color scale
in Figure 6.4a and 6.4b was adjusted accordingly. Nevertheless, a slight intensity decrease
towards the end of measurement Interval III is visible in Figure 6.4b indicating a loss in
crystallinity.

The evolution of photovoltaic performance parameters for RT (Intervals I and II) shows
notable differences both qualitatively and quantitatively from the ones at HT (Intervals
III and IV). While the PCE drops to about 50 % within minutes at RT, it even in-
creases for HT. This can be explained by a similar behavior of the short-circuit current
density JSC , the fill factor FF , and the shunt resistance Rp, which supports our previous
assumption of a different charge transport behavior at HT. The characteristic resistance
Rc mimics the trend observed for the shunt resistance Rp and the current density JSC
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6 Degradation of Perovskite Thin Films

Figure 6.4: (a) Azimuthally integrated GIWAXS data of the solar cell during Interval I at room temper-
ature and (b) during Interval III at the high temperature where the (211) reflex is absent. (c–f) Evolution
of photovoltaic parameters extracted from current–voltage scans in measurement Intervals I–IV showing
consistently different behavior for both temperatures.

which implies that over time shunting paths become more significant (and detrimental)
to solar cell performance at lower temperatures than at higher ones.
In Figure 6.4f the signs of ultimate device breakdown become apparent, most notably by
the increase of Rc and the decrease of Rp at the beginning of measurement Interval IV.
This indicates the emergence of shunting paths which remarkably seem to heal themselves
over the course of Interval IV so the device can almost regain about 50 % of its initial
PCE at the beginning of Interval I (cf. Figure 6.2); the low initial PCE in measurement
Interval IV is the reason for its apparent 15-fold increase in Figure 6.4f. After Interval
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IV, a series of continuous biases was applied for some minutes each which lead to the
ultimate breakdown of the solar cells. Interestingly, the perovskite film looked yellow
to the eye only under the two pixels which were operated. The other two pixels which
were exposed to the same amount of simulated solar irradiation and X-ray photons from
GIWAXS measurements still had retained their black color. This observation indicates
that perovskite degradation is mainly caused by the current flowing through it, and not
by thermal decomposition or illumination.

As already mentioned, our observations hint at different charge transport behavior at
higher temperatures. Of course, this can simply be due to a higher amount of dissociated
charge carriers as their binding energy is more easily overcome at higher temperatures.
Additionally, at higher temperature the binding energy of MA+ cations to the inorganic
cage is decreased, so they can rotate more freely. [133] This in turn implies they can re-
align more easily (and collectively) to an external electric field if the solar cell is oper-
ated. [118] Gottesmann et al. observed a slow component of the photoconductivity response
which they interpret as experimental proof for the influence of cation reorientation on the
crystal structure and subsequently on the transport properties. [133] A strong structural
distortion of the pseudo-cubic lattice observed on the picosecond timescale relevant for
photon absorption and a mitigation of lattice defects similar to tin-based perovskites could
contribute to the enhanced temperature-dependence. [308,309] Finally, the phase transition
itself might enhance the impact on the transport properties as the band curvature and
thus the effective masses are different for the cubic phase. [62,118] The increased mobility
of MA+ cations might also contribute to their volatility, migration and ultimately their
evaporation out of the crystal structure, leaving behind PbI2. In fact, recent experimen-
tal evidence from surface-sensitive in-situ GIWAXS measurements suggests that MAPI
undergoes a reversed MAI intercalation and transformation similar to the in-situ con-
version process discussed in Section 5.2.4. [310] Thus, the thermal degradation of MAPI
perovskite is an intrinsic property and might be hard to prevent. The partial recovery
of some photovoltaic parameters can be attributed to reversible degradation pathways
observed by others. [305–307] As mentioned before, other compounds like inorganic or large
cations might be able to enhance the stability of perovskite solar cells. [12,53,61] Finally,
recent studies indicate that diffusion of Au atoms through the HTL is a primary cause
of degradation at elevated temperatures which could be mitigated by the use of suitable
buffer layers or by transition to HTL-free architectures. [22,311–314] The latter not only offer
remarkable device stabilities, but also promise to have less severe environmental impact
as the Au electrode can be omitted altogether. [9,12,22,311]
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6.2 Degradation from Humidity

The presence of water at low moisture levels—like with other Lewis bases—influences per-
ovskite film formation and can even be beneficial for solar cell performance. [138,315] How-
ever, humidity has been described as detrimental for mixed halide perovskite solar cells
stored in 55 %rh for one day without encapsulation. [93] Encapsulation and other means of
preventing the ingression of moisture into perovskite thin films have been explored, and
some material compositions seem less prone to hydration. [138,316–321] Nevertheless, even
when encapsulation is applied, it is important to understand the kinetics of water uptake
in perovskite films, for example to enable cost-effective industrial device production in
ambient atmosphere. [31,322] Recent studies pointed towards compositional changes upon
exposure to moisture and a resulting bleaching of the films, accompanied by microstruc-
tural changes of grains with strong dependence on film morphology. [105,322,323]

The stability of hybrid perovskites against moisture has been described earlier and two
different crystal structures have been associated with the incorporation of H2O into the
material, one being the monohydrate CH3NH3PbI3•H2O and the other the dihydrate
(CH3NH3)4PbI6•2H2O. [324,325] Moreover, a degradation mechanism was proposed based
on the decomposition of the hygroscopic methylammonium ion (CH3NH+

3 ), which leads
to the formation of HI. [39,326,327] As H2O is again released at the end, the proposed reac-
tion is self-sustaining and even few water molecules incorporated into the film can have
detrimental effects and lead to the irreversible formation of PbI2. Further degradation
of HI has also been described and requires either oxygen or exposure to UV light. [327,328]

Simply put, the reaction looks as follows: [39]

n
[
(CH3NH

+
3 )PbI3

]
+H2O →

[
(CH3NH

+
3 )n−1(CH3NH2)nPbI−3

] [
H3O

+
]

UV, O2−−−−→ HI + CH3NH2 +H2O + PbI2 + (n− 1)
[
(CH3NH

+
3 )PbI3

]
. (6.4)

Finally, Leguy et al. have shown that all the proposed degradation pathways are part of
a multi-step decomposition mechanism in which the initial formation of the metastable
monohydrate is fully reversible and MAPI can be recovered in sufficiently dry atmo-
sphere. [40] After prolonged exposure to moisture, the further decomposition to the dihy-
drate is accompanied by the formation of PbI2 and H2O. As these materials are assumed
to phase separate, the reaction is irreversible. Additionally, ellipsometry measurements
showed that water is evenly distributed within a hydrated MAPI film and therefore H2O
molecules must diffuse along the grain boundaries. [40] They proposed the following reac-
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tion mechanism:

4(CH3NH3)PbI3 + 4H2O 
 4[CH3NH3PbI3 •H2O]

 (CH3NH3)4PbI6 • 2H2O + 3PbI2 + 2H2O (6.5)

(CH3NH3)4PbI6 • 2H2O(s) H2O(l)−−−−→ 4(CH3NH3)I(aq) + PbI2(s) + 2H2O(l). (6.6)

In the present work we investigate the ingression of moisture into MAPI films in de-
pendence on the humidity level of the surrounding atmosphere. In order to follow the
kinetics of changes in film morphology, we choose in-situ grazing-incidence small-angle
neutron scattering (in-situ GISANS) and use heavy water (D2O) as deuterium exhibits a
good contrast to other materials in neutron scattering. [190,329] Another advantage of the
GISANS technique is that it is capable of detecting potential amorphous phases suggested
in literature. [40] Commonly employed XRD can only probe crystalline phases and there-
fore is limited to the known crystalline degradation products. Thus, we are able to gain
a deeper understanding of the ingression of moisture into hybrid perovskite thin films.
In our study, MAPI films show the capability of incorporating up to ~50 vol% water at
the highest humidity levels, which suggests intermediate amorphous phases. Surprisingly,
even at low humidity water enters the perovskite films. Hydration and re-drying (dehydra-
tion) of the films is accompanied by various morphological changes. With this knowledge,
proper protection of hybrid perovskite thin films against ambient humidity during device
fabrication and operation is needed. These results are published in J. Schlipf et al., “In
Situ Monitoring the Uptake of Moisture into Hybrid Perovskite Thin Films”. [32]

6.2.1 Data Acquisition and Treatment

The investigated films have been prepared with an adjusted version of the dipping method
as outlined in the Section 3.3.4 in detail. [28,89,182,225] In short, the crystalline PbI2 precursor
film is deposited by spin-coating and is subsequently converted to perovskite by dipping
it into a mixed solution containing MAI and MACl. Our primary aim is to investigate the
morphological evolution of perovskite thin films during exposure to moisture. Therefore,
we use a custom-designed chamber and inject D2O or salt solutions in D2O to achieve
the desired humidity levels (cf. Section 4.4.3). With this approach, we are able to record
GISANS data from a dry film inside a dry initial atmosphere, while the humidity increases
rapidly and in a reproducible way after injection of D2O or salt solutions. Because exper-
imental evidence is so far typically presented for only one humidity level and the lowest
reported value that showed an effect is ~40 %rh, we chose five humidity levels in the range
40–100 %rh and two different temperatures, as depicted in Figure 6.5a. [105]
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Figure 6.5: (a) Relative humidity levels (increasing from light blue to dark blue) and corresponding
temperatures (from light red to dark red, respectively) measured during the neutron experiments in the
atmospheric chamber by injection of D2O or saturated salt solutions in D2O; the highest level of 96 %rh
(black) is achieved at a temperature of 41 ◦C (dark red), while all other measurements are taken at 26 ◦C.
(b) Representative 2D GISANS data with a logarithmic color code (integration time 1 h). Direct beam,
specular peak, and Yoneda peak are marked in the left image, while cut positions are shown in the right
image, respectively. It is obvious that the incorporation of D2O leads to an increased scattering signal
and that the Yoneda peak shifts toward the specular peak. [32]

As apparent from the graph, > 85 % of the desired final humidity level is reached after only
a quarter of an hour. Additional GISANS measurements are performed on the samples
exposed to 73 %rh and 93 %rh after drying in an ambient atmosphere of about 35 %rh
for ~25 h and ~35 h, respectively (hence referred to as “dehydrated” films).

Figure 6.5b shows exemplary 2D neutron scattering patterns of a dry and a hydrated
film, respectively. The reflected direct beam results in an intense specular peak, while to
the left of it an increased diffuse scattering signal marks the material sensitive Yoneda
peak, which is found at the average critical angle of the film and contains most of the
structure information. [177,186,190] Obviously, the Yoneda peak moves to the right, that is,
to higher exit angles during hydration. Further analysis is conducted on line cuts along
the qz direction, that is, in the scattering plane (in-plane cuts) from which we extract
information about the film composition, as well as out-of-plane, in the qy direction, which
contains information about the lateral film morphology. [177,190] For more details about
data evaluation we refer to the Section 4.3.4.
Figure 6.6 shows 2D GISANS data for MAPI films exposed to vapor of D2O or salt
solutions as indicated which result in saturated humidity levels of 41 %rh for a mixture
of Mg(NO3)2 and LiCl, 58 %rh for Mg(NO3)2, 73 %rh for NaCl, and 93 %rh for pure
D2O; even higher humidity of 96 %rh can be achieved for an elevated temperature of
41 ◦C. Before each subsequent experiment, the chamber was disassembled and blow-dried
with a fan. Additionally, in order to have defined low humidity starting conditions, it was
put to mild underpressure with a vacuum pump. At elevated temperatures, it takes time
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until a stable atmosphere is established completely at the position of the sensor which is
the reason for the later onset of the measured temperature rise to 41 ◦C in Figure 6.5b as
only the socket of the chamber is heated. Pictures of the setup are displayed in Figure 4.7.
The data for the hydrated samples depicted here corresponds to the last 6 frames (with a

Figure 6.6: 2D GISANS data of all samples exposed to vapor of D2O or salt solutions as indicated. 1 h
integration time is chosen for the 2D GISANS data of the dry state, the hydrated state (with the time
noted) and the dehydrated state. The QR code links to an animation of in-situ GISANS data of MAPI
in exposed to D2O vapor at 26 ◦C with each image representing a frame of 10 min counting time. [32]
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10 min counting time per frame) of the in-situ experiment, and the numbers are the time
at the end of the final frame.

6.2.2 Macroscopic Changes and Water Uptake

In the following, we first take a closer look to the line cuts.

Snapshots of in-plane cuts for the samples exposed to 73 %rh and 93 %rh are presented
in Figure 6.7, belonging to the dry (red), the hydrated (blue) and the dehydrated film
(black), respectively. The main features are the specular peak at an angle of 0.475° and
a broad Yoneda peak, which has contributions from the silicon substrate (theoretically
at αc = 0.279°) and MAPI (αc = 0.169° , visible only in a small convexity of the peak).
The shift of the Yoneda peak (and accompanied intensity increase) during hydration is
due to the incorporation of D2O (αc = 0.490°) and is completely reversible for 73 %rh,
i.e. the red and black curve coincide, while for 93 %rh it maintains a slightly higher
intensity. This is due to a small amount of PbI2 (αc = 0.246°) that remains in the film
after 6 h exposure to high humidity as confirmed by XRD (see Figure 6.13). As no offset
in the Yoneda peak is observed for 73 %rh, it suggests that for lower humidity MAPI is
completely recovered, which is again confirmed by our in-situ XRD measurements during
dehydration (cf. Figure 6.13). Both films, however, show an increased intensity at higher
exit angles, which we attribute to strong permanent morphological changes on a larger

Figure 6.7: Snapshots of in-plane cuts for MAPI films (red), hydrated films exposed to 93 %rh and
73 %rh, respectively (blue), and the dehydrated films (black). Three frames are summed up to achieve
better statistics (equivalent of 30 min of integration time) of measurements taken before injection of mois-
ture into the chamber, at the end of the hydration, and after more than 1 day in an ambient environment
(~35 %rh). Arrows indicate the changes discussed in the text. [32]
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scale and increased film roughness as visible in SEM micrographs (cf. Figure 6.8).
Similar changes are not immediately apparent from in-plane cuts for samples exposed to
lower humidity levels.

