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ABSTRACT

The aim of the work presented in this thesis is to study the opto-electronic properties of
semi-conducting perovskite materials when being used in unconventional solar cell device
configurations. Being a young technology, perovskites as solar cell materials have seen an
unparalleled rise in the research community which has driven the fastest performance
inflation to power conversion efficiencies competing with the ones of long established
single crystalline technologies. The ability to process perovskites inexpensively makes
them the new hope in the fight against climate change. Herein device architectures were

developed with a special focus on potential commercial applications.

Initially the work in this thesis has been motivated by the interest in crystal growth and
morphology of perovskite thin-films, which has led to the study of confined crystal growth
within microstructures. Controlling the crystal domain geometry enabled the fabrication
of enhanced semi-transparent devices. More efforts were directed into the improvement of
specifically neutral colour semi-transparent devices, which could be improved via a simple
treatment of selectively attaching shunt-blocking layers. Furthermore, a back-contacted
perovskite device design was introduced, which allows not only for the fabrication of a
new type of perovskite solar cell, but also represent a great material testing platform to
study perovskite and electrode characteristics. This led to the discovery of charge transport

distances, that exceed those of other thin-film devices.

Finally, perovskite-on-silicon tandem solar cell designs were analysed through a rigorous
optical model to estimate the expected real world energy yield from such systems.
Important implications include the fact that two terminal tandem solar cells come close to
four-terminal configurations and can overall compete, in relative terms, well with

established single junction silicon cells.
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Chapter 1: Introduction

1 INTRODUCTION

1.1 Motivation — The Climate Change Dilemma

The unlimited thirst for energy has been one of the driving forces for the industrialization
for the past century and keeps growing in a steady rate. Growth of gross domestic product
(GDP), one of the most important indicators for economic performance of a country, is in
close correlation with energy consumption!. Due to economic growth saturation, the
energy consumption of industrialized regions such as the USA or Europe, has slowed down
to an almost constant amount. However, the understandable gigantic economic catch-up
of some heavily populated Asian countries, has caused an ongoing steep rate for the
consumption of energy. Low prices for fossil fuels, a sluggish and powerful industry
behind them and their particularly high energy density, has caused humans to burn fossil
fuels as their primary source of energy production (see Figure 1.1). In this way, the
enormous amount of hydrocarbons that have been captured underground over hundreds of
millions of years get released into the atmosphere as CO2 within a comparatively shock
takingly short time frame?. Nowadays it is generally accepted within the scientific
community® and the public that CO- acts as a greenhouse gas within our atmosphere and

that we must pay the high price of a changing climate that is causing catastrophic
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environmental effects*. In recent years, we started to experience disgracefully melting pole
caps and glaciers, rising sea levels that make people having to relocate their lives, dying
coral reefs and storms that leave behind cities unrecognizable®®. New records of measured
temperatures are an annual experience and statistical data analysis shows that such effects
are extremely likely to be caused by the emission of greenhouse gases. Arguably humans
have never influenced the environment of this planet more. One of the possible reasons for
the little counteracting to these effects by governments is the fact that the unpleasant
implications of climate change are occurring too slowly so some individuals are still able

to deny the cause by human actions.
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Figure 1.1: Development of annual energy consumption of different energy sources’.

Recently, at the 2015 United Nations Climate Change Conference (COP21) in Paris the
biggest milestone of global climate change policy making has taken place, when the Paris
agreement was signed by 195 countries worldwide to do their best to “keep global warming
well below 2 °C”. The consequence taking policies are starting to appear on the

international horizon and most of them involve the creation of financial incentives for the
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implementation of renewable energy producing systems and the introduction of a carbon

tax.

Despite some uncertainties about the coming United States policy making direction, the
private sector has fortunately also come to realise that the use of clean energy is
economically beneficial, which has recently been termed “The irreversible momentum of
clean energy” by leaving president Barack Obama®. Energy production from renewable
sources has gone up year over year with mostly wind and hydro taking the biggest shares
in electricity generation®. Various technologies exist, which all have their own advantages
and disadvantages depending on the energy needs and on the location where they are
deployed. Solar energy, which has currently the highest growth rate®, plays a particularly
interesting role, as relatively high irradiance of sunlight is distributed well across the
planet, especially in areas of high population®. To meet the world’s energy demand in
2050 (estimated to ca. 25 TW;'?), we would only require an area slightly larger than the
United Kingdom and cover it with mediocre performing solar panels. Many materials that
are used for photovoltaic modules are abundant and produced in high volume. Recently
the price of silicon based solar panels has dropped tremendously to values as low as
0.5 $/W, which makes it in many locations an energy source cheaper than the cost for
energy from the grid (known as grid parity). However, due to large capital expenditure cost
for production equipment, the economies of scale don’t have a strong enough effect to
bring the prices for solar modules down enough to make solar energy cost competitive in
all regions without implementing government incentives. High investments are needed,
which drive up the minimum sustainable price of modules and hinder new manufacturers
to enter the market!?. Furthermore, installation cost of current photovoltaic systems make

up a significant part of the overall cost*3.
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Thin-film materials and particularly perovskites of organic-inorganic hybrids represent
very promising candidates to disrupt the solar technology market and make a significant
contribution to limit climate change in the future. Perovskites have often been described
as a “wonder material” due to their almost ideal opto-electronic properties for photovoltaic
applications. The materials are abundant, cheap to produce, simple to process via solution
or vapour deposition methods, strongly absorbing, they have relatively long diffusion
lengths and tuneable bandgaps to name some of the characteristics. These allow for low
capital expenditure manufacturing processes as well as lightweight, flexible thin-film
products or even the use as top absorbers in tandem solar cell applications. One could
imagine solar cell products that have never been feasible to be implemented before. No
wonder that the scientific community has become hugely interested in the past four years,
which has also helped to bring the solar cell power conversion efficiency records in the
labs up to 22% with a rate that has never been seen before with any other photovoltaic

technology**.

There is barely anything more motivating than carrying out research on a material, which
has such a great potential to contribute to the saving of the planet. Still, many fundamental
scientific questions remain to be answered and new concepts for devices for mass

production to be found, which the work of this thesis is trying to contribute to.

1.2 Structure and aim of the thesis

This thesis aims to provide the reader with a broader motivation for the work that has been
carried out, the introduction into perovskite solar cells and the background information
necessary to understand the concepts of the research covered by the thesis. While the
research results are discussed in much detail and most of the fundamental concepts are

included to provide the required basics to understand the scientific methodology and the
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implications as well as the broader context, the general reader might need to find additional

information in specialised text books and published journal articles.

The structure of the thesis follows a contextual order to guide the reader from the first to
the last page with clarity. The following background chapter varies widely from the
fundamental scientific concepts of semiconductors, with their energy band theory, the
absorption and recombination mechanisms and then leading to the working principle of
solar cells in general. This content was added since the following chapters will mention or
touch upon theories that make use of these basic concepts. The later used modelling
techniques are explained starting with the standard equivalent circuit model, the detailed
balance theory of radiation and emission, transfer matrix method and all the essentials
about solar radiation to understand the optical modelling under real world conditions. For
the familiarization of the underlying technology, which is being used throughout the thesis,
a short review of perovskite solar cells is presented by familiarizing the reader with the
material properties, important findings and the device architecture developments over
time. As the later chapters contain three different concepts of perovskite solar cell device
designs, the basics of semi-transparent, tandem and back-contacted solar cells are
discussed. The device designs were realized through different lithography and self-
assembly techniques, which are then defined in more detail to help the reader put them into
the context of other fabrication processes. A continuing methods chapter tries to cover all
the experimental and modelling details that were used to gather the later discussed results.

The sections are categorized by the type of experiments.

Even though the field of perovskite solar cells has had a huge amount of attention from the
scientific community, it is still a young field and a lot is left to learn about the fundamentals
and also the more applied scalable processing techniques of this material. Every research

project presented in this thesis has been motivated by looking at the potential practical use
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cases for future applications. The development of new device designs could possibly lead

to a different and maybe even simpler manufacturing processes.

The control of thin-film formation, including the entire process of crystal seeding and
crystal growth, has been a highly-studied topic since the very beginning of this research
field and still is arguably one of the most important aspects that can help to make high
performing perovskite solar cells. At the time of conducting the research presented in
Chapter 4, it has not been demonstrated to pattern perovskites in a controlled way. It was
the curiosity about the possibility to confine the crystal growth of perovskite thin-films
that drove the efforts to develop a templated perovskite device, that could later be used as
a semi-transparent solar cell. Through the course of this project it was discovered that the
self-assembly of perovskite island domains by dewetting®™ would present a simpler
fabrication technique to make neutral colour semi-transparent devices. However, these
suffered from shunting paths occurring through the uncovered areas between the
perovskite domains. Consequently, the discussed project of chapter 5, builds upon the
knowledge of chapter 4, and semi-transparent solar cells could be improved with the
introduction of a selectively-attaching shunt-blocking layer. This simple process showed

to be reproducible and lead effectively to higher open-circuit voltages.

Chapter 6 presents an entirely new architecture for perovskite solar cells, as it introduces
back-contacts as alternative to sandwiched devices. The motivation originally emerged
from the interest to study lateral diffusion characteristics of perovskite thin-films with a
specifically designed device. When it was realised that charge carriers in perovskites have
long enough diffusion lengths, the idea was born to try to develop devices that would
mirror back-contacted devices from the silicon solar cell field to maybe create the

perovskite cell of the future.
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As latest reports have demonstrated that perovskites represent great candidates as top cell
absorbers in tandem applications, a lot of research efforts have shifted into this direction.
Even though the potential is undeniable, it is not yet clear, how such applications would
compare to conventional single-junction devices in real world conditions. Furthermore, the
community doesn’t seem to agree, if a four-terminal or a two-terminal configuration is
preferable for feasible future applications. With these questions in mind an extensive
optical model was developed to simulate the energy yield of such systems being deployed
in different locations under various solar irradiation conditions. The results are presented

in Chapter 7.

Finally, a concluding Chapter 8 summarizes the important implications gotten from the
results of this work and offers an outlook for future paths that should be explored for the

improvement of perovskite solar cell applications.
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2 BACKGROUND

This chapter is meant to give an overview of the fundamental concepts that are needed to
understand the contents of the following chapters of the thesis. It starts with an introduction
into semiconductors, the operating principle of solar cells with a specific emphasis on
perovskite solar cells. Furthermore, the design aspects of perovskite solar cells are
introduced, nano-lithography methods are explained and finally the theoretical

backgrounds behind the optical modelling of Chapter 7 are given.

2.1 Semiconductors

The fundamental building block of every photovoltaic system is a semi-conducting
material, which is defined as having an influenceable conductivity somewhere in the range

between a metal and an insulator.

2.1.1 Energy Bands and Fermi level

The semi-conducting characteristic of a material can be explained with distinct energy
states that electrons (e”) can occupy. The dynamic behaviour of the electron within a
material can be described with the quantum mechanical wave function y, which can be
derived by solving the time-independent Schrodinger equation for the molecular system
that the electron is embedded into. While solving this equation is beyond the scope of this
thesis, the reader can find analytical solutions for crystalline systems with periodic
potentials in standard textbooks®® or numerical density functional theory solutions for more
complex crystal structures (i.e. hybrid-organic perovskites’8) in recent publications. The

solution describes the relationship between the electron’s energy and the momentum and
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therefore defines allowed energy levels that an electron can occupy. While in a single atom,
these are only discrete energy levels, but when atoms are brought together and interact as
in crystalline solids, these degenerate energy levels will be separated into many energy
levels. Due to the very close separation, they may be seen as a continuous band of allowed
energy states. The highest energy band that is fully occupied by electrons at T = 0 K is the
so called valence band and the band above, which is fully empty at T = 0 K is called the
conduction band. All other bands below the valence band are presumed to be fully
occupied and the bands above the conduction band, to be empty. Figure 2.1 shows an
example of the two energy bands that are separated by a gap of forbidden energies, the so
called band-gap (Eg). The band-gap is defined as the difference between the lowest energy
of the conduction band Ec and the highest energy of the valence band Ev, hence

Eq = Ec - Ev.

Condunction band

Valence band

Figure 2.1: lllustration of valence and conduction band, separated by bandgap

Charge transport can only occur in not completely filled bands where electrons have space
to move because the overall momentum of the electrons needs to be preserved'®. Within a
semiconductor, electrons in the valence band must be excited with an energy E > Eq4in
order to cause a transition into the conduction band from which the electrons can contribute

to charge transport and they leave behind a hole (h*) in the valence band.
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An important concept for the description of semiconductors is the introduction of the
effective mass (m*). It allows us to treat electrons within complex potential landscapes
with quasi-mechanical concepts as it represents the analogous of the electron mass of a
free electron but includes the many forces that act upon the electron within an energy band
and should therefore not generally be seen as a constant. The effective mass is defined by
the reciprocal curvature of the energy band in k-space:

1 0%E (2.1)
~h2ok?

*

m

Where # represents the reduced Planck constant and k the wave vector. Now this allows
us to approximate the dynamics of the electron (subscript n) motion and equivalently the
motion of a hole (subscript p) within a semiconductor. After using the effective mass and
some further quantum mechanical derivations?°, the density of states for the conduction (c)

and the valence (v) band is given by:

My 2my(E — E¢) (2.2)

gC(E) = 7T2fl3 )
my./2m;(Ey, — E)
gv(E) =2 n§h3v (2:3)

Generally, the density of states defines the number of available states at each energy. The
above derived expression, allows us to determine the number of available states that
electrons with energy E can occupy in the conduction or valence band. Furthermore, the
probability of an electron occupying a particular energy state can be described by Fermi-
Dirac statistics, or the so-called Fermi function:

1
F(E) = T3 oEEniaT

(2.4)

Er is the Fermi level, defined as the energy for which the Fermi function is 0.5, kg is the
Boltzmann constant and T is the temperature. The quantitative electron occupation of the

energy bands in equilibrium can be described by the integral of the product of density of
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states g(E) and the probability of an electron occupying a state, over all possible energies,

and therefore we can derive it for electrons (n) as well as for holes (p) in equilibrium as

follows (used Boltzmann approximation with the assumption that E - EF > 3kgT):

9] 3
- f (EYF(E)dE = 2 (2 mkeTy? Ec ~ Er 25
= [ ores =2 (0 o (-E2E)
Ec
Ey 3
an;kBT 2 EF_EV
= - Y [ — 2.6
p= [ a0 - r(ENaE 2( ki ) exp () @9)
We define the effective density of states as Nc and Nv:
. x /2
2mmukgT 3/2 2mmykgT 3
Ne=2(=5) =2 (T &7

The Fermi function at temperatures above absolute zero will divert from the step function
and causes the effect of some electrons being present in the conduction band at thermal

equilibrium, which is illustrated in Figure 2.2.

In an intrinsic semiconductor at thermal equilibrium, the number of electrons in the
conduction band is equal to the number of holes in the valence band and the intrinsic carrier

concentration (n;) can be described by:

E
n; = /np = ,/NcNyexp (— 2kgT> (2.8)
B

This leads us to the expression of the Fermi level of an intrinsic semiconductor Ei = Er,

given by

E, +E; kgT N
Bt T (M)

. 2.9
i 5 2, (2.9)

which is usually very close to the middle of the bandgap.
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f(E)

_______
.....
~s.

nE| |

Figure 2.2: Density of states function, Fermi function at T = 0 and T > 0 and number density of

electrons for typical semi-conductor.

Generally, the conductivity (o) of intrinsic photoconductors is quite low due to the low
number of intrinsic charge carriers but this property can be changed by introducing
impurities or dopants that act as electron donors (subscript D) or electron acceptors
(subscript A). Adding a controlled amount of charged ions can introduce additional
electronic states to the semiconductor that are usually between the energy gap so that the

Fermi level becomes:

Np
Epn = E; + kyTln (—) (2.10)

n;
for an n-type semiconductor in which the electrons are the main carriers of charge, and

Ny
Epp = E; + kgTln (n—) 2.11)

for a p-type material in which the holes are the main carriers of charge. Figure 2.3 shows

the energy bands for different types of materials with their representative Fermi-levels.
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intrinsic p-type n-type

Figure 2.3: Schematic band diagram and Fermi energies of intrinsic, p-type and n-type

semiconductors.

2.1.2 Absorption and Recombination

Known from the quantum mechanical dualism of light, apart from treating photons as
particles, they can also exhibit wavelike character with a photon energy defined by the

product of the Planck constant and the photons frequency (f) as E = hf.

In a solar cell, the charge generation mechanism works as shown in the simplified
illustration of Figure 2.4. Photons impinge on a semi-conducting material and in case their
energy is larger than the bandgap of the absorbing material (hf > E,) they transfer their
energy to the electron, which can be excited from the valence band to the conduction band.
The excited electron leaves behind a positively charged hole in the valence band, and in an
ideal case the electron in the conduction band diffuses and reaches the electron-collecting
electrode while on the opposite site the hole is collected by the hole-collecting electrode
and thereby creating an electric current. Typically, an electron transporting layer (ETL)
and respectively a hole transporting layer (HTL) help the diffusion and stop the
recombination which will transfer the excited electron back to the valence band and not
contribute to charge generation. In this way, the energy of the photon gets transferred into
electrical energy, however photons with higher energies than the band gap will excite the
electrons to higher energy states and will cause a quick thermalisation back to the

conduction band energy level. This energy difference is lost into thermal dissipation and
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cannot contribute to a higher power conversion efficiency, which explains why materials

with the lowest bandgaps do not lead to the most efficient solar cells.

cB R >

------- >
) hy D
C .
: 2
& N
VB & &

Figure 2.4: Schematic of photon absorption leading to charge generation and thermalisation.

The optical absorption plays a crucial role in the electricity conversion in a photovoltaic
system. The more photons get absorbed, the more electrons can be excited and therefore
the efficiency of a cell is closely related to the absorption characteristics. There are three
possible mechanisms that can occur when an incident photon approaches a material. It is
either transmitted through the film (maybe with a change of direction coming from
scattering effects), it can be reflected by the surface of the film or it will be absorbed.
Neglecting reflection, the absorption strength of a material can be described with the so-
called absorption coefficient () that determines the amount of light that is being absorbed

within a certain depth x of a material by the following relation:

I(x) = loe™™ (2.12)

Where I(x) is the intensity of light at depth x and I, being the intensity at the surface of
the material. The absorption coefficient depends on the wavelength of the incoming photon

and is closely related to the extinction coefficient (k) of the material by:

o = ¢ (2.13)
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Once photons get absorbed and generate electron hole pairs, they must be transported
through the material and collected at the appropriate electrodes. The motion is governed
by a combination of drift, dependent on the electric field (E) across the material, and
diffusion due to a statistically random spreading force of charges across space. The
resulting current (J) is consequently described by the one-dimensional drift-diffusion

equation:

dn dp
J = q(nu, +pu,)E +q (Dna + D, E) (2.14)

Where u and D are the material specific charge carrier mobility and diffusion coefficient,
which are in low-field conditions directly related via the Einstein relation:

_4p

=1 2.15
kT (2.15)

U

It can happen that the electron and the formed hole recombine before they are collected by
the electrodes after the diffusion. While there is only one dominant mechanism of charge

carrier generation, there are three possible recombination processes? (see Figure 2.5):

The unavoidable recombination mechanisms that are due to intrinsic material properties
include spontaneous radiative band-to-band recombination and a process called Auger
recombination in which the excited carrier relaxes to the valence band as well but passes
on its energy to another carrier within the conduction band. This carrier eventually
thermalizes back to the conduction band edge and the Kinetic energy is lost in
thermalisation. Radiative recombination might lead to another charge carrier generation if
the emitted photon is absorbed (known as photon recycling). Furthermore, there exists an
avoidable recombination process due to the existence of defects in the material that cause
the relaxation through a trap state within the band-gap. This so-called Shockley-Read-Hall
(SRH) recombination causes the charge carriers to recombine non-radiatively and

therefore lead to energy loss in the process. Another formalism is often used in which the
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recombination processes are classified into monomolecular recombination, bimolecular
recombination and trimolecular recombination. Monomolecular recombination involves
only one type of charge carrier, which recombines through a recombination centre (i.e.
SRH recombination is monomolecular). Bimolecular recombination involves two free
charge carriers, such as in band-to-band recombination. And any process involving three

charge carriers, such as Auger recombination, is called trimolecular recombination.

trap state

o) ol loo| |o5o

radiative band-to-band non-radiative Auger

Figure 2.5: Different recombination mechanisms: radiative band-to-band, non-radiative via trap

state and Auger recombination.

The recombination can be quantified with the net recombination rate (R), which is derived
through charge carrier relaxation statistics and is heavily dependent on the minority carriers
in the semiconductor material. The recombination rate is related to the charge carrier
lifetime (7), an intrinsic material property that defines how long it takes on average for an
excited charge carrier until it recombines (or in other words the time it takes for the charge

population N to reach exp(-1)):

A general recombination rate equation is used to describe the recombination rate through
mono-, bi- and trimolecular recombination pathways with their specific recombination rate
coefficients (a, b, ¢):

dn
Rz—aza*n+b*n2+c*n3 (2.16)
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This equation can be used to quantify different recombination mechanisms when
spectroscopic data (i.e. from transient photolumiscence measurements) are available. A
non-neglectable contribution of SRH recombination arises at crystal grain boundaries and
at the surface of the material. Defects between crystal grains introduce disturbances within
the energy band and can lead to trap states that serve as recombination centres. Therefore,
perfectly single crystalline materials will suffer less from such effects. However, they are
prone to surface defects that can be a result of unpassivated dangling bonds and extrinsic
impurities introduced by interfacing materials. Surface recombination can therefore be
suppressed by passivating the surface area or improving the interfacial materials. If only
bulk recombination pathways are considered, total bulk recombination lifetime can be
described as the combined lifetimes as:

1 1 1 1
= + + (2.17)
Thuik Trad TSRH TAuger

Combined with the diffusion coefficient, we can define the average diffusion length L of

charge carriers as:

L=+/Dt (2.18)

2.1.3 p-n and p-i-n Junctions

When an interface is created between an n-type and a p-type semiconductor, a p-n junction
is created (see illustration on the left in Figure 2.6). The Fermi levels align and so the
different work functions of the materials lead to a difference in electrostatic potential,
which builds up an electric field at the junction that creates a drift of photo generated
electrons to the n side and holes to the p side. Consequently, the junction region is depleted
of charge carriers and presents a barrier to majority carriers (electrons in n-type) and a low

resistance path for minority carriers (holes in n-type). When operated as a solar cell device,
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photo-generated minority carriers from both materials are reaching the junction by

diffusion and are then contributing to the photocurrent.

A slight variation to the p-n junction is the inclusion of an intrinsic semi-conductor between
the n-type and p-type materials (see illustration on the right in Figure 2.6). In this
configuration, the electric field is either extended over a wider distance (illustrated as solid
bands), which helps in materials with shorter diffusion lengths that need more drift driven
charge collection. Otherwise, in high injection conditions or due to charged impurities the
electric field can fall to zero within most of the intrinsic region, which requires that charge

transport to the electrodes is preferentially driven by diffusion.

" Depletion =
region

Figure 2.6: Representations of p-n junction and p-i-n junction with (solid bands) and without

(dashed bands) extended electric field.

It needs to be noted that the above description assumes homo-junctions with perfectly
aligned band-gaps. In the opposite case of hetero-junctions there will be emerging
discontinuities between the bands, which introduces potential steps that can lead to more

complex charge transport characteristics.

2.1.4 Solar cell performance characteristics

The performance of a solar cell can be well characterized by the measurement of its current

density dependence upon applied bias voltage (V) and light. A typical current density-
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voltage (J-V) curve is depicted in Figure 2.7 and can be measured by a process discussed
in Section 3.1. The important characterization parameters are the short circuit current (Jsc),
measured when the voltage across the device is zero, and the open circuit voltage (Voc),
which is the maximum attainable voltage from a solar cell. Figure 2.7 also shows the power

(P) curve that comes from the product of the current and the voltage:

P=jxV (2.19)

The fraction of the maximum attainable power (maximum power point in Figure 2.7) to
the product of /¢ and V. define the third most important characterization value, the fill

factor (FF):

_ ] mmp * mep

FF
Isc *Voc

(2.20)

The fill factor describes the “squareness” of the J-V curve and is generally influenced by
recombination and parasitic resistances (will be described in Section 2.2.1), which can

lead to parallel current flow into the opposite direction.

/ o Max. power point

Jmppjonmmmmr e ;

Power

Figure 2.7: Typical J-V curve and corresponding power curve with indicated maximum power

point parameters.
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Together with the Jsc, Voc and irradiation power (Pin) it can be used to formulate the power
conversion efficiency (PCE):

* V- *x FF
pcE = 1sc*Voc ¥ FF (2.21)
Pin

The theoretical limit for PCE that can be reached with single-junction photovoltaic
applications has been established by Queisser and Shockey??. The theory will be described
in Section 2.2.2 and predicts that the maximum attainable PCE (known as the Shockley-
Queisser (SQ) limit) for a single-junction solar cell equals approximately 33.7 % and
requires a band-gap of 1.34 eV. One way to overcome this limit is by using multi-junction

tandem solar cell applications, which is described in Section 2.5.

2.2 Modelling of solar cells

There are many aspects of the solar cell device mechanisms that can be modelled to predict
the operation of solar cells in real world conditions. In this work, we have limited the
efforts to equivalent circuit device models, optical models and the description of solar
radiation in order to offer sufficient background information for the understanding of the

methods used in Chapter 7.

