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Popular summary in English

Today, the need for clean energy sources to meet society’s growing demand for electricity
in a sustainable way is becoming increasingly apparent. Not only is global demand for
energy increasing, but the drive for carbon neutrality requires electricity to replace other,
more carbon-intensive forms of energy. Developing the capacity to generate and store
electricity is therefore a key milestone in meeting the challenges ahead. This dissertation is
my contribution to the quest to develop new technologies and improve existing ones for a
greener future.

In 2012, metal halide perovskites were introduced as a new solar cell material. Since then,
it has attracted a lot of attention due to its particularly high efficiency in converting solar
energy into usable electricity. Combined with existing silicon technology, perovskite-silicon
tandem solar cells, which achieve over 32 % power conversion efliciency, have the potential
to reduce the effective cost of solar cell devices, making them economically viable over
carbon-based energy generation. However, a major drawback to date has been their poor
long-term stability. With current stabilities on the order of weeks to a few months, there is
still a long way to go for successful commercialisation.

In this thesis I have studied a particular type of metal halide perovskite in which iodide
and bromide ions are mixed. This is done to adjust the material properties for optimal
combination in silicon-based tandem solar cells. However, when exposed to sunlight, the
iodide and bromide ions segregate, resulting in the parallel formation of iodide-rich and
bromide-rich domains. We analysed how this phenomenon affects the efficiency of solar cell
devices by comparing 45 0oo data sets of previously reported perovskite solar cell devices.
In the main experimental part of this thesis, I discuss the mechanism of the segregation
process in great detail. We were able to reveal another level of complexity than previously
thought and proposed a refined model to describe the mechanism. Finally, we take a step
back and consider how our X-ray measurements may affect the phenomenon under study.

Our results are a contribution to the collective effort to understand the diverse phenomena
underlying the current instabilities in metal halide perovskites. Hopefully they will guide
design strategies towards highly efficient and stable perovskites.
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Populirvetenskaplig sammanfattning pa svenska

I dag blir det allt tydligare att det finns ett behov av miljovinliga energikillor for att pa
ett hallbart sdtt mota samhillets vixande efterfrigan pa elektricitet. Utéver att den globa-
la efterfragan pé energi oker, kriver ocksa strivan efter koldioxidneutralitet att elektricitet
ersitter andra, mer koldioxidintensiva energiformer. Att utveckla kapaciteten att generera
och lagra el dr dirfor en viktig steg for att méta de kommande utmaningarna. Denna av-
handling 4r mitt bidrag till anstringningarna att utveckla ny teknik och férbittra befintlig
teknik for en gronare framtid.

Ar 2012 introducerades metallhalogenidperovskiter som ett nytt solcellsmaterial. Sedan dess
har det vickt stor uppmirksamhet pd grund av sin sirskilt hoga effektivitet nir det giller att
omvandla solenergi till anvindbar elektricitet. I samband med befintlig kiselteknik har tan-
demsolceller av perovskit och kisel, som uppnar en energiomvandlingseffektivitet pa over
32 %, potential att minska den effektiva kostnaden f6r solenergi, vilket gor dem ekonomiskt
lI6nsamma jaimf6rt med kolbaserad energiproduktion. En stor nackdel har dock hittills varit
deras daliga langsiktiga stabilitet. Med nuvarande stabiliteter i storleksordningen veckor till
nagra manader ir det fortfarande en ling vig kvar till en framgangsrik kommersialisering.

I denna avhandling har jag studerat en sirskild typ av metallhalogenidperovskit dir jodid-
och bromidjoner blandas. Detta gérs for att anpassa materialets egenskaper till kisels egen-
skaper. Nir de utsitts for solljus separeras dock jodid- och bromidjonerna, vilket resulterar
i att det parallellt bildas jodidrika och bromidrika dominer. Jag analyserade hur detta fe-
nomen péverkar solcellernas effektivitet genom att jimféra 45 ooo dataset av tidigare rap-
porterade perovskitsolceller. I den centrala experimentella delen av denna avhandling tog
jag en ndrmare titt pA mekanismen for segregationsprocessen. Vi kunde avslgja en annan
nivé av komplexitet an vad man tidigare trott och foreslog en forfinad modell for att be-
skriva mekanismen. Slutligen tar vi ett steg bakat och éverviger hur véra rontgenmitningar
egentligen paverkar det studerade fenomenet.

Vira resultat ir ett bidrag till den kollektiva anstringningen att forstd de olika fenomen
som ligger till grund f6r de nuvarande instabiliteterna i metallhalogenidperovskiter. For-
hoppningsvis kommer de att vigleda konstruktionsstrategier mot hogeffektiva och stabila
perovskiter.
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Introduction

In today’s world, it is becoming increasingly clear that there is a tremendous need for clean
electricity sources to meet society’s growing demand in a sustainable, less monopolized
manner. Not only is global demand for energy growing, but the drive for carbon neutrality
requires electricity to replace other, more carbon-intensive forms of energy. As a result of
this electrification, demand for electricity is expected to triple by 2050. Access to energy is a
key issue for improving health, education, and development. At the same time, the energy
sector in its current form is the source of three-quarters of greenhouse gas emissions. In
2021, 13 gigatonnes of carbon dioxide (CO,) were emitted by electricity generation alone. [8]
As such, transforming the electricity industry plays a most central role in trying to avert
the worst effects of climate change. In addition to greenhouse gas emissions, the power
sector is largely responsible for current air pollution, acid precipitation, radioactive waste,
hydrocarbon pollution, and trace metal pollution of soil and groundwater. Progress in
clean power generation is therefore a necessity. The International Energy Agency (IEA) has
published a roadmap for the global energy sector, outlining the key actions that need to be
taken to achieve carbon neutrality by 2050. This is seen as the only chance to meet the 1.5-
degree target of the legally binding Paris Agreement, which was adopted by 196 countries
in 2015.[9]

However, the roadmap points out that tremendous work is still needed to achieve the goal
of carbon neutrality by 2050. It states that ”This will require nothing less than a complete
transformation of the way we generate, transport and consume energy.”[9] Moreover, it
estimates that 7240 % of the necessary CO, savings by 2050 need to come from technolo-
gies which are not yet developed. This emphasizes the great responsibility scientists have in
meeting these expectations. Already today, solar energy is abundantly available and can be
converted into electricity with the help of photovoltaics (PV). Even with current PV tech-
nologies, the world’s electricity needs could be generated by PV modules with an efficiency
of 25 %, covering only 0.3 % of the earth’s surface.

Since the advent of PV, silicon solar cells have held the largest market share, which is ex-
pected to remain above 90 % by 2030.[11] In the last 10 years, the module efficiency of
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Figure 1: The annual CO; emissions savings in the net zero pathway, relative to 2020 highlight the importance of
research in the quest to reduce the CO2 emission to net 0 by 2050, obtained with permission from IAE [9]

silicon modules has increased from 15 % to 20 %. Together with the decreased cost of mod-
ules due to significantly reduced material usage from 16 g/Wp to 2.5 g/Wp, this has led to
significantly reduced energy payback times for silicon PV systems. In Northern Europe,
silicon PV plants require about 0.9 to 1.1 years, depending on latitude, as shown in Figure 2
c.[11] From an energy perspective, installing silicon PV systems is thus already worthwhile
even in Northern Europe. However, in the current capitalist system, only further improved
cost efficiency will inevitably ensure the continued adoption of PV systems, independent
of the political will. Meanwhile, newly installed PV power plants have overtaken newly
installed coal-fired power plants, as they can produce electricity at lower cost. In addition,
PV projects coming on line in 2022 have a projected average price of 0.04 $/kWh, about
27 % less than the cheapest fossil competitor, existing coal plants.[12] This is the first time
that it has been economically favourable to decommission existing coal-fired power plants
and replace them with PV plants. However, by the end of 2021, only 945 GW have been
installed, resulting in PV power accounting for less than 4 % of the electricity generated
worldwide.

While the price for silicon continuously decreases, the cost of PV is starting to flatten out
because a large fraction of the cost of PV today are ternary costs associated with the install-
ation and maintenance of the power plants, shown in Figure 2 a and b. This shows, that
further reduction of the pure material price, will not contribute much to decreasing the
price of solar energy generation. Ternary costs generally scale with the size and weight of
the modules rather than the amount of energy generated. Therefore, increasing efficiency
while maintaining the same module size and weight will effectively reduce the price per
kWh. Thus, further improvement of existing silicon technology will inevitably make PV
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Figure 2: a) The levelized cost of photovoltaic electricity production has been decreasing in the past 10 years but is
starting to level off at & 2.7 $/W, in recent years. Reproduced with permission from NREL [10] b) The reason
for this is that the ternary costs of photovoltaic, mainly installing and maintaining the module, makes up
almost 60 % of the entire costs of electricity production today. The wafer itself is responsible for only about
12 % of the costs of solar energy conversion. Adapted from [10] c) shows the energy payback time in Europe
dependent on the local irradiation. Even though the local irradiation in Sweden is only about half of that
in Spain, the energy payback time is still as low as 1.3 years. Assuming a lifetime of 20 years, this means
that a PV system installed in Sweden can produce 15 times the amount of energy that was needed for its
production, reproduced with permission from Frauenhofer Institute ISE [11]

technology energetically and monetarily favourable over fossil alternatives, shorten the en-
ergy payback period, and thus reduce the CO,/kWh caused by module production. While
there are several approaches to increasing the efficiency of solar modules, tandem solar cells,
which utilize a larger portion of the solar spectrum through the use of two absorber layers,
have shown promise, as discussed in section I.1.



Scope of This Work

In this work, I focus on bandgap tunable metal halide perovskites (MHPs) with mixed-
halides. While MHPs show great promise in terms of their opto-electronic properties and
solar cell device efficiency, their large drawback is their to date unstable operation. Mixing
halides such as bromide and iodide tunes their bandgap and thus ensures compatibility with
existing silicon technology. Silicon-perovskite tandem solar cells have recently achieved
over 32 % efficiency. However, a reoccurring challenge is their insufficient stability. When
exposed to light, the halides in mixed-halide MHPs tend to segregate, creating iodide- and
bromide-rich domains.[13]

In a meta-data study (Paper I) we analyse solar cell device metrics reported in the Perovskize
Database with respect to their bandgap, aiming to highlight pathways towards the devel-
opment of efficient and stable operation of perovskite based PV across the entire bandgap
range. [14] Through analysis of the reported device data available in the Perovskite Database,
we evaluate the relevance of different of loss mechanisms, including the band-alignment
in the device layer-stack, intrinsic defects and transient effects such as the light induced
phase segregation. We conclude that the light induced phase segregation is responsible for
a significant portion of the under-performance of MHP devices with a large bromide to
iodide ratio, leading to a sharp decrease in output power after a few minutes.

In the main experimental work of this thesis, (Papers II, III and IV) we shine light on the
mechanism of this light induced phase segregation. Understanding its mechanism is crucial
towards mitigating segregation, making MHPs relevant for industrial implementation with
the existing silicon PV technology. By comparing the evolution of structural and optoelec-
tronic properties as well as microscopic and macroscopic insights, we are able to contribute
to the current understanding of why and how the halides segregate under light.

In the attempt to perform spatially resolved X-ray based measurements (nano-X-ray fluor-
escence and 3D X-ray diffraction), the small spot sizes and thus high local X-ray fluxes
revealed X-ray sensitivity to be a recurring, yet under-explored issue. Section 3.3 therefore
contains preliminary results concerning the X-ray stability of mixed iodide-bromide per-
ovskites. To consider X-ray stability is of foremost importance when employing X-ray based
characterization techniques, especially in realtime i7-situ measurements. Ensuring that the
characterization is not interfering in the evolution of the properties of the probed system
is the base for a meaningful analysis of the data. Beyond this, X-ray stability is a prerequis-
ite for alternative usages of MHPs, for example as X-ray scintillator and for photovoltaic
applications in space. With detailed X-ray diffraction measurements during degradation
we are able to elucidate the degradation pathway and furthermore draw a first map of the
dependence of X-ray sensitivity on the halide and cation system.



Outline

This thesis consists of two parts. Part one introduces the material system, key methods and
methodology together with a summary of the major findings of the PhD work. The second
part consists of a collection of papers and manuscripts (Paper I to IV).

Part1:

Chapter 1: Serves as an introduction to the material properties and state of the art of Mixed
Halide Perovskites (MHPs). A special focus is payed to material properties relevant to the
tunability and the photo-stability of MHPs. An introduction to the phase-segregation
phenomenon is given.

Chapter 2: The used experimental setups for X-ray diffraction (XRD) and photolumines-
cence (PL) are introduced. Beyond this the methodologies and analysis schemes used in
this thesis and their challenges are discussed.

Chapter 3: The fourth and final chapter summarizes the main findings of this thesis re-
lated to the photo-induced phase segregation of metal halide perovskites. Beyond this,
preliminary results on their X-ray sensitivity are included as the last section.

Part 2:

Paper I Here, we compare the perovskite solar cell device metrics, collected in the per-
ovskite database, for wide bandgap solar cells. We evaluate the contribution of different
loss mechanisms. We come to the conclusion that the light induced phase segregation plays
a significant role in the under-performance of wide bandgap mixed-halide perovskite solar
cells, employing high bromide fractions.

Paper II In this Paper we study the light induced phase segregation by photoluminescence
microscopy. Studying the evolution of PL, we reveal a complex segregation pathway of
mixed metal halide perovskites.

Paper III Here we employ multimodal XRD and PL to further analyze the multi-stage
phase segregation process. We perform a quantitative analysis of the compositional phase
distribution established upon illumination for MAPb(I,.Bry); samples with varying brom-
ide fraction x. Based on these results, we quantitatively evaluate the proposed theoretical
models and conclude that in addition to a pure thermodynamic model, a kinetic model is
required to rationalize the entirety of the observed phase segregation.

Paper IV In the same experimental setup developed for Paper III, we study the phase se-
gregation process for MAPb(I, ,Br, ¢); samples at different temperatures between -20 °C
and 6o °C. We compare our experimental results qualitatively with a simple 2D numerical
model based on the results of Paper III.