For a more detailed analysis and to follow the movement of the film’s Yoneda peak, we
subtract the frame of the dry film from the in-situ data and fit a Gaussian to the relative
differences (see Figure 6.9). The determined Yoneda peak positions represent the average
critical angle of the material composition at each point. The critical angle of neutrons
αc (Equation 2.81) depends on the neutron wavelength λ and on the neutron scattering

Figure 6.8: Scanning electron microscopy images of dry perovskite films and ones exposed to humid
atmosphere for 6 h in D2O vapor. It is apparent, that the once faceted crystals become more round-
shaped. Additionally, the surface roughness seems to be increased (cf. enhanced contrast in the second
image on the right). Images are taken with 15 kV to enhance contrast. [32]
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length density Nb following Equation 2.79 which depends on the dispersion coefficient of
the material δ. [190] The water content x, or more precisely the volume content of D2O
molecules in the compound is determined by

xNbD2O + (1− x)NbMAPI = Nbmix (6.7)

where NbD2O and NbMAPI are the values obtained from theoretical calculations (see Ta-

Figure 6.9: Difference plots (the first frame of each set is subtracted) of the in-plane cuts for various
humidity levels shown with corresponding Gaussian fits (green) to determine the Yoneda peak position.
Each curve represents a 10 min measurement and is color coded from red to blue as the experiment
progresses. In the bottom right, the average critical angles for the five samples as extracted from the films’
Yoneda peak positions are plotted with the theoretical positions of À MAPI, Á monohydrate, Â dihydrate
and Ã PbI2. The saturated final humidity levels are as follows: 41 %rh (red), 58 %rh (violet), 73 %rh
(blue), 93 %rh (dark blue) and 96 %rh (black). Vertical error bars originate from the fits, horizontal
ones are from the typical integration time for one frame of the GISANS data (10 min). [32]
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ble 6.2). Thus, we can determine the average critical angle and, hence, the scattering
length density Nb of the films’ material composition throughout the course of the ex-
periment. The trend of extracted scattering length densities is plotted in Figure 6.10a,
accompanied by the theoretically expected positions for the possible degradation products
À MAPI, Á monohydrate, Â dihydrate and Ã PbI2.

Figure 6.10: (a) Films’ average scattering length density Nb calculated from critical angles αc deter-
mined as shown in Figure 6.9. Dashed lines indicate the theoretical positions of À MAPI, Á monohydrate
CNH6PbI3•D2O, Â dihydrate (CNH6)4PbI6•2D2O, and Ã PbI2. The lowest humidity levels 41 %rh
(red) and 58 %rh (violet) are at the level of the monohydrate, while the higher humidity levels are well
above. The corresponding water content was calculated for the various humidity levels, reaching as high
as ~50 vol% for 93 %rh (dark blue) and 96 %rh (black). However, even the films exposed to low humidity
contain ~10 vol% water, which is adsorbed on the crystal surfaces as explained in the text. (b) Ther-
mogravimetric H2O adsorption measurements of a MAPI film on Si substrate (red diamonds) and the
blank substrate (gray boxes) as well as the calculated water content (black spheres) of the MAPI film with
guide-to-the-eye (dashed line) visualizing the plateau between roughly 30 %rh and 60 %rh. [32]

Surprisingly, even at the lowest humidity levels of 58 %rh and 41 %rh the position of
the Yoneda peak changes. This suggests that water is incorporated into the perovskite
film already at much lower levels than previously assumed. Moreover, the position of the
extracted scattering length densities almost perfectly matches the theoretically expected
position of the monohydrate; however, as discussed later, no hydrates are formed and
the water molecules are adsorbed on the crystal surfaces. The fact that the extracted
scattering length densities of the films exposed to humidity ≥ 73 %rh readily surpass the
level of the hydrates suggests that MAPI is capable of incorporating a large amount of
water molecules which are not directly incorporated into the crystal structure by forming
hydrate phases. It can be speculated that these are accumulating between the grains or
in non-crystalline regions of the domains. Here, it is important to note that the water is
incorporated into the film and does not form a water film on top of the perovskite layer,
as the incident angle was below the critical angle of D2O. A water film would result in
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total external reflection of neutrons from the D2O film and as a consequence, the features
from the buried perovskite film would have been absent.
The Yoneda peak position can be used to calculate the volume content of the incorpo-
rated D2O (see right axis in Figure 6.10a). For the highest humidity levels, the films are
capable of incorporating up to ~50 vol% of water, with the most severe increase happen-
ing within the first 1.5 h. For the two lowest humidity levels the water content is about
10 vol%. Due to this unexpected high water uptake we also perform thermogravimetric
H2O adsorption measurements: Figure 6.10b shows the H2O uptake in mmol g−1 for a
perovskite film on Si (red diamonds) and for the same substrate with the film washed off
(gray boxes). From the weight difference before and after washing-off the film I can esti-
mate the volume content of water, which yields similar values as extracted from GISANS.
Interestingly, the trend of water uptake exhibits a plateau between 30 %rh and 60 %rh
that is attributed to an adsorption of water on the crystal surface reaching saturation due
to spatial constraints. Only with the incorporation of water molecules into the crystals
and the formation of hydrates at higher humidity levels the film is capable of incorporating
higher concentrations of water.

6.2.3 Evolution of Lateral Film Morphology

In order to gain information about the evolution of lateral structures in the perovskite
films exposed to humid atmosphere, out-of-plane cuts of the data in Figure 6.6 are modeled
with abstract geometrical shapes of the scattering objects in the framework of the DWBA
(see Section 2.2.3 for details). [27,177,190,191] The model curves are plotted in Figure 6.11.
We find the best agreement for a model with spherical objects of two different sizes, around
82 nm and 158 nm and a standard deviation (size distribution) of 6 % and 14 % for the dry
films, respectively (cf. Figure 6.12a). The fact, that these MAPI crystal domains are
much more defined than the ones extracted from GISAXS measurements in Section 5.1.2,
can be attributed to the films being more porous as crystal growth is less constrained due
to the changed preparation protocol so the crystals can form more uniformly.

For ≤ 58 %rh no changes are visible. For humidity ≥ 73 %rh, the standard deviation
increases to 9–16 % for big and 21 % for small domains, respectively, which either implies
that domain sizes become more diverse or less defined. We note that for 73 %rh the bigger
domains show a lesser increase in size distribution than for the higher humidity levels.
Therefore, we hypothesize that larger domains beyond the resolution limit of GISANS
at the chosen sample–detector distance are hardly affected at this humidity level. For
the dehydrated samples the size distributions are becoming narrower, so domain sizes are
becoming more monodisperse again, although we note that lasting changes are observed
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Figure 6.11: Snapshots of out-of-plane cuts for MAPI films exposed to several humidity levels as noted;
plotted are the data of the dry (red), the hydrated (blue) and the dehydrated (black) films with respective
model curves (green). The plotted data is summed from three frames (equivalent of 30 min integration
time) to increase statistics; the data belonging to the hydrated films are the last 3 frames of the experiment.
Green lines are the simulation results obtained from a model within the framework of the DWBA that best
fit to the data (see text). [32]

for ≥ 73 %rh in the out-of-plane cuts and SEM depicted in Figure 6.8.

In order to visualize the changes, we show the out-of-plane cuts for MAPI films exposed
to various humidity levels in a Kratky-style representation, i.e. plotting q2

y × I(q) against
qy (cf. Figure 6.12b–f). The time resolution is 10 min and the cuts are color coded from
red (dry) to dark blue (hydrated). The initial stage (red) shows an intensity bump at
around 4× 10−2 nm−1 for all samples. This corresponds to domains around 88(4) nm in
good agreement with the small structures obtained from modeling.
No morphological changes are visible for the humidity levels ≤ 58 %rh (Figure 6.12b,c), in
contrast to our findings from tracking the Yoneda peak positions which suggest a content
of ~10 vol% water in the film. Therefore, we suspect that the D2O molecules are not
incorporated into the crystal structure, and likely are located in an amorphous region of
the domains or on the grain boundaries as suggested earlier. [40] This hypothesis would
explain, why humidity levels in the range between 41 %rh and 58 %rh are often claimed
as not being harmful for hybrid perovskite films. Mostly XRD is used to evaluate, if a
hydrate and/or PbI2 or other crystalline degradation products are formed. However, as
the degradation pathway of hybrid perovskites with water is a self-sustaining reaction,
even these small amounts of water can have detrimental effects and can lead to degradation
of perovskite films even when they are encapsulated after synthesis. [39] Thus, we suggest
including an additional drying step at elevated temperature or at humidity of ≤ 30 %rh
of the ready-made perovskite films after deposition, if fabricated in ambient atmospheres
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in order to prevent long-term degradation from moisture.

6.2.4 Crystal Inflation Allows Insights into Film Composition

In Figure 6.12d–f, severe changes become clearly visible for humidity levels of 73 %rh
and 93 %rh within the first 1.5 h, and even faster for 96 %rh. The intensity increases
upon incorporation of D2O due to the increased scattering contrast, an effect not seen for

Figure 6.12: (a) Domain sizes with Gaussian distribution around a mean value (symbol) with size
distribution (standard deviation depicted as bars) for various humidity levels and dry (red), hydrated
(blue), and dehydrated (black) films, respectively, extracted from the model curves plotted in Figure 6.11.
At a humidity of 73 %rh the domain sizes become more distributed. As a guide-to-the-eye, the standard
deviation is interpolated and the area is filled with a color gradient resembling the time of the exposure.
(b–f) Kratky-style plots for the samples exposed to various humidity levels from 41 %rh to 96 %rh, which
highlight slight changes in domain volume due to the integration of water molecules and the formation
of monohydrate for 73 %rh and additional dihydrate for 93 %rh and 96 %rh. No changes are visible
for ≤ 58 %rh, so we conclude that no hydrates are formed at these levels and the water molecules are
adsorbed on the crystal surfaces. [32]
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lower humidity which again is proof that the perovskite grains do not incorporate water
at low humidity. At higher humidity, however, the position of the bump interestingly
shifts to lower qy as the experiment progresses. We determine the peak positions in the
Kratky representations with Gaussian fits and following our results from modeling with
the DWBA assume spherical shapes. Thus, we can calculate the crystal volumes and
see that the changes translate to a volume increase of 3.8(19) % for 73 %rh, 9.8(34) %
for 93 %rh and 9.7(8) % for 96 %rh for the small domains. Comparison to calculations
using literature values of the mono- and dihydrate material densities [330,331] shows that
the changes are too small and we can exclude that significant amounts of dihydrate are
formed during the timeframe of our experiments. The volume ratios of the monohydrate
to MAPI is 1.07, while the volume ratio of the dihydrate to MAPI is 2.51 (cf. Table 6.3).

Our assumption is that for the higher humidity, these domains consist of a mixture of
MAPI, mono- and dihydrate, while for the lower humidity they consist only of MAPI
and monohydrate. That no dihydrate is formed for 73 %rh is in line with literature
where no dihydrate was detected for 80 %rh using nuclear magnetic resonance (NMR). [332]

For the film exposed to 93 %rh the feature becomes broader to slightly lower qy which
means that the grains are even more inflated than when only monohydrate is formed.
Thus, there must be some regions containing dihydrate. Additional evidence for the
formation of small amounts of dihydrate is seen from the steadily increasing intensity in
Figure 6.9d around the theoretical position of the dihydrate at αc = 0.18°. The fact that
this is visible here could be an experimental proof for a phase separation of degradation
products as suggested in literature. [40] This phase separation is the supposed reason why

Table 6.3: qy positions obtained from fitting Gaussian functions to the Kratky-style plots of the out-of-
plane GISANS cuts (at qz = 0.1367 nm−1) and calculated values for crystal volumes assuming spheres.
Although the calculated domain sizes coincide rather well with the ones obtained from modeling with the
DWBA, we want to highlight that we are only looking at relative changes here. [32]

qy peak position
(10−2 nm−1)

domain radius
(nm)

domain volume
(105 nm)

volume ratio
V/Vdry

73 %rh
dry 3.952(129) 44.2(28) 3.606(228) 1.000(63)

hydrated 3.263(37) 44.7(8) 3.743(70) 1.038(19)
dehydr. 3.970(61) 44.1(13) 3.602(108) 0.999(30)

93 %rh
dry 4.133(59) 44.0(13) 3.567(102) 1.000(29)

hydrated 2.179(60) 45.4(14) 3.917(122) 1.098(34)
dehydr. 3.854(53) 44.2(12) 3.627(95) 1.017(27)

96 %rh
dry 4.334(61) 43.8(13) 3.523(103) 1.000(29)

hydrated 2.540(15) 45.2(3) 3.866(29) 1.097(8)
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Figure 6.13: X-ray diffraction patterns for films exposed to humid atmosphere as noted. The dry film
is shown in red and the first blue film corresponds to a measurement taken of the hydrated sample about
5–10 min after being removed from the humidity chamber. Subsequent curves color-coded from blue to
black are additional measurements taken every 47 min to investigate the dehydration. Positions of Bragg
reflexes are indicated by purple bars and labeled exemplary in the graph on the bottom right. [32]

degradation to the dihydrate is not reversible and inevitably leads to the formation of
PbI2. As a matter of fact, in XRD we only detect additional PbI2 for films exposed to
93 %rh (see Figure 6.13c and 6.13d). The films exposed to D2O for 1.5 h already show
trace amounts of PbI2 (peaks at 12.65°) which vanish completely within the first 3.5 h
in ambient atmosphere. On the other hand, no such peaks appear for the sample stored
in NaCl(aq) atmosphere for 1.5 h. This result suggests that only monohydrate is formed
during hydration which can transform back to MAPI as soon as the sample is removed
from the humid environment. [40] After 6 h exposure to D2O atmosphere, the peaks do
not vanish anymore, so the PbI2 stays inside. As PbI2 is a degradation product of the
dihydrate, this could indicate that while in the hydrated form, dihydrate was present in
the film. [40] For the film stored in NaCl(aq) atmosphere for 6 h, however, no additional
PbI2 is detected which in turn means that no dihydrate is formed.

Interestingly, ex-situ SEM images taken of a dry MAPI film and after exposure to D2O
vapor for 1.5 h and 6 h already show differences in the morphology (see Figure 6.14):
Faceted crystals in a dry MAPI film become more round-shaped and pebble-like after
exposure to moisture. Furthermore, I speculate that the small particles in the rightmost
image are PbI2 crystallites.
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Figure 6.14: Representative scanning electron microscopy images of a dry MAPI film and films after
1.5 h and 6 h exposure to D2O vapor (scale bars 1 µm). Faceted crystals gradually become more round-
shaped during hydration. [32]

During insertion of the hydrated samples into the vacuum chamber of the SEM instru-
ment, we noted that evacuation took longer than usual which we attribute to water being
extracted from the film. Thus, the samples in Figure 6.14 are comparable to the dehy-
drated form at certain stages. Slight changes in the grain morphology are visible even
after only 1.5 h exposure of a MAPI film to D2O vapor: The previously faceted crystals
became more round shaped, confirming the results deduced from modeling the GISANS
data. After longer exposures the crystals appear even rounder and pebble-like, with ad-
ditional small crystallites we assume to be PbI2, also in accordance with the increased
intensity of the Yoneda peak and XRD measurements (cf. Figure 6.7 and Figure 6.13).

