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Abstract

Over the past decade, metal halide perovskites have significantly stirred up the field of
photovoltaic research. Despite the remarkable increase in efficiency, there is still a lack
of comprehensive understanding regarding the device physics and stability of perovskite
solar cells. This is problematic because to unlock the full potential of perovskite
solar cells and push them towards commercialisation, it is imperative that researchers
understand the physical underlying mechanisms that determine whether a solar cell can
reliably operate at high efficiency levels over long timescales. This thesis, therefore,
concentrates on gaining a better understanding of the device physics and stability of
perovskite solar cells, with specific emphasis on two aspects: investigating the effect
of mobile ions on the performance and stability of these devices, and understanding
performance losses in perovskite-based tandems.

Many perovskite solar cells still suffer from current losses that cannot be attributed to
suboptimal device optics and light harvesting. The origin of these losses is investigated,
using a combination of voltage-dependent photoluminescence time series and various
charge extraction measurements. It is demonstrated that the perovskite devices suffer
from a reduction in the charge extraction efficiency within the first few seconds of
operation, which leads to a loss in current and lower maximum power output. In
addition, the emitted photoluminescence from the device rises on the exact same
timescales due to the accumulation of electronic charges in the active layer. Using
transient charge extraction measurements, it is shown that these observations cannot
be explained by doping-induced electronic charges but by the movement of mobile
ions towards the perovskite/transport layer interfaces, which inhibits charge extraction
due to band flattening. These findings are generalised to a variety of metal-halide
perovskites, showing that the loss mechanism is universal. This elucidates the negative
role mobile ions play in perovskite solar cells and paves a path toward understanding
and mitigating a key loss mechanism.




Abstract

Hereafter, the impact of such ion-induced loss mechanisms on the device performance
upon ageing of perovskite solar cells is investigated. An increased mobile ion density
with a corresponding increased field screening leads to a decrease in the steady-state
power conversion efficiency mainly due to a large reduction in current density, while the
efficiency at high scan speeds (>1000 V/s) where the ions are immobilised is much less
affected. Interfacial recombination does not increase upon ageing, yet the open-circuit
voltage decreases as a result of an increase in the mobile ion density upon ageing.
Furthermore, similar ionic losses appear under different external stressors, in particular
when there are free charges present in the absorber layer. We thus reveal a key
degradation mechanism, providing new insights into initial device degradation before
chemical or extrinsic mechanical device degradation effects manifest, and highlight
the critical role mobile ions play therein.

The second part of this thesis, then, shifts focus towards perovskite-based tandem
photovoltaics. Understanding performance losses in all-perovskite tandem photovoltaics
is crucial to accelerate advancements toward commercialisation, especially since these
tandem devices generally underperform in comparison to what is expected from isolated
layers and single junction devices. The individual sub-cells in all-perovskite tandem
stacks are selectively characterised to disentangle the various losses. It is found
that non-radiative losses in the high-gap subcell dominate the overall recombination
in the baseline system, as well as in the majority of literature reports. Through a
multi-faceted approach, the open-circuit voltage of the high-gap perovskite subcell
is enhanced, and employing a novel (quasi) lossless indium oxide interconnect, this
enables all-perovskite tandem solar cells with 2.00 V open circuit voltage and 23.7%
stabilised efficiency. Reducing transport losses as well as imperfect energy alignments
could boost efficiencies to 25.2% and 27.0% as identified via subcell selective electro-
and photo-luminescence. Finally, it is shown how, having improved the open circuit
voltage, improving the current density of the low-gap absorber pushes efficiencies
even further, reaching 25.9% efficiency stabilised, with an ultimate potential of 30.0%
considering the bulk quality of both absorbers measured using photo-luminescence.
These insights not only show an optimisation example but also a generalisable evidence-
based optimisation strategy utilising optoelectronic sub-cell characterisation.

In 2-terminal perovskite-based tandem photovoltaics, mobile ions play an important
role as well, as these devices rely on a carefully engineered current balance. Ageing
of such devices, and the corresponding mobile-ion-induced current losses, can be
detrimental to device performance. Therefore, it is important to not only understand
voltage losses but also ion-induced current losses subcell selectively. To this end,
we demonstrate the use of current-voltage scans and current decay measurements
as well as photoluminescence measurements to investigate the effect of mobile ions
subcell-selectively. Finally, the relationship between radiative and non-radiative losses
at short circuit conditions is investigated in an ultimate attempt to directly and
subcell-selectively quantify current losses from photoluminescence at short circuit.
Overall, the results of this thesis provide a crucial understanding of mobile ions and
their role in performance loss and device degradation. We show that it is important to
gain further understanding of how to reduce the mobile ion density, or how to engineer
the devices so that the charge collection is insensitive to the redistribution of the ions.
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These findings also pave the way towards accelerated ageing tests of perovskite solar
cells, which can be used to identify losses and test potential mitigation mechanisms.
At the same time, we highlight the importance of subcell-selective measurements in
perovskite-based tandem devices to understand which factors are limiting the efficiency,
and design evidence-based optimisation approaches. These findings combined will
ultimately enable us to move closer to the radiative efficiency limit, while at the same

time improving stability, which is a key for the commercialisation of perovskite-based
solar cells.
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Foreword

Nowhere on earth are temperatures rising as fast as on Svalbard. With an average
temperature increase of 6 °C compared to 30 years ago, the situation in the archipelago
provides a gloomy insight into how rapid climate change will affect the rest of the
earth. The island group is, in a way, the canary in the coal mine.

| got to see with my own eyes how fast the glaciers here are disappearing. How
there is barely any sea ice left in many of the fjords that used to be frozen each winter.
Within 50 years, the Arctic sea will be completely ice-free during the summer, and it
will be possible to simply reach the geographic north pole by boat. If we are unlucky,
this scenario might even become reality already by 2035.

The rapidly changing climate is not only noticeable from the disappearance of
ice, both on land and on sea. Longyearbyen, worlds northernmost town, has become
increasingly under threat of mudslides and avalanches, which can be linked directly to
climate change. But by letting climate change get out of control, we as humans do
not only ruin our own prospects of surviving on this planet in the long run, we also
take down a large part of the earths flora and fauna with us, and put those species
who might be able to adapt under a lot of pressure.

Living on Svalbard, learning about sea-ice, glaciers, and the precarious future
of the Arctic, and especially going out on the ice for fieldwork has opened my eyes
further to the results of climate change, but also made me realise more than before
that technology alone will not be enough to get society to transition to a more
sustainable one. Even in Longyearbyen, the most rapidly warming town on earth, coal
is still the main energy source for heating and electricity. Public awareness, political
leadership and vision, might, at this point in time, be more important than innovations
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in photovoltaic technology that push power conversion efficiencies a couple percent
higher. This thesis should therefore be read with this global context in mind. | hope |
managed to contribute a bit to the understanding of the physics of perovskite solar
cells, but to fight climate change, action is needed on a completely different scale.

The Arctic is the most fascinating, beautiful place | have seen in my life. Roald
Amundsen described the serene beauty of the Antarctic in 'Sydpolen’, stating "We
see many fine sunsets here, unique in the splendour of their colour. No doubt the
surroundings in this fairyland of blue and white do much to increase their beauty." Its
northern counterpart, | believe, is equally stunning with all its snow and ice. Let us
hope some of this beauty will be preserved for future generations to dream about and
explore.

Longyearbyen, 2023

Photo: Pierre Lefevre, Bjgrndalen, February 2023
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CHAPTER 1

Introduction

1.1 Climate change

The findings presented in the most recent report of the Intergovernmental Panel on
Climate Change (IPCC) are alarming - temperatures are rising quickly, and every
region of the world is now experiencing changes in the climate system!. The climate
changes we are currently experiencing are unprecedented in recent human history.
Average temperatures worldwide have risen 1.1 °C already, and along with these
rising temperatures comes an increasing number of extreme weather events. And
while 1.1 °C is a global average, some areas in the world are warming at an even
more disturbingly fast pace. The Arctic as a whole has warmed nearly 4 times faster
than the global average - and due to local amplification, specific regions, around the
Barentz Sea, are even experiencing temperature increases up to 7 times faster than

the global average?.
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With every increment of global warming, changes get larger
in regional mean temperature, precipitation and soil moisture

(a) Annual mean temperature change (°C)
at 1°C global warming

Observed change per 1°C global warming Simulated change at 1°C global warming

Warming at 1°C affects all continents and
is generally larger over land than over the
oceans in both observations and models.
Across most regions, observed and
simulated patterns are consistent.

(b) Annual mean temperature change (°C) Across warming levels, land areas warm more than ocean areas, and the
relative to 1850-1900 Arctic and Antarctica warm more than the tropics.

Simulated change at 1.5°C global warming Simulated change at 2°C global warming Simulated change at 4°C global warming
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Figure 1.1: Measured and simulated average yearly temperature increase around the globe. Repro-
duced from IPCC*

Temperature change in Svalbard
Relative to average of 1971-2000 [°C]
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Figure 1.2: Anomalies in average yearly temperature in Longyearbyen, Svalbard, with reference to
the period 1971-2000. Temperatures have increased so strongly in Svalbard, that the standard colour
scale, going up to £ 2.6 the standard deviation of the period 1900-2000, did not suffice, and had to
be enhanced. Graphic obtained from https://showyourstripes.info, created by Professor Ed Hawkins,
University of Reading

The effects of climate change on the environment, besides the increased
temperatures and changes in weather patterns, are also becoming more and more

clear. Sea levels are rising faster than in the past millennia3. And not only are sea
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levels rising, the oceans are also warming up and acidifying rapidly*. According to
the IPCC, the impact of climate change on both humanity and the environment is
not only more severe but also more widespread than expected. Some of the climate
change impacts are already so severe they are impossible to adapt to, rendering

formerly inhabited regions of the world uninhabitable®.

Climate change has directly been linked to the increase in CO5 concentrations in
the atmosphere, with every 10 ppm of CO, roughly causing a 0.1 °C increase in global
average temperature (see Figure 1.3) '. Even if the world rapidly decarbonises and
cuts emissions, the greenhouse gases which are already in the atmosphere mean we
will still experience worsening impacts of climate change through the next twenty years.
Limiting global temperature rise to 1.5 °C, the most optimistic scenario described in
the IPCC report, is still possible, but requires immediate action. In order to have a
chance at achieving this goal, greenhouse gas emissions should be halved by 2030 and
reach net zero by 2050. This can be achieved by a combination of retiring existing
fossil fuel infrastructure, while scaling up renewable energy sources. In addition, all
pathways that would limit global warming to 1.5 °C require some extent of carbon

removal.

1.2 Renewable energy sources and their viability

The IPCC stated once more what has been known for a while now - we need to
abandon fossil fuels, and move to sustainable power sources. The sun provides plenty

of energy - the earth receives about 173 000 TW . With an average global power

"This is a rough estimate, because although CO, is the main contributor to global warming, it is
not the only driver. Furthermore, the earth’s climate system exhibits some inertia, which is also the
reason why global warming would continue for a bit, even if we stop emitting any greenhouse gasses
today. However, | find that linking CO5 concentrations in the atmosphere directly to temperature
provides more relatable results than looking, for example, at the amounts of total emitted greenhouse
gasses

This number relates to the energy reaching the upper atmosphere - about 30% of this is directly
reflected back into space from there.
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1.5 -2 °C, limit agreed upon at the Paris Agreement
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Figure 1.3: Global average temperature anomaly versus carbon dioxide concentration in the
atmosphere. Every coloured circle depicts a year - yearly global average temperature is plotted versus
the yearly average global CO2 concentration. Data for this plot was obtained from the Goddard
Institute for Space Studies (GISS - NASA) and the National Oceanic & Atmospheric Administration
(NOAA)S

consumption of 18.4 TW#, this means we receive nearly 10,000 times as much energy
as we need on average to power the world. So, energy provided by the sun is plentiful.

The difficulty, however, lies in efficiently harnessing it.

There are a variety of renewable energy sources which all, in one way or another,
are powered by the sun. Wind energy, hydropower and biomass, for example, are
all renewable energy sources that indirectly are also forms of solar energy. However,
harnessing solar power directly should in principle enable to use the sun’s energy most
efficiently, and this thesis will therefore focus on photovoltaic energy conversion of
sunlight. However, due to the intermittent nature of solar power, a mixture of different
energy sources will be needed to power the world sustainably. On top of that, energy
storage will play an important factor - both to cushion fluctuations in power supply

and demand, as well as to provide sustainable energy solutions for mobility.

4
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1.3 Photovoltaics - viability and upscaling

Photovoltaics (PV), the direct conversion of light into electricity using semiconductors,
have been around since the early 1900's, when the first 'Sun Electric Generators’ based
on Selenium were developed® and installed as a proof of concept '". Much later, in
the 1940's and 50's, the first silicon-based solar cells were developed at Bell labs V12,
Reaching a power conversion efficiency of 6%, these solar cells were the first that
were efficient enough to be suitable for practical applications. The potential of this
invention was widely recognised, with the New York Times writing that it 'may mark
the beginning of a new era, leading eventually to the realization of one of mankind's
most cherished dreams — the harnessing of the almost limitless energy of the sun
for the uses of civilization'!3. Although it would still be a while until photovoltaics
were widely implemented (not least due to the high cost of these early solar cells),
they were quickly adopted to power communication devices as well as satellites V.
As costs dropped, and device efficiencies increased from the 1980's on, interest in
silicon photovoltaics to power households grew. Today, silicon-based photovoltaics
are omnipresent in our society, with an estimated total installed capacity of over 1.1

TW,

1.4 Future outlook

Crystalline silicon photovoltaics, with best performing devices today reaching efficiencies
of about 26 %, are still continuously being improved, slowly approaching the theoretical
efficiency limit®. A couple of solar panels on a roof can easily provide for the electricity
consumption of an average household. However, in order to truly make a difference

in the effort to slow down climate change, PV needs to go beyond just powering the

iiln fact, there is an interesting mystery surrounding the world’s first rooftop solar panel, and
whether its invention should be accredited to George Cove, or Charles Fritts 10

VA development which was actually kickstarted by the accidental creation of a p-n junction in a
cracked silicon sample by Russel Shoemaker Ohl, who later patented his invention!?.

VStarting of with Vanguard, the first solar-powered satellite, photovoltaics truly revolutionised
space technology 4.
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electricity need of households. Sectors like industry and transport, which account for
about 24 and 16 percent of greenhouse gas emissions, respectively, also need to be
decarbonised. In order to achieve this, a new generation of photovoltaics is required.
This new generation of solar cells requires higher efficiencies, such that the levelised
cost of electricity is lowered. One option to achieve this is the use of multi-junction
solar cells, which more efficiently utilise the photons coming from the sun. Besides
more efficient solar cells which could lower the levelised cost of electricity, there is also
a growing demand for solar cells that can be used in situations where conventional
silicon-based PV is less suitable. Some examples of such niche applications include
indoor PV (for example to power the Internet of Things (loT)), flexible solar cells,
and light-weight solar cells, for example for aerospace and satellite applications. Thin
film perovskite solar cells, with their easy fabrication, short energy payback time,
and tuneable bandgaps have gained considerable interest in the framework of '3rd
generation PV'". They have the potential to form a powerful synergy with silicon in the
form of perovskite-silicon multi-junction solar cells, which can surpass the theoretical
efficiency limit of single-junction silicon solar cells. At the same time, single junctions
perovskite solar cells on their own are also highly efficient while cheap to fabricate,

rendering them interesting candidates for the above-mentioned niche applications.

1.5 Thesis outline

This thesis focuses on understanding the physics of perovskite solar cells, in order to
enable more effective, evidence guided optimisation of single-, and ultimately multi-
junction devices. In the first part of the thesis, mobile ions, and their implications
for the efficiency and stability of perovskite solar cells are discussed. Thereafter, the
focus shifts towards multi-junction solar cells, and how the study of subcell behaviour
in these cells can guide optimisation approaches.

The introduction and motivation to this thesis in Chapter 1 are followed by an

in-depth explanation of perovskite solar cells, as well as some more fundamental

6
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theory on photovoltaics in Chapter 2. Chapter 3 then describes the experimental
methods used in this thesis, from sample fabrication to different measurements and
drift-diffusion simulations.

Chapter 4 investigates the origin of the relatively low short circuit current observed in
low-bandgap lead-tin perovskite solar cells, using a combination of voltage dependent
photoluminescence (PL) time series and various charge extraction measurements.
These current losses are linked to the presence of mobile ions, which inhibit efficient
charge extraction, and thereby lead to enhanced recombination, and reduced output
currents. Upon investigation of other conventionally used metal halide perovskite
systems, it is found that these (lead-based) perovskites suffer from the same loss
mechanism.

Next, Chapter 5 explores the role of mobile ions in the (performance) degradation of
perovskite photovoltaic devices. We reveal that an increase in the mobile-ion-induced
field screening, discussed in Chapter 4, is responsible for the early onset performance
degradation in perovskite solar cells. In addition, the device open circuit voltage also
suffers from increased mobile-ion densities, which cause an increased quasi Fermi level
splitting (QFLS) - Voc mismatch. We also show that these ionic losses appear under
different stressors, especially when additional free charges are present in the perovskite
absorber layer.

The second part of the thesis focuses more directly on perovskite-based tandem
devices. In Chapter 6, several different subcell selective measurements are used to
investigate Vo losses in all-perovskite tandem solar cells. After the identification of the
main losses, an evidence-based optimisation approach is developed, strongly enhancing
the performance of the tandem devices, with the best devices reaching stabilised power
outputs of 25.9%. Finally, photo- and electroluminescence measurements provide
insights into the efficiency potential of these devices.

Chapter 7, then, combines knowledge and methods from Chapters 4, 5 and 6 to
study the presence and impact of mobile ions in perovskite-based tandem solar cells

subcell-selectively. Both 'fast hysteresis’ and current decay measurements, as well as
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voltage-dependent photoluminescence time series are employed to investigate, and
try to quantify, the mobile-ion-induced current losses in the subcells. The chapter
then raises the question whether non-radiative losses in tandem subcells at short
circuit conditions can be determined directly through luminescence measurements,
and several different measurements are carried out in an effort to try to answer this
question.

Chapter 8 presents some preliminary results from ongoing research, investigating
the effect of oxidation on the device performance of low-bandgap lead-tin perovskites.
Remarkably, we find that vacuum treatment can partially reverse oxidation effects.
This leads us to postulate that it is possible to extract some Snl, from the perovskite
surface through vacuum treatment, thereby reducing trap densities.

Finally, Chapter 9 summarises the work presented in this thesis and places it in
perspective. We provide a future outlook, and point out how the results and insights
presented in this thesis pave the way towards more efficient, stable, perovskite solar

cells.




CHAPTER 2

Fundamentals

In this chapter, the fundamental physics that provide the foundations for the study of
solar cells are discussed. Starting from semiconductor physics and energy band theory,
the generation of charges by the photovoltaic effect is explained. Next, different types
of recombination as well as other loss mechanisms are discussed, and the concept of
the fundamental efficiency limit is introduced. Thereafter, the working principles of
different concepts to overcome this efficiency limit, such as multijunction solar cells,
are discussed. Finally, the material class of metal halide perovskites is introduced,
with a special emphasis on low bandgap, mixed metal lead-tin perovskites. The theory
presented here is largely based on 'Introduction to Solid State Physics’ by Charles

Kittel, as well as 'Physics of Solar Cells' by Peter and Uli Wiirfel*":18,

2.1 Semiconductor physics

Utilising the photovoltaic effect, solar cells are based on semiconductors, materials

with a conductivity value in between that of an insulator and a metal. The electrical
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properties, and specifically the conductivity of semiconductors can be modified by
applying external stimuli such as for example an electric field, heat, or light. This
property makes them ideally suited for use in applications such as transistors, laser
diodes, and solar cells®®.

In order to understand why semiconductors display the special behaviour they
do, and how this can be utilised in applications, the underlying quantum mechanics
needs to be discussed, at least to some extent. Quantum mechanics is based on the
concept of wave-particle duality, that is, quantum entities possess both wave-like and
particle-like characteristics. Light, traditionally described as electromagnetic waves,
can also be described as particle-like, consisting of 'quanta’ with a discrete energy -
photons. Both photons and electrons are elementary particles that exhibit wave-particle
duality.

In a crystal lattice, every atom (comprised of an atomic core plus electrons) is
surrounded by multiple other atoms. The Born-Oppenheimer approximation allows
to consider the atomic cores to be stationary, while the electrons move around and
interact. Electrons in the crystal lattice experience a periodic potential, which dictates
the energy levels these electrons can be at. This results in a density of states (DOS)
of the material, which describes the number of states that are available at each energy
level for an electron to occupy. Since electrons are Fermions, the actual electron

distribution across this density of states is determined by the Fermi-Dirac distribution:

1
E) = :

where kg is the Boltzmann constant and 1" the temperature. Ef is the Fermi level -
the energy level at which half of the available states are occupied. For an undoped
semiconductor in the dark, the Fermi level would be in the middle of the bandgap.
However, under illumination, the semiconductor is no longer in thermal equilibrium, and
the electron and hole populations in the conduction and valence bands, respectively,

both increase. Consequently, the Fermi level splits: the Fermi energy describing the

10
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electron population must be closer to the conduction band, while the Fermi energy
describing the hole population must be closer to the valence band. Electrons can then

be described with:

f(E) = E—FEp. (22)

and holes with:
1

f(F) = — 2.3
B = Ty 23)
Electron and hole densities can then be defined as
—(Ec — Er.
ne—A%%mp<<%ﬂﬁE>> (2.4)
and
—(FEy — F
= Ny - exp <<VkBTFh)> (2.5)

where N and Ny, are the effective densities of states at the conduction and valence
band, respectively, and FE¢ and Ey the energy level of the conduction and valence

band edges. The product of the electron and hole densities then becomes:

—(Ec— F Ep.—FE
e = Ny -exp ( EZE Yo (£l

Ep.—FE
=n?-exp (Eel{:BT F’h)> (2.6)

The difference between the quasi Fermi level for electrons and holes, Er. — Epy, is
known as the quasi Fermi level splitting (QFLS). This quantity can directly describe the
population of free charges in a semiconductor. Furthermore, since the electrochemical

potential of electrons and holes relate to the quasi Fermi levels through

Ne = EF,e and 7y, = _EF,h (2-7)

11
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the QFLS is directly related to the maximum amount of free energy that can be

delivered by the semiconductor upon dissociation of an electron-hole pair.

2.1.1 Charge carrier generation

When an incoming photon has an energy hv that is higher than the bandgap (E¢) of
the semiconductor, it can be absorbed, generating an electron-hole pair by promoting
an electron from the valence band, where it normally resides, to an excited state in
the conduction band. When carriers are excited to energy levels that are higher than
the valence band maximum (conduction band minimum), they lose their excess energy
through thermalisation, and relax down to the valence band minimum (conduction band
maximum) (see Figure 2.1). The absorption coefficient « describes how far photons
on average travel into a material before getting absorbed through the Lambert-Beer

relation: [ = I -e™ ¢

, with high « values indicating strong absorption. Here, I is the
intensity of the transmitted light, I, the initial intensity of the incident light, and d

the thickness of the material.

2.1.2 Recombination

Once free charge carriers are generated in a semiconductor, they can either be extracted
out of the semiconductor, or recombine. Extraction occurs when the charges, either
through drift or diffusion move out of the semiconductor and into a neighbouring
material (for example, an electrode or another charge transport layer). If free charges
are not extracted from a semiconductor, they will eventually recombine. Recombination
can take place through several pathways, which are illustrated in Figure 2.1. When
carriers recombine directly, in a bi-molecular manner, they do so radiatively, i.e. they
emit light |. When recombination takes place defect-assisted, or as a three-body process

(Auger), no light is emitted, hence these types of recombination are non-radiative.

iAlthough bimolecular recombination can in principle be non-radiative as well, such as in organic
solar cells?9, for perovskites this process is mostly radiative. Since this thesis focuses on perovskites,
we will consider bimolecular recombination to be radiative in this thesis.
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Charge generation Recombination
Absorption Thermalisation Trap-assisted Bimolecular

traps

A AN N

Figure 2.1: Schematic overview of charge generation and the different recombination pathways in
semiconductors.

2.1.2.1 Radiative recombination

When an electron-hole pair recombines directly through band-to-band recombination,
the excess energy is released in the form of the emission of a photon, i.e. e + h — 7.
Since this process depends on the simultaneous presence of both an electron and a
hole in an excited state, the radiative recombination rate depends on the product of
the hole and the electron density: R,.q = Byag - 1 - p. In thermal equilibrium, this

equation can be simplified to R,.q = Byag - 12

2.1.2.2 Non-radiative recombination

Shockley-Read-Hall recombination (SRH)

The dominant recombination pathway in perovskite solar cells is trap-assisted recombi-
nation. In this process, either electrons or holes get 'trapped’ at defects ", which have
a certain energy level. Generally, traps are divided into two categories: 'shallow traps’
and 'deep traps’, depending on their energy level. Shallow traps for electrons (holes),
which occur close to the conduction (valence) band, are less detrimental to solar cell
performance than deep traps, since carriers can relatively easily 'escape’ from shallow

traps.

"Dopants can also act as trap states - which includes mobile ions or vacancies left behind by
mobile ions
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Trap-assisted recombination only depends on the carrier density of either electrons
or holes, rather than the product of both as is the case for radiative recombination.
Therefore, the trap-assisted recombination rate can be written as R,onrad = Bhonrad *
1+ Nirap. Here, Ni,p is the trap density. The value of prefactor Bonraq depends on the
'capture coefficient’ of the traps, that is, how effectively the traps capture free charges.
This capture coefficient C' is defined as C' = o014, and depends on the capture cross
section o, as well as the thermal velocity of the carrier vy, 2422

When trap-assisted recombination occurs at interfaces, it is referred to as
'surface recombination’. Atoms located at surfaces do not have the same bonding
structure as bulk atoms since they lack neighbouring atoms. This causes some of
the valence orbitals to not form any chemical bonds. Instead, these partially filled

electron orbitals, or dangling bonds, turn into divergent electronic states that can

be located within the bandgap of the material, where they act as recombination centers.

Auger recombination
Auger recombination is a three-body process, which takes place when a recombining
electron-hole pair transfers its excess energy to another electron that is already
present in the valence band, facilitating its transition to a higher energy level. Since
this process is a three-body process, it normally only becomes significant under
circumstances where carrier densities are (very) high, for example in concentrator
photovoltaics, but also in silicon solar cells. It is less relevant for perovskite solar cell
operation under normal, 1-sun equivalent illumination. The recombination rate for

Auger recombination can be described as Rayger = C’Auge,~n-p2 or Rauger = BAuge,~p-n2.

2.1.2.3 Photoluminescence and carrier lifetimes

Recombination in semiconductors can be investigated by looking at the carrier lifetimes.

The different recombination processes take place at different rates, with rate constants

14
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denoted by ki, ko and ks for trap-assisted, bimolecular and Auger recombination,
respectively. The dynamics of charge carrier generation and recombination, in a system

where there is no extraction, can then be described as

R

dn :
— =G —kin — kyn® — ksn?®
o 1 2 3

where G is the charge carrier generation and R is recombination.

Using this relation, at equilibrium conditions (no extraction, and G = R), photo-

luminescence measurements can provide insights into the extent of the different

recombination processes. The ratio of the radiative recombination versus the total

Jrad

T s the photoluminescence quantum yield (PLQY).

recombination, that is
This quantity provides insight into how effectively carriers recombine radiatively
in a semiconductor - important, because Rau's reciprocity states that 'In fact, a
solar cell that has the theoretical maximum power conversion efficiency will also
act as an LED with the maximum possible luminescence efficiency’?3. High PLQY
values are indicative of good solar cell performance, since they indicate low levels of
non-radiative recombination, which is detrimental to solar cell performance. Time
resolved photoluminescence (TRPL), furthermore, can also be used to investigate
recombination rates in a semiconductor. A short light pulse excites (a known number
of) carriers, and the radiative decay that follows can be used to investigate carrier
lifetimes, and determine the mono- and bimolecular recombination rates. The
effective carrier lifetime 7. is the result of a combination of decay mechanisms,
1 1 1 1 1

and can be defined as — = — + — + — + , Where 7,4 is the radiative
Teff Trad TSRH Tsurf TAuger

lifetime, Tsry the Shockley-Read-Hall lifetime, 74, the surface lifetime, which
includes recombination at the front and back side of the semiconductor film and

also depends on the electron and hole mobilities?*2°.

The Auger lifetime Tayger is
also included here for completeness, but since Auger recombination only becomes

relevant at high carrier densities, this term can normally be omitted for perovskite films.
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Quasi Fermi level splitting
PLQY and electroluminescence quantum yield (ELQY) measurements can also be used
to calculate the quasi Fermi level splitting (QFLS) in a material. As described above,
the QFLS, which equals Er. — EFy, is a measure of the population of free carriers in
a semiconductor. As such, it can be used to calculate the (maximum achievable) open
circuit voltage in a solar cell, since its value equals the maximum amount of work an
electron-hole pair in a semiconductor can do (and thus how much of the incoming
radiative energy the solar cell can convert into electrical energy). The QFLS is directly
related to the PLQY value, through QFLS = k3T In(PLQY - ﬁ) where Jg is the
generation current, and Jy .4 the radiative dark current. Calculating the QFLS at
different charge injection densities (EL) or light intensities (PL) can also be used to
reconstruct 'pseudo-JV curves’, which can provide important information on losses

and potential efficiencies in solar cells. More information regarding the reconstruction

of such pseudo-JV-curves can be found in Chapter 3.
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2.1.3 Thermodynamic efficiency limits and power loss in solar

cells

Even ideal solar cells, which do not suffer from traps, energy level misalignments, or
series and shunt resistances, display losses. Most importantly, these losses come from
thermalisation (causing voltage losses) and photons with below-gap energy (leading
to current losses). However, there are some additional losses that occur in ideal solar
cells. Carnot losses, stemming from the fact that a solar cell essentially is a heat
engine, limited by the Carnot efficiency, make up for some additional voltage losses?°.
Furthermore, Boltzmann losses, due to entropy, also cause a reduction in the output
voltage of the solar cell. Finally, there are some emission losses, which slightly reduce
the current output from the cell?”. Figure 2.2 displays the usable power, as well as

the different losses, for an ideal solar cell depending on its bandgap.

Power loss in solar cells

1.0
Recombination
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losses
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Figure 2.2: Usable power and losses in an ideal solar cell. Calculations based on?’

Multi-junction solar cells
To overcome this fundamental efficiency limit, several strategies have been developed,
including hot carrier extraction, singlet fission, and the use of multiple junctions with

different bandgaps?®. Particularly important to this thesis are the multi-junction solar
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cells, which can overcome the efficiency limit through the use of multiple subcells.
This allows for more efficient conversion of incoming light into electricity by reducing
thermalisation losses while maximising absorption (Figure 2.3 depicts a schematic
explanation of the working mechanisms of multijunction solar cells). To date, this is
the only approach aimed at overcoming fundamental efficiency limits which has been
demonstrated to work efficiently and practically. This has led multi-junction solar cells

to become of great interest for commercialisation.

Single junctions Multijunction

Sub-bandgap
photons

NN A

Figure 2.3: The working principle of multi-junction solar cells. On the left, energy is lost in single
junctions due to thermalisation and photons not being absorbed. The multi-junction device reduces
these losses by making use of 2 different bandgaps, absorbing high energy photons in the first subcell,
while lower energy photons are absorbed in a second subcell.