Chapter 1

Mixed Metal Halide Perovskites

1.1 Bandgap Tunability

.1 Importance of Bandgap Tunability for Opto-Electronic Applications

The bandgap is one of the most important physical properties that characterizes any semi-
conductor. Different technological applications require different bandgaps. Thus, the
bandgap tunability of a material system is a desirable property because it allows the ma-
terial to be optimized for any device application that requires a specific bandgap. The color
of a light emitting diode (LED) is determined by the bandgap of the emitter. Bandgap tun-
ability therefore makes it possible to produce an LED that emits a specific color of light.
Modern telecommunications are based on silicon technology with a bandgap of 1.1 €V, so
all materials used in telecommunications must be tuned to this energy. For example, wave-
guiding materials that need to be transparent at 1.1 €V require a lower bandgap energy.

In solar cells, the bandgap of the absorber material must be matched to the solar irradiance
spectrum. The possible power conversion efficiency 7 of a solar cell device is therefore
closely related to the bandgap of the material. The maximum achievable power conversion
efficiency is given by the Schockley-Queisser limit, which is shown in Figure 1.1 d (solid
black line) as a function of the absorber bandgap. The bandgaps of both GaAs and silicon,
1.4 eV and 1.1 eV respectively, are in the ideal range for a single junction solar cell, where
the maximum achievable power conversion efficiency is about 33.7 %.[18] In Figure 1.1 a
and d it is clear that even in this ideal range, and assuming ideal solar cells, still over 66 %
of the solar energy is fundamentally lost. This is because photons with energy below the
bandgap cannot be absorbed and are therefore transmitted. Photons above the bandgap
are absorbed, but any energy above the bandgap is lost to thermalization. However, the
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The solar energy spectrum can be used more efficiently when two absorber materials with matched

bandgaps are stacked. a) shows the solar spectrum at AM 1.5 in dimmed rainbow colors. The practic-
ally usable part for a bandgap of 1.1 eV (silicon) is highlighted in stronger rainbow colors. b) shows the
usable part of the solar energy spectrum for a tandem solar cell with a narrow bandgap absorber of
1.1 eV (silicon) and 1.75 eV (MHP). The inset shows a sketch of the principle of how the spectrum is split
in a monolithic tandem device. c) Shows the theoretical efficiency limit of a monolithic tandem solar cell
as a function of the bandgaps of the lower and upper cell materials. We have added the red line to in-
dicate the bandgap of silicon as the bottom cell. Adapted from [15] ©2019 The Authors. Published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim d) Shows the single-junction efficiency limit based on
the AM1.5 standard solar spectrum (full line, black) and the limit for tandem solar cells based on silicon
as the narrow-gap bottom cell (red). For comparison, the highest measured efficiencies for devices using
different solar cell absorber materials and the record silicon tandem efficiency are shown. Adapted from
[16], ©2022 The Author. WIREs Energy and Environment published by Wiley Periodicals LLC. With effi-
ciency data from [17] and the theoretical limit of c-Si-Pero tandems digitized from [15]

achievable power conversion efficiency can be increased by using more than one absorber

material

in a solar cell device, as shown in Figure 1.1 b. In tandem solar cells, two absorbers

are used. A large bandgap absorber is placed in front, ideally absorbing only the high
energy photons. Photons with energy below the bandgap are transmitted and absorbed by

the seco

nd absorber material with a smaller bandgap. This allows a larger fraction, up to

45 %, of the solar energy to be used.[19] For a tandem solar cell with silicon as the bottom

cell, ind

icated by the red line in Figure 1.1 ¢, a bandgap closer to 1.7 €V is predicted to be

most efficient. The predicted efficiency limit, compared to the Schockley-Queisser limit
for a tandem with silicon, is shown in Figure 1.1 d in red. For integration into a tandem
solar cell with GaAs (F; = 1.4 €V), a bandgap as high as 1.9 to 2.0 eV is required, as shown
in Figure 1.1 c.
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Figure 1.2: a) photograph of FAPb(l,4Bry); samples with varying x. b) shows the perovskite AB X3 structure. The
bandgap can be tuned by substitution of either the halide, X, shown in yellow, the cation A or the metal
B. Figures reproduced from [20, 21] Reproduced with permission from Springer Nature. Substitution of
the halide, has a large effect on the bandgap due differences in electronegativity of I, Br and Cl. These
differences lead to a shift of their p-orbital, effecting the valence band of in the perovskite lattice. Repro-
duced from [22], ©2019, The Author(s). Nature Communications published by Springer.

r.1.2 What Changes the Bandgap of Metal Halide Perovskites?

Their bandgap tunability in conjunctions with good opto-electronic properties makes metal
halide perovskites a promising material class to be used in a variety of opto-electronic ap-
plications. Perovskite-type crystals have the general chemical formula of AB X3, in which
the A ion is a relatively large cation at the center of the unit cell, the B ion is a smaller cation
at the corners, and the three X anions at the centers of the edges of the unit cell (Figure
1.2). While some oxide and chalcogenide perovskites are being explored, the perovskites
that are used in PSCs are mainly metal halide perovskites, where A = methylammonium
(M A™), formamidinium (F AT), cesium (Cs™) or rubidium (Rb"); B = lead (Pb*)
ortin (Sn?1); X = iodide (I7), bromide (Br ™) or chloride (C1~). While most research
has been conducted on MAPbI; and FAPbI;, which exhibit optical bandgaps of ~ 1.55 and
~ 1.48 €V, respectively, the bandgap of metal halide perovskites can be tuned between
1.2 eV and 3 eV, as shown in fig 1.2.

Generally, a substitution with a smaller ion can either contract the lattice, or tilt the B X
octahedra. In the case of the most common Pb perovskites, the substitution of A-site cations
and X-site ions with a smaller ion (e.g. FA by MA or I by Br), leads to contraction of
the lattice. This results in the peakshift in XRD to higher diffraction angles, presented in
section 2.4.2 The formation of the bandgap follows a slightly more complicated rationale.
The bandgap of Pb based metal halide perovskites is formed by the anti-bonding states
between the s-orbital of Pb and the p-orbital of the X-site halide. The conduction band is
mostly dominated by the p-orbital of Pb with only a minor influence of the s-orbitals of the



halides. The substitution of the X-site ions, leads to two competing effects on the bandgap.
The increasing electronegativity of chlorine, compared to bromine and even more so for
iodine, leads to stabilisation and thus decrease in the original energy of the X-site p-orbital,
Ex ;, going to smaller ions. This decrease of E'x ) leads to a strong decrease of the valence
band energy. In the AB X3 structure, the contraction of the lattice for smaller ions leads to
a stronger overlap of the orbitals and thus stronger splitting. While this is the dominating
effect in most alloyed semiconductors, it only results in a minor modulation of the valence
band energy in the case of Pb based MHPs.[22] Partially exchanging the relatively large
iodine with in MAPbI3 with a smaller bromine with stronger electronegativity thus leads
to a significant increase in the bandgap to up to 2.2 eV.[23] The resulting bandgap follows
approximately the linear Vegard’s law.[24]

While the pure iodide perovskites have been extensively researched, with over 30000 repor-
ted devices, mixed bromide-iodide devices are relatively scarcely reported, as we discuss in

Paper L.
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Figure 1.3: (a) The device efficiency as a function of perovskite bandgap for all cells in the Perovskite Database to-
gether with the SQ limit (solid) and the SQ limit minus 5 % (broken). While around 1.6 eV and 2.3 eV,
the device efficiency is approaching the SQ limit, the efficiency is less optimal at bandgaps below 1.5 eV
and shows a gap between 1.7 and 2.2 eV. The reoccurring stability issues become apparent when looking
at the stabilised efficiency (b) and the efficiency after stability tests. The pronounced decrease in data-
density, signifies a lack in reporting stabilised efficiency and stability tests. The gap between 1.7 and 2.2 eV
becomes especially pronounced when considering the efficiency after stability tests, which is likely due to
photo-instability of mixed halide perovskites.

1.1.3  State of the Art of Bandgap Tunability

Next to the mere ability to synthesize materials with various bandgaps, two things are of
key importance:

* Maintaining high material quality — good device efficiency

* chemical stability — stable device efficiency

Jacobsson et al. recently developed an online platform that allows browsing, uploading and
downloading experimental solar cell data. The perovskite device database including over
45 000 devices with their metadata, was created by 8o contributors, collecting information
from initially over 17 ooo papers.[14]. The power conversion efficiency 7 is plotted with
respect to the device bandgap in Figure 1.3 a. When looking at the 45 0oo devices reported in
the perovskite database, it becomes obvious, that while the device efficiency is coming close
to the Schockley-Queisser limit for perovskite absorbers with a bandgap around 1.6 €V, this
extraordinary performance is not maintained across the entire bandgap range. Deviations
from the theoretical limit can be seen in the narrow-bandgap regime around 1.4 ¢V, which
is the ideal range for single junction solar sells. Furthermore, in the region between 1.7 eV
and 2.0 eV, which is relevant for tandem and multi-junction solar cells, a clear dip in device
performance can be seen. The sub-optimal performance of the devices in this band gap
range may have several reasons which are discussed in detail in Paper I. A prominent reason
is the reported photo-instability of mixed bromide-iodide perovskites, which is the research
topic in papers I, III and IV.

When looking at the performance after stability tests have been conducted, it becomes
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evident, that to date no stable perovskite solar cells with a bandgap around 1.9 eV have
been reported, (see Figure 1.3b). This clearly indicates inferior stability in this range. This
bandgap region coincides with the instability region due to the photo-induced phase se-
gregation. It becomes thus clear, that while mixed bromide-iodide films and even devices
can be prepared over the entire bandgap range, high power conversion efficiencies are not
maintained over the entire bandgap range. Moreover, despite the massive amount of re-
ported device date (>45 000 devices) no long-term stable and efficient devices have been
reported in the bandgap region between 1.8 and 2.2 V.

1.2 Elastomechanical properties of perovskites

Despite tremendous efforts, the reliable and efficient operation of metal halide perovskites
today is still hindered by dynamic phenomena such as current-voltage hysteresis, [3, 4] dy-
namic defect formation([s, 6] degradation and light induced phase segregation[7]. Ion mi-
gration has been proposed to lie at the heart of these critical instabilities preventing com-
mercial application. On the other hand, more recent literature stresses the self-healing
potential which comes alongside high ion mobility. As a result of both the challenges and
potentials connected to ion mobility, lately greater attention is being paid to the remarkable
‘softness’ of metal halide perovskites.

1.2.1 A-priori Elastomechanical Properties

A remarkable property of metal halide perovskites is their often reported softness. The elast-
omechanical properties of metal halide perovskites resemble those of soft metals and poly-
mers rather than more traditional semi-conductor materials. Macroscopically, the stiffness
of metal halide perovskites is 10 times lower than that of conventional semiconductors such
as GaAs and Si.[25] Studies on single crystals suggest that the Pb—X framework dominates
the elastic modulus. The softness is caused by the high deformability and weakness of het-
erovalent Pb-X bonds. The lower elastic modulus of MAPbI; compared to MAPbBr; has
been rationalized with weaker Pb—I bond strengths, compared to Pb-Br bond strength.[26]
The soft lattice leads to high dynamic disorder in the lattice, which is so high, that a ‘liquid-
crystal dualism® has been proposed.[25, 27] Microscopically, this ‘lattice-softness’ yields
high halide vacancy densities. At room temperature, equilibrium vacancy densities have
been reported to be has high as 0.01 to 0.4 %.[4,10-13] lon diffusion is proportional the
vacancy density ¢, by:

D(T) = f-1/6-¢c,(T) - a* - k(T) (r.1)
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where f is a correlation factor depending on the lattice symmetry, o is the jump lengths
of a single jump and k(T") is the jump frequency. Hence, these halide vacancies have been
shown to be responsible for the major part of the observed ion migration.[28]

r.2.2 Light and Electrical Bias Induced Defect Formation

Under real operating conditions, the percentage of mobile ion vacancies is expected to
be even higher due to additional light and electrical-bias induced halide vacancies.[29—
31] Specifically, illumination above the bandgap with 100 mW- ¢cm™ has been shown to
increase the ion conductivity by two orders of magnitude.[31] Reports of an ionic portion
of the total conductivity of up to 60 % lead to metal halide perovskites to be described
as mixed ionic electronic conductors.[28, 31] While in the dark, migration via pre-existing
Schottky defects has been the most discussed pathway in metal halide perovskites, under
light other mechanisms may start to play a role. The formation of light induced Frenkel
defects where a vacancy-interstitial pair is formed, has been discussed.[32—34]

While light induced halide-vacancy formation has been proposed repeatedly, the exact
mechanism is still under debate. Phung et al. recently discussed three possible pathways of
photo-induced halide vacancy formation which all depend on the excess absorbed energy

above the band-gap.[32]

1) the thermal pathway considers that the excess energy from photons with energies above
the band-gap dissipates into the lattice during thermalization. The resulting heat-up of the
lattice is weakening the Pb-halide bonds causing a dissociation reaction. 2) the photodisso-
ciative pathway occurs at photon energies high enough to directly break chemical bonds
and thus directly induces the dissociation reaction without any intermediate step. This
mechanism has frequently been proposed for the observed decomposition of Pbl, into Pb°
and volatile I,. As the Pb-I octahedra in Pbl, resemble those in MAPbI, a similar reaction
may occur also in MAPbL;. 3) As a third pathway, a synergy of pathways 1) and 2) is dis-
cussed, in which photons bring the system into a still bound but excited state which already
weakens the Pb-halide bonds, such that they can be broken with less thermal energy.