6.2.5 The Ingression of Moisture as a Multi-Step Process

The results presented here imply that the degradation of hybrid perovskites in humid
environments is even more complex than previously described by Frost et al. and Leguy
et al., i.e. perovskite–monohydrate–dihydrate–PbI2, and consists of multiple processes
likely also happening simultaneously. [39,40]

Figure 6.15 shows a schematic summary of the different processes of perovskite film
degradation in humid atmospheres: The pristine dry perovskite film (I) consists of faceted
MAPI crystals (brown). At moderate humidity levels of ≤ 58 %rh or in the initial stages
of the higher humidity levels, water molecules (cyan) adsorb on the outside of the crys-
tals until the film contains around 10 vol% of water (II). Theoretical calculations have
shown that the adsorption energy of water molecules on perovskite surfaces are consid-
erably high due to the formation of hydrogen bonds. [333] However, water is not able to
enter the crystalline domains and destroy the crystal structure to form hydrates, so the
water content in the film remains constant over a broad range of humidity levels which
manifests as a plateau in the H2O adsorption measurements. Only at levels of ≥ 73 %rh
the vapor pressure becomes sufficiently high that water molecules are integrated into the
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crystal structure and the monohydrate (orange) is formed (III). Yet the perovskite film
contains about 35 vol% of water, so still most of the water molecules are adsorbed on the
outside of the grains. We suspect that with the formation of a shell of water molecules
around the perovskite grains newly arriving water molecules are more easily adsorbed
and higher quantities of water are incorporated into the film. [334] Finally, if the humidity
rises to ≥ 93 %rh, the dihydrate (green) is formed and the film contains up to ~50 vol%
of water. As our XRD measurements after hydration (Figure 6.13) do not show any
crystalline hydrate phases, we suspect that the excess water is released as soon as the
samples are removed from the high humidity environment and the reduced vapor pres-

Figure 6.15: Schematic representation of the degradation pathway following the ingression of moisture
into polycrystalline hybrid perovskite thin films. The dry film (I) consists of individual perovskite crystals
(brown), and after being contacted with a moderately humid atmosphere, water molecules (cyan) readily
adsorb on the grain surface (II). The volume ratio is the same as for the monohydrate (~10 vol%) although
no monohydrate is formed. (III) At higher humidity levels the vapor pressure forces the water molecules to
diffuse inside the grains, which results in the formation of monohydrate (orange) and slight expansion of
the grains. Still, most water molecules are adsorbed on the crystal surfaces. (IV) Finally, if the humidity
level increases further, up to ~50 vol% of water is present inside the film which is accompanied by the
formation of a small amount of dihydrate (green). [32]
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sure is not enough to keep the water molecules incorporated in the metastable hydrate
crystal structures. [40] Thus, the process described here strongly depends on the size and
arrangement of individual perovskite crystals and domains: the observed transformation
to hydrate phases is stronger for smaller crystals. As the film morphology and crystal
orientation is dependent on the deposition method, perovskite films prepared with differ-
ent methods are likely to exhibit different stability against moisture. [28,335,336] Thus, the
morphology-related degradation mechanism of perovskite films with moisture described
here is fundamentally different to degradation from heat exposure, which seems to be of
a chemical nature. [241]

6.3 Preventing Degradation from Humidity

While photovoltaic devices based on MAPI show poor stability at elevated temperatures,
multication perovskites have shown promising results maintaining 95 % of their initial per-
formance at 85 ◦C under constant illumination and held at the maximum power point. [56]

Still, this composition seems to be unstable with regard to humid atmospheres. [337]

Compositional engineering of hybrid perovskites allows easy tunability of material prop-
erties, however, one must consider the Goldschmidt tolerance factor relating the crys-
tal phase of perovskites to the atomic radii of its constituents (cf. Section 2.1). The
inclusion of large organic cations, however, leads to a symmetry breaking and the for-
mation of layered or 2D perovskites. By intermixing common organic cations like MA+

with long-chained cations like phenylethylammonium (C6H5C2H4NH+
3 , short PEA+) or

n-butylammonium (C4H9NH+
3 , short BA+), the number of stacked perovskite unit cells

(the so-called dimensionality m) can be tuned. Thus, a range of low dimensional per-
ovskites can easily be produced. [338] Associated with the confinement in 2D perovskites,
the optoelectronic properties of the material are also affected: [338–341] Typically observed is
a blue-shift in the absorbance and photoluminescence spectra for lower dimensional vari-
eties due to quantum confinement, with absorption and emission behavior becoming more
excitonic in nature. In the spectra of the mixed dimensional species, additional contri-
butions from the lower dimensional variants are observed. Peculiar for lower dimensional
perovskites is their tendency to form highly-oriented crystal domains as apparent from
the GIWAXS data. [338] Equation 6.8 gives the chemical formula of these perovskite-like
compounds, with R standing for an organic molecule with long alkyl chain:

R2Am−1BmX3m+1, (m = 1, 2, 3, ...). (6.8)

This approach of substituting the organic compound with bulkier molecules is particularly
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interesting in terms of enhancing the stability of the perovskite structure against humid-
ity, as these compounds generally exhibit a higher resistance against the incorporation of
water into the crystal. Initial devices employing 2D perovskites showed rather poor device
efficiencies, mostly due to the preferential growth direction that results in 2D perovskite
nanoplatelets aligned parallel to the substrate, thus inhibiting charge transport. [298] In
collaboration with the NTU Singapore, we studied the approach of converting a 2D per-
ovskite into a higher dimensional form by interdiffusion of MA+ cations which resulted
in solar cells with 9 % power conversion efficiency. Here, we could prove with GIWAXS
measurements that the best cells resulting from films immersed for 4 min show mostly
random crystal orientation. [342]

Currently, the highest efficiencies of lower dimensional perovskites have been claimed by
Tsai et al.: Using a hot-casting method, they achieve beneficial orthogonal alignment of
2D layers with the substrate. Thus, charge transport is facilitated with respect to the
electrodes and a PCE with 12 % is achievable, while the devices are more stable (tested
for over 2000 h under constant illumination) and more resistant to moisture than their
3D counterparts with negligible hysteresis. [343] Some of the most stable perovskite so-
lar cells to date employ small amounts of the protonated salt aminovaleric acid iodide
(HOOC(CH2)4NH3I, short AVAI) as additive. The latter recently delivered 11.2 % power
conversion efficiency for over 10 000 h with almost no losses in a HTL-free mesoporous ar-
chitecture pionieered by Mei et al., and could withstand temperatures up to 90 ◦C. [12,311]

In this section, we investigate an approach developed by Yinghong Hu et al. that com-
bines the advantages of 2D and 3D perovskites in a heterojunction approach. All samples
for this section were prepared by Yinghong Hu who also performed XRD, SEM and JV
characterization. These results are published in Y. Hu et al., “Hybrid Perovskite/Per-
ovskite Heterojunction Solar Cells” [31] and J. Schlipf, Y. Hu et al., “Shedding Light on
the Moisture Stability of 3D\2D Hybrid Perovskite Heterojunction Thin Films”. [33]

6.3.1 Heterojunction Approach for Protection Against
Humidity

In order to enhance the device resistance against moisture, we have developed a facile
solution process to fabricate a 3D\2D perovskite heterojunction that combines the benefits
of both material phases: a bottom 3D perovskite layer (MAPI) ensures efficient light
absorption and charge generation, whereas a 2D perovskite top layer serves as a selective
charge extraction layer and moisture barrier. The top layer of (PEA)2(MA)m−1PbmI3m+1,
hereafter referred to as PEAMAPI, is formed by a conversion of the crystals on the surface
of the MAPI layer by spin-coating a solution containing MAI and PEAI in IPA onto the
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ready-made MAPI film (cf. Section 3.3.7).

The XRD pattern of the PEAI:MAI treated MAPI film shows the signature of a single
phase of the layered compound, with diffraction peaks at 2θ = 2.16°, 4.37°, and 6.53°, in
addition to the MAPI reflections. We can ascribe these features to the (00l) lattice planes
of (PEA)2(MA)4Pb5I16 (m = 5), with an estimated spacing between PbI6 octahedra layers
of d002 = 40.8Å.

Table 6.4: Estimated 2θ positions of (00l) reflections for the series of layered perovskites
(PEA)2(MA)m−1PbmI3m+1 with m as the thickness of PbI6 octahedra layer, utilizing Cu Kα1 radiation,
λ = 1.5406Å [31]

diffraction peaks dimensionality m PbI6 layer thickness
2θ (°)

(002) (004) (006)
experimental 2.16 4.37 6.53

estimated
4 34.7 2.54 5.09 7.63
5 40.8 2.16 4.32 6.48
6 46.9 1.88 3.77 5.65

We fabricated planar heterojunction perovskite solar cells comprising a
MAPI\PEAMAPI perovskite heterojunction. The final device configuration is
FTO\TiO2\perovskite\spiro\Au (for details see Section 3.4). A cross-sectional
SEM image of a MAPI\PEAMAPI perovskite solar cell is depicted in Figure 6.16a.
Figure 6.16b presents the current–voltage curves of MAPI\PEAMAPI and MAPI-
based solar cells recorded under simulated AM1.5G solar illumination by scanning
the voltage from 2 V to 0 V. The perovskite heterojunction device gives significantly
higher open-circuit voltage (VOC) of 1.08 V than the device composed of pristine MAPI
(VOC = 0.99 V). The short-circuit current density (JSC) of the MAPI\PEAMAPI-
based device is slightly lower (JSC = 18.63 mA cm−2) compared to the MAPI cell
(JSC = 19.82 mA cm−2). Ultimately, the resulting power conversion efficiency of the
MAPI\PEAMAPI device (PCE = 14.94 %) is improved compared to the untreated
MAPI cell (PCE = 13.61 %). By utilizing a further optimized perovskite deposition
protocol, a 16.84 % MAPI\PEAMAPI cell with VOC = 1.11 V was obtained (for details
see Section 3.4).
The formation of an optimized 2D top layer affects the photovoltaic performance in two
ways: a slight decrease in short-circuit current density and an increase in open-circuit
voltage. The loss in JSC can be attributed to two factors: First, charge transport
is inhibited by the organic interlayers within the 2D layer that in our samples are
perpendicularly oriented to the direction of charge transport. With increasing thickness
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Figure 6.16: (a) Scanning electron microscopy cross section of a MAPI\PEAMAPI planar hetero-
junction solar cell. (b) JV curves of the best-performing devices comprising different perovskite layer
configurations recorded under one sun AM1.5G illumination at reverse bias sweep with a scan rate of
0.5 V s−1. The inset shows a schematic energy level diagram of a MAPI\PEAMAPI heterojunction solar
cell. (c) Histograms of 156 MAPI\PEAMAPI solar cells and 156 MAPI reference cells fabricated from
different batches on different days showing overall superior performance of the heterojunction devices. [31]

of the 2D layer, photo-generated charge carriers need to overcome a larger number of
electronically insulating sheets formed by the bulky organic cations. This is evidenced
by the dramatic loss in JSC for devices prepared with higher concentrations of the
PEAI:MAI casting solution. [31]

The second effect of the PEAMAPI layer is an enhancement of VOC and FF . It has
been previously reported that an increase in VOC and FF can be linked to a reduction of
charge recombination rates through optimizing charge-selective contact materials. [344,345]

To investigate if this occurs in our perovskite/perovskite heterojunction, we examined
the energy level alignment between MAPI and PEAMAPI with XPS measurements.
The thickness of the optimized PEAMAPI top layer is around 20–22 nm, as estimated
via GIWAXS experiments and Scherrer analysis. The recorded XPS results of a
MAPI\PEAMAPI sample show that the valence band onsets for MAPI and PEAMAPI
are well aligned; furthermore, Cao et al. showed that the introduction of long-chained
cations into the MAPI structure increases the band gap of the perovskite material. [298]

Accordingly, we expect PEAMAPI to exhibit a wider band gap than MAPI which means
that the valence bands of PEAMAPI and MAPI are well aligned and that the conduction
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band onset for PEAMAPI will be energetically higher. Electron transfer from MAPI to
PEAMAPI would thus be inhibited which means that the 2D layer is acting as a selective
hole extraction layer between MAPI and spiro, explaining our observed change in VOC

and FF .
To verify the reproducibility of devices incorporating the perovskite bilayer, we evaluated
the performance of 156 MAPI\PEAMAPI solar cells and 156 MAPI reference cells
fabricated from different batches on different days. Figure 6.16c shows the statistical
distribution of VOC , JSC , and PCE values for both types of devices. The findings are in
good agreement with our observations from the champion cells.
In addition to the pursuit of better performing devices, ensuring the long-term stability
of PSC against moisture remains a major challenge. Here, we studied the moisture
stability of MAPI\PEAMAPI perovskite solar cells by exposing devices without any
encapsulation to air at constant 75 %rh in a sealed container at room temperature.
After 19 days, MAPI\PEAMAPI devices exhibit a significantly higher average efficiency
(PCE = 11.4 %) than the MAPI reference cells (PCE = 6.1 %). Strong decolorization of
the MAPI solar cell indicates advanced degradation of the perovskite film, whereas the
MAPI\PEAMAPI bilayer cell maintained the dark brown color of an intact perovskite
absorber layer. Together with the absence of hydrate peaks in a MAPI\PEAMAPI film
measured with XRD, these results verify the effect of the 2D top layer as a moisture
barrier, which correlates with an improvement in device stability toward exposure to a
high level of humidity.

In this study, we employed GIWAXS measurements to study the formation process of
the MAPI\PEAMAPI heterojunction and to gain deeper insights into the crystallization
process. Figure 6.17a and 6.17b depict the GIWAXS data obtained from a MAPI film
and a MAPI\PEAMAPI perovskite bilayer film. Both diffraction patterns exhibit the key
features of the tetragonal MAPI perovskite structure, represented by the broad Debye–
Scherrer rings at specific q values (e.g., q = 1Å−1 corresponding to the (002)/(110) lattice
planes) as expected for a film prepared by the anti-solvent method (cf. Sections 5.2.1
and 5.3.1). However, the GIWAXS pattern of the MAPI\PEAMAPI bilayer shows two
features which differ from the MAPI film: The first one appears at low q values and
does not form a complete ring pattern but is centered at qr = 0Å−1. This indicates that
the planes corresponding to this crystal structure are strongly oriented parallel to the
substrate. In the corresponding powder integrations (Figure 6.17c), two distinct peaks
at q ≈ 0.18Å−1 and q ≈ 0.41Å−1 are in similar to the PEAMAPI peaks found in the
XRD patterns and thus corroborate the formation of a highly-oriented PEAMAPI phase;
however, the values more closely resemble a species with dimensionality m = 4 (see Ta-
ble 6.4). The second feature is visible in the change of orientation distribution along the

193



6.3 Preventing Degradation from Humidity

diffraction rings from the (002) and (004) planes of the tetragonal perovskite phase. The
corresponding diffraction rings of the pure MAPI film (e.g., at q = 1Å−1) show a rela-
tively homogeneous azimuthal intensity distribution, indicating an isotropic orientation
distribution of the crystallites. In contrast, the MAPI\PEAMAPI film exhibits a higher
diffraction intensity around qr = 0Å−1, which suggests partial reorientation of crystallites
upon formation of the PEAMAPI layer. Considering the high orientation of the first fea-
ture at low q values, we conclude that this increase in crystal orientation can be linked to
the amount of PEAMAPI formed. Provided that the increased fraction of preferentially-
oriented crystallites arises only from the 2D perovskite, these GIWAXS measurements
allow for quantitative evaluation of the conversion mechanism (Figure 6.17d).

