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Kurzzusammenfassung

Perowskite sind eines der vielversprechendsten Materialien fiir die ndchste Gene-
ration von Solarzellen, insbesondere die Kombination einer Perowskit Topsolar-
zelle mit einer Silizium Bottomsolarzelle in einer Tandemsolarzelle. Perowskitso-
larzellen werden jedoch durch verschiedene Umwelteinfliisse beeintrachtigt, und
sowohl die Langzeitstabilitédt als auch die Reproduzierbarkeit des Herstellungs-
prozesses sind nach wie vor wichtige Probleme, die noch nicht gelost sind. In
dieser Arbeit werde ich die Herstellung von Perowskitsolarzellen mit dem auf-
gedampften Perowskit MAPDbI; detailliert beschreiben. Ich werde zeigen, dass
diese Solarzellen derzeit vor allem unter zwei Mechanismen leiden, die den Wir-
kungsgrad begrenzen und eine Degradation verursachen. Der erste ist die Degra-
dation durch Feuchtigkeit, die hauptsdchlich durch hygroskopisches MAI in der
Perowskitschicht verursacht wird, da unsere Prozessierung und Messung teil-
weise in Umgebungsatmosphare stattfindet. Der zweite Effekt wird durch Ionen-
bewegung im Perowskit verursacht, die Hystereseeffekte und, sobald die Metal-
lelektrode der Perowskitsolarzelle abgeschieden ist, auch langfristige Degrada-
tion verursacht. Ich werde skizzieren, wie beide Effekte in Zukunft durch Op-
timierungen der Herstellungs- und Messbedingungen bestimmt und minimiert
werden konnen. Erste Experimente mit einigen dieser Optimierungen zeigen be-
reits Zellwirkungsgrade von bis zu 17%. Im zweiten Teil dieser Arbeit werde
ich optische Simulationen sowohl von Perowskit-Single-Junction Solarzellen als
auch von Perowskit-Silizium-Tandemsolarzellen vorstellen. Fiir die Perowskit-
Single-Junction Solarzellen mit aufgedampftem MAPbI; werde ich ein effektives
Medium-Modell vorstellen, das verwendet werden kann, um variierende Ab-
sorption in Pbl, reichen MAPbI; zu beschreiben. Fiir die Tandemsolarzellen wer-
de ich die Auswirkungen der Vorder- und Riickseitentextur sowie einen neuarti-
gen Poly-Silizium-Rekombinationsiibergang zwischen den Perowskit- und Silizium-

Subzellen auf die Stromerzeugung untersuchen.

Schlagworte: Perowskitsolarzelle, aufgedampftes MAPbI;, optische Simulation,
Perowskit Tandem

III



Abstract

Perovskites are one of the most promising materials for next generation photo-
voltaics, especially the combination of a perovskite top solar cell with a silicon
bottom solar cell in a tandem solar cell. Perovskite solar cells however suffer
from degradation due to several ambient effects and long term stability as well
as process reproducibility are still major issues to overcome. In this thesis I will
explain the processing of perovskite solar cells with the evaporated perovskite
MAPDI3. I will show that these devices currently suffer mostly from two effects
that limit efficiency and cause degradation. The first is degradation due to mois-
ture mainly caused by hygroscopic MAI in the perovskite layer, since our process-
ing and measurement partially takes place in ambient atmosphere.The second
effect is caused by ionic movement in the perovskite, which causes hysteresis ef-
fects as well as long term degradation once the metal electrode of the perovskite
solar cell is deposited. I will outline how to measure and minimize both effects
in future with optimisations in the processing and measurement conditions. First
experiments including some of these optimisations already show cell efficiencies
up to 17%. In the second part of this work I will present optical simulations of
both single-junction perovskite and perovskite-silicon tandem solar cells. For the
perovskite single-junction cells with evaporated MAPbI3 I will present an effec-
tive medium model that can be used to identify the varying absorption in the
Pbl, rich MAPbI;. For the tandem solar cells I will discuss the optical effects of
front and rear side texture as well as a novel poly-silicon recombination junction

in between the perovskite and silicon subcells.

Keywords: perovskite solar cell, evaporated MAPDbI3, optical simulation, per-

ovskite tandem
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1 Introduction

Lead halide perovskite solar cells have gained a lot of attention in the scientific
community in the recent years since the first published perovskite solar cells in
2009 [1]. Since then, perovskite solar cells with up to 25.5% efficiency have been
demonstrated [2, 3]. This is already relatively close to the 26.7% efficiency of the
best performing silicon solar cell [4]. Since lead halide perovskites are a material
class it is possible to tune their band gap which makes them suitable for different
tandem solar cells [5, 6]. The combination of a perovskite top solar cell with a sil-
icon bottom solar cell is especially appealing [7, 8, 9], because silicon solar cells
are dominating the market for solar cells [10] and many of the current industrial
tools used for commercial solar cell production could still be used. Perovskite-
silicon tandem solar cells have achieved efficiencies of over 29% [2, 11]. This
makes perovskites one of the most promising candidates for future photovoltaic
applications.