By analysing the excitation energy dependence of the observed PL-shift related to the form-
ation of halide defects, Merdasa et al. concluded that at low photon energies, below 2.3 ¢V,
the thermal pathway dominates. At photon energies beyond 2.3 €V, the synergetic and fi-
nally the direct photodissociative pathways dominates, as the excess photon energy starts to
be sufficiently high to directly dissociate the Pb-halide bonds. In inhomogeneous mixed Br-
I perovskites, it further needs to be taken into account, that the excess photon energy, which
is the energy above the band-gap is higher in iodide-rich domains compared to bromide-
rich domains. Which can lead to an inhomogeneous defect density.
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Beyond vacancy formation via the excess photon energy, even a direct charge carrier induced
or assisted pathway has been discussed.[33] However, to date the mechanism behind this is
far from agreed upon. If charge carriers are to play a direct role in the creation of halide
vacancies this would have severe implication for inhomogeneously mixed Br-I perovskites,
where nearly all charge carriers concentrate in small I-rich domains. The resulting vacancy
density upon excitation will hence be strongly inhomogeneous.
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1.3 Light Induced Halide Segregation

Ion migration lies at the heart of most of the critical instabilities which still prevent the
commercial application of metal halide perovskites in application such as tandem solar cells
or LEDs. Despite tremendous efforts, the reliable and efficient operation of metal halide
perovskites today is still hindered by dynamic phenomena like hysteresis, dynamic defect
formation, degradation and light induced phase segregation, largely induced by remarkably
mobile ions in metal halide perovskites.[3, 29, 35—38] Ion mobility as the underlying cause
is often illusive. When mixed metal halide perovskite samples are exposed to light, the
halides in the sample segregate and distinct iodide rich and bromide rich phases appear.
Ion mobility, as the prerequisite for the halide segregation, determines the phase-segregation
process. Hence, light induced phase segregation of mixed metal halide perovskites provides
aunique opportunity to watch the ions move due to the establishment of distinctly different
phases under illumination. It is thus a unique chance to get further insights into the relation
between optical excitation and ion migration.

The most apparent signifier of photo-segregation is the red-shift of the PL energy as a res-
ult from the charge carrier funneling into newly established iodide-rich narrow-bandgap
domains. It is thus apparent that charge carriers loose a portion of their energy due to
photo-segregation, which is obviously detrimental for high power conversion efficiencies.
Recently several studies analysed the effect of the photo-segregation into iodide rich and
bromide rich domains on solar cell efficiencies.[39—43] The experimental evidence clearly
shows that phase-segregation is detrimental for the solar cell performance. Furthermore,
it highlights, that while the V. is less affected than previously assumed, the Jg is largely
affected due to the isolated nature of the iodide rich domains, acting as efficient traps which
we discuss in detail in Paper I. Consequently, understanding halide movement in perovskite
absorbing layers is key to making perovskite solar cells viable for commercialization.

1.3.1 Experimental Observations

In the quest for long-term durable perovskites with a bandgap attuned to that of silicon,
numerous studies have been conducted to grasps the details of the photo-induced phase
segregation. As the phase segregation has been reported to be dependent on the atmosphere,
the temperature, the synthesis conditions as well as the excitation intensity and energy,
many seemingly contradicting observations have been reported. It is therefore important to
differentiate between generally valid observations which have been consistently reported for
a wide range of independent samples and individual reports which may be sample specific
and not generally hold true.
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Fundamental Observations, Agreed Upon in the Community There are a few funda-
mental aspects of the phase segregation process, which have repeatedly been proven to be
valid rather generally by several different labs and studies. The red shift of the initial PL
to a PL energy resembling that of samples with a bromide fraction of x = 0.2 as been ob-
served by numerous research-groups.[7, 13, 29, 44—50] Especially striking is the consistency
of the final PL energy across all bromide contents above x = 0.2. This has not only been
reported for the MA material system, but even for other cation systems, the establishment
of a low energy PL signal resembling the PL of an iodide rich sample (close to x = 0.2) has
been observed (x ~0.26 (MAT), ~0.21 (FAT), ~0.02 (CsT), ~0.35 (FAT/Cs™), and ~
0.20 (MAT/FA1/Cs™)) as shown in Figure 1.4 [44, 51-56]

This apparent universality of the approximate PL position, has sparked discussion of a
thermodynamically stable terminal x-value’.[13, 56—60] A major focus of several theoretical
models has been the explanation of such a terminal x-value’, which has been rationalized
by either critical x-values in the thermodynamic free energy of mixing[s7, 61] or a cubic
to tetragonal phase transition[62]. However, the cubic to tetragonal phase transition is not
universal for different cation systems and has therefore been ruled out to be the only cause
of the emergence of similar PL bands. Moreover, as we discuss in Paper III, the ’terminal
x-values” have predominantly been observed by PL alone, which is by itself not the method
of choice to gain reliable compositional information.

Studying the vast amount of PL spectra reported after phase-segregation, it becomes also
apparent, that the low energy PL peak is continuously growing during phase segregation
and that the PL spectra are immediately dominated by this growing low-energy PL peak.
Eventually an equilibrium state is reached at which the PL does not change anymore. In this
final equilibrium state, the original high-energy PL peak is often not detectable or reported
to be at least 4 orders of magnitude lower in intensity. Charge carrier funnelling from the
larger bandgap domains to iodide-rich narrow-bandgap domains has been proposed to be
the cause.

The phase segregation process has been shown to be fluence dependent([7] and a threshold
fluence necessary to induce phase segregation has been shown. Further the phase segrega-
tion process has been shown to be reversible if it is kept under dark conditions.[13] How-
ever, the reverse process is orders of magnitudes slower, such that often not the full reverse
process is reported.

Structural measurements such as X-ray diffraction and absorption spectroscopy have con-
firmed the appearance of iodide rich and bromide rich phases. However, the reports on the
structural changes during phase segregation are very diverse.[13, 42, 4548, 51, 53, 64—66]

Conflicting Observations While it has been established that I-rich and Br-rich phases
form when mixed halide perovskites are exposed to optical light, not much more details of
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Figure 1.4: a) Time-evolved XRD patterns for MAPb(l1.4Bry)s reported by i)[63] ii)[13], iii)[47] and iv)[52], show the di-
versity of structural changes observed during segregation. The segregated patterns are shown in full
lines and the initial pattern prior to illumination broken lines of the same color. All data was digit-
ized using WebPlotDigitizer. b) Photoluminescence (PL) spectra for MAPb(l1.xBry)3[46], CsPb(l1«Brx)3[52],
FAPb(I1.xBrX)3 [54] ' FA0'83CSO.17Pb(|1_XBFx)3 [44], and FA0,79MA0,15CsoloePb(I1_xBrx)3[55] thinfilms. Asterisks
represent PL emission energies associated with z = 0.2 for each cation composition. Figure reproduced
from [56]

how the final stage actually looks like has been agreed upon. Some XRD measurements
show a clear split into two distinct peaks, which seemingly agrees with the notion of the es-
tablishment of a thermodynamically favoured I-rich and a Br-rich peak.[13, 64, 66] Others
have reported merely peak broadening with the majority phase keeping its compositions,
while even other reports show a shift of the entire peak[47, 67]. The qualitative disagree-
ment, shown in 1.4 makes a quantitative description of the final phase distribution very
difficult. Especially the volume fraction of the iodide rich phase is subject to controversy.
Values between 1 % and 24 % have been reported. While in an XRD pattern with two
clear peaks, it might be possible to define an ’iodide-rich’ and a ’bromine rich’ phase,in
other cases it is not straight forward. Generally different measurement techniques, prob-
ing slightly different material properties have given contradicting results. Already in the
first report on phase segregation, a discrepancy was noted between XRD measurements
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and absorption measurements.[13] Further, cathodoluminescence measurements observed
iodide rich domains on the order of 8-10 nm, which would be too small to be even visible
in XRD measurements. Alongside this the cathodoluminescence measurements suggested
that the mixed phase keeps it’s original composition, in clear contradiction to the XRD
measurements. [G6I]

1.3.2 Theoretical Models Explaining Phase Segregation

It is generally agreed upon, that the phase segregation is a charge carrier induced effect as it
can be light-[13, 45, 46, 48, 49, 68] bias-[s3, 66] or electron-beam induced[69, 70]. Beyond
this the process is fully reversible in the absence of charge carriers ruling out that charge-
carriers merely deliver the energy needed to overcome an activation energy barrier. To
date roughly three types of models have been developed, which each succeed to rationalize
certain but not all aspects of the phase segregation process.

Polaron Model A widely discussed type of model is the polaron-model, in which it is
postulated that the lattice-strain induced by the polaron is relaxed by the rearrangement
of ions. Specifically the polarons get trapped in the narrow-bandgap iodide rich domains,
where they attract further iodide, templating the growth of iodide rich domains.[s7, 59,
61, 71, 72] Theoretical calculations based on the polaron model predict two minima in the
potential energy for the compositions x = 0.2 and x = 0.8, which has been used to rationalize
the universal PL energy position and the observations of two peaks in the XRD patterns.[61]
However, this type of models falls short in rationalizing the excitation density threshold of
the photo-segregation, which is accounted for in models relying on the difference between
the band-gap of the original mixed phase and the light induced i-rich domains.[68, 73]

Band-gap Models In the so called band-gap models, the energy of the charge carriers can
be reduced if the sample segregates, as the charge carriers can relax into the i-rich domains
which exhibit a lower bandgap.[so, 60, 68, 74] While no clear minima in the potential
energy exist, an interplay of entropy gain by mixing and band-gap reduction in certain
areas by segregation leads to stable phases around x = 0.2.[74] Further the competition of
entropy driven mixing and light induced segregation can explain the excitation threshold.

Drift-Diffusion Models A third type of models often called drift-diffusion models, relies
on the combination of different diffusion rates of iodide and bromide and a field due to spa-
tially diverging electron and hole distributions. Different reports suggest inhomogeneous
excitation throughout the thickness of the perovskite film, or spatial difference in hole-and
electron trapping to be the cause of an electric field. However, while the models most often
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assume iodide to diffuse faster, DFT calculations predict bromide to diffuse significantly
faster than iodide in mixed samples.[47, 52] Recently in our work, the role of the defect
chemistry has been highlighted to play a major role. Especially the role of halide vacancies
determining ionic transport has been discussed.[29, 49, 75, 76]
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Chapter 2

Methods and Setups

This work is mainly based on the findings of photoluminescence and X-ray diffraction,
both macroscopic and microscopic. In the following sections I will discuss the different
methods used, with particular emphasis on the different sensitivities of each method to
certain material properties. All three methods can be classified as standard characterisation
techniques for semiconductor thin films, often used simply to confirm successful perovskite
formation. However, their potential, if carefully investigated, goes far beyond this.

2.1 Photoluminescence Microscopy

An inverted wide-field fluorescence microscope based on an Olympus IX-71 frame, de-
scribed in detail elsewhere [77], was used for the continuous wave (CW) photolumines-
cence (PL) measurements presented in Paper II. A sketch of the setup is shown in Figure
2.1. The samples were excited using a 458 nm CW Argon laser. The excitation power could
be varied over several orders of magnitude using a set of neutral density filters in the ex-
citation path. At normal operating conditions the power density at the sample plane was
adjusted to 0.1 W-cm™, corresponding to the power density of the sun at AM 1.5. An EM
CCD camera (Princeton, ProEM s12 B) was used as detector to record the images. The
acquisition time of each image was set to 100 ms, if not otherwise stated.

A defocusing lens was used, which shifts the focal point away from the objective, such
that the beam-spot at the sample-plane is enlarged. In the study presented in Paper II,
the beam-spot was roughly 30 pm in diameter. In this defocused configuration a large
number of crystal grains can be imaged simultaneously. To measure the PL images, an
oil immersion objective (60ox Olympus UPlanFLN, NA 1.25) was used to obtained a high
magnification, better resolution and better light collection. For this thin microscope cover
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Figure 2.1: Shows the PL microscopy setup used for Paper Il, together with a typical image of a perovskite sample as
obtained using the Oth order without grating and a typical PL spectrum as obtained from the 1st order.
Adapted from [77] and Paper Il [7]

slips were used as substrates, with a thickness of 0.75 mm. The samples were placed with
the substrates facing the objective and an immersion oil was inserted in between substrate
and objective. The oil thus effectively eliminated the refractive index mismatch leading to
better resolution of the obtained image. PL spectra were measured in this setup by inserting
a narrow slit and a transmission grating in the detection path of the microscope. This causes
the emitted light to diffract before reaching the detector plane. When light is diffracted
from a grating, it forms a interference pattern with spatially separated fringes. The first
order of the diffraction grating is used to measure the PL spectra. The grating is aligned
with the slit, such that the pattern is formed horizontally. Thus on vertical detector-axis,
the spatial information is contained, while on the horizontal axis, the difference between
the oth order and the 1st order represents the photon-energy. This is called a spectral image
as it contains both, some spatial information as well as spectral information. The spectral
resolution is determined by the width of the slit, the specifications of the grating as well as
the distance between grating and detector as well as the effective pixel size of the detector.
The spectral resolution has been calculated to be roughly 2.1 nm.[78]

Time-resolved PL was measured with the same PL microscope described above, using a
405 nm pulsed laser (PicoQuant) for excitation at 2 MHz repetition rate and an average
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power of 0.1 W ecm™ (1sun). This results in a photon flux of 2.04-10'7 photons- cm™-s! and
thus 1.02:10'! photons -cm™ per pulse. Photons were detected by an avalanche photodi-
ode (Mico Photonic devices) coupled to a PicoHarp3oo counting system (PicoQuant). To
record time-resolved kinetics for a continuously changing sample, we used the time-tagged
mode, where the absolute arrival time of each detected photon was recorded with ps accur-
acy (so-called T3 mode). The data set allowed the calculation of PL decay kinetics with 200
ps time resolution over a chosen time interval. The 1 s time interval was chosen as a com-
promise between data quality and a reasonable time resolution to resolve the appearance of
the transient PL peak.