Figure 6.17: 2D GIWAXS patterns of the (a) MAPI 3D perovskite and the (b) MAPI\PEAMAPI 3D\2D
heterojunction. In the bilayer film (002) and (222) diffraction rings are highlighted where azimuthal cuts
are performed. (c) Powder integrations of the data in (a) and (b) with two additional peaks corresponding
to (002) and (004) of the layered perovskite structure. (d) Azimuthal cuts at the positions indicated in (b)
utilized for quantitative evaluation of the conversion mechanism; dashed lines indicate the 2σ range, and
the colored areas in the outer sectors correspond to the colored area in the middle sector indicating a
transformation of non-oriented MAPI crystallites to oriented PEAMAPI. [31]

The analysis of the thickness of the 2D perovskite layer formed on top of the 3D perovskite
is conducted in the following way: Azimuthal cuts are performed around q = 1Å−1 and
around q = 2.2Å−1 which corresponds to Debye-Scherrer rings formed from reflection of
(002)/(110) and (213)/(114)/(310)/(222) lattice planes of MAPI crystals. For simplicity
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they are denoted as (002) and (222), respectively in Figure 6.17b and 6.17d. In order to
quantify the amount of oriented crystals for the (002) peak, the data are fit with a Gaus-
sian function. The 2σ range of the Gaussian is defined as the oriented part as it accounts
for 95 % of the area underneath the peak, i.e. crystals belonging to this preferential ori-
entation. The 2σ range is marked in Figure 6.17d by dashed lines and divides the graph
into three sectors. The intensities of the individual sectors are integrated and normalized
by the total intensity, thus determining the ratio of randomly- and preferentially-oriented
crystals as 60.055 % to 39.945 % for the MAPI film and as 67.059 % to 32.941 % for the
MAPI\PEAMAPI film, respectively. Assuming that the increase of oriented crystals is
due to the formation of highly-oriented 2D PEAMAPI (as reasoned before), the differ-
ence in the amount of oriented crystals of 7.004 % directly translates to the amount of
the MAPI film that is transformed to PEAMAPI. To justify the use of a Gaussian peak
shape for amending the inaccessible area around azimuthal angle χ = 0°, the second in-
tegration at the (222) peak is performed which also shows a Gaussian shape. The ratios
of the integrated intensities agree very well for the (002) and (222) peaks and serve as an
estimate for the uncertainty: The ratio of the integrated areas underneath the peaks in
the central sector in Figure 6.17d is 1.19, and the ratios if the integrated areas underneath
the (222) peaks on the left and the right side are 1.10 and 1.11, respectively; thus, we can
attribute the same number of significant digits to the percentages calculated before. In
conclusion, this means that 7.00(47) % of the initial MAPI film is converted to PEAMAPI
for this concentration. The beam footprint covers the entire sample at the incident angle
of 0.4° and thus probes the same sample volume in both measurements. Consequently,
the calculated difference directly translates to about 7 % of the film thickness or about
20 nm of PEAMAPI, equivalent to 4–5 unit cell layers of the 2D perovskite (m = 4− 5).
This result is in very good agreement with the determined film thickness of PEAMAPI
estimated from the Scherrer analysis of the (006) diffraction peak (see Table 6.5).

Table 6.5: Estimated crystallite size of the 2D perovskite PEAMAPI fabricated with different concen-
trations of the casting solution from Scherrer analysis of XRD. [31]

casting solution
(mm)

dimensionality
m

corrected FWHM
of (006)

thickness
(nm)

10 5 0.361 22
20 5 0.277 29
40 5 0.188 45

The above analysis assumes a more or less perfect orientation of the LPK layer parallel to
the substrate. This assumption is justified by the following considerations: Spin-coating
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a PEAI:MAI solution from IPA presumably leads to a reorganization of the MAPI top
layer, accompanied by fast deintercalation of MAI and intercalation of PEAI into the
perovskite structure. PEA+ cations form extended organic sheets due to steric effects, π-
stacking of the phenyl-rings, and hydrogen-bonding interactions between the NH+

3 -group
with the neighboring PbI6 octahedra layer, respectively. [46,346,347] It has been shown that
long-chained organic cations can act as a template for the extremely anisotropic growth
of 2D perovskite crystals, resulting in films with a strong preferential crystal orienta-
tion. [298,348,349] In this case, the inorganic PbI6 octahedra layer sandwiched between two
organic layers is thus confined parallel to the substrate. This reorganization of the per-
ovskite structure gives rise to the intensity increase around χ = 0° in the GIWAXS pattern
of the MAPI\PEAMAPI film.
The integrity of the MAPI bottom layer is essential to justify our concept of a per-
ovskite/perovskite heterojunction. Because of the size of PEA+, this organic molecule
is too large to be incorporated into the perovskite structure replacing MA+, and can
only form layered compounds. Moreover, any distortion in the MAPI lattice by occluded
PEA+ cations would be visible in the XRD patterns. As both standard XRD and GI-
WAXS measurements indicate the existence of only two crystal phases—pristine MAPI
and the layered perovskite—we do not expect compositional changes within the MAPI
bottom layer.

Figure 6.18 shows the evaluation of GIWAXS measurements performed on a bilayer
MAPI\PEAMAPI sample fabricated with higher total ion concentrations in the casting
solution of 20 mm and 40 mm, respectively. As apparent from the 2D GIWAXS data,
the signal corresponding to the lower dimensional perovskite becomes more intense in
comparison to Figure 6.17 where only 10 mm are used to convert the upper layer of the
3D perovskite. What is striking is that the reflex at around 0.45Å−1 becomes more
intense with increased ion concentration and exhibits less pronounced preferential crystal
orientation. The azimuthal cuts are fitted with Voigt distributions and the azimuthal
FWHM of the lower dimensional peaks more or less add up to the azimuthal FWHM of
the 3D perovskite. The reflex around 0.2Å−1 most closely fits to the (002) of the m = 3
or the m = 4 variant, while the reflex around 0.45 is somewhere between the (004) of the
m = 3 and the (006) of the m = 5. As no lower order peaks of the m = 5 are visible,
we can exclude this species and assign the peak at 0.2Å−1 to the m = 4, which was
observed earlier for the 10 mm sample, and the 0.45 to a new m = 3 species. It might be
that the higher ion concentration leads to a stronger dissolution of the upper layers of
the 3D MAPI. Thus, the directing property of the smooth 3D MAPI surface that leads
to highly-oriented 2D PEAMAPI layers of dimensionality m = 4 at low ion concentration
is not strong enough and other lower dimensional compounds are formed.
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Figure 6.18: 2D GIWAXS data of a bilayer film prepared with total ion concentrations of (a) 20 mm and
(c) 40 mm in the casting solution and (b) azimuthal cuts of (a) at the q positions 0.205Å−1, 0.443Å−1

and 0.997Å−1, and (d) azimuthal cuts of (c) at the q positions 0.2Å−1, 0.455Å−1 and 0.985Å−1. The
green data is multiplied by 15. [33]

In conclusion, a perovskite\perovskite heterojunction architecture comprising 3D MAPI
and a 2D perovskite compound can be fabricated via a solution-based cation infiltra-
tion process. GIWAXS experiments reveal the preferential orientation of the layered
PEAMAPI perovskite, which is accompanied by a reorganization and reorientation of the
MAPI top layer. In addition to improved charge selection and resulting higher device
performance, an enhanced device stability and prolonged device lifetime is observed when
exposed to atmosphere with high humidity.

6.3.2 The Moisture Stability of 3D\2D Perovskite
Heterojunction Thin Films

As shown in the previous sections, the interplay of environmental stress factors such as
light, oxygen, heat, and moisture can deteriorate the perovskite material and therefore
device performance. [36,39,42,350] In particular, the sensitivity of hybrid perovskites towards
humidity can lead to rapid degradation of the photoactive material upon exposure to
moist air with a relative humidity above 50 %rh as also shown in Section 6.2. [32,40] In
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order to improve the moisture stability of perovskite solar cells, rationally selected ad-
ditives to the perovskite composition or materials forming a functional moisture barrier
have been explored. [12,350] Among the additives, long-chained NH+

3 -terminated organic
cations that form layered structures separating the perovskite crystal along certain crys-
tallographic planes has raised considerable attention. The resulting 2D perovskite shows
increased moisture stability compared to their conventional 3D counterpart. [12,79,351,352] In
Section 6.3.1, we have demonstrated a device architecture comprising a mixed-dimensional
perovskite/perovskite heterojunction, where a thin functional layer of 2D perovskite was
formed on top of a 3D MAPI perovskite film through a facile cation infiltration process. [31]

The 3D\2D perovskite heterojunction device retained almost full functionality after 19
days at 75 %rh in air, verifying significantly higher moisture stability than MAPI samples.
By controlling the thickness of the 2D perovskite layer, a maximum PCE approaching
17 % with a high open-circuit voltage of 1.11 V was achieved. Similar approaches using
mixed-dimensional perovskites have been adopted to simultaneously enhance moisture
resistance and solar cell performance. [353–357] However, a real-time tracking of the film
properties in 3D\2D perovskite heterojunctions upon exposure to humidity is necessary
to understand the improved stability of these intricate systems and to tailor even more
robust perovskite solar cells.

In this section, we shed light on the role of low-dimensional perovskites as a humidity bar-
rier in 3D\2D perovskite heterojunctions. We employed in-situ grazing-incidence small-
angle neutron scattering (GISANS) and in-situ X-ray diffraction (XRD) which allow us
to monitor the impact of humidity on different 3D\2D perovskite thin films. [32] Grazing-
incidence scattering methods have the advantage of being non-destructive while yielding
a statistical average over sample areas comparable to typical device sizes. [177] Thus, we
gain new insights into the time-dependent evolution of film density and morphologies un-
der highly humid conditions, complemented by XRD measurements to identify changes
in crystal structures and phase compositions. These results are published in J. Schlipf,
Y. Hu et al., “Shedding Light on the Moisture Stability of 3D\2D Hybrid Perovskite
Heterojunction Thin Films”. [33]

Our experiments have been conducted on the perovskite system demonstrated in
Section 6.3.1, namely MAPI films with and without a 2D perovskite top layer of
(PEA)2(MA)4Pb5I16 (m = 5 PEAMAPI), where PEA+ stands for the bulky organic
cation phenylethylammonium. [31] The 2D perovskite layer was formed by spin-coating an
isopropanol solution containing the iodide salts PEAI and MAI on top of MAPI films.
10 mm PEAI:MAI solutions were used for the 2D perovskite formation since this additive
concentration previously resulted in the best moisture stability and also device perfor-
mance. [31] Additionally, we extend this study to the more complex, quadruple-cation
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system incorporating formamidinium (FA+), methylammonium (MA+), rubidium (Rb+)
and cesium (Cs+) cations, which is referred to as FAMARC in the following. This state-
of-the-art 3D hybrid perovskite reaches PCE > 21 % but shows stronger sensitivity to
moisture. [56,337] The 2D perovskite layer on top of FAMARC films was created by using
the same solution treatment as for MAPI. More details about the sample fabrication are
given in Section 3.3.7. GISANS experiments were performed at beamline D22 of the Insti-

Figure 6.19: (a) In-plane cuts of the static GISANS data summed up to a total of 30 min integration
time, corresponding to the initial dry state of the MAPI (dark green) and MAPI\2D (light green). The
sample horizon appears at αf = 0° and the specular peak at the incident angle of αi = 0.475°. The
theoretical Yoneda peak position of MAPI is indicated by a red pyramid, the one for PEAMAPI (m = 5)
by a gray triangle. (b) In-plane cuts from individual frames of the in-situ GISANS measurements (10 min
integration time per frame), showing the evolution of the MAPI perovskite film from the initial state before
exposure to 90 %rh, and (c) the respective cuts corresponding to the MAPI\2D film. (d) Vertical line
cuts of the static measurements on FAMARC (orange) and FAMARC\2D (red) with 30 min integration
time. The theoretical Yoneda peak position of FAMARC is indicated by a red triangle. Due to the high
complexity of the PEAFAMARC compound, the PEAMAPI (gray triangle) is shown as reference for
2D layers. Respective cuts of the in-situ GISANS data with 10 min integration time are shown in (e)
and (f). [33]

tut Laue Langevin (ILL) in Grenoble, France. [228] The reduced scattering data obtained
from static GISANS measurements of the dry samples is depicted in Figure 6.19a and
gives insight into the film composition by analysis of the material specific Yoneda peak
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as shown in Section 6.2: [32] Although the obtained signal has a strong contribution from
the Yoneda peak of the silicon substrate (αc = 0.279°), the intensity at αc = 0.169° in
the dark green line can be attributed to the MAPI perovskite film (red pyramid). The
additional 2D perovskite layer in the MAPI\2D heterojunction (light green line) leads to a
signal broadening towards lower exit angles αf . The gray triangle indicates the theoretical
Yoneda peak position of a dense PEAMAPI (m = 5) film; in reality, the reduced density
of the upper 2D layer due to crystalline disorder shifts this further to the left, whereas
lower-m species would be found at slightly higher αf . The same feature is identifiable in
Figure 6.19d for the FAMARC (orange line) and the FAMARC\2D (red line) samples;
due to the bigger difference in critical angles between the 3D and the 2D perovskite, the
peak broadening is even more severe than in the MAPI systems. As the exact material
composition of the 2D “PEAFAMARC” compound is difficult to identify, we use the po-
sition of PEAMAPI (gray triangle) as a reference here. An overview over the materials’
critical angles is given in Table 6.6.