There are different strategies when it comes to the construction of multi-junction
cells.  The working principle of 2-Terminal (2T) devices, where the subcells are
processed directly on top of each other and are connected in series, is based on
current matching between the different subcells ii. However, the design does allow for
the devices to be integrated into the power system without additional electronics
compared to single junctions. Processing can be challenging, however, and the
recombination layer, where the subcells are connected electronically, can introduce
losses. 4-Terminal (4T) devices, on the other hand, are a bit easier to process but

require additional effort for integration into the power system. 3-Terminal (3T)

iiAlthough in some cases, a slight current mismatch is introduced on purpose, for example to
improve the fill factor of 2T tandem solar cells
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devices, finally, can overcome some of the limitations of 2- and 4-terminal tandems,
but come with some additional complexity and their operation is less straightforward?°.
For efficient multi-junction solar cells, the bandgap energies of the different subcells
are of vital importance, since the enhanced efficiency comes from a careful balance
between increased photon absorption and reduced thermalisation losses. Figure 2.4
shows the maximum efficiency that can be achieved in a 2-terminal and 4-terminal
tandem for different bandgap combinations. It can be seen that both in 2-T, as well
as 4-T tandems, the bandgap of the bottom cell needs to be rather low to enable

maximum efficiencies.
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Figure 2.4: The maximum theoretically achievable efficiency for a) 2T and b) 4T tandems as a
function of the bandgap of the top and bottom subcells. Calculated based on 8.

Losses in real solar cells
Real solar cells, in addition to the intrinsic losses described above, also suffer from
additional losses. Imperfect absorption and reflection of incoming light and (nonradia-
tive) recombination all lower the device PCE. Furthermore, additional losses can arise
from non-ideal carrier transport. Such transport losses are linked to issues extracting
the carriers from the device, as well as the series resistance in the device. This series
resistance can have a profound impact on the fill factor of devices, and hence the series
resistance should be kept as low as possible. High series resistance in devices can arise

from low-mobility transport layers, for example. On top of this, there can be internal
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short circuits, which run parallel to the solar cell junction, leading to a loss of voltage
and fill factor. To prevent these shunt losses, the shunt resistance should be as high
as possible. Low shunt resistances often result from defects that are formed during
fabrication, such as pinholes or inhomogeneities in absorber or transport layers. Figure
2.5 displays the simulated impact of shunt resistance (a) as well as series resistance
(b) on a JV curve. Furthermore, in Chapter 6, we will show how low shunt resistances
in 2T tandem devices can also impact current matching requirements and have a

profound impact on the tandem device performance.
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~
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Figure 2.5: Simulated JV curves for varying shunt (a) and series (b) resistances, simulated using
LTspice.

2.2 Metal halide perovskites

2.2.1 Composition and structure

Perovskites are a class of compounds that have the same crystal structure as calcium
titanate (CaTiO3). Calcium titanate was first discovered by the German mineralogist
Gustav Rose, who named the mineral 'perovskite' after his Russian colleague Lev
Perovski3C.

Perovskites exhibit a near cubic structure with the general chemical formula ABX5,
where the A-site ion is located in the centre of the lattice, with B-site ions situated at

the corners and the X-site ions at the face-centred positions. In this structure, the
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2.2. Metal halide perovskites

A- and B-site ions are positively charged cations, whereas the X ions are negatively
charged anions. Naturally found materials that assume a perovskite structure are
often oxides, where the negatively charged oxygen ions on the X-site are combined
with positively charged metal ions on the A- and B-site. However, there is a plethora
of different options available for the different ionic sites, which can generally form
stable perovskite structures as long as the Goldschmidt tolerance factor3!, ¢, is in the
range of 0.75 and 1. Assuming the ions to be hard spheres, this formula can be used
to predict the structural stability based on the ionic radii of the ions at the different
positions.
Ra + Rx

‘= St 1) (2.8)

Here, R4 is the radius of the cation on the A site, Rg the radius of the cation on

the B site, and Rx the radius of the anion on the X site.

Figure 2.6: ABXj3 perovskite crystal structure. The structure displayed here is cubic, that is, unit
cell dimensions a = b = ¢. However, perovskites do not have to occur in cubic form, a, b and ¢ can
have different lengths.

Different perovskite materials display a wide variety of interesting physical proper-

ties, such as charge ordering, giant and colossal magnetoresistance, piezoelectricity,
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(high temperature) superconductivity and spin-dependent transport3>~**. These proper-
ties make this material class interesting for applications in microelectronics - attracting
considerable research interest.

Stable metal halide perovskites, where a halide on the X position replaces the
commonly found oxygen anion, although not found naturally, can be fabricated using
for example cesium as the A-site cation. Christian Moller first characterised such
caesium plumbohalides to have a perovskite structure in 195842 ™ and also found
these materials to be photoconductive. Later, in 1978, Dieter Weber replaced the
A-site cesium with methylammonium, thereby creating the first organic-inorganic
halide perovskites, demonstrating both lead-based, as well as tin-based systems*+4°.
Although metal halide perovskites were studied more in-depth afterward, they only
first found their application in solar cells in 2009, when researchers led by Tsutomu
Miyasaka first used metal halide perovskite nanocrystals as sensitisers in dye-sensitised
solar cells*®. With the discovery in 2012 that these metal halide perovskites could
be employed not just as sensitisers, but as absorbers with long enough charge-carrier
lifetimes such that charge carriers could reach their respective electrodes, research
into metal halide perovskite solar cells kicked off*’.

For solar cell applications, the role of the monovalent A-site cation is often fulfilled
by either methylammonium (CH3NHj;), formamidinium (CH(NHz)2) or cesium (Cs).
The bivalent B-site is usually composed of either lead (Pb) or tin (Sn). Finally, the
anionic X-site is usually filled by a halide, commonly chloride (Cl), bromide (Br) or
iodide (1) V. The occupation of the different sites in the crystal lattice is not limited to
only one type of ion - there exists a wealth of different perovskite compositions with
different combinations of cations and anions on the A, B and X positions. Through
changing the perovskite composition, not only can the bandgap of the perovskite

d48,49(

be tune metal halide perovskite bandgaps span a range from about 1.2 to 3.2

VAlthough the materials themselves had already been reported as early as in 189343

YThere are, of course, other anions and cations which are also being investigated for their use in
perovskite, such as the monovalent rubidium (Rb) for the A-site and the bivalent germanium (Ge)
for the B site. However, due to their relatively limited usage, they are not discussed in further detail
in this thesis.
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eV, which also makes them ideal candidates for use in perovskite-based multijunction
solar cells Vi ), but also other relevant material characteristics such as the dielectric
constant and charge transport properties can be altered, and tuned to serve specific
applications®52,

Metal halide perovskites can easily be deposited, generally either from solution
(spin coating, blade coating, slot-die coating, inkjet printing, spray coating) or through
vii

thermal evaporation Y. This variety of available deposition methods allows for flexibility

in the development of upscaling strategies®3.

2.2.2 Material properties and physics

Metal halide perovskites exhibit several properties that make them ideally suited

for use in solar cells. They have moderately high absorption coefficients in the

1

range of 10° cm™!, which, combined with their direct bandgaps, allow them to

efficiently utilise incoming photons for charge generation®. Furthermore, they
generally exhibit good (and balanced) carrier mobilities and long charge diffusion

155,56 viii enables

lengths, which, combined with their relatively high 'defect tolerance
effective charge transport. Finally, perovskites also exhibit low exciton binding
energies, which also contributes to low efficiency losses®’. Beyond these favourable
optoelectronic properties that are directly important for the initial photovoltaic
performance of perovskite solar cells, the material group exhibits some other
characteristics which turn out to be advantageous in the long run. For example,
the relatively low atom displacement energy combined with weak binding which
causes perovskites to classify as 'soft semiconductors’, leads these materials to

display some self-healing properties, and makes them relatively radiation tolerant?83°.

ViNot all perovskite compositions are very stable, and especially the halides on the X site have
a tendency to de-mix, leading to halide segregation®®. Some bandgaps are therefore more easily
achieved with stable perovskite compositions than others - but more about that later.

iQr a combination thereof in a two-step process

viiPerovskites have relatively high defect densities compared to, for example, silicon, but since many
of these defects are not deep traps, the perovskite solar cell performance is relatively unaffected.
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Furthermore, facile and cheap deposition of perovskites as well as easy options for recy-

cling provide additional benefits for eventual commercialisation of perovskite solar cells.

Mobile ions
However, although metal halide perovskites are often glorified for their outstanding
optoelectronic properties, the materials also exhibit some less favourable characteristics.
The 'soft semiconductor’ characteristics mentioned before which enable self-healing,
also allow ionic charges to move through the material® and wreak havoc. lons can
move to interfaces and react with materials there, causing permanent degradation
of devices®%3. And, as will be discussed in Chapters 4 and 5, even when they do
not degrade devices through chemical reactions, large amounts of mobile ions can
also strongly negatively impact photovoltaic device performance®°7. Organic A-site
cations, especially methylammonium, can relatively easily decompose and leave the
perovskite - leaving vacancies behind, leading to destabilisation and degradation©899.
Furthermore, polar solvents also pose an issue for metal halide perovskites - due
to the highly ionic nature of the crystal, in combination with low binding energies,
polar solvents, including water, easily degrade the perovskite’®’!. Stability and the
prevention of degradation, generally, are the biggest challenges that still need to be
overcome to make the widespread use of perovskites in commercial applications a
reality />4
Lead-tin perovskites

Besides the general unfavourable metal halide perovskite characteristics described
above, some specific perovskite compositions bring along additional challenges. Es-
pecially relevant for this thesis is the oxidation of Sn(ll) to Sn(IV) in (partially) tin
based perovskites. Oxidation of the tin can occur before, during, and after perovskite

deposition, and both through direct exposure to oxygen in air, as well as through

reactions with solvents”> 7. This oxidation has a number of direct and indirect effects.
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Mobile ion densities, as well as doping densities in the perovskite can (strongly) in-
crease, impacting the device performance . The additionally created free charges can
thereafter also accelerate further degradation. Several strategies have been designed
to prevent oxidation (or reduce its impact)’®83, but it still remains challenging to
fabricate high-quality tin-based perovskites, and processing is less straight-forward
than for other perovskite compositions * *. This is also because, in addition to the
oxidation issue, tin-based perovskites crystallise much faster than their fully lead-based
counterparts, making it more challenging to control the crystallisation process, and
causing the perovskite film quality to be more dramatically impacted by small changes

in for example temperature or solvent atmosphere during processing84-8°.

*Although there is also some evidence that the presence of Sn itself in the lattice, when not
oxidised, might be beneficial in preventing some ion migration due to lattice distortion "8

*Although good, air- and solvent-atmosphere-free gloveboxes may help a great deal to overcome
some of the challenge.

X'However, even with great equipment, fabricating lead-tin perovskites involves a lot of 'l did
everything exactly the same as last time, why does this recipe suddenly not work anymore’ situations.

25






CHAPTER 3

Experimental Methods

This chapter describes the characterisation methods utilised in this thesis. It also
provides background information regarding the drift-diffusion simulations presented
in this thesis. Device fabrication methods, as well as simulation parameters, can be

found in Appendix A.1.

3.1 Characterisation

3.1.1 Optical and Spectroscopic Characterisation

3.1.1.1 Steady State Photoluminescence

Photoluminescence measurements were obtained by illuminating an encapsulated
device or perovskite comprising stack with a 520 nm CW laser (for HG perovskites) or
an 808 nm CW laser (for LG perovskites). The resulting PL spectra were measured
using an Andor Solis setup with a DU420A-BR-DD Si detector. A calibrated Oriel

63355 lamp was used to correct the spectral response of the spectrometer. All
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measurements were repeated several times to check for consistency.

For absolute PL measurements, the sample was placed in an integrating sphere, which
the laser light was coupled into using an optical fibre. A second optical fibre was used
to guide light from the integrating sphere to the Andor Solis SR393i-B spectrometer.
The intensity of the laser light was adjusted to 1 sun equivalent using a calibrated
silicon photodiode under the sphere (photodiode 2). However, this photodiode can
only be used when there is no sample present in the integrating sphere, and hence the
intensity of the laser should be adjusted before the sample is placed into the sphere.
Intensity-dependent photoluminescence measurements were performed similarly, using
a neutral density filterwheel to attenuate the laser light, measuring the PL for different
light intensities (in an increasing or decreasing manner). The applied light intensities
were monitored continuously with a Si photodiode (photodiode 1). Impurities in
the integrating sphere, as well as attenuation in the optical fibres, slightly alter the
spectrum of the light passing through, hence a correction needs to be applied during
the data processing. Furthermore, long-pass filters, used within the spectrometer
to cut out the excitation light, cause some further changes in the spectrum, which,
especially when the PLQY of the sample is low, can significantly impact results and
should be corrected for.

Voltage-dependent PL measurements were carried out using a slightly different setup.
Instead of using the integrating sphere, laser light was directed directly onto the
device active area using a free-space setup, which includes a lens to allow to focus
the incoming light. Thereafter, a lens was used to focus the outcoming light on the
entrance slit of the Andor Solis SR393i-B spectrometer. For these voltage-dependent,
linear PL measurements, the intensity of the laser light was adjusted using the Jsc
of the perovskite device, as determined under AM1.5G illumination. During the
measurement, the devices were masked, ensuring that only the active device area could
be illuminated by the incoming laser light. A schematic overview of both the setup for
absolute PL measurements, as well as linear, voltage-dependent PL measurements

can be found in Figure 3.1
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Figure 3.1: A schematic overview of the setups used for absolute (a) and linear (b) photoluminescence
measurements.

3.1.1.2 QFLS calculations

The quasi-Fermi level splitting in the individual subcells was calculated following
detailed balance, linking the radiative recombination density of free charges (J;aq) with
the chemical potential per free electron-hole pair (u) or the quasi-Fermi level splitting

(QFLS) in the respective active material®"88:

(3.1)

QFLS
Jrad = JO,rad exXp ( ]’CBT )

Here, Jyrad is the radiative thermal recombination current density in the dark, kp
is the Boltzmann constant, and 7' is the temperature. Equation 3.1 is a simplification
of Wiirfel's generalised Planck law and is valid for a QFLS that is a few kg7 smaller
than the bandgap, i < Eg — 3kgT''8. (If radiative recombination comes only from
free charges, the radiative recombination current is identical to the photoluminescence
flux times the elementary charge, i.e., J.a = ¢pL - €.) Moreover, we can define
the photoluminescence quantum yield (PLQY) as the ratio of radiative to total
recombination (Jgt), Where the latter is identical to the generation current density
(Jg) under open-circuit conditions (Voc):

Jrad  Jrad

PLQY = = 3.2
JR,tot JG ( )

The QFLS is then given by:
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QFLS = kpTIn (PLQY~ J ) (3.3)

0,rad
With T = 300 K and the measured PLQY values. For a PLQY = 1, we further
get the radiative limit of the QFLS (QFLS,.q) via:

QFLS,.q = kT In < Js ) (3.4)

Jo,rad
We note that equations 3.2 and 3.4 are only valid if the spectral dependence of
Jrad is identical to Jy,ad, Mmeaning recombination goes through the same channels
regardless of the QFLS.
The generation current density Jg was approximated with the short-circuit current
density of the complete solar cell. The Jy,aq was estimated by integrating the overlap
of the external quantum efficiency (EQE) of the respective subcell with the black body

spectrum ¢pgg at 300 K over the energy:

Josas = | EQE - e de (3.5)
with
1 BB
PBB = P I (3.6)
exp (7)) — 1

3.1.1.3 Time-Resolved Photoluminescence Spectroscopy

Time resolved photoluminescence measurements were carried out using a FluoTime
300 time-correlated single photon counting (TCSPC) setup from PicoQuant. A 634
nm centre wavelength pulsed laser was used to excite lead-tin perovskite samples, and
a 505 nm centre wavelength pulsed laser to excite lead-based perovskite samples. The
response of the lead-tin sample was measured using a H10330C-75 photomultiplier

tube unit from Hamamatsu.
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3.1.1.4 UV Vis Absorbance, Transmittance, and Reflectivity

In order to analyse reflection parasitic absorption losses as well as to improve tandem
device architecture, absorbance, transmittance and reflectivity were measured for
several full or partial device stacks. These measurements were carried out using a

Cary 5000 UV-Vis-NIR spectrophotometer with an integrating sphere.

3.1.1.5 X-ray Photoelectron Spectroscopy

The X-ray photoelectron spectroscopy (XPS) measurements presented in Chapter 5
were conducted in a JEOL JPS-9030 ultrahigh vacuum system (base pressure of 1 x
107Y mbar) using monochromatised Al K-alpha (1486.6 €V) radiation. All samples
were transferred to the UHV chamber using a transfer rod under a rough vacuum (1

x 1073 mbar). XPS measurements were carried out by Fengshuo Zu.

3.1.2 Material Characterisation
3.1.2.1 Scanning Electron Microscopy

Scanning Electron Microscopy images were obtained by Emilio Gutierrez-Partida using
a Zeiss Ultra Plus SEM (Chapter 6) and myself using a FEI Quanta 600 FEG system

(Chapter 4).

3.1.2.2 X-ray Diffraction

The X-ray diffraction measurements presented in Chapter 5 were obtained by Fengshuo
Zu, and conducted in air using a Bruker D8 Advanced diffractometer at a wavelength

of 0.154 nm (Cu k-alpha).
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3.1.3 Photovoltaic Device Characterisation

3.1.3.1 Current-Voltage Characteristics

In order to investigate the performance of a solar cell, the device is illuminated with
light of a specific intensity and spectrum, while its output current density is measured
as a function of the applied voltage. The resulting JV characteristics allow for the
determination of key performance metrics, including the power conversion efficiency,
fill factor, Jsc and Voc. JV curves presented in this thesis were measured using
a Keithley Standard Series 2400 Source Measure Unit (SMU), connected to the
sample in a 2-wire configuration. Unless indicated otherwise, JV characteristics were
measured in a nitrogen filled glovebox, with the sample temperature kept at 25 °C
through the use of a Peltier element. The device was illuminated with simulated
AM1.5G irradiation at 100 mWcm~2, from a filtered Oriel Class AAA Xenon lamp.
The sun simulator was calibrated using a certified KG3 filtered silicon solar cell
(calibrated and certified by Fraunhofer ISE). On top of that, during measurements,

the light intensity was continuously monitored using a Si photodiode.

3.1.3.2 Fast hysteresis and current decay

Fast JV-curves were obtained by applying a triangular voltage pulse to the
cells by holding the cells at the open-circuit voltage for several seconds, then
going gradually to 0 V and directly back to the open-circuit voltage. The scan
speed time of the voltage sweep was varied and the voltage response of the
cell measured with an Agilent DSO9054H High-Definition Oscilloscope, using
an external load resistance of 10 2. The voltage pulse was supplied by an
Agilent 33220A function generator in combination with a home-built amplifier
(4x), which minimised the output resistance of the function generator to avoid

external resistances. A schematic overview of this setup can be seen in Figure 3.3.
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We note that during the JV scans the device was continuously illuminated and

that the measurement of the full scanrate-dependent hysteresis takes about 15 minutes.

Current decay measurements were obtained using the same setup, switching the
bias applied to the illuminated device from V¢ to 0 V while measuring the output

voltage, using an external load resistance of 50 2.

3.1.3.3 External Quantum Efficiency

The photovoltaic external quantum efficiency (EQEpy) is a measure of the number
of electrons extracted per incident photon (therefore, this measurement is also
known as incident photon to current efficiency (IPCE)). All EQEpy measurements
presented in this thesis were measured in a nitrogen-filled glovebox, unless stated
otherwise. Light from a broadband light source (250W Osram Projection lamp, type
64655HLX) is chopped at a desired frequency and coupled into a Oriel Cornerstone
74100 monochromator. Thereafter, the resulting monochromatic light is coupled into
an optical fibre, and directed into the glovebox and onto the device. To calibrate, the
light coming out of the fibre at the different wavelengths is measured using Newport
818-UV Newport 818-IR photodiodes. The modulated signal from the sample is
lock-in-amplified and consequently measured by a lock-in-amplifier (SR 830). A
schematic overview of the setup is displayed in Figure 3.2.

For perovskite-based tandems, bias light was used as follows: for measurements of
the perovskite top cell, infrared bias light was applied while for measurements of
the perovskite bottom cell, blue bias light was applied using appropriate LEDs. For
perovskite-based triple junctions, bias light was used as follows: for the measurement
of the perovskite top cell, infrared bias light as well as red bias light were applied, for
measurements of the perovskite middle cell, infrared bias light as well as blue bias

light were used, and for measurements of the perovskite bottom cell, red bias light as
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well as blue bias light were used.
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Figure 3.2: A schematic overview of the setup used for EQEpy measurements

3.1.3.4 Electroluminescence Quantum Yield

Electroluminescence measurements were obtained by applying a bias voltage to
the cell, and recording the electroluminescence emitted by the cell with a silicon
photodiode (Newport). To distinguish between the emission of the different subcells,
short- and long-pass filters were used. Calibration measurements were performed
to account for the extra distance introduced by the filters between the cell and
the photodiode. These electroluminescence measurements were performed on
unencapsulated cells in a N5 filled glovebox. To account for the spectral response
of the photodiode, the EL spectra were recorded using an Andor Solis setup with
a Si detector. A bias voltage was applied to the encapsulated cell, after which the

spectrum was recorded. All measurements were repeated several times to check for
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consistency and changes over time.

3.1.3.5 Ageing and Stability Testing

3.1.3.56.1 Light ageing Light aging under open-circuit conditions was initialy
performed by placing the device under AM1.5G in a Ny filled glovebox, using
a peltier-cooled device holder which ensured the temperature of the cell was
being kept constant and limited to 25 °C. Later, additional ageing experiments
were carried out by placing samples in a dedicated aging box in the glovebox
under Ny atmosphere under using white LED array illumination providing a 1 sun
equivalent intensity by matching the initial current of the cell to the Jsc. The
intensity of the LED was checked using a photodiode and remained stable over
the course of the course of the measurement timescale (~24 h) in a sample
holder. The cells were cooled to 25 °C over the course of the measurement, how-

ever, no significant changes in the degradation was observed without additional cooling.

3.1.3.5.2 Voltage and temperature ageing Voltage ageing was performed by
applying a voltage slightly above the open-circuit voltage (V) to the cell at which
the injected charge equals the initial short-circuit current. Over the course of the
ageing test, the applied voltage was slightly adjusted to maintain an injection current
of roughly Jsc. Temperature ageing was conducted by placing the cell on a hotplate
at ~80 °C for the given amount of time. Both voltage and temperature ageing were

carried out while the device was being kept in the dark.
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3.1.3.5.3 Steady-state Power Output (SPO) tracking Long-term steady-state
power output tracking measurements were performed with a Botest multichannel
analyser system (Botest Systems GmbH, EMU-8/ v2.3) with a constant applied
voltage (initial VMP) using a white light LED (3000K Cree CXB3590) illumination
providing a 1 sun equivalent intensity by matching the initial current of the cell to the
Jsc under AM1.5G illumination. The temperature during the tracking was T=40

°C and the measurements were performed in ambient atmosphere on encapsulated cells.

3.1.3.5.4 Maximum Power Point (MPP) tracking In addition to the SPO
tracking, long-term MPP tracking was performed on reference cells under 1 Sun
equivalent white LED irradiation in air (25% relative humidity) for several days. The
cell was continuously held at 25 °C. Using a Keithley Standard Series 2400 SMU,
maximum power output was enforced by applying a small voltage perturbation (£
5 mV) to the cell every 5 seconds, and adapting the voltage applied for the next
5 seconds accordingly. Depending on which voltage gave a higher power output,
the applied voltage was either increased or decreased by 5 mV and then held at
this voltage for the next 5 seconds. The intensity of the white LED was monitored

using a silicon photodiode. All data was recorded using a home-built LabView program.

3.1.4 Charge Extraction Measurements

A range of different charge extraction measurements is carried out using a combination
of a function generator (Agilent 33220A), home-built amplifier, variable resistance
and oscilloscope (Agilent DSO9054H High-Definition Oscilloscope). Figure 3.3 shows
a schematic illustration of this setup, and the pulses that are applied to the sample for
the different measurements. Where indicated in the text, an alternative, automated

setup was used for charge extraction measurements. This setup, although using the
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same basic building blocks, employs a different function generator (Siglent SDG
1032X) and oscilloscope (Siglent SDS 1202X-E). A Python-based user interface
is used to input the different measurement parameters, after which measurements
and data processing are carried out fully automatically. This setup is now being

commercialised and distributed under the name 'FastChar’.
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Figure 3.3: A schematic overview of the setup used for the different charge extraction measurements
employed in this work. A pulse from a function generator (G) is amplified by a dedicated amplifier
(A), after which it is input into the sample. The output signal from the sample is recorded by an
oscilloscope.

3.1.4.1 Bias Assisted Charge Extraction (BACE)

For BACE measurements, the sample is kept in dark conditions while a constant
pre-bias Vi is applied. At t = 0, the applied bias changes, as a step function, to the
collection voltage V.. A schematic representation of this measurement pulse can be
seen in Figure 3.3. When the pre-bias is set to be equal to the built-in voltage, and at

t=0 the bias is changed to 0 V, BACE measurements can be used to estimate the
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mobile ion density in the device from the integrated displacement current. BACE
measurements performed using an oscilloscope often suffer from a small offset in the
recorded voltage, which can be problematic when trying to integrate the displacement
current to estimate mobile ion densities. Alternatively, BACE can also be measured
using a Keithley SMU. This solves the issues with the offset, however, this does come

at the cost of lower time resolution.

3.1.4.2 Charge Extraction by Linearly Increasing Voltage (CELIV)

For CELIV measurements, the sample is kept in dark conditions while a pre-bias of OV
is applied. At t = 0, the voltage is ramped up linearly to 400 mV, as is schematically
displayed in Figure 3.3. The slope of the voltage ramp is varied to probe different
timescales. The current transients were recorded with an oscilloscope (Agilent
DS09104H) and measured with a variable load resistance (50 € at short 10 ps pulse
and up to 10 kQ at 100 ms pulses) to keep the voltage response approximately
constant. The increased load resistance reduces the time resolution at short times but
allows to record the response for long pulses. The continuous increase of the electrode
charge leads to a step-like voltage response. The voltage response step of the cell
is given by from which we calculated the capacitance of the cell (C). Equilibrium
charges in the active layer (doping-induced electronic charge or mobile ions) lead to
an additional bump in the voltage response. CELIV measurements can therefore used

to estimate the lower bound of the mobile ion density in the device.

3.1.4.3 Rising Photovoltage (RPV)

Rising photovoltage measurements were obtained using an EKSPLA NT242-500
nanosecond laser to apply a short laser pulse to a device, after which the transient

photovoltage is recorded across a large (1IMSQ) resistance using an Agilent DSO9054H
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High-Definition Oscilloscope, oscilloscope. This large resistance is used to create a
large RC time, which enables visualisation of the transit time of the carriers through
the photovoltaic device. The wavelength of the laser light was adapted for the
different samples, and both single junctions as well as subcells in tandem devices
could be measured. IR laser light was used to measure the low gap subcell in all
perovskite tandems, and green light to measure the high gap subcell in all-perovskite
tandems. Single junctions were also measured for comparison - using the same laser
wavelength as was used to measure their corresponding subcells. The measurements

were repeated for different laser fluences.

3.1.4.4 Transient Photocurrent (TPC)

Transient photoconductivity measurements were carried out using a home-built setup,
described in further detail in ref®. Using a Nd:YAG laser (Ekspla NT342A), tuned to
a wavelength of 470 nm and pumped at 10 Hz with 3.74 ns pulses to illuminate the
sample, in between the in-plane electrodes deposited on the perovskite, and a digital
oscilloscope to record the change in photoresistance, this method allows to estimate

long-range charge carrier mobilities.

3.1.4.5 Photo-Hall measurements

Photo-Hall measurements were carried out using an IBM parallel dipole line (PDL) Hall
setup as described in®°. To this end, 6-terminal perovskite Hall-bars were fabricated,
with an active area of 2 mm x 4 mm. After the deposition of gold contacts, the
samples were oxidised in a dry air box for fixed amounts of time, and encapsulated.
Finally, measurement pins were glued to the sample, and electronically connected
to the gold contacts using silver epoxy. Photo-Hall measurements and analysis were

carried out by Oki Gunawan at the Thomas J. Watson Research Center, IBM.
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3.1.5 Drift-diffusion simulations

Several types of numerical simulations were used throughout this thesis to support
experimental findings, provide explanations for observed effects, or investigate
routes towards improved device stability and efficiency. Steady-state drift-diffusion
simulations were carried out using SCAPS, an open-source software capable of
simulating one-dimensional solar cells. This simulation software was developed at the
Department of Electronics and Information Systems (ELIS) of the University of Gent,
Belgium.®! Transient drift-diffusion simulations, as well as some additional steady-state
simulations were carried out using Setfos, a commercial simulation software for
organic and perovskite solar cells and LEDs. Importantly, Setfos simulations can take

into account the effects of mobile ionic charges on the electrical behaviour of solar cells.

The basis of both simulation softwares are the continuity equations,

on(z) 10J.(x)
o q o G(z) — R(x) (3.7)

op(z) 10Jy,(x)
o g or G(z) — R(z) (3.8)

where G(x) is the generation rate, R(x) the recombination rate, n and p are electron
and hole densities, .J,, and J, are the electron and hole current densities and ¢ the
elementary charge. Mobile charged species (so electrons, holes, mobile anions and
mobile cations) move through the system through a combination of drift and diffusion,

therefore the current densities can be expressed as

0 ) nla)

Jn =q- n(x):un% - an O (39)
0 op(z
Jp=q- p(w)upaf +4qD, g(gj ) (3.10)
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where 11, and i, are the electron and hole mobilities, and D,, and D, the diffusion

constant of electrons and holes, which are related through D = 1 - ]“BTT.
Together, these continuity equations describe coupled charge transport species

obeying the Poisson equation, which describes the electric potential

Pe(x) ¢
0x? ErE0

[n(z) — p(z)] (3.11)
where ¢, is the relative dielectric permittivity, and ¢y the vacuum permittivity.

Taking into account the presence of mobile ions as well as donors and acceptors,
this equation turns into

’d(x) ¢

97 e n(z) — p(z) + Nf — N, + na(x) — n.(x)] (3.12)

where N and N, are the concentration of ionised donors and acceptors, n,(x) the
anion density and n.(x) the cation density.

When simulations include mobile ions, we note we make two important
assumptions. First of all, whenever simulations are carried out in which only type of
ionic species is mobile (for example, considering halide vacancies, mobile cations), an
equal density of immobile ions with the opposite sign (which, in the case of mobile
halide vacancies, would be static anions) is introduced in the bulk of the perovskite to
maintain charge neutrality. Second, while it is assumed that all mobile ions are created
in the bulk of the perovskite, they can move through the whole device (including both
the electron and hole transport layers, unless explicitly stated otherwise). We note
that simulations presented throughout this thesis were carried out assuming mobile
halide vacancies (positive charges/anion vacancies). Chapter 4 forms an exception,
where simulations were carried out assuming anions (negative charges) to be mobile

instead.
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Both in SCAPS as well as in Setfos, transport is only considered in one dimension.
There are different pathways to attempt to solve the set of coupled equations

described above, but in both softwares, a Gummel iteration scheme is used.