2.2.1 Equivalent Circuit Model

The electric working principle of a solar cell can be explained with a simple equivalent
circuit model shown in Figure 2.8. The current density (J) of the cell is dependent on the
voltage (V) applied and defined as the difference of the photocurrent density at short circuit

(Jsc), the so called dark current (J;4,1) and the shunt current (Jspune):

JV) =Js¢ = Jaark (V) = Jsnune (V) (2.22)

Maximilian Hoérantner - March 2017 20



Chapter 2: Background

The Js depends on the absorption characteristic and several other parameters that will be
explained in a later section in more detail. We can relate it to the incident spectrum by
integrating the external quantum efficiency (EQEpy) of the solar cell, multiplied with the
photon flux of solar spectrum (¢s,.,,) Over the entire spectrum of photon energies, to get
the number of generated electron- current-voltage pairs. Multiplied with the unit charge

(q), this leads to the Jg.:

Jsc = | BQEw (E)sun(E)IE (2.23)
0

The EQEpy(E)is the probability of a photon with energy E to be absorbed to then
contribute one electron as charge output. Another value that is often used to describe the
efficiency of absorbed charges to extracted charges is defined as the internal quantum
efficiency (IQE), which can be determined by dividing the EQE by the light harvesting
efficiency (LHE):

EQE
ek el 2.24
IQE THE (2.24)

LHE can be defined as the effective light that gets absorbed by the material and therefore

as all light that is not resulting in reflection (R) nor transmission (T): LHE =1—-R —T.

Rs J
Jp JsH +
Ji RsH Vv

Figure 2.8: The one diode equivalent circuit model of a solar cell with series and shunt resistances.
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Under load, a potential difference between the terminals of the solar cell generates a current
flowing into the opposite direction of the photocurrent. This so called dark current density
can be modelled by assuming the cell behaves as a diode in which Jo is known as the
material specific reverse saturation current density that occurs when a reverse bias is

applied to the diode:

v
]dark (V) = ]0 (ekaT - 1) (2.25)

The exponential term depends on the charge energy and the thermal energy of the electron.
The elementary charge is symbolized as g and the ideality factor (m) is used to account for
the unideal behaviour of the diode. The shunt current density is defined by the fraction of
the voltage across all components and the shunt resistance (Rgy). The voltage across the
components is comprised as the sum of the voltage across the output terminal and the
voltage across the series resistor (Rs):

V +J(V)Rs

Jsnune = RS—H (2-26)

The shunt current is lost from the generated net current density, which then becomes:

q(V+](V)Rs V + (V)R
-~ 1) ASIQL (2.27)

JV) =Jsc = Jo (e mkpT Rey

The way the shunt and series resistances influence the shape of the J-V curve (and therefore

the performance of the solar cell) is presented in Figure 2.9.

In the ideal solar cell device (with m =1, R¢ = 0 and Rgy — o), the current density

becomes:

JO) = Jse — Jo (elfTVT -1) (2.28)
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We can then determine the V,,. (assuming only radiative recombination) by setting /] = 0

and solving for V:

kBT SC
Voo = 22 In (— + 1) (2.29)
o¢ q Jo

Rg increasing Rgh decreasing

Figure 2.9: Influence of series resistance (left) and shunt resistance (right) on the shape of J-V

Ccurve.

2.2.2 Detailed balance

Shockley and Queisser?? postulated the thermodynamic equilibrium between absorption
and emission and introduced the famous Shockley-Queisser efficiency limit for a single
band gap semiconductor in the case for which only radiative recombination occurs. The
theory is based on the consideration that a solar cell is under constant irradiation from the
ambient and this photon flux (¢zg) can be described by the radiation from a black body

with ambient temperature T, also known as Planck’s law:

$pp(E) = ! ]2 (2.30)

4m2h3c2
e (i) 1

Kirchhoff’s law states that this irradiation needs to be in equilibrium with the emission
from the solar cell?®. Consequently, we can formulate an expression for the current density

that is absorbed and emitted in equilibrium:
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Jabso = f EQE(E) ¢35 (E) dE = Jyas (2.31)
0

In an ideal solar cell, we assume that no carriers are lost due to non-radiative recombination
(what we call the radiative limit). Thus, the only loss of energy comes from the equilibrium
correlated radiative recombination. Under light, we introduce additional charges to the
conduction band, which will change the probability of photons being spontaneously

emitted by already introduced Fermi statistics:

qv_
]em(V) = ]rad,oekBT _]rad,o (2-32)

Since the spontaneously emitted photons will be lost from the net photocurrent, we have

derived an expression for the dark current during operation:

Jaark = 4 jo "EQE(E) s (E) dE » (efm - 1) (2:33)

Together with equation 2.28 we arrive at a general J(V) representation depending on the

measurable EQEpv(E):

J() =g f " EQEpy (B) g (E) dE
0
(2.34)

-q .LOOEQEpv(E)beB(E) dE x (eI;VT B 1)

In order to account also for non-radiative recombination, the reciprocity of absorption and
emission contributes to a more generalized theory originally developed by Rau?.
Consequently, we can assume that the emission process is not ideal and we can measure
this efficiency (EQEEeL) by operating the solar cell as a light emitting diode (LED) driven

by an injection current (Jinj):

Jem(V) = EQEgy, * Jinj(V) (2.35)
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In solar cell operation mode, the injection current becomes the photocurrent and we use

equations 2.28, 2.32 and 2.35 to find the J(V) with accounted non-radiative recombination:

JV) = Jpn — éé‘;; (e’fBT — 1) (2.36)

Another way of modelling a realistic J(V) relation can be achieved by assuming an EQEgL
of 100% and using the characteristic J-V parameters m, Rsh and Rs which can be indirectly

obtained by fitting existing J-V curves with equation 2.272°.

2.2.3 Transfer Matrix Model

Photocurrent is generated when energy from an optical electric field gets absorbed by the
semiconducting material. In a stack of several materials, which a solar cell usually consists
of, there are multiple interfaces from which the incident electromagnetic waves are
reflected or transmitted into and throughout the layers. Fresnel equations, fully consistent
with the rigorous electrodynamics framework of Maxwell, describe the behaviour of light
at the interface and consequently can be used to find the field intensity and change of field
propagation direction within two media. The complex Fresnel coefficients for reflection
and transmission can be derived with Snell’s law and depend on the polarization of the
incidence waves. For light with the field perpendicular to the plane of incidence (s-

polarized) we get for the interface between layer j and layer k:

= e (237)

and for the case of light with the field parallel to the plane (p-polarized) we get:
1}2 = % (2.38)
e 2R, (2.39)
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With

~ . 1/2
q; = fijcos8; = [i? —nsinb,?|

(2.40)

where fl = n + ik is the complex refractive index, 6; is the angle of refraction in layer j,

no is the refractive index of the ambient medium and 6, is the angle of incidence.

The transfer matrix method now allows us in an elegant way to generalize the Fresnel
equations into a stack of multiple layers of different materials by using linear algebra?®. If
we consider a stack of m layers between a semi-infinite ambient medium from which the
plane electromagnetic wave propagates and a semi-infinite ambient medium (see Figure
2.10), where layer j (where j=1,2,..,.m) has a thickness dj and the material specific

wavelength dependent refractive index #;(2).

Ambient Layer 1 Layer j Layer m Ambient
+ + + + +
{EO ‘[E1 E Em Emi
So( o
E’o] €, I 3 I E;,T E’mﬂ]
~ _/ dj N /
Al Y
s' S

Figure 2.10: Multilayer structure of m layers being surrounded by ambient and showing

propagating forward and backward travelling electric fields.

We can resolve the electric field, described by its forward and backward propagating
components E]-+ (x) and E; (x) at every position x within layer j. In a first step, we define

an interface matrix at every interface of the multilayer stack:

Iy = i[ ' rjk] (2.41)

Furthermore, we introduce a layer matrix describing the propagation through layer j by:
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_ [e~i54 0
L= i (2.42)

where ¢ ;d; is defined as the phase shift that acts on the plane travelling though layer j, and
¢; being defined as:

2T
& = qu (2.43)

We can formulate a total system transfer matrix?’, which relates the electric fields at both

ends of the multilayer by:

] =5 e
-|=S ’1‘“] 2.44
[EO Em+1 ( )
S is then defined as:
S. S i
5= [52 SZ] = (H ’(v—nvLu)'Im(mﬂ) (2.45)

Now it is possible to calculate the complex reflection and transmission coefficients of the

entire stack by using the calculated scattering matrix elements:

EO_ 521
r= 0 =22 2.46
EX S (2.46)
B 1
= E(')" = Si (2.47)

If we are now interested in the internal electric field of layer j, we describe the partial
system of transfer matrices that relates the left boundary electric fields E;”~ with the right

boundary electric fields E;™~ by:

Eq =5 Ej’+ 2.48
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j-1
I A
S]' — lS].,ll ;,121 — 1_[1(17—1)171'17 . I(j—l)j (249)
j21 “j22 r=1
and
E'] E*
l i =S,’-’[ ’f“l (2.50)
Ej ] Em+1
SII SII m
S],' = [Sjil 5111,2] = 1_[ I(v—l)va : Im(m+1) (2-51)
21 2522 veji1

Now we can find again the complex reflection and transmission coefficients for layer j by

using the partial matrix elements:

S!
’ Jj21
= (2.52)
TS
ti = ! (2.53)
! Sjlll .
s
17 ]21
i =<n (254)
Sjll
o= (2.55)
TS '

The linearity of the system now allows us to combine the coefficients to relate the two
incident plane waves in forward and backward propagating direction to the internal electric

field in layer j at the interface (j-1) and j:

E} ti
t+ = 2 = J - 2.56
] E(‘)F 1— 7}/_7}// . elijdj ( )
E- t'/,r'/leizfjdj .
- _ ] _ g1 i285d;
i~ E(-)i_ 1 _1’}’_,’,}11 . eiijdj - t] T} e =1 (257)

Finally, we arrive at the description of the total electric field at position x (for 0 < x < d;)
within a layer j by:
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B0 = B7GO + B G0 = [i7e!5 + (e~

(2.58)
— tj+|:eifjx + T)'Hel'fj(Zdj—x)]E(-)I-
Or in terms of S-matrix elements:
S/ e ij(di=x) 4 g1 . oi§j(dj—x)
E;(x) = 21 J21 EF (2.59)

2 " —ié:d; ! " i&:d; 0
Si115j11 " € i + Si125j21 Rl
In order to calculate the fraction of absorbed light within layer j, we can use the electric

field intensity |Ej (x) |2 to describe the dissipated energy at position X:

Qi(x) = %Cfoajnj|5j(x)|2 (2.60)

where c is the speed of light, €, is the permittivity of free space and a; the absorption

coefficient:

L (2.61)

An introduction of the complex pointing vector definition for the forward and backward
propagating electric fields can lead to a simple calculation of the energy reflectivity (R)
and transmittance (T) for different polarization directions. Furthermore, the treatment of
incoherent layers in a multilayer stack requires the substitution of the electric field with its
amplitude square U = |E|? and was rigorously developed as a generalized matrix method

by Centurioni?®, which the reader is referred to for a complete explanation.

2.2.4 Solar radiation

The energy, and therefore the photon flux, emitted from the sun at its surface can be
described with already introduced Planck’s law (stated in equation 2.33). As we are

interested how much of this energy reaches the earth, we introduce a geometrical factor
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Fg = m * sin®f,,, , which accounts for the angular integration over the emitting

hemisphere from the sun and the angle 6., of the part that can be seen from the earth:

o T E?
¢sun( )_ 47T2fl3C2 ox < E )_ 1 (262)
PAksT,

As 6, 1s very small (0.26°), the irradiance from the sun emitted at 5760 K loses a lot of
its initial power, which is then very close to the values we can measure at the surface of

the atmosphere of the earth (shown in Figure 2.11).

Atmospher

AM15 <

AM 0 AM 1

Figure 2.11: Illustration of solar irradiation with different air mass values.

The atmosphere, due to its high density of gases and particles, plays a crucial role for the
filtering of the solar spectrum at the surface of the earth. Therefore, we quantify this
attenuation by defining the air mass factor (AM) as a fraction of the optical path length to
the sun and the optical path length if the sun was directly overhead, in other terms:

AM = cosec Vg (2.63)
Where ., is the solar elevation angle. The standard we have defined for very typical air
mass conditions is AMus, or Yg,,,, = 42°. As the integrated solar spectrum (by using the
Stefan Boltzmann law) would then only yield around 900 W/m?, the standardised AM1s
spectrum is normalised to 1000 W/m?. This spectrum is crucial for the classification of
solar cells because it is used to determine the power conversion efficiency under “standard

conditions”.
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Real world conditions differ substantially from the AM 15 spectrum and vary permanently
in time. Depending on the location and the weather situation, the sun positional changes,
appearing clouds can partially block and scatter the solar radiation and different chemical
compositions in the local atmosphere might also have an impact. To demonstrate this
effect, Figure 2.12 shows the possible variations of the solar irradiance spectrum by
making visible the effects of wavelength dependent reflection from clouds or other
atmospheric particles that can result in shifts of the radiative power. The ratio of both

spectra shows that the scaling of power is far from constant over the wavelength spectrum.
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Figure 2.12: Plot of global horizontal irradiance spectra and their ratio at two different times in

Seattle 2007.

The position of the sun on the sky dome (defined by solar elevation a and azimuth angle
@ as illustrated in Figure 2.13) can be calculated at every moment of the year by using the

latitude (LAT) and the vertical altitude of the installation site via?®=C:

a = sin~[sin & sin LAT + cos & cos LAT cos HA] (2.64)
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(2.65)

_, [sin& cos LAT — cos & sin LAT cos HA]
@ = cos

cos a
Where § is the solar declination coming from the tilt of the earth and can be approximated

to about 1° accuracy with the day number of the year (d):

8 = sin1[.39795 * cos[.98563 * (d — 173)]] (2.66)

Furthermore, HA is the solar hour angle, which is found with the solar time t,:

HA = 15(¢t, — 12) (2.67)

The solar time is based on the standard time for which the sun points directly south at 12:00
o’clock. Consequently, this depends on the geographical longitude, as the solar time will
vary substantially within the same time zone and a correction algorithm can be found in

literatured?,

Modelling the local time depending solar irradiance spectra is hardly possible since real
world weather conditions are impossible to predict. Several semi-empirical models were
developed®?22 that take multiple measured parameters as input to model the clear-sky or
even overcast-sky irradiance spectra. Nowadays many meteorological gaging stations exist
around the world which measure the solar irradiance accurately with pyranometers. The
irradiance is defined by three components that help to describe the composition. Global
horizontal irradiance (GHI) is the total irradiance that reaches a flat plane over the entire
hemisphere. One part of the GHI comes from diffuse horizontal irradiance (DHI), which
is comprised of the direction-less diffuse light which stems from scattered light by the
atmosphere and is summed over the entire hemisphere onto a flat plane. The other part
comes from the direct normal irradiance (DNI), which describes the beam irradiance that

is radiating directionally from the sun onto a plane directly pointed at the sun. Generally
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direct irradiance is significantly higher than the diffuse component but it depends on the

location.

Zenith
Sun

Souh
Figure 2.13: lllustration of the sky dome with descriptive angles for solar position and panel

orientation and tilt.

The absorption characteristic of a solar panel at larger solar incidence angles depends on
the refractive index of the material due to reflections but generally it is advantageous to tilt
the panel optimally towards the sun. Anti-reflective coating can help to overcome this
effect and is heavily used for Silicon solar cell applications due to the non-ideal refractive
index. Furthermore, Lambert’s cosine law states that the irradiance reaching the panel will

be reduced by the cosine of the angle of incidence:

Isurface = Ipeam cos 0 (2.68)

For this reason, the use of tracking systems can have a very beneficial impact on
performance for deployed solar panels. As generally the cost of such systems is high,
several designs were developed that track either one or two axes. The different concepts
are presented in Figure 2.14. One-axis trackers can have three different designs, either a
fixed tilt angle with rotation around the vertical axis, a horizontal rotation axis, or a tilted
rotation axis. The ideal tilt and rotation angles are depending on the location and time are

well described in literature®.
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Figure 2.14: lllustration of fixed, 1-axis and 2-axis solar panel tracking systems.

These systems have been reported to have annual energy yield improvements of over 30 %
for 1-axis trackers and over 40 % for 2-axis trackers®*. Specifically, 2T tandem solar cells
are benefitting from tracking systems due to the performance loss from unmatched currents

at varying angles. This will be further discussed in Chapter 7.

The diffuse light spectrum is more complex than the direct beam irradiance, as it is
distributed over the entire sky dome. Many models have been developed to describe it in
more detail®*~%°. Most models assume that the diffuse light irradiance is comprised of four
components. The isotropic irradiance from the entire sky dome (1, ;5,), the concentrated
circumsolar radiation around the sun from the forward scattered light (I .,), brightened
radiation around the horizon (I, ) and reflected radiation from the ground (I, 4) in case
the panel is tilted:

Ig = laiso + lacs T lany +1ayg (2.69)

Simple models assume an isotropic distribution of radiation over the hemisphere337,
Logically the intensity of radiation depends on the solar position, position on the sky-dome
and the atmospheric conditions and should therefore be described as anisotropic®®404L,
Currently the semi-empirical Perez model*>® is accepted as a good description of diffuse
irradiation. Alternatively to modelling the total DHI, the development of a distributed
radiance model over the hemisphere is crucial when performing energy yield calculations,

as the solar cell’s performance depends strongly on the angle of incidence of the light
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beam. Brunger and Hooper* introduced a semi-empirical model, which allows to
determine the radiance L(6, ¢) depending on the position of the sun, the cloud ratio k
(fraction of DHI to GHI) and the clearness index k; (fraction of GHI to horizontal extra-

terrestrial irradiation) as:

ap + a, cos 0 + aexp(—a; *¥)

s (ao + 23&) + 2a,1(6s,a3)

L(6, ¢) = DHI (2.70)

The coefficient a, accounts for the constant isotropic component, the horizontal
brightening and the circumsolar irradiance are modelled with a cosine function and an
exponential function respectively. The fitting coefficients a,, a,, a,, a; are tabulated for
corresponding values of k and k:. ¥ is the angular distance between the direction of the sun
and the direction of the sky dome element, which is simply calculated with the two pairs
of positioning angles. Furthermore, 1(6s,a3) is a function also simply evaluated with the
use of all previously mentioned parameters and can be found in the corresponding
publication. Figure 2.15 shows a typical anisotropic distribution of radiance over the entire
hemisphere modelled with the Brunger model.

Diffuse light radiance distribution Seattle January 13th, 11:00 pm

90°

Figure 2.15: Typical normalized diffuse light radiance distribution over sky dome.
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2.3 Perovskite Solar Cells

Perovskite is the name for the class of materials that adopt the same crystal structure as
calcium titanate (CaTiOz). This general ABXs structure, as shown in Figure 2.16, consists
of a cation A, a second but smaller cation B and is surrounded by octahedra of X anions.
The stable three-dimensional ABX3 can only be formed if the components fulfil certain
size criteria. For that reason, a tolerance factor t has been introduced*®, which takes the
ionic radii (7,  x) of the molecules into account:

Ty +1p

i T (2.71)

This tolerance factor can be used to characterize the structural stability of the crystal lattice.
The closer the value is to 1, the more stable it will be, but it has been observed that values
between 0.8 and 1 lead to the typical cubic structure, values between 0.7 and 0.8 lead to
formations of the lower symmetry lattices with tetragonal, trigonal, rhombohedral and
hexagonal structures. Tolerance factors greater than 1 usually lead to the formation of two-
dimensional sheets of B-X octahedra that are separated by the A cations. Most perovskites
currently used for photovoltaic applications and talked about in this thesis contain the
organic CHsNHz" (methylammonium or MA), H2NCNH:* (formamidinium or FA) or the
inorganic Cs* or combinations of all of them as A cations. B site cations are usually Pb>*

or Sn2* and the X site halides most commonly used are I, Br-, CI.

Many more perovskites have been investigated and showed a plethora of advantageous
material properties including high static stabilities, superconductivity, anti-
ferromagnetism and thermoelectricity. The search for solution processable semiconductors
lead Mitzi et al.*® in the early 90’s to carry out extensive research on the semiconducting

and opto-electronic characteristics of organic-inorganic perovskite materials.
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Figure 2.16: Cubic ABX3 perovskite crystal structure.

It was discovered that these materials exhibit string excitonic features, which could lead to
light emitting-diodes and solar cell applications. While various deposition methods
through solution, two-step conversion or vapour sublimation have been developed and are
currently being reused, the focus was mainly set on the two-dimensional layered perovskite

films and a thin-film solar cell remained to be demonstrated for almost two more decades.

The first perovskite solar cells appeared between 2006 and 2009464647 through the efforts
to replace the dye in dye sensitized solar cells by the strongly absorbing hybrid perovskites
CHsNHsPblz or CHsNHsPbBrs as light absorbing layer in combination with iodide
triiodide electrolytes. The rapid degradation of the perovskite absorber due to dissolution
in the liquid electrolyte hindered remarkable device performances. The big breakthrough
came about with the replacement of the liquid electrolyte by a solid-state hole conductor.
Almost simultaneously Kim et al.*® and Lee et al.*® developed stable perovskite solar cells
with power conversion efficiencies around 10% by using (2,2(7,7(- tetrakis- (N,N-di-
pmethoxyphenylamine)9,9(-spirobiuorene) (short spiro-OMeTAD) as hole-transporting
material. The remarkable discovery by Lee et al. was that an insulating mesoporous oxide

scaffold (Al.O3) would lead to equally well performing devices as by using the well-known
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semiconducting TiO2 mesoporous scaffold, essential for the electron extraction in dye
sensitized solar cells®. This suggested long diffusion lengths within the bulk of the
perovskite thin-film, which were later quantified via photoluminescence (PL) time decay
measurements to be on the order of 1 um®2 and allowed the evolution of planar
heterojunction devices, away from the original architecture with mesoporous oxide
scaffolds®** (see Figure 2.17). The planar heterojunction design removes a lot of the
fabrication complexities and together with the flexibility of perovskite materials to be
easily deposited via solution processes or various vapor deposition techniques, this

presents a very promising route to commercialization.

Electrode
Hole-transporting layer
Perovskite

Mesoporous oxide

Electron-transporting layer
Electrode | | |

Figure 2.17: Evolution from mesoporous oxide based architecture to planar heterojunction

architecture of perovskite solar cells.

The origin of the long diffusion lengths was investigated to come from exceptionally high
electron and hole mobilities close to the value of 20 cm?V-1s1%5-58 as well as low radiative
and non-radiative recombination rates®®. Apart from the long diffusion lengths and the
short absorption depths on the order of 100 - 200 nm®-°2, the introduced perovskite
materials show more semiconductor properties that qualify them as almost ideal materials
for solar cells. Slow charge recombination rates ensure a high open circuit voltage
relatively close to the maximum achievable voltage in the radiative limit>*°. Furthermore,
the small Urbach energies that have been reported®?, point towards a low energetic disorder
and allow again for higher achievable voltages. The exciton binding energy, which defines
how much energy is needed to split the electron-hole charge pair apart once it was

generated, was optically determined with big variations to be in the wide range of 2-
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150 meV%2-%_ Recent rigorous magneto-optic measurements by Miyata et al. supported the
small values of only a few meV at room temperature®’. Since this is well below the thermal
energy at room temperature (ca. 26 meV) we can assume that most photoexcited carriers
are present as free charge and not as excitons, which is the case in organic photovoltaic

materials.

Another extraordinary property of perovskites is the possibility to change the bandgap by
introducing different compounds into the crystal lattice. It was shown early on that the
bandgap can be increased from the ca. 1.55 eV of the common CH3NHasPbls by replacing
some of the halide sites with Br-®8 and additionally changing the A cation with FA* %, A
similar effect into the opposite direction (decreasing the bandgap) was discovered by
introducing different Sn- concentrations’®’t, The problems revealed with these X site
mixtures was that they lead to some instabilities within the crystal and would either not
form stable films, or degrade within short periods of time. Later the introduction of Cs*
and FA™ at the right concentrations would lead to much better intrinsic stability of the
perovskite films at almost perfectly adjustable bandgaps in the high’>"# and the low energy

region’.

A plausible working principle of perovskite solar cells can be explained with a p-i-n
junction (as introduced in section 2.1.3), in which perovskite represents the relatively thick
intrinsic layer in which most of the light is absorbed and the excited charge pairs are
separated instantly as an effect of the low exciton binding energy. Due to this high injection
concentration of free charge carriers, the electric field is screened throughout most of the
perovskite bulk. The charge carriers are mostly driven by diffusion over long distances
within the intrinsic layer, which is contacted by the energetically optimally chosen n-type
and p-type interface materials that will extract the electrons and respectively the holes and

transfer them into the electrodes. A simplified scheme (without band bending and assumed

Maximilian Hoérantner - March 2017 39



Chapter 2: Background

relative energy levels) is presented in Figure 2.18. It demonstrates the process that the

charge pairs undergo from absorption to charge extraction.

p-type

n-type

anode cathode

Figure 2.18: Working principle of perovskite solar cell as p-i-n junction.

2.4 Semi-transparent Solar Cells

Photovoltaic cells that convert energy from only partially absorbed sun light and which
allow to transmit visible light will have a transparent appearance to the eye. So-called semi-
transparent solar cells could represent a very important technology in the future of building
integrated photovoltaics as well as the battery charge extension in consumer electronics or
vehicles. Therefore, industrial efforts are increasing to introduce such products to the

market.