2.2 Multimodal XRD and PL at Limax 60, Bessy 11

In order to measure multimodal PL and XRD simultaniously at the same area of interest
we designed a small scale portable PL setup, which can easily be integrated into the X-ray
path at different X-ray sources, maintaining the same measurement geometry and working
distances when employed at different X-ray sources. This setup is used for the multimodal
CW-PL and XRD measurements in Paper III and IV presented in this thesis. A sketch of

the setup is shown in Figure 2.2

2.2.1 Photoluminescence

To measure PL, the samples were excited using an LED with emission centered at 453 nm.
Using an LED as excitation source allows to illuminate the entire sample area. The wave-
length of 453 nm was chosen as it is below the bandgaps of both MAPbI; and MAPbB;;.
The absorptivity of MAPbI; and MAPbBr; is near unity for both materials as it is signific-
antly below the bandgap. The excitation power is varied by tuning the input power for the
LED. For the measurements presented in Paper IIT and IV, the power was set to 0.1 W-cm™
using a power-meter. 0.1 W-cm™ corresponds to the solar power density at AMr.5. How-
ever, it has to be noted, that the spectrum of the LED differs significantly from an actual
solar spectrum and thus needs to be considered as a model system. We nonetheless chose
the nearly monochromatic light of an LED, as it is equally absorbed by both MAPbI; and
MAPDBr; and all solid solutions. A broad white light spectrum is absorbed differently by
MAPbI; and MAPbBr; due to their different bandgaps. Different numbers of photons
would be absorbed at constant flux, making the analysis more difficult, especially if chem-
ically in-homogeneous samples are considered. The integration time for the PL spectra was
set according to the sample luminescence yield.
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Figure 2.2: (a) shows the multimodal PL and XRD setup as placed at the Metallet X-ray source LIMAX-70 (b) shows
the typical results obtained by simultanious real-time PL and XRD measurement. Reproduced from Paper
111 [29]

2.2.2  X-ray Diffraction

Simultaneous iz-situ X-ray diffraction measurements were performed at the LIMAX labor-
atory 1 at BESSY II (Berlin), equipped with a liquid-metal-jet X-ray source emitting high-
flux GaKa radiation. A PILATUS3 R 1M area detector was used to detect the diffraction
signal.[79, 80] Due to the splitting of the GaKa line into GaKe; and GaKe,, the measured
XRD patterns of the homogeneous samples show a double peak for each reflex. A range
of 2 0 from 10°to 32°was measured at constant incidence angle of 2 § ~ 25°focusing on
the pseudo-cubic /cubic 200 reflex. Due to the measurement geometry, the reflex in focus
has a minimized instrumental broadening, allowing for a good resolution of the sample
induced broadening, whereas any reflex at a different angle exhibits a larger instrumental
broadening. The 2D diffraction image was subsequently integrated azimutally over an arc
between = =5°resulting in an 1D diffraction pattern of intensity over diffraction vector
length. Using a certified LaBg reference sample the setup was calibrated an the instrumental
broadening deduced.

Atmosphere Control The PL setup is placed on top of an atmosphere and temperature
controlled sample environment. To control the temperature a Peltier-element was placed
beneath the sample-stage. In Paper III, this was used to keep the temperature constant
at 20 °C, whereas in Paper IV the temperature was deliberately set between -20 °C and
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60 °C. The temperature at the sample plane was constantly monitored using a temperature
probe placed in the sample-stage. For the entire measurement the sample was placed in N,
atmosphere with slight over pressure.

2.3 Multimodal XRD, XRF and XEOL at Balder, MAX IV

The investigation of the X-ray degradation of mixed halide perovskites has been performed
at the recently developed multimodal setup at Balder beamline at MAXIV (Lund). Its
unique feature is that it allows simultaneous measurements of X-ray fluorescence (XRF), X-
ray excited optical luminescence (XEOL), X-ray diffraction and X-ray absorption spectro-
scopy (XAS). However, here we focused on XRD, XRF and XEOL measurements. A highly
monochromatic X-ray beam with an energy of 12.8 keV and a spot size of 100-100 pm? was
used. The XRD measurements were performed in the grazing incidence geometry, at an
angle of 3°. The XRD patterns were detected by an Eiger 1M area detector, azimuthally
integrated and calibrated using an LaBg reference sample. XRF was acquired using an
Amptek FAST SDD detector and calibrated using PYMCA. The resulting optical lumin-
escence (XEOL) was detected using a fibre coupled ocean optics optical spectrometer. All
measurements were performed in an N, atmosphere.

XRF provides a quantitative measure of the elements present in a material. X-ray photons
have sufficient energy to excite a core level electron, leaving a core hole. Electrons recombin-
ing with the hole from higher orbitals emit an X-ray photon with an energy characteristic of
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Figure 2.3: Schematic illustration of the fundamental principles of XRF and XEOL. Following X-ray excitation, the
recombination of electrons with the core-hole yields X-ray fluorescence. The excited electron commonly
possesses enough energy to excite thousands of charge carriers in a cascade effect. They thermalize to the
conduction band minimum where they relax by emitting an optical photon, detected as XEOL spectrum.
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the energy difference between the orbitals, as shown in the Figure 2.3. Since this energy dif-
ference is characteristic of the specific element, the energy and intensity of the fluorescence
gives information about the amount of an element. XRF therefore gives information about
the composition of the film without differentiating the compound in which the element is
found. In contrast, the intensity an position of a peak in XRD can give an indication of
the amount and the composition of this crystal phase, as discussed in section 2.4.2 If Pbl,
is formed as a degradation product, this is thus immediately visible by XRD, as Pb and I,
but not necessary by XRF as the amount of Pb and I remain unchanged in the film.

XEOL is the optical light emitted after excitation with X-rays and was first measured in
1974.[81] We use XEOL to follow the evolution of optoelectronic properties during X-ray
degradation without additional exposure to intense optical light in section 3.3. In XEOL,
core-level electrons are excited by incident X-rays, while subsequent cascaded relaxation
processes result in the creation of charge carriers in the valence and conduction band. The
number of carriers produced is therefore roughly proportional to the X-ray energy. For an
X-ray energy of 12 keV and a band gap of = 2 ¢V, 500-1000 charge carriers per photon are
generated. The carriers generated in this way thermalize to the conduction band energy,
just like the carriers generated by optical light.

The resulting emission, assuming constant monochromatic excitation, is therefore identical
to the emission of optically excited carriers. The resulting spectra can therefore be analysed
in the same way as PL spectra.

2.4 Correlating Compositional Information From PL and XRD

2.4.1 Compositional Information From PL

To obtain compositional information from PL, the individual spectra need to be analysed
in detail. If an electron-hole pair is generated by a photon, the charge carriers thermalize
to their respective equilibrium state (VBM and CBM) before they recombine. This is the
lowest energy state within the charge carrier diffusion length. Depending on the allowed
states in the semiconductor, there are multiple possible recombination channels as shown
in Figure 2.4

To interpret the measured photoluminescence signal correctly, the recombination chan-
nel responsible for the detected emission has to be identified. Excitonic recombination is
primarily present at low temperatures, below the binding energy of the exciton. In MAPbI;,
the exciton binding energy has been measured to be only 18-25 meV.[83, 84] At 20 °C, cor-
responding to 25 meV, the excitonic contribution is considered to be negligible. This agrees
with the observed PL peak shape, which does not show any sharp emission lines expected
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Figure 2.4: Schematic illustration of the different radiative recombination channels which can be present in semicon-
ductors (FX: free exciton, BX: bound exciton, DA: donor to acceptor, BB: band-to-band), while additionally
illustrating the temperature dependence of individual recombination channels. Adapted from [82]

for free-to-bound or bound-to-free recombination. We therefore assume, that free car-
rier recombination is the dominant recombination mechannism present in our samples at
temperatures close to 20 °C In the case of band-to-band luminescence, the electron and
hole directly recombine from the valence- and conduction band respectively. The resulting
photoluminescence peak position thus roughly equals the bandgap of the semiconductor.
However, at T# o °K, the charge carriers reside slightly above the band edges of the valence-
and conduction band, due to their thermal energy. Especially in temperature dependent
measurements, the final value of the bandgap therefore needs to be temperature corrected.

As discussed in detail in section 1.1, the bandgap of MAPbI(;«Bry); and with that the PL
peak energy increases for higher fractions of bromide x. This increase is almost linear, being
well described by modifying Vegard’s law by a small additional bowing factor b, as shown
in Figure 2.5.

Ey(x) = EP" o+ E[(1-2)—2-(1—2)b (2.1)

As prepared samples are sufficiently homogeneous, to use this correlation between the nom-
inal mean composition Z and the PL peak energy to estimate the composition of a sample
simply by measuring its PL energy.

Special Case: Inhomogeneous Samples  As described above, electron-hole pairs thermal-
ize to their respective equilibrium state before they recombine. In the case of chemic-
ally inhomogeneous MAPbI(,.«Bry); samples, with bromide-rich and iodide rich domains,
the valence- and conductionband energy is spatially inhomogeneous. This implies, that
electron-hole pairs will funnel spatially to the region with the lowest bandgap energy within
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Figure 2.5: (a) The PL peak energy, shown for all compositions increases almost linearly with increasing bromide frac-
tion as seen in our experiments (Suchan et al.) in agreement with literature reports. (b) The pseudocubic
lattice parameter a, as obtained from XRD measurements decreases with incresing bromide fraction, in
agreement with literature values. A slight deviation of the linear trend, described by a bowing parameter
of b =0.016 was obtained from our experimental data.[23, 29, 85, 86].

their diffusion lengths. As the bandgap scales linearly with bromide fraction, the lowest
bandgap region will be the region with the least bromide fraction.

PL emission is stemming solely from phases occupied by charge carriers. The subsequent
emission, thus may be severely dominated by any narrow-bandgap region present in the
material. It can still be considered band-to-band recombination, but does not give inform-
ation of the average bandgap and thus composition of the material, but rather of the phase
exhibiting the lowest accessible bandgap.

While in inhomogeneous samples, the PL energy can thus not simply be used to obtain the
average composition of the sample, it can give complementary information about which
phases the charge carriers reside predominantly in. However, it is important to realise, that
quantitative estimates are difficult to make with PL alone, as the detected intensity of PL
emission at any wavelength needs to be considered to be a combination of the PLQY of
that phase and the number of charge carriers which occupy that phase. For phases, spatially
within the diffusion length of the charge carriers, they should on first approximation be
Boltzmann distributed, solely depending on the energy differences between the phases.[74]
In Paper III and 1V, this is used to obtain the composition of the emissive phase and a
rough estimate of which phase the charge carriers predominantly reside in. However, we
also show that quantitative estimates of the fraction that the low energy phase makes of
the entire material cannot be made. Phases which are not populated by charge carriers are
completely invisible in PL such that no information on these phases can be drawn.
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2.4.2 Compositional Information from XRD

Fundamentals of X-ray Diffraction - In a Nutshell In X-ray diffraction, an incident X-
ray beam is reflected off of the atomic planes in a crystalline sample. The periodicity of the
atomic positions in the crystal, defined by the crystal lattice, leads to an interference pattern
in the reflected beam in a similar manner as an optical diffraction grating would with optical
light. The reflected X-rays interfere constructively if the Bragg condition is fulfilled, which
is the case if the path difference between X-rays reflected off different atomic planes is an
integral multiple of the wavelength.

nA = 2-dppsin(0) (2.2)

Where A denotes the X-ray wavelength, dp,j; is the distance between a specific set of lattice
planes described by the Miller indices h,k and [ and  is the incident angle of the X-ray beam
with the lattice planes.[87, 88] The recorded peak position is thus determined solely by the
size and the symmetry of the unit cell. Following this, the angle at which constructive
interference occurs and an XRD peak is detected, is determined by the lattice distance,
dpki1, the distance between the atomic planes (hkl).

The X-ray diffraction intensity is determined by the electron density in the unit cell. The
intensity of a specific diffraction peak, Iy is proportional to the absolute square of the
structure factor F, which is determined by a sum over the fourier-transform of the electron
density f;, of all atoms n, in the unit cell and a phase contribution which is determined by
the atomic positions Z,, yn, and 2, in the unit cell.

I = | Fogy [P = Y fre®mihonthontlen) 2 (23)

n

Thus, the integrated peak intensity Ipj; is directly determined by the crystal symmetry and
the atomic positions of the contributing elements. It is therefore sensitive to the entire
crystalline material in the sample.

Additionally, the peak width gives information on how perfect the periodic lattice is. In an
ideal infinitely large crystal, the perfectly periodic lattice produces sharp peaks. However,
in a real crystal, the finite size of the crystal domains may introduce peak broadening.
If the domains are very small, typically below a few hundred manometers, there are not
enough aligned atoms per plane to produce a sharp diffraction pattern. The peaks therefore
show broadening which is described by the Scherrer equation.[89] Beyond the size of the
domain, also deviations from the perfect periodicity result in peak broadening. If there is
in-homogeneity in the lattice plane distances, positive interference will not just occur at
a single angle but at a distribution of angles, corresponding to the distribution of lattice

29



distances. Peak broadening due to domain size and lattice distance inhomogeneity can be
distinguished due to differences in the dependence of the peak widths on the diffraction
angle.[90] Inhomogeneity of lattice distances can either be caused by exerted pressure on
the crystal e.g. by a lattice distance mismatch between the crystal and the substrate, leading
to strained growth which typically relaxes far from the substrate, or by inhomogeneity in
the chemical composition, leading to domains with different lattice distances. Both effects
are nearly indistinguishable as discussed in Paper III.

Calculating Composition  As discussed above, the XRD peak position gives a quantit-
ative measure of the lattice distances. In mixed MAPbI(;Bry); samples, the smaller size
of bromide compared to iodide leads to a decrease of the lattice distances with increas-
ing bromide fraction, as discussed in section 1.1. The lattice constant of the solid solution
MAPDbI(;«Bry); can be described by Vegard’s law with an additional small bowing factor b
of 0.016, as shown in Figure 2.5 b.

ag = apr-x+ar-(1—z)—x-(1—x)-b (2.4)

Where az, ap, and ay are the lattice constants of the solid solution, pure bromide and pure
iodide perovskites respectively. Using this relation between diffraction angle and bromide
content, the position of the XRD peak can be used to obtain the materials average com-
position.