For the simulations of all-perovskite tandem solar cells in SETFQOS, which are
described in Chapter 6, the recombination layer which connects the two subcells is
simulated as an electronic interface, where charges from both subcells can recombine
through hopping. A schematic overview of the energy levels used for these simulations

can be found in Figure 3.4
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Figure 3.4: A schematic overview of the energy levels used to simulate an all-perovskite tandem
solar cell stack as described in Chapter 6.

Absorption simulations, coupled to the drift-diffusion simulations, were also carried
out in Setfos, to enable full opto-electronic simulation of solar cells, and allow for
stack optimisation. These optical simulations are based on the transfer matrix method,

where each of the different layers and interfaces in the stack is assigned a transfer
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matrix, which describes how electromagnetic waves propagate in this layer or at this
interface. Using continuity equations, the transmission and reflection at each interface
can be determined. This allows for the simulation of complicated stacks with multiple
interfaces using a system matrix, which is the product of the individual layer matrices.
For more details regarding the use of the transfer matrix method for the optical
simulation of perovskite solar cells, we refer the reader to®.

Input parameters for the simulations are, wherever possible, based either on
measured- or literature values. In case no values were available, experimentally
obtained, steady-state JV curves were used to determine the missing input parameters
through fitting. Table A.1 in Appendix A.2 lists the input parameters used to simulate
the lead-tin perovskites from Chapter 4 in Setfos, with Table A.2 in Appendix A.2

listing input parameters used to simulate the triple cation perovskites from Chapter 5.
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CHAPTER 4

Universal current losses in perovskite solar

cells due to mobile ions
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Chapter 4. Universal current losses in perovskite solar cells due to mobile
ions

4.1 Introduction

Perovskite solar cells have undergone major development from their first discovery
in 2009, to a viable technology that is approaching commercialisation.*® One of
their most interesting assets is the wide range of bandgaps which can be fabricated
by changing the perovskite composition, opening up the possibility to produce all-
perovskite multijunction cells that can overcome the Shockley-Queisser (SQ) limit
of single junctions. For a tandem cell, the ideal bandgaps for the top and bottom
cell are 1.7-1.9 and 0.9-1.2 eV, respectively.®® Fully lead-based perovskites are widely
investigated and have reached power conversion efficiencies (PCEs) of up to 25.5%.%
In order to achieve ideal bandgaps for the low-gap cell in all-perovskite tandem
photovoltaics, a mixture of lead and tin atoms at the B-site of the ABX3 perovskite
structure is required. This allows metal halide perovskites to reach bandgaps as low
as 1.2 eV.9%:9

While many studies in the literature focus their efforts on improving the open
circuit voltage (Voc) and fill factor (FF) of perovskite solar cells (PSCs), there are
fewer reports that investigate the loss in short-circuit current density (Jsc). In fact,
high-performing perovskites have been shown to have “only” moderate (x5-15%)
Jsc losses compared to the SQ limit, making them competitive in this regard with
established technologies such as c-Si and GaAs, as shown in Figure 4.1a. In many cases,
this loss is quickly overlooked and treated as a result of suboptimal light management
in the cell which could be solved by optimising the thickness of the solar cell stack or

by using more complex light management strategies such as, for example, textured

97,98 99

substrates, cavities & plasmon resonances,”” or carefully designed anti-reflective
layers. 190101 However, as we will show, suboptimal light management is not the only
cause of Jsc losses in perovskite solar cells, even in well performing mixed-cation
mixed-halide perovskite cells. Tin-based and mixed PbSn perovskite solar cells are
particularly affected by short-circuit current losses and their efficiencies lag behind

those of their full-lead equivalents, despite having a bandgap closer to the ideal for
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single junctions, with the best mixed lead/tin cells only reaching certified PCEs of a
bit over 20%. 79:80:96.102

Considering reported bandgaps of 1.22 €V for a 50:50 Pb:Sn mixture, this would
allow a maximum short-circuit current density of ~37.1 mA cm~2 if we assume that
an average external quantum efficiency of 95% can be achieved as demonstrated

in the best Pb-perovskite cells. 103104

However, even the best APbSnl; perovskites
achieve significantly lower currents, for example, 32 mA cm~2 have been demonstrated
for a bandgap of 1.22 eV in ref.”?. In most other reports, PbSn perovskites with
similar bandgaps delivered even lower short circuit current (30 mA cm—2).1057107 This
discrepancy between two apparently similar technologies is not often discussed and it
is currently not clear why Sn(Il) containing perovskites cannot achieve as high currents
as their lead counterparts relative to their SQ limits.

Generally, it is well known that Sn(Il)-containing metal halide perovskites are more
prone to oxidation to Sn(IV) than their Pb(Il) counterparts, due to the inert pair effect
stabilising the 6s electrons in Pb(Il). This propensity to oxidise has led researchers to
conclude that this is likely the origin of performance losses in PbSn perovskites. In
turn, significant efforts have been undertaken to prevent this oxidation, or reduce its
negative effects, such as the addition of metallic Sn to the solution to reduce Sn**
through comproportionation,” addition of antioxidants and reducing agents, 80:108:109
or addition of excess Sn?>T by using salts such as SnF,, which also acts as a reducing
agent.110 Recently, it was also proposed to move away from using dimethylsulfoxide
(DMSO) as a co-solvent, as this could oxidise Sn** to Sn** in solution.”® However,
the exact effect of the increased concentration of “oxidation-induced” mobile charges
in the system has only been investigated by a few researchers. 1117113

On the one hand, there has been substantial evidence of a large increase in the
dark conductivity of Sn-based perovskites upon exposure to oxygen, which is most
likely due to electronic doping. For example, in ref.114115 3 background hole carrier
concentration of 10'% to 10'® cm~2 has been reported. This led to the conclusion that

it is largely the p-doping that is responsible for the significant current losses.192:11¢
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For example, a high concentration of doping-induced carriers could reduce the lifetime
and diffusion length of photoinduced charge or screen the built-in field, which would
in turn reduce the charge extraction efficiency, thereby causing short-circuit current
losses. 114117118 Although it is expected that high levels of doping can undermine
the device performance, the exact underlying mechanisms have not been studied
thoroughly experimentally, and the concentration of charge carriers required to induce
detrimental effects is not precisely known. Moreover, the charge collection losses at
short-circuit conditions in Sn-based perovskites can be caused by an insufficient charge
carrier diffusion length due to electronic defects, which would also negatively affect
the open-circuit voltage.

On the other hand, the performance losses could be caused by mobile ions, which
may cause screening (or more precisely, a redistribution) of the internal field. Several
groups have attempted to quantify mobile ion concentrations in different perovskites,
and their outcomes are generally in the range of 10 to 10'%cm™3.1197122 |ndeed, the
presence of mobile ions is expected in PbSn perovskite thin films. For example, Leijtens
et al.”® recently investigated the mechanism of oxidation of Sn and PbSn perovskites
through X-ray diffraction (XRD), thermogravimetric analysis (TGA), and UV-vis, and
demonstrated that mobile ions such as FA+ or |- are likely formed. However, the
effect of mobile ions on the short-circuit current losses in perovskites has, in general,
not been investigated as intensively as, for example, their effect on the Vp¢,'?3 the

64,124,125

hysteresis, and device stability. 61126127 |n order to further improve PbSn and

Pb-based perovskite solar cells and other electronic devices, 128129

it is vital to gain
a more detailed understanding of the mechanism causing short-circuit current losses
and the exact effects of electronic doping and mobile ions on the device operation.
In this work, we investigated short-circuit current losses in low bandgap, mixed
PbSn (FA(s3Csp.17Pbo.5Sng 5l3) and other lead-based perovskite cells. In particular,
we first aimed to understand whether the charge transport losses under short-circuit

conditions in mixed metal PbSn perovskites (FA( s3Cso.17PbosSng5l3) are a result of

electronic doping or mobile ions, before generalising the results to other Pb-based
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systems. To this end, we recorded the temporal evolution of the current transient and
determined a concurrent rise in the photoluminescence (PL) emission intensity after
switching the voltage from V¢ to short-circuit, which implies an accumulation of
electronic charge in the perovskite bulk. We hence attribute the reduced current density
to a reduced charge extraction efficiency. The decay in current directly translates
into a loss of the steady-state maximum power point output of the device on the
same timescales and to a current loss at slow scan speeds. To distinguish whether
background doping or mobile ions are responsible for this loss, we performed bias
assisted charge extraction (BACE) and charge extraction by linearly increasing voltage
(CELIV) measurements, which allowed us to investigate the density and dynamics of
extracted electronic and ionic charges. Overall, these measurements underline the
extraction of electronic (bias-induced injected) charges on the ps-timescales, while the
characteristic features of mobile ions appear on the ms-s timescales, as observed in
the current decay transients. Importantly, the ionic charge density (>1 x 107 cm~3)
was found to exceed the injected and photogenerated electronic charge density (5
x 10 cm™3) present at Voc by several orders of magnitudes, therefore dominating
the observed recombination losses in the transient current decay. Moreover, the
density of doping induced equilibrium charges (~6 x 10'* cm™3) was found to be
negligible compared to the capacitive charge density (6 x 10 cm™3), hence the
density of doping-induced charge, in contrast with the mobile ion density, is insufficient
to screen or redistribute the built-in potential. Furthermore, we could reproduce both
the transient and steady-state performance of the device using numerical simulations,
which further corroborated the understanding obtained from the experimental results.
Finally, we demonstrated that PbSn based perovskites are not unique with respect
to ion-induced current losses, but the same losses appear in various other perovskite
compositions and architectures. Overall, the mobile ion induced losses limit the power
conversion efficiency of our devices by 1-3% absolute. As such, this work underlines
the importance of “ion management” to overcome band flattening and minimise the

recombination losses under maximum power point losses and improve device stability
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Neat-lead-based perovskite solar cells investigated in this work were fabricated by

Francisco Pefia-Camargo, Emilio Gutierrez-Partida and Max Grischek.
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Figure 4.1: a) Comparison of short-circuit current losses in world-record Si, GaAs, Pb-, and
PbSn-based perovskites (stars) taken from ref.”9130.131 ' 35 compared to the perovskite cells stud-
ied in this work (filled circles). The graph was inspired by ref.132. Generally, PbSn-perovskites
have larger current losses compared to Pb-perovskites, including MAPbIl3 and several triple cation
Cs0.05(FAzMA,)0.95Pb(l;Br, )3 devices made from different (x:y) ratios of FAPbl; and MAPbBr3. b)
A cross-sectional scanning electron microscopy image of a typical FAg g3Csg.17Pbg.5Sng 513 perovskite
pin-type solar cell device. c) Forward and reverse JV scan at a scan rate of 60 mV s~! under
AML.5G illumination. d) Device absorption (1 - reflectance) and external quantum efficiency spectra
of a FA(.83Csg.17Pbg.5Sng 513 perovskite pin-type solar cell, with a graphical representation of the
different current losses that occur in the system. It can be seen that, besides parasitic absorption
and optical losses that stem from the sample being too thin to absorb all the light, there are also
significant charge collection losses

4.2 Results

Here we studied low bandgap FAqs3Csg17PbgsSng 513 perovskite photovoltaic de-
vices. The device stack is comprised of spin-coated poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) hole transporting layer (HTL) on a glass substrate
coated with an indium-doped tin oxide (ITO) conductive layer. On top of that, the

perovskite layer with a thickness of 470 nm is deposited via spin-coating. The stack is
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completed by an electron transporting layer (ETL) comprised of evaporated C60 (30
nm) and bathocuproine (BCP) (8 nm), with a copper (Cu) electrode on top. A detailed
description of the device preparation can be found in Chapter 3. A cross-section of a
complete device is displayed in Figure 4.1b. A JV scan of a characteristic efficient
device can be seen in Figure 4.1c, while more detailed characteristics and statistics

can be found in Figure 4.2. From the device absorption and the external quantum
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Figure 4.2: JV parameter and cell statistics for the studied PbSn-perovskites.

efficiency (EQE), displayed in Figure 4.1d, the different current losses in the device can
be determined. First of all, the optical losses of the device, as determined from the
total reflectance R of the device, are significant. This is caused by the relatively low
absorption coefficient of the lead-tin perovskite near the band edge (Figure 4.3) and
the absorber layer being too thin to absorb all the incident photons with energies above
the bandgap. On top of that, the lead-tin perovskite devices suffer from significant
additional collection losses (~2 mAcm~2), which can be determined from the difference
between the device absorption minus parasitic losses in the ITO, PEDOT:PSS and
copper (i.e., 1-R-Aparasitic), and the device EQE. The parasitic losses were estimated
using a transfer matrix code developed by McGehee, et al.'33. Although the optical

losses can be largely reduced in thicker ~800 nm devices (Figure 4.4), the Jsc cannot
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Figure 4.3: Absorption coefficient in PbSn and a Pb-based perovskite, e.g. 83-17 triple cation.
PbSn data provided by Suhas Mahesh

be improved due to enhanced collection losses. Therefore, it can be concluded that
the combination of relatively large optical losses in 470 nm thick devices and the large
collection losses in our thicker devices (e.g., 2800 nm), possibly due to traps resulting
in an insufficient carrier diffusion length, are among the main reasons for the relatively
low Jsc of the PbSn-perovskite as compared to Pb-based perovskites, with respect to
what is expected from their different bandgaps. In the following, however, we focus
on understanding the observed charge collection losses at 0 V in the optimum 470
nm-thick devices, which are poorly understood and also significantly contributing to
the Jsc loss.

To investigate these collection losses at 0 V, we first measured the time dependence
of the photoluminescence quantum yield (PLQY) and the short-circuit current density
(Jsc) immediately after switching from Vo to 0 V, while the sample remains under
continuous illumination. As can be seen in Figure 4.5a, the Jsc falls during the initial
few seconds of operation at 0 V before eventually reaching a steady state. On average,
we find that freshly prepared FAqg3Csg.17Pbg.5Sng 513 devices experience current density
losses of 1.4 mA cm~2. This equals about 5% of the initial current density. To reveal

the reason for the loss in current, we simultaneously measured the emitted PL from
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Figure 4.4: The absorbed current density as a function of perovskite layer thickness, as determined
from transfer matrix simulations, taking into account parasitic absorption and reflection losses. The
graph highlights that the optical losses can be minimised upon increasing the perovskite thickness.
The symbols show the obtained Jsc from the JV-characteristic for cells with different thicknesses.
While the collection losses are a more important problem in the devices with thicker active layers, in
the main text we focus on the comparatively thin devices, with which we were able to achieve a
higher efficiency.

the cell as a function of time. The temporal evolution of the PL spectra is displayed in
Figure 4.5b, while the corresponding peak height is displayed in Figure 4.5¢c. It can be
seen that, when the device bias is changed to 0 V at t = 0 s, the PL is initially nearly
completely quenched. Considering that the PL vyield is directly proportional to the
product of the electron and hole density (n x p), the strong reduction of the PL at 0
V with respect to V¢ indicates an efficient initial extraction of electronic charges.!3*
However, after the initial quench, the PLQY starts to quickly rise again despite the
fact that the device is still kept under short-circuit conditions. This indicates that the
efficiency of the charge extraction is gradually reduced, causing charges to accumulate
in the device until the PL and the charge carrier distribution stabilise after about 3 s.
Therefore, the loss of current is not consistent with a deteriorating interface quality or
defects. At the time of stabilisation, the PL has increased to up to ~6% of the PLQY
value at open circuit conditions. Importantly, the decrease in current density and

increased PL vyield leads also to a direct loss in efficiency, that is, in the initial phase
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Figure 4.5: a) The measured (blue line) and simulated (dashed blue line) current decay of a
FAo.83Cs0.17Pbo.5Sno 513 perovskite pin-type solar cell device after switching from open-circuit (OC)
to short-circuit (SC) at t = 0 s as shown in the inset. b) The photoluminescence (PL) trace over
the same time, taken while switching from OC to SC. ¢) The maximum height of the PL peak as
a function of time, where t = 0 is the moment where the bias of the device was switched from
OC to SC. It can be seen that the PL is initially almost completely quenched, due to efficient
charge extraction. However, it quickly comes back up again, indicating that the charge extraction
is becoming less efficient and that photogenerated charges accumulate in the perovskite layer. d)
The corresponding temporal evolution of the relative device efficiency loss under maximum power
point tracking under AM1.5G illumination. e) A schematic representation of the band flattening
that is presumably causing the decay in current upon switching to SC conditions. A more elaborate
overview of the change in band structures can be found in Figure 4.6. Comparing panels (a), (c),
and (d) highlights that the decay of the current and the MPP happens on the same timescales as
the PL increases

of maximum power point (MPP) tracking measurements, as displayed in Figure 4.5d.

This has important implications as it indicates that the observed effect also influences
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cell performance under steady-state working conditions. Figure 4.5e displays the field
screening due to the accumulation of mobile ions at the interfaces over time, which is
expected to cause the observed Jsc and MPP losses and the increase of the PL on the
same timescales. The simplified time dependent band structures displayed in Figure
4.5e are extracted from our numerical device simulations (details about the simulations
are discussed further below). The corresponding time-dependent simulated band
structures are presented in Figure 4.6, which also includes a more detailed description

of the movement of mobile ions in the performed experiments. Interestingly, as shown

Voc Jgc (t=0) Jo. stabilized
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E, * @&—*
Moabile ions roughly Mobile ions Mobile ions accumulate
homogenously start to drift to at perovskite/transport
distributed in bulk the edges layer interfaces

Figure 4.6: Simulated band structures at V¢ conditions (left), at Jsc conditions right upon the
switch to 0 V (middle), and at Jsc conditions after stabilising (right). After the rapid switch to 0 V
, the mobile ions drift to the edges of the active layer or to the perovskite/transport layer interfaces.
After some time, a new equilibrium condition is established after the mobile ions accumulated at the
interfaces. As shown in the right panel, this causes a screening/redistribution of the internal field
(or band flatting) in the perovskite bulk, which is initially present directly after the switch to 0 V
and visible from the gradient of the valence (Ey) and conduction band (Ec) in the middle panel.
Note, the screening of the internal field causes an accumulation of electronic charge in the bulk (not
shown), which causes the observed increase in the PL and transient current decay. In the left panel,
Er. and Er} denotes the quasi-Fermi level for electrons and holes.

in Figure 4.7, we find that there is an approximately linear relationship between the
current decay and the increase in PL at 0 V. To explain this, we consider that the
PL yield is proportional to the radiative recombination current ( J;ag = epPL), while
the current decay is mostly governed by non-radiative recombination (as the overall
PLQY vyield of the sample is only 10~*). Therefore, a linear relationship between

the current decay and the PL increase implies that the radiative and non-radiative
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recombination losses are directly proportional to each other. In other words, the field
screening-induced accumulation of electronic charges in the active layer increases the
radiative and non-radiative recombination losses in the same way, which is consistent

with the findings of our previous study.3*
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Figure 4.7: The PL peak height versus the observed current loss directly after the switch from
open-circuit (OC) to short-circuit (SC), i.e. time = 0. The graph highlights an approximately linear
relationship between the emitted PL and the total current loss, which shows that the radiative and

non-radiative recombination losses increase proportionally, as the internal field is screened by the
mobile ions.

It is important to note that the current losses can occur even if the charge
carrier diffusion length in the perovskite exceeds the film thickness. This is because
the transport layers can limit the extraction from the device and also interfacial
recombination can increase if more charges accumulate in the active layer. To
describe the current decay more quantitatively, we performed numerical drift-diffusion
simulations of the cell, using the commercially available Setfos 5.1 software package
provided by FLUXiM. The input parameters for the simulations shown in Table
A.1, were partially based on our previous simulation work of pin-type triple cation

135,136 3nd parameters tailored for lead-tin using the literature specified in

perovskites,
Table A.1, and our own extraction measurements, as discussed further below. The

fit from the numerical simulations is shown in Figure 4.1a by the dashed line, which
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highlights that both the kinetics of the decay can be reproduced with the experimentally
obtained effective ion diffusion coefficient (=107'% cm? s7') and density (~10*" cm~3)
as well as the overall magnitude of the current losses. Figure 4.8, demonstrates the

simulated current decay for other mobile ion densities.
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Figure 4.8: The simulated current decay upon switching from open-circuit to short-circuit as

a function of mobile ion density. Simulations were performed using the software Setfos and the

parameters in Table A.1 for different mobile ion densities. As highlighted in the main text, the best

fit of the current decay is found for a mobile ion density of 3.2x10*® cm~3, which matches roughly
the charge density obtained in the charge extraction measurements (Figure 4.12).

In the following, we demonstrate that the time dependent losses of the short-circuit
current are also present in JV hysteresis measurements at slow scan speeds. To clearly
visualise this important fact, we performed “fast hysteresis” measurements, where
the JV is measured in forward and reverse direction over several orders of magnitude
in scan speed (100 mV s™! to 800 V s7!) after keeping the cell under open-circuit
conditions and constant AM1.5G illumination. The details of this measurement are
presented in Chapter 3 and in'3". Figure 4.9 plots the short-circuit current density
obtained as a function of scan speed. At the fastest scan speeds (here, 1 ms per scan,
or 800 V s71), the mobile ions do not have enough time to react to the change in the
external voltage, hence an “ion-free current density” is obtained if the ions are roughly

homogeneously distributed at the starting voltage (Voc). However, at slower scan
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speeds (e.g., 1 s per scan), the mobile ions are able to follow the change in internal
field by moving from their equilibrium positions toward the transport layers, where
they start to screen the field causing the losses in the Jsc. Indeed, at the slowest
scan speeds (107! V s71), a decrease in Jsc of about 1.5 mA cm™2 is observed with
respect to the fast scan (800 V s™1). As such, both the timescale (1 ms to 10 s) and
the magnitude of the current decay (1.5 mA cm™2) in the hysteresis measurements is

consistent with the temporal current decay shown previously in Figure 4.5a.
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Figure 4.9: a) The current density as obtained from JV scans in forward and reverse direction
as a function of scan speed (100 mV s~ ! to 800 V s™1). b) exemplifies the JV scans in forward
and reverse directions at the slowest (top) and fastest scan speed (bottom). At fast enough scan
speeds (scan time « ion transit time), the mobile ions in the perovskite layer are not able to react
to the change in the applied voltage, and hence the obtained efficiency can be regarded as a proxy
of the ion-free efficiency. At slow scan speeds, however, mobile ions are able to screen the built-in
field. This lowers the device efficiency, primarily through increased short-circuit current losses in the
case of the studied cells. Panel (a) shows lower current density for JV scans taken at slower scan
speeds, as opposed to the “mobile-ion free” JV scans taken at the fastest scan speeds. Hence, the
current losses also appear in the JV measurements at slow scan speeds that are representative for
steady-state conditions, as shown in Figure 4.5

In order to distinguish between different processes that could cause the observed
current losses and the suspected band flattening, and to elucidate the density and
kinetics of free electronic and ionic charge, we performed different charge extraction
measurements. Figure 4.12a shows the extracted charge as a function of time from
bias assisted charge extraction (BACE), where the (displacement) current is recorded

upon a switch from V¢ to 0 V. The charge inside the active layer is thereby obtained
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by integrating the displacement current over time. It is important to note that mobile
ions are not extracted from the device but rather transported to the transport layers or
electrodes, which, however, causes an external displacement current. As can be seen
in Figure 4.12a, the obtained temporal evolution of the charge density displays two
features; an initial rise at =1 ps and a second rise at =300 ms. The initial rise consists
itself of two contributions, the extraction of electronic charges that were injected by
applying a voltage equal to V¢ while the device was kept in the dark, and the RC

decay due to the electrode (capacitive) charge (CU, where U is the Voc). As shown
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Figure 4.10: The current transients and obtained charge carrier density from bias-assisted charge
collection measurements in the dark, upon a switch from different pre-biases around the V¢ to 0
V. The contribution of the capacitative charge to the total extracted charge can be obtained by
doing a reference measurement from 0 V to minus Voc. Subtracting the capacitive charge carrier
density from the measured charge carrier density yields this the injected charge carrier density at the
different pre-biases as indicated on the top. Measurement and analysis by Lorena Perdigén Toro

in Figure 4.10, using a separate setup with a home-built amplifier with a relatively low
resistance (= 5 €2), we can distinguish the contribution of these two initial processes
to the first bump. As shown in Table 4.1, we obtain an injected charge carrier density

of 2 x 10'® cm™3, while the electrode charge divided by the perovskite volume equals
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6 x 10 cm™3 at 0 V (if the Vo is equal to the built-in field). Furthermore, upon
applying a constant background illumination with a 1-sun equivalent intensity, the
same measurement allows us to quantify the photogenerated charge carrier density
that is present at Voc, Figure 4.11. The details of these measurements are discussed

more elaborately in the captions of the corresponding figures.

Table 4.1: Charge concentrations (cm~3)

Charge Charge Concentration
Dark injected charge @ Vo 2 x 10%°
Electrode charge @ 0V 6 x 10%°
Photogenerated charge @ 0V, 1 sun 3 x 10%°
Doping density 6 x 101
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Figure 4.11: The current transients and obtained charge carrier density from bias-assisted charge
collection measurements under a 1 sun equivalent illumination at a wavelength of 638 nm, upon a
switch from different prebiases around the V¢ to 0 V. The capacitative contribution to the extracted
charge can be obtained by doing a reference measurement from 0 V to minus V¢ in the dark.
Subtracting the capacitive charge carrier density from the total measured charge carrier density thus
yields the injected + photogenerated charge carrier density at the different pre-biases as indicated on
the top. Measurement and analysis by Lorena Perdigén Toro.

Coming back to Figure 4.12a, the second increase in the extracted (or transported)
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charge is assigned to the mobile ion density in the system with a characteristic effective
displacement time of 300 ms. This corresponds to the timescale observed in the
current decay and PL increase. Note, this corresponds to an effective ion mobility of 4
x 107 cm? V~! s7! and a diffusion coefficient of ~1 x 107!° cm? s~!. Importantly,
the obtained mobile ion density in the system is ~2 x 10" cm~3, which is significantly
larger than the electronic charge in the system, including the electrode charge (per
volume) that creates the built-in potential. Hence, a significant redistribution of the
built-in field is expected due to the obtained mobile ion density (as already shown
above in Figure 4.5¢). We note again, that the obtained ion diffusion coefficient and
density was used as input parameters for the numerical simulations, which allowed us
to fit the current decay shown in Figure 4.5a.

In order to further corroborate the BACE measurements, we performed charge
extraction by linearly increasing voltage (dark-CELIV) measurements, which are shown
in Figure 4.12b. In this measurement, the linearly increasing voltage leads to a
constant charging current of the electrodes. For a dielectric capacitor in the absence
of mobile charges in the active layer, the response to the CELIV voltage pulse is a step
function.3® Any additional charge present, for example, doping induced equilibrium
charges or mobile ions (or photogenerated charges with background light), will cause
a “bump” in the transient response, which allows us to estimate their density with
respect to the electrode charge (CV,ax, where Vi, = -0.4 V is the maximum applied
voltage of the triangular pulse in this case). Hence, the absence of an initial bump in
the dark CELIV response, shown in Figure 4.12b, indicates that the doping density is
insignificant with respect to CVp., per cell volume (< 5 x 10'® cm™3). To further
highlight this important point, we performed a photo-CELIV measurement, where
we intentionally photogenerated a charge carrier density of e.g. 1 x 10 cm™3 in
the perovskite cell. As shown in Figure 4.12c, this photogenerated charge carrier
density can nicely be seen in the current response and is roughly in the correct ratio

compared to the CV},, charge. Moreover, the extraction of the photogenerated charge

carrier density happens on the order of 1 ps, which further confirms the timescale of
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Figure 4.12: a) Bias assisted charge extraction (BACE) measurement (solid line) upon a switch
from open-circuit to short-circuit, including the associated change in the electrode charge (i.e., the
capacitance-voltage product 6 x 10*® cm™3) and the injected charge at open-circuit conditions (2
x 10 cm~3). The extraction of both electronic charge and ionic charge occurs at very different
timescales, where the extraction of mobile ions coincides with the current decay observed in Figure
1. b) Current extraction by linearly increasing voltage (CELIV) measurements confirm the results
from the BACE measurements, showing that electronic charge extraction occurs much faster than
ionic charge, and that the latter occurs on timescales of ms. c) Photo-CELIV transients after a laser
excitation with given photocarrier concentrations. The graph demonstrates that a (photogenerated)
carrier density of about 1 x 10" cm™3 would create an initial bump in the transient response.
Considering that the bump is absent in the dark measurement confirms that the doping-induced
equilibrium carrier density is significantly lower than this threshold which is consistent with lateral
conductivity measurements. d) Simulated stabilised current and current decay as a function of the
mobile ion concentration (solid lines) and the doping concentration (dashed lines), respectively

electronic charge transport. We note the relatively long extraction time is likely limited
by the transport layers rather than bulk transport through the perovskite layer, as has
been previously shown.3® To quantify the doping density in the PbSn perovskite, we
performed lateral conductivity measurements which revealed a dark conductivity of 9 x
1075 S cm™! (Figure 4.13). Assuming a long-range charge carrier mobility of roughly
1 cm? V=1 s (which is lower than the short-range charge carrier mobility as obtained

106

from optical-pump terahertz-probe spectroscopy measurements in ref.*“®, since we

consider grain boundaries), this would correspond to a doping-induced charge carrier
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density of ~6 x 10'* cm™3, which is consistent with the absence of a doping-induced

feature in the CELIV response.
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Figure 4.13: The conductivity in 50/50 mixed-metal lead-tin perovskite, which can be used to
estimate doping levels. The conductivity was found to be 9x10~° S/m, which, assuming a mobility
of 1 cm?/Vs would correspond to a doping density of 5.6x10'* cm™3. The results of these 2-
point-probe measurements were crosschecked against previously obtained 4-point-probe conductivity
measurements, and the values turned out to be consistent.

Turning our attention again to the dark-CELIV transient in Figure 4.12b, after
~1 ms the signal rises again just as observed in the BACE measurements due to
the presence of mobile ions until beyond 100 ms, which represents the detection
limit of our current setup. Considering that the current does not saturate, only a

lower mobile ion density of 1.5 x 10'® cm™3

, can be specified upon integration of
the dark-CELIV signal. Therefore, these transient measurements demonstrate that
the mobile ion concentration is much larger than the photogenerated charge carrier
density, the injected charge at V¢ and the doping induced charge, and sufficiently
large to redistribute the built-in electric field of the device. In contrast, it is important
to note that the doping density is much smaller than the CU charge per cell volume (6
x 10 cm™2), which is too low to screen the electric field. To further highlight this
point, we performed numerical simulations, the results of which, displayed in Figure
4.12d, demonstrate that the doping density will only start to make a significant impact

-3

at densities exceeding ~1 x 10'® cm™2, at which point the built-in field becomes
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screened. Moreover, it can be seen that electronic doping, although it can affect the
device performance at higher concentrations, as is displayed in Figure 4.14, never leads
to a temporal current decay, whereas for mobile ions, temporal current decays are

observed for a range of concentrations.
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Figure 4.14: Simulated JV curves for a mixed-metal lead-tin perovskite cell with different doping
concentrations. It can be seen that doping density only starts to affect the performance of the device
once the doping density becomes higher than the electrode charge per perovskite volume that creates

the built-in field at 0V. These JV curves were simulated using SCAPS-1D, a software developed at

the Department for Electronics and Information Systems (ELIS) at the University of Gent, Belgium°?.

This software is freely available upon request to the developers.