There are currently three different ways of achieving transparent or semi-transparent solar
cells, which are shown in the schematic of Figure 2.19. One promising approach makes
use of photoactive semi-conducting material that absorb weakly in the wavelength regions
of visible light but strongly in the low energy infra-red (IR) or high energy ultraviolet (UV)
regions. Organic photovoltaic absorbers’® and dyes used in dye sensitized solar cells’” were
shown to absorb only light invisible to the human eye. When an IR absorber and a UV
absorber are combined in a tandem solar cell (described in the next section), as has been
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demonstrated by Chen et al. within a tandem polymer cell achieved 6.4 % efficiency at an

average visible transmittance (AVT) of 43 %78,

Another approach leading to semi-transparent solar applications is realized by employing
conventional absorbing materials as very thin films. The reduced thickness leads to a
decreased probability of a photon to excite an electron and therefore more photons will be
transmitted through the film. As photons with more energy will be more likely absorbed,
more of the lower energy photons are transmitted, resulting in a device appearing red
coloured. Reports from previous research on semi-transparent perovskite solar cells
showed PCES/AVT ration as high as 10.2 % / 25 %" and 7.8 % / 37 % with the use of
extremely thin absorbers. In order to fabricate such thin perovskite films with good
morphologies, co-evaporation®®2 or gas assisted spin-coating techniques®® have to be

used.

The third route to develop a semi-transparent solar cell involves a decreased coverage of
the active layer to transmit more light. The idea behind it is to structure the active material
in micro-scale to decrease the coverage such that a fraction of the photons will pass the
areas that are not covered by the semiconductor but small enough to not be visible to the
bare eye. The advantage is the colour appearance of such films, which remains neutral
coloured due to a flat transmission spectrum®®. However, the drawback comes from the
fact that the uncovered regions between the absorbing domains allow for shunting paths
that significantly influence the device performance. Furthermore, scattering of the micro-
structured domains needs to be reduced to develop a semi-transparent solar cell with clear
view and no haze effect. Successful applications of this design have been reported by
Eperon et al. with PCEs up to 5.2 % at AVT of 28 %'>#* and could be improved by using
shunt-blocking layers to 6.1 % PCE with 38 % AVT®. Chapter 5 will describe this

development in much detail.
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Selective absorption Reduced coverage

Thin-film

Figure 2.19: Schematic of different semi-transparent solar cell design concepts with selective

absorption layer, thin-film absorber and reduced coverage absorbing layer.

All the above stated technologies only lead to transparent solar cells if the other layers in
the device are equally highly transparent. This can be a challenging problem in case of the
charge conducting electrodes which often come with the trade-off between increased sheet
resistance and high transmittance. Despite the use of transparent conducting oxides such
as ITO, micro-meshes of nickel®, Ag®” and spray coated silver nanowires®® were shown to

be promising solutions as well.

2.5 Tandem Solar Cells

The thermodynamic efficiency limit of single junction solar cells has been derived with
the balanced equilibrium theory, introduced in Section 2.2.2, to equal 33.7 %. There are
several methods to surpass this efficiency by either increasing the concentration of
radiation with Fresnel lenses or by reducing the kinetic energy loss of electrons due to
photons that have higher energies than the bandgap of the absorbing semiconductor. One
practical approach is the introduction of multiple absorbers with different band-gaps to
absorb photons with different energies. While this effect can be made possible via spectral
splitting with dichroic mirrors onto different absorbers, a more convenient method is to

stack different band-gap absorbers vertically.
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Perovksite solar cell
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Figure 2.20: Concept of tandem solar cell in which a perovskite solar cell absorbs within the low
wavelength region and the silicon solar cell in the high wavelength region of the solar power

spectrum.

The spectral response of typical complimentary wide and narrow bandgap absorbers (in
this case perovskite and silicon solar cells) is shown together with the solar power spectrum

in Figure 2.20.

In case two absorbing layers are implemented into a tandem solar cell, two architectures
for the interconnection of the layers are common (shown on Figure 2.21): In the four-
terminal (4T) architecture the two absorbers are independently electrically connected and
can therefore be optimised individually to yield the highest efficiency. However, an easier
design can be achieved within a two-terminal (2T) architecture by connecting the two cells
together in series. This design requires the matching of currents to operate at optimal
conditions and is therefore difficult to maximize in real world conditions. Despite the

simplicity due to the absence of two additional transparent electrodes, the electronic
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material optimization becomes challenging due to the need of a so called tunnel junction

or recombination layer between the semiconductors.

4 terminal configuration 2 terminal configuration

——

—

Figure 2.21: Four terminal and two terminal tandem solar cell configurations.

Detailed balance theory can be used to calculate the efficiency limits that are possible to
achieve with the tandem device architectures?>®. When assuming perfect spectral
splitting, the maximum efficiency for different bandgap combinations in a 4T
configuration is plotted on the left of Figure 2.22 and demonstrates that a PCE of up to
46 % is achievable with bandgaps of 0.93eV and 1.73eV. Analogously, in a 2T
configuration the currents need to be matched and due to reduced numerical resolution of
the bandgaps, the voltages are not set at the absolute maximum power point, which leads
to slightly smaller efficiencies and a different optimal bandgap combination for the
absorbing layers as depicted on the right in Figure 2.22. However, in reality, spectral
splitting is not perfect and depends on the absorption tails of the absorbing semiconductors,
furthermore recombination losses are common and reported record performances are
substantially lower at around 31 %**®°. Chapter 7 will discuss the real world implications

of tandem solar cells in more detail.
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Figure 2.22: Combined tandem power conversion efficiency for different top cell and bottom cell

bandgap combinations in 4T and 2T configurations.

2.6 Back Contact Solar Cells

The intuitive design choice for thin-film solar cell devices includes the anode and cathode
electrodes to be connected in a layered manner due to the relatively short diffusion lengths
and short enough absorption depth of the semiconducting materials. The charges that are
generated within an inner absorbing layer are extracted through electrodes at the top and
the bottom of the solar cell stack. Since the light is typically entering the stack from the
top or from the bottom, one of the electrodes is required to allow a maximum number of
photons to pass. In short diffusion length materials (most thin-film solar cells), this is
generally achieved with the use of transparent conductive oxides. Materials with longer
diffusion lengths allow for metal electrode grids that cover a minimum area to reduce
shading losses but offer lower resistance. This has been for a while and still is the most
common design for silicon solar cells on the market. The trade-off between maximizing
the transmission of light into the device while maintaining large enough conductivity to
not induce series resistance losses played an important role for device designs that are used

in modules.
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An alternative device architecture incorporates both electrodes on the back side, opposite
of the radiation side, as shown in Figure 2.23. This leads to minimized shading and
reflection losses that would come from front contacts and allow at the same time to cover
almost the entire backside area with conductive electrodes®. As all charge collection
components are placed on the backside, a closely packed interconnection of modules is
possible, which all leads to enhanced overall efficiencies. Another substantial benefit of
the use of rear contacts comes from the reduced contact area that these electrodes take up,
which leads to lower recombination velocities at the interface and allows to optimally
passivate all other surfaces to minimise surface recombination and therefore lead to higher
performances. Originally this design was invented by Schwartz et al.®* in 1975 for
concentrated solar cells in which the series resistance effect and surface recombination
plays an even more import role due to higher photo current densities and larger charge
carrier concentrations. Due to the advantages of back contact solar cells, all recent record
efficiencies of silicon solar cells were achieved with such a design®**. Specifically the
recently reported record efficiency of 26.33 % from Kaneka Corporation was realised with
a back contacted architecture in combination with the well absorbing heterojunction with

intrinsic thin-layer (HIT) silicon solar cell design®®.

Layered contact device Back contact device

Transparent cathode | |
n-type interface

Absorbing layer Absorbing layer

p-type interface
Cathode

n-type interface
Cathode

p-type interface
Anode

Figure 2.23: Schematic comparison of layered contact and back contact solar cell.

Implications of this design need to be considered and hence when photons are absorbed in

the top region close to the surface of incidence, a long diffusion length is required to
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efficiently transport all the charges to the back contacts. Highly crystalline materials with
low defects are needed for this matter so that recombination in the bulk is hindered. One
of the main limiting aspects on the performance of back contacted silicon devices is non-
radiative recombination, which is dominated by the lifetime of minority carriers. In
crystalline silicon, a typical film needs a thickness in the order of 100 pum to achieve
effective absorption in the active material. This puts a strain on the necessary high quality
of crystalline silicon, for it needs to allow excitations to travel all the way to the back
electrodes with minimal recombination. Solutions for this have been found, such as the
emitter wrap through design developed by Gee et al.%®. This reduces the average distance
that a minority carrier needs to travel to reach an electrode. Furthermore, surface
recombination velocities play an important role and to suppress these, passivation
techniques need to be applied. These specific requirements are not fulfilled by many
materials or would require difficult fabrication processes on shorter length scales, which
would explain the few demonstrations of other back contacted solar technologies.
However, there have been reports of demonstrations in CdS/CdTe®”~*°, dye sensitized*,
and even organic photovoltaics®. Perovskites fulfil some of the requirements and Chapter
6 introduces a device architecture that could pave the way for efficient back contacted

perovskite solar cells.

2.7 Micro- and Nanolithography Techniques

Since the invention of microchips, methods for the patterning and structuring of materials
on the micro- and nano-scale below 100 um have become extraordinary important, which
lead to enormous research efforts in this field. In contrast to macroscopic engineering, the
development of simple structures can be very complex, since different physical laws and
forces are governing the materials. Additionally, visual aid is limited and requires some

special apparatuses. A plethora of solutions has emerged to overcome these difficulties and
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most of which can be categorized into so-called bottom-up or top-down techniques®. The
top-down methods of micro- and nanolithography have become essential for the
semiconductor industry as well as many other research fields, because it allows the
structuring below 10 nm with extremely high accuracy and through put. Several
lithographic techniques, such as UV-photolithography, E-beam lithography, ion-beam
lithography, nano-imprint lithography and colloidal lithography%? have been developed
with the same working principle of removing well defined portions of a thin film. The two

techniques focused on in this work are UV-photolithography and colloidal lithography.

2.7.1 UV-photolithography

Photolithography describes the process in which UV light is used to expose particular areas
of a photo-active thin-film material (resist) to make it either soluble or insoluble to a
particular solvent (developer). The most common way to pattern a resist is to use a
photomask which allows the UV light to pass only through certain areas. Three different
types of photoresist materials exist. Positive resists become soluble in the areas that get
exposed. The exposed areas of negative photoresists analogously become insoluble when
immersed into the developer. A third type, called image reversal photoresist, needs to be
first exposed as a positive photoresist but becomes reversely insoluble upon heat treatment
and a second high energy flood exposure. It offers advantages in achieving higher

resolution and so called undercut profiles that are advantageous for lift-off processes.

The process steps for masked photolithography of a negative resist with subsequent lift-
off are depicted in Figure 2.24. The procedure involves a cleaned substrate (1), which is
the basis for the deposition of the resist film that usually needs thermal curing for activation
(2), then the exposure through an aligned mask (3), development to dissolve the un-
crosslinked volumes (4), evaporation of the metal film (5), and lift-off in a solvent to

remove the rest of the resists including the covering metal bits (6).
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Figure 2.24: Processing steps for patterning metal with negative photoresist.

The resolution of masked photoresists is somewhat limited by the wavelength of the UV
light used for exposure. The minimum feature size that is limited by optical diffraction is
defined as®®:

A

lmin = kl * M (272)

Where k; is the process related factor that includes all precision factors of the process and
is usually somewhere around 0.8 in research lab facilities or down to 0.4 in industrial
production. A is the wavelength of the light source and NA is the numerical aperture of the
lens as seen from the substrate (it depends on the mask distance). The other competing
parameter is the so-called depth-of-focus, which describes the depth into the resist layer
for which the exposure radiation is well focused, hence leading to higher resolution. It is

defined by:

DOF =k, * (2.73)

(NA)?

Here, k, is another process specific constant that is usually quoted to equal 0.5. The
consequence that follows from the depth-of-focus dependence on the wavelength is the
trad-off between reducing wavelengths for higher resolution but sacrificing focal depth at

the same time.
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The resolution of simple masked photolithography in experimental labs with conventional
365 nm i-line UV light sources and NA of typically 0.35 is limited length scales around
1 um. This value has been enormously reduced by techniques such as using deep UV light
and computational lithography, in which a computer optimizes the exposure diffraction,
The microchip industry has introduced methods titled as next generation lithography
techniques that include extreme ultraviolet lithography with wavelengths as low as 10 nm
to reach for lower resolutions in the order of a few nanometres. Alternatively, electron
beams that can be well focused and directed or even X-rays are used for the exposure as
they have wavelengths well below the nanometre range. Cost and therefore processing
speed are crucial factors for industrial fabrication, which is the reason for the exploration
of a promising advancement in which a physical pattern is mechanically pressed into the
resist layer, and can be done at single nanometre resolutions with high speeds, even on a

roll-to-roll basis®1%, This method is known as nano-imprint lithography.

2.7.2 Colloidal Lithography

Colloidal lithography defines the nano-fabrication process that makes use of monolayers
of colloidal crystals. Two and three dimensional structures with high periodicity can be
patterned though this efficient and inexpensive method. 2D ordered structures are
fabricated through the self-assembly of mono-disperse micro- or nano-spheres in
hexagonal-close-packed monolayers (MLs) via several strategies. Depending on the
microsphere diameter, feature sizes ranging from tens of nanometres to several
micrometers'®’. Densely packed monolayers of microspheres can be produced by drop-
casting'%, dip-coating%®, spin-coating®'®, electrophoretic deposition'!! or water interface
transfer of the monolayer onto a substrate!!2, To date, this has been successfully applied in
a plethora of fields where precise domain size control is required, including bio-sensing

via surface enhanced Raman scattering®'®, photonic crystals'*45, or surface plasmon
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applications!®. The spacing and geometry can be tweaked by the fabrication of non-close
packed MLs via etching to shrink the spheres or stretching flexible substrates to increase

the distance.

The assembled microspheres can be used as protecting domains in a directional etching
process to pattern the underlying substrate. Another typical application for colloidal
lithography is the use of the MLs as sacrificial volumes by filling the surrounding spacing
with another material to be subsequently patterned by selectively dissolving or
decomposing the colloids at high temperatures (the processing steps are visualized in
Figure 2.24). This technique enabled the patterning of metal structures via evaporation
between the microspheres. Oxides and other materials were structured in a similar

mannerl’,

@ QY

Figure 2.25: Illustration of the processing steps of sacrificial colloidal lithography. A colloidal
monolayer and a gap filling material are deposited via spin-coating and subsequently the

microspheres are degraded to leave behind a patterned layer.

2.7.3 Self-assembled Monolayers

A self-assembled monolayer (SAM) defines a molecular assembled layer of organic
molecules that attaches spontaneously onto a substrate in a pre-defined manner*!®, Such
molecules generally consist of a head group that attaches preferentially to the surface of
the substrate, a tail carbon atom chain of arbitrary length and an optionally attached

functional group (depicted in Figure 2.26). The head groups are strongly bound to the
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surface of the substrate by chemisorption, which lowers the surface free-energy of the
substrate!'®. This assembly process can happen in the liquid or in the vapour phase and
depending on the concentration of molecules and the time duration, a closely packed
monolayer forms with the tail groups standing up. Common head groups include silanes,
phosphonates or thiols and depending on the chemisorption, strong covalent bonds can be

formed.

Functional group R R R R
Tail

Head group
Figure 2.26: Sketch of self-assembled monolayer with head group, tail and functional group.

SAMs are often used for micro- and nano-patterning by using micro-contact printing via
pre-patterned elastomeric stamps, by printing them via AFM tips, or by locally removing
molecules via scanning tunnelling microscopy, AFM or UV-light (similar to UV-

lithography)*2°.
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3 METHODS

3.1 Perovskite solar cell fabrication

The fabrication of the various perovskite solar cell devices involved different steps that are
described in the following sections. Some of the processing steps are optional or

interchangeable, depending on the device architecture. The three main different

architectures are illustrated in

Honeycomb structured

Top electrode: Au or Ag
HTM: Spiro

Absorbing layer: CHaNH3Pbl3s

Honeycomb oxide: SiO2 or TiO2

ETM: TiO2
TCO: FTO

Semi-transparent
Top electrode: Au or Ni grid + PEDOT:PSS

HTM: Spiro
Absorbing layer islands : CHaNH3Pbl3
Shunt-blocking layer: 0TS

ETM: TiO2
TCO:FTO

Back contacted

Passivation layer: PMMA or TOPO
HTM or ETM: NiO or TiO2

Top electrode: Ni or Ti

Absorbing layer : CH3NH3Pbl3
Insulator: Al203

ETM or HTM: TiO2 or NiO
TCO: FTO

Figure 3.1: Illustration of different device architectures with the included components and

corresponding materials used.
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3.1.1 Substrate preparation

The glass substrates have been purchased from Pilkington Inc. with a coated fluorinated
tin oxide (FTO) layer of 7 or 15 Q/sq. FTO was partially removed from the substrate via
etching with zinc powder and 2 M HCI to create non-conductive stripes for later needed
counter-electrode fabrication. The etched substrates were rinsed in deionized (DI) water
and cleaned rigorously by brushing Hellmanex solution with a toothbrush before rinsing
again in a stream of DI water. N2 was used to dry the substrates that were then subsequently

rinsed in Acetone and 2-Propanol and then etched for 10 min in Oz plasma.

3.1.2 Bottom n-type or p-type layer deposition
Spin-coated TiOz n-type layer:

The n-type TiO2 compact layer was formed by spin-coating a solution of 0.71 g titanium
isopropoxide and 0.07 g of 2 M HCI in 8 ml of Ethanol with 2000 rpm for 45 seconds and

then annealed at 500 °C for 45 minutes.

Spin-coated and chemical bath treated SnO> n-type layer:

The SnO: layer was prepared by following the method described by Anaraki et al.?t,
0.05 M SnCls-5H20 was dissolved over 30 min of stirring in 2-Propanol and then spin-
coated in volumes of 200 ul onto the cleaned and etched glass/FTO substrates with
3000 rpm for 30 seconds and 200 rpm/s acceleration. The substrates were then dried for
10 min at 100 °C and 60 min at 180 °C. In the meanwhile, a chemical bath was prepared
by mixing 40 ml DI water with 500 mg of urea, 500 pl of HCI (37 wt%), 10 ul of 3-
Mercaptopropionic acid and 108 mg of SnCl>-2H,0O (for a final concentration of 0.012 M).
The cooled down, spin-coated substrates were then immersed into the chemical bath to be

well covered by solution and a lid was placed onto the beaker to prevent evaporation. The
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bath was kept at 70 °C within an oven for 180 min and afterwards the samples were
sonicated for 2 min in DI water. The substrates were dried under a stream of dry air and

then put onto a hotplate at 180 °C for 60 min.

Spray-coated TiO2 n-type layer:

A uniform TiO2 compact layer was obtained by initially heating the cleaned and etched
glass/FTO substrates to 450°C on a hotplate. Titanium diisopropoxide
bis(acetylacetonate) was diluted in anhydrous Ethanol in a concentration of 1:10 (v:v).
15 ml of this solution was homogenously sprayed with a handpump over the hot substrates
that were placed closely together with a total area of 11.4 cm x 22.4 cm. The sprays were
carried out by spraying for 10 seconds and then waiting for 20 seconds. The substrates

were kept for another 50 minutes at 450 °C and then cooled down slowly over 60 minutes.

Bottom NiO p-type layer deposition:

For the fabrication of inverted devices (light passes through the transparent anode first),
the hole-selective p-type layer needed to be deposited onto the glass/FTO substrate.
1 mmol of Nickel Nitrate hexahydrate was fully dissolved in 1 ml of ethylene glycol before
1 mmol of ethylenediamine was added to the solution. The smoke was blown out with
compressed air before capping. After shaking the solution vigorously, it was put into a
syringe and filtered through a 0.2 um filter directly onto the substrate to avoid
agglomeration. The substrate was spin-coated at 5000 rpm for 50 seconds and then dried

at 100 °C on a hot plate for 10 minutes. Finally, the films were annealed at 300°C for 1 h.
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3.1.3 Honeycomb oxide structuring

The fabrication of a closely packed monolayer of polystyrene microspheres followed the
modified spin-coating procedure after Hulteen et al.1?? and Cheung et al'?. The diameters
of employed microspheres varied between 0.37 to 1 um and were ordered from Fischer-
Scientific (10 wt%). The particle solution was mixed in a 10:1 (v/v) dilution with a 1:400
(v/v) solution of Triton X-100 in methanol. The resulting solution was dispersed for 10
minutes in a sonication bath and then filtered with a 2.7 um filter. The multi-step spin-
coating involved a first step of 300 rpm for 10 seconds, a second step at 600 rpm for two
minutes and an additional step of 2000 rpm for 10 seconds. The self-assembled polystyrene
monolayer was dried at room temperature in air for about 3 hours. The oxide honeycomb
was fabricated by spin-coating a solution of titanium isopropoxide in ethanol (the same as
previously used for the spin-coated TiO2 compact layer) or a solution of 20 nm pre-made
SiO; particles in ethanol*?* onto the polystyrene monolayer. Subsequently the monolayer
was sintered in multiple steps (drying at 80 °C for 2 hours, quick heating to 250 °C for
polystyrene degradation for 30 minutes, then increasing to 500 °C within 2 hours and

sintering for 30 minutes) to form a stable oxide honeycomb structure.

3.1.4 Back-contacting electrode fabrication

Photoresist patterning:

The image reversal photoresist AZ 5214 E was spin-coated at 5000 rpm for 45 seconds
and baked for 50 seconds at 110 °C according to the datasheet provided by the
manufacturer. UV-light exposure with a wavelength of 265 nm and 25 mJ intensity
through a chrome patterned glass photomask and subsequent image reversal, by baking for
120 seconds at 120 °C and applying a 250 mJ dose of UV exposure, lead to the solubility

of the regions designed for the fingers of the rear contacts. These were dissolved through
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immersion for roughly 40 seconds in a developer bath of AZ 726 MIF, resulting in a

patterned photoresist layer.

Al203 + Ni + NiO shell hole conducting electrode:

The patterned photoresist layer was coated with 100 nm of insulating Al.Oz and 100 nm
of Nickel through e-beam evaporation. The lift-off of the remaining photoresist regions
was performed in an 80 °C heated bath of Dimethylsulfoxide (DMSO). The Ni based
devices were subsequently annealed at 300 °C for 20 minutes to create a shell of oxidized

Ni as a p-type electron blocking layer.

Al>,O3 + Au + NiO + Thiol blocking layer for hole conducting electrode:

The patterned photoresist layer was coated with 100 nm of insulating Al.O3 and 100 nm
of Au and 10 nm of NiO through e-beam evaporation. The lift-off of the remaining
photoresist regions was performed in an 80 °C heated bath of DMSO. The substrates with
the patterned Au electrodes were then immersed in beakers containing 1 mM 1-
Dodecanethiol (C12H26S) solutions in ethanol for 24 h. After removal, the substrates were

thoroughly rinsed with ethanol and blow dried with nitrogen.

Al,O3 + Al + Ti + TiO2 shell electron conducting electrode for inverted back-contact

device:

The patterned photoresist layer was coated with 100 nm of insulating Al2Oz and 50 nm of
Al + 50 nm of Ti through e-beam evaporation. The lift-off of the remaining photoresist

regions was performed in an 80 °C heated bath of DMSO. The Al + Ti based devices were
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subsequently annealed at 300 °C for 20 minutes to create a shell of oxidized Al as blocking

layer around the Al and a shell of TiO2 as a n-type hole blocking layer.

lonic liquid coating:

0.01 wt% of 1-butyl-3-methylimidazolium tetrafluoroborate (ionic liquid IL) was
dissolved in methanol and the solution was spread onto the patterned electrodes after the
lift-off and annealing process, then spin-coated at 4000 rpm for 20 seconds to be then dried

at 80 °C for 10 minutes on a hotplate before perovskite deposition.

3.1.5 Perovskite absorber layer deposition

Perovskite layer deposition for honeycomb structured solar cells:

Initially a 3:1 molar ratio of CHsNHzl:PbCl2 was dissolved in Dimethylformamide (DMF)
with a concentration of 10 wt%, 15 wt% and 20 wt% and stirred for 120 min at 50 °C to
prepare the well dissolved pre-cursor solution. Filling the oxide honeycombs with
perovskite was realized via spin coating the fresh pre-cursor solution of CHsNH3zPblz«xClx
onto the patterned substrates. This was carried out in a N> filled glove box at spin speed of

2000 rpm for 60 seconds. The perovskite layer was then annealed for 150 min at 100 °C.

Perovskite layer deposition for semi-transparent solar cells:

Perovskite layers with low coverage were deposited after the technique developed by
Eperon et al. *°. 38 wt% CHsNHsl and 22 wt% PbCl, were dissolved subsequently in

DMSO and stirred for 60 min. 250 pl of the solution was spin-coated on the substrates with
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2000 rpm for 45 seconds and then annealed at 130 °C for 20 minutes. Spin-coating and

annealing was done in air with 20 % controlled humidity.