Table 6.6: Material properties of MAPI perovskite, possible degradation products and the silicon
substrate. Not referenced numbers were taken from the National Institute of Standards and Tech-
nology (NIST) Center for Neutron Research available online at www. ncnr. nist. gov (accessed on
27.01.2017) or from own calculations. *) The density for FAMARC is interpolated from literature val-
ues for formamidinium lead iodide (FAPbI3) [61] and calculated values for methyammonium lead bromide
(MAPbBr3) from crystallography data provided by Aaron Walsh on http: // github. com/ WMD-group/
hybrid-perovskites (accessed on 16.03.2017). **) Calculations are based in data of the layered n-
butylammonium lead iodides (m = 2, 3, 4) reported by Stoumpos et al., [358] assuming a similar structure
and extrapolating to m = 5. [33]

material FAMARC PEAMAPI
(m = 5)

structural formula C1.5N2.2H6.2Rb0.066Cs0.063Pb1.32I3.33B0.62 C20N6H48Pb5I16

molar weight (g mol−1) 812.79 3791.84
density (g cm−3) 4.048* 1.946**
sum of bcoherent (fm) 19.6051* 70.5507**
Nb (10−6 Å−2) 1.27* 0.218**
critical angle (°)

(at λ = 6Å)
0.219* 0.091**

Each static GISANS measurement was followed by a kinetic GISANS measurement where
we injected heavy water (D2O) into a basin inside the experimental chamber (as deuterium
has a good contrast to the other elements involved) and monitored the impact of moisture
on the perovskite films in situ. [190] As shown in Figure 6.20a, the humidity level was
rapidly increasing after water injection and the air humidity was stabilized after 2 h well

200

www.ncnr.nist.gov
http://github.com/WMD-group/hybrid-perovskites
http://github.com/WMD-group/hybrid-perovskites


6 Degradation of Perovskite Thin Films

Figure 6.20: (a) Evolution of relative humidity (solid lines) at a constant temperature (dotted lines) of
roughly 25 ◦C in the sample chamber over the course of the in-situ GISANS measurements of the four
samples MAPI (dark green), MAPI\2D (light green), FAMARC (orange), and FAMARC\2D (red). The
vertical dashed line indicates the point of the evaluation of the humid samples with the corresponding
GISANS data. (b) Zoom-in to the Yoneda peak of the first (dark green) and last frame (dark blue) of
the vertical line cuts to the GISANS data of MAPI exposed to over 90 %rh for 280 min. The theoretical
Yoneda peak position of MAPI at αc = 0.169° is marked by a dashed line. The change in peak shape and
increase of intensity above the critical angle of MAPI indicates a slight change in material density which
could be attributed to the formation of monohydrated MAPI. [33]

above 90 %rh. Vertical line cuts (with respect to sample surface) performed on the kinetic
GISANS data for each sample are presented in Figure 6.19b–c for the MAPI–MAPI\2D
system, and in Figure 6.19e–f for the FAMARC–FAMARC\2D system.
Upon exposure to the high humidity level, the intensity around the Yoneda peak signif-
icantly increases for the MAPI sample (Figure 6.19b). As the data is normalized to the
neutron flux, this can be interpreted as an incorporation of trace amounts of D2O into the
MAPI perovskite film, and thus the increased scattering cross section leads to a higher
intensity. This indicates fast and inconspicuous water infiltration into the MAPI film as
suggested earlier by Müller et al.: [359] The authors found that small gas molecules (like
H2O or O2) can migrate into the perovskite film even without significantly disturbing the
crystal lattice, and in the case of water without the formation of perovskite hydrates.
These findings are in accordance with theoretical predictions, [333] and with our previous
thermogravimetric water adsorption measurements at low humidity (see Section 6.2). [32]

In earlier GISANS experiments, we studied highly porous MAPI films obtained from a
two-step deposition method and assigned a shift of the Yoneda peak to water uptake
into the perovskite film up to ~50 vol%. [32] In this study, the perovskite films resulting
from the anti-solvent method are dense and less rough as evidenced by scanning elec-
tron microscopy (SEM) images in Figure 6.23a–b. Therefore, only a small amount of
D2O is adsorbed at the perovskite crystal surfaces, which fits well with the presented
GISANS data in Figure 6.19b and demonstrates the relation between perovskite crystal
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morphology and moisture stability. A comparison of the beginning and the end of the in-
situ GISANS data, however, indicates slight changes in film density due to water uptake
which is supported by XRD data discussed later (see Figure 6.20b).

Figure 6.21: Atomic force microscopy (AFM) images of MAPI and MAPI\2D films with different
concentrations of the PEAI:MAI casting solution and spin-coating speeds for the 2D perovskite fabrication
process. The root-mean-square roughness (Rrms) is given for each sample. [33]

By contrast, Figure 6.19c reveals significant water uptake into the MAPI\2D perovskite
heterojunction film accompanied by a change in crystal density as indicated by a simul-
taneous intensity increase and shift of the Yoneda peak. In fact, this is astonishing, since
2D perovskites have been repeatedly reported as an effective moisture barrier due the
hydrophobicity of the incorporated bulky organic cations such as PEA+ or butylammo-
nium. [298,343,351,356] However, our GISANS results suggest that solely the presence of a 2D
perovskite top layer does not completely hinder the ingression of water molecules into the
perovskite films.
As crystal morphology of MAPI films can severely affect the amount of water uptake into
the perovskite layer, we investigated the change in compactness and roughness of MAPI
films upon formation of the PEAMAPI using higher concentrations of the PEAI:MAI
solution and reduced rotation speed during the spin-coating process. Atomic force mi-
croscopy (AFM) images of the different MAPI\2D perovskite samples (Figure 6.21) show
that the root-mean-square roughness (Rrms) of the resulting 3D\2D perovskite films in-
creases with increasing PEAI:MAI concentration likely due to anisotropic growth of the 2D
phase. [360] In fact, grazing-incidence wide-angle X-ray scattering (GIWAXS) experiments
on 3D\2D heterojunction films corroborate this assumption indicating less pronounced
crystal orientation for higher ion concentrations (see Figure 6.18): This random orienta-
tion of 2D perovskite crystals results in significantly accelerated film degradation upon
moisture exposure than the 10 mm samples or pristine MAPI films (see Figure 6.22)
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which is rather counterintuitive considering the general assumption that 2D perovskites
act as an effective barrier against humidity and underlines the importance of perovskite
crystal morphology in terms of moisture resistance. [31,32] A lower surface roughness of the
MAPI sample compared to the MAPI\2D sample is a possible explanation for the ob-
served difference in water uptake during our in-situ GISANS measurements. This proves
that the accelerated film degradation is a result of the increased film roughness. [31]

Figure 6.22: Photographs of MAPI and MAPI\2D films on 25× 25 mm2 glass substrates with different
concentrations of the PEAI:MAI casting solution and spin-coating speeds for the 2D perovskite fabrication
process. The films were exposed to > 90 %rh in air in the dark at room temperature (21 ◦C) for exposure
times between 0 min and 150 min: MAPI (A), MAPI\2D 10 mm at 4000 rpm (B), MAPI\2D 10 mm at
2000 rpm (C), MAPI\2D 20 mm at 2000 rpm (D), and MAPI\2D 40 mm at 2000 rpm (E). The use of high
concentrations of the PEAI:MAI casting solution (bottom center and right) accelerates the deterioration of
the black MAPI phase and the formation of transparent degradation products in MAPI\2D films compared
to the pristine MAPI film (top left). By contrast, a PEAI:MAI concentration as low as 10 mm (top right
and bottom left) decelerates the moisture-induced degradation. [33]

Figure 6.23: Scanning electron microscopy top-view images of MAPI, MAPI\2D, FAMARC and
FAMARC\2D perovskite films. All films appear homogeneous with crystal sizes up to 0.5 µm. [33]

In comparison, the Yoneda peaks of the FAMARC and FAMARC\2D samples both exhibit
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a shift and an increase in intensity over time, as presented in Figure 6.19e–f, indicating
significant water uptake after exposure to > 90 %rh. Also here, the 2D perovskite treat-
ment does not prevent the ingression of water molecules and a reduction of crystal density.
We note that the changes in the Yoneda peak for FAMARC cannot be simply attributed
to poor film quality with non-uniform, less densely packed crystallites, since FAMARC
and MAPI have similar microscale morphology as shown by SEM images (Figure 6.23).
However, Rb+-containing multiple-cation mixed-halide perovskites has been shown to suf-
fer from rapid phase segregation, particularly under humid conditions. [337] The changes in
the Yoneda peak position for FAMARC and FAMARC\2D are therefore likely related to
the moisture-induced segregation of Rb-rich side phases which have a lower density than
the perovskite phase.

Figure 6.24: Out-of-plane cuts of the GISANS data from the static measurements (dry state) and
the frames after 280 min exposure to moisture (humid state) performed on (a) MAPI, (b) MAPI\2D,
(c) FAMARC, and (d) FAMARC\2D, summed up to a total of 30 min integration time for better statistics,
respectively. Data is represented by squares (dry state) or circles (humid state), and model curves by solid
lines. [33]

Additionally, in-situ GISANS experiments also allow us to monitor the evolution of crystal
domain sizes by analysis of horizontal line cuts: [27,32,177,190]

Figure 6.24 shows the horizontal line cuts of the GISANS data belonging to the four
perovskite films for the initial dry state and the humid state corresponding to a humidity
exposure time of 280 min. For further analysis, we simulate the scattering experiment
within the DWBA using the effective interface approximation with a geometrical model
of spherical objects in a paracrystalline arrangement (see Section 2.2.3). The resulting
model curves are fitted to overlap with the data and provide information about the sizes
of the scattering domains. In case of the dry pristine MAPI film (Figure 6.24a), we
find a single structure size of about 24(8) nm within the experimental resolution. The
value given here represents the average domain size with a Gaussian distribution, and
the standard deviation. This relatively small domain structure is hardly affected by the
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humidity exposure and only slightly increases to about 29(10) nm. Similar to the earlier
GISANS experiment described in Section 6.2 we attribute the effect of crystal inflation
to the formation of trace amounts of monohydrate. [32] The fact that such small crystals
are hardly affected by the humidity suggests that the major part of the perovskite film
consisting of much bigger crystals beyond the resolution limit of our GISANS experiment
is not compromised, explaining the lack of a Yoneda peak shift in the vertical line cuts in
Figure 6.19b (cf. Figure 6.12a). Besides a comparable structure around 22(8) nm for the
MAPI bottom layer, the MAPI\2D film shows an additional feature around 160(27) nm
in size which we ascribe to crystals in the 2D layer. Similar to the pristine MAPI film,
the small domain structure of the MAPI\2D sample hardly changes, indicating that the
MAPI layer remains intact. However, the larger feature vanishes completely in the course
of the hydration process at very high humidity level. This implies that the 2D perovskite
top layer undergoes significant changes due to water intercalation. Please note that a
vanishing feature does not mean the 2D layer dissolves completely, as the crystals could
also become larger in a recrystallization process and be beyond the detection limit of
GISANS.
The data belonging to the FAMARC sample is modeled with domain sizes of 92(40) nm
and 21(8) nm, which transform to 116(51) nm and 26(9) nm upon hydration, respectively.
This could either indicate severe crystal inflation due to formation of large amounts of
hydrates, or phase segregation into Rb-rich and –poor phases which affects domain sizes
on the observed scale. [32,337] The FAMARC\2D sample has domain sizes of 110(49) nm
and 21(8) nm, which become 150(70) nm and 29(10) nm in the humid sample, showing
even a stronger impact of moisture.
In summary, the structures in the pristine MAPI film seem hardly affected by the exposure
to moisture in the investigated timeframe. While the structure associated with the 2D
layer changes strongly in the 3D\2D heterojunction, the protection of the underlying
MAPI film appears to be effective. The changes in the FAMARC and FAMARC\2D
samples are even more severe, indicating strong moisture-induced morphological changes.

In order to correlate the humidity-induced changes in crystal density and domain size with
changes in the crystal structure and phase composition, we complemented our GISANS
measurements with in-situ XRD measurements. Figure 6.25 shows the evolution of the
XRD patterns and the peak assignment for all crystal phases found in each perovskite
sample. In the MAPI film, the emergence of an additional diffraction peak at 2θ = 12.6°
indicates the formation of PbI2 already after 20 min exposure time (Figure 6.25a). Af-
ter 120 min, the main peaks of MAPI monohydrate (CH3NH3PbI3•H2O) at 2θ = 8.5°
and 10.5° emerge and the diffraction peaks of both degradation products continue to rise,
while the MAPI signature gradually diminishes. [40] In contrast, the initial MAPI\2D sam-
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Figure 6.25: In-situ XRD patterns of (a) MAPI, (b) MAPI\2D, (c) FAMARC and (d) FAMARC\2D
thin films exposed to > 90 %rh over a period of 300 min. Symbols indicate the positions of diffraction peaks
assigned to MAPI perovskite (red pyramid), PbI2 (yellow square), MAPI monohydrate CH3NH3PbI3•H2O
(blue circle), PEAMAPI (grey triangle: m = 5, light blue diamond: m = 3, green star: m = 2), FAMARC
(red triangle), RbPb2I4Br (blue hexagon) and m = 2 PEAFAMARC (green square). [33]

ple features an additional peak at 6.5° which we previously assigned to the (006) reflection
of m = 5 PEAMAPI phase (Figure 6.25b). [31] This 2D perovskite peak disappears within
20 min and a broad peak in the low angle region appears instead. Two peaks eventually

206



6 Degradation of Perovskite Thin Films

emerge at 2θ = 3.1° and 4.0°, that can be assigned to m = 3 and m = 2 PEAMAPI
phases, respectively. After 180 min, reflections at 8.0°, 8.5° and 10.5° indicate the forma-
tion of the monohydrate. [40] However, no traces of crystalline PbI2 can be found in the
MAPI\2D film even after 300 min and the main MAPI reflections remain present.
In accordance with our GISANS results, the 2D perovskite does not fully prevent the
ingression of water molecules into the perovskite film. Therefore the monohydrate for-
mation is retarded, but not eliminated. The disappearance of the larger domain features
observed in the horizontal line cuts of the GISANS data matches well with the drastic
changes in the initial PEAMAPI crystal structure. We can attribute the transformation
of the m = 5 into the m = 3 and m = 2 phases to a disproportionation process upon ex-
posure to moisture. A similar disproportionation of the m = 5 n-butylammonium-based
2D perovskite resulting in the formation of the m = 5 phase and MAPI was suggested
by Stoumpos et al. [360] Therefore, we propose that the lower-m 2D perovskite compounds
possess higher thermodynamic stability than the m = 5 phase.

Nevertheless, it is remarkable that the formation of PbI2 is completely suppressed in the
MAPI\2D sample over the course of the experiment at such high humidity levels. PbI2
formation is associated with a disintegration of MAPI through the loss of MAI which
can be induced by thermal stress or high humidity. [361] Since MAI further decomposes
into volatile species such as CH3NH2, HI, I2, NH3 or CH3I—some debate is still on-going
about which degradation products are actually formed [300,362–364]—the removal of these
gaseous species leave crystalline PbI2 behind, indicating the irreversible degradation of
MAPI. Computational studies by Walsh and coworkers have recently indicated that the
incorporation of water into the perovskite crystal lattice upon hydration leads to signifi-
cantly reduced activation energy for vacancy-mediated migration of I− and MA+ ions. [365]

This allows ion migration from the bulk to the perovskite crystal surface which is neces-
sary for the escape of volatile MAI-based species. Hence, the suppressed PbI2 formation
in MAPI\2D films can be interpreted as suppressed I− and MA+ ion migration through
the presence of bulky PEA+ cations in the 2D layer, protecting the perovskite from ir-
reversible MAI loss. Our results are in excellent agreement with experimental studies
by Lin et al. [366,367] The authors found that butylammonium cations in 2D perovskites
increase the potential barrier for ion migration towards grain boundaries and crystal sur-
faces, resulting in enhanced thermal stability of 3D\2D stacking structures compared to
their 3D counterpart MAPI.