Interestingly, we also found that when the mobile ion concentration reaches a
certain threshold, the stabilised current still decreases with increasing mobile ion
densities, but the temporal decay disappears. We attribute this to the fact that at
these high mobile ion densities, the mobile ion concentrations at the TL interfaces
are already large enough at t = 0 s to fully screen the field. The simulation results
displayed here are for the case of only one mobile ionic species. In Figure 4.15, results
for the case where there are two types of mobile ion present are displayed. Overall,

the experimentally measured timescales and carrier densities allow us to conclude that
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the collection losses of the current stem from the ionic movement in the perovskite

causing a redistribution of the internal field, rather than from electronic doping.
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Figure 4.15: Simulated current decay (a) and stabilised current (b) for a system with either electronic
doping, mobile anions, or mobile anions + mobile cations. It can be seen that, though doping can
cause a decrease in stabilised current with increasing concentration, it never leads to a transient
current decay. In both cases where mobile ions were present, a current decay is observed. We note
that the presence of a second mobile ion species seems to have a mitigating effect both on the
temporal current decay observed, but also, importantly, on the reduction of the stabilised current.
These simulations were carried out with Setfos.

In order to find out whether the loss mechanism described above is unique for
tin-containing perovskites, or if it also occurs for other perovskite compositions or archi-
tectures, we investigated several different lead-based perovskite systems. Surprisingly,
as shown in Figure 4.16a, we observed that the exact same charge transport losses are
indeed present for all other studied lead-based perovskites, including methyl ammonium
lead triiodide, two triple cation perovskites (Cs o5(FA;MA,)o.95Pb(l,Bry)3), with dif-
ferent x/y ratios as well as for a triple cation perovskite in a nip-configuration based
on TiO, and Spiro-OMeTAD. Further details of the device fabrication are presented in
chapter 3. Also for these systems, as displayed in Figure 4.16b, the transient current
decay is accompanied by an increase in PL over time at 0 V, while the timescales of
the current loss and deterioration in charge extraction efficiency correspond to the
timescales at which the ions move in the respective systems. Figure 4.16c displays the
effects of different scan speeds on the obtained short-circuit current confirming that
the current at slow scan speeds is significantly lower than the “ion-free” Jsc fast-scan

speeds. This confirms that the finding that ionic charge movement is responsible for
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the observed current losses can be generalised beyond tin-based perovskites to lead
halide perovskites. The formation of field-free regions in the perovskite bulk due to
mobile ions is thus not only responsible for the JV hysteresis, but also for significant
current and efficient losses under realistic operating conditions. The latter is shown
in Figure 4.16d, which highlights the MPP tracking of several devices with a high
time resolution (/10 ms). Each of these devices displays a quick initial decrease in
maximum power output (which might be easily overlooked when tracking the device

efficiency over longer times).
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Figure 4.16: a) Current decay upon switching from open-circuit (OC) to short-circuit (SC) att =0
s, depicted for devices from several different perovskite compositions including MAPbI3 (“MAPI")
and two triple cation Csg.g5(FA;MAy)0.95Pb(1;Bry)s devices made from different (x/y) ratios of
FAPbl; and MAPbBr; (“83/17" and “60/40") in a pin-structure, as well as one device with a
FAo.s5MAg 15Pb(lg.85Bro.15)3 perovskite in a nip-structure (“nip"). b) Analogous to the mixed
lead-tin devices, the current decay takes place on the same timescale as the increase in the PL
after the initial quench. c) Short-circuit current as a function of scan-speed depicted for different
compositions, d) the efficiency decay on short timescales as obtained through maximum power point
measurements. Data for c) provided by Vincent Le Corre.

We point out that light soaking has also been shown to have an impact on ion

migration and hysteresis. 1% In order to distinguish between light soaking effects
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and the current losses studied here, we checked whether the scan-rate dependent
hysteresis is reversible, or if there are permanent/light-induced changes in the device
performance. Figure 4.17 shows that for the pin-type perovskite cells studied here, the
current losses observed are not linked to light-soaking-induced changes in the device
performance. However, on longer timescales, light soaking may have more pronounced
effects. Finally, we note that we found the mobile-ion-induced losses were overall
quite similar in PbSn- and Pb-perovskite, hence we attribute the difference in the Jsc
loss in these two systems more to the difficulties in obtaining thicker active layers in
PbSn-perovskites, which are required due to their lower absorption coefficient at the
band edge. Nevertheless, preventing the fast-field screening and the corresponding
current losses by minimising the mobile ion density in all studied perovskites, would
thus allow a significant improvement of the current in steady-state and in turn a

substantial PCE improvement of between 1.5-3% absolute, even in our optimised

devices.
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Figure 4.17: PCE as a function of scanspeed for an ‘83/17" Pb-based perovskite solar cell. The JV
scans were taken at different scan speeds, while the cell was left on the light in between the different
scans. In order to check whether light soaking effects could account for the current losses observed,
the measurements were performed twice - once starting with the slowest scan speeds and scanning
progressively faster, and once starting with the fastest scan speeds and scanning progressively slower.
Similar current losses were observed in both scan directions, hence ruling out light soaking is the
underlying cause.
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4.3 Conclusion

To summarise, we have demonstrated that the charge collection losses in mixed lead-tin
perovskites are caused by an accumulation of electronic charge in the active layer
due to a reduction in the charge extraction efficiency over the first few seconds of
operation, which simultaneously increases the emitted PL from the device. Through
a series of transient electronic measurements and numerical modelling, we identified
this collection loss to be due to the presence of mobile ions in these systems which
redistribute the internal field within the first few seconds of operation, rather than
a recombination rate of photogenerated carriers with doping-induced background
charges or increased defect densities. As far as we could assess in this work, doping of
(non-oxidised) mixed lead-tin perovskite is not directly causing current losses through
band flattening as the doping density is too low to screen the electric field. Going
beyond mixed lead-tin systems, to lead-based perovskites, we show that the same
process also occurs for a range of different mixed-ion lead-based perovskite solar cells.
As with the low bandgap materials, we again find that the timescales of the current
loss correspond to the timescales of ion motion in these different systems. Our findings
demonstrate that even in what appear to be “hysteresis-free” perovskite solar cells at
typical scan speeds (=100 mV s!), the role of mobile ions cannot be neglected, since
they still have a large and negative impact on device performance. Considering that
the ion-free current (measured at fast scan speeds) is typically ~1.5 mA cm~ larger,
this constitutes a significant PCE loss. In order to reduce charge collection losses both
in mixed lead-tin perovskites, but also in neat lead-based perovskites, it is important
to gain further understanding of how to reduce the mobile ion density, or how to
engineer the devices so that the charge collection is insensitive to the redistribution of
the mobile ions. This will then enable us to move closer to the radiative efficiency

limit.
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CHAPTER 5

On the relationship between mobile ions and

device degradation in perovskite solar cells
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The work presented in this chapter is largely based on:

J. Thiesbrummel, S. Shah, E. Gutierrez-Partida, F. Zu, F. Peiia-Camargo, S. Zeiske,

J. Diekmann, F. Ye, K. Peters, K. O. Brinkmann, J. Warby, Q. Jeangros, F. Lang,
Y. Wu, S. Albrecht, T. Riedl, A. Armin, D. Neher, N. Koch, V. M. Le Corre, H. J.
Snaith, M. Stolterfoht, "lon induced field screening governs the early performance

degradation of perovskite solar cells", Submitted, 2023
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Chapter 5. On the relationship between mobile ions and device degradation
in perovskite solar cells

5.1 Introduction

Despite the impressive progress in terms of photovoltaic performance of perovskite solar
cells over the last decade there still remain many issues regarding the stability. This
has considerable implications for their real-world energy yield, and the levelised cost of
electricity. 72141142 These challenges include various degradation pathways including
material decomposition under light143144 heat14%140 oxygen147148 humidity 149150,
and a combination thereof. Efforts to improve device stability include, amongst many
others, compositional engineering, e.g. omission of methylammonium iodide*>11%2 the
use of additives'®31%4 transport layer (TL)%5157 and interface engineering!%®, using
a mixture of 2D and 3D perovskites!®-161 the incorporation of diffusion barriers to
the metal electrode (e.g. Sn0,1027164 CuSCN®, or bismuth®®) and more effective
encapsulation methods'®”. However, the stability reported in the academic literature
remains far below the targeted values required for commercial viability (IEC standards
and > 25 years operational lifetime). It is thus essential to gain a more comprehensive
understanding of the underlying chemical and physical processes occurring during
device ageing, and their effects on device performance.

In general, perovskites can also degrade over time without the presence of a
specific external stressor, for example due to strain within the material which leads to a
reduced shelf lifetime%816%  QOther challenges, more specifically related to perovskite-
based tandem photovoltaics include the phase segregation in mixed-halide Br-rich

170-173

perovskites as well as mechanical concerns, for example instabilities on top of

(textured) Si substrates due to strain and potential delamination of charge transport

174

and contact materials However, many of the intrinsic stability limitations are

related to the presence of mobile ions in the perovskite layer, which behaves like a solid

electrolyte with low-activation energies for ionic transport!’®

. For methylammonium
lead iodide (MAPI), density functional theory simulations have predicted a mobile
ion density of 1x10' cm™3 due to the low activation energy of the mobile ions (~

100 meV)1"®. However, from an experimental and numerical perspective, such high
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mobile ion densities are very difficult to reconcile in well-performing devices and are
controversial with most recent works narrowing the mobile ions density to 1x10'°-
1x10'" cm~3 in devices with low levels of hysteresis!?2177-180  Halide vacancies and
interstitial iodine are usually considered to be the dominant species of mobile ions and
they are particularly harmful since they can form I, - a solid that easily sublimes above
room temperature, leading to a loss of absorber layer material, potentially causing
electrode cracks and critical device failure®. The migration and accumulation of
halide defects due to lateral variation in the electric field also triggers the degradation of
laboratory-scale solar cells at their edges and at the position of external impurities'2.
The formation of halide vacancies has also been linked to oxidation reactions at
transport layers and metal electrodes!®®. Moreover, mobile ions and vacancies on both
the A-site cations and the X-site halides have been shown to be able to diffuse into the
transport layers, with halide ions being localised in the device electrodes'03:181:183-186
This effect may cause a range of problems, for example, loss of charge selectivity due
to a change of the electrode work function, oxidation/corrosion, the formation of
insulating layers, and the de-oxidation of doped transport layers.

Although tackling stability issues has always been a main priority for perovskite
researchers, the community still lacks to some extent the experimental methodologies
required to quantitatively characterise mobile ions in perovskite semiconductors to
overcome these limitations. For example, besides the above-discussed degradation
pathways which are chemical and mechanical in nature, it is not yet possible to
quantitatively determine the ageing-induced performance loss due to mobile ions and
to differentiate these losses from those due to defects and other device and material
parameters. In this regard, we have recently presented a method to determine the
contribution of mobile ion-induced efficiency losses to the device performance and we
have shown that the presence of mobile ions leads to moderate efficiency losses in
fresh devices with low levels of apparent hysteresis (typically 1-3% absolute). The

underlying mechanism of these ion-induced losses is the movement of mobile ions to
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the perovskite-transport layer interfaces, leading to current losses due to field screening
and a reduction in charge extraction efficiency®+187.

In this chapter, we determine the contribution of mobile ion-induced degradation
losses to the total degradation loss in the presence of external stressors for a range of
different perovskite solar cells. Using JV measurements at different scan speeds, we
first demonstrate that these losses can be directly linked to the movement of mobile
ions and an increase in mobile ion density which dominates the initial performance
losses of perovskite solar cells, thereby confirming the hypothesis of Tress et al.®*. In
particular, we show that an increased mobile ion density upon prolonged illumination
leads to a substantial decrease in the steady-state power conversion efficiency (PCE),
mainly due to a significant reduction in short circuit current (Jsc) from fast to slow
scan speeds that can exceed 10 mAcm™2. We attribute this result to increased field
screening - a phenomenon that has not been previously discussed in relation to the
degradation of perovskite solar cells. We also show that interfacial recombination does
not increase upon ageing, yet there is an increasing mismatch between open-circuit
voltage (Voc) and the quasi-Fermi level splitting (QFLS) which can also be attributed
to an increased accumulation of mobile ions in the contact regions. As such, the
increasing mobile ion density dominates the early ageing stages of perovskite solar cells.
Finally, we show the general validity of this result for a range of different perovskite
compositions, including methylammonium lead iodide (“MAPI"), a formamidinium
caesium lead iodide (“CsFA™), a mixed-halide wide gap perovskite (“1.8 eV WG"), and
a formamidinium-rich triple halide perovskite (“95:5 TH"). This chapter establishes
key insights into the process of device degradation and the critical role mobile ions play
therein and lays the foundation for accelerated ageing tests to predict the long-term
stability of perovskite devices based on a quantitative analysis of ion-induced losses.

The devices investigated in this chapter were provided by Francisco Pena-Camargo,

Emilio Gutierrez-Partida, Fangyuan Ye and Sahil Shah.
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5.2 Results

In order to investigate the effects of illumination-induced degradation in the
perovskite solar cells, we started off investigating the commonly used triple
cation  Csq5(FA0.83MAg.17)0.95Pb(lo.s3Bro.17)s perovskite composition with a
bandgap of 1.63 eV in a pin-type architecture (referred to as “83:17 TC"
throughout the rest of this thesis). The following cell architecture was used:
ITO/PTAA/PFEN-Br/perovskite/Cgy/BCP/Cu, ITO is indium tin oxide, PTAA is
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine], PFN-Br is Poly(9,9-bis[30-(N,N-
dimethyl-N-ethylammonium)-propyl]-2,7-fluorene-alt-2,7-9,9-di-n-octylfluorene)
dibromide, and BCP is bathocuproine®. The cells were subjected to three different
external stressors: light, heat, and electrical bias, with a focus on light-induced ageing.
During the light-induced ageing, devices were exposed to 1 sun illumination at open
circuit and cooled such that the device temperature remained at 25 °C. Measurements
under (MPP) maximum power point conditions are discussed further below. In Figure
5.1a, the stabilised JV curves (without hysteresis) at slow scan speeds (10 mV/s) after
different illumination times under Voc are exemplified. Figure 5.1b shows how the
different device parameters change over time with ageing. In these cells, the increasing
Jsc losses over time dominate the degradation losses, although FF losses are also
significant, and the V¢ decreases slightly as well. Based on the work presented in
the previous chapter!®”, we suspect that the increased current losses observed here
might be caused by an increase in the mobile ion density in the perovskite.

In order to quantify the impact of mobile ions on the light-induced performance
degradation we performed fast-hysteresis (FH) JV measurements at different points
in time during the ageing process. While details are presented in Chapter 3 and in

the work by Le Corre et al.13’

, we note that the cell is initially held slightly above the
initial Voc (pre-bias), followed by a reverse and forward sweep with variable frequency
or scan speed. The duration of the pre-bias was 5 times longer than the total scan

time of the voltage sweep. This methodology allows us to determine the efficiency in
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Figure 5.1: a) Representative stabilised current-voltage (JV) characteristics at slow scan speeds (10
mV/s) measured on a fresh Csg o5(FA0.83MA0.17)0.95Pb(lo.83Bro.17)3 perovskite solar cell as well as
after continuous illumination at Voc for the specified time. b) Relative steady-state losses of the
different PCE parameters as a function of ageing time.

steady state and the “ion-freeze" efficiency, which refers to the condition at which the
ions are effectively immobilised when the scan rate is much quicker than the diffusion

137 " The difference in the JV curve between slow (steady-state) and fast-scan

rate
speeds can be directly attributed to the movement of mobile ions. In the following,
these losses are referred to as mobile ion-induced PCE losses. However, it should
be noted that the presence of mobile ions can still affect the PCE even when they
are immobilised depending on their distribution and accumulation throughout the
device and at the interfaces!3'18%  This effect will be small if the mobile ions are
homogeneously distributed in the bulk at the start of the scan which is discussed
further below. The results, displayed in Figure 5.2a, reveal once again that the steady-
state efficiency drops significantly with ageing. Conversely, the ion-freeze efficiency,
determined at fast scan speeds of around 2500 V/s experiences a much smaller, almost
negligible reduction. Next, we investigated the effects on each of the three JV metrics:
the Voc, Jsc and fill factor (FF), displayed in Figure 5.2b-d. It can be seen that the
illumination-induced performance losses are largely related to a drastic loss of the
steady-state current output with respect to the ion-freeze Jsc (for longer ageing times,
2

and for some other perovskite compositions, current losses exceeding 10 mA cm™

can be observed). However, the Voc and the FF are also affected to some extent.
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Furthermore, the “peak hysteresis'" i.e. the maximum difference between the PCE
determined from the forward versus the reverse scan increases significantly with ageing.
Overall, the remarkable difference in the PCE between the fast and slow scan speeds

(Figure 5.2e and f) indicates that the dominant loss mechanism upon ageing affects

the device performance much more significantly at the slower timescales.

20
a0 = b % e
...
16+ L‘L‘W\ 1
.20 .
- £ .
f12f 5]
w E 18 e
O gt = S o | FTEmsa
o —e—Fresh ) —e—Fresh ., |1 e -
3 hours - 16 3 hours |{ %%
ar 5 hours || 5 hours >
—e— 10 hours —e—10hours|| ~~16F 2%
0 14 '°\°
0.1 1 10 100 1000 0.1 1 10 100 1000 2_ \ ionic losses
Scanspeed (V/s) Scanspeed (V/s) w ¥
%) \
c12 d’ o !
\
A —"——&—Q—Q—A———M |
— - — — 0.8 - p = k &
— ® ~
— - - - ~
S 06 S
o 1F & 2
o L ] ™
> ——Fresh w04 —e—Fresh “e
{ 3 hours 3 hours
| 5 hours 02 5 hours ||
- L.-10 hours 0 —e— 10 hours : 1 i i ; . L
' 0.1 1 10 100 1000 0.1 1 10 100 1000 0 100 200 300 400 500 600

) Scanspeed (V/s)

' Scanspeed (V/s)

Time (min)

Figure 5.2: a) The power conversion efficiency (PCE), b) short-circuit current density (Jsc), c)
open-circuit voltage (Voc) and d) fill factor (FF) from current-voltage characteristics measured at
different scan speeds for Csg_ o5 (FA.83MAg.17)0.95Pb(lo.s3Bro.17)3 perovskite solar cells after different
ageing times. Data for reverse (closed symbols) and forward (open symbols) scans. e) PCE at fast

and slow timescales versus ageing time demonstrating the losses induced by the movement of mobile
ions and small additional losses at fast scan speeds.

To get some understanding of the chemical changes of the perovskite film during
light exposure, we performed absorption spectroscopy (Figure B.1, Appendix B), X-ray
diffraction (XRD) measurements on fresh and aged perovskite layers (Figure B.2,
Appendix B), scanning electronic microscopy (SEM) and atomic force microscopy
(AFM) measurements (Figure B.3, Appendix B). As discussed in Appendix B, while
these measurements indicate possible changes in the morphology, these changes are
considered to be relatively small on the timescale of the measurements (up to 24 h of
illumination). This chapter focuses on early onset degradation, before more structural

and chemical changes take place in the perovskite.
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To generalise these findings, we then investigated the mobile ion-induced ageing
loss in a range of different perovskite compositions beyond the “83:17" model system.
These perovskite systems include a standard 1.6 eV methyl ammonium lead iodide
MAPDbI3 (“MAPI"), a double cation perovskite FAq g5Csp.15Pb(lp.77Bro.3)s (“CsFA™)
with a bandgap of 1.69 €V relevant for Silicon/perovskite tandems, a wide-bandgap
Cs0.05(FA0.60MAg.40)0.05Pb(lo.60Bro.40)s (“1.8 €V*) relevant for all-perovskite tandems
and a high performance (22% PCE) 1.57 eV formanidinum lead iodide rich (“95:5 TH")
triple halide perovskite Csp.o5(FA0.95MA0.05)0.95Pb(lo.05Bro.05)s + 20 wt% MACI). The
FH results on all systems are shown in Figure B.6 - B.9, Appendix B. These results
demonstrate that the increase of the ionic loss (Lion =PCEfast/PCEgow) contributes
significantly to total degradation loss for all systems (Figure 5.3a). Moreover, we find
that the reduced Jsc is the most important factor contributing to the ion-induced
loss in all systems (Figure B.10 and B.11). Figure 5.3b exemplifies the large reduction
of the steady-state Jsc after several hours of illumination (5h for most compositions,
except for MAPI which was measured after 12h) with respect to the initial current.
Figure 5.3c shows that the mobile ionic losses also emerge in the much more stable
095:5 TH perovskite system which degraded to roughly 68% of its initial PCE (21%)
after tracking the MPP over 1630 h. The FH measurements taken initially and after
the MPP tracking reveal a nearly unchanged ion-freeze PCE, indicating that the
observed power output losses can be attributed to mobile ionic losses. We note that
other factors, such as shunt formation, moisture ingress or electrode corrosion can
cause an early device failure. However we observe that the mobile ionic losses are very
prominent if these “extrinsic” issues are mitigated.

Having established that the mobile ionic losses dominate the overall performance
decrease upon device degradation, we now set out to try to understand the origin of
these increasing losses by further investigating the example of the 83:17 triple cation
perovskite. At this point, it is important to note that the increase of the ionic loss

7

with ageing time could be related to many other factors'3’. This is because for a

given mobile ion density, the magnitude of the mobile-ion-induced losses depends
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Figure 5.3: a) The ageing-induced relative ionic loss (Lion = PCEfast/PCEgow) as a function
of ageing time demonstrating increasing mobile ionic losses in all systems though with vary-
ing magnitude depending on the individual composition. Highest ageing-induced mobile ionic
losses are found in the Cs(),05(FA0_6()MA0‘4O)()‘95Pb(|0,60Br0‘40)3 (“1.8 eV”) ceII, followed by
FA0'85C50'15Pb(|0,77Br0'23)3 (“CSFA”), and 83:17 TC with the smallest losses found in MAPb|3
(“MAP|”) and the Cso,05(FA0,95MA0_05)0_95Pb(I0,95Br0_05)3 + 20 Wt% MACI (“9515 TH”) ceII,
where the ion-induced ageing losses do not increase on these timescales. b) The Jsc from JV curves
measured at different scan speeds for fresh and aged cells after 5h hours of ageing (12h for MAPI)
with additional PCE parameters shown in Figure B.6-B.9, Appendix B. c) Steady-state power point
tracking on the 95:5 TH device with enhanced stability compared to the 83:17 TC reference cell.
The insets show the fast-hysteresis measurement before and after the degradation demonstrating
that the observed degradation stems from mobile ionic losses while the ion-freeze PCE remains nearly
unchanged.

on various device and material parameters. For example, recombination rates at
the interface, as well as doping densities in the transport layers can affect to what
extent mobile ions in the device lead to decreased device performance. To identify
the underlying mechanisms we now discuss, simulate, and analyse distinct scenarios.

For the simulations, we employed the drift-diffusion software Setfos from FLUXiIM.

Parameters used for the simulations can be found in Table A.1 in Appendix 3.

77



Chapter 5. On the relationship between mobile ions and device degradation
in perovskite solar cells

We identify two possible origins of the increased mobile ionic losses. In our first
hypothesis, the concentration of mobile ions increases with ageing, which leads to
enhanced mobile ionic losses as shown by the simulation results in Figure 5.4a (see
Figure 5.5, Figure 5.6 and Table A.1 for simulated JVs and the corresponding PCE
parameters and the simulation parameters, respectively). In this case, the increased
mobile ion density causes an enhanced screening of the internal electric field in the
absorber layer, which leads to a continuous reduction in charge extraction efficiency
due to band flattening (Figure 5.7). The details of this loss process are discussed below
in more detail. Another possible explanation for the enhanced mobile ionic losses are
degrading perovskite/transport layer interfaces, which lead to higher recombination
velocities (S). As shown by the scan-rate dependent PCE in Figure 5.4b, such an
increased recombination velocity also leads to a reduced steady-state PCE and increased
peak hysteresis. However, in contrast to the case of an increased mobile ion density
(Figure 5.4a), the ion-freeze PCE at fast scan speeds decreases as well. Finally, we
also investigated the impact of an increased energy level offset on the FH results, as
well as the impact of an increased bulk defect density. However, we found that both
(i.e. increased energetic offset and reduced bulk lifetime) lead to a parallel downshift
of the scan-rate dependent PCE rather than an increase in the mobile ionic losses,
which is not consistent with the experimental results (Figure 5.8).

To further investigate the impact of potentially worsening interfaces or absorber
layer quality on the enhanced mobile ionic losses, photoluminescence (PL) measure-
ments of different partial cell stacks were recorded as a function of illumination time.
From the PL yield the quasi-Fermi level splitting (QFLS) was calculated following

135,188 Surprisingly, the results displayed in Figure 5.4c,

our previous methodology
suggest that the interfaces do not significantly worsen as the QFLS of all partial
device stacks increases slightly over time, while the QFLS of the neat perovskite
layer is nearly unchanged. Yet, the device V¢ decreases, resulting in an increasing

QFLS-eVoc mismatch® upon ageing. While increased interfacial defects (leading to

an enhanced S) are not consistent with the increased QFLS and can be likely ruled
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Figure 5.4: a) The simulated PCE from JV curves at different scan speeds for a range of different
mobile ion densities. We note that we consider halide vacancies as the mobile ionic species in our
simulations, however, the observed trend does not depend on the sign of the dominant mobile ion
species, or on whether there are 1 or 2 mobile species. b) Simulated PCE from JV curves at different
scan speeds for a range of different recombination velocities (S) at both perovskite-transport layer
interfaces. ¢ Device Voc and the QFLS measured with photoluminescence on bare triple cation films,
partial and complete cell stacks as a function of illumination time. Data from c) measured by Sahil

Shah.

out as a dominant factor of the light-induced degradation in this cell, the increased
QFLS-Voc mismatch is intriguing. Although this requires further investigation, the
QFLS-Voc mismatch provides clues about the effect of mobile ions at fast scan speeds.
The FH simulations displayed in Figure 5.9 show that if the built-in field is not offset
with the pre-bias of the FH measurement (i.e. Vi < Vg)), the Voc decreases with
increasing mobile ion density. Considering that such a Voc decrease (and QFLS-eVoc
mismatch) is observed in various systems, the most likely scenario is that mobile ions
accumulate in an unfavourable position under open-circuit conditions (e.g. cations at
the hole selective interface)®. This is discussed further below.

Having ruled out an increased recombination velocity at the interfaces, an increased
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Figure 5.5: Simulated performance metrics PCE (a), Jsc (b), Voc (c) and FF (d) for a range of
different scan speeds for Csg.o5(FA0.53MAg.17)0.95Pb(lo.83Bro.17)3 perovskite solar cells with varying
mobile ion densities. The pre-bias (1.3 V) was chosen to establish flat band conditions in the
perovskite for a device built-in voltage of 1.5 V. The flat band condition can be identified from
the point at which the V¢ at fast scan speeds remains unaffected even in case of large mobile ion
densities.

mobile-ion density seems likely to be the root cause of the observed ageing-induced
losses. In order to directly assess whether the mobile ion density increases with
degradation, we performed bias assisted charge extraction (BACE) measurements
and charge extraction by linearly increasing voltage (CELIV) at the same points in
time when we also performed fast hysteresis measurements. Both transient charge
extraction techniques can be used to estimate the mobile ion density by integrating
the external current. In BACE, the cell is held under “quasi” open-circuit conditions,
where the injection current equals the short-circuit current density at which the mobile
ions are distributed throughout the absorber layer before the voltage is switched to 0
V, at which point the mobile ions drift to the contact layers. However, we note that if
the ionic charge is larger than the electrode charge (Qion < CVj), the formation of

zero field regions should limit the displacement of mobile ions in excess of CVg,. Thus,
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Figure 5.6: Simulated steady—state JV curves for CSO.05(FA0.83MA0.17)0.95Pb(lo'ggBroll';)g per-
ovskite solar cells with varying mobile ion densities. It can be seen that increasing mobile ion densities
lead to significant current losses once the mobile ion densities pass the threshold of about 10'% cm~3.
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Figure 5.7: Simulated band diagrams at OV for devices with different mobile ion densities. It can
be seen that increasing mobile ion densities lead to significant flattening of the bands, which in turn
causes a reduced charge carrier extraction efficiency and leads to the current losses observed in the
JV curves displayed in Figure 5.6
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the CVp is expected to be a natural limit for the externally detectable mobile ionic
charge. Moreover, the ratio of the drift length of charges versus the film thickness
(darife/d) limits the externally integrated charge. Therefore, the mobile ions should
be roughly homogenously distributed under the pre-bias condition to maximise the

drift length and to avoid an underestimation of the mobile ionic density%.
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Figure 5.8: Simulated performance metrics PCE for a range of different scan speeds for
Csp.05(FA0.83MAg.17)0.905Pb(lo.s3Bro.17)s perovskite solar cells with varying interfacial energy offsets
and bulk lifetimes.
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Figure 5.9: Simulated performance metrics PCE (a), Jsc (b), Voc (c) and FF (d) for a range of
different scan speeds for Csg o5(FAg.s3MAg.17)0.05Pb(lg.83Bro.17)s perovskite solar cells with varying
mobile ion densities. The pre-bias was chosen to match the initial Voc (1.18 V) for a device with a
built-in voltage of 1.5 V.

The results of the BACE measurements are displayed in Figure 5.11a and b. It
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can be seen that the externally measured compensation current strongly increases
for samples that have been exposed to light ageing for longer times. Notably, the
ionic “time of flight” in the fresh device at around 50 ms (Figure 5.10) matches nearly
perfectly the scan time at the peak hysteresis observed in averaged FH on fresh devices
( 50 ms). Due to the associated diffusion constant (D = 7x107!° cm?/s) and ionic
mobility (¢ = 2x10™® cm?/Vs), these results indicate that the responsible mobile ion

122191 * Therefore, these measurements

species are consistent with halide vacancies
link the transient charge extraction with the scan rate dependent JV results. It is also
interesting to note that with prolonged ageing time, an increased amount of slower
species are extracted, which could point to A-site vacancies!?>191. Notably, this could
also explain why the peak hysteresis does not shift to faster scan rates as obtained in
the FH simulations (Figure 5.4a) for a given ion diffusion coefficient. As shown in
Figure 5.11b, by integrating the external current, a rough estimate for the mobile ion
density can be obtained. Plotting the mobile ionic losses obtained through FH as a
function of the mobile ion density determined from BACE in Figure 5.11c, we observe
a linear dependence after an initial dwell time. It can be seen that the mobile ion
density increases significantly, even within the first hour of device ageing, and reaches
values over 10'® cm™3 after 20 h of ageing. Although the reason why such large
densities can be obtained in BACE is not yet clear considering the above-discussed
limit of the detectable mobile ionic density which requires further investigation, the
observed increase in mobile ion densities does make sense qualitatively. As shown
in Figure 5.4a, simulations can reproduce the observed losses at the given mobile
ion densities well. For example, a mobile ion density of 5x10'® cm~2 approximately
halves the initial steady-state PCE due to enhanced mobile ionic losses . From CELIV
measurements a similar picture is obtained, where the increased mobile ion density
after ageing is reflected in a strong increase in the signal on slower timescales, starting

at roughly 1x10™* s (Figure 5.12). The substantial additional signal above the CVj,

"We note that we do not exclude some collection of mobile ions from the side of the pixel takes
place'®2 which could increase the mobile ion density within the active device area.
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charge is consistent with the large increase in the mobile ionic density observed in
BACE. Finally, we note that an increase of the mobile ion density with increasing
ageing time, consistent with the results on the triple cation cells, was also confirmed

for the other studied systems based on different perovskite compositions92.
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Figure 5.10: b) lon-time of flight transient in a charge extraction experiment (BACE) measured on
a fresh Cso.05(FA0_83MA0.17)0_95Pb(|0_838r0,17)3 perovskite solar cell with increased time resolution.
The efficient transit time of the mobile ions is 50 ms which matches the peak hysteresis in averaged
FH measurements on 5 fresh devices (50 ms scan time) (b). The associated effective ion mobility is
p = 2x1078 cm?/Vs and the diffusion coefficient D = 7x1071% cm/s. Data from a) measured by
Vincent Le Corre

a b C
E;g;me &) b1.519
- i & 5 e ~ ~10

10 — £10°F = 7 ey ) x
& =, © 2 S
.E . = 8 n
o 10 g ..Z‘ 1 10 / 8
< @ 10" Time (h) =
£ & w
= 10 < 8

© L P 1F
kS Q10 > .2
3 10-10 E g

Time O ol
10*1\ L n . L L L 2
0.1 1 _ 10 100 1000 01 110 100 1000 101 1077 1018
Time (s) Time (s) lon density (cm™)

Figure 5.11: a) Current transients from Bias Assisted Charge Extraction (BACE) measurement for
both fresh and aged devices and b) integrated charge carrier density from the transients in a. The
applied voltage pulse to the device is illustrated in the inset. Considering that the capacitive (dis-)
charging effect after the voltage switch and the extraction of electronic charges takes place on the
ps-timescales, the contribution to the total extracted charge in these transients is nearly entirely
given by mobile ions'37. We note the integrated charge was multiplied by a factor of 2 to take into
account the fact that the drift length is on average half of the active layer thickness. c) The ionic
loss obtained for a Csg.5(FA.83MAg.17)0.95Pb(lo.83Bro.17)3 triple cation device as a function of the
mobile ion density reveals a linear dependence after an initial dwell ageing time. Measured by Emilio
Gutierrez-Partida.