Perovskite layer deposition for back-contacted solar cells:

For back-contacted solar cells, the 3:0.98:0.02 molar ratio of CH3NHzl:PbCl2:Pblz was
well dissolved in DMF with a concentration of 38.5 wt% and spin-coated onto the
substrates with patterned electrodes at 2000 rpm for 45 seconds in a dry air atmosphere.
The drying of the deposited solution was performed under a weak air flow for 30 seconds
before letting the substrates rest for 15 min at room temperature and an additional drying
step for 15 min at 70 °C on a hotplate. The films were then annealed in an oven for 90 min

at 100 °C and 15 min at 120 °C.

3.1.6 Shunt-blocking layer for semi-transparent perovskite device

Octadecyl-trichloro silane (OTS) is added to toluene (10 ul per ml of toluene) and the
substrates with partially covered perovskite layers were immersed into the solution, which
is kept in a petri dish. After 10 minutes of incubation at room temperature, the substrates

are rinsed with toluene followed by blow drying with N2 and heating at 60 °C on a hotplate.

3.1.7 Perovskite surface passivation of back-contacted solar cells

In back-contacted devices, the surface of the perovskite does not require an additional
coating to function as a solar cell, but depositing an additional layer can help with the
improvement of stability due to moist protection or electronic passivation. Consequently,
after the perovskite annealing procedure and the cooling of the substrates to room
temperature, a layer of Poly(methyl methacrylate) (PMMA) was deposited by spin-coating
a solution of 15 mg PMMA, dissolved in 1 ml of chlorobenzene, with 2000 rpm for 45

seconds.
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Alternatively, trioctylphosphine oxide (TOPO) with 99 % purity was dissolved with a
concentration of 0.025 M in anhydrous chlorobenzene. 100 ul of this solution was spread

on the surface of the perovskite layer and then spin-coated for 60 seconds at 2000 rpm.

3.1.8 Hole-transporting layer deposition

For the fabrication of sandwiched solar cell devices, the hole-transporting layer was
deposited on top of the perovskite films by spin-coating a solution with 8.5 wt% or 10 wt%
spiro-OMeTAD in chlorobenzene and 30 mol% lithium bis(trifluoromethane-
sulfonyl)imide and 80 mol% 4-tert-butylpyridine as additives, at 2000 rpm for 60 seconds

in the N2 atmosphere. The sample was dried overnight in a light-sealed desiccator.

3.1.9 Anode fabrication
Opaque anode:

50 nm Au, or 120 nm Ag was thermally evaporated on top of spiro-OMeTAD as the top-

electrode. The pressure was ca. 10 Torr and the evaporation rate close to 0.1 nm/s.

Transparent electrode:

The hole-transporting layer was spray-coated with a PEDOT:PSS layer by keeping the
substrate at 50 °C while spraying and for 10 seconds after the deposition. The solution was
prepared by mixing a commercial blend (Hereaus GSD1330S) with ethanol and
isopropanol in a 1:1:1 volume ratio. Subsequently flexible nickel microgrid sheets
(Epimesh 300 from Epigem) of roughly 90 pum thickness were tape-casted with an adhesive
mixture of 1:1.34 (w:w) Styccobond:(PEDOT:PSS). After drying the films at 60 °C for
15 min and 120 °C for 5 min the grids were then laminated onto the prepared substrates

using finger pressure.
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3.2 Solar cell characterization

For measuring the performance of the solar cells, simulated AM 1.5 sunlight was generated
with a class AAB ABET solar simulator. It was calibrated to give simulated AM 1.5, of
100 mWcem™ equivalent irradiance, using an NREL-calibrated KG5 filtered silicon
reference cell. The mismatch factor was calculated to be 1.065 between 300 - 900 nm,
which is beyond the operating range of both the KG5 filtered silicon reference cell and the
perovskite test cells'?®. The current-voltage curves were recorded with a sourcemeter
(Keithley 2400, USA). The solar cells were masked with a metal aperture defining the
active area (0.0625 cm?, 0.0929 cm? and 0.73 cm?). The back-contacted solar cells were
not masked as the active are is defined as the area covered by the patterned electrodes,

which measures 0.09 cm?.

3.3 Optical characterisation

3.3.1 UV-Vis Transmission and reflection measurements

The transmission and reflection measurements were carried out with an internally coupled
integrated sphere in a Varian Cary 300 UV-visible spectrophotometer. The average visible
transmittance was calculated by averaging over all total transmittance values within the

visible spectrum (400 — 780 nm).

3.3.2 Photoluminescence measurements

Steady state and time resolved photoluminescence measurements were carried out on a
time-correlated single photon counting (TCSPC) setup (FluoTime 300, PicoQuant GmbH).
A 507 nm laser head (LDH-P-C-510, PicoQuant GmbH) was used to excite the samples

with pulse frequencies of 0.3 — 10 MHz, a pulse duration of 117 ps and fluence of 3 pJ/cm?
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— 30 nJ/cm?. The emitted light was detected with a high resolution monochromator and

hybrid photomultiplier detector assembly (PMA Hybrid 40, PicoQuant GmbH).

3.3.3 Photocurrent and photoluminescence spatial mapping measurements

The photocurrent and photoluminescence spatial mapping experiments were carried out by
Luis Pazos-Outon and Gregory Tainter at the Cavendish Laboratory at University of
Cambridge. A WITec alpha 300 s setup was used together with a 405 nm continuous wave
(CW) laser (Coherent CUBE) as excitation source, which was locked into a frequency of
840 Hz with a Stanford Research SR 540 Lock-In amplifier. The light was coupled into a
microscope with 60 x Nikon lens. The samples were mapped precisely by moving them
with a X-Y piezo stage (controlled by WITec ScanCtr Spectroscopy Plus software)
underneath a microscope lens (60 x magnified, Nikon) into which the laser light was
coupled. Emitted light form PL was detected through the same objective using a
spectrometer with additional CCD detector. The excitation signal remained undetected by
using a low pass filter before the detector. Photocurrent measurements were acquired by
using a Stanford Research SR 570 pre-amplifier in connection with a Stanford Research
SR 830 lock-in amplifier, which was locked into the chopped excitation source. All

measurements were performed in N2 atmosphere.

3.3.4 Photoluminescence quantum yield measurements

The photoluminescence quantum efficiency (PLQE) measurements were carried out by
Johannes Richter at the Cavendish Laboratory, University of Cambridge. The technique
developed by de Mello et al.*?® was used. A CW laser with 532 nm served as the excitation
source for a sample kept in an integrating sphere. The scattered PL signal was detected

using an Andor iDus DU490A InGaAs detector.
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3.4 Microscopy

3.4.1 Optical microscope imaging

Optical microscope images were acquired in reflection and transmission mode with a
Nikon Eclipse LV100 base in combination with 10x, 20x, 50x and 100x magnified
objectives. Polarization filters, dark field and bright field modes were applied for different

visualisations of the film morphologies and microstructure analysis.

3.4.2 Scanning electron microscopy imaging

Top surface and cross-sectional imaging of various films and device stacks was carried out
with a Hitachi S-4300 field emission scanning electron microscope (SEM). Most of the
measurements were performed with an electron beam voltage of 3 kV. Insulating materials

were sputter-coated with 3 nm of Pt for better imaging quality.

3.4.3 Atomic force microscopy

The atomic force microscopy (AFM) images were obtained using a ThermoMicroscope
M5 in non-contact mode and scanning over a range of 5 X5 um to 20 X 20 um at a
resolution of 256 x 256 data points. The surface roughness was measured as the root mean-

squared roughness over the scanning area.

The conductive AFM measurements were carried out with environment control SPM
system (Solver P47, NT-MDT, Zelenograd, Russia) under constant N2 flow purge (< 4%
relative humility) in combination with Pt-coated Si probes (HQ:DPER-XSC11/D;

NanoAndMore GmbH).
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3.5 Further material characterization

3.5.1 Film thickness measurements

Film thicknesses of unstructured layers with thicknesses above 50 nm were measured

using a Veeco Dektak 150 surface profilometer.

3.5.2 X-ray diffraction

X-ray diffraction (XRD) spectra were collected from perovskite films deposited on
FTO/glass substrates with the use of a Panalytical X’Pert Pro X-ray diffractometer by Cu

K-alpha radiating with a wavelength of 0.154 nm.

3.6 Energy yield simulations and optimisation

Power conversion efficiency and annual energy yield simulations have been carried out for
perovskite-on-silicon tandem device stacks and the results are presented in Chapter 7. The
simulation process consists of various steps which are illustrated in Figure 3.2 for the
calculation of the power conversion efficiency and Figure 3.3, Figure 3.4 for the simulation
of the expected annual energy yield in real world conditions. The core of the optical model
is based on the generalized transfer matrix method?®*?’. The constant refractive index of
every material of the layers must be known, and together with the thicknesses of the layers
and the incident radiation angle as parameters, the model output is the electric field
distribution within the entire stack. This is used to calculate the fraction of transmitted and
reflected light as well as the absorption within each layer. The model was implemented
with the python programming language with heavy usage of the numerical computation
package numpy. By calculating the absorption for every wavelength within the solar

spectral range and assuming an internal quantum efficiency of 100%, which is feasible to
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do for perovskites solar cells according to published results®!?® we end up with the

external quantum efficiency for the absorbing layers.

The material specific refractive index data for the applied materials was adopted from
tandem modelling literature'?®. Changes of the bandgap for the perovskite layer have been
simulated by assuming a perfect horizontal shift of the published absorption coefficient!
along the energy axis. McMeekin et al.’** have demonstrated that the absorption spectrum
behaves in such a way in reality when different perovskite material compositions are used.
The shifted absorption coefficient a()A) can then be rearranged to calculate the extinction
coefficient k(1) via,

i (3.1)

T 4n

k

which can be transformed to the refractive index n(A) via the Kramers-Kronig

transformationt32133:

(3.2)

2 (® E'k(E'
0

mME)-1=2 ) Fr_ge
The EQE’s of both absorbing layers can further be used to determine the modelled J(V)
characteristic with detailed balance theory introduced in section 2.2.2. Following the single
diode equivalent circuit model described in section 2.2.1, we can derive the J(V)
characteristic representation as in equation 2.35. All of the specific equivalent circuit
parameters (m, Rs, Rsn) were extracted from reported J(V) curves in literature by fitting
the currently highest performing solar cell to the equation above. The used values for a
perovskite cell”™ were Rs = 3.5%10° Q, Rsy = 5 MQ and m = 2.35 and for the silicon HIT
cell®® Rs = 5.5%10° Q, Rsy = 100 MQ and m = 1.0. Since equation 2.30 is an implicit
function, the method presented by Jain et al.*3* was used to derive an analytical solution
for an explicit equation that can be calculated numerically by using the W-function.
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Figure 3.2: Simulation process for PCE calculation of tandem solar cell stack.

Depending on the interconnection of the tandem stack, the maximum power output was
calculated in two different ways. In a 2-terminal tandem device the J(V) curves of both
absorbing layers are combined by taking the lower current producing cell and calculating
the corresponding limited current J(V) characteristic of the other cell'3>. Subsequently the
power at maximum power point of the combined J-V curve was determined. In a 4-terminal
device the maximum power point of each cell J(V) was determined separately and then the
powers were added up. The PCE was then determined by dividing the tandem stack power
output with the integrated power from the solar spectrum. It has to be noted that no optical
penalty has been introduced for 4T devices (they were treated as if they were connected
seamlessly together). Furthermore, no additional series resistance losses or power

electronics losses were accounted for.

Maximilian Hoérantner - March 2017 66



Chapter 3: Methods

The annual energy yield (EY) calculations were carried out by using typical meteorological
year (TMY) spectral data from NREL. They can be found in a well-organized database
(NSRDB) for many locations in the USA®. The TMY data includes the global horizontal
irradiance spectrum as well as the direct normal irradiance spectrum in the wavelength
region from 300 — 1800 nm for every hour of a typical meteorological year. In a pre-
processing step, for every hour of the year, the incident angle of the direct irradiance beam
towards the panel is determined. It depends on the location and on the tracking mechanism,
which can be a fixed panel (at an optimal fixed tilt angle'®’), a one-axis (with tilted rotation
axis), or a two-axis sun tracking system as intruded in section 2.2.4. The fixed tilt angles
of 33.33 °, 39.19 ° and 29.16 ° were chosen for the locations Golden (CO), Seattle (WA)
and Mohave desert (CA). Furthermore, the diffuse light distribution is modelled with the
motivation to create a real world scenario, therefore instead of assuming isotropic
distribution, the entire hemispherical distribution (broken into a grid of 900 nodes for
numerical approximation) of the diffuse light radiance is calculated with the Brunger-
Hooper model** and the data is grouped for accurate incidence angles of the distributed

sky elements towards the fixed or tracked panel (see Figure 3.3).

Tracking system Grouped spectra

/m 3 W 0 - ﬁ

distribution
iruse(A)s Lairece(R) processor
for every hour of year
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' . L PALA
HMM"W" ;/ .

Pt Direct light angle ~ = l

¥ => & intensity
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Figure 3.3: lllustration of the pre-processing method used for the modelling of real world solar

spectra needed for the input of energy yield simulations of solar cells.
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The pre-processed irradiances and their corresponding incidence angles were then fed into

the previously described transfer matrix model and a maximum power output was

calculated by summing up all hemispherical contributions. Repeating this process for every

hour of the year and summing up the hourly power outputs multiplied with 3600

seconds/hour (for hourly energy vield), returns the annual energy yield for a particular

tandem solar cell stack (2T or 4T) at a particular location in the USA with one of the three

tracking solutions.
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Figure 3.4: Simulation process for annual energy vyield calculation of tandem solar cell

stack.

Maximilian Hoérantner - March 2017

68



Chapter 3: Methods

In order to not only calculate the annual energy yield but to optimise the entire material
stack for maximum energy yield, the code had to be optimized and the algorithm
parallelized for cluster computation. For the global optimisation, a differential evolution
algorithm*3® was used, which is inherently faster than a brute force optimisation. However,
some optimisations were also calculated with the latter for local and global maxima

analysis.
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4 TEMPLATED
MICROSTRUCTURAL
GROWTH OF PEROVSKITE
THIN FILMS VIA COLLOIDAL
LITHOGRAPHY

The work presented in this chapter has been published in:

Horantner, M. T.; Zhang, W.; Saliba, M.; Wojciechowski, K.; Snaith, H. J., “Templated
Microstructural Growth of Perovskite Thin Films via Colloidal Monolayer Lithography”,

Energy Environ. Sci. 2015, 8, 2041-2047.

4.1 Context and summary

In addition to solar cells, perovskites show remarkable suitability for lasing and light
emitting diode (LED) applications. Such utilisations benefit from well-defined geometries
of opto-electronic materials. Here, perovskite crystal domain size and microstructure is

controlled by guiding the growth through a highly-ordered metal oxide honeycomb
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structure, which is formed via colloidal monolayer lithography. The organic—inorganic
perovskite material fills the holes of the honeycomb remarkably well leading to fully
controlled domain size with tuneable film thickness. The honeycomb region is
predominantly transparent, whereas the perovskite crystals within the honeycomb are
strongly absorbing. Consequently, semi-transparent perovskite solar cells are fabricated to
demonstrate the feasibility of this structuring, which leads to enhanced open-circuit voltage
and fill factor in comparison to unstructured partially dewet perovskite thin films. Power
conversion efficiencies of up to 9.5 % are achievable with an average visible transmittance
through the active layer of around 37 %. The controlled microscopic morphology of
perovskite films opens up a wide range of possible investigations, from charge transport
optimization to optical enhancements and photonic structuring for photovoltaic, light

emitting and lasing devices.

4.2 Introduction

Organic-inorganic perovskite materials have attracted increasing attention over the past
two to three years leading to high performance solar cells with recorded power conversion
efficiencies exceeding 20%*/#953139-141 a5 \well as demonstration in other optoelectronic
applications, such as thin-film transistors, lasers and light emitting diodes4>4>, For many
optoelectronic applications, the introduction of periodic structures on the photonic length
scale can be important to control the interaction between light and matter. For instance,
lasers require optical feedback4¢-148 and LEDs require control over the angular emission
of light**®15!, Specifically for perovskite solar cells, in addition to achieve high
performance, another important application of controlling the optical properties of the

active layer is the fabrication of semi-transparent solar cells for building integrated
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photovoltaics (BIPV)°2, Previously, the surface coverage of the absorbing perovskite layer
was reduced by forming randomly distributed islands of perovskite upon the planar n-type
charge collection electrode in a perovskite solar cell. The average visible transparency of
the fabricated films can be controlled from close to 0 to 80% with neutral colour and
reasonably high photovoltaic performance still being preserved®. However, the presence
of regions in the solar cell where the p-type and n-type charge collection materials make
contact, in between the perovskite islands, leads to the formation of a “shunt diode”,
lowering the open-circuit voltage. In addition, the non-uniform shape of the perovskite

islands leads to scattering of light, which is non-ideal.

Previously, long before the perovskite solar cell research pandemic, Kagan et al.!>
demonstrated that layered organic-inorganic perovskite films can be structured on the 3-
10’s of micrometer length scale via imprinting a substrate with a self-assembled monolayer
of functional groups, which induce a strong contrast in the surface energy between
patterned and non-patterned regions. Subsequent coating of the surface energy patterned
films with the layered perovskite (CeHsC2H4NH3)2Snl4 led to structuring of the perovskite,
where the material was absent from the hydrophobic regions. The 3D crystalline
CHsNH3sPbX3 perovskite (where X is one or more halides), which show good PV
performance and high luminescence efficiency, have a very strong tendency to crystalize
into large domains, often on the 10’s of microns length scale!®*. For the surface energy
patterning to be successful on a length scale shorter than the natural crystalline domain
size, the surface interaction must be very strong, and dominate over the inherent tendency
to form large unbound domains. Thus far, surface energy patterning has proven to be
challenging to replicate structures at the photonic length scale into the optoelectronically
relevant perovskite materials. There is therefore a pressing need for a new approach to
structure these perovskite materials with periodic length scales close to the wavelength of

light.
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Colloidal monolayer lithography (CML) represents an efficient and low-cost technique for
the fabrication of large area, highly ordered, structured arrays. The various fabrication
techniques and application examples have been introduced in section 2.7.2. Furthermore,
incorporating insulating oxides, such as SiOz, has been proven to work well in perovskite

solar cells'® and as insulating buffer layers in solid state dye sensitized solar cells®%17,

In this chapter a double templating approach is demonstrated to introduce periodic
structure into perovskite thin films. The successful usage of a colloidal monolayer of
polystyrene (PS) microspheres as a sacrificial template to fabricate micro-structured SiO:
honeycomb films is shown. With subsequent coating and infiltration of the SiO:
honeycomb with a perovskite precursor solution, precisely controlled perovskite domains
are achieved. As an example of their use, these patterned perovskite films are incorporated
into semi-transparent perovskite solar cells, which exhibit high levels of transparency and
reasonably high efficiencies due to increased fill factors and open circuit voltages as
compared to semi-transparent perovskite solar cells fabricated from disordered perovskite

islands.

4.3 Results and discussion

4.3.1 Microsphere monolayer formation and oxide honeycomb fabrication

The fabrication method for patterning the oxide structures has already been introduced in
section 2.7.2. A schematic illustration of the processing steps is also shown in Figure 2.25.
The colloidal PS monolayers is uniformly deposited onto the FTO/compact TiO2 (c-TiO2)
coated substrate via spin-coating (step 1 and 2), and then subsequently the gaps of the
hexagonal closely packed PS microspheres are filled with either a TiO> precursor solution
or a SiO2 nanoparticle solution (step 3). Finally, the films are sintered at 500 C to remove
the polymer template, leaving behind the inverse porous honeycomb structure (step 4).
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Fabrication of PS monolayers has been previously reported on smooth surfaces such as
glass (root mean square roughness ~ 2 nm), and silicon wafers (root mean square roughness
< 0.5 nm)*?2, Nevertheless, a uniform distribution of microspheres (see Figure 4.1a) is
achievable on the FTO/c-TiO2 surface with a measured root mean square roughness of
5.2 nm (measured via AFM as seen in Figure 4.2). Two different oxides were employed
to fabricate the scaffold: TiO2 shows a tubular-like honeycomb structure after curing
(Figure 4.1b and AFM image in Figure 4.3) and SiO; yields a more contiguous honeycomb

structure (Figure 4.1c).
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Figure 4.1: SEM images (with magnified insets, scale bar 1 um) showing a typical highly ordered
monolayer of 1 um diameter PS microspheres (a), cured TiO2 (b) and SiO2 (c) honeycomb
structure. SEM images of colloidal monolayer (d, f) of PS microspheres with 0.37 and 0.6 pm

diameter and corresponding SiO2 honeycomb scaffold (e, ).

A broad range of other oxides should also be able to be templated following this
methodology, provided that the precursor solvent does not dissolve or wash away the PS

spheres from the substrate during the spin-coating process'®. The curing process was
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optimised via different heating steps leading to honeycomb structures with open pores at

the top and bottom.

A soft baking step for the as-deposited polystyrene spheres was performed at 80 °C for 2 h
to dry the films and begin to melt the microspheres to increase the contact area with the c-
TiO2 layer before forming the scaffold. Subsequently a quick temperature increase to
250 °C torapidly degrade the microspheres and a slow rise to 500 °C to form a stable oxide
structure. It is to be noted that the 80 °C step is important to resultantly expose compact
TiO> at the base of the holes in the as-formed SiO2 honeycomb. We used PS microspheres
with diameters of 0.37 (Figure 4.1d-e), 0.6 (Figure 4.1f-g) and 1 um (Figure 4.1a-c) to

fabricate scaffolds with different pore sizes.

0,14 ym

0,00 ym

Figure 4.2: AFM measured 3D profile of 15 Ohm/square FTO glass before (left) and after (right)

deposition of c-TiO2. The root mean square roughness was calculated to be 10.5 and 5.2 nm.

4.3.2 PerovskKite structuring

In order to template the perovskite material, the pores of the honeycomb structures are
filled with CH3NH3PblsxClx perovskite by spin-coating the precursor solution and
annealing in a nitrogen filled glovebox. After annealing, the perovskite films show
uniformity over a wide area on the TiO2 and SiO> scaffolds (Figure 4.4a and Figure 4.4b).

The perovskite film thickness is controlled within the pores by diluting the precursor
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solution. As a control, using the same concentration of precursor solution, perovskite films
are fabricated on planar FTO/c-TiO substrates (no scaffold, Figure 4.4c) and mesoporous
SiO2 film (400 nm thick, Figure 4.4d). While the film formation on the patterned
honeycomb structures appears to be completely uniform, the films on top of FTO/c-TiO-
as well as on a mesoporous SiO> scaffold show random formations of perovskite domains
as has been previously observed®™*1%9 Since the honeycomb pores are significantly
smaller than the randomly forming domains in unstructured substrates (Figure 4.4c), the

perovskite growth is bounded by the honeycomb walls.

3 " 6
Position/mm

m

Figure 4.3: AFM measured 3D profile of TiO2 honeycomb structure (left). Line profile of TiO:

honeycomb structure with indicated level of 300 nm thick perovskite filling.

This leads to good filling behaviour within the pores and therefore the presented micro-
structured oxide scaffold provides controllable perovskite domain size, despite the
extremely strong tendency of the material to crystalize!®®. The crystal structure itself does
not show a significant change, as shown in Figure 4.5, though the diffraction peak widths
are broader for the perovskite processed on the honeycomb structure. This indicates that
the crystal domain size is smaller, consistent with confinement of the crystallisation within

the honeycomb.

In addition to varying the pore size of the honeycomb structure, the height of honeycomb
walls can be tuned by changing the PS microsphere size and the concentration of TiO>

precursor or SiO2 nanoparticle solution. For example, in this study the honeycomb
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structure, which was fabricated from 1 um PS microspheres, yields 400 nm in wall height.
Moreover, by varying the concentration of the perovskite precursor solution, the thickness
of the in-filled perovskite domains can be controlled. In Figure 4.4e-h the filling of TiO:
scaffold pores walls is shown with 20 and 40 wt% perovskite concentrations, respectively.
At lower concentration, the perovskite forms only within the pores (Figure 4.4e-f) while at
higher concentration an additional capping layer is formed on top of the metal oxide

scaffold (Figure 4.4g-h).

Figure 4.4: SEM images (top view) showing perovskite film formations within TiO2 (a) and SiO-
(b) honeycomb scaffolds, on a c-TiO2 layer (c) and on a mesoporous SiO: scaffold of 400 nm
thickness (d) produced with 20 wt% perovskite precursor solution. Detailed top view and cross-
section SEM images show the filling characteristic of TiO- scaffold with 20 wt% (e, f) and 40 wt%

(9, h) perovskite precursor solution.

The SiO2 honeycombs formed from a SiO2 nanoparticle-solution forms cup-like shapes of

mesoporous SiOz. These SiO2 structures appear to predominantly coat the entire substrate
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at the base of the “cups” and may therefore require interpenetration by the perovskite for

the electronic charge to be conducted through the perovskite to the compact TiOo.
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Figure 4.5: XRD patterns of perovskite films within SiO2 honeycombs (top) or on top of FTO/c-
TiO2substrates (bottom) deposited from 20 wt% precursor solution. The patterns are showing good
similarity with the typical tetragonal CH3NHsPbls patterns and lattice parameters (a=8.884,
c=12.61 and a=8.874, c=12.62) were determined via a Rietveld refinement with ¥’=4.7 and *=9.8).
By Scherrer equation, crystallite sizes were estimated to be equal to around 110-120 nm (top) and

150-190 nm (bottom), respectively.