Special Case: Inhomogeneous Samples In case of spatial inhomogeneity of the bromide
to iodide ratio in MAPbI(,«Bry); samples, the lattice distances will also vary spatially as
can be seen in Figure 2.6 If XRD is measured with a large beam spot, the resulting pattern
has to be viewed as an ensemble average of all contributing crystallites in the beam spot.
The resulting XRD peak is thus a linear combination of all peaks corresponding to the
different lattice distances. To extract the weight fractions of individual phases contribut-
ing to the observed pattern, we fit the experimentally measured XRD peaks with a linear
combination of 21 generated reference patterns over the compositional range. The reference
patterns, Ix rpm (2 0), were constructed with composition x,, ranging from o to 1 in steps
of 0.05 assuming that the XRD peak shapes are equal to the instrumental response func-
tion (IRF) at the diffraction angles expected for the specific composition 2 0(z,,). With
these reference patterns a linear combination analysis was performed to calculate the linear
combination coefficients ¢, where the coeflicient ¢, is the volume fraction of the phase
in the sample with composition x,,. This is shown for a MAPbI(;«Bry); sample in Figure
2.6 This procedure assumes that the width of the diffraction peaks in the dark and under
illumination is dominated by compositional inhomogeneity and neither strain nor size.
This assumption is justified in Notes S3 and S6 of Paper I1I, where from both Williamson—
Hall analysis and the analysis of the peak shape, it is shown that peak-broadening is not
consistent with changes in the domain size nor strain in the samples under investigation.
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Challenges While X-ray diffraction can give information on which phases are present
in a sample as well as give an estimation of their volume fraction, there are challenges in
obtaining a valid result.

After hitting the sample at an angle 6, X-ray intensity is scattered in a scattering cone,
resulting in a full circle with 360°when reaching the detector plane. Only grains which are
aligned which are aligned to fulfill the Bragg condition for the specific angle 6 contribute
to the diffraction pattern. Furthermore, even with a 2D detector array, most often only a
portion of the circle can be detected. In the experiments in Paper III and IV, the field of
view was approximately & 30°. Thus, typically less than 1 % of the grains contribute to the
detected signal. The azimutal angle 7) at which a diffraction spot is formed on the diffraction
circle depends on the orientation of the lattice planes with respect to the incoming X-ray
beam. If certain chemical compositions would exhibit preferred orientations, e.g. align
with the substrate, their corresponding diffraction spots would not be randomly distributed
at the azimutal arc, but cluster at a certain degree 7). If this angle is out of the field of view it
might be that the volume-fraction of this compositional phase is underestimated. To verify
that the orientation does not significantly alter our results we confirmed that the integrated
peak intensity does not change during all our reversible experiments.

Further, as we consider mixed MAPbI(,.«Bry); samples, we need to consider that Br and I
have different electron densities and thus different atomic form factors. This means that
bromide has a smaller scattering cross-section than iodide. Equation 2.3 can be used to
calculate the expected scattering intensities for the pseudo-cubic 200 reflex of MAPbBr;
and MAPbL,.

At 9.2 keV the ratio scales with

I,/ 1Bn = 1711132 — 185 /1), = 0.78 (2.5)

The formfactor scales linear with the bromide fraction. The ratio of intensities can therefore
be interpolated linearly in order to comparing phases with composition x = 0.6 and x = 0.8.
The error made when comparing these two phases is roughly 4 % which can be neglected
as it is below the accuracy of the measurement. However, when comparing phases in the
composition extremes, the error might be up to 10 %. Such that if a phase is estimated to
have a fraction of 1 %. This may be over- or underestimated by 10 % in the cases of pure Br
and pure I phases. We deem that in the accuracy of the measurements this will not change
the results and have for simplicity reasons assumed that the form-factor stays constant for
all phases during the phase segregation.
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2.5 The Observer-Effect in Real-Time In-Situ Measurements

In a perfect in-situ experiment, one aims to probe the evolution of material properties
without interfering in the process itself. However, commonly an observer effect occurs
where the observed system is disturbed by the act of observation. A common example is
the checking of the pressure of a car-tire. If the pressure is measured by letting air out,
the air-pressure has been changed by the act of measuring it. Usually the aim of careful
experimentation is to reduce this effect to insignificance. However, in 77-situ measurements
this is especially difficult, as continuous observation is necessary and any observer effect will
commonly build up during the process.

When measuring PL, light is used to measure material properties. However, in the case of
light induced phase segregation the light will usually induce the phase segregation. This is
an extreme case of the observer effect, where the probe is inducing the effect to be studied.
This poses several problems. first of all, it is not possible to measure the PL and the tr-PL
of the pristine material. If a short integration time is chosen to be able to get a glimpse on
the state prior to phase segregation, the spectra will be noisy while still being a superposi-
tion of the pristine state and some degree of phase segregation. Thus the optical properties,
such as the charge carrier lifetime of the pristine material are still relatively unknown. This
circumvents to analyse how the phase-segregation process may be dependent on these prop-
erties. Even at later stages of the phase segregation the duality of the excitation to be both
a probe and inducing the phenomena, means that there is a constant competition between
temporal resolution and signal-to noise. Longer integration times lead to a lack in time
resolution. Going to higher excitation densities accelerates the phase-segregation process,
such that this is not a viable scheme to increase the temporal resolution.

A different scenario occurs when measuring X-ray diffraction. While the incident X-ray
photons do not directly induce phase-segregation, the X-ray beam is still far from a pure
probe beam. Incident X-ray photons induce additional charge carrier densities in the mater-
ial, such that the measured emission will consist of a juxtaposition of X-ray excited optical
luminescence (XEOL) and PL. At high X-ray dosages we observed ionizing effects, which
lead to continuous destruction of the sample. We discuss the loss of halide ions in section
3.3 which strains the crystal lattice and by this alters the peak position of the diffraction
reflexes. Even at lower X-ray dosages, it has been reported, that exposure to X-rays induces
defects which degrade the opto-electronic properties of MHPs.[91] We have observed that
the introduction of X-ray induced defects alters the phase segregation process and slows
down its kinetic. This is an especially dangerous example of the observer effect, as the X-
ray induced defects are not detectable with XRD itself. Thus even though no effect was
observed while testing for X-ray damage by long exposures, X-ray damage at the defect level
occurred which in turn alters the process under investigation.
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Chapter 3

Summary of Results

3.1 Evaluating Performance Losses in Mixed Bromide-Iodide Per-

ovskite Solar Cells

The ability to modify the bandgap of a semiconductor is a necessary but not sufficient con-
dition to enable a wide range of applications. The key requirements for efhicient device
performance is the ability of a material system to maintain high material quality, com-
positional homogeneity, and stability as well as good electrical contacting across the entire
bandgap range. In Paper I, we therefore do a correlation between the tunable bandgap of
metal halide perovskite solar cell devices and their performance metrics. For this we ana-
lyze the trends from over 45 0oo experimental data sets of metal halide perovskite solar
cell devices. This unique dataset is openly available in "The Perovskite Database’. beyond
individual reports, the gained insights allow to generalize the progress and current limits of
the device performance of metal halide perovskites. While we focus on solar cell metrics,
due to their abundant availability, we deem that the results have more general importance
as qualities such as low radiative loss, stability and reliability are universal across a range of
different applications.

The analysis of the experimental data sets reaffirms the astonishing performance of metal
halide perovskites solar cells with an absorber bandgap around 1.6 ¢V. However, at bandgaps
below 1.55 €V, as well as above 1.7 €V, the performance is less optimal. To evaluate the
influence of the halide mixture on the solar cell performance of wide bandgap solar cells,
we analyze the power conversion efficiency 7, the short circuit current density Js. and
the open circuit voltage V., with respect to the theoretical limit, given by the Schockley-
Quaisser limit, shown in Figure 3.1
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Figure 3.1: Comparison of the device performance depending on the Br/(Br+l) composition. a) The dependence of
Voe,rad — Voc ON the composition Br/(Br+l), shows the previously reported increase in voltage loss for
higher bromide contents and a sharp decrease of the loss for pure bromide samples. The black line shows
the mean of all devices, while the red line shows the mean of the top 10 % of the devices. b) Similarly the
Jse/Jsq shows an a decrease in current for bromide contents above 0.3 and a sudden increase in current
for the pure bromide devices. ) The same general behaviour of V,¢ ca — Vo can be seen independent
of the cation. d) The cation dependence of J;./Jsq shows that the general tendency of a decreased
current at high bromide contents is independent of the cation. However, mixed cation devices show an
initial increase in the current up to bromide contents of 0.4-0.5 and only a decline at even higher bromide
contents.

While the voltage loss (Vi rad — Voc) only slightly increases for samples with a bromide
fraction up to 50 %, it increases steeply for higher bromide contents. A similar decline is
visible in the current, Jy¢/Jsc rqd for high bromide fractions. Interestingly, pure bromide
perovskites show only a slightly increased voltage loss and almost the same Jy. than their
pure iodide counterparts.

Mainly three dominant effects have been discussed in literature to be responsible for the
suboptimal performance of mixed halide perovskites with large bromide fractions:

1. Quenching at extraction layers
2. Non-radiative Shockley-Read-Hall recombination

3. Phase segregation

36



n-i-p structure p-i-n structure

sse|9
0JoL
W13
ENNNIEN
ZET
sse|9
OJL
WLH
EANIINIEN
ZE

a ETM C ETM

1 mTio, 1 mTio,

mZnO mPCBM-60

208 =Sn0, ? 0 mPCBM-70
g =PCBM-60 & O =C,
q>) 0.7 =ALOsz-mp 3 0.7 =7Zn0
506 = mp 2 06 =Sn0
205 ‘ ° —PSS
S04 5] 4Zr0,
3 0 7 04 =ICBA
©0.3 © 0.3 mnone
w [

0 16 1.7 1.8 1.9 2 2122 23 24 25
Bandgap (eV
HTM gap (eV)

0
16 1.7 1.8 1.9 2 2122 23 24 25
Bandgap (eV)

mPEDOT:PSS

mSpiro-MeOTAD

mPEDOT m Spiro-MeOTAD

0 PV mP;HT n A mPTAA
g 08 / f mPTAA & 08FS m=Nio
'g 0.7 \ mPDBD-T 'g 0.7 I:;’f:i'lé

A =CuPC = z4
206 v N\ 4 oNio 206 =MoO,
c =Cu0 c 05 DAUAg@SiO,-np
o Enone o = MoO,
= 04 = 0.4 X
3] 3] mNiMgLiO
© 0.3 © 03 mPSS
[ [

mnone

16 17 18 19 2 2122232425
Bandgap (eV)

16 1.7 18 19 2 2122 23 24 25
Bandgap (eV)

Figure 3.2: The fraction of devices using the most commonly used transport materials are shown in dependence of
the device’s bandgap. a) shows the fraction of devices using one of the 7 most commonly used ETMs in
p-i-n structures. Likewise b) shows the fraction of devices using the most commonly used HTMs in p-i-n
structures. Accordingly b) and d) shows the use of ETMs and HTMs in n-i-p structures. 'none’ signifies if
no HTL was used in the device stack. Cs0 derived ETMs and PTAA as HTM, is highlighted by a red border.

In paper I, we set out to discuss these three effects and their role in the observed losses in
Voe and Jc in wider bandgap perovskites, between 1.6 en 2.2 eV. We find that the utilized
extraction layers are only seldom optimized separately for each bandgap. Instead, for metal
halide perovskites with an n-i-p layerstack, 7903 and Spiro — MeOT AD are still the
most used extraction layers, originally used for the archetypal MAPbI, solar cells. In p-i-
n devices a larger variety of extraction materials can be found. However, PCBM-60 and
PEDOT:PSS are clearly dominating. SCAPS simulations done by Christian Wolff, show
that the reliance on unoptimized extraction layers results in an increasing V,,. pinning for
higher bandgap materials. We therefore conclude that a part of the V. loss, specifically the
part which continuously increases for higher bromide fractions, yielding a larger V. loss
even for the pure bromide devices.
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Figure 3.3: The evolution of V,,. (a) and J. (b) measured during phase segregation of mixed perovskite films, clearly
shows that J,. is significantly more effected by phase segregation than V,.. Data from [39, 40, 42],
digitized with WebPlotDigitizer.

The characteristic recovery of the solar cell metrics for pure bromide devices however indic-
ates, that a large portion of the losses are distinctly connected to the mixing of the halides
rather than the bandgap alone. Strikingly the intrinsic opto-electronic quality, approxim-
ately following the PLQY, follows the same qualitative evolution with the bromide fraction
as the solar cell device metrics, which indicates that the majority of the losses are connected
to the optoelectronic quality of the absorber.

In a chemically unstable material, reported J-V curves result from a mixture of pristine ef-
fects, such as the layer stack and the intrinsic material properties as well as dynamic effects
such as phase-segregation, light soaking, degradation and hysteresis. Apart from the dis-
cussed losses in pristine devices, light induced compositional instability is thus a necessary
factor to consider when evaluating the solar-cell performance of mixed (I, Br) metal halide
perovskites. During the light-induced phase segregation of mixed halide perovskites, iod-
ide rich domains form. These newly formed iodide rich domains have a smaller bandgap,
compared to the surrounding mixed material. Thus, it has been observed that nearly all
charge carriers funnel into the newly emerging iodide-rich domains. However, only a few
studies did a detailed analysis of the effect of the photo-segregation into iodide rich and
bromide rich domains on solar cell efficiencies.[39—43]

A summary of the in-situ reports, tracking the evolution of V. and Jsc during phase segreg-
ation is shown in Figure 3.3 a. In all reports a decrease in the V,,. within the first 15-30 min,
of around 10 to 20 % of its initial value can be seen, which is on the order of 70-130 mV.[39,
42] Thus light induced phase segregation may contribute to the observed increase in V.
loss for devices with higher bromide content. Mahesh et al. conclude that this rather small
Voe loss related to phase segregation is due to two effects counteracting each other. While
the formation of lower bandgap domains reduces the Fermi-level splitting and thus pins
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the V. this effect may be reduced if the radiative efficiency of the lower bandgap material
is significantly higher than that of the pristine mixed material.