In order to investigate whether the devices would age similarly under real-world
conditions and to better understand the dominant factor triggering the degradation, we

expanded our measurements to other ageing conditions. The FH results for degradation
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Figure 5.12: Charge Extraction by Linearly Increasing Voltage (CELIV) measurements on a) fresh
and b) 8-hour aged Csg.o5(FA0.83MAp.17)0.905Pb(lg.s3Bro.17)3 perovskite solar cells revealing a huge
increase of the capacitance (as calculated from C =V/(SRpoa4), where V is the recorded voltage on
the oscilloscope, S the slope of the applied voltage pulse and Rp.qq the load resistance) at long
timescales on the aged device.

at elevated temperatures (75 °C) in the dark (Figure B.12, Appendix B), under MPP
conditions at 1 sun illumination (Figure B.13, Appendix B), and under electrical bias
(Vo) in the dark (Figure B.14, Appendix B) can be seen in Appendix B. From these
results, it becomes clear that the mobile ion induced performance loss is a general
degradation mechanism, that is also triggered by electrical bias. Nevertheless, the
ageing at elevated temperatures does not show the characteristic step-function like
scan-rate dependent Jsc (Figure B.12, Appendix B), nor displays a very large increase
of the mobile ion density on these timescales. This might point towards a different
path of degradation or a slower evolution of the mobile ionic losses. While determining
the exact rates of degradation requires a much more focused investigation that goes
beyond the scope of the present work, our measurements indicate that mobile ions are
easily created under different stressors with different rates, in particular in the presence
of electrical charges in the active layer. The fact that the increase of mobile ionic losses
behaves qualitatively similar under Voc, regardless of the presence of light, but differs
at elevated temperatures in the dark (and 0 V) is consistent with the interpretation

183,193 In

that halide vacancies are generated by injected or photo-generated free holes
particular, it has been previously shown that iodine ions can be oxidised and kicked out

of the lattice by photogenerated holes, creating halide vacancies via I +h™ = IF+V}t,
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where I and i refer to the regular and the interstitial lattice site, respectively and
x to the neutral charge!™18319  Another possible mobile ion source is unreacted
lead halide Pbl, (Figure B.2, Appendix B), which can decompose into metallic lead

194 " Both of these mechanisms are consistent

and mobile iodine under illumination
with additional X-ray photoelectron spectroscopy (XPS) measurements which reveal
the presence of iodine on top of the Cgy layer after illuminating the triple cation
perovskite for approximately 10 h, demonstrating the possibility of iodine diffusion
through fullerenes in line with previous reports (Figure B.4, Appendix B)!03:195-197,
Moreover, we could detect iodine from the perovskite film on a Si substrate that was

placed 1 mm above the sample (in Ny) during illumination, hence highlighting the

egress of volatile iodine species (Iy) (Figure B.5, Appendix B).
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Figure 5.13: a PCE and b Jsc as a function of scan speed for a fresh, aged and recovered device

Interestingly, we observe that the mobile-ion-induced losses, which result from
light- and bias-induced ageing, are, to some extent, reversible. Once the stressor is
removed, and devices are kept in the dark, ion-induced losses can decrease, with
resulting steady-state PCEs sometimes even reaching pre-ageing values. Figure 5.13
shows an example of such a recovery effect, where a device, after having been aged
under light for 20 hours and displaying significant ion-induced losses, is left to recover
198,199 \ith

in the dark for 8 hours. Such a recovery effect has been observed before

the latter work also linking the effect to mobile ions. We observe that the revived
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performance in these devices is accompanied by lower mobile ion densities determined
from BACE measurements (Figure 5.14). The existence of such a recovery effect
has interesting implications for the degradation of perovskite solar cells, as most
devices, under realistic operating conditions, will experience a light-dark cycle, during
which ion-induced losses may partially recover. We note, however, that once these
recovered devices are subject to subsequent additional ageing, mobile-ion-induced
losses increase more rapidly than they did when the devices were exposed to
stressors for the first time. This may indicate that the mobile ions, once they have

become mobile for the first time, require a lower activation energy to be released again.
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Figure 5.14: a) Steady-state JV scans and b) corresponding BACE results of a fresh, aged and
recovered device. We note that these measurements were performed on a different device than was
used in Figure 5.13. The device measured here was aged under light for 7 hours, and subsequently
left to recover in the dark for 12 hours.

To recap, the mobile ion induced efficiency losses observed in the FH measurements
dominate the early degradation loss in the here-tested halide perovskite compositions.
Based on various measurements such as PL and BACE, we attribute these enhanced
mobile ionic losses to an increasing mobile ion density upon ageing. Figure 5.17a
shows a breakdown of the identified degradation losses under illumination for the
83:17 triple cation system. The Jsc and FF loss due to the movement of mobile ions
is attributed to the field screening effect, the loss due to the QFLS-Voc mismatch

which is likely also a mobile-ion-induced loss, and other, yet unspecified loss processes.
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Figure 5.17b-d schematically illustrates a possible explanation of the observed Jsc
and FF losses and the QFLS-Vpc mismatch. The increased mobile ion density during
the ageing successively screens the internal (built-in) field, thus increasing the fraction
of the active layer which is effectively under Voc (or flat band) conditions. The
formation of the zero-field region under short-circuit conditions leads to an increased
accumulation of electronic charges (e~ and h™) at the hole selective interface. This
charge accumulation leads in turn to enhanced recombination at the hole transport
layer and in the bulk. We note that the reason why the p-interface is more affected
than the electron-selective interface is that we consider positively charged mobile ions
(halide vacancies) which screen the field at the hole transport layer. Likewise, the
electron-selective interface would be more strongly affected in the case of a dominant

negative mobile ion species.
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Figure 5.15: Simulated band diagrams at V¢ for devices with a Vg of 1.5 V with different mobile
ion densities. It can be seen that increasing mobile ion densities lead to a stronger QFLS bending
closer to the perovskite — Cgg interface. We attribute this effect to a mobile ion induced barrier
which reduces the electron density. The QFLS in the bulk remains nearly constant (1.167 eV, 1.162
and 1.154 eV) for mobile ion densities of 1015, 10'6 and 10'7 cm~3 respectively. However, despite
the near-constant QFLS, the Vo of the simulated JV curves is strongly reduced with increasing
mobile ion densities, dropping from 1.165 through 1.140 to 1.077 V.

To explain the observed QFLS-Voc mismatch with increased mobile ion densities,
we analyse the band diagrams at V¢ conditions displayed in Figure 5.15 for devices

with different mobile ion densities. The graph shows that higher mobile ion densities
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cause a larger electron QFL bending (V Ey.) at the Cgq interface. The bending of the
electron QFL can be explained by a population inversion of electronic charges at the
electron selective interface, i.e. enhanced hole accumulation and depletion of electrons,
in case of an enhanced cation vacancy concentration (Figure 5.16 d). Considering
that at Vo, ﬁEf,e depends on the electron and hole conductivities and the gradient
of the hole QFL, i.e. 6Ef’e =% 6Efﬁh18’200'201, allows us to conclude that the
mobile ions are likely also responsible for the observed QFLS-Voc mismatch and the
reduction of the Voc. Finally, while there might be some small bulk recombination
losses at short-circuit conditions depending on the diffusion length in the absorber
layer as shown in Figure 5.17d, the recombination at the interfaces increases more
rapidly with enhanced cation vacancies at 0 V. Moreover, the interfacial recombination
current scales faster with the applied forward bias voltage than the bulk losses, thus

affecting the FF more significantly (Figure 5.17d).
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Figure 5.16: a The band diagram showing the conduction and valence band as well as electron and
hole quasi-Fermi levels (QFLs) for a device with a Vg of 1.5 V at its Voc (1.14) reveals a bending of
the electron QFL at the Cg interface. b The carrier density profile at Voc shows an excess of holes
in the device, while the electron density drops in the vicinity to the Cgg layer. This is due to the
screened internal field in case of the higher mobile ion density which is shown in panel c. Considering
that the total (electron and hole) current depends on the conductivity and the gradient of the QFL,

i.e. Jo/n = 0en/e xVEg ., and that the electron and hole current have to be equal at Voc, follows
that: 2 = ggf: — VEj, = 2= - VEy ;. '%%992%! Because the conductivity of holes is greatly

enhanced at the electron-selective interface, while the electron conductivity is strongly decreased
(inversion population) allows us to conclude that the electron QFL bends at the Cgq interface.
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Figure 5.17: a) Breakdown of loss processes: mobile-ion-induced Jsc and FF losses, mismatch
of the QFLS and Voc that we also attribute to accumulation of mobile ions at the interfaces and
other losses. b) Schematic band diagram at short-circuit conditions highlighting the accumulation of
cation vacancies at the HTL interface (p-interface) that leads to enhanced hole accumulation (red
dashed lines) and electron accumulation (blue solid lines) close to the HTL as shown in c. d) The
recombination current at the p-interface and in the bulk as a function of applied voltage for different
mobile ion densities. The inset in (b) reveals the ion-free case.

5.3 Conclusion

In this chapter, we investigated the impact of mobile ions on the ageing-induced
performance degradation of perovskite solar cells under different external stressors,
with a focus on light-induced degradation and we thoroughly studied the underlying
mechanisms behind the observed losses. We reveal a new degradation mechanism
as a dominant factor in the early intrinsic degradation that has previously not been
clearly identified, namely mobile-ion-induced field screening. The mobile ionic losses
manifest as a strongly reduced Jsc, which overall suffers most significantly under the

illumination in the studied compositions while the FF and the V¢ are also affected by
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the mobile ions. With regard to the voltage losses, we found that they are caused
by an increased QFLS-Voc mismatch, and not due to increased interfacial defects at
the perovskite-transport layer interfaces. This QFLS-Voc mismatch occurs in various
systems and can also be explained by an increased mobile ion density. Using different
transient charge extraction techniques, we then linked the increasing current and fill
factor losses upon ageing to an increase in the concentration of mobile ions in the
perovskite. We showed that the increase of mobile ion concentrations upon ageing is
a general degradation mechanism, which occurs also when devices are aged through
exposure to other stressors, such as electrical bias. However, the ion-induced losses
are more significant in the presence of free electrical charges and less under elevated
temperatures, consistent with previous findings of halide vacancy generation through
holes. In the future, perovskite solar cells need to be engineered to minimise both the
mobile ion densities that can be generated during ageing as well as their impact on the
device performance. For example, our results highlight the key role of the hole selective
interface for the initial degradation in case of large halide vacancy concentrations. By
providing a crucial understanding of mobile ions and their role in device performance
degradation, this work paves the path for the development of accelerated ageing tests
based on ionic characteristics. This will allow us to identify stable conditions as well
as potential mitigation routes more rapidly, which is key for the commercialisation of

perovskite-based solar cells.
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CHAPTER 6

Understanding and minimising Voc losses in

all-perovskite tandem solar cells

LG
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The work presented in this chapter is based on:

J. Thiesbrummel, F. Pefia-Camargo, K. O. Brinkmann, E. Gutierrez-Partida, F. Yang,

J. Warby, S. Albrecht, D. Neher, T. Riedl, H. J. Snaith, M. Stolterfoht, F. Lang, "Un-
derstanding and minimizing Voc losses in all-perovskite tandem solar cells", Advanced

Energy Materials, 2023, 13, 2202674. https://doi.org/10.1002/aenm.202202674
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Chapter 6. Understanding and minimising V¢ losses in all-perovskite
tandem solar cells

6.1 Introduction

With the discovery that mixed-metal halide perovskites enable much lower bandgaps
than their neat-lead or neat-tin based counterparts, significant efforts commenced
on the development of all-perovskite tandem solar cells.®1:93:96:202.203 Combining low-
bandgap (LG) and high-bandgap (HG) perovskites in tandem solar cells overcomes
the fundamental efficiency limits of their single junction counterparts, without the
need for combining with more traditional low-bandgap materials used previously such
as Si or copper indium gallium selenide. 204298 All-perovskite tandems promise highest
efficiencies, on par with perovskite/silicon tandem technologies, while using much
thinner absorber layers, and move away from the energy-intensive production of
crystalline silicon. They can also be much lighter, which makes them a promising
option for a range of different applications: from building- or vehicle-integrated
photovoltaics (PV) to high-altitude and even space PV where they also benefit from
their radiation hardness.** Their energy-efficient processability, either from solution
or by thermal evaporation at ambient temperatures, is roll-to-roll compatible and
could allow a much more cost-efficient technology with shorter energy payback times
compared to current technologies, or even perovskite/Si tandem PV.2%°

The solar to electrical power conversion efficiency (PCE) for 2-Terminal all-
perovskite tandems has increased from 17% for the first attempts, to the current
record of 26.4%.7993210 We give an overview of this rapid progress in Figure 6.1a,
by plotting the employed bandgap combinations and the achieved power conversion
efficiencies, alongside a realistic efficiency potential of ~0.75 x PCE,,q. Here PCE,.4
is the radiative efficiency from the detailed balance limit assuming a step function
absorption profile for each bandgap. A large focus has been on improving the efficiency
and stability of the low-bandgap lead-tin perovskite. 17980115211 However, as we
illustrate in Figure 6.1b, the high-gap perovskites dominate the open-circuit voltage
(Voc) losses for most tandem devices, especially after significant improvement of low

bandgap perovskites over the past 3 years. Overcoming the V¢ losses in the high-gap
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perovskite subcell, which typically increase for higher bandgap perovskites, 170172212

therefore offers room for further improvements. Moreover, the incorporation of the
high-gap and low-gap perovskites in a tandem device often leads to significant addi-
tional V¢ penalties. This can be due to degradation of the underlying subcell or layers
during subsequent layer deposition, be it via sputtering or from solution, additional
interfacial recombination induced by the interconnecting layer, or processing issues

and inhomogeneities. We highlight several of those cases with a “D" in Figure 6.1b.
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Figure 6.1: a) Literature overview of various all-perovskite tandem solar cells indicating the achieved
efficiency, plotted as a function of the employed high-and low-bandgap perovskites. For consistency,
we determined the individual bandgaps from reported external quantum efficiencies (EQE), via
d(EQE)/dE, and denoted this as PVgap. The colour map displays the realistic efficiency potential
for specific bandgap combinations (defined as 75% of the radiative efficiency limit). b) Relative
Voc losses in monolithic all-perovskite tandems from (a), as well as the corresponding high-gap
and low-gap single junction devices.”>79:80:213-219 ¢) Photoluminescence (PL) of high- and low-gap
perovskites fabricated individually on glass (isolated bare layers) and incorporated in a monolithic
tandem. d) Pseudo-JV curves reconstructed from intensity-dependent PL measurements highlighting
Voc losses.

To understand where these losses come from and how they can be reduced, it is

important to not just look at the overall tandem performance and single junction cells,
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but characterise the behaviour of both subcells when incorporated in the complete
tandem device. Traditional electrical characterisation of the monolithic tandem,
however, provides little information on the behaviour of the individual subcells. Current-
voltage JV measurements performed on corresponding single junction devices that are
often reported alongside tandem results and used in Figure 6.1b, do not necessarily
reflect subcell performance once integrated in the tandem accurately. Quantitative
measurements that provide information on the different subcells within the monolithic
tandem stack individually are therefore crucial to understand performance-limiting layers
and mechanisms. Electro- and photo-luminescence (EL & PL) can be measured from
each subcell selectively in monolithic interconnected tandem devices. These techniques
have previously been employed by the 111/V solar cell community to investigate subcell
performance in multijunction solar cells.?297223 We recently extended these approaches

to reveal efficiency limits in perovskite/silicon tandems.'**

However, although 2-
terminal all perovskite tandem cells have become a topic of great interest, and subcell
selective characterisation can provide valuable insights to accelerate development, such
an extensive subcell selective characterisation has to date never been carried out for
these systems.

Herein, we conduct extensive PL and EL characterisation of isolated perovskite films,
single-junction devices, and complete all-perovskite tandem cells, in order to identify the
factors limiting the performance in these cells in comparison with the thermodynamic
efficiency limit. We reveal that the high-bandgap subcell is predominantly responsible
for the Voc losses in our own complete tandem devices, as well as in many tandem
devices from literature at the moment. We employ a threefold optimisation strategy for
the high-bandgap perovskite, consisting of; i) addition of oleylamine to the perovskite
in combination with, ii) a lithium fluoride (LiF) layer between the perovskite and
the electron transport layer (ETL) and, iii) the use of the self-assembled monolayer
(SAM) 2PACz instead of the frequently used hole transport layer (HTL) poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine (PTAA). We apply our threefold optimisation

approach to triple cation-based high-gap perovskites with bandgaps ranging from 1.80
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through 1.85 to 1.88 €V and find a robust reduction of Viy¢ losses for all tested bandgaps.
This is important since the latter two bandgaps promise highest power conversion
efficiencies in combination with the 1.27 eV perovskite used herein (Figure 6.1b). We
thereafter use the optimised high-gap perovskites to fabricate efficient all-perovskite
tandem solar cells, reaching steady-state efficiencies of up to 23.4%, 23.7%, and 21.5%
for 1.80 eV/1.27 eV, 1.85 €V/1.27 eV and 1.88 €V/1.27 €V bandgap combinations,
respectively. Coming back to the subcell characterisation, we then characterise these
optimised all-perovskite tandems, and are able to determine the efficiency potential
that could be achieved if transport losses and energy-level mismatches in the stack were
eliminated. Furthermore, we also show that the interconnect we employed is lossless.
Overall, our versatile subcell characterisation approach will facilitate evidence-based
optimisation of future all-perovskite tandem cells.

All tandem devices presented in this chapter were fabricated through collaboration,
with Francisco Pefia-Camargo fabricating the HG subcell, Kai O. Brinkmann fabricating
the interconnect, and myself fabricating the LG subcell. Optimisation of the HG
subcell was carried out by Francisco Pefia-Camargo. Measurements were carried out

with Felix Lang.

6.2 Results

6.2.1 Assessing the limiting junction in the tandem cells

In order to investigate whether the V¢ losses in our all-perovskite tandems are
dominated by the high- or the low-gap perovskite subcells, we measured the pho-
toluminescence quantum yield (PLQY) selectively by excitation with 520 and 818
nm in a monolithic all perovskite tandem (based on a 1.27 €V low-gap and 1.80 eV
high-gap combination with an efficiency of 20.9% under AM1.5G) and compared it
to the PLQY of identically prepared isolated high-gap (PLQY = 0.1%) and low-gap
(PLQY = 0.98%) perovskite layers on glass (Figure 6.1c). Interestingly, the PLQY
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of the high-gap perovskite is reduced by three orders of magnitude in the tandem
device, compared to the isolated layer, whereas the low-gap perovskite is only reduced
~20-fold. Since the quasi-Fermi level splitting (QFLS) is directly given by the PLQY
and the radiative limit of the semiconducting material (QFLS,.q4, see Chapter 3) via
Equation 6.1, we conclude that the high-gap perovskite strongly dominates V¢ losses

also in our system.

QFLS = QFLS,.q + k5T - In(PLQY) (6.1)

To further understand the potential of our tandem with the given absorbers, we
now measure intensity-dependent photoluminescence yields (iPLQY) which allows
us to determine a QFLS at each intensity. We then construct “pseudo-JV curves”
by plotting the total recombination current at each excitation intensity minus the
generation current (Jsc) on the y-axis versus the QFLS on the x-axis (Figure 6.1d).
Comparison of pseudo-JV curves derived from iPLQY measurements on isolated films
versus measurements in the monolithic tandem stack exemplifies V¢ losses present
in the tandem configuration. It also shows that these losses are dominated by the
high-gap perovskite. Summing the QFLS obtained for the high-gap and low-gap
perovskite isolated layers and subcells further allows us to construct pseudo-JV curves
of corresponding tandems that are free of resistive losses and, in case of the isolated
layers, additionally free of interface recombination from the various contact layers,
processing damage, etc. This efficiency potential constructed from isolated layer
measurements reaches 28.2%, a value that corresponds to the practical efficiency
potential of around 0.75 x PCE,,y. We present a more detailed analysis as well as

strategies to reach this potential at the end of this chapter.

6.2.2 Minimisation of Vpc Losses in HG Perovskites

To understand the origins of Vpc limitations in our high-gap perovskite we

measured the PLQY of 1.80 €V bandgap triple-cation based perovskites
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(Cs0.05(FA0.60MAG 40)0.05Pb(lo.60Bro.0)s) with and without the hole and elec-
tron transport layers (HTL and ETL respectively). Comparing the PLQY of a
perovskite layer prepared on glass and on PTAA, our standard HTL, as displayed in
Figure 6.2a, reveals that the PTAA is strongly limiting the PLQY. This limitation is
known and has been addressed in the past by using self-assembled monolayer (SAM)
HTLs instead of conventional HTLs.??*22 Their use as a hole selective contact can
strongly reduce non-radiative losses at the perovskite—HTL interface compared to the
conventionally used PTAA,??* which is particularly a problem for wide-gap perovskites

(>1.75 eV).172
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Figure 6.2: a) PLQY measured on different partial stacks. b) Schematic overview of the HG single
junction solar cell and JV curves for 1.80 eV Csg 5(FA0.60MA0.40)0.95Pb(lo.60Bro.40)3 perovskite
solar cells for various optimisation steps. c¢) The Voc from the solar cells in (b), plotted as a function
of the different optimisation steps. The dashed line displays the radiative Voc limit (Vocrad), which
is 1.51 V for perovskites with a 1.80 eV bandgap. d) Voc statistics for optimised and control
HG perovskite solar cells with bandgaps of 1.80, 1.85, and 1.88 €V. e) The V¢ divided by the
radiative Voc limit for recent pin perovskites with a range of different bandgaps, extracted from The
Perovskite Database.?'? The open circle indicates a device with an ETL based on an alternative
fullerene blend.?2® The stars indicate our results and show optimised (champion) solar cells based
on perovskites bandgaps at 1.80, 1.85, and 1.88 eV. HG optimisation was performed by Francisco
Pefia-Camargo.
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Changing the HTL from PTAA to 2PACz significantly improves the PLQY of
our 1.80 eV triple-cation based perovskites (Figure 6.2a), indicating a reduction of
interfacial recombination at the HTL side, which was strongly limiting before. Having
removed the dominating HTL-Pero-interface limitation now allows us to address
the perovskite-ETL interface. We first try inserting a thin layer of LiF between the
perovskite and the ETL, which is suggested to be forming a strong surface dipole
that repels minority carriers away from the interface, thereby reducing interfacial
recombination. 188225227 | order to reduce the recombination losses further, we then
added oleylamine into the perovskite precursor solution, which has previously been
shown to improve the efficiency of lead-based perovskite solar cells through both grain-
and interface modifications.??® Interestingly when we tested a combined approach of
adding oleylamine to the perovskite precursor and inserting a thin LiF layer we found
that they worked in an additive fashion, increasing the QFLS to exactly the sum of
the individual improvements (Figure 6.2a).

We subsequently fabricated single junction solar cells with the structure glass/I-
TO/PTAA or 2PACz/1.80 eV bandgap triple-cation based perovskite w/ or w/o
oleylamine and w/ or w/o LiF/ETL/Cu to test our threefold optimisation approach
prior to its incorporation into tandem devices. Looking at the JV curves displayed in
Figure 6.2b, it can be seen that the improvement in PLQY directly translates into
an increased Vpc in devices. As seen in Table 6.11, summarising device parameters
and statistics (more statistics can be found in Figure C.6, Appendix C), the Vo
improves ~90 mV for the fully optimised device compared to control devices, which
equals the sum of the individual gains. Figure 6.2c shows that every step of our
threefold optimisation brings the Voc significantly closer toward the limit imposed
by the bulk quality of the perovskite absorber, which is 1.32 V as determined from
PLQY measurements of isolated perovskite absorbers. Notably, the threefold optimised
devices reach an average Voc of 1.26 V (max 1.29 V) which is around 83% of the
radiative Voc limit of 1.51 V for devices with a 1.80 eV bandgap. Ultimately, we tested

the long-term stability of our threefold passivation approach step by step by tracking
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the efficiency under AM1.5G or equivalent illumination conditions and found that fully

passivated devices outperform control devices, see Figures C.8 and C.9, Appendix C.

Voc [V] Jsc [mA cm™?] FF [%] PCE [%] AVoc AFF
[mV]  [%]
PTAA device 117 £ 0.02 170 F05 756 £29 150+ 10 - -
2PACz device 1.18 + 0.01 172+ 07 788+ 1.4 161406 10 3.2
2PACz + OAm 1.20 + 0.01 171402 772+20 159407 30 1.6
2PACz + LiF 1.23 4 0.02 171+ 05 789+ 20 166 +06 60 33
2PACz + OAm + LiF  1.26 4+ 0.01 16.6 + 0.5 791420 166+06 90 35

Table 6.1: Device parameters and statistics for the different optimised and control single junction
devices using a 1.80 eV HG perovskite absorber. AVpc and AFF indicate the improvement in these
respective values compared to the unoptimised control device on PTAA

We tested the robustness of this threefold optimisation route with various high-
bandgap perovskite compositions by varying the Br-ratio from the initial 0.4 to 0.45
and 0.5. This allowed us to vary the perovskite bandgap from 1.80 eV to 1.85 and 1.88
eV respectively, as determined from EQE. Control devices based on the 1.85 and 1.88
eV perovskites both reached 1.17 V V¢ on average, see Figure C.7, Appendix C. Using
our threefold optimisation significantly improved the V¢ to 1.27 V and 1.28 V, thereby
achieving remarkable Voc/Voc rad ratios of 0.82 and 0.81, respectively, as can be seen
in Figure 6.2d. This improvement becomes even more apparent when comparing
our achieved Vpc with data obtained from literature. In Figure 6.2e we display the
ratio of the V¢ divided by the Vi rag as a function of the perovskite bandgap for a
large number of perovskite pin devices, extracted from The Perovskite Database.?!?
Clearly visible is a general trend of decreasing Voc/Voc rad With increasing bandgap. 2
This effect has been assigned to different phenomena, from halide segregation (or
Hoke effect), to interface recombination, improper energy alignment, or high defect
densities at the surface of the perovskite. 170172230 There is also evidence to suggest
that the use of C60 as an ETL is the cause of the limited Vpcs, with other fullerenes
(or fullerene blends) showing promise to overcome these issues (open circle in Figure
6.2¢e).220

Our optimised 1.80, 1.85, and 1.88 eV perovskite based single junction devices

(blue stars) thereby reach comparatively high Voc/Voc rad ratios, well above 0.8. This
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highlights that our threefold optimisation route which was initially developed for the
HG perovskite with a bandgap of 1.80 €V, is applicable to a wider range of perovskite
compositions. A robust passivation strategy is critical for future all-perovskite tandem
development to unlock highest efficiencies with optimal HG - LG bandgap combinations,

as shown in Figure 6.1a.

6.2.3 Implementation in tandems

In the next step, we integrated our threefold optimised high-gap perovskites into
monolithic all-perovskite tandems. For this purpose, we use a 1.27 eV (as deter-
mined by d(EQE)/dE) low-gap FAq.s3Cso.17Pbo5Sng 513 perovskite subcell, which we
deposited on top of the high-gap subcells. The complete layer stack comprises
glass/ITO/PTAA or 2PACz/HG-Perovskite/C60/AZ0O-nanoparticles/ALD-SnOx/ALD-
InOx/PEDOT:PSS/LG-Perovskite/C60/BCP /copper as shown in Figure 6.3a alongside
a cross-sectional scanning electron microscopy image of the all-perovskite tandem
structure. Our recombination layer comprises an ultrathin (=1.5 nm) layer of indium
oxide, like we have reported previously for perovskite/organic tandem solar cells. !
This indium oxide layer is deposited by atomic layer deposition (ALD) on top of a
hybrid AZO-NP/ALD SnOx layer that functions as an internal barrier layer, stabilising
and protecting the layers underneath from follow-up processing.192163 This is the first
time that such an interconnect is implemented in a perovskite/perovskite tandem
structure.

As seen in the JV characteristics in Figure 6.3b, our all-perovskite tandems with
optimised HG perovskite subcells reach a much higher Voc, than the non-optimised
control tandems. The improvement in V¢, of =120 mV, is consistent with the
improvement observed in the optimised HG single junctions, and we present a more
detailed subcell analysis later on. Optimised tandems reach 78% of their radiative

Voc limit, see Figure 6.3c and maximum power point (MPP) tracking, displayed in

102



6.2. Results

b c
— -~ - 0 N ! [ control
— > control
' PCE = 23.4% =2 3 | optimized
: 5 n | os
LG Perovskite 2 -
£ 5T i=
> s . 2 o0s
2 N PeE = 200% §, 0
g o
3 2
= -0 F So7
[
=
3 06}
-5 ——1.80 eV, control
1.80 eV, optimized
L 05
0 1 1.5 2
Voltage (V)

hv

Figure 6.3: a) Schematic overview of the all-perovskite tandem structure alongside a cross-sectional
scanning electron microscopy (SEM) image of an all-perovskite tandem with optimised HG perovskite.
b) JV curves of a tandem with optimised 1.80 eV HG perovskite subcell, and a control tandem. In
the inset, MMP tracking is displayed for both of these devices. The optimised wide-gap cell directly
translates into improved tandem cell devices with efficiencies reaching over 23%. ¢) Voc/Voc rad
ratios for the control and optimised tandems displayed in (b). SEM by Emilio Gutierrez-Partida.
the inset of Figure 6.3b, shows that the optimised all-perovskite tandems reach PCEs
of 23.4%, an improvement of ~2.5% absolute compared to the control tandems.