Figure 4.6a shows a comparison of the total transmission spectra of the control substrate
(FTO/TiO2 compact layer) and substrates with additional TiO, (FTO/TiO2> compact
layer/TiO2 honeycomb) or SiO. (FTO/TiO2 compact layer/SiO2 honeycomb) honeycomb
structures. While the TiO2 honeycomb film appears to reduce the specular transmission in
the visible range, the SiO> honeycomb shows a considerably different characteristic, since

it transmits even more light than the TiO> compact layer substrate. We expect the improved
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transmittance to be caused by reduced reflectivity that results from a decreased refractive
index contrast at the compact TiO2/Air interface due to the insertion of the porous SiO>

“interlayer” (nair=1.0, Nsio2=1.5, NTic2=2.61%11) ' leading to an anti-reflective character'®2,
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Figure 4.6: Total transmission measurements (a) within the visible spectrum of FTO/c-TiO>
substrates (solid red line), compared to FTO/c-TiO2 substrates covered with the SiO. honeycomb
scaffold (dashed green line) and TiO2 honeycomb scaffold (dotted blue line). Total transmission
measurements (b) within the visible spectrum of top-electrode less devices with (dashed lines) and
without SiO2 honeycomb scaffolds (solid lines) and absorbing layers fabricated with 10 (blue

lines), 15 (magenta lines) and 20 wt% (green lines) perovskite solutions.

4.3.3 Semi-transparent solar cell development

As an example application of patterned perovskite thin films, the development of semi-
transparent perovskite solar cells was achieved with a focus on the SiO2 honeycomb
structures since they appeared to be more transmissive in the visible spectrum than the

TiO2 honeycomb structure (Figure 4.6a). Figure 4.6b demonstrates the comparison of the
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optical properties of these films coated with CH3NHsPblzxClx and dewet perovskite films
with the absence of any scaffold. The transmission through the honeycomb-structured
films is similar to that through the dewet perovskite films, but there is a slight flattening of
the overall spectra, consistent with some panchromatic light passing un-attenuated through
the SiO2 regions. We note that the honeycomb-structured SiO> regions are likely to be
mesoporous and hence also contain a small fraction of perovskite. This explains why
entirely neutral transmission was not fully achieved with this structure. Despite the lack of
neutral transmission, the average visible transmittance (AVT) of around 47 % is reached
with the low perovskite concentration (10 wt%), followed by around 37 % and 28 % for
medium (15 wt%) and high (20 wt%) perovskite concentrations in the honeycomb

structured films.

The fabricated devices exceeded efficiencies of 12% with thicker, less transparent films
made from 30 wt% perovskite solution (shown in Figure 4.7). It is noted that 40 wt%
solution is usually employed for fully optimized planar heterojunction or meso-
superstructured devices, so all the concentrations for semi-transparent solar cells fabricated

in this work are lower than those required for maximum performance in solar cells.
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Figure 4.7: J-V characteristic curve for a SiO2. honeycomb structured perovskite solar cell
fabricated with 30 wt % precursor solution, scanning from forward bias to short circuit direction

with a scan rate of 0.15 V/s.
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The finalised solar cell devices were fabricated by capping the micro-structured perovskite
layers with an organic hole-conductor spiro-OMeTAD, and a top electrode (Ag), as shown
schematically in Figure 4.8a. Figure 4.8b pictures a colour-enhanced cross-section SEM
image of a complete device fabricated from the micro-structured SiO2 honeycomb and

20 wt% perovskite precursor solution.

Ag electrode a
Spiro-OMeTAD
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Figure 4.8: Schematic illustration of the device architecture with oxide honeycomb scaffold (a).
Colour enhanced cross-section SEM image of a complete device fabricated from the micro-
structured SiO2 honeycomb with 20 wt% perovskite precursor solution (b). Perovskite (purple) is
shown in cup-shape SiO> scaffold pores (green) and covered with hole transporting layer, spiro-
OMeTAD (yellow), below a silver top-electrode (white). Measured (symbols) and one-diode
model fitted (lines) J-V characteristics of devices fabricated with and without SiO2 honeycomb
scaffolds and covered with perovskite films processed from 10 and 20 wt% precursor solutions (c).
The arrows indicate the obvious change of shape that results in higher open-circuit voltages and
fill factors for the SiO2 honeycomb scaffold devices. The current voltage curves were scanned from

forward bias to short-circuit at a rate of 0.15 V/s.
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Notably, despite the optimized curing procedure of the honeycomb structure, the
perovskite domain on the right side is not in direct contact with the electron-transporting
layer. However, the device performance observed is an indication for the partial perovskite
infiltration within the thin SiO> layer that leads to sufficient charge transport. Devices with
and without the honeycomb scaffold were compared at identical perovskite concentrations
and the device performance was measured under simulated AM1.5 100 mWcm sunlight
(see J-V characteristic curves in Figure 4.8c). Observable is an increase in both open-
circuit voltage and fill factor for the devices employing micro-structured SiO2 honeycomb
as scaffold. The enhanced Vo and FF can be explained by the suppression of
recombination, or “shunting” paths between the hole-blocking layer (c-TiO2) and the hole-
transporting (spiro-OMeTAD) layer by the non-conductive SiO. oxide. The shunt
resistance and series resistance for devices is shown in Figure 4.8c which were determined
by fitting the J-V curves with a one-diode model after Unger et al.1®3, The fitted values for
the 20 wt% samples were Rsw=2.5%10% Qcm?, Rs=4.1Qcm? for the honeycomb
structured device and Rsn = 1.1*10° Qcm?, Rs = 8.7 Qcm? for the dewet device. A similar
trend is found for the 10 wt% devices (Rsn= 1.1*108 Qcm?, Rs= 2.7 Qcm? for SiO; HC
and Rsn=1.0%10% Qcm?, Rs=15.4 Qcm? for the dewet device). The higher shunting
resistance supports the argument that recombination paths are significantly blocked in the

honeycomb-structured devices.

The short-circuit current densities (Jsc) are slightly lower for devices with honeycomb
scaffolds, as compared to dewet perovskite film devices, which is consistent with the
previous reports showing lower photocurrents for perovskites infiltrating meso-structured
scaffolds®, presumably due to the electron-hole lifetime being shorter when the material
infiltrates the mesoporous oxides®. This trend is slightly suppressed at higher perovskite

concentration (20 wt%), since the majority of the perovskite film will be formed from
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larger crystalline domains for both the dewet perovskite films and honeycomb structured

films.

Table 4.1 summarises the solar cell performance parameters. Perovskite solar cells

employing micro-structured SiO2 honeycombs exhibit high power conversion efficiencies
(PCEs) while maintaining high optical transparency. PCE of 4.5 % can be reached at 47 %

AVT (excluding the absorption in the silver electrode) with perovskite precursor

concentration of 10 wit%.

Table 4.1: Solar cell performance parameters of best performing devices without (dewet

perovskite films) and with SiO2 honeycomb scaffolds fabricated from different perovskite

precursor concentrations. Values in brackets represent mean values for tested set of devices

with standard deviation. Conc. is perovskite precursor solution concentration; AVT is average

visible transmission between 380 to 780 nm; AL AVT is the Active Layer AVT, which excludes

absorption losses in the FTO/c-TiO2 anode.

Design Conc. AVT AL AVT Jsc Voc FF PCE
(wt%) 5
(%) (%) (mA/cm?) % Q) (%)
SiO, HC 17.1 0.84 0.66 9.5
20 28 37
14.9+1.6 0.76x0.06
(n=16) ( ) ( ) (0.63+0.09) (7.9£1.2)
Dewet 16.1 0.80 0.56 7.2
20 31 42
16.1+1.3 0.58+0.25 0.43+0.10
(n=11) ( ) ( ) ( ) (5.7£1.9)
SiO;HC 7.6 0.80 0.74 4.5
10 47 63
0.87+0.04 0.72+0.02
(n=15) (4.8£2.5) ( ) ( ) (2.8+1.5)
Dewet 10.1 0.76 0.52 4.0
10 49 65
0.82+0.22 0.44+0.11
(n=10) (6.1£3.3) ( ) ( ) (1.9+1.7)
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Higher concentrated perovskite (20 wt%) leads to a PCE 0f 9.5 % at 28 % AVT. Following
the method described by Eperon et al.'® the AVT of the photoactive layer
(SiO2/perovskite/spiro-OMeTAD) was calculated to equal 63 and 37 %, respectively, for
the lower and higher concentrated micro-structured perovskite films. All the current

voltage curves presented here are scanned from forward bias to short-circuit.

There is a certain of hysteresis in the J-V curves and the stabilized power output at the
maximum power voltage is lower than that determined from the current voltage curves®,
For instance, Figure 4.9 shows the forward and backwards current voltage scans for a
typical device, which exhibited a J-V derived PCE of 7.5% with a stabilized PCE of just

over 5%.
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Figure 4.9: J-V characteristic curves for forward and backward scan (scan rate 0.15 V/s) of SiO>
honeycomb structured perovskite solar cell fabricated with 10 and 20 wt% perovskite precursor
solution (left). Stabilized current density and PCE of a SiO2 honeycomb device fabricated from 20
wt% perovskite precursor solution, held at the maximum power voltage of 0.74 V for 120 seconds
(right). This device shows a Jsc of 10.5 mA/cm?, a PCE of 7.5 %, a FF of 0.77 and a Voc of 0.9 V
in the J-V measurement scanning from forward bias to short circuit direction under simulated

AM1.5 100 mWem™ simulated sun light.
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4.4 Conclusion and outlook

In summary, a scalable technique for fabricating highly ordered patterned metal oxide
scaffolds was presented that can be used to pattern perovskite thin films on a photonic
length scale, despite the tendency for the material to crystalize in much larger domains
when unbound. These films were applied for the fabrication of semi-transparent perovskite
solar cells, which exhibit very respectable measured efficiencies of over 9 % with
relatively high photoactive layer average visible transmission of 37 %. With respect to the
semi-transparent solar cells, the key attribute of the honeycomb scaffold is that the
electronic contact between the compact TiO2 and the hole-conductor is suppressed, which
otherwise results in a low shunt resistance in the solar cell. For enhancing the use of semi-
transparent solar cells, further work should be focused upon more effective segregation of
the perovskite from the scaffold region, achieving steeper template walls and focusing on
reducing the light scattering by tuning of the template pore size and uniformity. Beyond
semi-transparent solar cells, this sort of optical structure may be able to be modified to
enhance the overall light absorption and emission from perovskite thin films. Not limited
to photovoltaics, this work opens the door for many future applications that involve the
controllable patterning of perovskite films for photonics and opto-electronics, relevant to

LEDs and lasers.
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5 SHUNT-BLOCKING LLAYERS
FOR SEMI-TRANSPARENT
PEROVSKITE SOLAR CELLS

The work presented in this chapter has been published in:

Horantner, M. T.; Nayak, P. K.; Mukhopadhyay, S.; Wojciechowski, K.; Beck, C.;
McMeekin, D.; Kamino, B.; Eperon, G. E.; Snaith, H. J., “Shunt-Blocking Layers for

Semitransparent Perovskite Solar Cells”, Adv. Mater. Interfaces 2016, 3, 1500837.

Thin-film device] Dewet device
(neutral)

5.1 Context and summary

Perovskite solar cells have shown phenomenal progress and have great potential to be
manufactured as low-cost large area modules. However, perovskite films often suffer from
pinholes and the resulting contact between hole- and electron transporting layers provides
lower resistance (shunt) pathways, leading to decreased open-circuit voltage and fill factor.
This problem is even more severe in large area cells and especially in the case of neutral
color semi-transparent cells, where a large absorber-free area is required to provide the

desired transparency. Herein, a simple, inexpensive, and scalable wet chemical method is
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presented to block these “shunting paths” via deposition of transparent, insulating
molecular layers, which preferentially bind to the uncovered surface of the electron
collecting oxide, without hindering charge extraction from the perovskite to the charge
collection layers. It is shown that this method improves the performance in semi-
transparent cells, where the enhancement in open-circuit voltage is up to 30 % without
negatively impacting the photocurrent. Using this method, an efficiency of 6.1 % was
achieved for a neutral colour semi-transparent perovskite cell with 38 % average visible
transmittance. This simple shunt blocking technique has applications in improving the

yield as well as efficiency of large area perovskite solar cells and light emitting devices.

5.2 Introduction

Organic-inorganic perovskite materials have been proven to be an efficient solar cell
photoactive material and devices with power conversion efficiencies exceeding 20% for
small area cells have been demonstrated 1. The crystal formation of the perovskite films
is a widely studied topic 167168 different processing techniques have been used to grow
crystalline perovskite films 49°313% which makes this material very versatile, also in terms
of manufacturing. The thin-film coverage and the morphology have been shown to affect
the performance of devices %°. Single step, solution processed films are prepared from
low-viscous ionic solutions where the crystal formation is often very rapid. As a result the

films can produce a “dewet” morphology as they grow, leaving pinholes in the thin-films

170

Pinholes in the absorber thin-films cause a loss in the ability to absorb the full photon flux
and therefore reduce the achievable photocurrent density. Moreover, these pinholes allow
direct contact between electron (n-type) and hole (p-type) transporting layers. These

contacts create shunt paths (reduced shunt resistance) in the solar cell architecture. Lower
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Rsh in solar cells reduces the fill factor and the open-circuit voltage and thus the PCE of
the cell "X, Improving the coverage of perovskite films by various optimized annealing,
solvent dripping or other post treatments typically inhibits the shunting 139:140.154.172.173
Most of such techniques result in smaller perovskite crystallites, which cover the surface
in an improved manner, although this may be detrimental for maximizing device
performance; crystal boundaries are thought to be sites that can cause non-radiative

recombination 174,

Due to industrial demand for building integrated photovoltaics, a number of reports
presenting semi-transparent devices have been published 8217176 QOne approach is to use
a thinner (~80-200 nm) perovskite layer below the absorption depth to enhance the
transmission’98082175.177 " Devices applying this technique have reached efficiencies of
7.8% at an average visible transmittance of 37%7°. However, such solar cells do not
provide colour neutrality, which limits their use in building integrated applications: Due to
the nature of the semiconductor absorption with density of states increasing from the
bandgap, a continuous thin film of methylammonium lead iodide perovskite (with bandgap
~1.6 eV) will tend to look brown. However, this is not a desirable colour for building-
integrated applications, there is most demand for neutral-coloured solar cell windows. An
alternative technique to obtain neutral colour semi-transparent perovskite solar cells has
been developed by Eperon et al. through a perovskite dewetting technique >84. A thick
perovskite film is processed in such a way as to create a microstructured array of perovskite
‘islands’. Each island is thick enough to absorb the majority of light below the bandgap,
so appears black, and is too small to be seen with the bare eye. The combination of fully
absorbing islands and transparent regions results in neutral colour devices. Though the
reduced coverage of the absorbing layer provides higher transmittance through the device,

it has the disadvantage of allowing shunting paths between the perovskite islands.
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Consequently, such devices yield low Voc and FF 184 when compared to fully covered

films 79178

As such, a method to selectively fill the regions between the perovskite islands with an
electrically insulating material in such semi-transparent devices should greatly increase
their open-circuit voltage and fill factor, and thus overall efficiency. In addition, such a
“shunt-blocking” technique should be advantageous for opaque devices, filling in pinholes
resulting from defects in fabrication to minimise the impact of such pinholes upon device
performance. We have previously shown that employing an insulating metal oxide
honeycomb architecture, where perovskite material is embedded in the carefully designed
pores of the scaffold, can reduce the shunting problem*’®. However, this technique requires

multiple fabrication steps and has yet failed to deliver colour neutral transparency.

Alkyl silanes can make well covering molecular monolayers on different semiconductor
and metal oxide surfaces, and it has been shown that a monolayer of long alkyl chain silane
molecules can act as an electronic insulating barrier for charge transport 17°. Yaffe et al.
demonstrated that the conductivity of alkyl based molecular monolayer attached to a
silicon surface exponentially decreases with the molecular length . Previous work has
also shown that short alkyl silanes with functional groups used as effective interfacial
layers in inorganic-organic hybrid solar cell 8! and perovskite solar cells -to modify device

performances 82,

In this chapter a simple wet-chemical technique is presented to block shunting paths in
partially covered perovskite films via the use of an insulating octadecyl-siloxane molecular
layer. It is shown that this layer preferentially attaches to the exposed areas of electron
transporting TiO2, without obstructing the charge transport through the perovskite. As

such, this treatment acts to selectively block shunt pathways and resultantly improves the
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solar cell performance, leading to increased open-circuit voltage and a PCE of 6.1 % for

neutral coloured semi-transparent perovskite cells with a full device AVT close to 40 %.

5.3 Results and Discussion

5.3.1 Self-assembly of shunt-blocking layer

An inexpensive and commercially available molecule Trichloro(octadecyl)silane
(CH3(CH2)17SiCls; OTS) (Figure 5.1a) was employed as a surface modifier by dissolving
it in toluene and immersing the perovskite-coated substrates for 10 minutes with
subsequent toluene rinsing and drying at 60 °C (schematic shown in Figure 5.1b). In
reaction conditions, OTS molecules hydrolyse to corresponding alkyltrinydroxy silanes
(due to presence of about 0.05 % water in the toluene), then intermolecular condensation

of -SiOH groups on neighbouring molecules form Si-O-Si (siloxane) bonds 183184,

I 10 min |' (b)
Cl\ {Cl (a) | W8 [ '

I

~Spiro  ® _—

4BIBcKing layerero

Compact TiO,

Figure 5.1: Representation of the CH3(CH.)17SiCls chemical structure (a). Schematic of the dip-

coating process for the selective assembly of the Silane blocking layer (b). Sketch of the
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components of the island-structured perovskite device with siloxane blocking layer between
perovskite domains (c). Conventional (d) and conductive (€) AFM images of dewet perovskite
domains on top of compact TiO2 layer without OTS treatment. Conventional (f) and conductive
(9) AFM images of compact TiO: layer after OTS treatment and subsequent removal of perovskite

domains via DMF immersion. All AFM images represent a 40 x 40 um scanned area.

The hydroxy groups on TiO2 surfaces act as anchoring points for the alkylsiloxane or
alkyltrinydroxy silanes by formation of Ti-O-Si bonds'®!8, Due to the condensation
reaction between silane molecules and TiO2 surface, the alkyl chains are expected to be
packed as we illustrate in Figure 5.1c. It has been previously reported that assembly of
OTS on a TiOz surface results in a density of 4.3-4.8 molecules/nm? *¢7, and on SiO- this
results in a surface which has a water contact angle of 112-120 ° ', To confirm that the
treatment results in a similar coverage on compact TiO, the water contact angle of the
TiO2 films with the OTS treatment is measured, and a value of 112 ° is found (Figure 5.2),

in good agreement with previous reports of well-packed monolayers.

Figure 5.2: Contact angle measurement image of OTS treated FTO/c-TiO:surface showing contact

angle of around 112 °.

In order to find out whether the insulating alkyl silane binds selectively to the uncovered
area between the perovskite islands, conducting atomic force microscopy (c-AFM) was
used on the pre and post silane-modified perovskite films on TiO2 as well as modified TiO-
surface after removing the perovskite layer. Figure 5.1d shows the topography image of
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partially covered perovskite layer; the current mapping of the same area is shown in Figure

5.1e.

Visibly, the current flowing through uncovered area is much higher than that on perovskite
islands. In full devices these uncovered areas can act as shunting paths when in contact
with hole transporting material. Figure 5.3 shows the c-AFM image of modified perovskite
films. The normal topography image reveals that the incubation has not done any
detectable modification on the film morphology, on the other hand the c-AFM image
shows that the conductivity on the perovskite island area are generally higher or equal to

the uncovered area.

B [[18.1nA

Figure 5.3: AFM (left) and conductive-AFM (right) after OTS treatment.

Figure 5.1f,g show the topography and current mapping of silane-modified surface, after
the removal of perovskite with DMF. Even though the topography image does not show
any features, the current mapping indicates that the area initially covered with perovskite
displays higher current density than the remaining area. That suggests that the silane
molecules bind to the exposed TiO2 surface. The Fourier transform infrared (FTIR)
spectrum (see Figure 5.4) of the silane modified surface (after removal of perovskite layer)

shows IR features of alkyl chains.
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Although it is not expected that the silane molecules rapidly attach to the perovskite film
itself, there is a possibility of this happening, which could have the negative impact of
inhibiting hole transfer from the perovskite to the hole-conductor. In order to asses if there
is any negative influence on hole transfer, a photoluminescence decay study was
performed. Continuous perovskite films on glass slides were treated with OTS solution

and then coated with the hole conductor, spiro-OMeTAD.

2600 2800 3000 3200 3400
-(em™)

Figure 5.4: Absorption spectrum taken with a Fourier transform infrared (FTIR) spectrometer of

the OTS treated substrates.

Figure 5.5 shows the PL decay for the perovskite films with and without OTS treatment,
and with and without coating with spiro-OMeTAD. PL decay curves indicate that the
quenching of PL due to hole transfer (manifested as sharper decay curves) is similar for
both OTS treated and untreated films with even faster decay for the OTS treated device,
indicating no negative effect from shunt-blocking treatment. There was no significant
evidence found that the siloxane treatment changes the electronic transport properties at

the perovskite and hole transporter interface, as reported by Zhang et al. 18,
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Figure 5.5: Time-resolved photoluminescence response measurement of dewetted semi-transparent

perovskite cells without a quenching layer (left) and with Spiro-OMeTAD as a quenching layer

(right).

Furthermore, the change in surface energy on TiO2 and perovskite islands through the
attachment of the OTS was compared. Thus, contact angle measurements were carried out
with Chlorobenzene on uncovered FTO/c-TiO2 substrates before and after the OTS
treatment and then compared to substrates that were additionally covered with dewet
perovskite films. The values and images are depicted in Figure 5.6 and an increase in
contact angle on OTS treated TiO2 surfaces and a significantly lower increase on OTS
treated partially covered perovskite films occurs. These findings are consistent with the

assumption that the OTS molecules preferentially attach to the uncovered TiO2 surfaces.
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Untreated: 29° OTS opt conc: 46°
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Figure 5.6: Contact angle measurement images of bare compact TiO2 covered FTO substrates (top
row) and compact TiO2 covered FTO substrates with dewetted low-coverage perovskite (bottom

row) before and after different concentrations of OTS treatment.

5.3.2 Solar cell fabrication

To gauge the effect of shunt blocking with the OTS treatment, solar cells were fabricated
with spiro-OMeTAD as hole transporting material and evaporated Au as top electrode.
Island-structured semi-transparent devices were prepared as described by Eperon et al °.
In order to observe the effect of the treatment on device reproducibly as well as
performance device statistics from a batch of 67 devices are quantified in Figure 5.7a-d.
The standard deviation of working devices is much higher for the treated films than for the
untreated ones (Figure 5.7a,c). On each substrate 8 different pixels (area 0.09 cm?) were
tested. Data points with very low power conversion efficiency (PCE < 0.1%) were filtered

out.
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Figure 5.7: Histograms and fitted normal distributions of the measured Voc of semi-transparent
dewet perovskite cells before (a) and after (b) OTS treatment. Histograms and fitted normal
distributions of the measured PCE of semi-transparent dewet perovskite cells before (c) and after
(d) OTS treatment. Averaged J-V curves of 15 semi-transparent perovskite solar cell devices with
non-transparent Au top-electrode before (magenta) and after (red) OTS treatment (including all
devices above 0.1% PCE). J-V curves (scan speed: 0.38 V/s, scan direction: forward bias to short-
circuit) of best preforming semi-transparent perovskite solar cell devices with non-transparent Au
top-electrode before (cyan) and after (blue) OTS treatment (e). Total transmittance UV -vis spectra

of top-electrode less semi-transparent before (red) and after (blue) OTS treatment (f).

Although several factors other than pinholes can be responsible for lower performance, the
general yield of working solar cells was notably improved by 5 % upon treatment. Figure

5.7a and Figure 5.7b show the histograms of the Voc and PCE of all working solar cells.
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Not only was the open-circuit voltage and overall power conversion efficiency enhanced,
but also the reproducibility of the devices was largely improved, which is evidenced by
significantly lower standard deviation of the treated samples. The Voc values of the semi-
transparent films reach ~1V and could so far only be achieved with fully covered

perovskite films 15154,

Figure 5.7e shows the average J-V characteristics of all functioning cells and the single J-
V curves for the best performing treated and untreated devices under illumination. The low
coverage of perovskite leads to semi-transparent devices with average visible
transmittance (AVT) of ca. 45% (see SEM image in Figure 5.8) without top electrode. The
Jsc of these semi-transparent films correlates with the coverage and therefore results in a
trade-off between efficiency and transparency in the devices *°. Consequently, at a given
AVT of the device the Jsc will not be improved, as can be seen in the similarity of
maximum currents of the different devices in Figure 5.7e. However, upon OTS treatment,
it is observable that the Voc and FF are significantly improved to reach a maximum PCE
of 5.9 % (average PCE of 4.6 + 0.8 %) compared to 4.3 % in control cells (average PCE
of 3.2 + 1.4 %). All the characteristic parameters are shown in Table 5.1.

Table 5.1: Average and maximum performance parameters of OTS treated (n = 39) and untreated

(n = 28) semi-transparent perovskite devices.