ISFH started perovskite solar cell development in mid-2016. This work mostly
features the progresses made in single perovskite cells with the perovskite methy-
lammonium lead iodide (MAPbI3) from the first processed perovskite solar cells
at around the end of 2019 to our current (Q1/2022) highest efficient perovskite
solar cells.

The ultimate goal at ISFH is to combine high efficiency ISFH-processed silicon
solar cells [12] as a bottom cell with a ISFH-processed perovskite top solar cell for
an efficient tandem solar cell.

One of the major downsides of perovskite solar cells is their instability [13, 14]
and the scalability of the perovskite deposition. Currently, most high efficient per-
ovskite single-junction or tandem solar cells have a size of 1 cm? or less and per-
ovskite solar cells with larger areas are worse in terms of performance [15, 16, 17].
With spin-coating, the most common deposition technique, it is difficult to con-
formally coat large areas or rough surfaces like textured silicon [15, 18]. In this
work, we use thermal evaporation for the deposition of the perovskite methylam-
monium lead iodide (MAPDbI3), because it allows homogeneously thick layers on
large areas and textured surfaces [19, 20] .



CHAPTER 1. INTRODUCTION

In chapter 2 I explain the basic principles of operation for perovskite solar cells as
well as some of the unique features occuring in perovskites, for example ion mi-
gration. Additionally, I show how we process our perovskite solar cells at ISFH
and our cell design.

In chapter 3 I discuss the reproducibility of the perovskite deposition and dif-
ferent non-cell properties of the deposited perovskite layers measured with x-
ray diffraction (XRD), scanning electron microscopy (SEM) and photolumines-
cence (PL). I discuss how the ratio of the perovskite educts lead iodide (Pbl;) and
methylammonium iodide (MAI) during perovskite deposition affects for exam-
ple grain size or water diffusion into the perovskite.

In chapter 4 I present the cell results of our perovskite solar cells and discuss how
the ratio of Pbl, to MAI during perovskite deposition affects the cell performance.
I also discuss several other effects, like how shunts in our solar cells originate. In
addition, I discuss hysteresis, s-shape and short and long term stability of our
perovskite solar cells, as well as the mechanisms behind degradation and perfor-
mance losses.

In chapter 5 I show the refractive indices of all layers of our perovskite solar
cells, which I measured with spectroscopic ellipsommetry. I introduce an effec-
tive medium model for the perovskite, which accounts for the varying absorp-
tion in the perovskite layer. Chapter 5 also features optical simulations of our
perovskite solar cells and compares the external quantum efficiency of measured
devices with these simulations to identify current losses in our cells. In the sec-
ond part, I present optical simulations of various types of tandem solar cells with
a top perovskite and bottom silicon solar cell to quantify the effect of both texture
and a poly-silicon recombination layer.

In chapter 6 I summarize the results from chapter 2 to 5 and explain how to im-
prove the processing and measurement conditions for better and more stable per-
ovskite solar cells in future.



2 Perovskite solar cell operation
and deposition

In this chapter, I will discuss the fundamental properties and processing of per-
ovskite solar cells (PSCs). First, I will explain the structure of a PSC in general and
the one displayed in this work. Then I will discuss different processing possibil-
ities for different layers applied in PSCs as well as the impact of environmental
conditions on them. Lastly, I will explain the deposition methods used here to
fabricate the PSCs.

2.1 Perovskite solar cells: Fundamentals

2.1.1 Cell design of perovskite solar cells

A solar cell consists of a semiconductor material where charge carriers (electrons
and holes) are generated by absorbing light. For a PSC a metal halide perovskite,
which is a direct band gap semiconductor [21], serves this purpose. The gener-
ated charge carriers are extracted with charge selective layers, that block one of
the charge carriers and let the other charge carrier pass through for both elec-
trons and holes, ideally without energy loss. These are called electron transport-
ing layer (ETL or ETM for electron transporting material) and hole transporting
layer (HTL or HIM for hole transporting material) respectively. The third inte-
gral component are contacts that collect the charge carriers and transport them
into an external circuit for power generation. A more detailed explanation about
solar cell operation in general can be found in [22].