In order to optimise the efficiency of the tandems further, we then implemented the
three previously optimised high-gap perovskite compositions. The bandgap shift from
1.80 to 1.85 eV and 1.88 €V can be well seen in external quantum efficiency (EQE)
spectra in all-perovskite tandems made thereof (Figure 6.4a). Naturally, the three
different high-gap subcells also influence the absorption onset of the LG perovskite.
Using different bandgaps allowed us to improve the current matching between the HG
and LG subcells, which is crucial for a monolithic tandem interconnection (see Figure
C.1 and Figure C.5, Appendix C for integrated EQE values and the current mismatch
between HG and LG subcells, respectively).

As shown in Figure 6.4b, the V¢ of fabricated all-perovskite tandems increases
with increasing HG-perovskite bandgap, and best performing all-perovskite tandems
based on a 1.85 eV HG-perovskite reach 23.7% according to MPP tracking with a

champion Voc of 2.00 V. The forward and reverse JV of this champion device can be

found in Figure 6.5.
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Figure 6.4: a) EQE spectra for all-perovskite tandems fabricated using three different HG perovskite
bandgaps. These spectra alongside the integrated Jsc values are shown in Figure C.1, Appendix C .
We note that the high EQE at low wavelengths can be explained by light incoupling from ITO due
to the high refractive index of the perovskite absorber material.?3? b) JV curves for representative
tandems with three different HG perovskite bandgaps. Best performing MPP tracking is displayed
in the inset. c) Statistical overview of the Voc for the different tandem systems. Further device
statistics can be found in Figure 6.6. EQE measured with Felix Lang and Francisco Pefia-Camargo.
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Figure 6.5: Forward and reverse JV scan of the champion device, based on a 1.85 eV HG perovskite
in combination with a 1.27 eV LG perovskite. Device parameters are: Jsc = 15.1 mA/ch, Voc =
2.00 V, FF = 78.6 %, PCE = 23.8 % (reverse) and Jsc = 15.0 mA/cm?, Voc = 2.00 V, FF = 77.8
%, PCE = 23.4 % (forward).

Interestingly, the Jsc of our 1.80/1.27 eV tandem combination exhibits a relatively
high Jsc equal to the integrated EQE from the HG subcell, although this tandem

combination should be limited by the LG subcell producing a somewhat lower integrated
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Figure 6.6: Cell statistics for the optimised all-perovskite tandem solar cells based on 1.80, 1.85
and 1.88 €V high gap perovskites.

EQE current. We performed all measurements with an illumination mask and confirmed
that the spectral mismatch between our sun simulator and AM 1.5G is very small (see
Figure C.4, Appendix C ) to exclude potential overestimations and thereby confirm
that the Jsc measured from JV is correct and not overestimated. Device statistics,
displayed in Figure 6.6, further corroborate that our tandems—especially the 1.8/1.27
eV HG/LG combination - can operate at output currents which are higher than would
be expected with a strict current matching, as the output current of the tandem
exceeds that of the LG subcell (which has the lower output of the two subcells,
and should therefore normally be current limiting). We believe this is caused by a
rather low shunt resistance within the LG subcell, and show electrical simulations and
subcell selective resistive photovoltage measurements highlighting the existence and
the impact of low shunt resistances in the LG subcell on tandem solar cell operation

and performance in the Appendix (see the note on current matching in Appendix C
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as well as Figures C.2 and C.3, Appendix C ). Importantly, Figure C.3, Appendix C ,
also shows that while the observed shunts in the LG cell can lift the current matching
condition, the shunts will still reduce the PCE due to a concurrent reduction in FF, thus
not causing an overestimation of the PCE. Indeed, looking at a statistical analysis of
our fabricated devices we observe that the 1.80/1.27 €V tandem combination exhibits
a larger Jsc but lower FF in comparison to the better current matched 1.85/1.27 eV

and 1.88/1.27 eV combinations (see Figure 6.6).

6.2.4 Subcell analysis

In order to get a deeper insight into the factors limiting the performance of these
optimised tandem solar cells, we performed more detailed subcell selective EL measure-
ments. Hereby we apply a forward bias to the tandem device that injects a current into
both subcells. EL within both subcells then can be measured in the dark and easily
distinguished by their corresponding photon energy, for example, around 1.80, 1.85,
and 1.88 eV for the HG-perovskite subcells and 1.27 €V for the LG-subcell respectively,
see also EL spectra displayed in Figure 6.7. In order to measure the EL quantum
yield (ELQY) as a function of injection current, we used appropriate long-pass and
short-pass filters together with a large-area Silicon-photodiode. Analogous to the PL,
we can calculate the QFLSg, from the measured ELQY for each injection current Jiy;
using Equation 6.2.

(6.2)

ELOY - J.
QFLSe = kpT - In (“)

J07rad

Sample/Condition | HG Pero | LG Pero
1.27/1.85eV optimized | 2.64E-24 | 3.37E-15
1.27/1.85eV control | 2.76E-24 | 2.86E-15
1.27/1.80eV control | 8.90E-24 | 3.08E-15

Table 6.2: Values of the radiative dark recombination current Jy a4, as calculated from EQE.
Calculation details are given in Chapter 2, see Equations 3.5 and 3.6.
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Figure 6.7: EL spectra while continuously applying Voc to the cell for a) a tandem with the control
HG perovskite and b) a tandem with the optimised HG perovskite. The optimised HG perovskite
displays an increased EL, but also a stronger halide segregation. The emission from the segregated
phase was not considered in the determination of the QFLS. The reasons for this were recently
discussed in ref.?33,

Radiative dark current Jy .4 values were calculated from EQE measurements, as
detailed in the experimental methods, and we summarise results in Table 6.2 for the
different perovskites. Plotting the implied or pseudo-voltage (,sVEL = QFLSg /e) on
the x-axis and the Ji,; current minus Jsc (J = Jinj — Jsc) on the y-axis allows us to
derive pseudo-light-JV curves from the measured ELQY values. The derived pseudo-
JV-characteristics are not only free of parasitic transport losses but most importantly
reveal pseudo-JV-characteristics of the individual subcells, which cannot be accessed
using standard JV measurements under illumination. We show EL-pseudo-JV curves of
the individual subcells for all-perovskite tandems based on the 1.85/1.27 eV bandgap
combination in Figure 6.8a alongside the summarised pseudo-JV curves representing
the resulting tandem as well as standard JV characteristics under AM1.5G. Open and
closed symbols refer to control and threefold optimised HG subcells that we prepared
within the same batch to avoid batch-to-batch variations. Comparison of the subcell
pseudo-JVs clearly shows that the improvement in the tandem V¢ of AVpctandem
~ 120 mV between control and optimised devices, directly results from the optimised
HG subcell featuring an improvement of 120 mV. Both values are corroborated by the

mean Voc improvement of 0.10 V we observe when evaluating statistics as shown as

inset in Figure 6.8a.
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Figure 6.8: a) Pseudo JV curves from EL for an optimised and control tandem based on a 1.85 eV HG
CSO.05(FA0.55MA0'45)0'95Pb(|0'55Br0.45)3 perovskite. Shown are the individual subcell pSGUdO—JV
curves as well as the resulting (added) tandem pseudo-JV curves in comparison with traditional JV
curves measured under AM1.5G. The inset displays Vocs obtained from the JV curves of optimised
and control tandems employing a 1.85 eV HG perovskite. b) Comparison between pseudo-JV curves
obtained from an optimised 1.85/1.27 eV tandem and pseudo-JV curves obtained from single junctions
based on the same perovskites. Corresponding JV curves for both single junction and tandem devices
are plotted alongside to highlight FF losses. Measured with Felix Lang.

To analyse this Voc improvement further, we compare in Figure 6.8b pseudo-
JV characteristics of the optimised tandem (closed circles) to the corresponding
EL-pseudo-JV characteristics of identically prepared single junctions (open square
symbols). Notably, the LG perovskite pseudo-JVs in the tandem and in the single
junction are identical, indicating that there are no Voc losses stemming from the
integration in the tandem device. The optimised HG perovskite shows a slight
(~20 mV) decrease in Voc upon incorporation in a tandem device. This could be
caused by the processing of the LG perovskite on top of the HG subcell, but the

difference is so small it could also be the result of device-to-device variation. On
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the other hand, the pseudo-FFs (,sFF) and pseudo-PCEs (,sPCE) of the HG subcell
are improved in the tandem compared to ,FF and ,sPCE of identically prepared HG
single junctions. Our interconnect—comprising an ultrathin layer of indium oxide and
a layer of tin oxide, both deposited by atomic layer deposition on top of a spin coated
layer of Al doped ZnO nanoparticles previously only applied in perovskite/organic
tandem?3!—therefore can be considered quasi lossless.

Finally, we compare in Figure 6.8b, the pseudo-JVs (symbols) to regular JV curves
for HG and LG single junctions (lines) measured under AM1.5 and HG-filtered AM1.5G,
respectively. It can be seen here that the Voc and pseudo-Voc (psVoc) match very
well. The FFs on the other hand are much lower than their corresponding pseudo-FFs,
especially for the LG perovskite. This indicates that the cells suffer from severe
transport losses, while the EL pseudo-JV measurements are only sensitive to the total
non-radiative recombination losses analogously to a dark-JV curve and are barely

234 Overall, we can conclude that the FF can be improved

affected by resistive losses.
from 74.6% to 84.6% by optimising the charge transport in both subcells, which could

enable an efficiency of 25.2%. (Table 6.3)

H psVoc [VI psFF [%] 5sPCE [%] |

HG subcell From EL 1.26 88.2 16.4

LG subcell From EL 0.73 80.6 8.8
Tandem From EL 1.99 84.6 25.2
Tandem AM1.5 2.00 74.6 21.4

HG single junction From EL 1.27 84.3 15.9
HG single junction AM1.5 1.27 78.7 15.6
LG single junction From EL 0.73 81.3 8.8
LG single junction HG filtered AM1.5 0.72 71.2 7.6

Table 6.3: Summary of implied Voc and efficiency potentials from EL for optimised 1.85/1.27 eV
HG/LG based perovskite tandems, compared to device parameters measured under AM1.5G. Note
that the comparison presented here was made on one exemplary device, while we summarise further
device parameters and statistics in Figure C.1, Appendix C. Jsc in all cases was equal to Jgen of
14.87 mA

We further note that when using EL, a measurement that is performed in the dark,

care has to be taken on transient effects that are barely present under full AM1.5G
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illumination. Especially for the LG perovskite, the ELQY can increase upon light
soaking of the cell as well as upon keeping the cell biased at V¢ in the dark. We show
examples of this effect in Figures 6.7 and 6.9, as well as the impact on extracted pseudo-
JV characteristics from EL measurements in Figure 6.10. Pseudo-JV characteristics
we analysed here were taken after the cell reached a steady state comparable to
standard JV measurements under AM1.5G. We note that the derived s Voc at Jinj. =
Jgen conditions must equal the device Voc if Rau’s reciprocity is fulfilled.? This is

135235 and therefore a good sanity check of the

generally observed for perovskite cells,
EL and derived pseudo-JV characteristics. If done properly, injection-dependent ELQY
measurements reveal accurate pseudo-light JV characteristics that allow us to obtain
a comprehensive overview of the limiting factors.

Low gap subcell High gap subcell
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Figure 6.9: EL photocurrent as a function of time while applying Voc to the cell for both the LG
(a) and the HG (b) subcell.

Finally, we also perform intensity-dependent PL measurements on the optimised
tandems, and compare the results to those from ELQY. Figure 6.11a displays the
QFLS as a function of the equivalent injected current (ELQY) or generated current
density (PLQY). If plotted on a semi-logarithmic scale the data follows a linear slope
given by the subcell/tandem ideality factor. And while the ideality factors are relatively
similar we notice significantly higher QFLS for PLQY measurements compared to
ELQY for both the LG and the HG subcells. The discrepancy between these two

values indicates energy level offsets present in the device stack, causing a difference
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Figure 6.10: a) Pseudo-JVs for the LG subcell obtained from EL before and after light soaking, as
well as b) pseudo-JVs obtained before and after applying a bias that equals the device V¢ to the
cell in the dark for 15 minutes.

between QFLS generated under illumination (i.e., from PLQY) and the device Voc.
Note that the QFLS from EL equals the device Vo if Rau's reciprocity is fulfilled.?3 In
Figure 6.12, simulated energy diagrams alongside a simulated JV curve corroborate the
impact of potential energy level offsets. We note that the discrepancies between QFLS
determined by EL and PL are also present in our single junction devices (see Figure
6.13), and thus stem from energy level offsets already present in the single junction
stacks, rather than energy level offsets introduced by incorporation in the tandem
cell or the recombination layer. Reducing such energy level offsets would enable us
to minimise the QFLS discrepancy between ELQY and PLQY results, and push the
efficiencies up further toward the potential indicated by the PLQY measurements at
27.0% versus 25.2% from ELQY. Corresponding intensity-dependent PL measurements,
as well as a comparison between pseudo-JVs obtained from EL and PL measurements,

can be found in Figures 6.14 and 6.15, respectively.
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Figure 6.11: a) QFLS of the HG and LG perovskite subcells in a 1.85 €V/1.27 eV tandem calculated
from ELQY or PLQY as a function of the equivalent injected current density (ELQY) or generated
current density (PLQY) respectively. Summed QFLS representing the actual tandem are further shown
alongside the V¢ obtained from JV characteristics under AM1.5G b) Pseudo-JVs reconstructed
from EL (solid line) and PL (dashed line) tandem measurements, displayed alongside a pseudo-JV
reconstructed from a PL measurement of isolated perovskite layers. The latter indicates the material
efficiency potential. Displayed for tandems based on a standard thin (green) LG absorber and an
optimised thick (golden) LG absorber, with improved current density. Measured with Felix Lang.
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Figure 6.12: Simulated band structure (a) and JV curve (b) for an all perovskite tandem with
bandgaps of 1.27 €V and 1.85 eV for the LG and HG, respectively. It can be seen that the QFLS
of the individual subcells add up to 2.12 V, while the V¢ of the tandem is limited to 2.01 V. In
the simulations, this was reproduced by implementing an energy level offset at the HTL/perovskite
interfaces, although we note that we do not exclude that there are other factors that lead to
a QFLS-Voc mismatch. 291236 Simulations were carried out using Setfos 5.2.5., with parameters
summarised in A.2 and?%7.
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subcells.
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Figure 6.14: Pseudo-JVs obtained from iPLQY measurements for the optimised and control tandems.
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Figure 6.15: Comparison between pseudo-JV curves obtained from iPLQY and EL measurements,
alongside JV curves of the tandem and corresponding single junctions. Measured with Felix Lang.
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Looking beyond the transport losses and QFLS-V¢ mismatch, we ultimately also
investigate the efficiency potential of the isolated absorber materials through intensity-
dependent PLQY measurements. Figure 6.11b displays pseudo-JV curves from ELQY
and PLQY measurements on the tandems, alongside the pseudo-JV characteristics
from PLQY measurements on the isolated perovskite layers, and clearly shows the
limitations imposed by the transport layers. The combination of our 1.27 eV LG
perovskite with the 1.85 eV HG perovskite reaches an absorber efficiency potential of
28.4% with an implied Voc of 2.22 V. Notably our threefold optimised 1.85/1.27 eV
HG/LG champion tandem with a V¢ of 2.00 V already reaches 84% of this material
potential. Although we have now optimised the device V¢ by focusing on improving
the HG perovskite, we note that the tandems still suffer from a limited short circuit
current due to the lead-tin perovskite not being thick enough to absorb all the light.
Therefore, as an ultimate optimisation step, we increase the thickness of the LG
perovskite, using a fabrication method adapted from Hu et al.?38 thereby reaching
higher EQE values at long wavelengths (see Figure 6.16a for EQE). In combination with
our optimised 1.80 eV HG subcells, this increases the tandem current and ultimately
boosts the device efficiency to 25.2% (JV) and 25.9% stabilised (MPP tracking in
Figure 6.16b). With this increased tandem current, the material potential determined
from isolated absorber layers reaches 30.0%, as can be seen in Figure 6.11b, thereby

exemplifying the enormous potential of this PV technology.
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Figure 6.16: a) External quantum efficiency (EQE) of a low gap perovskite solar cell with the
standard, thin, absorber layer, as well as of a low gap perovskite solar cell with the optimised, thicker,
absorber layer. It can be seen that the latter absorbs more light, especially in the (near) infrared. b)

Maximum power point (MPP) tracking of a tandem device, based on a 1.80 eV HG perovskite in
combination with a thicker ( 800 nm) 1.27 eV LG perovskite.
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6.3 Conclusion

In this chapter, we identified V¢ losses in all-perovskite tandem solar cells and show
that in our present material set, as well as many literature devices, nonradiative recom-
bination within the high-bandgap perovskite subcell dominates Vo and performance
losses. We developed a multifaceted optimisation route to improve the high-bandgap
subcell by replacing the HTL PTAA with 2PACz, adding oleylamine to the perovskite in
combination with including a thin LiF layer between the perovskite and the ETL. In an
additive manner, our combined approach enables high-gap perovskite absorbers with
high QFLS and an improved V¢ potential, reaching 83% of their radiative Vpc limit.
The high V¢ potential translated directly to the V¢ of the all-perovskite tandems
that were subsequently fabricated, and improved their steady-state power conversion
efficiency to 23.7% for our champion combination of 1.85/1.27 €V HG/LG perovskite
subcells. We performed a thorough subcell analysis to disentangle further factors
limiting the performance of these tandem devices and found that although there is
still room for improvement of the Vics of both individual subcells, our ultra-thin InOx
based interconnect is quasi-lossless, and both subcells reach Vcs equally high to those
in their respective single junctions. The FF on the other hand is significantly lower than
the pseudo-FF obtained from EL measurements, indicating significant transport losses.
Reducing such transport losses would allow us to approach efficiencies of 25.2%, which
is the efficiency potential for our 1.85/1.27 eV HG/LG perovskite tandem combination
extracted from EL-based pseudo-JV characteristics. We also observe a discrepancy
between the pseudo-Voc obtained from EL measurements, and the QFLS obtained
from PLQY measurements, the latter being significantly higher. This indicates there
are energy barriers present in the stack, which, when reduced, will provide a significant
additional optimisation potential, enabling efficiencies of up to 27.0%. Concluding,
the indium oxide interconnect that was used in these tandems is quasi-lossless, but
both individual subcells, specifically the low-gap after the optimisation of the high-gap

perovskite, can still be improved to reach better performances, as we demonstrate
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with a proof-of-concept device which, due to a thicker LG absorber, reaches 25.9%
stabilised efficiency, with an ultimate efficiency potential of 30%. The insights of this
extensive subcell-selective characterisation provide crucial feedback and allow us to

develop evidence-based optimisation routes to improve the tandem efficiencies further

in the future.

117






CHAPTER 7

Moabile ions in perovskite-based tandem

photovoltaics
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7.1 Introduction

In Chapter 4, the impact of mobile ions on the performance of perovskite solar cells

was described. From the results presented there, it is clear that mobile ions in the
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perovskite can negatively impact the output current of perovskite solar cells through
field screening. Later, in Chapter 5, early performance degradation in perovskite solar
cells upon ageing was linked to increasing mobile ion concentrations. We showed
that different external stressors can increase the concentration of mobile ions in the
perovskite, especially when there are free charges present in the absorber layer.

In 2-terminal (2T) tandem solar cells, the two subcells are connected in series.
For optimal operation, the current delivered by the two subcells should be matched
- as the overall output current of the tandem device will be limited by the lowest
current produced by one of the subcells. Although there are some pathways which

can relax current matching requirements?37:23°

, it is crucial to design perovskite-based
2T tandems keeping in mind that the current output from the different subcells might
change with ageing of the device. The increase of mobile ion densities in the perovskite
upon ageing described previously can alter the current outputs of perovskite subcells,
undermining the carefully engineered current matching of tandem devices in the long
run and bringing the subcells in disbalance. In order to design perovskite-based solar
cells to be robust and optimise long-term performance, it is therefore crucial to study
the ageing of the tandem subcells.

However, subcells in perovskite-based tandems might not degrade at the same rate
as their single junction counterparts, for example due to the presence of additional
free charges, exposure to a different light spectrum?*° caused by filtering and back-
reflection, and due to the presence of materials which are different from those in
single junctions, such as the interconnect which electronically connects both subcells.
Because of this, it is important to study the evolution of mobile ion concentrations
and their impact on the device performance subcell-selectively.

In a similar fashion to the methods presented in Chapter 6, this chapter explores
different options for the subcell-selective investigation of the impact of mobile ions
on device performance in 2T tandems. Several different measurement setups are

presented, and data obtained from subcells in different types of perovskite-based
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tandems (perovskite-organic, perovskite-silicon and perovskite-perovskite) is compared

with data from their single-junction counterparts.

7.2 Results

7.2.1 Subcell-selective fast hysteresis measurements and cur-
rent decay

In order to gain insight into the extent to which the presence of mobile ions in the
absorber layer affects the device performance of a solar cell, fast hysteresis, as well
as current decay measurements (described in more detail in Chapter 3 and 4) can
be carried out. In theory, the fact that the output current in 2T tandem cells should
be solely determined by the current-limiting subcell, can be exploited to investigate
mobile-ion-induced current losses subcell selectively. By artificially making one of the
two subcells current-limiting, the effects of mobile ions on the current of that subcell
can be studied by simply looking at the output current of the tandem.

There are two options to make sure a specific subcell is limiting the output current
of the 2T tandem. For the first option, starting with a 1 sun equivalent illumination
of the tandem device at AM1.5G, the light intensity in the wavelength range that
will be absorbed by the subcell to be studied can be reduced, using a colour filter.
Alternatively, starting with the same base illumination of AM1.5G at 1 sun equivalent,
additional light can be added to flood the other subcell. A schematic displaying the
two methods used to limit the current in a specific subcell can be seen in Figure 7.1.

Both methods have their advantages and disadvantages. Using colour filters
is simple and allows for efficiently taking multiple measurements using an existing,
calibrated sun simulator setup in a N filled glovebox. However, in practice, it can
be complicated to obtain colour filters which solely reduce the light intensity in the
wavelength range of one of the subcells, without reducing light intensity so far that

the current imbalance between the subcells becomes unrealistic. Using LEDs to add
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Figure 7.1: A schematic overview of two different methods to limit the current in one of the subcells,
enabling subcell-specific investigation of mobile-ion-induced current losses. Current can be limited
by reducing incoming light for one of the subcells using a colour filter (a) or by adding additional
(LED) light to the other subcell (b). In this example, the low gap (LG) subcell becomes the current
limiting cell.

additional light at a certain wavelength for one of the cells allows for more flexibility
as the intensity of the LEDs can be easily controlled, however, such a setup requires
more time to calibrate, and may not be compatible with a calibrated sun simulator
setup in a glovebox. In order to confirm that both methods (reducing light intensity
for wavelengths absorbed by the subcell that is to be limited, versus increasing light
intensity for wavelengths absorbed by the subcell that is not to be limited) provide
trustworthy results, both methods have been tested and the results compared. Once
one of the subcells is artificially made to be current-limiting in the tandem cell, fast
hysteresis measurements as well as current decay measurements were carried out as
described in Chapter 3, without any further modifications.

In Figure 7.2, current decay upon switching device bias to short circuit, as well as
as short-circuit current density obtained as a function of scan speed range are displayed
for both subcells, measured using both the 'filter method’ and the 'LED method'.
It can be seen that the results obtained using both methods are similar, without
significant deviations in the trends observed. Furthermore, the current losses upon
switching to short circuit conditions equal the mobile-ion-induced losses which can be
determined from the short-circuit-current difference between the 'ion-freeze' and the

steady state JV scans. Besides showing the extent of the mobile-ion-induced losses in
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both subcells, these measurements also directly reveal which subcell is current-limiting
in the tandem device. The results displayed in Figure 7.2 show that for this particular
tandem device, the HG subcell suffers from stronger ion-induced current losses than
its LG counterpart. Furthermore, it can be seen that the HG is presently the current

limiting subcell in this tandem device.
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Figure 7.2: Subcell-selective short circuit current from fast-hysteresis measurements (a) and current
decay measurements (b). Measurements were carried out using a coloured LED to selectively increase
illumination for one of the subcells, rendering the remaining subcell current-limiting. Measured with
assistance of Lucas Holte.

Figure 7.3, moreover, shows that, for fresh tandem devices, the subcell-selectively
determined mobile-ion-induced losses correspond with the losses identified in their
single-junction counterparts. This further suggests that the methods presented here
to obtain subcell-selective measurements of mobile-ion-induced current losses in 2T
tandems provide accurate results.

Although current losses in the subcells can in principle be measured successfully
using the techniques presented above, these measurements do rely on the subcells
having a relatively high shunt resistance. The method is based on the principle that
the total current output of the tandem is equal to the current produced by the current
limiting subcell. However, as we have shown in Chapter 6, when shunt resistances
are low, current matching in 2T tandems may be lifted at the cost of a reduction in
FF, and the current output of the tandem can be higher than the output current of

the limiting subcell, which would immediately render our subcell-selective current loss
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Figure 7.3: Subcell-selective short circuit current from fast-hysteresis measurements (a) and current
decay measurements (b), as well as short circuit current for the corresponding single junctions from
fast hysteresis measurements (c) and current decay measurements short circuit current from single
junction measurements (d). a) and b) measured with assistance of Lucas Holte.

measurement technique invalid. An example of such an effect is displayed in Figure
7.4, where the fast hysteresis results of an organic-perovskite tandem are displayed.
It can be seen that in this case, the organic subcell shows exactly the same current
behaviour as the perovskite subcell and the overall tandem, despite the fact that the
organic photovoltaics do not suffer from mobile-ion-induced current losses. As shunt
resistances in perovskite solar cells generally decrease with device degradation98:241,
this issue presents a significant limitation to the technique and its viability for the
subcell-selective measurement of mobile-ion-induced losses in 2T tandems. Based
on equivalent circuit simulations, as a rule of thumb, mobile ion-induced losses can

only be measured without significant crosstalk between the two subcells if the shunt

resistance is at least 5000 .

"The shunt resistance of each subcell can be measured by applying a light bias solely to one of
the subcells, and measuring the resulting current as a function of voltage?*2.
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Figure 7.4: Normalised current decay results of an organic-perovskite tandem device, seemingly
displaying effects of mobile-ion-induced losses in the organic subcell-selective measurements due to a
low shunt resistance. We note that this device was over one year old at the date this measurement
was taken, which probably is the reason behind the low shunt resistance observed. Measured with
assistance of Lucas Holte.

Furthermore, we also note that in significantly degraded 2T devices, occasionally
an effect is observed which causes a sudden, strong increase in output current at
higher scan speeds. An example of this effect can be seen in Figure 7.5, where a JV
curve from a silicon-perovskite device, scanned at 390 V/s is displayed. We also note
that this effect is reproducible between measurements, and not a one-off measurement
artefact. The exact origins of this effect are not yet understood, however, it is clear that
this effect provides additional limitations for the measurement of mobile-ion-induced
losses in ageing perovskite-based 2T devices.

Unfortunately, although the mobile-ion-induced current losses in the subcells can be
determined within the limitations mentioned above, it is not possible to use methods
such as BACE, CELIV or other charge extraction measurements to get an idea of
the mobile ion density in the different subcells. l.e. the effect of mobile ions on the
current of the subcells can be determined, but the amount of mobile ions themselves,
which cause this effect in the first place, cannot. This problem is inherent to the
2T architecture, as the subcells are electrically connected through the interconnect,

where electrons from one subcell recombine with the holes from the other subcell.
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Figure 7.5: JV curve of a silicon-perovskite 2T tandem device, measured at 390 V/s, displaying a
sudden increase in current density at fast scan speeds. Measured with assistance of Lucas Holte.
However, although charge extraction measurements cannot be used to determine
mobile ion densities, the use of photoluminescence measurements might be able to

provide additional insights into how the ions affect device performance.

7.2.2 Subcell-selective voltage-dependent photoluminescence

time series

Similar to the work presented in Chapter 4, the temporal PL response of the two
different subcells in the 2T tandem can be measured upon switching the bias that is
applied to the device from V¢ to 0 V. Since both subcells will emit light at a different
peak wavelength, the PL response of the different subcells can easily be distinguished.
Figure 7.6a displays a schematic overview of the experiment. The spectrometer,
which was initially used for these measurements (Figure 7.6 b), has a rather limited
time resolution. In order to enable faster measurements, with better time resolution,
the photoluminescence can also be measured with a photodiode connected to an

oscilloscope (Figure 7.6¢). A long- or short-pass filter (or a combination of both) is
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then used to filter out reflected laser light, as well as the photoluminescence of one of

the two subcells.

PL

A

Sample

/\

Exc1tat|on

’ A Photodiode

Figure 7.6: Schematic overview of the experimental setups used for subcell-selective temporal PL
measurements. (a) Shows a schematic of the measurement principle. (b) Displays a schematic
overview of the experimental setup where a source meter unit (SMU) is used to apply a bias to the
device, with a spectrometer recording the PL coming from the device. In (c), an alternative setup is
displayed, where a combination of a photodiode with an oscilloscope is used to measure the PL with
an improved temporal resolution.

/

ﬁ Sample

In Figure 7.7, an example of the temporal PL response upon switching from OC
to SC conditions is displayed for a low gap and a high gap subcell of an all-perovskite
tandem cell (similar to the devices presented in Chapter 6). It can be seen that, in
both subcells, an initial efficient charge extraction (signified by a very low PL signal,
which indicates there are few charges left in the device to recombine) is followed by
a significant reduction in charge extraction efficiency (signified by an increase in PL
signal over the first couple of seconds upon switching to SC conditions).

Utilising PL measurements to understand the impact of mobile ions on device
performance subcell-selectively might be advantageous, because it allows to study the
subcells in the tandem device while it is being operated under balanced illumination,

ideally even under conditions where the subcells are current-matched . This as opposed

iiAlthough it is complicated to calibrate a setup in such a way that two laser beams both
homogeneously illuminate the active device area of the sample with the exact 1 sun equivalent
intensity. But this is just a practical challenge, rather than a fundamental limitation.
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Figure 7.7: The maximum height of the subcell-selectively measured PL peak a function of time,
where t = 0 is the moment where the bias of the device was switched from OC to SC. Data is
normalalised to the average PL peak height at OC. Measured with assistance of Lucas Holte.

to the methods described above, where, to perform subcell-selective current-decay
and fast hysteresis measurements, the device needs to be brought into disbalance.
Subcell-selective mobile ion measurements using PL, therefore, are not at risk of being
disturbed by artefacts or changes in device behaviour arising from the artificial creation
of a current imbalance, and allow the subcells to be measured under realistic operating
conditions. On the other hand, however, although PL measurements can provide
important information about charge extraction efficiency?*3 and recombination at short
circuit conditions, to date, it does not provide a direct value for the mobile-ion-induced

current losses, like the other optoelectronic measurements?#4.
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7.2.3 Voltage-dependent photoluminescence time series and
device ageing

To investigate the fundamental link between mobile ion-induced losses and the PL at
SC conditions more in-depth, a simple and reproducible system is needed. Therefore,
the measurements presented in the following section were performed on single junction

triple cation (83/17) solar cells.

With increasing mobile ion densities upon ageing, the PL response of ageing devices
upon switching to SC is also expected to change. Figure 7.8 displays the PL peak
height as a function of time upon switching the device bias of a single junction device
to SC. The device has been aged under light at OC conditions for different amounts
of time. The curves have been normalised to the PL at OC conditions. It can be
seen that, with ageing, the relative height of the PL peak at SC increases, indicating
increased radiative recombination at short circuit conditions, which in turn points
towards a reduced charge extraction efficiency.