Device type Jsc Voc FF PCE
[mA cm™] V] [-] [%]
OTS treated 9.6+0.8 0.83+0.09 0.56+0.06 4.610.8
avg.
Control avg. 8.9+1.4 0.60+0.16 0.52+40.13 3.2+14
OTS treated 10.0 0.92 0.64 5.9
max
Control max 10.4 0.69 0.60 4.3
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Figure 5.8: Top view SEM image of the dewetted perovskite islands on top of c-TiO- coated FTO

glass.

Notably, these cells show current-voltage hysteresis with and without the OTS treatment
(Figure 5.9), consistent with previously reported results®*, and the steady-state efficiency
measured at the maximum power point is lower than the PCE derived from the J-V scan
(Figure 5.10). The fact that the OTS treated devices function as solar cells and produce

similar photo-current density suggests that the OTS molecules are not preventing the

charge collection.
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Figure 5.9: J-V characteristic curves of OTS treated device (left) scanned with a speed of 0.38V/s
from forward bias to short circuit (black line with squares: Jsc = 10.2 mAcm™, Voc = 0.89 V, FF =
0.60, PCE = 5.5%) and from short circuit to forward bias (red line with circles: Jsc = 10.2 mAcm’
2 Voc =0.80 V, FF = 0.54, PCE = 4.4%) showing hysteresis. J-V characteristic curves of untreated

device scanned with equal parameters (black line with squares: Jsc = 9.9 mAcm™, Voc = 0.63 V,
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FF = 0.69, PCE = 4.3%) and from short circuit to forward bias (red line with circles; Jsc = 9.9

mAcm?, Voc = 0.63 V, FF = 0.58, PCE = 3.6%) showing anomalous hysteresis.

The attachment of the long alkyl chains on the perovskite surface would have hindered the
contact between perovskite and hole transporting material and extraction of photo-
generated holes, in turn lowering the photovoltaic performance of those devices.
Furthermore, according to the proposal that the interface between the perovskite domains
and the charge collection layers is not affected, the assumption is that hysteresis or

stabilized maximum power performance will remain unimproved upon treatment.
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Figure 5.10: Graph showing the current-density (black squares) and PCE (blue squares) measured

over time at maximum power point voltage (0.68 V) determined from the reverse scan curve.

The averaged J-V curves of the treated and untreated devices were fitted to a single-diode
equivalent circuit model after Unger et al. %3 to determine the series and shunting
resistances (see Figure 5.11). Consequently, it was determined that Rs = 3.8 Qcm?,
Rsh= 1.1 x 102 Qcm? for the untreated and Rs = 10.9 Qcm?, Rsy = 4.5 x 10® Qcm? for the
post-treated cells, revealing a large increase in Rsn, which can be attributed to the insulating
character of long alkyl chains blocking the contact between electron and hole transporting

materials. The slight increase in series resistance could be speculatively caused by
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thickness difference in hole-transporting layer, which could stem from a change of the

spiro-OMeTAD precursor solution wetting upon treatment%,
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Figure 5.11: Combined J-V curves of untreated and OTS treated semi-transparent perovskite cells

and one-diode model fitting comparison.

The real equivalent circuit of the semi-transparent perovskite cells can be modelled as a
double heterojunction diode (compact TiO2/perovskite/spiro-OMeTAD) in parallel with
an n-p heterojunction comprising compact TiO2/spiro-OMeTAD (see Figure 5.12 right).
Hence, the shunt resistance, represented by the TiO2/spiro-OMeTAD junction, is in fact a
diode itself and the current which passes through it will have a bias dependence. Therefore,
the one diode model, which assumes a fixed bias independent shunt resistance, only gives
a first approximation to the changes which occur within the actual cell upon OTS
treatment. A measurement of the J-V characteristic curves of TiO2/spiro-OMeTAD and
TiO2/OTS/spiro-OMeTAD n-p diodes, prepared in the same way as solar cell devices but
without the perovskite layer, indicated that the blocking behaviour of the OTS treated diode
is extended to much higher voltages when compared to the untreated diode (Figure 5.12
left). Combining these measurements with calculated fractional J-V data from a fully
covered well performing device,'”® replicates the significant gain in Voc upon OTS
treatment.
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Figure 5.12: Left, J-V curves of a spiro-OMeT AD-compact/OTS/c-TiO: diode (black) and spiro-
OMeTAD-compact/c-TiO2 diode (red), fabricated in the same way as the perovskite solar cells but
without perovskite layer. Calculated combined J-V curves of a measured fully-covered perovskite
cell*”® with the OTS treated diode (dashed orange) and with the untreated diode (dashed purple) by
assuming a coverage of 45%. Right, potential equivalent circuit diagram of perovskite solar cell
with shunting path through spiro-OMeT AD-compact/c-TiOz diode (1) or through spiro-OMeTAD-

compact/OTS/c-TiO: diode (2).

Beyond the results presented above, the device efficiencies were further improved: The FF
was either enhanced with a treatment of the perovskite films with iodopenta-fluorobenzene
(IPEB), which was previously reported to reduce the recombination at the interface with
the hole-transporting material. 1% Or the Jsc and FF was improved with a TiCls treatment
of the c-TiO2 layer, prior to perovskite deposition®®2. Figure 5.13 shows the J-V curves of
the resulting champion cells, which exhibit a PCE of 6.6 % and 7.4 % for the IPFB and

TiCls enhanced cells respectively.

5.3.3 Larger active-area solar cells

Large area cells that are required for commercial applications could be more sensitive to
the effect of shunting. Consequently, another test was carried out on set of devices with

more than 7 times larger area (0.71 cm?) where the shunting effects are more prominent.
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The results are presented in Figure 5.14, where the PCE is improved from 4.2 % t0 5.2 %

comparing cells without and with the OTS treatment. Again, the reason for this

enhancement stems from the significantly improved Voc from 0.69 V t0 0.89 V.
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Figure 5.13: J-V curves (scan speed: 0.38 V/s, scan direction: forward bias to short-circuit) of
optimized OTS treated semi-transparent perovskite cells with TiCls post treatment of the compact
TiO: layer (black line with squares; Jsc=11.9 mAcm?, Voc = 0.92 V, FF = 0.68, PCE = 7.4 %) or
IPFB passivation treatment (red line with circles; Jsc = 10.0 mAcm™?, Voc = 0.98 V, FF = 0.67,

PCE = 6.6 %).

5.3.4 Fully transparent device fabrication

The real world application of semi-transparent perovskite solar cells requires both the top
and bottom electrodes to be semi-transparent, i.e. in the present case the reflecting top Au
electrode needs to be replaced. A set of semi-transparent devices was fabricated using a
laminated Nickel micro-grid (with an AVT of 85 %) as a top electrode, as reported

previously 8°.
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Figure 5.14: J-V curves (scan speed: 0.38 V/s, scan direction: forward bias to short-circuit) of
semi-transparent solar cells with (black line with squares; Jsc = 10.8 mAcm?, Voc = 0.89 V, FF =
0.54, PCE = 5.2%) and without OTS treatment (red line with circles; Jsc = 11.0 mAcm?, Voc =

0.69 V, FF = 0.55, PCE = 4.2%) on 0.71 cm? exposed devices.

Very little loss in performance is observable, as compared to the devices incorporating a
metal electrode, and achieve a record PCE of 6.1 %, which is presented in Figure 5.15a.
Notably, in previous reports of employing this gird electrode, especially in semi-
transparent perovskite films, the PCE has typically been lower than the control devices,
coming mostly from a slight drop in Voc 8%, This may be due to the PEDOT employed
being especially effective at penetrating pinholes through the perovskite and spiro-
OMEeTAD layer, which here are blocked by the presence of the OTS layer. The measured
total transmittance of the device, which we show in Figure 5.15b, was used to calculate the
AVT, which is high at 38 %. At the time of obtaining these results, the performance
parameters represent the highest efficiency for a neutral colour semi-transparent perovskite
solar cell 817>, Thin-film perovskite devices, with brown-tinted colour, have been reported
to be more efficient, with AVT of ~37 % and PCE of 7.8 %, but the presented surface-

treated solar cells remain neutral coloured (Figure 3b) and are therefore probably more
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attractive for building applications. The best performing previous neutral-coloured semi-

transparent device had an AVT of ~30 % and PCE of ~5 %.
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Figure 5.15: Characteristic J-V curve (scan speed: 0.38 V/s, scan direction: forward bias to short-
circuit) of best performing semi-transparent dewet perovskite solar cell after OTS treatment with
transparent top-electrode (a). Total transmittance UV-vis spectrum of best performing semi-
transparent perovskite cell after OTS treatment with transparent top-electrode (b). Photograph of

best performing neutral colour semi-transparent device with transparent top-electrode.

5.4 Conclusion and outlook

In summary, it was demonstrated how a simple molecular post-treatment of perovskite
films on TiO> substrates prevents the formation of shunting paths, which are detrimental
for solar cell performance. In this treatment, alkyl-siloxane molecular layers preferentially
bind to the TiO- surfaces at pinhole sites without hindering charge transport across the
active layers. In “island-structured” perovskite solar cells with a low surface coverage, a
significant increase in the shunt resistance is reached due to the post treatment, which
results in a better solar cell performance and yield. In large area (0.71 cm?) cells, a relative
improvement in PCE by 20 % is observed. Remarkable 6.1 % PCE were achieved for
neutral colour semi-transparent (entire cell AVT of 38 %) perovskite cells by using OTS
assembly. This low cost and easily scalable shunt path blocking technique will have wide

application in improving the yield as well as efficiency of large area perovskite solar cell
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and light emitting devices, which is specifically advantageous for commercial exploitation

of perovskite solar modules in BIPV applications.
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6 EXTRAORDINARY CHARGE
CARRIER BEHAVIOUR IN
BACK-CONTACTED
PEROVSKITE THIN-FILMS

6.1 Context and summary

Lead-halide perovskites have emerged quickly as high-performance photovoltaic
materials. For future application in commercial thin-film photovoltaics, it could be
beneficial to implement these materials in efficient interdigitated back contact
architectures, which are currently the performance-leading technology in silicon-based
photovoltaics. Such a device architecture has several advantages, including better light
management and better surface passivation strategies. Here, a technique was developed
that allows for the simple fabrication of a back-contact device architecture for perovskite
solar cells. A testing platform was found that allows to study the recombination at

perovskite/electrode interfaces within an operating device and quantifying the effect of
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charge carrier transport characteristics on photovoltaic performance. By spatially mapping
the external quantum efficiency and photoluminescence it was found that uniform
photocurrent generation can be achieved. Furthermore, by varying the pitch distance of the
back-contacts the transport characteristics of charges was analysed. Astonishingly, after
injection of photo-generated electrons into the electron transporting electrode, holes left in
the perovskite layer contribute to substantial photocurrent over distances far exceeding
their reported thin-film diffusion lengths. The development of electrodes capable of fast
electron extraction opens a pathway to well performing perovskite back-contact devices

for large-area fabrication.

6.2 Introduction

Performances of perovskite solar cells have improved quickly from the original device
designs that were more similar to dye sensitized solar cells!®®% than other thin-film
technologies. Over time the predominant device architecture emerged from the
mesoporous oxide containing design to a planar heterojunction in which the intrinsic
semiconducting perovskite layer is sandwiched between n-type electron transporting and
p-type hole transporting layers that are again interfaced with planar electrode layers. This
design has led to lab cell efficiencies of up to 22% making them comparable to c-Si, after
only a few years of development*®81:139.1941% Thjs family of materials is easily processable
from solution at low temperature!®, utilizing readily available and earth-abundant

materials®’

, making them highly attractive for commercial photovoltaics. To this point
commercial applications of perovskite solar cells have not reached the market and it
remains to be identified which device design will qualify as the most feasible for mass

fabrication.
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The solar cell material with currently the by far biggest market share remains to be Silicon
due to the advantageous abundance of the element and the prices that are dropping
significantly as an effect of mass production despite being energy intensive. The economic
competitiveness of photovoltaic technologies is predominantly dependent on system cost,
the lifetime and the efficiency as these values allow to estimate the price of the energy that
the system will generate. The power conversion efficiency has a directly linear effect to
the energy price and therefore it is understandable that solar manufacturers have spent
many efforts to maximize the efficiency and minimize the production costs to defend their

market position.

A large improvement for silicon solar cells has been achieved by using a design that
contacts the absorbing layers entirely from the back side opposite of the side exposed to
radiation. So called back contact (or rear contact) solar cells, which incorporate such a
design, have been explained in section 2.6 and have demonstrated substantial advances for
silicon solar cells. A sufficient diffusion length represents the crucial material property to
enable rear contact solar cells. The current understanding of charge diffusion and collection
within perovskite solar cells leads to the assumption that the distance between the positive
and negative electrodes needs to be shorter than the diffusion length of charge carriers to
ensure an efficient charge carrier collection. Therefore, thin-film materials that usually
have short absorption depths combined with relatively short diffusion lengths would
require equally short spacing between the electrodes to efficiently collect charge carriers.
Defect-free single crystals of intrinsic silicon with diffusion lengths in the range of
100 — 300 um consequently have all the right necessities to be back contacted. On the other
hand, the grain boundaries in poly-crystalline materials present obstacles for efficient
charge diffusion due to recombination at grain boundaries and require therefore a more

difficult manufacturing process to reach shorter spacing.
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A similar characteristic is present in the well performing perovskite solar cell materials.
Single crystal studies suggest charge diffusion lengths as long as 175 um*®, while vertical
diffusion in polycrystalline thin films is reduced to around one micrometre®:%° due to the
presence of grain boundaries that act as recombination centres?®. In a recent study, it was
shown that the diffusion length of electron and hole pairs can greatly exceed predictions,
which could be derived from spectroscopic constants, due to the effect of photon
recycling®®. Yet, even in this scenario, the diffusion length of a perovskite solar cell is on
the order of a few micrometres. Manufacturing a well performing back-contacted
perovskite thin-film is therefore a technical challenge. While solving these challenges the
question appeared whether the diffusion length is indeed the main limiting factor for the
spacing of the electrodes or if it is possible to introduce a design that can allow for the
effective charge collection despite the fundamental limitations of substantial charge carrier

recombination at longer distances in perovskites.

It is well known that in hybrid metal-organic perovskites an electron and its corresponding
geminate hole become independent from each other within few femtoseconds after
generation**, However, on average, electron and hole populations are still coupled to each
other. This leads to ambipolar transport with a diffusion coefficient given by:

D kgT (n+p)
a= 6.1
q (n /,up) +® /.Un) (6.1)

In the case of balanced mobilities (u, ~ p,,), which can be assumed to be the case for
perovskites due to various reports on effective masses being on a similar order®2%2 ¢ and
h* will simply diffuse following the Einstein relation. Recently it has been demonstrated
by Leijtens et al.?®® that evidently electrons tend to be trapped with much higher

probabilities than holes. Depending on the charge carrier density, holes could then diffuse
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better through perovskite thin-films than electrons. This material property can be used to

design the ideal back-contacted perovskite solar cell.

In this chapter, a novel back contacted perovskite solar cell device architecture is
introduced, which allows to test several material charge transport and extraction properties
and can lead to a back-contacted thin film perovskite solar cell without the sacrifice of

involving costly manufacturing processes.

6.3 Results and Discussion

6.3.1 Optical model for absorption improvement estimation

In sandwiched devices, it is a requirement that the perovskite film is covered with a hole
or electron transporting material and an additional transparent electrode. Since these
materials generally have a specific electronic requirement, their optical properties can
usually hardly be engineered for ideal conditions, i.e. minimised reflection and maximised
transmission to the absorbing layer. In back contacted devices on the other hand the
perovskite layer can be covered with materials that enhance exactly these parameters. To
quantify the effect of such an improvement, the reflection, transmission and perovskite
absorption spectra were modelled with a transfer matrix model for two common device
stacks of each architecture type. The results are plotted in Figure 6.1 and show a big
improvement in perovskite absorption for a back contacted device, in which the active
layer is covered with a layer of PMMA instead of PEDOT and indium tin oxide (ITO),
commonly used in sandwiched devices. The absorption enhancement of over 20 % in some
spectral regions comes from reduced reflection of PMMA due to an advantageous
refractive of ca. 1.5 lying between perovskite and air. This could lead to a significantly
improved photocurrent and therefore PCE and these results are encouraging the efforts to
develop back contacted perovskite devices.
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Figure 6.1: Optical model results for absorption in perovskite if covered by PEDOT and ITO as in

a commonly found sandwiched devices or covered by PMMA as in a back contacted device.

6.3.2 Architecture and fabrication

To fulfil all the material specific requirements of metal-halide perovskites, an architecture
with interdigitated electrodes is desired that would benefit from a simple fabrication
process and would allow to be patterned at high enough resolution. With those
requirements in mind a design was invented that would include one bottom electrode
spreading over the entire substrate area and the other electrode in the shape of fingers to
be separated by an insulating material. The design concept is shown in Figure 6.2 and a
very similar device architecture has been simultaneously developed by Jumabekov et al.?%,
who named it quasi interdigitated back contact (QIBC) design. Diffusion lengths in the
order of 1 um required the finger width and the pitch between the fingers in the original
design to be on the same length scale. In principal, the back contacted devices do not
require the use of a transparent substrate and bottom electrode as the photons are
illuminated from the front side. However, due to the previous device fabrication experience
with transparent substrates they were fabricated on top of FTO coated glass substrates.
Two different layer stack orders were studied, which are generally referred to as standard
and inverted structures in literature!®’. Here, the standard order refers to the stack in which

the n-type contact is deposited at the bottom (on top of the FTO/glass substrate) and the p-
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type contact is patterned in finger shapes and separated by an insulator. Respectively, the

inverted structure involves the p-type contact to be coated throughout the substrate and the

n-type contact to be patterned in finger shape.

Anti-reflective coating

Perovskite

Insulator

Figure 6.2: lllustration of the back contacted perovskite solar cell architecture.

The fabrication of the all back-contacted devices was achieved via a one-step
photolithography process, as illustrated in Figure 6.3. First, a conducting substrate is
uniformly coated with n-type or p-type material to act as an electron/hole accepting layer.
The counter electrodes were fabricated by depositing a layer of photoresist on top of the
bottom selective contact and exposing it via masked UV-light (1). Subsequently, the
unexposed resist volumes are removed by immersion into a developer bath (2). An
insulating Al.Oz layer and a conducting metal layer are coated directionally via electron
beam evaporation (3) and then lifted-off in a solvent bath to leave behind the finger pattern
of insulator and counter electrode (4). After hole or electron selectivity of the top electrode
is attained with different methods, a ca. 300 nm thick continuous film of perovskite is
deposited, followed by the deposition of a layer that acts passivating, encapsulating and

beneficially also anti-reflecting (5).

1. Masked UV-exposure of 2. Development to remove 3. E-beam evaporation of 4. Lift-off of remaining resist 5. Perovskite and passivation
photoresist on Glass/FTO/ETL unexposed volumes of resist insulating layer and metal and metal modification for HTL layer deposition

| _— | |
S Y Y Y Y=Y - - - [

Figure 6.3: lllustration of the processing steps for back contacted perovskite solar cells.
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The first fabrication challenge emerged for the lithographic process, as resolutions of 1 um
are difficult to achieve with simple masked photolithography. To avoid interference effects
that prevent nanometre precise masked exposure, contact mode is applied. Furthermore,
the efficient lift-off of relatively thick layers is difficult to achieve without a suitable
undercut profile of the resist side-walls. It is crucial for the solvent to be able to reach and
dissolve the remaining resist blocks that lie underneath the evaporated insulator and metal.
Such an under-cut profile is visible in the semi-cross sectional SEM image of a patterned
resist after development of an image-reversal resist shown in Figure 6.4a. Defect free
patterning of the top electrode is a requirement to prevent shunting paths that occur if both
electrodes get contacted anywhere within the device. After sufficient optimization of the
process, fabricating patterned back contact devices with high quality was possible, as

shown in the microscope images in Figure 6.4b, c.

s |

ll ‘

Figure 6.4: Semi-cross sectional SEM image of patterned and developed photoresist with visible
undercut profile (a). 10x (b), 100x (c) magnified optical microscope image of patterned finger

electrodes.

Several techniques were tried to enable the hole- or electron-selectivity of the patterned

top contact. This required the entire exposed surface area of the electrode to be covered
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with a p-/n-type material having energy levels that allow for efficient hole/electron
extraction. Any area of the interface between the active perovskite layer and the top
electrode that is not blocking holes/electrons would represent a centre for recombination

and therefore a loss in energy.

6.3.3 Regular device improvements

The initial attempt to fabricate a photovoltaic cell with back contacts involved the use of a
compact TiO2 layer as electron accepting layer at the bottom and bare gold without any
coating or modification as the p-type contact. Au has a favourable work function of
-5.1¢eV, close to the valence band energy of ~-55¢eV in perovskites!*, to form a
Schottky barrier for electrons at the interface. This concept has been proven to work (with
severe hysteresis effect and extremely low stabilized power output) within sandwiched

devices20>207,

A ca. 350 nm thick CH3NH3sPblsz based perovskite layer was coated over the back-
contacting electrodes and subsequently covered with a <50 nm thick layer of PMMA to
protect it from moist air (see cross-sectional SEM image in Figure 6.5a). The dimensions
can be determined from the image scale and the ~500 nm thick FTO layer appears to be
covered with a <50 nm thick layer of compact TiO.. The patterned electrodes consist of
100 nm thick Al,Os and 100 nm Au and have a width as well as a pitch equal to 1 um. The
result of the J-V measurement with the highest PCE is presented in Figure 6.5b and it was
found that it is possible to fabricate a working device (PCE = 1.3 %) with bare Au and no
hole selective interfacial layer. However, the low fill factor and the large negative gradient
of the light- and dark-current curves is an indicator for significant shunting in the device.
The stronger hole-selectivity of the hole-conducting electrode is therefore suggested for
the fabrication of better performing back-contact devices. The assumption is that too much
recombination of charge carriers occurs at the gold/perovskite interface.
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In order to develop an efficient device, the hole transporting material needs coverage of
the entire exposed top electrode, without creating shunting paths to the bottom electrode.
This proves to be a challenge, as directional deposition techniques such as evaporation can
only be used to cover the top surface of the metal, but not the remaining sides, which would

still be connected to the surrounding perovskite and allow charge carriers to recombine.

7.5

d b PCE: 1.3%, FF: 0.35
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Figure 6.5: Cross sectional SEM image of back contacted perovskite solar cell with Au as anode

(@). J-V characteristic of Au based back contacted perovskite solar cell (b).

Therefore, two solutions were proposed to solve this problem. Figure 6.6 shows the
schematics of the concepts, which follow two different paths. One path (Figure 6.6a)
involved the evaporation of a thin NiO layer as hole transporting material on top of the Au
electrode before lifting off the photoresist. The remaining walls of gold would become
electrically insulated with the selective self-assembly of a thiol-alkyl monolayer. The thiol
head group would preferentially attach to the gold surface upon being immersed into
solution and the long alkyl chain would later act as an insulator to block recombination
paths that could hinder higher Voc. The other solution of achieving hole selectivity for the
patterned top metal electrode involves the use of Ni and the formation of an oxidised NiO
shell (Figure 6.6b). The Ni layer could either be oxidised by exposing the electrode to an

02 plasma treatment or alternatively by annealing at high temperature in air.
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Unfortunately, the selective attachment of the insulating SAM lead to wetting difficulties
of the perovskite layer and therefore it was impossible to achieve competitive device
performances. Consequently, the second solution was chosen for the incorporation of a

hole transporting material (HTM).

Ti02 L Ti02

FTO | FTO

Figure 6.6: Illustrations of designs to modify top electrodes for better hole-selectivity. First design
uses evaporated NiO as HTM and insulating SAM to block exposed Au sides (a). Second design

incorporates a NiO shell around Ni electrode as HTM (b).

Both Ni/NiO electrode devices, treated either via annealing or O2 plasma etching, were
tested under simulated sunlight at AM1s and the current voltage characteristics were
measured as plotted in Figure 6.7. The devices show photovoltaic feasibility for rear-
contacted perovskite solar cells. When scanned in reverse bias direction PCEs of 0.6 %
and 3.4 % were achieved for the O2 plasma etched and annealed devices respectively. A
significant difference in short circuit current (4.7 mA/cm? and 10.8 mA/cm?) and fill factor
(0.19 and 0.47) is noticeable when comparing the two differently oxidised electrodes. The
S-shapes of the O, plasma treated J-V curves under light suggest that charge extraction is
prohibited by an energetic barrier at the interface. This agrees with the shape of the J-V
curve in the dark, which shows that barely any current is leaking at higher bias voltage.
Therefore, itis likely that the O, plasma treatment leads to a thicker NiO shell, which might

prohibit efficient charge extraction.
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Figure 6.7: J-V characteristics of back contacted devices with oxidised Nickel shell from annealing

and Oz plasma treatment in light and dark.