In contrast to irreversible MAI loss and concurrent PbI2 formation, the monohydrate for-
mation in MAPI can be fully reversed by removal of the incorporated water molecules
under low humidity conditions. [32,40] To verify the reversibility of the hydration process,
we exposed the MAPI and MAPI\2D perovskite films after 300 min at > 90 %rh to a
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Figure 6.26: XRD patterns of (a) MAPI, (b) MAPI\2D, (c) FAMARC and (d) FAMARC\2D thin films.
The bottom pattern in red represents a fresh perovskite sample right after film synthesis and the top pattern
in black represents the same film after exposure to > 90 %rh over a period of 300 min (hydration), followed
by exposure to mild underpressure for 20 min (dehydration), denoted as “dehydrated”. The assignment
of the main diffraction peaks of various crystal phases is indicated by the different symbols above the
reflections. [33]

mild underpressure for 20 min. XRD measurements (Figure 6.26) show that although
the perovskite phase is recovered from the monohydrate phase after the dehydration step,
a notable PbI2 peak in the dehydrated MAPI film indicates a partially irreversible degra-
dation process. The increased intensity of the (110) and (220) MAPI peak at 2θ = 14.1°
and 28.4° upon the hydration/dehydration cycle shows a higher preferential orientation
along these crystal planes, induced by a moisture-induced recrystallization process (cf.
Section 5.2). [28] Interestingly, the dehydrated MAPI\2D film exhibits sharp m = 2 and
m = 3 PEAMAPI reflections besides recovered MAPI peaks, but no traces of PbI2 can
be found (Figure 6.26). Our results demonstrate that even under harsh humidity condi-
tions above 90 %rh, the presence of the 2D perovskite PEAMAPI inhibits the irreversible
escape of MAI from the perovskite film for several hours.

Different from MAPI, FAMARC does not undergo a reversible monohydrate formation at
high humidity, but rather suffers from rapid phase segregation of a transparent side phase
with the proposed composition RbPb2I4Br. [337] The XRD patterns of the in-situ measure-
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Figure 6.27: Model of the proposed humidity-induced mechanism in MAPI\2D heterojunctions: (a) The
3D perovskite films is covered by sheets of layered 2D perovskite (m = 5) which serves as a barrier for a
stepwise ingress of water molecules. (b) Disproportionation of m = 5 PEAMAPI into MAPI and more
stable m = 3 or m = 2 2D perovskites which obstruct the diffusion paths and loss of I− (violet) and
MA+ ions (green) and thereby the irreversible degradation of the 3D perovskite to volatile compounds and
PbI2. [33]

ments presented in Figure 6.25c confirm the emergence of the typical diffraction peaks
of RbPb2I4Br at 2θ = 11.4°, 22.8° and 34.5° already after 10 min exposure time. The
peak intensities for both FAMARC and the Rb-rich side phase increase with time, but no
PbI2 or hydrates are formed. The FAMARC\2D film (Figure 6.25d) exhibits additional
diffraction peaks at 2θ = 4.0°, 8.0°, 12.0° and 15.9° which can be assigned to the (00l)
reflections of an m = 2 “PEAFAMARC” phase under the assumption that the dimensions
of the organic PEA+ interlayers and the perovskite interlayers do not significantly differ
from those in PEAMAPI. Interestingly, the intensities of the 2D perovskite peaks increase
while their positions remain the same over the whole period of 300 min, suggesting that
there is solely an increase in crystallinity or orientation, but no disproportionation of the
2D layer as found for the MAPI\2D sample. In addition, the formation of the RbPb2I4Br
is decelerated and the corresponding reflections arise after 60 min exposure time. Under
consideration of our GISANS results which reveal a significant uptake of water into the
FAMARC\2D film, we can attribute the retardation of moisture-induced phase segrega-
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tion rather to a suppressed migration of Rb+ and halide ions than to water-repellent
properties of the PEA+ ligands. However, similar to the PbI2 formation in MAPI, the
segregation of the non-photoactive RbPb2I4Br phase is irreversible upon dehydration (Fig-
ure 6.26) and has been shown to deteriorate device performance. [337] Therefore, a slight
delay of the phase segregation process might help to stabilize the multiple-cation mixed-
halide FAMARC perovskite phase on the short term, but the 2D perovskite layer will not
provide sufficient long-term protection from humidity.

In summary, our results suggest that dense MAPI perovskite films can sustain high
humidity for up to 1 h without formation of significant amounts of degradation prod-
ucts. The stability of an otherwise unprotected perovskite/perovskite heterojunction is
increased twofold, with the additional 2D layer presenting a humidity barrier that has
to be overcome by step-by-step intercalation of water molecules between 2D perovskite
sheets (Figure 6.27): The water molecules attach with their negatively charged oxygen
atom to the positively charged end of the ligand PEA+, thereby separating the 2D per-
ovskite sheets. Thus, water molecules (or other migrating species) make their way layer
by layer through the 2D perovskite. As the 2D sheets are unprotected, they succumb to
the impact of the water molecules and rapidly disproportionate from the initially formed
m = 5 phase into more stable lower-m 2D perovskites (Figure6.27b). These can effectively
prevent the escape of I− and MA+ ions.

6.4 Conclusion

In this chapter, the different degradation pathways of perovskite thin films are elucidated
by various in-situ and in-operando experiments. Here, we focus on the two dominant
environmental stress factors responsible for degradation: heat and moisture.

In Section 6.1, we used in-operando GIWAXS to monitor the crystal phase of the per-
ovskite absorber layer in a solar cell subjected to current–voltage sweeps under illumina-
tion. Thus, by controlling the temperature of the device its performance parameters were
tracked above and below the tetragonal–cubic phase transition temperature. Due to the
coexistence of tetragonal and cubic phase of MAPI perovskite over a wide temperature
range of 15 K, it is crucial that the crystal phase actually present in the film during opera-
tion be monitored simultaneously by GIWAXS. Only thus, the validity of the experiment
can be guaranteed. Interestingly, at high temperatures the photovoltaic performance dif-
fers from the one at room temperature. Most noticeable are the reduced open-circuit
voltage (VOC) at high temperature, while at the same time changes in fill factor (FF)
and current output are observed. The reduced VOC is already expected from basic semi-
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conductor physics noticeable in the dark curves, but a theoretically predicted change in
the optical band gap due to the phase transition could also have a contribution. [62] The
observed changes in FF and photocurrent could be a sign of reduced recombination of
“hot” charge carriers and an overall change in charge carrier transport in the material at
higher temperatures. [61] One possibility is an increased contribution of slow ionic currents:
Fransishyn et al. observed a similar “bump” around the maximum power point as visible
in Figure 6.3e and relate this to increased hysteresis due to moisture-induced degradation
which is accelerated at higher temperature. [368] This shows, that the various degradation
pathways of hybrid perovskite thin films are closely interconnected, and that different
degradation mechanisms are dominant at realistic working conditions with elevated tem-
perature compared to standard testing conditions at 25 ◦C (cf. Section 4.1.3). But even
in a completely dry environment the increased ionic mobility might lead to the evapora-
tion of MAI which means that thermal degradation is intrinsic and cannot be prevented;
however, good results have been achieved by changing the composition of the perovskite
and adding long-chained molecules. [12]

The impact of humidity on the perovskite film is studied in Section 6.2. In-situ GISANS
measurements of MAPI perovskite thin films exposed to various levels of humidity show
that the monohydrate is present for ≥ 73 %rh, while the dihydrate is only detected for
≥ 93 %rh. Thus, contradicting reports in literature about the existence and reversibility
of hydrate phases was elucidated. [332,368] In all cases the films contain much more water
in the form of water molecules adsorbed on the outside of the crystalline domains or
amorphous regions. Thermogravimetric moisture sorption measurements interestingly
show a plateau for intermediate relative humidity levels which shows that there is a
saturation before the water molecules enter into the perovskite crystal structure. The
uptake of water into the crystalline domains and the formation of hydrates is accompanied
by a slight expansion of the grains. This uptake is concluded to be reversible, although
the shapes change from faceted to pebble-like particles. Even humidity as low as 41 %rh
leads to incorporation of ~10 vol% of water into the perovskite film by adsorption on
the crystals, although no expansion of crystal domains was observed and, therefore, it is
concluded that no hydrates were formed. The findings and conclusions imply that for a
cost-effective industrial fabrication in ambient atmospheres, be it perovskite photovoltaics
or other applications, it is essential that residual water is removed by an additional drying
step, e.g. at elevated temperatures or at a humidity of ≤ 30 %rh to achieve long-term
stable devices. As the film morphology plays a crucial role in the degradation from
moisture, the film deposition process has to be controlled precisely. Experimental evidence
for morphology-dependent moisture stability is provided by the comparison of the MAPI
film prepared by the dipping method in this section, and the MAPI film prepared by the
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anti-solvent method in Section 6.3.2.

Based on the knowledge about film degradation pathways, we follow a prominent ap-
proach towards more stable perovskite thin films by compositional tuning (Section 6.3):
The inclusion of large organic cations into the perovskite precursor leads to a symmetry
breaking and the formation of layered or 2D perovskites.
By intermixing common organic cations like MA+ with long-chained cations like
phenylethylammonium (PEA+), the number of stacked perovskite unit cells (the so-
called dimensionality m) can be tuned. By spin-coating a mixed MAI:PEAI solution
onto a ready-made 3D MAPI film, a cation exchange converts the upper layers of the 3D
MAPI are converted to a thin layer of (PEA)2(MA)m−1(PbmI3m+1) (denoted PEAMAPI)
with m = 5 as evidenced by XRD and GIWAXS (Section 6.3.1). Close examination of
azimuthal line cuts in GIWAXS shows not only a higher orientation for the 3D\2D hetero-
junction film, but also makes it possible to determine the layer thickness of the 2D layer:
The difference of integrated intensities beneath the peak around χ = 0° exactly equals the
differences elsewhere. Hypothesizing that randomly-oriented MAPI crystals in the upper
3D perovskite layer are converted to the highly-oriented PEAMAPI, about 7 %, or 20 nm,
of the total film thickness are converted to 2D perovskite, which translates to about four
to five layers of PEAMAPI. Implementing such a stacking of 2D perovskites atop a 3D
perovskite film into a photovoltaic device resulted in a higher open-circuit voltage and
better device stability against moisture.
Our in-situ GISANS and in-situ XRD measurements under high humidity levels indicate
surprisingly strong water uptake into the 3D\2D perovskite film despite the presence
of hydrophobic PEA+ cations (Section 6.3.2). Rapid disproportionation of the initially
formed m = 5 PEAMAPI phase into more stable lower-m 2D perovskites occur for the
MAPI\2D films, whereas the m = 2 phase in the fresh FAMARC\2D sample does not
undergo any phase changes. Nevertheless, we demonstrate that the 2D perovskite layer
effectively suppresses the formation of PbI2 in MAPI\2D samples, possibly due to reduced
migration of MA+ and I− ions to the crystal surface and therefore, the irreversible escape
of MAI is prevented. In fact, according to in-situ GIWAXS experiments conducted by
Fransishyn et al. the increased mobility of iodide ions by moisture poses an additional
threat by possible corrosion of the metallic contacts. [368] The 2D perovskite increases
the reversibility of the moisture-induced degradation process in MAPI, since the forma-
tion of MAPI monohydrate is reversible by a simple dehydration step. In comparison,
the quadruple cation formulation including Rb+ exhibits relatively poor stability towards
phase segregation in the presence of moisture regardless of the presence of a 2D perovskite
top layer. The 2D perovskite only retards the water-mediated segregation of RbPb2I4Br
from the FAMARC phase, but the irreversible formation of this Rb-rich side phase cannot
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be prevented on a long term. Therefore, the strong degradation effects observed for the
quadruple-cation compound motivate a rational material selection omitting Rb+ from the
perovskite formulation. [350] Our study contributes to the understanding of the increased
moisture stability of 2D perovskites and 3D\2D hybrid compounds compared to their
3D counterparts, where suppressed ion migration in 2D perovskites could play a more
important role than merely the hydrophobicity of organic ligands.
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CHAPTER7
Single Crystal Perovskite Solar Cells

Organic–inorganic metal halide perovskites have undoubtedly revolutionized the field of
solution-processable optoelectronics. [138,369] Apart from their favorable properties—such
as high absorption and photo-emission owing to the direct band gap and good charge
transport behavior—the high crystallinity of these materials is intriguing for experimen-
talists and theorists alike. Early after the first applications of hybrid perovskites in
photovoltaic cells in 2009, first studies on macroscale single crystals were presented in
2014. [5,41,148,370] As single crystals enable studies on a more fundamental level than poly-
crystalline thin films, they are also useful for the refinement of theoretical calculations
and thus, facilitate predictions for material properties even of yet to be synthesized com-
pounds. [64,371–373] To date, most studies and devices are based on organic–inorganic metal
halide perovskite thin films whose wet-chemical or vapor deposition is well studied and
is gradually improved in terms of reduction of defects (pin-holes, impurities), crystal size
and morphology. [28,138,374] Optimized fabrication methods even allow the synthesis of single
crystals with minimized defect density and sizes up to centimeters, while their thickness
can be reduced to make solution-processed wafers. [25,42,148,375,376]

Optimized devices incorporating organic–inorganic metal halide perovskite thin films with
tuned band gaps are nowadays reaching power conversion efficiencies over 20 % and show
promising improvements in terms of long-term stability. [12,56] On the other hand, devices
based on single crystals are mostly used for fundamental studies (e.g. of charge transport
properties) and are seldom investigated for use as photovoltaic cells or optoelectronics
in general. [25,41,42,148,207,375–379] However, power conversion efficiencies have generally been
lower than in polycrystalline thin film devices, single crystal perovskite solar cells do not
only offer potentially improved long-term stability, [36,40,380] but also can achieve as much
as 17.8 % efficiency in a single crystal film grown in situ on a half-built solar cell stack. [381]

Although a remarkable result that proves the high potential of single crystal perovskite
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solar cells, many investigations of fundamental properties require free-standing single crys-
tals; to additionally test their functionality in a photovoltaic device one would have to
incorporate ready-made single crystals into a solar cell stack with selective charge trans-
port layers. To achieve this aim, we follow a top–down approach, i.e. treating ready-made
perovskite single crystals in a way so that they can be used in typical solution-processed
perovskite solar cell architectures. Here, we demonstrate two different approaches: (i)
a p–i–n architecture with ITO\PEDOT:PSS\perovskite\PCBM(spray)\silver paste or
...\Al and (ii) an approach using a polymer bezel which enables a n–i–p architecture
with FTO\PCBM\perovskite\spiro\Au or even a substrate-free architecture with silver
paste\PCBM\perovskite\spiro\Au.
Perovskite single crystals, more precisely MAPI and MAPB, were synthesized following
the inverse temperature crystallization (ITC) approach first demonstrated by Bakr and
coworkers. [42,207] More details are presented in Section 3.5.1. The as-grown crystals have a
cuboidal shape in the case of MAPB and irregular polyhedral shapes in the case of MAPI
owing to a preferential growth direction of the tetragonal MAPI along the 〈110〉 crystal-
lographic direction. [382] The advantage of this top–down approach is that the crystals can
grow without physical constraints in their thermodynamically preferred shape which oth-
erwise could introduce lattice strains. [27] On the other hand, growing a monocrystalline
film in situ (i.e. on the substrate) during device fabrication poses certain limits to the
choice of materials and was so far only successful for MAPB. [383] Finally, separating crys-
tal growth and device built-up makes the approaches presented here more universal and
easily applicable for new developments in crystal synthesis.
This chapter is based on the publication J. Schlipf et al., “Top–Down Approaches Towards
Single Crystal Perovskite Solar Cells”. [34]

7.1 Properties and Preparation of Perovskite Single
Crystals

Figure 7.1a correlates the faces of a typical MAPI polyhedron with the crystal planes; a
cyan arrow points in the preferential growth direction parallel to 〈110〉 lattice vectors. [382]

In Figure 7.1b representative single crystal samples for both compounds are shown. The
surface of single crystals is known to be the source of defects and degradation and there are
indications that structural and optoelectronic properties are remarkably different from the
bulk. Thus, it is crucial that the crystal surface be treated so the crystal can be integrated
into a photovoltaic device. [384,385]

Figure 7.1c shows optical microscopy images with different magnifications for an aged
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Figure 7.1: (a) Typical crystal shapes of solution grown MAPI single crystals with color-coded lattice
planes indicated by {hkl} Miller indices created with VESTA using crystallographic data from Stoumpos et
al. [61,262] (b) Photograph of MAPI and MAPB single crystals. (c) Optical microscopy images of pristine,
cleaved and sandpaper-ground MAPI and MAPB crystal surfaces in different magnifications. (d) UV–vis
spectra of MAPI and MAPB single crystals. (e) Tauc plots extracted from the spectra in (d) and calculated
band gaps.