In order to more in-depth understand what happens to the output of subcells
upon ageing, we next try to link the PL at SC directly to current losses. When the
sample is illuminated at 1 sun equivalent intensity, the generated carrier density, Jgen,
is known. At SC, all generated carriers are either extracted or recombine, hence,
Jgen = Jsc + Jrec, Where Jiee = Jrag 4+ Jnrad. From this formula, if the radiative and
non-radiative recombination currents are known, the short circuit current can be
determined from the PL measurements.

However, establishing the exact relationship between radiative and non-radiative
recombination at SC in tandem subcells is challenging. One possibility to tackle
this challenge would be to measure, in single junction solar cells based on different
perovskite compositions, the .J,,4. For these single junctions, where Jo. = Jsc,
the extracted current can simply be measured during the experiment, and related

to the PL at every voltage. The radiative current can be determined from PLQY,
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Figure 7.8: PL peak height as a function of time upon switching the device bias from OC to SC for
a single junction device. The curves are normalised to the PL at OC conditions to allow for a direct
comparison of the ratio PLsc/PLoc. Measurements were taken after the device had been aged under
1 sun illumination at open circuit conditions for different amounts of time.

and since Jgen = Jext + Jrad + Jnrady Jnrad = Jgen - Jext - Jrad245- By performing
these measurements for a range of different perovskite compositions, and for
various degradation stages, the ratio of Jiaq/Jarad Might be estimated, and used
in tandem devices to determine Jsc for the different subcells. Although such
a first estimate of the short circuit current in the device already can provide
some useful insights, this method does rely on the assumption that J..q/Jnrad
ratios change similarly in tandem subcells and single junctions, and is a gross
oversimplification. On top of that, it would require a significant number of measure-

ments in order to build up a data set which would allow for the determination of

Jrad/ Jnrad ratios. Every perovskite composition would require additional measurements.

In order to figure out a more direct way to include non-radiative recombination in

the determination of current losses from PL, we investigate the ratio between radiative

130



7.2. Results

and non-radiative recombination as a function of voltage. Data displayed in Figure
7.9 can be processed further by linking the absolute PLQY of the device at a known
laser fluence at OC (measured using the integrating sphere) to the number of PL
counts at a known laser fluence at OC (measured using the linear setup). Next, with
Jgen and Jexe known, Jaq/Jorad can then be calculated for different applied voltages.
We note that optical effects are not taken into account, and outcoupling of light is
assumed to remain constant. This assumption should be valid as long as the location
of the PL emission in the device does not change significantly. Unfortunately, due to
time limitations, the data processing to obtain the final J,,q/Jyraq ratios as a function

of applied voltage could not be finalised before completion of this thesis and is still

pending.
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Figure 7.9: PL peak height and extracted current as a function of voltage. This data, upon further
processing, can be used to determine the Jyad/Jnrad ratio.

In another attempt to directly determine J,.q in subcells, TRPL measurements

were carried out under SC conditions. The results, displayed in Figure 7.10, show a
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decrease in decay time, as expected. However, although in principle the monomolecular
and bimolecular recombination rates k1 and k2 could be determined by fitting this
TRPL decay, such a fit is not directly valid since the extracted carriers need to be
taken into account. However, due to experimental issues, the extracted current could
not yet be recorded. Therefore, additional measurements are needed to determine the
number of extracted carriers during the TRPL measurements and understand better

how the relationship between k1 and k2 changes at SC.

103 n —O0C o
—3SC
m
c
>
§102
2
B
C
o
£ 10

100

200 300 400 500

Time (ns)

Figure 7.10: TRPL at OC and SC conditions for a single junction device

The intensity dependent PL, which can be used at OC conditions to determine
the ideality factor, and gain further insights into radiative and non-radiative loss
processes, can also be measured at SC. The results, displayed in Figure 7.11, show
that the increase of PLQY with intensity is much slower at SC conditions, as expected.
However, we note that also in this case, it is important to take into account the number
of extracted carriers, and determine the increase of PLQY with intensity corrected
for the number of extracted carriers. It is possible to fit the PLQY as a function of
intensity and extract values for k1 and k2. However, as this work is ongoing, analysis

of the recombination rates is still pending.
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Figure 7.11: Intensity dependent PLQY measurements at SC and OC conditions for a single junction
device, as well as the Jsc measured during the intensity dependent measurements at SC.

Overall, a direct determination of short circuit losses from PL at SC could not be
established yet. Hence, although using subcell selective luminescence based measure-
ments would be superior to the use of fast hysteresis or current decay measurements, a
more in-depth analysis of the preliminary results presented here is needed to determine
whether there is a way to directly assess the ratio of non-radiative losses to radiative

losses at SC conditions.

7.3 Conclusion

Understanding mobile-ion-induced current losses is especially crucial in perovskite-
based 2-terminal tandems, since current matching is vital to enable these tandem
devices to reach their efficiency potentials. Measuring losses directly in the subcells
is important, since things like additional free charges, processing differences and the
presence of a different chemical environment can impact ageing in the tandem device,
meaning that the mobile ion densities in the subcells do not necessarily develop in the

same way as in their single junction counterparts.
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Figure 7.12: Schematic overview of the different methods proposed to investigate mobile-ion-induced
losses in perovskite-based tandem solar cells, either electronically, or using photoluminescence.

In order to gain insights into the effects of mobile ions on the performance of the
subcells, we developed two subcell-selective measurement techniques in this chapter,
and explored their robustness and applicability. An overview of the different methods
discussed can be seen in Figure 7.12. The first method, based on an adaptation of the
techniques previously described in chapter 4, relies on purposely making one of the
subcells current limiting, such that the current losses in this subcell can be determined
directly. The second method employs photoluminescence measurements to investigate
charge extraction efficiency upon switching the device bias to short-circuit. This is a
more indirect method, which does not directly provide values for ion-induced current
losses. However, the fact that the measurement does, in some cases, not require
a current imbalance means measurements can be taken of devices under realistic
operating conditions.

Both techniques provide consistent results, and trends observed in the subcells of
freshly fabricated tandem devices are in line with those observed in their corresponding
single junctions. The photoluminescence method can be improved further - with
additional investigation, it might be possible to establish a direct link between the
photoluminescence at SC and the total amount of current losses in the subcell, provided

the ideality factor is known. This would allow current losses in both subcells to be
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determined while the device is kept under operating conditions, thereby providing a
powerful tool to understand, and manage, mobile ions and ageing-related degradation

in perovskite-based tandem solar cells.
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CHAPTER 8

On the oxidation of lead-tin perovskite solar

cells

Conductivity
PLQY

Oxidation time Oxidation time

8.1 Introduction

It is well known that mixed-metal lead-tin perovskites can undergo tremendous changes
upon exposure to oxygen due to the oxidation of tin atoms in the material. The
oxidation pathways have been well established; however, a thorough investigation of
the different ways oxygen exposure influences the different material properties and

the resulting device performance of these lead-tin perovskites is still lacking. This
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chapter presents some results from ongoing work investigating the oxidation of lead-tin
perovskites. We provide insight into the different effects of oxygen exposure on low
bandgap lead-tin perovskite solar cells. We look into self-doping and the generation
of trap states, but also investigate the role of mobile ions in this process, as well as
energy level changes that may affect device performance. We show that increased
trap state and mobile ion densities upon prolonged oxygen exposure undermine device
performance, but also that limited amounts of oxygen exposure can have beneficial

effects on open circuit voltage and overall power conversion efficiency.

8.2 Results

To investigate the effects of oxidation on the device performance of low bandgap,
mixed-metal lead-tin (FA(s3Csp.17Pbo5Sno5l3) perovskite solar cells, devices, films

and partial device stacks were fabricated as described in Chapter 3.

8.2.1 Vpc Increase

To investigate the effect of oxidation of the perovskite on device performance, a set
of half-cells (ITO / PEDOT:PSS / perovskite) was exposed to oxygen in a dry air box
for different amounts of time before the ETL and electrode were deposited on top.
Initially, oxidation of the half stacks causes an increase in V¢ and a corresponding
efficiency enhancement. The Voc of the cells, and with that also the PCE peak for
air exposure times of around 30 to 45 minutes. Thereafter, the V¢ starts to slowly
decrease. Furthermore, after 90 minutes the Jsc and FF of the cells decline rapidly,
eventually causing a complete deterioration of the cell performance.

We have two different hypotheses as to what might cause this slight increase
in the Voc: we suspect that either the energy level alignments in the device stack
improve, or that moderate amounts of doping improve reduce recombination at the
perovskite-HTL interface. In order to investigate why the V¢ initially slightly increases,

photoluminescence (PL) measurements are performed on different partial stacks (neat
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Figure 8.1: JV parameters, (a) PCE, (b) Voc, (c) FF and (d) Jsc of lead-tin perovskite solar cells
which have been oxidised for different amounts of time, before deposition of the ETL and metal
contact. Semi-transparent squares indicate the average value of the performance metrics for each of
the oxidation durations.

perovskite, PEDOT:PSS / perovskite, perovskite / C60, and PEDOT:PSS / perovskite
/ C60) that were oxidised for different amounts of time, but due to issues with the
precursor materials, this experiment has to be repeated. Furthermore, Kelvin probe
measurements on perovskite samples oxidised for different amounts of time show a
slight change in work function. However, since the work function of the tip drifted
strongly over time, the change in work function of the perovskite and that drifting
work function of the tip itself could not be disentangled. In order to further investigate
the origin of the V¢ increase, additional PL and KPFM measurements are needed,
as well as additional simulations investigating the effect of doping on the device Vo,

especially in the presence of mobile ions.
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8.2.2 Doping and Trap States

In order to quantify doping densities as a function of oxidation time, 4-point probe and
transient photoconductivity measurements were carried out. The results, displayed
in Figure 8.2a and b, show a very strong increase in conductivity — up to 3 orders of
magnitude. This rapid increase in conductivity starts to take place as soon as the
sample is exposed to air. Upon prolonged exposure, the conductivity reaches a peak
after around 60 minutes, after which it starts to slowly decline. Interestingly, the peak
conductivity is reached at timescales similar to those on which the Voc and PCE reach
their maximum. We note that the difference in light conductivity determined from the
4-point probe measurements displayed in Figure 8.2a versus the TPC measurements
in Figure 8.2b can be attributed to the difference in illumination intensity between the
two different experiments.

Our hypothesis is that this quick increase in conductivity can be linked to a strong
increase in background charge density (doping), caused by the oxidation of Sn? ions
to Sn**T. Assuming the mobility of the charge carriers remains constant during the
initial moments of exposure, the increase in charge carrier density can be calculated

using:

o= qun (8.1)

01 — 02

qu

An =

(8.2)

where o is the conductivity at times 1 and 2, respectively, 1 is the mobility, ¢ is
the elementary charge, and An is the change in carrier density between times 1 and 2.
Considering that the conductivity increases by over 3 orders of magnitude, this would
imply that the background carrier density also increased by over 3 orders of magnitude,

provided the mobility of the charge carriers did not change. As shown previously in
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Figure 8.2: a) Perovskite conductivity upon oxidation in ambient air, measured using a 4-point
probe technique. Meausrements were carried out in dark conditions as well as under ambient light.
b) Transient photoconductivity upon oxidation of the perovskite in dry air. Following the initial
oxidation, the atmosphere is exchanged back to nitrogen. c) Photoluminescence quantum yield
measured upon oxidation of the perovskite in ambient air. d) Transient photoluminescence upon
oxidation of the perovskite in dry air. TPC and TRPL data measured by Jongchul Lim and Manuel
Kober-Czerny, respectively.

Chapter 4 (Figure 4.14), such a strong increase in doping densities could lead to
significant fill factor losses in the device.

It is unlikely that the doping density in the perovskite suddenly strongly decreases
after the conductivity reaches its peak. Rather, the evolving conductivity is likely
the product of an interplay between increased doping densities on the one hand, and
increased trap densities and carrier scattering reducing the carrier mobility on the
other hand. In order to investigate whether this is indeed the case, we perform TRPL

measurements, as well as PLQY measurements, in an attempt to calculate the trap

densities as well as carrier densities for samples in different oxidation states. As can

141



Chapter 8. On the oxidation of lead-tin perovskite solar cells

be seen in Figure 8.2¢c, the PLQY of perovskite films decreases with increasing oxygen
exposure time, indicating enhanced non-radiative recombination, which points to an
increased trap density. Figure 8.2d shows that oxidation of the perovskite leads to a
strong reduction in carrier lifetimes, further suggesting an increase in trap-assisted
recombination.

We note that photo-oxidation can also alter the photoluminescence?*, although
the exact impact of this effect on lead-tin perovskites has not been investigated yet.
In order to minimise the occurence of any photo-induced chemical reactions at the
surface of the lead-tin perovskites, illumination times were kept as low as possible,
and TRPL measurements were carried out at low fluences. We note that the dark
conductivities measured from TPC and 4-point probe measurements (Figure 8.2a
and b) are consistent with each other, despite the fact that the TPC sample was
subject to light pulses during oxidation. Therefore, we assume that the influence of

photo-induced chemical reactions on the conductivity to be negligible.

In order to get an idea of the trap density as a function of oxidation time, in a
next step, carrier densities and lifetimes can be calculated from the lifetimes obtained
from the TRPL measurements following:

1
T =
NtO'Uth

(8.3)

Where 7 is the carrier lifetime, N, is the trap density, o is the capture cross-section,
and vy, is the thermal velocity (valid if no significant transfer).

Similarly, PLQY is related to these carrier densities and traps:

kan® [((kin) + (kan?)) (8.4)

However, as the work presented in this chapter is still in progress, calculations

of carrier densities and lifetimes from TRPL and PQLY, as well as the subsequent
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determination of long range charge carrier mobilities from TPC are still pending.

Interestingly, TPC results, displayed in Figure 8.2b, show that the photoconductiv-
ity can be stabilised by bringing the sample back into a nitrogen atmosphere, indicating
that the oxidation process can be halted quickly. Furthermore, TPC measurements
also show that, although dark- and light-conductivity peak at slightly longer timescales
of around 60 minutes, the difference between the dark- and light-conductivity, which
we will refer to as 'photoconductivity’ here, peaks slightly earlier, at timescales

corresponding exactly to the timescales at which the V¢ and PCE peak.
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Figure 8.3: TPC results upon bringing samples into vacuum.

We also note that the photoconductivity can be partially increased again by storing
the sample under vacuum overnight (see Figure 8.3a). We hypothesise that this might
be explained by the extraction of Snly or |y under vacuum. Leijtens et al. proposed

the following reaction mechanism for the oxidation of lead-tin perovskites®:
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2APb0.5SnO.5I3 —+ 02 — 2Al + Sn02 -+ Pb|2 + |2 (g) (85)

Small amounts of Snly are likely also formed, but in perovskites with a 50/50
lead/tin ratio, the predominant degradation mechanism produces |5 rather than
Snl, . Both Iy or Snly could act as deep trap states (the latter especially when it is
present at the surface of the perovskite). Therefore, extracting Snly or | could reduce
the trap density, thereby increasing the photoconductivity slightly. This hypothesis is
supported by TRPL decays displayed in Figure 8.4a, which show an increase in carrier
lifetimes when a previously oxidised sample is brought under vacuum. The PLQY,
displayed in Figure 8.4b, also slightly increases again after the sample is brought under
vacuum, further indicating a reduction in non-radiative recombination which would be

consistent with a reduced trap density.
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Figure 8.4: Evaluation of TRPL decay of an oxidised sample which is put under vacuum (a) and
PLQY (b) for an oxidised sample which is put under vacuum for 30 minutes.

To investigate changes in the carrier mobility, as well as to get an idea about what
happens with the minority carrier densities, we carried out photo hall measurements,
the results of which can be seen in Figure 8.5.

The results of these photo-Hall measurements indicate that upon oxidation, carrier

densities increase, while carrier mobility decreases. These results are consistent with
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Figure 8.5: Carrier density (green) and mobility (blue) from photo Hall measurements of fresh
samples, samples oxidised for 45 minutes to reach peak conductivity, and samples oxidised for 3
hours, for which the conductivity has decreased again. Measurement and analysis by Oki Gunawan,
IBM. Results for both dark (filled squares) and light (open circles) measurements are displayed.

the hypothesis that oxygen-induced self-doping of the perovskite causes an increased
background carrier density. The observed decreasing mobilities with increasing oxidation
time would explain why the (photo) conductivity decreases after reaching an initial
peak. However, we note a significant discrepancy between the increase in conductivity
levels upon oxidation measured during the photo-Hall experiment, and the increase in
conductivity which would be expected from the measurements presented in Figure 8.2a
and b. Due to the long duration of the photo-Hall measurements, needed to reach
sufficiently high signal-to-noise levels, the photo-Hall effect could not be measured in
real time during oxidation. Instead, the perovskite was oxidised using dry air following
deposition, after which the samples were encapsulated in a No-filled glovebox and
transferred to IBM to be measured. Several measurement techniques show a significant

difference between outcomes for samples measured during real-time oxidation, versus
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samples which were encapsulated and stored after oxidation to be measured (some
examples are displayed in Figure 8.6). One reason for this might be the fact that
samples which are encapsulated undergo some extent of vacuum treatment when
they are brought into the glovebox for encapsulation. Furthermore, altered surface
chemistry of the perovskite, and potentially the presence of some remaining oxygen
atoms, may also impact the way oxygen exposure affects the sample in the long term.
Therefore, although the photo-Hall results may indicate trends in carrier density and
mobility upon oxidation, these results should be interpreted with caution, and cannot

be directly compared to results from real-time measurements presented in Figures 8.2,

8.3 and 8.4.
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Figure 8.6: TRPL results of samples with and without encapsulation for different amounts of
oxidation time. Samples were oxidised in real time (light), or oxidised, brought into the glovebox
(including vacuum (90 mbar) in the antechamber for 5 minutes), and encapsulated. It should be
noted that the samples were prepared (and, in the case of the encapsulated samples, oxidised) two
days before measurement. An attempt to reduce the vacuum that the samples are exposed to in the
antechamber before encapsulation to about 500 mbar yielded less reproducible results, although the
general trend of increasing decay times upon increased oxygen exposure corresponded with that of
the encapsulated samples which had been in vacuum in the antechamber for 5 minutes. Measured
by Manuel Kober-Czerny.
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8.2.3 Mobile lons

From the oxidation pathways which have previously been established by Leijtens et
al., it can be inferred that, upon oxidation of lead-tin perovskites, several species are
formed which can act as mobile ions if they are not extracted from the perovskite .
Indeed, Figure 8.7a shows BACE results which indicate that upon oxidation, mobile
ion densities strongly increase. Current decay measurements displayed in Figure 8.7b,
show that this increased mobile ion density in turn leads to increased current losses due
to enhanced field screening, an effect we described more in-depth in Chapters 4 and 5.
On top of the increased mobile ion densities resulting in more severe current losses,
worsening interfaces (as observed from PLQY) and reduced lifetimes (determined
from TRPL) cause those mobile ions that are present in the perovskite to also have a

stronger negative impact on the device performance.
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Figure 8.7: a) Current decay and b) integrated mobile ion densities from BACE measurements for a
sample oxidised for different amounts of time. Oxidised samples display an increased concentration
of mobile ions. We note that the device used for these experiments had been stored in Ny for 12
months before these measurements. Additional experiments on fresh devices are still pending.

8.3 Conclusion

Looking at the device performance as a function of oxidation time, combined with
the analysis of a range of optoelectronic measurements to extract trap- and doping

densities, we found that the increase in trap density upon exposure to oxygen eventually
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causes a strong deterioration in device performance. Although doping densities also
increase upon oxidation, we hypothesise that a small amount of self-doping in the
perovskite can actually improve device performance by reducing recombination at the
HTL, which results in an observed increase in Voc. Larger amounts of doping, however,
still undermine device performance, mainly by causing increased fill factor and current
losses. Exposure of perovskite layers to vacuum after oxidation revives conductivity to
some extent, and seems to lead to a partial reduction in the density of trap states.
However, further investigation is needed to shed light on the mechanism resulting in
these changes upon vacuum treatment. Besides affecting the doping- and trap state
density, oxygen exposure also leads to a clear increase in the concentration of mobile
ions in the mixed lead-tin perovskites. This, in combination with increased interface
recombination and strongly reduced carrier lifetimes, leads to significant current losses,
as well as a decrease in fill factor. However, in order to fully understand how the
different effects of oxidation impact the device performance of lead-tin perovskite
solar cells, additional experiments and simulations are needed. Carrier densities and
mobilities need to be determined as a function of oxidation time, and changes in
radiative and non-radiative recombination also should be quantified. The changes
in device performance upon oxidation are likely dictated by a complex interplay of
changing doping densities, charge carrier mobilities, trap densities and mobile ions,

and possibly complicated further by changes in energy level alignments.

148



CHAPTER 9

Conclusion and outlook

Although perovskite solar cells have undergone tremendous development over the past
years, many of the mechanisms dictating device performance and stability are still not
thoroughly understood. Properly understanding where efficiency losses come from,
and how to design evidence-based optimisation approaches, is key to ultimately enable
up-scaling and commercialisation of these devices.

This thesis aimed to investigate different aspects of perovskite solar cell physics
in order to ultimately enable more efficient, stable devices. The two main topics
at the heart of this investigation were firstly the impact of mobile ions on device
performance and stability, and secondly the subcell selective investigation of losses in
perovskite-based tandems. Ultimately, these two topics were combined in an attempt

to also understand mobile-ion-induced losses in perovskite-based tandem solar cells.

The presence of mobile ions in perovskite solar cells has long been recognised, and
linked to, for example, hysteresis and the degradation of electrodes and transport

layers. However, the impact of mobile ions on current losses has not been investigated
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as extensively. In Chapter 4, the discrepancy between the current which should in
theory be generated based on the device optics, and the actual output current of mixed
lead-tin perovskite solar cells is investigated. Rather than these current losses being
caused by doping of the perovskite, which is often assumed to be a loss mechanism
in these devices, we find that mobile ions are responsible for these current losses.
Using time-dependent PL measurements, we show that field screening by these mobile
ions leads to a reduced charge extraction efficiency, and an increased carrier density
in the device under operating conditions. This eventually results in an increased
recombination current, and a decreased extracted current density. This effect does
not only occur in mixed-metal lead-tin perovskite solar cells, but also in lead-based
devices. We show examples of different compositions, where in every case, decreased
extraction current is accompanied by an increase in photoluminescence at short circuit.
Next, we also investigate these mobile-ion-induced losses by looking at different charge
extraction measurements, and link the time scales of these effects to the presence of
mobile ions, rather than doping-induced charges. We perform scan speed dependent
current-voltage measurements and show that the 'mobile-ion-free’ PCE for these
devices is significantly higher, mostly due to the absence of ion-induced current losses.
Interestingly, different devices exhibit different extents of ion-induced current losses.
Although the presence of mobile ions is required to create such losses in the first place,
the extent of the current losses not only depends on the mobile ion density, but is also
influenced by things like the transport layers that are present in the device stack, and
non-radiative recombination at the device interfaces. Understanding which aspects of
the device determine the impact of mobile ions on the its performance will be vital for
future device optimisation. This research, by highlighting how mobile ions cause cur-

rent losses, paves the way to develop more efficient devices with reduced current losses.

Next, the impact of device ageing on performance is investigated. Improved
stability is key for the commercialisation of perovskite solar cells. Silicon solar cells

are normally required to provide stable performance for at least 20 years - with
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perovskite based tandem solar cells only really becoming economically advantageous if
the perovskite (sub)cells last 15 years while retaining at least 80 % of their original
PCE. However, many perovskite solar cells do not reach this target yet. Therefore,
understanding how and why device performance degrades upon ageing is of vital
importance. Hence we decided to investigate this topic in Chapter 5. We monitored
device performance of solar cells with a range of different perovskite compositions,
while they were subject to different stressors to accelerate ageing, and found that the
initial reduction in performance was mostly governed by current losses. The findings
presented in Chapter 4 prompted us to investigate whether mobile-ion-induced losses
might be at the root of this performance reduction, or whether there might be other
issues at play, such as increased surface recombination. Using the same charge
extraction techniques as before, in combination with photoluminescence measurements,
we were able to rule out increased surface recombination, and found that an increase
in mobile ion densities upon ageing dominates early-onset performance reduction.
Interestingly, mobile ion densities mostly increased when devices were stressed in
such a way that there were additional electronic charges present, for example under
light at open circuit, or in the dark with a bias applied to the device. Ageing at
elevated temperature or at MPP conditions lead to less rapid device degradation and
performance losses. Furthermore, although the same loss mechanism was observed in
all perovskite compositions that were studied, some devices seem to be more strongly
affected, and display larger efficiency losses, than others. Finally, a previously reported
effect was observed, where the performance losses can, partially or even fully, recover
when the stressor is removed and the device is placed in the dark. We were able to
link this recovery to a reduction in the mobile ion density in the perovskite. When
the stressor is reapplied, however, degradation quickly returns to the point it was
at before the stressor was removed. This might have interesting implications as
perovskite solar cells will be subject to a dark/light cycle under normal operating
conditions. The results obtained in this chapter, for the first time, directly link the

performance degradation of perovskite solar cells upon ageing to an increase in the
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mobile ion densities in the device. This is an important finding, as it provides clear
directions for future research: to prevent performance losses upon device ageing, and
ultimately enable commercialisation of stable perovskite solar cells, the increase in
mobile ion densities and their corresponding negative impacts need to be prevented.
Finally, the 'recovery effect’ should be investigated further, as this can provide vital

clues on the creation and dynamics of mobile ions in perovskite solar cells.

After having investigated mobile ions and device degradation in perovskite solar
cells in the first part of this thesis, we then turned our attention to 2-terminal
all-perovskite tandem devices in the second half of the thesis. Just like for the single
junctions investigated in the first part, gaining a better understanding of where
the different losses in these tandems originate from is key to improving them in an
evidence-based manner. Traditionally, 2-terminal tandem devices are often optimised
by looking at the single-junction equivalents of both subcells. However, a better
approach would be to directly characterise the performance of these subcells in
the tandem device. In Chapter 6, we show how subcell selective characterisation
of all-perovskite solar cells can pinpoint different losses, which then allows for an
evidence-based optimisation approach. Comparing data from single junctions to data
from the subcells, we find that the interconnect we used is quasi-lossless, and the
voltage from both subcells directly adds up to the tandem voltage. However, both the
HG, as well as the LG subcell can benefit from optimisation: reduced voltage losses in
the HG subcell, as well as an increased current in the LG subcell, eventually lead to
an optimised all-perovskite tandem with a stabilised efficiency of 25.9%. The work
in this chapter demonstrates a generalisable evidence-based optimisation strategy
utilising optoelectronic subcell characterisation. In doing so, it paves the way for

accelerated improvement of all-perovskite tandem solar cells.

Finally, Chapters 7 and 8 present some results from ongoing research projects.

In Chapter 7, knowledge obtained throughout the first chapters of this thesis is
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combined to investigate the role of mobile ions in perovskite-based tandem solar cells.
To this end, different subcell selective measurement techniques are explored, and their
validity is discussed. Furthermore, the use of photoluminescence measurements for
the determination of mobile-ion-induced losses is examined more in-depth, ultimately
raising the question whether non-radiative losses can be determined directly from
optoelectronic measurements in devices at short-circuit conditions. However, to fully
answer this question, additional research is required. Chapter 8 seeks to understand
the impact of oxidation on the device performance of low bandgap lead-tin perovskite
solar cells. It highlights the presence of increased mobile ion densities in the perovskite
upon oxidation alongside increased trap densities. However, additional measurements
are required to better understand for example why the V¢ can slightly increase with
oxidation, and why non-radiative recombination in the perovskite can be reduced

through vacuum treatment.

Overall, this thesis demonstrates that gaining a better understanding of the
device physics of perovskite solar cells is crucial to identify, and understand, different
loss mechanisms. These insights can then be used to design an evidence-based
optimisation approach, eliminating losses in a targeted manner. The work presented
in this thesis marks a significant step forward in recognising the importance of mobile
ions in perovskite solar cells, and their role in device degradation. Still, many open
questions remain to be investigated. For example, for future device optimisation,
it will be crucial to understand where the mobile ions in the perovskite originate
from, and why they have a stronger impact on device performance in some systems
than in others. Furthermore, moving forward, the impact of transport layers on
mobile-ion-induced losses should critically be addressed. This thesis also highlighted
the importance of subcell-selective measurements in perovskite-based tandems to
pinpoint losses and develop effective and evidence-based optimisation strategies for
perovskite-based tandem solar cells. This is key to accelerating the development of

tandem devices towards commercialisation, as these evidence-based optimisation

153



Chapter 9. Conclusion and outlook

strategies enable more resource-effective and targeted research. Ultimately, the impact
of mobile ions on these tandem solar cells should also be investigated further, as
current matching requirements in 2T devices imply that mobile ion-induced losses in

perovskite subcells can have a significant impact on the overall device performance.
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APPENDIX A

Appendix A, Supporting information to

Chapter 3

A.1 Materials and Device Fabrication

A.1.1 p-i-n devices

The majority of devices presented in this thesis are p-i-n devices, meaning the devices
are illuminated through the HTL side. A schematic overview of the general p-i-n device
structure can be found in Figure A.1. Different HTLs and perovskite compositions
were used for different experiments, most notably PEDOT:PSS, PTAA, 2-PACz for the
HTL, and lead-tin perovskite (PbSn), various triple cation perovskites (TC), double

cation perovskites (FACs), methylammonium lead iodide (MAPI) for the perovskites.
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Figure A.1: A schematic overview of a p-i-n device stack
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A.1.1.1 Substrate Cleaning

Pre-patterned (2.5%2.5 cm2, 15 Q/sq) ITO substrates (Psiotec, UK) were sonicated
for 10 minutes subsequently in acetone, 3% Hellmanex solution in deionised (D) water,
DI water, and isopropanol in order to clean them. After an oxygen plasma treatment
(4 minutes, 120 W), the substrates for the mixed-metal lead-tin perovskite devices
were transferred to a laminar flow bench, while the other substrates were transferred

into an N-filled glovebox.

A.1.1.2 Hole Transport Layers

A.1.1.2.1 PEDOT:PSS For the mixed-metal perovskite solar cells described in
this thesis, PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate)
(Heraeus, AL3083) layer was spin-coated in air from a 1:2 (PEDOT:PSS):methanol so-
lution, that had been filtered using a 0.45 pm GMF filter. The PEDOT:PSS/methanol
solution was spin-coated at 4000 rpm for 45 seconds at a ramp of 1500 rpm/s After
20 minutes of annealing on a pre-heated hotplate at 150 °C, the films were transferred

immediately to a N, filled glovebox.

A.1.1.2.2 PTAA For the pin-type Pb-based cells described in this thesis, 60 pL
of PTAA (Poly-[bis-(4-phenyl)-(2,4,6-trimethylphenyl)-amin]) solution (Sigma-Aldrich,
1.75 mg/mL in toluene) was spin-coated at 6000 rpm for 30 seconds with a ramp of
2000 rpm/s After 10 min annealing on a hotplate at 100 °C, the films were cooled
down to room temperature. This process resulted in the formation of a PTAA layer

with an estimated thickness of 8 nm. After the deposition of the PTAA layer, 60 pL
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of PFN-Br (Poly(9,9-bis(3'-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-
alt-2,7-(9,9-dioctylfluorene))dibromide) solution (1-Material, 0.5 mg/mL in methanol)
was deposited on top of the PTAA layer dynamically at 4000 rpm for 30 s resulting
in a film with thickness below the detection limit of our AFM (< 5 nm). No further

annealing of the HTL took place after this.