The charge extraction behaviour was further analysed by spatially resolving the external
quantum efficiency (Figure 6.8a, b) and photoluminescence response (Figure 6.8c, d) over
a distance of 50 pum across the electrodes when illuminated with a laser wavelength of
510 nm. When comparing the magnitude and the shape of the average projected EQE (ratio
between incoming photons from laser to generated electrons in collected photocurrent) of
each of the devices a remarkably enhanced charge extraction behaviour is found in the
Ni/NiO annealed device. There appears to be much less variation of extraction efficiency
for the optimised annealed devices, leading to the conclusion that the hole extraction has
been enhanced, while the strong decays above the p-type electrodes within the plasma
treated devices suggest poor charge extraction. A similar behaviour is noticeable when
comparing the PL emission intensity variations along the electrodes, which appear to be
again less for the annealed devices. However, a drop with the same periodicity as the
electrode pitch is obvious, which suggests that the electrode type above which the PL
intensity is larger allows for more charge recombination and therefore less charge
extraction. There appears to be a stronger averaged PL response for the annealed devices
and one explanation for this effect could be additional non-radiative recombination in the

plasma treated devices. This could be a consequence of increased surface recombination

Maximilian Hérantner - March 2017 117



Chapter 6: Extraordinary Charge Carrier Behaviour in Back-contacted Perovskite Thin-Films

due to overall weaker extraction behaviour of the electrodes. More spectroscopic analysis

is needed to support this theory.
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Figure 6.8: Spatially resolved projected EQE (a, b) and PL intensity (c, d) of back contacted devices

with oxidised Nickel shell from annealing (a, ¢) and Oz plasma treatment (b, d).

6.3.4 Charge transport phenomena

An even more remarkable result was found when the excitation spot was moved beyond
the last finger electrode, as plotted in Figure 6.9. Expected was a quick decay in
photocurrent, which might be improved by a photon recycling effect that had been found
in perovskite films before?®. Instead the outcome was an unexpectedly low decay,
showing that even at distances as far as 200 um away from the last p-type electrode, the
photocurrent only dropped about 4.5 x when compared to the currents measured directly

next to the electrode.
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Figure 6.9: Normalised spatially resolved photocurrent when exciting beyond the last p-type

electrode.

This finding would open the door for the development of efficient devices with pitch
distances a lot longer than the original 1 um, which was chosen due to diffusion lengths
published in literature. Hence, devices with electrode pitch of 5 um, 10 um and 20 pum
with the same finger width of 1 um were fabricated (see illustration and microscope images
in Figure 6.10a,c,d,e). When testing these devices with coated perovskite under simulated
sunlight, the results were not as drastic but showed a similar trend, as photocurrents only
dropped ca. 4 x in the devices with pitch of 10 um and 20 um (see Figure 6.10b). Notably
an analogous behaviour as in the mapped photocurrent measurements occurred, with a

quick drop within a short distance and a following almost non-declining tail.

Early reports on charge transport in perovskite have shown that in a single crystal of lead
iodide perovskite, diffusion lengths of 175 um can be achieved, and even transport
distances of 3 mm can be found for individual charge carriers!®®. However, in thin films
the diffusion length is thought to strongly decrease due to high densities of trap states at
the grain boundaries?®®21%, Published measurements indicate that diffusion lengths of 1 pm
in a film should be expected®!. Relating the above results with the one-dimensional charge
transport characteristic in sandwiched devices?'1212  allows to state that the photocurrent
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is proportional to the negative exponential of the absorber thickness divided by the
diffusion length as J,peeo < exp(—W/L). However, applying this model to the measured
decay characteristic in Figure 6.9 or even Figure 6.10b would mean a diffusion length that
is orders of magnitude higher than the currently reported values for perovskite thin-films.
Furthermore, very slow recombination velocities should be assumed, far beyond the values
that have been previously assigned to perovskite thin-films?'3-2'%, Such recombination has

only been observed in some of the best silicon electrodes®*. A more complex model is
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Figure 6.10: Hllustration of back-contacted device with extended pitch (a). Short current density of
devices with 1 um, 5 um, 10 um and 20 um pitch (b). Optical microscope image of patterned

electrodes with 5 um (c), 10 um (d) and 20 um (e) pitch.

A theory was developed and is in close agreement with a previously published comment
about diffusion length determination by Hodes and Kamat?® (see illustration in Figure
6.11): Photons are absorbed and generate electron-hole pairs in the same way as in
sandwiched devices (1). However, after the quick removal of electrons through the electron

transporting material and the underlying electrode (TiO2/FTO) close to the excitation spot

Maximilian Horantner - March 2017 120



Chapter 6: Extraordinary Charge Carrier Behaviour in Back-contacted Perovskite Thin-Films

(2), holes can consequently exceed travel distances of 175 um in a thin film of perovskite
to reach the hole-selective electrode (NiO), due to the absence of electrons to recombine
with (3). In this scenario, holes can recombine via two different pathways. They can either
recombine with electrons in the TiO>, or they can get trapped into trap-sates of perovskite

before reaching the p-type electrode.

FTO

Figure 6.11: Sketch of proposed mechanism for long-distance hole diffusion.

An experiment was designed to support this theory. It was verified whether n-type
materials with better electron extraction efficiencies could lead to a rise of the encountered
tail. It is well known from literature that the fabrication route of electron transporting layers
can lead to highly varying results in performance, even when using the same
materials?%27218  TiO, and SnO,, two metal oxides known to work well as n-type
materials in perovskite solar cells?1219220 \ere deposited via three different methods with
subsequent identical fabrication of insulated top electrodes and perovskite coating.
Conformal coating of the compact TiO, layer appears to have a good impact due to less
thickness variations, that can lead to better charge extraction and reduced charge
recombination?'822! Therefore, TiO, was once deposited via a Titanium isopropoxide
based precursor spin-coating (used for all previous experiments of back contacted devices)
and once via spray-pyrolysis of a Titanium diisopropoxide bis(acetylacetonate) based
solution as a conformal coating technique. SnO> was deposited via spin-coating and
subsequent chemical bath treatment as reported by Anaraki et al.!?!, which showed

remarkable performance improvements in sandwiched devices. Further reports showed the
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improved extraction efficiency of SnO: via solar cell performance measurements and
photoluminescence studies®?>?%3, The electron quenching efficiency was analysed by
depositing a perovskite film on top of the FTO/n-type layers and measuring the transient
photoluminescence response. The normalised results are plotted in Figure 6.12a and
confirm the statements from literature. The slope of the decay curve can be related to the
lifetime of charge carriers??4. The steeper the curve, the faster the quenching and therefore
shorter the lifetime. The slope of the decay curve for the spin-coated SnO> layer was the
steepest, followed closely by spray-coated TiO2 and the previously used spin-coated TiO>

layer, showed the slowest extraction properties.

Testing back-contacted solar cells with these materials and different pitch distances lead
to the results shown in Figure 6.12b. The predicted rising of the tail in photocurrent decay
over distance could be achieved by introducing different electron extraction layers. The
short circuit current densities were normalised to the values measured from the 5 um pitch
devices. Spray-coated TiO> yielded the highest enhancement in long distance charge
extraction with a decay of only 20 % from 5 pum to 10 um and no further decline over the
next 10 um. Spin-coated SnO- also performed better than spin-coated TiO2 but dropped by
ca. 50 % from 5 pum to 10 um and another 10 % in the 20 pum pitch device. In this tested
batch the devices with spin-coated TiO> had a similar decrease of Jsc (60 %) from 5 pm to
10 um as the previously tested devices in Figure 6.10b (ca. 65 %) but the tail did not show
a flat behaviour and declined by another 30 % for the 20 um pitch device. The faster PL
decay in spray-coated TiO2 and spin-coated SnO> could be partially used to explain a faster
electron extraction and therefore longer hole travel distances. However, as order in PL
lifetime and rising tail for long pitch back contacts don’t match exactly, it can be concluded
that it is not as simple as just relating PL lifetimes to lower electron densities. It is probably

one factor, but the recombination from electrons in the electron extraction layer with holes
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in the perovskite might vary significantly across the materials and this wasn’t yet

quantified.
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Figure 6.12: Normalised transient PL decay of perovskite thin-films on top of spin-coated TiO»,
spin-coated SnO:2 and spray-coated TiO: electron extraction layers on FTO coated class (a).
Normalised current density for devices incorporating electron transporting materials of spin-coated

TiO», spin-coated SnO2 and spray-coated TiO. with various pitch (b).

To better understand the charge extraction behaviour and the comparison between the n-
type and p-type electrodes, a simultaneous spatial mapping measurement of the
photocurrent, the photoluminescence at short-circuit and the fitted lifetime from transient
photoluminescence decay was performed (see Figure 6.13). Figure 6.13b shows the optical
microscope image of the analysed area for which the 2D maps of photocurrent (Figure
6.13c) and PL (Figure 6.13d) were taken. The normalised measurements that were taken
across the electrodes are plotted together in Figure 6.13e and indicate that the photocurrent
rises when the areas above the n-type TiO2/FTO electrode are illuminated. This suggests
worse charge extraction above the p-type NiO/Ni electrode, which is also supported by the
fact that the PL response is increased (opposite effect to the photocurrent), an indication
for more radiative recombination due to slower extraction. Furthermore, the PL lifetime

was extracted from transient PL decay and also demonstrates higher values above the p-
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type contact, again a sign for inefficient extraction. Figure 6.13f shows such a transient PL
decay plot, measured at the indicated locations in Figure 6.13d, above the n-type and p-
type electrode. Analysing the PL lifetime or the slope of the PL decay curve is a common
approach in literature to judge the charge extraction capabilities of interface layers. In the

current case, the required improvement of the p-type NiO/Ni electrode becomes more

clear.
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Figure 6.13: lllustration of spatial mapping technique of large pitch device (a). Top view
microscope image of spatially analysed area (b). Photocurrent map of device with 20 pum pitch (c)
and equivalent photoluminescence map (d) with indicators of the location where
photoluminescence decay in (f) was measured. Plot of normalised mapped photocurrent,
photoluminescence and estimated lifetime from photoluminescence decay of analysed area in

horizontal scan direction. Plot of photoluminescence decay above TiO2 and NiO electrodes at

location indicated in (d).
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6.3.5 Inverted devices

Inverted devices with p-type bottom contacts and insulated n-type finger contacts were
fabricated with 1 um pitch to investigate if similar charge transport effects are happening
for the opposite charge species. NiO was coated onto the FTO from a Nickel Nitrate
hexahydrate based precursor and Ti was evaporated onto the Al.O3 insulator instead of Ni,
to then oxidise a shell to TiO2 upon high temperature annealing in air. According to the
theory of Leijtens et al.2%, holes are not trapped as much as electrons and should therefore
be able to travel longer distances without recombining due to trap defects i.e. in grain
boundaries. For that reason, it would be expected that the regular devices would lead to
better charge extraction, ergo device performance, than inverted devices. The results of the
J-V measurements (see Figure 6.14) show that this is indeed the case. The currents reached
in the inverted device are orders of magnitude smaller than the ones reached in regular
back-contacted devices. The assumption is that electrons recombine quicker before
reaching the appropriate electrode. Therefore it was decided that future efforts should be
focused on the architecture incorporating the n-type electrode at the bottom. However, at
this point it must be noted that big batch to batch variations occur with back-contacted
devices and the source of the problem was not yet discovered. Hence, it might be worth

revisiting this experiment for better performances.
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Figure 6.14: J-V characteristic of inverted back contacted device with 1 um pitch in forward (SC
to OC) and reverse (OC to SC) scan direction.
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6.3.6 Surface passivation

As introduced earlier, suppressing surface recombination plays an important role for the
improvement of back contacted solar cells. deQuilettes et al.??> have shown recently that
the photoluminescence lifetime of perovskite films could be significantly improved upon
introducing a ligand passivation to the surface of perovskites. While this technique can
hardly be tried in a sandwiched device, as the ligand passivating layer also acts as an
insulator and would prohibit charge transport to the HTM, back-contacted perovskite solar
cells are ideal devices to test if this surface passivation could improve the device

performance through reduced charge carrier recombination.

Trioctylphosphine oxide (TOPO), the material with the highest reported effect was
deposited on top of a back-contacted perovskite device (as illustrated in Figure 6.15a) and
compared to devices coated with PMMA, which is a typical encapsulation layer and
doesn’t seem to have a big impact on surface passivation. Furthermore, a recently reported
technique for the surface optimisation of the TiO2 electron extraction layer via an ionic

liquid treatment?2® was also tested to analyse the effect in the back contacted devices.

The outcome of the J-V measurements under simulated sunlight are presented in Figure
6.15b and show an encouraging increase of Voc by 140 mV from 820 to 960 mV upon
surface passivation. However, the Jsc and the FF were particularly low in this tested batch
of spin coated TiO2 based devices. Surprisingly, the ionic liquid treatment appeared to have
a bad impact on the overall device performance. One possible reason might stem from the
fact that the treatment had to be applied over the entire area of both electrode types and

therefore might have created shunting paths.

To better assess the charge extraction and lifetime characteristics of the two well

performing n-type layer materials (spray coated TiO2 and spin coated SnO.) together with

Maximilian Hérantner - March 2017 126



Chapter 6: Extraordinary Charge Carrier Behaviour in Back-contacted Perovskite Thin-Films

the surface passivation treatment, the transient photoluminescence decay and
photoluminescence quantum efficiency of such devices were measured. The results are
demonstrated in Figure 6.15c and show that un-passivated devices have a much faster PL
decay and significantly lower PLQE’s of 0.4 % for SnO2 and 1 % for sprayed TiO2. The
TOPO passivated devices show much longer PL lifetimes and PLQEs of 9.3 % for SnO>
and 11 % for sprayed TiO>. The significant rise of PL lifetime and PLQE upon passivation
is interesting, as this was measured at open circuit and suggests that there is less
nonradiative recombination at open circuit. However, since the current does not seem to
be reduced by the passivation, it is expected that fast charge extraction would occur at

short-circuit, which is closer to the solar cell operation mode.
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Figure 6.15: Illustration of back contacted perovskite solar cell with surface passivation layer (a).
J-V characteristic of surface passivated and un-passivated devices, as well as ionic liquid treated
devices (b) in reverse scan direction. Transient PL decay measurements and corresponding PLQES

of passivated and un-passivated SnO- and spray coated TiO2 devices (C).

6.4 Conclusion and outlook

In summary, the limiting factors on the performance of back-contacted perovskite solar
cells have been studied. A device architecture was developed, which allows to fabricate
back-contacted devices with feasible performance through a simple single-step

photolithography technique. The results from J(V) measurements as well as from spatial
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photocurrent and photoluminescence mapping suggest that the diffusion length is not the
critical parameter for the design of back-contacted devices. Using an insulated back contact
architecture, where the whole surface is covered with a carrier selective electrode, the pitch
distance of the back-contacted device can be largely increased without affecting its
photovoltaic performance. This architecture has proven to be an exceptional platform for
the in-situ testing of materials and electrodes. Furthermore, a maximum power conversion
efficiency of 3.4 % was reached. It was shown that hole transport over long distances is
not significantly hindered by trap states in perovskite and that surface passivation can lead
to significantly enhanced Voc. However, limitations were identified to stem mostly from
inefficient charge extraction at the p-type electrode, which leaves a lot of room for
improvements. Once the challenges are overcome, in-plane tandem devices with prism
splitters®?” could be an ideal application enabled by this device architecture. Furthermore,
the systematic study of electron or hole transport through crystal grain boundaries, as well
as in-situ device performance measurements during thin-film annealing could lead to better

insights about perovskite material optimisation.
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{ PREDICTING AND
OPTIMISING THE ENERGY
YIELD OF PEROVSKITE-ON-
SILICON TANDEM SOLAR
CELLS UNDER REAL WORLD
CONDITIONS

7.1 Context and summary

One great advantage of perovskite photovoltaic materials lies in the complementary
absorption region when combined with a Silicon solar cell, making it an almost ideal
candidate for tandem solar cell applications. The recent demonstration of nearly perfect
tunability of the band gap of such perovskites has opened even more possibilities for
adjusting the layer stack and the potential to fabricate all-perovskite tandem devices. The

development of such solar cells becomes reasonably complicated, considering the multiple
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layers that are involved in the design. In this chapter a rigorous optical and device
simulation is introduced to optimise perovskite-on-silicon tandem solar cell stacks and
identify feasibility of various interface materials, layer thicknesses and bandgaps to
achieve the highest possible efficiencies. The annual energy yield under simulated hourly
spectrum changes is calculated at different locations with optimised stacks to show that
tandem solar cells are yielding up to 30 % more energy output than the single junction
silicon cells. Most critically, the standardised air mass (AM) 1.5 efficiency measurement
improvements observed for the tandems cells, translate almost entirely to the same
fractional improvement in energy yield. Hence, the efficiency of the tandem cell is not
significantly “de-rated” by real world spectral variations. Furthermore, the annual energy
yield under simulated hourly spectrum changes at different locations is calculated and
maximised to show that tandem solar cells are not only yielding up to 30 % more energy
output but that they are relatively performing as well as single junction silicon cells.
Additionally, it was found that tandem solar cell stacks should be optimized depending on
the place of installation to gain up to 3 % more energy output. The results can offer
extensive guidance to design the perovskite tandem device of the future and allow

estimations for economical perspectives.

7.2 Introduction

Hybrid organic perovskites have optical absorption characteristics that not only make them
very interesting for single layer solar cell applications but also for tandem devices. With a
bandgap of 1.55 eV the absorption spectrum of typical hybrid metal-halide perovskites is
very strong in the ultraviolet and visible light region but transparent for infrared light,
which makes it an ideal top absorbing layer for materials that absorb well in the higher

wavelength section of the spectrum*!. Crystalline silicon as well as CIGS have been
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identified and already demonstrated??®234 as feasible candidates with such criteria.
Combined power conversion efficiencies of up to 21.2 % in a monolithic configuration?3!
and 25.2% in a 4 terminal configuration?3* on top of Silicon have been achieved
experimentally and seem to be improved with a high rate, which is also due to big
commercial interest. The cost benefit of increasing the power output per installed
photovoltaic module is very attractive, as the installation cost of solar panels usually
accounts for a substantial part of the total system cost'®. The potentially inexpensive
manufacturing methods of perovskite solar cells integrated into silicon solar panels make
it therefore a great business case, as the added marginal cost would easily be compensated

within a short time by more energy production.

The use of perovskite solar absorbers as top cells has become even more interesting since
it has been demonstrated that the bandgap can be precisely changed to higher values by
adding different halide contents to the MA or FA based perovskite crystals®®2® and use
Caesium to stabilize the phase”™"4131.2% A higher bandgap allows for the perfect
optimization of a tandem solar cell to reach the maximum achievable efficiency as shown
in Figure 2.22. Since the viability of bandgap shifts to lower energies have been shown by
using Sn-Pb based perovskites’®?*", this has led to the remarkable development of

perovskite-on-perovskite tandem solar cells with efficiencies crossing 20 %23,

Another advantage lies in the fact that bare Silicon is highly reflective in lower wavelength
regions and a lot of light, and therefore energy, is lost when no anti-reflective layer is
coated onto the device. Perovskite materials show better absorption at higher incident
angles due to their lower refractive index*?8. Therefore, the coating of perovskite on top of
Silicon could not only benefit the performance from a thermodynamic perspective but also

by acting as an anti-reflective coating at the same time.
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Engineering a tandem device stack proofs to be challenging, due to the complexity of
adding new material layers that need to be energetically optimized. Monolithically
integrated stacks, that connect both solar cells in series, need to have well designed
recombination layers and 4T devices need to have two transparent electrodes either side to
transmit the non-absorbed light to the bottom cell. The additional layers introduce more
interference effects that can lead to reduced absorption in the photovoltaic layers and
require to be finely tweaked to achieve maximum performance. Particularly in two-
terminal tandem devices the highest power output is reached when the currents of the
bottom and the top solar cell are well matched. Consequently, the fine tuning of all the
layer materials and thicknesses is essential for attaining the highest possible performance.
The simulation of theoretically feasible efficiency limits is essential for the evaluation of
research and development efforts when compared to single junction solar cell applications.
Hence, modelling the variation of the materials, their thicknesses and even the perovskite

bandgap plays an important role for the coming research exertions.

When looking at currently published estimations of maximum efficiency limits, we find
that often the thermodynamic detailed balance model by Shockley and Queisser?? is used.
The importance when doing so is to bear in mind that the key assumption in this model is
that every photon with an energy above the absorbers bandgap, gets absorbed. In other
words, this means that the assumed EQE of the absorbing layer equals 100 % in the region
below the bandgap and cuts off perfectly at the absorption-edge. Even though perovskites
demonstrate a remarkably sharp absorption-edge®?, it is far from perfectly rectangular and

this needs to be taken into account when trying to find the optimal bandgap for a top cell.

Lately there have been several reports about attempts to optically model and optimize the
thicknesses of Silicon-perovskite tandem solar cell stacks. Filipic et al.?® compared in a
rigorous model, based on the transfer matrix modulation, the maximum efficiencies that
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could optically be achieved with two-terminal versus four-terminal tandem devices. They
found that efficiencies above 30 % are theoretically feasible and that four-terminal devices
show a higher maximum power output. However, the authors did not take into account the
optical losses that might be induced by the physical separation of the top and the bottom
cell as well as the fact that there might arise additional efficiency losses or illumination

area losses due to different interconnection.

Further optical simulation results have been reported that included the comparison of
different bandgap perovskite materials. This has been achieved by theoretically shifting
the published optical constants of the perovskite along the energy axis of the spectrum?3,
as well as by deriving experimentally the optical constants of different perovskite material

compositions via fitting experimental reflection and transmission data?4°.

Academic research so far has mostly focused on the maximization of power conversion
efficiencies under simulated sunlight with the well-known standardized air mass of 1.5.
The accepted standard across the research field is an important instrument to be able to
compare the results and even get certifications from accredited institutions. However, it is
of great importance to not forget the actual purpose of a solar cell, the production of
electricity in the real world. Depending on the location of the solar installation, real world
conditions contain the change of air mass, appearance of clouds, air-pollution, substantial
sun-angle changes subject to seasons and noteworthy temperature variations. All such
conditions have quite a significant impact on the energy yield of a solar cell. The two most
important factors that must be accounted for in real world conditions is the continuous
variation of the solar spectrum and the incident sun angle. It is for example well known
that the spectrum appears more reddish in the mornings after sunrise, the evenings before
sunset and generally in the winter. This is caused by higher air mass, which leads to

Rayleigh scattering®*!. Similarly, cloud coverage will change the fraction of direct
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irradiance and diffuse irradiance and can also cause a shifts in the solar spectrum due to
light reflection and absorption by the clouds®*22*. The effect that such spectral
fluctuations can have on the performance of amorphous and microcrystalline silicon
tandem devices has been studied before and shows variations of up to 20 % over the same
time period at different weather conditions?424, Slightly less drastic results of about 4 %
variation have been shown for polycrystalline solar cells?*®. It should be noted that not
many possibilities exist to improve the energy yield of a single junction solar cell other
than changing the bandgap to adjust to a shift of the solar spectrum or to apply an anti-
reflective coating to absorb better at steeper solar angles. On the other hand, the layer
stacks in tandem solar cells are feasible to be precisely designed for maximum energy yield

at a specific location.

Energy yield simulations have been carried out in more and less complex ways for several
photovoltaic materials and tandem device architectures®*’-24%, Most of the previous work
relies on spectra that have been computed with the SMARTS model for clear skies or with
the SEDES model for overcast skies, as hourly measured data for the entire wavelength
spectrum is rarely available. A common approach to include varying spectra into the
calculations is done via binning them by their average photon energy (APE) 25025,
Futscher and Ehrler 2°2 have recently carried out such a calculation, in which they modelled
the spectral influence on perovskite-on-silicon tandem devices by using the combined
detailed balance limit of the absorbers. It was found that specifically 4T and also 2T
architectures are not much affected by the spectral variations and would perform relatively
as well as the single junction silicon solar cells. A simulation with more rigorous device
modelling was carried out for CdTe/CdS tandem applications?*, which lead to the results
that 4T configuration are more desirable due to less dependence on the varying spectrum

by current matching conditions.
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This chapter present the implementation of a rigorous optical/device model, which was
used to simulate various silicon-perovskite tandem solar cells in combination with real
weather data and complex diffuse light treatment to predict the achievable annual energy
yield at specified locations with three different sun tracking systems. Not only is the annual
energy yield for a device stack calculated which has been optimized for a single AM1s
solar spectrum and a single specified incident angle but it was managed to develop an
ultrafast optimizing algorithm that allows for the maximisation of energy yield for a
specific location. Consequently, it is assessed whether the change of materials, a shift of
the bandgap and the variation of thicknesses in all layers needs to be carried out for
different locations of tandem solar deployments. Additionally, the energy yields of
perovskite-on-silicon tandem solar cells and single junction silicon solar cells were
compared in relation to their AMu s irradiance power conversion efficiencies to introduce
an “efficiency derating value”. It was found that in relative terms, tandem devices can
perform as well as, or even better than single junction silicon cells, and the 2T tandem
devices are usually with 2% of their expected energy yield. This means that the expected
enhancement in energy yield of up to 30 % in tandems over single junction silicon cells
should be realised. Furthermore, it was demonstrated that 2T configurations come very
close to 4T performances. These results and the introduced simulation methods present a
roadmap for the development and evaluation of optimised high energy yield tandem

devices that will benefit research and the design strategies for cell manufacturing.