In contrast, the Jg is severely affected by the phase segregation with a decrease of over 80 %
of the initial value, as shown in Figure 3.3b. This has been rationalized by the isolated nature
of the newly formed I-rich domains. As they are isolated, they are assumed to act as trap
states, preventing charge transport to the electrodes, thus causing a severe loss in Js..[40]
The experimental evidence thus clearly shows that phase-segregation is detrimental for the
solar cell performance. Furthermore, it highlights, that while the V. is only marginally
affected, Js. decays severely

It is noteworthy that both, the dependence of the PLQY and the in Paper III discussed
dependence of the photo-instability on the bromide content qualitatively agree with the
observed dependence of V. and J;. on the bromide content. The instability of mixed hal-
ide perovskites with compositions of x > 0.2 has been shown to due gradually increase with
bromide content and exhibits a maximal instability at x = 0.9 when only a small fraction of
iodide is added to pure bromide perovskites.[29] The agreement of all three traces, shown
in Figure 3.4 hints to the interconnectiveness of the defect density, the photo-chemical sta-
bility and the device performance, as we discuss in detail in Paper III. Pefa-Carmargo et
al. pointed out, that initial phase-segregation at a very low level may appear as increased
defect density.[92] Such that the apparently increased defect density visible in the PLQY of
bromide rich samples could also be a disguised intial phase-segregation. This agrees with
the observed higher FWHM in X-ray diffraction reflexes of bromide rich samples.[13, s1,
85, 93] Vice versa, the importance of defects and especially halide vacancies for the kinet-
ics of phase-segregation has recently been highlighted. Such that increased instability may
as well be connected to the high defect density of mixed halide perovskites.[29, 49, 75,
76] This highlights that defect density and chemical instability cannot be viewed as two
disconnected topics, but are instead highly correlated.
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Figure 3.5: Cartoon indicating the contribution of different loss mechanisms to the total observed loss in V. as a
function of the bromide content in the MHP absorber layer.

From the analysis of the vast amount of reported solar cell device data collected in "The
Perovskite Database’ we were able to highlight the contribution of unoptimized extrac-
tion layers as well as the interconnected effect of poor opto-electronic absorber quality
and chemical photo-instability of mixed halide perovskites with high bromide contents, as
shown in Figure 3.5.
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3.2 Towards a Better Understanding of Phase Segregation

MAPbI3 MAPbBr3
>
stable

Figure 3.6: Under illumination the mixed halide bromide-iodide perovskites undergo a phase segregation in which
iodide and bromide segregates. The mechanism of phase segregation is yet to be understood. In this
thesis | aim to shine light on the photo-induced phase segregation mechanism in metal halide perovskites.
Adapted from Paper II[7]

Metal-Halide Perovskites (MHPs) have attracted tremendous attention due to their steep
rise in power conversion efficiency to now over 25.2 % [17] The ease of bandgap tunab-
ility by varying the halide ratio of bromide, iodide and chloride in e.g. MAPb(I,Bry);
perovskites [23] makes these materials interesting for tandem solar cells [17] or LEDs over
the whole visible range [94, 95]. Detrimental for device performance is the light-induced
phase segregation as discussed in Paper I. However, the details determining the segrega-
tion are not well-understood. We used PL-microscopy as well as multimodal PL and XRD
experiments to monitor and analyze the phase segregation process in detail.

The measurements presented in Papers II, III and IV were conducted on MAPb(I,Bry),
perovskites, spin coated on top of microscope glass cover slides by Carolin Rehermann
(HZB) as described in the methods sections of the respective papers.[7, 29]

3.2.1 Halide Segregation: A Multistage Process

By employing spatially resolved real-time in-situ PL measurements (Paper II), we revealed
an even more complex evolution of the phase segregation pathway than previously repor-
ted. This complex evolution of PL for a MAPb(I, ,Br, ¢); sample at —20 °C' is shown in
Figure 3.7a, on a logarithmic time scale. Within the first few seconds of illumination, we
found a very rapid formation of a short-lived intense photoluminescence band. The pho-
toluminescence shifts from 1.72 eV to 1.65 eV over the course of 1 minute, resembling the
emission of almost pure MAPbI;. The appearance of such a transient photoluminescence
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Figure 3.7: The evolution of the photoluminescence (a) and (200) X-ray diffraction peak (b) of a MAPb(l1.xBry)3 sample
at -20 °C during light-induced phase segregation are shown in a color plot, where the color indicates the
peak intensities. The PL energy shifts rapidly from the initial peak to a temporary PL peak at lower energies
in the first stage of the process. The fitted peak energies are shown as black and yellow traces, respectively.
Changes in the (200) diffraction peak are observed only in the second stage. Here the (200) diffraction
peak broadens while the final low energy PL peak evolves (red trace). The segregation process is slowed
down at -20 °C, allowing stages 1 and 2 to be resolved in both PL and XRD. Note that the time axis is
plotted on a logarithmic scale.

peak during phase segregation was later confirmed by other studies.[72, 96] Our results
allowed us to distinguish two stages of phase segregation. Stage 1 marks the transition from
high to low emission energy within the first few seconds. Whereas in stage 2, the initial
low energy peak disappears as a new low energy peak grows in.

Using multimodal PL and XRD in Paper III, we showed that during the first stage of phase
segregation, the 200 XRD peak remains unchanged as shown in Figure 3.7 b. This means
that the structural material properties remain intact in stage 1, despite the apparent changes
in PL. We therefore proposed that small nanoscopic iodide-rich clusters form initially. Be-
ing very small and relatively few, they do not constitute a large volume fraction of the
sampled material, which explains the unchanged XRD patterns. While this initial phase
segregation is invisible in XRD, it is clearly visible in PL. This underscores the unique sens-
itivity of PL to the tiniest traces of narrow-bandgap domains arising from charge relaxation
to the lowest accessible energy state immediately after excitation. Interestingly in stage 1, a
rise time is visible in the time resolved photoluminescence (TRPL) traces, which is a direct
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Figure 3.8: Spatial evolution of the photoluminescence intensity of a MAPb(lo5Bros); sample at 20 °C. a) To distin-
guish between the emission of the mixed phase and the newly formed iodide-rich phase, bandpass (BP)
and longpass (LP) filters are inserted into the detection path. b) shows the evolution of the high-energy
emission (green) and the dual-energy emission (red) at two different regions of the same sample. (c) After
50 s, the filters were switched and the images taken at 50 s and 55 s were superimposed. Adapted from
Paper I1[7]

observation of the charge carrier funneling, as seen in Figure 3.9

To study the spatial evolution of PL, we used PL microscopy imaging. Images were ac-
quired with specific bandpass filters inserted into the detection path, allowing us to choose
between imaging the evolution of the initial high-energy emission or the growing low-
energy emission, as shown in Figure 3.8 a. The high and low energy emission is followed
separately in area 2 and area 1 for 50 s, as shown in figure 3.8 b. After 50 s, the filters were
switched and a final image was taken with the opposite filter. This allows the creation of
an overlay image as shown in Figure 3.8 c.

We found that the low emission is initially due to small diffraction-limited regions that
subsequently grow into larger islands during phase segregation, confirming our hypothesis.
Interestingly, the low energy emission starts in spots that originally have a low relative PL
yield, pointing to the interesting role of defects in the phase segregation process, see Figure
3.8 b.
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Figure 3.9: TRPL is measured with an integration time of 1 s during phase segregation of a MAPb(lysBrg5)3 sample.
The TRPL trace collected from 2 to 3 s of illumination time corresponds to the transient peak growing in
stage 1, marked in blue in a) The TRPL trace collected from 49 to 50 s of illumination time originates from
the final PL peak, marked in purple. b) The relative PL yield is similar at both times. The comparison of the
PL decay kinetics integrated over all wavelengths in stage 1 and in the final time interval shows a reduction
of the PL lifetime during phase segregation accompanied by an increase of the initial PL amplitude. c¢) A
closer look into the first 6 ns of the PL decay reveals a rise time of the PL trace of 2-3 seconds, which
we propose to be caused by charge carriers from the still mixed majority phase into the highly emissive
nanoscopic iodide-rich domains. Adapted from Paper Il [7]

Based on our results, we propose a multi-stage phase segregation mechanism. In stage 1,
isolated iodide-rich domains of nanoscopic size are formed. All carriers in the vicinity are
funneled into these iodide-rich domains as they have a smaller bandgap. In stage 2, the
iodide rich domains grow into larger islands and the majority phase is depleted of iodide.

3.2.2 Comparison to Current Models and Their Limitations

Several models have been formulated to explain the light induced phase-segregation. A con-
sensus has been reached, that the phenomenon is charge carrier driven. Thermodynamic
models, such as the ’Gap-model’ or the "Polaron-model’ introduced in section 1.3.2 rely on
the charge carrier contribution to the free energy to make the segregates state energetically
favourable. The free energy of mixing, F is the energy difference between the mixed state
and the segregated state. If it is positive, this signifies that energy can be gained by segreg-
ation. In Paper III, we used the experimental data to quantitatively probe the hypothesis,
that the charge carrier contribution to the free energy can rationalize the phase segregation.
We therefore calculated the energy difference of the experimentally measured mixed and
phase segregated state according to the proposed models and evaluated the obtained energy
difference. For this at first a quantitative description of the phase segregated state is needed
to subsequently calculate the energy difference between the mixed and the segregated state,
relying on published values for the composition dependent free energies.
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Figure 3.10: (a) shows the compositional phase distribution for samples with bromide fractions between x = 1 and
0. The initial phase distribution is shown as empty bars and the equilibrated phase distribution after
segregation is shown in colours. The yellow bars represent the composition of the emissive phase as
obtained from PL. (b) shows a zoom of the ‘mirror’ compositions x = 0.2 and x = 0.8. In this representation
the asymmetry becomes apparent. While the sample with x = 0.2 shows a symmetrically broadend phase
distribution, the sample with x = 0.8 shows the formation of and iodide rich tail and a bromide enrichment
of the majority phase. (c) shows the degree of segregation, D,.4(x) a quantitative metric to compare the
segregated state despite qualitatively different phase distributions. Samples with high bromide fractions
are shown to be more probe to segregate. The agreement between the final D4 (x) and the difference
between the composition of the majority phase and the emissive phase in which the charge carriers reside
point to the ‘gap-model’ to be key in the underlying segregation mechanics. Reproduced from Paper
11[29]

Quantification of Phase Segregation In a first step we therefore developed a quantitat-
ive approach to describe the final phase segregated state. Previous reports have in part be
conflicting in quantifying the amount of material that undergoes phase segregation. Dif-
ferent results between different measurements are likely due to different different ways to
quantify phase-segregation. The amount of a new "low energy phase formed’, the decrease
in the original peak-height or even the intensity of the low-energy PL band have been used
to estimate the progress of segregation. Furthermore the dependence of the final segregated
state on environmental and processing conditions has hindered a meaningful comparison.

In this work, we therefore use a linear-combination analysis of reference patterns with dif-
ferent bromide to iodide compositions to obtain the volume fraction of each compositional
phase present in the film, as explained in section 2.4.2. We hence know which composi-
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Figure 3.11: Calculation of the energy gained by segregation for different excitation densities. (a) shows the cal-
culated energy gain as a function of sample composition at various excitation densities. At excitation
densities corresponding to 1 sun, the charge carrier contribution is not sufficient to rationalize the ex-
perimentally obtained segregated phase distribution. The segregated state only becomes energetically
favourable at high charge carrier densities corresponding to 25 000 suns. The free energy of mixing in
the segregated state can be calculated by using the reported free energy of mixing in the dark, F(x),
weighed by the experimentally obtained phase distribution in the segregated state ¢.q4 (), together
with the energy of the charge carriers. b) shows a sketch of the free energy of mixing in the gap-mode/
as a function of the sample composition for different excitation densities. The sketch illustrates, that the
free energy at 1 sun excitation is almost identical to that in the dark. Only at higher excitation energies
does the charge carrier term N - Eg(z), contribute significantly to the free energy of mixing. Adapted
from Paper 111[29]

tional phases form and in what quantity. With this approach we are able to quantitatively
describe the distribution of compositional phases during phase segregation. Through this
we were able to show that up to 70 % of the material changes it's composition during phase
segregation for a sample with x = 0.8.

To further quantify how much a sample segregated independent on the shape of the distri-
bution of compositional phases, we propose to use the degree of segregation D(x,t), which
we introduced in Paper III. It is a measure of how much the compositional phase distri-
bution differs from its original state. This quantitative figure of merit makes it possible to
compare the phase segregation of different samples such as different bromide fractions but
potentially also different cation systems in a quantitative manner.

Quantitative Comparison of Experimental Data with Theoretical Models As the next
step the previously reported models are quantitatively assessed in Paper I1I. To calculate the
difference in free energy between the mixed state and the phase segregated state, we use the
experimentally obtained compositional phase distribution and the reported free energy for
each composition. The charge carrier contribution to the free energy is calculated accord-
ing to the ’Gap-model’.[50, 68, 74] From the energy difference we obtained, that the final
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phase segregated state cannot be explained alone by consideration of the free energies. The
mixed phase is thermodynamically preferred in the absence of charge carriers. It is however
proposed, that the energy reduction of the charge carriers which is possible due to bandgap
variations in the mixed state is enough to make the segregated state thermodynamically
favourable. However, the experimentally observed changes in the compositional distribu-
tion are too severe to be induced solely by the energy of the relatively low number of charge
carriers excited at moderate light intensities (1 sun). We therefore conclude that only the
first stage of phase segregation, at which the majority phase has not yet changed signific-
antly but small iodide rich domains form, can be explained by the proposed models. Here
the charge carriers funnel to the nanoscopic iodide-enriched domains, which leads to local
charge carrier densities high enough to rationalize local charge carrier densities, see Figure
3.11. However, to explain the second stage of phase segregation, at which reorganisation of
ions in the majority of the material occurs, a kinetic model is needed.

3.2.3 Rationalizing the Consequences of Photo-Induced Ion-Mobility

In Papers III and IV, we propose to consider photoinduced changes in the material to
explain the entirety of the phase segregation process. The unique softness of metal halide
perovskites implies that material properties such as ion-mobility cannot be assumed to stay
constant in the course of irradiation.