A.1.1.2.3 2PACz Some of the optimised pin-type Pb-based cells described in
this thesis are based on the use of SAMs instead of a conventional HTL. For these
devices, a previously sonicated solution of 2PACz (TCl, 1.0 mg/mL, in ethanol) was
spin-coated at 3000 rpm for 30 seconds with a ramp of 3000 rpm/s. The substrates
were annealed at 100 °C for 10 minutes and cooled down to room temperature before

the deposition of the perovskite layer.

A.1.1.3 Perovskite Absorber Layers

A.1.1.3.1 Mixed-metal lead-tin perovskite (LG) The 1.2 M mixed-metal lead-
tin perovskite solutions were prepared by dissolving FAI, Csl, Snl, and Pbl,, together
with, relative to their respective metals, 6 molar% Pb(SCN), and 10 molar & SnF; in
a 4:1 DMF:DMSO mixture. We note that all precursors used for this solution were
stored and weighed in a No-filled glovebox, to prevent contamination of the solution
with Oy or HyO. The solution was stirred for 2 hours at room temperature. Finally,
the solution was filtered using a 0.45 pm PTFE filter.

The mixed-metal FAqg3Csg.17Pbg.5Sng 513 perovskite films were deposited by spin-
coating at 3000 rpm for 45 s with a ramp of 1000 rpm/s. 25 s after the start of the
spinning process, the spinning substrate was washed with 200 pL anisole, which was
deposited in the centre of the film. By the end of the spinning process, the perovskite
films turned dark brown. The perovskite films were then annealed at 100 °C for 10
minutes on a preheated hotplate inside the N filled glovebox. During the annealing

process, the perovskite films turned black.
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For the improved, thicker lead-tin perovskite presented in the second half of

1.238 was used, with

Chapter 6, a preparation method based on work by Hu et a
the following adaptations: - instead of ammonium thiocyanate, 0.036 mmol/mL
guanidinium thiocyanate was added - after the perovskite precursors were dissolved,
metallic tin powder was added to the solution, which was continuously stirred. Just

before deposition of the perovskite, the solution was filtered to remove the metallic

tin.

A.1.1.3.2 Triple cation perovskites The triple cation perovskites presented
in this thesis were fabricated by Francisco Pefia-Camargo, Emilio Gutierrez-Partida,
Sahil Shah and myself. The solutions for the lead-based perovskites layers were
prepared as follows: 1.2 M FAPbI; solution was prepared by dissolving FAIl and Pbl,
in DMF:DMSO (4:1 volume ratio) which contains a 10%-molar excess of Pbly. The
1.2 M MAPbBr3 solution was made by dissolving MABr and PbBr, in DMF:DMSO
(4:1 volume ratio) which contains a 10 %-molar excess of PbBry. The solutions
were stirred overnight at room temperature. By mixing these FAPbl; and MAPbBr3
solutions in a ratio of 60:40 or 83:17 respectively, we obtain “MAFA" solutions.
Lastly, 42 pL of a 1.5 M Csl solution in DMSO was mixed with 958 L of each one
of the MAFA solutions resulting in nominal triple cation perovskite stoichiometries
of Cs0.05(FA0.60MA0.40)0.95Pb(l0.60Bro.40)3 and Csp.o5(FA0.83MAg.17)0.05Pb(lo.g3Bro.17)s-
These 2 triple cation perovskites are throughout the thesis referred to as '60/40" and
'83/17', respectively.

All triple cation perovskite films were prepared by statically depositing 120 plL
perovskite solution and spin-coating at 4000 rpm for 40 s at a ramp of 1334 rpm/s.
10 s after the start of the spinning process, the spinning substrate was washed with
300 pL ethylacetate for approximately 1 s (the anti-solvent was deposited in the centre
of the film). We note that by the end of the spin coating process, the perovskite film
turned dark brown. The perovskite film was then annealed at 100 °C for 1 h on a

preheated hotplate, where the film turned slightly darker.
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A.1.1.3.3 MAPI The MAPI devices used for measurements presented in this thesis
were fabricated by Francisco Pena-Camargo. MAPI solution was prepared by dissolution
of MAI powder (Dysol 1.3 M) with Pbly (TCI, 1.3 M) in a y-butyrolactone/dimethyl
sulfoxide mixed solvent (7:3 by volume), stirring at 60 °C for 10 min.

The MAPI solution (80 pL) was then spin-coated at 1000 rpm for 5 s followed by
3000 rpm for 80 s. 100 pL toluene was added dropwise after 40 s to form a transparent
perovskite film. After spin-coating, the films were dried for 2 minutes in the glovebox
at room temperature, during which the films changed their colour from yellow to light
brown. The MAPI perovskite layers were then subsequently annealed for 2 minutes at

100 °C on a hotplate where the films turned black immediately.

A.1.1.4 Electron Transport Layers and Top Electrode

After annealing of the perovskite, the samples were transferred to an evaporation
chamber where fullerene Cgy (25 nm), (Bathocuproine, BCP) (8 nm) and copper (100
nm) were deposited under vacuum (p = 10~7 mbar). The overlap of the copper with

the ITO electrodes defined the active area of the pixel (6 mm?).

A.1.2 n-i-p devices

The n-i-p devices presented in this thesis were fabricated by Max Grischek and Emilio

Gutierrez-Partida.

A.1.2.1 Substrate Cleaning

Pre-patterned (2.5x2.5 cm?) FTO substrates (Advanced Election Technology Co.
Ltd., China) were sonicated for 10 minutes subsequently in 2% Mucasol solution in
deionised (DI) water (Schiillke & Mayr GmbH, Germany), acetone and isopropanol.
After each sonication in Mucasol solution and acetone, the substrates were thoroughly

rinsed with DI water. After sonication in isopropanol, the substrates were dried with a
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nitrogen gun and further cleaned using a UV-ozone cleaner for 20 minutes just before

the deposition of the compact TiO, layer.

A.1.2.2 TiO, layer

Deposition of compact TiO, layer The compact TiO, layer was deposited
by spray pyrolysis. The solution consisted of 0.72 mL titanium diisopropoxide
bis(acetylacetonate) (75 wt.% in isopropanol, Sigma Aldrich) and 0.48 mL acetylace-
tone (Sigma Aldrich) in 10.8 mL of ethanol. The sides of the substrates were covered
with glass to ensure direct contact with the FTO for the evaporated electrodes. After
heating the substrates to 450 °C and letting the temperature stabilise for 15 min, the
full volume of solution was sprayed with oxygen gas flow on 32 substrates (4 rows and
8 columns) by slowly moving over the substrates once every 30 s in a distance of
approximately 20 cm at an angle of approximately 45 °C. The substrates were then
kept at 450 °C for 30 min and taken off the hot plate after cooling down to below
150 °C.

Deposition of mesoporous TI10, layer The substrates with compact TiO, layer
were cleaned using a UV-ozone cleaner for 15 minutes. TiO; paste (30NR-T, Greatcell
Solar Materials Pty Ltd., Australia) was dissolved in ethanol with a weight ratio of
1:6. It was stirred overnight before spin-coating. The mesoporous TiO, layer was
prepared by spin-coating 50 pL of the dispersion on the compact TiO5 layer at a speed
of 4000 rpm for 10 s with a ramp of 2000 rpm/s, followed by annealing at 100 °C for
a minimum of 5 min. The substrates were then annealed on a hot plate programmed
to hold a temperature of 125 °C for 5 min, 325 °C for 5 min, 375 °C for 5 min, and
450 °C for 30 min with 5 min ramping time between each temperature.

LiTFSI-doping of mesoporous TiO, layer 80 pL of a fresh solution consisting
of bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, 99.95 %; Sigma-Aldrich) in
acetonitrile (10 mg/mL) were spin-coated on the mesoporous TiO, layer at a speed of

3000 rpm for 10 s with a ramp of 1000 rpm/s, followed by annealing at 100 °C for a
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minimum of 5 min. The substrates were then annealed on a hot plate using the same
program as for the mesoporous TiO, layer. Both TiO, layers and the LiTFSI were
deposited and annealed in a flow box in ambient air. The surface of the annealed film

was finally cleaned using a UV-ozone cleaner for 15 minutes.

A.1.2.3 Perovskite absorber layers

1.5 M nominal Pbly; and PbBry stock solutions were prepared in DMF:DMSO = 4:1
volume and shaken overnight at 60 °C. Pbl, was added to FAI solution with 9% Pbl,
excess and PbBr, was added to MABr with 9 % PbBr, excess. The resulting FAPbI;
and MAPbBr3; solutions were then mixed in an 85:15 volume ratio. Finally, 5 vol-% of
1.5 M nominal Csl in DMSO was added to the perovskite precursor. The Csl stock
solution was prepared one day before mixing.

The perovskite layer was prepared by spreading 100 pL of perovskite solution on the
substrate and then spinning it with one step of 3500 rpm for 35 s with 5 s acceleration
time. 10 s before the end of the program, 300 pL of the anti-solvent Anisole was

dripped on the film. The films were then annealed at 100 °C for 40 minutes.

A.1.2.4 Hole Transport Layers and Top Electrode

For the HTL solution, 36.15 mg of 2,2'7,7'-tetrakis(N,N-di-p-methoxyphenylamin)-
9,9'- spirobifluoren (Spiro-OMeTAD; Sigma Aldrich) was dissolved in 1 mL of
Chlorobenzene. 8.8pL of a bis(trifluoro-methane) sulfonimide lithium salt, (LiTFSI,
99.95%; Sigma-Aldrich) stock solution (520 mg/mL in acetonitrile), 14.6 pL of a
tris(bis(trifluoromethyl-sulfonyl)imide) (FK209, Dyenamo) stock solution (300 mg/mL
in acetonitrile), and 14.4 pL of 4-tert-butyl-pyridine (Sigma-Aldrich) were added as
dopants. 70 pL of the Spiro-OMeTAD solution containing the doping agents was
spin-coated onto the spinning samples at a speed of 1800 rpm for 30 s to form 150
nm thick layers. After spin-coating, the samples were stored in a dry air box overnight

at a relative humidity below 0.3 %. The next day, the samples were transferred to an
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evaporation chamber where 80 nm of gold was deposited under vacuum (p= 107°
mbar). The overlap of the gold electrodes and the FTO defined the active area of the
pixel (18 mm?). Both the perovskite and Spiro-OMeTAD layers were spin-coated and

annealed in a glove box under a nitrogen atmosphere.

A.1.3 Device fabrication of 2-terminal all-perovskite tandem

devices

To fabricate tandem devices, the high gap perovskite cells were prepared by Francisco
Pefia-Camargo as described above, up until the deposition of the C60 layer. Hereafter,
aluminium zinc oxide (AZO) nanoparticle dispersion (N21X from Avantama) was diluted
in a 1:2 ratio with isopropanol and spin-coated in a nitrogen filled glovebox at 4000 rpm
for 20s with a ramp of 6 s, followed by a 90 min annealing step at 80 °C. Thereafter the
samples were transferred into a Beneq TFS-200 system without inert break. SnOx and
InOx layers were sequentially grown from tetrakis(dimethylamino)tin(IV) (TDMA-Sn,
Strem) + water and Cyclopentadienylindium (Cpln, Strem), oxygen (purity 99.999%) +
water respectively. TDMA-Sn and Cpln were used from hot sources kept at 45 °C, and
50 °C respectively. Water was kept in a liquid source at room temperature. Reactor
temperature during both deposition processes was set to 80 °C. All interconnects for
the tandem devices described in this thesis were deposited by Kai O. Brinkmann. After
the deposition of the interconnect, the tandems were finished by myself in the same
manner as described above for the low-gap perovskite single junctions, by deposition
of PEDOT:PSS, low-gap perovskite and ETL & top contact. A schematic overview of

a 2-terminal all-perovskite tandem solar cell is displayed in Figure A.2.
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Figure A.2: A schematic overview of a 2-terminal all-perovskite tandem stack.
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A.2 Simulation parameters

Simulations of lead-tin perovskites presented in Chapter 4 were carried out using

Setfos version 5.1, whereas simulations of the all-perovskite tandems presented in

Chapter 6 were carried out using Setfos version 5.2.

Table A.1: Parameter values for the simulation of lead-tin perovskites as used in Chapter 4 and 6

Parameter Symbol Value Unit Comment
Majority carrier band | AE ;. 0 eV Due to near QFLS=V ¢ match
offset between per- in these devices
ovskite and C60
Majority carrier band | AEmajy 0 eV Due to near QFLS=V¢c match
offset between per- in these devices
ovskite and PEDOT
lonised acceptors in | Ny 6.2 x 10*° | cm™3 PEDOT:PSS is considered to be
PEDOT:PSS highly doped.
lonised donors in C60 NB"n 0 cm—3 No doping used
Thickness of PE-| dpepoT.pss 25 nm Measured with profilometer
DOT:PSS
Thickness of per- | dpero 470 nm Measured with profilometer
ovskite
Thickness of C60 dceo 30 nm Measured with profilometer
Thickness of BCP dgcp 8 nm Measured with profilometer
Offset between metal | AEF metal-p 0.0 eV Assumption
and PEDOT:PSS
Offset between metal | AEF metal-n 0.0 eV Assumption
and C60
Device built-in volt- | Vg 0.8 \ Fit to experimental data
age
Bandgap PE- | EcpepoT:Pss | 2.5 eV Assumption
DOT:PSS

Continued on next page
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Table A.1 — Continued from previous page

Parameter Symbol Value Unit Comment

Electron affinity PE- | Ea pepoT:pss | 2.5 eV Consider aligned PEDOT:PSS

DOT:PSS HOMO with perovskite valence
band

Bandgap perovskite | Eg pero 1.2 eV Measured by UV-Vis

Electron affinity per- | Ea pero 3.9 eV Assumption

ovskite

Electron affinity C60 | Ea ceo 3.9 eV Consider aligned C60 LUMO with
perovskite conduction band

Bandgap C60 EG.coo 2.0 eV Measured by UV-Vis

Electron mobility in | gn.ceo 1x1072 | em?/Vs | 1.5x1072 cm?/Vs measured with

C60 SCLC in ref.?47,

Hole mobility in PE- | p, pepoT:Pss | 1.5 % 10~2 cm2/Vs Assumption, due to doping the

DOT:PSS mobility in the HTL is less impor-
tant.

Electron mobility in | fn pero 1 cm?/Vs | Thz perovskite mobility sums of

perovskite around 35 cm?/Vs were measured
for lead-tin perovskites in ref.10°
, lowered to account for grain
boundaries

Hole mobility in per- | pp pero 1 cm2/Vs

ovskite

Electron trap density | Ni, 4 x 10" cm™3 Fit to experimental data

in perovskite

Hole trap density in | Ny, 4 x 10 cm™3 Fit to experimental data

perovskite

Continued on next page
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Table A.1 — Continued from previous page

Parameter Symbol Value Unit Comment

Hole trap density at | Nipi 1 x 1016 cm™3 In order to simulate interface ef-

perovskite interface fects, a 1 nm thick perovskite

with the HTL layer with a higher trap density is
used at both perovskite — TL in-
terfaces. Other parameters were
kept the same as in the bulk per-
ovskite

Electron trap density | Ninin 1 x 1016 cm™3

at perovskite inter-

face with the ETL

Electron trap depth | Ein 0.6 eV Fit to experimental data

in perovskite

Hole trap depth in | E;, 0.6 eV Fit to experimental data

perovskite

Electron capture rate | 7y, 5x 10719 | cm3/s Fit to experimental data

in perovskite

Hole capture rate in | 7, 5x 10719 | cm3/s Fit to experimental data

perovskite

Relative dielec- | epepoT-PSS 2.7 Typical value for organic conju-

tric constant gated polymers?*8.

PEDOT:PSS

Relative  dielectric | €pero 40 Measured value from dark-CELIV.

constant perovskite

Relative  dielectric | ecgo 35 A relative permittivity of 5 was

constant C60 measured at lowest frequencies
(1kHz) at 300 K, ref.24°

Effective  electron | Nc,v pepoT.pss 1 ¥ 1020 cm™3 ref. 180

density of states in

HTL

Continued on next page
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Table A.1 — Continued from previous page

Parameter Symbol Value Unit Comment
Effective  electron | Nc,v.ceo 1 x 1020 cm™3 ref. 180
density of states in
C60
Effective  electron | Nc v pero 2.2x10® | cm™3 Assumed for lead-tin perovskite
density of states in based on lead-based perovskite
perovskite value in ref.250
Anion mobility in per- | g pero 5x 107 | cm?/Vs | Fit to experimental data
ovskite
Anion density in per- | nA pero 3.6 x 1016 | cm—3 Fit to experimental data
ovskite

For the simulations of triple cation '83/17" perovskites, presented in Chapter 5,
a newer version of Setfos (5.2) was used, which allowed for the direct simulation of
interface effects. Therefore, the 1 nm thick perovskite layers with higher trap densities,
which were used for the simulations presented in Chapter 4, were omitted. Instead,
trap densities and electron- and hole capture rates at the interfaces of the perovskite
with the HTL and ETL were directly implemented in Setfos. Simulation parameters
for the 83/17 perovskites were originally adapted for use in Setfos by Jonas Diekmann
and Vincent Le Corre. Many of the parameters used for the simulation of triple cation
perovskites are the same as those listed in Table A.1. Where parameters differed, the

parameters specific to the triple cation simulations are listed in Table A.2.

Table A.2: Parameter values for the simulation of 83/17 triple cation perovskites as used in Chapter

5
Parameter Symbol Value Unit Comment
lonised acceptors in NA:p 0 cm—3 No doping used.
HTL
Thickness of PTAA | dpepoT-pss 10 nm Measured with profilometer

Continued on next page
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Table A.2 — Continued from previous page

Parameter Symbol Value Unit Comment
Thickness of per- | dpero 500 nm Measured with profilometer
ovskite
Thickness of C60 dceo 25 nm Measured with profilometer
Offset between metal | AEF metal-p 0.1 eV
and PEDOT:PSS
Offset between metal | AFEF metaln 0.1 eV
and C60
Device built-in volt- | Vg 1.4 \
age
Bandgap PTAA Ecpran 3.0 eV Assumption
Electron affinity | EapTaa 2.5 eV Consider aligned PTAA HOMO
PTAA with perovskite valence band
Bandgap perovskite | Eg pero 1.62 eV Measured by UV-Vis
Hole mobility in | uppras 1.5x 1074 | cm?/Vs
PTAA
Electron trap density | Ni, 4 x 10%° cm™3 Fit to experimental data
in perovskite
Hole trap density in | Ny, 4 x 1015 cm™3 Fit to experimental data
perovskite
Hole trap density at | Ninpi 1 x 1016 cm™3
perovskite interface
with the HTL
Electron trap density | Nenin 1 x 1016 cm—3
at perovskite inter-
face with the ETL
Electron trap depth | Ei, 0.6 eV Fit to experimental data
in perovskite
Hole trap depth in | E;, 0.6 eV Fit to experimental data

perovskite

Continued on next page
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Table A.2 — Continued from previous page

ovskite

Parameter Symbol Value Unit Comment

Electron capture rate | 7, 5x 10719 | cm3/s Fit to experimental data

in perovskite

Hole capture rate in | 7, 5x 10719 | cm3/s Fit to experimental data

perovskite

Relative  dielectric | epepoT-Pss 35

constant PTAA

Relative  dielectric | €pero 22 Measured value from dark-CELIV.

constant perovskite

Relative  dielectric | eceo 5 A relative permittivity of 5 was

constant C60 measured at lowest frequencies
(1kHz) at 300 K, ref.24°

Anion mobility in per- | UA pero 5x 1079 cm2/Vs Fit to experimental data

ovskite

Anion density in per- | na pero 3.6 x 1016 | cm™3 Fit to experimental data

For the simulation of all-perovskite tandems, presented in Chapter 6, a HG

perovskite subcell with a 1.85 €V bandgap was simulated, using mostly the same

parameters used for the '83/17" simulations detailed in Table A.2. The HG and LG

subcell were connected using an interface at which charges could recombine through

hopping, with an attempt frequency of 5x10~7 m?/s. We note, however, that these

simulations were carried out using version 5.2.5 of Setfos. In more recent versions of

Setfos (5.3 and 5.4), due changes in the way carrier recombination at interfaces is

simulated, these input parameters yield different results than they did in Version 5.2.5.

For a full overview of the parameters used to simulate all-perovskite tandems, we refer

t0237.

170




APPENDIX B

Appendix B, Supporting information to

Chapter 5

B.1 Material characterisation

This appendix contains additional figures, which relate to mechanical and chemical

changes to the materials upon ageing.
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Figure B.1: Absorption spectroscopy of fresh and degraded triple cation films after 22.5 hours of
illumination. Measured by Sahil Shah.
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Figure B.2: X-ray diffraction measurements of fresh and degraded triple cation films after different
durations of illumination revealed no apparent change during the illumination within the first hours
of degradation. Measured by Fengshuo Zu.

B.2 Different perovskite compositions and ageing methods

This appendix contains additional ageing data, from devices with different perovskite

compositions (Part 1) and devices which were aged using different ageing methods
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Figure B.3: SEM and AFM of fresh and degraded triple cation films after different durations of

illumination. The scale bar in the SEM images is 500 nm. Measured by Burkhard Stiller.
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Figure B.4: XPS survey of Si wafers suspended on top (at a distance of ca. 1 mm) of different
perovskite films, i.e. the neat 83-17 triple cation (TC) film, TC capped with Cgp and TC capped
with Cgp and 1 nm (100 nm) of Cu, after 10 hours of illumination. We observe the capture of iodine
for the bare perovskite sample, evidencing the release of iodine under illumination but no other
perovskite species (e.g., iodine or lead) for all other sample stacks suggesting an effective diffusion

barrier on these short timescales. Measured by Fengshuo Zu.

(Part 2).

B.2.1 Different perovskite compositions
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Figure B.5: XPS survey of Si wafers suspended on top (at a distance of ca. 1 mm) of different
perovskite films, i.e. the neat 83-17 triple cation (TC) film, TC capped with Cgp and TC capped
with Cgp and 1 nm (100 nm) of Cu, after 10 hours of illumination. We observe the capture of iodine
for the bare perovskite sample, evidencing the release of iodine under illumination but no other
perovskite species (e.g., iodine or lead) for all other sample stacks suggesting an effective diffusion
barrier on these short timescales. Measured by Fengshuo Zu.
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Figure B.6: a The power conversion efficiency (PCE), b short-circuit current density (Jsc), ¢
open-circuit voltage (Voc) and d fill factor (FF) from current-voltage characteristics measured at
different scan speeds for MAPbI3 perovskite solar cells after different ageing times.
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Figure B.7: a The power conversion efficiency (PCE), b short-circuit current density (Jsc), ¢
open-circuit voltage (Voc) and d fill factor (FF) from current-voltage characteristics measured at
different scan speeds for FAg s5Cso.15Pb(lp.77Bro.23)s perovskite solar cells after different ageing
times. Measured by Sahil Shah and Francisco Pefia-Camargo.
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Figure B.8: a The power conversion efficiency (PCE), b short-circuit current density (Jsc), ¢
open-circuit voltage (Voc) and d fill factor (FF) from current-voltage characteristics measured at
different scan speeds for 1.8eV wide gap Csg.05(FA0.60MA0.40)0.95Pb(lo.60Bro.40)3 perovskite solar
cells after different ageing times. Measured by Sahil Shah and Francisco Pefia-Camargo.
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Figure B.9: a The power conversion efficiency (PCE), b short-circuit current density (Jsc), ¢
open-circuit voltage (Voc) and d fill factor (FF) from current-voltage characteristics measured at
different scan speeds for triple halide C50.05(FA0,95|\/|A0,05)0,95Pb(|0.95Br0,05)3 + 20 mol% MACI
perovskite solar cells after different ageing times.
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Figure B.10: The power conversion efficiency (PCE) and short-circuit current density (Jsc) measured
at different scan speeds for different perovskite systems before and after 5h of illumination (12h in case
of MAPI). Measured by Sahil Shah, Francisco Pefia-Camargo, Fanyuan Ye, Emilio Gutierrez-Partida
and myself.
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Figure B.11: a) Fraction of total- and ionic loss and b) ionic PCE versus ionic Jsc loss for various

systems. Measured by Sahil Shah, Francisco Pefia-Camargo, Fanyuan Ye, Emilio Gutierrez-Partida
and myself.

177



Appendix B. Appendix B, Supporting information to Chapter 5

B.2.2 Different ageing methods
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Figure B.12: a The power conversion efficiency (PCE), b short-circuit current density (Jsc),
c open-circuit voltage (Voc) and d fill factor (FF) measured at different scan speeds for
Csp.05(FA0.83MAg.17)0.95Pb(lo.83Bro.17)3 perovskite solar cells after different ageing times. Ac-
celerated ageing was carried out by keeping the cell at 75 °C in the dark. Cells were cooled down
to 25 °C before measurement. We note the measurement at 5h is an outlier, probably caused by
the cell not being properly cooled down, and being at a temperature higher than 25 °C during the
measurement.
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Figure B.13: a The power conversion efficiency (PCE), b short-circuit current density (Jsc),
c open-circuit voltage (Voc) and d fill factor (FF) measured at different scan speeds for
Csp.05(FAg.83MAg 17)0.05Pb(lp.83Bro.17)s perovskite solar cells after different ageing times. Ageing
was carried out at MPP conditions under 1 sun equivalent illumination with a white LED in a
glovebox.
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Figure B.14: a The power conversion efficiency (PCE), b short-circuit current density (Jsc),
¢ open-circuit voltage (Voc) and d fill factor (FF) measured at different scan speeds for
Cs.05(FA0.83MAg.17)0.95Pb(lo.83Bro.17)5 perovskite solar cells after different ageing times. Ageing
was carried out by keeping the device in the dark and in the glovebox and applying a forward bias to
it.
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C.1 Note on current matching

In case of the 1.80/1.27eV tandem combination, the integrated EQE of the LG
subcell is significantly lower than the corresponding HG subcell leading to a current
mismatched device, see also Figure C.3. Although there is no current matching, the
performance and Jsc of the devices - measured using an additional illumination mask
to avoid parasitic effects and avoid overestimation of Jsc - is still good. We believe this
is due to the fact that the LG subcell has a low shunt resistance — which allows for the
tandem to operate without strict current matching. To substantiate our hypothesis we
measured subcell selective resistive photovoltage (RPV) of our perovskite tandem and
corresponding single junction devices. In this measurement, samples are excited with
a b ns long laser pulse and the photovoltage is recorded as a function of time. Using

a load resistance of 1MS2, and a correspondingly long RC time means that charge
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carriers will accumulate at the respective electrodes after transit through the whole
device, allowing us to extract and compare transit times. As shown in Figure C.2a
and b, we observe relatively fast and comparable transit times ( 10~"s) in HG and LG
perovskite single junctions. We then measured RPV of the individual subcells, using
appropriate laser wavelengths that are selectively absorbed. In this case, we expect
longer transit times, as we have a much thicker layer stack the charge carriers need
to transit through. Indeed, we observe longer transit times when exciting the PbSn
subcell. However, the transit time remains short when exciting the HG subcell, in-

dicating some shunts within the PbSn subcell, leading to a faster photovoltage buildup.
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Figure C.1: EQE and integrated currents for tandems with three different HG perovskite bandgaps.

To corroborate this hypothesis further we performed electrical simulations in
LTspice using a simplistic equivalent circuit comprising two diodes with parallel shunt
resistances. A relatively low shunt resistance in the range of 0.1-5 kQ2/cm? hereby
allows to accurately describe the observed JV characteristics and reproduces our
observation - that the Jsc must not be limited by the normally current limiting subcell
in case of pinholes and/or low shunt resistances. We show simulations for various shunt
resistances, in Figure C.3, and further note that this phenomenon lowers the fill factor

(FF) and thus may rather reduce the PCE compared to shunt-free current-matched
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devices. The effect therefore represents a loss mechanism, limiting performance, and
consequently, our measured PCE values are not overestimated due to this effect.
Robustness against current mismatching on the other hand is highly interesting for
tandem photovoltaics considering spectral variations throughout the day and hence
could increase the overall energy yield in real-world applications.

In better current matched devices e.g. the 1.85/1.27 and 1.88/1.27 eV HG/LG
combinations, the mismatch between integrated EQE of the HG and LG subcells is

smaller, see Figure C.5, with less impact of the above described effect.
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Figure C.2: Resistance dependent Photovoltage (RPV) measurements for a) a high gap single
junction, b) a low gap single junction, c) a high gap subcell in a 2T all-perovskite cell and d) a low
gap subcell in a 2T all-perovskite cell.
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Figure C.3: Simulations carried out using the LTspice electric circuit simulation tool to demonstrate
the increasing reduction in FF of the tandem JV upon decreasing shunt resistance. On the right,
the equivalent circuit used for these simulations is displayed. Simulations performed by Kai O.
Brinkmann.
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Figure C.4: Measured solar simulator spectrum compared with the AM1.5G spectrum. Spectral
mismatch values were calculated for the different HG bandgaps by integrating and multiplying the
measured EQE with our solar simulator spectrum and the AM1.5G spectrum, respectively, and
dividing the two integrated currents obtained by each other. The spectral mismatch values obtained
were 1.0019, 1.0003 and 1.0004 for HG perovskites with bandgaps of 1.80, 1.85 and 1.88 eV,

respectively.
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Figure C.5: Current mismatch of optimised all-perovskite tandem solar cells based on 1.80/1.27
eV, 1.85/1.27 eV, and 1.88/1.27 eV bandgap combinations. The mismatch is calculated from the

integrated EQE currents
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C.2 Data on HG optimisation
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Figure C.6: Device statistics for the different optimisation steps, for the 1.80 eV HG perovskite.
Measurement and analysis by Francisco Pefia-Camargo.
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Figure C.7: Device statistics for control (open symbol) and fully optimised (closed symbol) single
junction perovskite solar cells with bandgaps of 1.80, 1.85, and 1.88 €V. Measurement and analysis
by Francisco Pefia-Camargo.
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Figure C.8: Long-term MPP tracking under AM1.5G illumination of control and optimised 1.8
eV-based HG single junction solar cells. (AM1.5G sun simulator, T=25°C, under Ny atmosphere).
Measurement and analysis by Francisco Pefia-Camargo.
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Figure C.9: Long-term SPO tracking of PTAA control, 2PACz control and fully optimised 2PACz +
OAm and LiF 1.80 eV-based HG single junction solar cells. (100mW /cm? while light LED (3000K
Cree CXB3590) illumination, T=40°C, ambient atmosphere) Lines and envelopes refer to the mean
and Min/Max values of 4 tested pixels on each device configuration. Measurement and analysis by
Francisco Pefia-Camargo.
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Figure C.10: Long-term MPP tracking under AM1.5G illumination of control (PTAA) based HG
single junction solar cells with various bandgaps from 1.69 €V to 1.88 eV. Panel (a) displays the
evolution of the normalised efficiency, and (b) displays the voltage at MPP (Vpp). Interestingly we
find the Viupp to be relatively stable for most bandgaps, indicating that halide segregation plays only
a minor role for the voltage and QFLS. (T=25°C, under Ny atmosphere).Measurement and analysis
by Francisco Pefia-Camargo.
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