7.3 Results and discussion

7.3.1 Individual cell performance modelling

The model, as described in detail in section 3.6, was performed on three different types of

devices as illustrated in Figure 7.1. The monolithically connected 2T stack consists of a
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perovskite top cell and a silicon HIT bottom cell, which was changed only slightly for the
4T configuration by virtually electrically detaching the two devices at the indium tin oxide
ITO layer. The layers, starting from the top illumination side, are MgF: as an anti-reflective
coating, 1TO, Spiro-OMeTAD, perovskite (varied band-gaps), electron transporting layer
(varied between TiO, Ceo and SnO3), ITO, and then the HIT cell consisting of 10 nm p-
type amorphous silicon, 5 nm intrinsic amorphous silicon, 3.5 mm of intrinsic single
crystalline silicon, 5 nm intrinsic amorphous silicon and 10 nm of n-type amorphous
silicon, with an additional bottom electrode of 300 nm Ag on glass. Notably, the thickness
of the single crystalline silicon layer was overestimated to resemble a commonly used
efficient back reflector, which increases the path length of light travelled through the
absorber. The single junction HIT cell was analysed separately with the only difference
that a top layer of MgF. was included to reduce reflecting light effects. The upper and
lower limits of varied thicknesses and bandgaps (shown in Figure 7.1) were chosen to

guarantee feasibility of electrical functionality and manufacturability.

Figure 7.1: Illustration of the 2T/4T tandem stacks and the HIT solar cell, including all materials

and layer thicknesses.
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Initially as a quality check, a simple device performance simulation was carried out for a
single junction perovskite solar cell resembling the stack reported by Saliba et al.”®, as the
J-V fitting parameters (found in section 3.6) for the device model were taken from this
publication. The simulated EQE spectrum and J-V characteristic are presented in Figure
7.2a, b. Given the fact that the reported solar cell contains a perovskite infiltrated
mesoporous scaffold, which is difficult to model optically, the results are sufficiently close
to the reported experimental values and allow to confidently carry on with the more
complex modelling. The simulated solar cell reached a PCE of 21.2 %, which is not
exceeding the most recent experimentally achievable record efficiencies. The modelling
was carried out with an AMz1s spectrum and 0° incidence angle (later referred to as

AM_5/0° condition) to resemble lab conditions.

PCE(%) [ FF(-) [ Voc(V) Jsc(mAicm2) |
2016 | 0.79 | 1.13 2251 |
10 Perovskite cell 2 , Perovskite cell
a b

08 -

"
&R
I

06

n
b=

%)

04

EQE (
J (mA/em2)

02 4

=
I

00 4

el

T T

T T T T T T T

300 400 500 600 700 800 800 00 02 04 06 08 10 12 14
Wavelength (nm) V (V)

Figure 7.2: Simulated EQE spectrum (a) and J-V characteristic with performance parameters (b)

of single junction perovskite solar cell.

A similar approach was taken for the simulation of the single junction HIT cell. However,
since reflection losses play a more important role for silicon solar cells, the device was
modelled with an anti-reflection layer of MgF2, and the thicknesses of the top two layers
(ITO and MgF2) were varied through a differential evolution algorithm to maximise the

PCE. Thicknesses of 71 nm MgF. and 62 nm ITO lead to the highest PCE of 21.6 %. The
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simulated EQE spectrum and J-V curve are presented in Figure 7.3 and resemble well the
shapes and values shown by others'?, Here it is important to note that significantly higher
Jscs have been experimentally demonstrated by using structured anti-reflective coatings,

which are more computationally expensive to include into the model.

The simulated performance values of both individual single junction devices are not
unrealistic to achieve, which is the reason why the outcome of the tandem modelling is
relevant for currently ongoing experimental research.
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Figure 7.3: Simulated EQE spectrum (a) and J-V characteristic with performance parameters (b)

of optimised single junction HIT solar cell.

7.3.2 Optimisation for PCE in lab conditions

In a next step the bandgap of the perovskite material was varied by shifting the absorption
coefficient along the energy axis and applying a Kramers-Kronig transformation to
calculate the complex refractive index as explained in section 3.6. The results of the
original and shifted optical constants is presented in Figure 7.4a. The shifted extinction
coefficients appear similar in shape to the published experimental data of absorbance
spectra for different perovskite bandgaps®®!. The 2T and 4T stacks were then optimised

individually for AM155/0° condition with the optical constants that correspond to bandgaps
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from 1.55 eV to 1.85 eV to determine the maximum achievable efficiencies. The bandgap
energies and the resulting maximum PCEs are presented in Figure 7.4b. It is discovered
that the optimal top cell bandgap for 2T configurations appears to peak at 1.70 eV, which
is slightly different from previously published reports*3!??8 that took Shockley-Queisser
models (calculated and presented in Figure 2.22) for their conclusion to aim for 1.75 eV
as the ideal bandgap for the top absorber. Furthermore, it appears that the perovskite
bandgap shift in the 4T configuration has less impact and seems to occur at a slightly higher
energy of 1.8 eV. For both architectures PCEs over 30 % are feasible with current

technologies and the 4T device appears to perform slightly better.

Another question needing to be answered was how much of an effect different interface
materials would have on the overall performance of tandem devices. Therefore, the three
different materials Ceo, to TiO2 and SnO2 were compared as electron transporting layers
between the perovskite and the ITO interfaces. Again, the same optimisation procedure for
AM_5/0° conditions and two different perovskite bandgaps (1.55 eV and 1.70 eV) was
performed. The results in Figure 7.4c¢ show the small effect of the material on the maximum
PCE and can therefore be almost neglected for optical performance considerations. Ceo

remained as the ETL material for all subsequent simulations.
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Figure 7.4: Shifted extinction coefficients and corresponding Kramers-Kronig transformed
refractive index spectra (a). PCE for optimised 2T and 4T tandem device stacks with Ceo as ETL
for shifted perovskite band-gaps (b). PCE for optimised 2T tandem devices with different ETL for

perovskite bandgaps of 1.55 eV and 1.70 eV.

Now that the optimal material composition was found to maximise the PCE, the simulated
EQE spectrum (Figure 7.5a) and J-V characteristic curve (Figure 7.5b) was plotted
together with the tabulated optimised thicknesses (Figure 7.5c). The highly varying fringes
are noticeable in the EQE spectrum in the red region, which are probably a result of
interference stemming from reflected light within the many thin layers. Introducing
scattering layers to break the coherency of the light could improve this behaviour.
Moreover, it can be seen from the J-V curves in Figure 7.5b that the currents from the
absorbing layers are very well matched, leading to the optimal device efficiency. The
perovskite layer thickness has to maximised almost to its upper limit of 1.5 um to match
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the relatively high current that comes from the transmitted photons absorbed by the silicon

cell.
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Figure 7.5: Simulated EQE spectrum (a) and J-V characteristic with performance parameters (b)

of optimised 2T perovskite-on-silicon (1.7 eV) solar device. Table of optimised layer thicknesses

(©).

7.3.3 Energy yield simulations

The analysis of optimized tandem stacks under AM1.5/0° conditions is interesting from a
research lab perspective because these are the standard conditions, which are generally
used to experimentally characterize solar cells. However, for real world applications, and
those should be the main focus for the development of solar cells, the annual energy yield

at a particular deployment location has a lot more significance for financial and
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engineering feasibility analyses. The overall energy yield is heavily dependent on the
changes of the solar spectrum and the variations of incidence angles on the installed panel.
The influence of the incidence angles is so large that for many photovoltaic technology
applications, complex and expensive sun tracking systems have been implemented. Three
locations in the USA with significantly different weather conditions were picked for
comparison. The detailed location and weather information for the analysed locations
Golden (Colorado), Seattle (Washington) and Mohave desert (California) is given in Table
7.1. The solar irradiation characteristic, the precipitation and the temperature vary largely
at all locations. It was to be expected that the Mohave desert location is exposed to a lot
more direct beam irradiation than diffuse light, caused by less clouds and therefore less
scattered light. The least solar energy is received in Seattle, which was predictable due to
the heavily overcast skies and the higher latitude. These locations were chosen for the

simulations to offer a diverse perspective on the results.

Table 7.1: Tabulated geographic and meteorological data for locations Golden, Seattle and Mohave

desert. Data was derived from NREL NSRDB™® for the year 2015.

Location: Golden, CO Seattle, WA Mohave Desert, CA
Latitude: 39.79° 47.49 ° 34.29°
Altitude: 1820 m 139 m 646 m
Annual global horizontal 1576 kwh/m? 1295 kwh/m? 2140 kwh/m?
irradiance:
Annual direct normal 1863 kWh/m? 1482 KWh/m? 2841 kWh/m?
irradiance:
Annual diffuse horizontal 572 KWh/m? 503 kWh/m? 452 KWh/m?
irradiance:
Clear sky sun hours: 1701 h 1684 h 3255 h
Average annual 62.2cm 94.3cm 11.4cm

precipitation(cm):

Average temperature: 8.6 °C 13.0°C 20.5°C

Maximilian Hérantner - March 2017 142



Chapter 7: Predicting and Optimising the Energy Yield of Perovskite-on-Silicon Tandem Solar Cells under
Real World Conditions

In order to demonstrate the difference in th

e solar spectra, the annually averaged spectral

components GHI and DHI were individually plotted in Figure 7.6a, b, c. The added 25" -

75" and 51 — 95 percentile plots offer an image how the spectra vary over a year. A better

comparison can be made by seeing these spectra plotted in the same graph (Figure 7.6d).
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Figure 7.6: Diffuse horizontal irradiance and global horizontal irradiance spectrum with 25" - 75™

and 5" — 95" percentile representation in Golden (a), Seattle (b) and Mohave desert (c).

Comparison of DHI and GHI spectra of all three locations at correct scale (d) and DHI and DNI
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spectra of all three locations at normalised scales (e). Plot of the fractions of GHI spectra pairs to

demonstrate non-constant scaling (f).

Mohave desert, unsurprisingly, received significantly higher annual solar irradiation,
specifically in the blue. However, from these graphs it is not clear whether the spectra are
just scaled by a constant value or if there are substantial changes in different wavelength
regions. Therefore the direct normal irradiance and the diffuse horizontal irradiance spectra
were normalised (DHI was additionally multiplied by 0.5 to better distinguish) and plotted
in Figure 7.6e. Now it is possible to notice significant change in the higher wavelength
regions of the spectrum. The direct normal irradiance in Seattle shows nicely the red shift,
that is to be expected from Rayleigh scattering due to the higher air mass and humid
atmosphere. Figure 7.6f shows the fraction of averaged GHI spectra to visualise substantial
disturbances in the scaling of the spectra. The change from the desert spectrum to the more
overcast location’s spectra is visible in some regions in the red, which can be assigned to

absorption by water vapor in clouds.

The effect that such spectral changes have on the performance of the tandem and the HIT
devices are demonstrated in Figure 7.7. A typical summer midday spectrum in Mohave
desert (plotted in Figure 7.7a) is used to simulate the J-V curves of the HIT cell (Figure
7.7b) and the AM15/0° optimised 2T tandem cell (Figure 7.7c). Noticeable is the
unmatched current condition in the tandem stack, which presumably comes from the
difference in spectral shape, for which the device was not optimised. It probably leads to

a larger fraction of blue photons being absorbed by the perovskite.
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Figure 7.7: Global horizontal irradiance spectrum in Mohave desert on July 4™ at 12:00 p.m. (a)
and simulated corresponding J-V characteristic of HIT cell (b) and 2T tandem device optimised for
AM15/0° (c). Global horizontal irradiance spectrum in Seattle on July 4™ at 2:00 p.m. (d) and

simulated corresponding J-V characteristic of HIT cell (e) and 2T tandem device (f).

However, the drop in PCE from 30.1 % to 29.2 % is bearable and probably due to the
higher occurring FF, which can compensate the overall current loss. The same analysis

was made for a very weak spectrum in Seattle’s wintertime (Figure 7.7d), which lead to a
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well current matched tandem stack that still underperformed a bit due to the high voltage
loss. It appears that the HIT cell is slightly less prone to spectral changes than the 2T
tandem device, but the differences are not significant. The second component influencing
the optical model is the incident angle of the photons. Since in real world conditions, the
position of the sun towards the solar panel is permanently changing, it will have an
important influence on the overall energy yield. The angular dependent performance of the
HIT cell and the AM15/0° optimised 2T tandem cell were simulated and plotted normalised
together with the cosine dependence of the intensity in Figure 7.8a. In this graph it is almost
impossible to see the difference of performances, which is why the relative difference of
normalised PCEs was demonstrated in Figure 7.8b. Even though the differences are
generally not large, it is possible to conclude that the HIT cell achieves minimally higher
efficiencies (below 1 % difference) for a large range, but at higher angles above 70 ° the
gain in performance from the tandem device becomes more noteworthy. It is assumed that
the loss comes from lower intensity and unmatched currents, which is later gained by less

reflection at high angles, but this has to be analysed in more detail.

2T Tandem b
HIT
cos(theta)

Normalised PCE
Relative PCE gain of 2T to HIT (%)

T T T T T T T T
0 10 20 30 40 50 60 70 80 %20 0 10 20 30 40 50 60 70 80 20
Incident angle theta(deg) Incident angle theta(deg)

Figure 7.8: Angle dependence of normalised PCE for HIT device and 2T tandem device compared
to cosine dependence (a). Angle dependent relative difference in normalised PCE of 2T tandem to

HIT device (b).
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The fast parallel computability of the simulation program and the use of a high
performance computation cluster allows for a complete tandem stack optimisation for
maximum annual energy yield at a particular deployment location within only a couple of
hours. Analogous to Figure 7.4c, optimisations were carried out to see which bandgap
material would yield the highest annual energy output at the three specified U.S. locations
and the results for all different tracking systems and tandem architectures are shown in
Figure 7.9a, b, c. Interestingly but not too surprisingly we find a very similar bandgap
dependence when optimising 2T tandem for energy yield as when optimising for PCE at
AM_5/0° conditions. Even the tracking system does not seem to make a big difference.
Only for Seattle the peak appears to be shifted towards a lower bandgap, which can be
explained by the red-shift of the spectrum. Thought provoking is also the fact that fixed 4T
tandem devices appear to have a peaking bandgap at higher energies. Here the it is assumed
that wider bandgaps could lead to more absorption of steeper incoming photons. The
highest energy yields for each optimised device stack was inserted into the diagram in
Figure 7.9d, which demonstrates perfectly the efficacy of solar tracking systems and the
importance of PV deployment location. Energy yields of up to 950 kWh/m? can be reached
with a 4T tandem device, which is deployed in Mohave desert with a 2-axis tracker, which
is reduced by almost 30 % if not solar tracked. Almost exactly half of this energy amount
is to be expected from a similar device also 2-axis tracked in Seattle. The important
findings are that 1-axis tracking systems are performing nearly as well as 2-axis trackers,
especially for locations with more direct spectral distribution. Furthermore, 4T devices are
only yielding a couple of percent more energy in all scenarios, and additional losses that

come with such configurations have not even been accounted for.

Additionally, it is now possible to compare the annual energy yield at different locations

for tandem stacks that were optimized for AM1s/0° conditions with devices that were
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specifically optimized for these deployment locations. The results are presented in Figure

7.9e as relative annual energy yield gains for location optimised devices.
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Figure 7.9: PCE and energy Yyield of optimised 2T and 4T tandem solar cells depending on
perovskite bandgap, optimised and calculated with fixed, 1-axis and 2-axis tracking at locations
Golden (a), Mohave desert (b) and Seattle (c). Highest achievable annual energy yield for optimised
devices with varying tracking system at different locations (d). Relative energy yield gain of

devices optimised for energy yield compared to devices optimised for AM15/0° PCE.

It needs to be noted that the optimisation for energy vyield is a very computationally heavy
task that involves billions of calculations, which is the reason why the execution of the
differential evolution algorithm not always converges to a maximum with larger energy
output than the stack optimised for AM15/0° (indicated as 0 % gain in the graph).

Calculating the PCE at AM1.5/0° is exponentially faster due to no specular contribution of
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irradiance and hence a global maximum is always found. However, the EY gains that have
been found show that relative improvements of up to nearly 3 % are possible. This is a
remarkable finding, as it indicates that device stacks for future commercial tandem
applications should certainly be optimised for every deployment location. The gain can be

as large as the improvement of a 30 % PCE solar cell to 31 %.

7.3.4 Efficiency derating factor

The energy yield calculations are required in order to estimate the cost of installed PV
power in different locations. However, in the development of the multi-junction
technologies it would be useful to have a simple “correction factor” which could be applied
to the AM15/0° PCE measurement in order to be able to make a like-to-like comparison
between the perovskite-on-silicon tandem and single junction silicon cells. Therefore an
“efficiency derating factor” fp is introduced, which allows to compare the ratios of annual
energy yield to the AM15/0° PCE of the tandem device against the silicon HIT device:

EYtandem _ % EYHIT

_tandem  _ (7.1)
PCEtangem ' PCEpr
It follows, that the derating factor is therefore defined as:
fD — EYtandem * PCEHIT (7.2)

EYHIT * PCEtandem

Therefore, in order to estimate how much of a real improvement in energy a relative
increase in efficiency will deliver via making the tandem solar cells, the measured
AM_5/0° PCE of the tandem device should be multiplied by fp. If fp> 1, the tandem cell
will perform even better than expected from the efficiency gain, if fpo < 1, the tandem cell
with perform less-well than expected from the efficiency gain. The calculated derating
factors for all tandem architectures, tracking systems and for the three different locations

are presented in Figure 7.10a. The outcome is very encouraging for the future prospects of
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perovskite-on-silicon tandem cells, since the de-rating factor is close to unity for most

locations, ranging from 0.96 to 1.0. Therefore, on average applying a de-rating factor of

~0.98 appears sensible, which implies that a 30% efficient tandem cell should be

considered to be as effective as a ~ 29.3% efficient single junction cell. It is found that the

location plays a significant role for the derating factor and the best case for tandem

applications appears to be the desert. On fixed systems, tandem solar cells appear to

perform more comparable to silicon solar cells than with tracked systems. 4T architectures,

which are less prone to spectral changes and angular dependence, outcompete silicon solar

cells in the dryer locations with derating factors above 1. These results pave the way for

motivated commercial efforts that focus on the introduction of perovskite tandem absorber

layers to the photovoltaic market.
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Figure 7.10: Efficiency derating factors for tandem devices with varying tracking systems at

different locations.

Maximilian Horantner - March 2017

150



Chapter 7: Predicting and Optimising the Energy Yield of Perovskite-on-Silicon Tandem Solar Cells under
Real World Conditions

7.4 Conclusion and outlook

In summary, a rigorous optical model was developed and combined with a solar cell device
model to simulate the power conversion efficiency of perovskite-on-silicon tandem stacks.
Together with typical meteorological year data for measured solar spectra and the
implementation of a diffuse light radiance distribution model, the annual energy yield at
chosen locations can be determined. An additional optimisation routine enabled the
discovery of the ideal material and thickness combination that would lead to the highest
possible energy output. Consequently, it was possible to compare the location dependent
performance of a state of the art single junction silicon solar cell to perfectly optimised
tandem stacks with two- and four-terminal configurations mounted to various solar
tracking systems. It was found that perovskites should have a bandgap close to 1.7 eV in
2T configurations and higher bandgaps of at least 1.85 eV in 4T designs. The use of
different electron transporting layers did not lead to big differences. Furthermore, it can be
concluded that 2T tandems yield nearly as much energy as 4T designs and that 1-axis
tracking systems should be chosen for big improvements that can only be slightly topped
by more expensive 2-axis tracking systems. The deployment location plays a very
important role, as differences in solar irradiation spectra lead to roughly twice as much
energy output for cells, when installed in sunny Mohave desert as compared to cloudy
Seattle. Another remarkable finding was the fact that a gain in energy yield of almost 3 %
is possible, when certain tandem device stacks are optimised for a maximised energy
output at a specific location over devices that were optimised for the lab conditions with
an AMzi;s spectrum and O ° incidence angle. Most critically, it was assessed how the
improvement in power conversion efficiency, going from single junction silicon to
perovskite-on-silicon tandem cells, translates into improved energy vyield. It was found

that, depending upon location and style of deployment (fixed or tracked), the perovskite-
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on-silicon cells will deliver between 96 and 100 % of the expected energy yield. This
implies that when making a side-by-side comparison between single junction silicon and
perovskite-on-silicon tandem cells, the measured efficiency of the perovskite-on-silicon
tandem cell should be multiplied by a de-rating factor of ~0.98. This is a relatively small
de-rating factor, and gives good confidence that 2T perovskite-on-silicon tandem cells will
deliver upon their promise of not just very high efficiencies, but also significantly boosted
energy yields under real world conditions. These discoveries are strongly encouraging the
developments of perovskite solar cells as great companions for silicon solar cells for the

future of large scale photovoltaic applications.

The model can be further improved by adding additional ray-tracing capabilities for the
inclusion of highly effective anit-reflective coatings. Additionally, the computational
algorithms could be adjusted for better multi-node cluster support, or by using graphic
processing unit (GPU) enhanced methods to provide fast location optimisation features.
Finally, a side-to-side comparison with measured energy yield of real modules could

provide a benchmarking method to assess the value of the simulations in more detail.
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8 CONCLUSIONS AND
OUTLOOK

The work presented in this thesis has been focused on the design, fabrication and analysis
of novel concepts for perovskite solar cell device architectures. It was tried to diverge from
conventional designs to widen the basic understanding of this new material and open up
new perspectives for future perovskite applications. Through the intensive use of
lithography and self-assembly techniques, it was managed to structure perovskites and
other materials to alter the light interaction and charge carrier behaviour in opto-electronic
devices. The lessons learned from this process contributed to the understanding of
perovskite crystal growth behaviour, material and chemical compatibility, optical
properties as well as charge transport and extraction characteristics. Additionally,
modelling the optical behaviour in solar cell stacks and combining it with device and solar
radiation theory provided the basis for careful valuation of the performance of solar cells

under real world conditions.

More specifically, in Chapter 4, the crystal growth characteristics were studied by
confining the perovskite domains into nano-scale templates, formed from metal oxides,
which were periodically patterned. Morphology improvements were noticed by the
assumed precise seeding of crystallites upon deposition. The three-dimensional geometry
control of the photo-active perovskite material could be demonstrated, which enables
multiple opto-electronic applications. One of such is the use-case of semi-transparent solar
cell devices. The reduced surface coverage of perovskites through the template walls
would allow enough light to be transmitted while blocking the contact between the
sandwiching interface layers and lead to enhanced devices. The relevance of this work is
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underlined by the fact that the idea of this concept has lately been used for demonstrating
the highest efficiency per transparency record of 7.5% PCE/ 42% AVT in semi-
transparent perovskite cells?®3, breaking the records of so far unmatched organic

photovoltaics?®*,

The interest of solving the shunting problem in neutral coloured perovskite solar cells was
carried on in Chapter 5. A simple post-treatment was developed for dewet perovskite island
films, which lead to a significant performance improvement by the proven ability to
electrically insulate the contact areas between hole and electron transporting materials. The
self-assembly dynamics and insulation characteristics were probed in much detail. With
this technique, the at the time highest neutral coloured semi-transparent solar cells could

be fabricated, making it a very promising route for commercialization.

In Chapter 6, an architecture was developed that allows to contact perovskite solar
absorbers entirely from the back. Through the simple lithography process working
photovoltaic devices were developed. A platform was invented to test the individual charge
carrier characteristics, different electrode spacing, interface materials and passivation
methods. It was found that holes can travel remarkably long distances in the absence of
electrons, which allows to neglect the typical diffusion length and allow for simpler
fabrication of back contacts. Concluding that the charge extraction efficiency in the p-type
selective materials offers much room for improvement and that passivation can lead to
much higher voltages might make back contacted devices catch up with conventionally

sandwiched devices soon.

Finally, computational modelling efforts were focused on the simulation of real world
energy yield estimations for perovskite-on-silicon tandem solar cells in Chapter 7. For
three U.S. locations with contrasting solar irradiation, device stacks with different

materials and thicknesses were optimised for maximum annual energy output on fixed or
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sun-tracked systems. The outcome guides current tandem researchers to use top cell
perovskite absorbers with specified bandgaps, and finds that two-terminal devices are
yielding almost as much energy as four-terminal stacks. The most important finding
however is the little loss of derating factor for tandem devices, indicating that the energy
yields of perovskite-on-silicon tandem solar cells and single junction silicon solar cells in
relation to their AMus irradiance power conversion efficiencies are very similar. This
should be a convincing argument for silicon photovoltaic manufacturers to give

perovskites a try as an accompanying top absorber.

All of the device architectures touched upon in this thesis demonstrate the potential to
deserve a place in the list of candidates to be considered for future research and
commercialization efforts. The possibility to cheaply pattern perovskites to fabricate semi-
transparent solar cells with neutral colour, present a feature unmatchable by other materials
such as crystalline silicon, and could allow for a quick entry into a niche market. Studying
electrodes and interface materials is made possible with the demonstrated back contact
devices. Much more exciting results can be expected when these systems are electronically
improved, used for in situ studies of perovskite crystal formation with passivation
processes and in-plane tandem applications. However, what stand between the lab results
and the consumer product are two big aspects: stability and scalable fabrication processes.
Analysing and optimising systematically the long-term stability of the presented solar cells
was beyond the scope of this thesis and should be carried out to leap closer to feasible and
usable applications. The use of more intrinsically stable materials (i.e. FA and Cs
containing perovskites) and ensuring their compatibility as well as the development of
intelligent packaging designs will enable these. Once made stable, the economic
competitiveness will be determined by the capital expenditure of the fabrication process
and the resulting cost per watt of power output of the produced solar cell. This topic is of

particular interest for the author of this thesis and sparks motivation to focus his future
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efforts into this direction of research. With their low-cost processing opportunities and
high efficiencies perovskites have all the properties needed to become the new shining star
on the clean energy horizon and contribute to alleviate global climate change. It can hardly
be argued that we are looking into a bright future for opto-electronic perovskite

applications.
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