Especially halide vacancy densities have been singled out as a key ingredient determining the
photo-segregation process. The role of halide-vacancies as an accelerating factor for photo-
segregation has recently been reviewed by Tian et al..[97] It is generally agreed upon, that
ion-migration, which is the key prerequisite for both segregation and recovery, predomin-
antly occurs via vacancy-mediated diffusion of halide ions.[28, 35, 40, 49, 76, 98] During
the initial stage of phase segregation, it has been indicated by Tiede et al. and Suchan
et al. that the pre-existing vacancy density determines the location where the segregation
initializes as well as the segregation kinetics.[7, 76] This highlights the importance of the
defect density in the phase segregation process, especially when looking at the initial stage
of segregation.

While the importance of the pre-existing halide vacancy density has been widely discussed,
photo-induced vacancies via the weakening of Pb-I bonds need to be considered as well
to understand the continuous segregation process.[31, 34, 35, 98] Photo-induced vacan-
cies have been proposed repeatedly and are thought to be the major reason behind the
reported dependence of the ion mobility on the excitation density.[31, 35, 98—102] Recently
photo-induced vacancies have been suggested to be an underlying factor determining phase
segregation.[7s]

In the case of mixed halide perovskites, bandgap inhomogeneities and charge carrier fun-
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Figure 3.12: a) shows the fraction of low energy PL in the total PL emission, indicating the shift from high energy to
low energy emission (red traces). In comparison, the degree of segregation D (x) is shown (colored
lines). The shift in PL is quite fast, almost independent of the sample composition. The evolution of the
degree of segregation, a quantitative measure of the progress of phase segregation, is much slower. This
implies that carrier funneling into nanoscopic iodide-rich domains precedes large-scale phase segrega-
tion. Comparing the traces for high bromide content (x = 0.8 and 0.9) with those for low bromide content
(x=0.2 and 0.4), it can be seen that the phase segregation process is significantly accelerated for samples
with higher bromide content. In contrast, the recovery kinetics shown in (b) are more independent of the
composition. Rate constants for both segregation and recovery for selected compositions are obtained
and shown in (c) as empty and full circles, respectively. Adapted from Paper IIl [29]

neling leads to inhomogeneous charge carrier densities. Such an inhomogeneous charge
carrier density implies that photoinduced effects primarily occur in the iodide-rich do-
mains. Further, the concentration of charge-carriers in such “hot-spots”, leads to a higher
probability of the creation of halide vacancies there, than expected for irradiation with 1
sun. In Paper III, we observed experimentally, that the phase segregation rate for samples
with a high bromide fraction is much higher than for samples with a low bromide fraction,
as shown in Figure 3.12 a and c. In contrast, we see that the recovery rates if the samples
are left in the dark after phase segregation, are independent of the bromide ratio, shown
in Figure 3.12 The recovery process is believed to be purely driven by diffusion. Its com-
position independence thus indicates, that the pristine ion-mobility is independent of the
bromide fraction, in agreement with theoretical predictions. This raises the question, why
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Figure 3.13: Sketch of the simulation steps. Reproduced from Paper IV [29]

the phase-segregation kinetics are accelerated in samples with high bromide fractions. We
propose that this observed acceleration of segregation in Br-rich samples is a light-induced
effect, rather than due to generally higher ion mobility in Br-rich samples. The stronger
local charge-carrier concentration in Br-rich samples leads to higher local vacancy and in-
terstitial densities. From the phase-distribution of the final segregated state, we estimate as
a lower limit a 10-fold higher local charge carrier concentration in Br-rich samples com-
pared to I-rich samples. However, we anticipate, that this difference is even larger in the
initial stage of phase-segregation, when the I-rich domains are below the detection limit
of XRD. Higher spatial inhomogeneity in the vacancy density in Br-rich samples can thus
well rationalize the faster segregation in the Br-rich samples.

To further investigate how this mechanism leads to the gradual phase-segregation, we looked
into the temperature dependence of the phase-segregation process by n-situ XRD and PL
in paper IV. We utilized the same experimental setup and methodology developed for the
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Figure 3.14: a) shows the kinetic evolution of the fraction of low energy PL, which signifies the emergence of nano-
scopic iodide rich domains and the charge carrier funnelling therein (red traces). The evolution of the
degree of segregation, giving a quantitative estimate of the progress of phase segregation is shown in
colour. It becomes apparent, that the kinetic of the fraction of low energy PL (red traces) is very fast and
independent of the temperature. This is further shown in the temperature independence of the respect-
ive segregation time constants 74 pr, ;0. - The kinetic of the phase segregation temperature activated.
The segregation constant 75¢9 decreases with higher temperature, respectively. An activation energy
of E4 = 23kJ/mol can be calculated from the kinetics of phase segregation. The increase in PL yield,
a common denominator for phase segregation is shown alongside. A similar but different activation
energy can be calculated. Reproduced from Paper IV.

composition dependent phase segregation discussed in paper III. We further developed a
simple 2D numerical model of the phase segregation, including our insights from paper III.
In the model we assume a temperature independent segregation mechanism interconnected
to a temperature dependent chemical gradient driven diffusion. The most unique feature
of the model is that we included both a pre-existing vacancy density, which is homogen-
eously distributed, 2 and a photo-induced vacancy density which depends on the local
charge-carrier density ¢, (n) and is thus laterally inhomogeneous. The diffusion constant,
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D therefore becomes dependent on the local charge carrier density n.

E, E,
D(T) = emp(kb—T) cc, > D(T,n) = ewp(kb—T) . (CS + cy(n)) (3.1)

The temperature dependence of the equilibrium phase distribution and the PL energy as
well as their evolution was analyzed to distinguish between thermally and photo-activated
aspects of the phase segregation process. Experimentally we observed that the first stage, at
which nanoscopic iodide rich domains form is mostly photo-activated and not temperature
dependent. The quick appearance of small iodide rich clusters has previously been seen in
PL-microscopy in Paper II and is apparent in the simulation presented herein.

The appearance of these domains is simulated to occur independent of the set temperature
in agreement with the experimental results.

In contrast, the substantial ion reorganization, which occurs in the second stage shows
strong temperature dependence. As a result the segregation kinetics of the second state,
Dyeg(x,t) and Ipp(z,t) as well as the final phase segregated compositional phase dis-
tribution ¢(x) show clear temperature dependent behavior. By simulating the extended
phase segregation in dependence of temperature we were able to rationalize this by tem-
perature activated ion diffusion. A lack of diffusion at low temperatures slows down the
extended phase segregation.

The results presented herein provide important insights into the mechanism of the phase
segregation process. They corroborate that the temperature independent ‘gap-model’ can
explain the initial formation of nanoscopic iodide rich domains. However, the extended
phase segregation of the majority of the material is determined by continuous illumination
and an equilibrium of photo-activated segregation and thermally activated gradient-driven
diffusion. These results pinpoint to the high ion diffusivity, related to the low activation
energy for the formation of halide vacancies to be the key challenge in metal halide per-
ovskites.

3.2.4 Conclusions on the Phase-Segregation Process

With Papers II to IV presented in this thesis we were able to contribute significantly to
the understanding of the mechanism underlying the phase segregation process. We found
that the phase segregation process is a more complex process than previously assumed. In
a first stage, small nanoscopic iodide-rich domains form, which only in a second stage
grow to larger iodide-rich islands, leading simultaneously to a bromide enriched majority
phase. While the first stage is well described by previously proposed mechanism, such as
the ’gap-model’, an explanation why how the material continuous to segregate was lacking.
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Figure 3.15: The phase segregation process is a multistage process. At the first stage, nano-scopic iodide rich domains
grow. Their formation is locally energetically favorable as indicated in the energy schematics (right side).
The presence of I-rich domains (red ball) in close vicinity to charge-carrier generation allows for the
reduction of charge-carrier energy via funneling to such low bandgap, I-rich domains. The bromide rich
phase (green ball) is thus depleted of charge-carriers and is effectively in the dark. In the second stage,
the phase segregation continuous. Larger iodide rich domains form which leads to bromide enrichment
of the majority phase. This stage cannot be rationalized by previously reported thermodynamic models.
Inclusion of chemical gradient driven diffusion and photo-induced inhomogeneous vacancy densities are
needed to explain the extended phase segregation. Adapted from Paper Ill [29]

In this work we proposed a kinetic model based on the interplay of a temperature inde-
pendent, photo-activated segregation mechanism and gradient driven diffusion. We were
able to implement the model in a 2D numerical simulation and where thus able to show
that such a kinetic model can reproduce both stages of photo-segregation. Initial formation
of small iodide-rich domains, independent of temperature, and a subsequent temperature
dependent continued phase segregation. With this we extend understanding of the phase
segregation beyond merely its initial phase. Beyond this we are certain that our gained
knowledge on the interdependence of charge-carrier density and ion mobility will be ap-
plicable to various photo- and charge-carrier induced instabilities observed in metal halide

perovskites.
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3.3 Sensitivity of Mixed Metal Halide Perovskites to Hard X-ray

Irradiation
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Figure 3.16: Metal halide perovskites are X-ray sensitive. Exemplary, this is shown on the evolution of the XRD patterns
of FAPbI3, shown as a colour map as a function of the X-ray dose. Upon exposure to X-rays, different
degradation mechanisms can be observed depending on the X-ray dosage. We here differentiate into
4 regimes: At very low X-ray dosages, the material’s properties stay stable. However, already at X-ray
dosages above ~ 10° photons - um ™2, degradation of the optoelectronic properties occurs (not visible
in XRD). At even higher X-ray dosages the material strains, likely an effect related to the organic cation.
Beyond this, iodide starts to become volatile and finally, the perovskite lattice collapses giving rise to the
formation of Pbl,.

A multitude of different characterization techniques such as X-ray diffraction (XRD), X-
ray beam induced current (XBIC), X-ray fluorescence (XRF) and X-ray absorption spec-
troscopy (XAS) rely on X-rays as a probe. However, the X-ray sensitivity of the studied
material limits their applicability, as the studied material properties may be altered by the
X-ray exposure.

To assess the validity of the obtained results a profound understanding of the interaction
mechanism between X-rays and MHPs is therefore necessary.

Beyond X-rays involved in materials characterization, a range of possible applications of
MHPs require X-ray radiation hardness. Due to MHPs’ low weight in combination with
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reported high proton and electron hardness, the potential of MHPs for space photovoltaics
has been discussed.[103] However, besides proton radiation also X-ray radiation is common
in space. Especially solar flares contain significant X-ray photons, such that the X-ray flux
may momentarily increase by several orders of magnitudes. Further MHPs are considered
promising candidates for X-ray detectors.[2] Here it would be a large benefit if the detector
would withstand large X-ray dosages.

Several studies have investigated the hardness of MHPs concerning protons, electrons as
well as intense laser light.[32, 103-108]

In the case of electron irradiation, it has been shown, that, the organic cation is affected,
if present, and even prone to evaporation.[104-106] This leads to a lattice contraction. At
a later stage, Pbl, is formed. In the case of inorganic perovskites, such as CsPb(I,_,Bro.6)5,
Pb? is shown to form as a degradation product.[107, 108] Intense optical illumination has
been proposed to induce Frenkel-defects, at which a bound halide-vacancy and interstitial
is formed.[32] The formation of such photo-induced Frenkel pairs is proposed to induce a
deformation of the organic sublattice, which ultimately leads to a contraction of the entire
perovskite lattice.[32, 109]

The effect of X-rays on MHPs is much less studied, despite XRD being among the most
employed characterization techniques.[91, 110-112] In 2020, Stuckelberger et al. showed,
that the optoelectronic properties of the material are already affected prior to the evapor-
ation of iodide at an assumed dosage of 10'' photons-pm™.[91] Structural properties are
reported to be more resilient towards X-ray exposure.[110, 111] Still, a congruent account of
the interaction between X-rays and MHPs over a large range of dosages, taking into account
the degradation of both optical and structural material properties is missing.

3.3.1 Exploring the X-ray Dose-Dependence of X-ray Degradation

To analyze the effect of X-rays on the optoelectronic and structural material properties over a
wide range of X-ray dosages, we conducted a multimodal study in which a MAPb(I, ,Bro 6);
sample was exposed to a total of 6.6:108 photons-pm™with an energy of 12.8 keV over the
course of 32 minutes. This corresponds to a total dose of 1.36 -10° ] -pm™. The exerted
X-ray dose on the sample is calculated from the continuously measured beam intensity I
and the beam profile and the measurement geometry.

From X-ray diffraction, we obtain the effect of X-rays on the crystal lattice. Furthermore,
as the scattering intensity of a peak is determined by the amount of material in that phase,
as discussed in section 2.4.2, we can follow the disappearance and appearance of crystalline

phases.
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Figure 3.17: Different stages of interaction between X-rays and MAPDb(lp4Brog)3, from A: ‘no-effect’ to significant
structural degradation in D, as followed with XEOL, XRD, and XRF. a) X-ray excited optical emission shows
the decay of the optoelectronic properties alongside the emergence of a temporary low energy emission
peak in stage B. b) shows the X-ray diffraction peaks of MAPb(lyp4Brog)s and Pbl,. While little changes
in Pbl;, are visible, the MAPb(ly 4Bro )3 (100) reflex broadens and shifts to higher g. d) shows the strain
associated with the shift of the MAPDb(lp 4Bro6)3 (100) reflex. d) Compares the integrated peak intensity
of the MAPb(lp4Bro )3 and the Pbl, (100) reflexes and the iodide content in the film, extracted from the
iodide L-lines in XRF.
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The X-ray fluorescence signal (XRF), gives a quantitative measure of the elements present in
the film, irrespective of the compound they are in. Unfortunately, the experimental setup
did not allow to measure both iodine and bromine simultaneously with sufficient statistics.
We therefore, concentrated on accurately measuring the iodide loss from the I-L lines and
the amount of lead from the Pb-L lines.

Utilizing the optical emission due to X-ray photo-excitation, we analyse the effect of X-rays
on the optoelectronic properties, without adding any additional bias through illumination
of the sample with optical light, as described in section 2.3 A single X-ray photon can
excite approx. 500-1000 charge carriers, due to multi-step cascade processes. Despite the
difference in excitation, the emitted light can be analyzed analogously to PL and very similar
conclusions can be drawn from XEOL and PL.