MAPB crystal (top row) where macroscale gorges, intermediate sized pyramids and tiny
crystallites are observed. Short dipping of the crystals into the solvent from which they
were synthesized—dimethylformamide (DMF) for MAPB and γ-butyrolactone (GBL) for
MAPI—removes the outer surface, but leads to higher surface roughness (cf. Figure 7.5c).
Additionally, the subsequent fast drying of the crystal under nitrogen flow could lead
to recrystallization of dissolved material on the surface. Thus, we opted for additional
physical surface treatments, namely cleaving (middle row in Figure 7.1c) or grinding
(bottom row). Although cleaving of the crystals with a sharp scalpel leads to uniform and
flat surfaces, the resulting crystal shape and size is somewhat hard to control. Especially
MAPI seems to be more brittle than MAPB and often crumbles during cleaving. [386,387]
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Grinding with sandpaper allows precise thickness control, while additional lapping with
calcined alumina lapping sheets (grit size down to 0.3 µm) reduces the crystal surface
roughness.
Figure 7.1d shows absorbance spectra of a MAPI (black) and a MAPB single crystal
(red) obtained from UV–vis spectroscopy measurements inside an integrating sphere. The
spectra are converted by Equation 2.14 and linear fits (dashed lines) are employed to
extract the optical band gaps (cf. Figure 7.1e). The obtained values of 1.454 eV and
2.15 eV for MAPI and MAPB, respectively, are much smaller than for polycrystalline
thin films (cf. Section 5.1.1 and Dong et al. [41]) and slightly smaller than the values
obtained for powder samples by Baikie et al. [63,64] which can likely be explained by the
higher long-range order in macroscale single crystals, whereas in polycrystalline samples
the (quantum) confinement leads to slightly increased effective band gaps. [341]

7.2 Single Crystal Solar Cells with p–i–n
Architecture

Single crystal perovskite solar cells with p–i–n architecture—more precisely the architec-
tures ITO\PEDOT:PSS\perovskite\PCBM(spray)\silver paste or ...\Al—are fabricated
as follows: After cleaning an ITO-covered glass substrate via subsequent sonication in
various organic solvents followed by oxygen plasma, several layers of PEDOT:PSS are
deposited to achieve a hole transport layer (HTL) with sufficient thickness. Thus, it is
possible to press the perovskite single crystals inside. The device is completed with a
spray-coated PCBM electron transport layer (ETL) and a cathode which is either con-
ductive silver paste or thermally evaporated aluminum (cf. Figure 7.2f).

7.2.1 Optimization of Transporting Layers for p–i–n
Architecture

Before assembling a complete photovoltaic device, several deposition techniques are ex-
plored for the HTL and ETL, respectively. In order to attach a perovskite single crystal
to the rigid ITO-glass substrate, a soft HTL is needed. Glycerol (30 mg ml−1) is added
to the PEDOT:PSS solution as a plasticizer so the resulting (G)PEDOT:PSS film stays
sufficiently soft and the perovskite crystal can be pressed into it. [388] This formulation
is used in all cases, as to not accidentally induce a work function mismatch in the HTL
because the glycerol additive is known to alter the work function of PEDOT:PSS. [389] Too
achieve an especially thick (G)PEDOT:PSS layer, drop-casting is chosen as a deposition
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Figure 7.2: (a) Photographs during drying of drop-cast (G)PEDOT:PSS. (b) Photographs of MAPB
single crystals after first imprint tests; in the lower images the crystal sticks to the aluminum foil due
to evaporated glycerol. (c) Thicknesses of (G)PEDOT:PSS layers annealed for different times showing
how film thickness decreases due to evaporation of glycerol. (d) UV–vis spectra of increasing number of
spray-coated PCBM layers. (e) Optical microscopy images of the thickest film in (d). (f) Photographs
of the first single crystal perovskite solar cells with drop-cast and spin-coated HTL layers. (g) UV–vis
spectra of various layers in the single crystal solar cells stack: glass (light gray), ITO-covered glass (gray),
spin-coated (light blue) and drop-cast (dark blue) HTL and spray-coated ETL layer on glass (purple), and
transmission through a MAPB crystal with all layers except the metal cathode (red).

technique. Despite the thickness, the drying of the film is completed within minutes on
a hotplate at 70 ◦C (cf. Figure 7.2a). By using this reduced temperature, the film still
contains enough glycerol to maintain sufficient softness for a successful imprint of the
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perovskite crystal. To achieve this aim, copper weights are placed onto the crystal while
the entire sample is resting on a hotplate at 80 ◦C for 3 h. [388] In an initial approach,
the samples were wrapped in aluminum foil to protect them from dust. While a MAPB
crystal could successfully be attached to the (G)PEDOT:PSS layer, visual observation of
the sample backside showed that the crystal had pierced through the HTL at some spots
which would produce short circuits in a device (see the top of Figure 7.2b). Another
crystal stuck to the aluminum foil as its surface was likely etched by the evaporating
glycerol (lower images of Figure 7.2b). To prevent such failures in the future, the samples
are not wrapped so the evaporating glycerin can escape, and an additional spin-coated
(G)PEDOT:PSS underlayer is introduced and annealed, so it is too hard to be pierced
through by the perovskite crystal. As profilometer measurements show, the thickness of
a single (G)PEDOT:PSS layer decreases during annealing on a hotplate at 80 ◦C which
indicates that glycerol indeed evaporates from the film until it reaches its final thickness
after about 1 h (see Figure 7.2c). Alternatively to the thick, drop-cast (G)PEDOT:PSS
film, subsequent spin-coating of two (G)PEDOT:PSS layers without annealing on top of
the annealed underlayer is investigated as described later.
As spin-coating a PCBM solution onto millimeter-sized single crystals is not realistic, the
ETL is deposited via spray-coating. To reduce surface roughness, the distance between the
nozzle of the spray gun and the sample is chosen accordingly, so only very small droplets
of solution reach the sample. Over time, the solvent vapor saturates in the vicinity of
the sample surface, so short spray shots of 30 s each are used, interrupted by roughly 1 s
pause. The increasing thickness with each spray shot is followed by UV–vis spectroscopy
measurement on samples with varying amount of PCBM layers (cf. Figure 7.2d). Optical
microscopy images show a film of acceptable smoothness after ten shots (cf. Figure 7.2e).
Figure 7.2f shows photographs of the finished samples with silver lacquer cathodes de-
posited with a brush. It is apparent that the drop-cast HTL is almost nontransparent.
This is confirmed by UV–vis spectroscopy measurements of the transporting layers on
glass substrates (cf. Figure 7.2g). While the thickness of the drop-cast HTL (dark blue)
is likely still reduced during the imprint due to evaporating glycerin, its optical density
might even increase. [389] Although some material might be shifted to the side of the crys-
tal due to the mechanical pressure, the spin-coated HTL layer (light blue) seems more
promising. The optical properties of the ETL are circumstantial, as most light will be
absorbed in the first few micrometers of the perovskite crystal. A transmission spectrum
of a solar cell stack without the cathode is shown in red: While the absorption edge of
the MAPB crystal at around 570 nm is clearly visible, losses in the sub–band gap regime
can be attributed to absorption and diffraction by the transporting layers.
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7.2.2 Solar Cells from Untreated Perovskite Single Crystals

In the following, we shortly summarize the gradual improvements of this architecture,
as it demonstrates some important design rules for building such devices: In a first ap-
proach to realize this architecture, an untreated MAPB crystal is pressed into a relatively
thick, drop-cast (G)PEDOT:PSS film that is deposited on top of a thinner, spin-cast and
annealed (G)PEDOT:PSS film. However, the resulting device exhibits strong current-
voltage hysteresis and the power conversion efficiency dropped to only 60 % of the initial
value within the first 30 min of operation (see Figure 7.3a and 7.3b). Possible rea-
sons for the behavior are the reduced transmission through the thick PEDOT:PSS layer,
short-circuits of the perovskite that pierces through the HTL as well as a high charge re-
combination at the pristine surface of the perovskite crystal (cf. Figure 7.1c). The short
lifetime is likely explained by degradation and delamination of the silver paste electrodes,
as can be seen from optical microscopy images from the top while illuminating the sample
from the bottom (cf. Figure 7.3c). A critical point is also the correct determination of
the “active area” of the solar cell: This issue is apparent from optical microscopy images
taken from the top cathode (silver paste) and the contact between the (G)PEDOT:PSS
HTL and the rough perovskite crystal surface. While diffusion lengths of over 3 mm are
claimed for free charge carriers in perovskite single crystals under weak light [41], a thick

Figure 7.3: (a) JV characteristics swept in two directions with various speed of a solar cell incorporating
an untreated MAPB crystal showing severe hysteresis. (b) Temporal evolution of the PCE of the solar cell
in (a). (c) Optical microscopy images of three MAPB solar cell samples showing cracks in the silver-paste
electrodes for two samples (left) likely originating from thermal degradation, while the electrode overlap
of the sample in (a) is evaluated by matching microscopy images taken from the top cathode and through
the glass substrate of the best HTL\perovskite contact area.
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HTL like the drop-cast (G)PEDOT:PSS film could again lead to enhanced recombination,
which means that the area from which holes can be extracted efficiently is drastically re-
duced (green area in Figure 7.3c). Heating up of the sample due to illumination could
additionally lead to more mobility of the polymer chains in the drop-cast (G)PEDOT:PSS
layer, so the contact area would decrease over time.

7.2.3 Exploring Single Crystal Surface Treatments

In a second approach, instead of drop-casting, two additional layers of (G)PEDOT:PSS are
spin-coated onto the annealed (G)PEDOT:PSS film. Subsequently, a perovskite crystal is
pressed into it, followed by spray deposition of the ETL and thermal evaporation of the Al

Figure 7.4: (a) JV curves of a MAPB (cleaved) device with bias sweep in forward and reverse directions
at various speeds show reduced hysteresis in comparison to 7.3. (b) Effect of different surface treatments
on the device performance of MAPB (red, right y-axis) and MAPI devices. Cleaving the crystals seems
to deteriorate the current, whereas grinding (1) (black, left y-axis) or dipping in DMF and subsequent
grinding (2) (gray, left y-axis) leads to an S-shape. It should be noted that DMF is dissolving the MAPI
too strongly, and that good results can be achieved with dipping in GBL and subsequent grinding as
shown in Figure 7.5. (c) Optical microscopy images of a solar cell produced from a cleaved MAPB single
crystal showing the top (top) and the HTL\perovskite contact area through the glass substrate. (d) Optical
microscopy images of a solar cell produced from a ground MAPI single crystal showing the top (top) and
the HTL\perovskite contact area through the glass substrate (bottom).
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electrode through a shadow mask. Two surface treatments are investigated: cleaving of the
single crystal by aid of a sharp razor blade and grinding with sandpaper. The device built
from a cleaved MAPB crystal exhibits reduced hysteresis in comparison to the previous
approach, although the FF is reduced as well (see Figure 7.4a). The reason could either
be the rough interface of the Al cathode, or the smooth perovskite crystal surface, although
in the optical microscopy images the contact looks sufficiently good (cf. Figure 7.4c).
Devices from ground MAPI crystals again exhibit JV characteristics with hysteresis and
S-shape, but surprisingly better VOC than the MAPB device (cf. Figure 7.4b). Optical
microscopy images reveal a roughened crystal surface which could lead to a better contact
as compared with the much smoother, cleaved surface (cf. Figure 7.4c and 7.4d). Here,
one MAPI crystal was just ground (1), while the other was dipped into DMF and blown-
dry with nitrogen before grinding (2). The device fabricated from the second crystal
performs much worse which shows that DMF dissolves the crystal too rapidly to be used
as a controllable surface treatment.

Figure 7.5: (a) Optical microscopy images of a raw MAPB single crystal, a GBL-dipped MAPI crystal,
and a DMF-dipped MAPB crystal ground with sandpaper, lapped with 0.3 µm lapping sheets by hand or
with a (hopper) machine. The last three images show a MAPI single crystal solar cell from top and bottom,
and the boarder of the best HTL\perovskite contact area is marked by a dashed yellow line. (b) JV curves
of a device fabricated from a dipped and ground MAPI crystal with bias sweep in forward and reverse
direction at various speeds hardly exhibit any hysteresis. (c) Temporal evolution of PCE and FF of the
device in (a) over 500 min sweeped at 100 mV s−1 every 20 s (reverse). The PCE drops to almost 0 while
the FF remains roughly constant.
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In a third approach, the MAPI single crystals are dipped in GBL and then successively
ground with sandpaper and lapping sheets with gratings down to 0.3 µm. The individual
steps of the treatment are followed with the optical microscope (see Figure 7.5a). The
resulting solar cells hardly show any current–voltage hysteresis, independent of the sweep
direction and speed (cf. Figure 7.5b). Long-term stability testing shows an improvement
over the previous samples as well. The device breakdown can be attributed to degradation
or delamination of the transport layers rather than to degradation of the perovskite crystal
as the FF remains almost constant (cf. Figure 7.5c). [312]

The best device fabricated with the approach discussed in this section yields a PCE of only
0.01 % which is of course far behind the standard of polycrystalline perovskite thin films,
however, measured current densities are consistent with literature for other single crystal
devices. [25] Although the current densities are low, they are likely to be improved with
better processing of interfaces and optimization of single crystal thickness by advanced
growth or lapping techniques. [24,385] Still, in the results presented here, the low current
densities are the limiting factor. For example, a recent study shows a 25 % loss in current
density when the perovskite crystal thickness is doubled from 20–40 µm. [381] The low
open-circuit voltage, however, could be connected to intrinsic properties of the perovskite

Figure 7.6: JV curves of devices from the same batch as the device in Figure 7.5, fabricated from GBL-
dipped and ground MAPI crystals, with bias swept in reverse direction show only marginal differences at
various speeds.
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that are compensated in polycrystalline thin films where various crystal orientations are
present as they are consistent for this setup in our experiments (cf. Figure 7.6). [78,390]

7.3 Single Crystal Solar Cells with Polymer Bezel

Although reproducible photovoltaic devices can be fabricated with the approach presented
in the previous Section 7.2.3, the device architecture is somewhat limited by the need
of a plasticized bottom layer that has the double function of mechanically fixing the
crystal and taking part in the charge carrier transport process. In our case, besides
restricting us to the p–i–n architecture, this approach requires rather thick PEDOT:PSS
layers which are not necessary for—or even detrimental to—efficient charge extraction.
Additionally, the glycerin used as a plasticizer could attack the perovskite crystal’s surface
during the imprint. In another approach, we separate these two functions by fixing the
crystal with a polymer bezel produced from polydimethylsiloxane (PDMS), a cheap and
commercially available material. This also makes the fabrication of n–i–p architecture
possible as described in Section 3.5.3.

Figure 7.7: JV curves of a n–i–p photovoltaic de-
vice with the depicted fabrication process show neg-
ligible hysteresis at 100 mV s−1 scan speed and high
VOC as typically found in polycrystalline thin film
devices. The inset shows a photograph of the sam-
ple.

After spin-coating a PCBM solution onto a
glass substrate coated with fluorine-doped
tin oxide (FTO), a droplet of the same so-
lution is placed in the middle while the
sample is on a hotplate at 50 ◦C. Close
to the end of the drying process, the pre-
pared crystal is dropped into the still liq-
uid spot. The timing of this step is crucial
as the wetting of the PCBM on the per-
ovskite crystal is good: If too much liquid
is around, the solution could also climb the
sides of the crystal. If the waiting time is
too long, the PCBM layer underneath the
crystal will become too thick. The crys-
tal is held in place with mild pressure by a
pen-like metal bolt to avoid movement (cf. Section 3.5.3). After an additional annealing
time, an aluminum frame is placed onto the sample and the PDMS precursor solution
poured around the crystal. A solution of spiro is spin-cast onto the crystal after the
PDMS is fully cross-linked, and a gold electrode is thermally evaporated to conclude the
device. Although the current density is lower than for the devices in the previous Sec-
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7.3 Single Crystal Solar Cells with Polymer Bezel

tion 7.2.3, the VOC is increased to 0.9 V, a value closer to what is typically observed in
polycrystalline thin film devices. The hysteresis is negligible; however, the device showed
strong degradation shortly thereafter and no detailed measurements could be done (cf.
Figure 7.7)

Figure 7.8: (a) Performance of the free-standing device still incorporated in the polymer bezel and
illuminated next to the silver paste. The inset shows a photograph of the device. (b) JV curves of a
free-standing device with removed polymer bezel and illumination coming from the side. In contrast to
the device illuminated though the ETL, here a strong dependence on scan speed is seen with the best
performance for 1 V s−1 (black and gray) and the worst one for the slowest speed of 25 mV s−1 (red and
brown). Hysteresis for fast scan speeds seems to be increased as well. As this side of the crystal is not in
contact with any transport layer, we attribute this to surface defects and resulting charge recombination
at this interface. The inset shows the architecture of the free-standing single crystal solar cell while the
light is coming from the side (rainbow arrow).

In order to fully exploit the possibilities of using a polymer bezel around the crystals, we
place a perovskite crystal onto a silicon wafer and pour the PDMS precursor around it
similar as described before. After the hardening of the PDMS it can be removed from the
silicon wafer and the crystal is flush with the surfaces of the PDMS slab. Now, PCBM
and spiro solutions are spin-cast on each side and silver paste and evaporated gold are
employed as electrodes, respectively. JV curves of a free-standing device embedded in the
polymer bezel are shown in Figure 7.8a. Although the curves show a dependence on scan
speed, the scan direction does not seem to have an influence and almost no hysteresis is
visible. It should be noted that the device is illuminated from the side where a small spot
of the crystal is covered by silver paste. As it is unclear from which distance and depth
photogenerated charge carriers can reach the silver paste electrode, the data is plotted in
absolute values. The estimated current density for an area in the order of 0.1 cm2 would
be comparable to the n–i–p device, although the VOC is shifted to lower values again
(~0.6 V). The free-standing approach has the advantage that we can remove the crystal
from the bezel and illuminate it from the side (cf. Figure 7.8b). Our device, however,
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shows more hysteresis and dependence on the scan speed. As the illuminated side of the
crystal is not in contact with any transport layer, we attribute this to surface defects and
resulting recombinations at this interface.

7.4 Conclusion

We demonstrated different top–down approaches to produce low-temperature processed
single crystal perovskite solar cells. In contrast to other techniques that aim to produce
large-grained perovskite films by meniscus printing [21] or roll-coating, [24] top–down ap-
proaches have the advantage that the crystal growth process is decoupled from device
production. As growth processes of perovskite single crystals are optimized gradually,
larger single crystal devices seem feasible. [25] Although the top–down approach is similar
to established wafer-based technologies, it is not easily scalable as demonstrated recently
for thin films. [13,14] However, there is a growing mass market for small optoelectronic de-
vices, such as in mobile electronic applications, like low-cost, self-sufficient small sensor
or camera systems, or in next-generation light-emitting devices. [391–393] As it is difficult to
manually grind perovskite crystals to appropriate thinness, the current densities of these
devices are unlikely to be improved without proper processing techniques to achieve much
thinner crystals. [381,383]

Our study shows that integration of perovskite single crystals into small, low-temperature
processed devices is possible, however, proper preparation of the crystal surface is cru-
cial. [384,385] First and foremost, these approaches can serve scientists investigating per-
ovskite single crystals: Measurements of fundamental material properties like charge
carrier mobility and trap state density, [148,376,379,394] thermal and mechanical stabil-
ity [375,386,387] or advanced structural investigations [64] are best performed on single crystals
as film morphology and grain boundaries could dominate the measurements. [107,244] Many
of these studies in literature include photovoltaic measurements, although mostly with
different contacts or charge transport layers as are typically used. Especially solution-
processed organic contact layers are hard to deposit on the rather small perovskite single
crystals. Here, the approach using a polymer bezel enables film deposition in a common
way like spin-coating. Solutions with solvents that might be harmful to the perovskite
crystal can be deposited on a substrate first (like the aqueous PEDOT:PSS) or deposited
via spray-coating (air brushing). Thus, the here demonstrated top–down approaches will
enable supplementing fundamental investigations on an existing perovskite single crystal
with photovoltaic measurements in a versatile device architecture built around the very
same crystal.
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8 Summary

CHAPTER8
Summary

This thesis follows the morphological evolution of hybrid perovskite thin films for photo-
voltaic applications over their entire lifetime—from formation from solution to disintegra-
tion by environmental influences. The focus is on perovskite solar cells (PSC) with planar
device architectures which are promising for large scale industrial fabrication due to the
ease of producing highly crystalline thin films. Characterization techniques like UV–vis
spectroscopy and current–voltage measurements of photovoltaic devices are used for in-
vestigating the optical and electronic properties of hybrid perovskite thin films, whereas
their morphology is studied by scanning electron microscopy, X-ray diffraction, and above
all, advanced grazing-incidence scattering techniques using X-rays and neutrons. Apart
from elucidating the crystallization and degradation mechanisms of perovskite thin films,
this knowledge is in turn used for controlling the crystal morphology and orientation, and
for exploring ways to enhance the stability of such films.

In the first part of the thesis, the crystallization of perovskite thin films is investigated.
Initially, the focus is on a 2-step film deposition where a pre-deposited crystalline PbI2
precursor film is converted to MAPI perovskite by dipping into a solution containing the
organic compounds. The dipping method is chosen for several reasons: Apart from being
able to achieve the then-benchmark power conversion efficiencies (PCE) of over 15 %, it
proved to be hard to control which resulted in a large spread of device parameters; how-
ever, as both steps can be tuned individually 2-step methods are highly versatile and of
high potential interest for industrial processes. Using grazing-incidence small-angle X-ray
scattering (GISAXS), a strong correlation of lateral crystal sizes in the precursor and
the perovskite film is discovered, indicating a spatially constrained crystal growth despite
the necessary volume expansion required for transformation of the crystal phase. The
resulting crystal strain leads to rupture of larger crystals, especially in the vicinity of the
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substrate, while Ostwald-type ripening forms larger crystals on the film surface. Thus,
an important connection between the precursor and perovskite film morphology and an
indication of several competing conversion mechanisms is identified.
In the following study, the comparison of five seminal 1-step and 2-step perovskite thin
film deposition methods, that act as representatives of possible MAPI film preparation
techniques, is used to create a holistic picture of different crystallization mechanisms.
Two 1-step methods, in which both types of precursors are mixed in the same solu-
tion with a common solvent, are chosen as representatives of the low and high end of
reaction kinetics which mostly depends on the density of nucleation sites. In 2-step meth-
ods, the inorganic and organic compounds are deposited sequentially, while three basic
types exist for the precursor–perovskite conversion classified by the state of aggregation:
solid–solid, solid–liquid, and solid–vapor. A representative for each type is chosen accord-
ingly. Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements reveal
slight preference of 1-step methods to form crystals whose cuboid unit cells stand upright
(face-up orientation). This can be explained from precipitation and oversaturation close
to the substrate which triggers crystallization. The different conversion mechanisms in
the three 2-step methods result in perovskite films with very different crystal orientations.
Interestingly, the aforementioned dipping method yields two distinct orientations, which
are identified to be the result of an in-situ (solid state) conversion of the PbI2 and a
dissolution–recrystallization mechanism. While in the latter the precursor is dissolved
and the crystals recrystallize in an orientation reminiscent of 1-step deposition, the first
leads to a tilted (corner-up) crystal orientation. The prevalence of the corner-up orien-
tation is determined (and controllable) to large extent by a reduced porosity of the PbI2
layer, which results from an elevated deposition temperature, while the dipping time and
the temperature of the conversion bath have almost no effect. A higher ion concentration
and especially the presence of chloride ions promote the dissolution of the precursor and
hence the face-up orientation. At later stages, annealing leads to self-purification of the
crystal phase.
In the following, with the gained knowledge crystallization and crystal orientation is
controlled in 1-step and 2-step deposition. The self-purification is used to enhance the
preferential crystal orientation in a 1-step method by increasing the annealing time. Due
to PbBr2 having a different crystal phase than PbI2, the orientations in the corner-up
orientation is not found for MAPB thin films produced by 2-step deposition. However,
MAPB films of highly-oriented and huge crystals are fabricated by a slowed-down 1-step
crystallization in solvent vapor using a non-halide lead precursor which has a reduced
density of nucleation sites. Additives of high-polarity solvents form complexes with lead
which act as nucleation sites and retard the crystallization further. Thus, extremely pure
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crystal orientation is formed in MAPI films which is easily tunable by the stoichiomet-
ric ratio of the solvent additive and the non-halide lead precursor. Interesting crystal
morphologies and new crystal orientations are achieved in the PbI2 precursor and MAPI
perovskite by applying the tools of MA- and Cl-seeded crystals and high-polarity solvents
to 2-step methods. Thus, for example the ratio of corner-up to face-up oriented crystals
can be set by balancing the deposition temperature of PbI2 precursor with MAI additive
and chloride content in the conversion solution. Finally, the existence and prevalence of
the achieved crystal orientations in MAPI perovskite films is explained by the entropy of
the corresponding Pb–I coordination on a surface.

In the second part of the thesis, the most important environmental influences leading to
degradation of perovskite thin films are investigated—heat and humidity.
The development of photovoltaic performance parameters of a PSC are tracked at two
temperature levels, below and above the reversible phase-transition temperature of MAPI.
Simultaneous in-operando GIWAXS measurements corroborate that the perovskite film
is in the respective crystal phase and implicate their influence on device performance and
degradation at realistic operating temperatures. The observations implicate that while
the degradation from heat might be intrinsic to hybrid perovskites and hard to prevent,
charge transport properties might differ at higher temperatures with less charge recombi-
nations and possible ionic contributions.
With in-situ grazing-incidence small-angle neutron scattering (GISANS), a previously
unknown high water uptake of perovskite thin films is discovered and linked to water ad-
sorption on the crystal surface already at low relative humidity levels. Thus, the moisture
sensitivity of hybrid perovskites is linked strongly to the thin film morphology, especially
grain size and porosity. Therefore, the water content in the perovskite film stays con-
stant over a broad range of intermediate relative humidity levels. Crystal inflation due
to formation of crystalline monohydrate phases is only detected at higher moisture lev-
els. While the perovskite crystal phase can be recovered upon drying, the morphological
changes are not fully reversible. The dihydrate formed at the highest humidity is phase
separating and leads to the irreversible formation of PbI2.
In the following, the potential of a bilayer architecture to prevent degradation of hy-
brid perovskite thin films is investigated. GIWAXS gives insight into the formation of a
highly-oriented moisture protection layer of 2D perovskite on top of 3D MAPI which ad-
ditionally leads to enhanced charge extraction capability in PSC. Further in-situ GISANS
experiments reveal that the protection layer is actually sacrificed as the water molecules
intercalate between the perovskite nanoplatelets. After a rapid disproportionation into
more stable lower-dimensional 2D species, the formation of PbI2 is successfully prevented.
This suggests that the protection mechanism is rather related to a suppressed I− and MA+
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ion migration than to the hydrophobicity of the hydrophobic bulky cations responsible for
formation of the 2D perovskite. As the escape of MAI is also responsible for the thermal
decomposition of MAPI, the same architecture could be used to protect perovskite thin
films from degradation.

In the third part of the thesis, the possibility to fabricate fully solution-processed PSC out
of single crystals is investigated. Therefore, several top-down approaches are developed
to achieve different device architectures which enables researchers to further characterize
their solution-grown perovskite single crystals. This provides the basis for fundamental
studies, e.g. into the dependence of crystal orientation on photovoltaic performance in-
dependent of effects caused by grain boundaries, or the electronic interaction of different
crystal facets with varying charge transport materials.

Hybrid perovskite photovoltaics are on the brink of market introduction with large-scale
modules achieving competitive PCE to existing solar cell technologies and acceptable
lifetimes. Their unbeatable energy payback times, earth-abundant precursors and mass-
producible fabrication techniques combined with tunable optoelectronic properties render
them ideal candidates for a 3rd generation photovoltaic technology. With lead-free alter-
natives being already available, they could provide a sustainable and cheap energy source
also for developing countries which could also afford to produce modules themselves using
ambient processing, as no cleanroom conditions are required when approapriate counter-
measures are applied. The fundamental findings of this thesis concerning crystallization
and degradation of hybrid perovskite materials could be transferred also to lead-free and
other alternative material compositions, and the developments with respect to experimen-
tal methods and data evaluation presented here can help in future research activities.
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