In Figure 3.17 the accumulated X-ray photon-dosage is shown in comparison to the evolu-
tion of XEOL (b), XRD (c), calculated strain (d) as well as the integrated peak-areas of the
MAPb(I, ,Bro6); (100) reflex, the Pbl, (100) reflex and the iodide L-lines from XRF (e)
over time in a logarithmic scale. The logarithmic time scale allows us to visualise processes
on different time scales. It becomes apparent, that the 'no-effect’ regime, stage A, lasts only
for ~ 15 at an X-ray flux of 3.4-10°> photons-pm™-s! with 12.8 keV.

The XEOL color map shows the luminescence intensity (color scale), over the emission
wavelength (y-axis) and the time (x-axis). The luminescence intensity is proportional to
the ratio between radiative recombination to non-radiative recombination. The implied
Voe of a solar cell scales directly with this ratio.[113] Thus the luminescence intensity is
a good figure of merit to judge the optoelectronic quality of a material. As can be seen
in Figure 3.17, the luminescence intensity decays quickly within the first minute of X-ray
exposure (stage B). Furthermore, already in the first few seconds, a new low energy peak
appears. This is likely due to either emissive defects or nanoscale I-rich domains, similar to
those observed during optical illumination during phase segregation, as discussed in section
2.3. The similarity of the emission signal in the initial phase upon optical illumination and
X-ray exposure is striking. However, a further investigation of the evolution of XEOL for
different halide compositions would be needed to differentiate defect emission and nano-
scale I-rich domain formation.

Comparing the emission signal to the evolution of the X-ray diffraction peaks shows that
at such low X-ray dosages as present in stage B, no structural changes can be observed.
Neither the formation of strain nor any changes in the phase distribution can be seen. The
lattice compresses only upon further X-ray exposure (stage C). Compression of the lattice
has previously been proposed, both for the formation of Frenkel-pair defects as well as for
the evaporation of the organic cation.[104-106, 109] As the amount of iodide in the film
(light blue trace in Figure 3.17d), stays constant throughout stage C, we deem it unlikely
that changes in the halide composition cause this strain.
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Even further X-ray exposure for over 10 minutes, however, starts to lead to the evaporation
of iodide. The lattice is further strained and a severe reduction of the MAPb(I, ,Br, 6);
phase is observed. Simultaneously the Pbl, phase slowly starts growing. The severe reduc-
tion of the MAPb(I, ,Br, ¢); 100 reflex intensity cannot be explained by the loss of iodide
from the perovskite phase alone. After 30 min of X-ray irradiation, only 20 % iodide has
evaporated making up only 7 % of the scattering intensity, while the MAPb(I, ,Br, 6);
scattering intensity has decreased by 50 %. Interestingly, as visible in the color map of the
X-ray diffraction, the diffuse background increases at this stage and shifts from dark blue
to a lighter blue. This indicates, that a significant fraction of the MAPb(I, ,Br, ¢); phase
is transformed into an unknown amorphous phase. Furthermore, a new, unidentified,
crystalline phase forms, which has distinct diffraction peaks at q = 0.828 A, 1.678 A, and
2.1806 A, neither expected for Pbl,, PbBr,, MAI nor MABr.

3.3.2 Impact of X-ray Sensitivity on In-Situ Measurements
3.3.2.1 Degradation of Radiative Efficiency Increases Photo-Stability

As discussed in section 3.3.1, the radiative efficiency of MHPs decays quickly upon exposure
to X-rays, in agreement with recent literature.[91] While this decay of the radiative efficiency
is visible in XEOL, no measurable structural changes accompany it. Thus we rationalized,
that the decay is most likely connected to the creation of defects or the creation of a few
nanoscopic I-rich domains. In both cases, their volume fraction needs to be sufficiently
small to not influence the ensemble average structural properties.

The induced changes in the radiative efficiency can be shown to be a long-lasting effect.
We exposed distinct regions (# 1-6) of two nominally identical MAPb(I, ;Br, 5); samples
to different X-ray dosages covering 3 orders of magnitudes from 2-10® photons-pm™ to
4-10° photons-um™, as shown in the procedure scheme in Figure 3.18 Several hours after
the exposure, a clear dependence of the photoluminescence yield on the X-ray dosage is
visible, as measured by ex-situ photoluminescence microscopy, shown in Figure 3.19 a.

After the X-ray treatment, the entire first sample is exposed to optical light at 453 nm,
with ~100 mW-cm™ to induce the photo-induced phase segregation process. The phase
segregation is followed by in-situ XRD, similar to the experiments presented in papers 111
and IV. To follow the evolution of the XRD pattern without inducing further degrad-
ation effects with the X-ray beam, the X-ray beam was severely attenuated to a flux of
1.2-10% photons-pm™2-s71.

All treated areas as well as two untreated areas are measured in sequence over the time of
5o min, to ensure the same conditions for all areas. This results in an additional X-ray photo
dose on the sample due to the XRD measurements of 3.8:10° photons-pm™. As this is one
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Figure 3.18: Sketch of the X-ray treatment setup and procedure. In the first step, 6 areas of the sample are exposed to
X-rays with dosages from 2108 photons-um~2 to 4-10° photons-um~2 on two identical samples. Sub-
sequently, in step 2a, one sample is exposed to optical illumination by an LED with center wavelength of
453 nm, to induce phase segregation. The phase segregation is followed by measuring X-ray diffraction
with an attenuated beam on each treated area and two untreated areas, sequentially. Several hours
after the X-ray treatment, the second sample is analyzed with PL microscopy in step 2b. By using PL mi-
croscopy, the treatment areas can be resolved and analyzed separately.
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order of magnitude less than the onset of X-ray induced optoelectronic changes (stage B),
shown in Figure 3.17, we are confident that the measurements were done in the no-effect’
region, A, when following the phase segregation.

Non-treated areas of the sample show the expected phase segregation. The original peak
broadens upon illumination and a broad distribution of phases is established quickly, as ex-
pected from previous studies, described in detail in Papers III and IV. Treated areas however,
show significantly improved photo-stability. Samples that prior to the optical illumination
were exposed to an X-ray dosage of approx. 4:10® photons-um™ show only a slight broad-
ening upon illumination with optical light. XRD patterns of area 4 and s, exposed to more
than 2-10° photons-pm™, show peak broadening already prior to the optical illumination.
We, therefore, conclude that around 10® photons-pm™ lies an optimum, at which the phase
segregation is nearly omitted and on the other hand the X-ray exposure has not yet led to
detectable structural degradation.

We rationalize the decreased PL intensity with the creation of X-ray induced defects, in-
creasing the non-radiative recombination rate. A decrease in photoluminescence yield in
a solar cell absorber material, leads to a decrease in Quasi-Fermi-Level splitting and thus
causes a loss in the open circuit voltage, Vpe.[113] The V. loss through the radiation damage
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Figure 3.19: a) shows the decrease of the normalized photoluminescence intensity of a MAPb(lysBros)3 sample for
regions exposed to increasing X-ray doses ranging from 2-10° photons-pm~2 to 4-10° photons-pym~2.

The photoluminescence intensity was measured ex-situ several hours after X-ray exposure. b) shows a
photoluminescence microscopy map of the general treatment region with the 6 treatment areas. The
X-ray dosage for the treatment is increasing with increasing area number. Already in this representation,
it becomes evident, that the relative PL yield decreases with increasing X-ray exposure dosage. ¢) Shows
the evolution of the 200 diffraction reflex of such treated areas when exposed to optical light at 453 nm.
The spots treated with higher X-ray dosages show improved photo-stability. However, area 5 shows peak
broadening already prior to illumination with optical light, likely due to further X-ray damage.

is therefore given by:
Voicm' _ V;)];m _ _kT/qln(Qleum,im‘) + kT/qln(Qle“m’fm) (.2)

The absolute external quantum efficiency Q%™ is not known, as the setup is not calibrated
for this. However, Q%™ and the relative PL yield are connected by a setup dependent
factor. This factor will cancel out if only looking at a difference in V. .

— V'O’Léu o V:)];Zn — _kT/q(ln(PLlnt,an) o ln(PLGt,fln)) (33)

A decrease in the relative PL yield of one order of magnitude therefore corresponds to a
decrease in the open circuit voltage of 60 mV.

The creation of X-ray-induced defects is irreversible within hours. This stands in contrast
to the reversibility of phase segregation, despite the resemblance of initial stage of X-ray-

59



degradation to the initial stage of phase segregation. From the observed photo-stabilization
of MAPb(I, sBr, 5); samples after exposure to X-rays, we conclude that defects play a de-
ciding role in the phase-segregation process. Deliberate creation of the right kind of defects
could thus be a viable path to omit phase segregation by sacrificing only a small portion of
the solar cell’s efliciency

3.3.2.2 Validity of Reported Data

The herein presented results highlight that X-ray degradation is a key issue to consider when
employing X-ray-based characterization techniques at any X-ray dose. Defects are shown
to be created already at low X-ray doses of 10 photons-pm™, much earlier to the apparent
degradation of the structural properties above 107 and 108-pm™.

This discovery has severe implications for the interpretation of a range of in-situ meas-
urements on MHPs. Despite the widely accepted notion, that MHPs are X-ray sensit-
ive, X-ray stability is often not sufficiently considered when reporting X-ray based in-situ
measurements. Looking more closely at reports that use X-ray diffraction to characterise
light-induced phenomena, it is clear that several reports do not comment on X-ray degrad-
ation at all.[13, 47, 62] Other reports focus only on negligible decrease of the intensity of
the perovskite reflex [53] or negligible increase in Pbl, as a measure of stability.[32, 51, 63]
Interestingly, even though as stated, the reported diffraction patterns show no increase in
Pbl, peak-area, a decrease in the Pbl, peak-area can be seen if a closer look at the patterns is
taken.[s1, 63] A similar decrease in the Pbl, peak-area is observed in our result in stage C of
X-ray degradation. Our results clearly show, that X-ray degradation occurs at X-ray photon
dosages several orders of magnitude lower than those at which an increase in Pbl, peak area
is observed. Therefore, it cannot be excluded that the observed behaviour in those studies
has been influenced by the X-ray exposure. The evolution of the light-induced phase se-
gregation, which is strongly determined by the defect density, may be especially sensitive to
the effects of X-ray exposure. However, other changes in the structural properties of MHPs
have also been shown to be dependent on defect density, such as the phase transition tem-
perature between the tetragonal and orthorhombic phases.[114] Against this background,
our results show that more careful considerations are needed even when only structural
properties are measured, as structural properties and defects in MHPs have to be viewed as
interdependent.

The X-ray diffraction measurements following the evolution of phase segregation, presen-
ted in Papers III and IV of this thesis, were performed with a photon flux estimated to be
roughly 10 photons-s™'-pm™. Over the course of 30 minutes, the samples were exposed
to a total photon dose of 1.8:10° photons-pm™ at an energy of 9.28 keV. The dosage to
which the samples are exposed in the course of the measurement thus corresponds to that
just at the transition between the 'no-effect’ region A and the onset of the degradation of
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the optoelectronic properties, region B, as measured in the X-ray degradation experiments
described here. It should be noted, however, that the lower energy of 9.28 keV used in
the phase segregation experiments may result in a different energy dose compared to the
degradation experiment. Further research is needed to accurately distinguish whether the
X-ray degradation of metal halide perovskites depends predominantly on the total photon
dose, the energy dose, or the photon or energy flux. Further, the X-ray degradation here
is shown exemplary for a single sample. The exact numbers may be dependent on the
processing condition and environmental factors. A more systematic study on a large num-
ber of samples spanning the entire compositional range is needed to accurately describe
the sensitivity of mixed metal halide perovskites to hard X-ray in a more general manner.
An accurate description of the x-ray degradation can then point the way to measurement
schemes that minimize the effect of x-ray exposure without sacrificing data quality.
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Conclusions

In this thesis, the light-induced phase segregation of mixed metal halide perovskites has
been thoroughly investigated. The central experimental part of the work was the invest-
igation of its mechanism. In addition, we analysed its effect on the efficiency of solar cell
devices and also considered the challenges associated with the observation of such phenom-
ena by X-ray based techniques.

While perovskite devices with varying bandgaps between 1.2 €V and 3 ¢V have been de-
veloped, material quality is not optimal across the entire bandgap range. MAPbI, solar cells
with bandgaps between 1.55 ¢V and 1.6 eV are still yield the best efficiency. We have invest-
igated the effect of bromide-iodide mixtures on device efficiency and found that suboptimal
band alignment, higher defect density and light-induced phase segregation all contribute
to the efficiency drop. In particular, the qualitative similarity of the dependence of photo-
luminescence quantum yield, stability and device efficiency on bromide content suggests a
link between defect density and material stability.

The mechanism of light-induced phase segregation was investigated using multimodal n-
situ Photoluminescence and X-ray Diffraction techniques and Photiluminescence micro-
scopy. We revealed a multi-stage segregation process involving the initial formation of
iodide-rich nanoscopic domains followed by extended phase segregation. Detailed analysis
of the compositional phase distributions formed during segregation indicates that the first
stage is photo-activated and can be explained by models based on energy gain of charge
carriers due to differences in the bandgaps of phases with different halide composition. In
contrast, in order to rationalise the second stage of phase segregation, we have developed
a kinetic model which is based on light induced changes in the material properties during
the segregation process. We propose that light induced vacancies locally change the dif-
fusivity and thus effectively increase the mobility of the iodide. Our results highlight the
importance of both intrinsic and light-induced defects in determining the photo-stability
of mixed metal halide perovskites.

X-ray diffraction was one of the core techniques used throughout this work. We have
therefore taken a step back to consider the effect of X-ray sensitivity on the phenomena
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under investigation. We find that prior to any structural degradation, the optoelectronic
properties decay, presumably through X-ray induced defect formation. Surprisingly, these
x-ray induced defects strongly modify the phase segregation process and, at certain x-ray
dose levels, almost eliminate the photoinduced phase segregation.

These results once again emphasise the mutual dependence of (photon induced) defects and
the photo-stability of metal halide perovskites as a recurring theme throughout the thesis.
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