For a thin film solar cell like a PSC, in contrast to e.g. silicon, which serves as
its own substrate, an additional substrate is needed. PSCs can be deposited onto
a glass substrate or a transparent foil [23] as well as a silicon solar cell for tan-
dem applications for example. In the case of a single junction perovskite solar
cell, glass is the most common substrate. Onto the glass substrate a transparent
conductive oxide (TCO, mostly Indium Tin Oxide (ITO) or Fluorine doped Tin
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Oxide, FTO) is sputtered as the front contact [24].
Next, the perovskite embedded in the charge selective layers is deposited, fol-

lowed by the back contact, which is typically evaporated metal (copper, silver or
gold).

Due to the perovskite being not intentionally doped

Glass in most cases, they are often considered intrinsic (i),
contrary to the electron (n) and hole (p) transporting

_ materials. PSCs where the perovskite is deposited
HTL (p) onto the electron transporting layer are called n-i-
Perovskite (i) p type. If the perovskite is deposited onto the hole

transporting layer the cell is called p-i-n type [25]. A

Rear electrode p-i-n type PSC is schematically shown in Figure 2.1.
Historically, the first published PSCs had a n-i-p
Figure 2.1: p-i-n type PSC.  type structure with mesoporous TiO; as an electron
transporting layer [1] and up to now n-i-p-type PSCs
achieve the highest efficiencies [3]. For this reason n-i-p type PSCs are often la-
belled standard structure and p-i-n type PSCs as inverted structure.
For the perovskite as well as the ETL and HTL several deposition methods are
utilised. These include wet chemical methods like spin-coating, dip-coating,
blade-coating, slot-die coating or chemical bath deposition as well as evapora-
tion or sputtering [17]. There also exists a wide variety of different materials for
both the HTL and ETL. Typical materials for the ETL are inorganic metal oxides
such as ZnOy, SnOy or TiOy as well as variants of fullerene based organic mate-
rials like C60 or PCBM [26, 27]. For the HTL, again metal oxides or sulfides like
CuS, NiOy or MoS;, or organic molecules like P3HT, PTAA or spiro-OMETAD are
used [28, 29]. Recently, organic self-assembled monolayers (SAMs) have shown
to be a promising candidate for the hole transporting layer in a PSC [30]. Combi-
nations of contact layer materials as well as doping of the contact layers is utilized
in some cases to improve the device performance [31, 32, 33]. The material com-
binations and deposition methods for the contact layers are therefore plentiful
and also rapidly evolving. The following chapter explains some of the properties
of the contact layers.

2.1.2 Band alighment in perovskite solar cells

As already mentioned, one important aspect of a charge selective layer is that one
polarity of carriers is blocked and the other passes through. To explain a couple
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Material ITO | spiro-TTB | MAPbI; | C60 | BCP Au
Function TCO HTL Perovskite | ETL | ETL | Electrode
Source [34] [35] [34] (34] | [34] 36]
WE/LUMO/CB [eV] | 4.8 2.1
HOMO/VB [eV] -5.2 5.4 59 | -7

Table 2.1: Energy level of electrons and holes for perovskite (MAPbI3), charge se-
lective layers (spiro-TTB, C60, BCP), TCO (ITO) and electrode (Au).

Green: Pathway of holes in PSC, Red: Pathway of electrons in PSC. The charge
carriers are extracted from the perovskite layer into the ITO (holes) or Au (elec-
trons).

of properties these charge selective layers have to fulfill, we take a look at the ma-
terials used as hole and electron transporting layers for the solar cells presented
in this work.

Table 2.1 shows the energy level of the work functions for the TCO and elec-
trode, the energies of the highest occupied and lowest unoccupied molecule or-
bital (HOMO and LUMO) for the organic contact layers (spiro-TTB, C60 and BCP)
as well as the valence and conduction band of the perovskite MAPbI3.

If we look at the pathway for holes (light green in Table 2.1) for this solar cell
design, we can see that the energy levels of unexcited electrons in spiro-TTB and
ITO are higher than in the perovskite, which means that holes in the perovskite
layer will be filled up by electrons in spiro-TTB and ITO, therefore extracting the
holes. The energy level of unexcited electrons on the C60 and BCP side is lower
than in the perovskite, therefore hole transport is blocked in this direction. The
offset between the energy of unexcited electrons in C60 and the perovskite is only
0.5 eV, whereas for BCP to perovskite this offset is 1.6 eV. Because of the small off-
set of C60 to perovskite, the capability to block holes effectively is higher with the
additional BCP, which leads to higher achievable cell efficiencies (to be precise:
higher open circuit voltages) [37].

If we look at the pathway for (excited) electrons in our solar cell, it is efficiently
blocked by spiro-TTB with a 1.8 eV offset. The energy level for electrons in C60
is lower than in the perovskite, so electrons generated in the perovskite layer are
extracted into the C60. If we look at the energy level of electrons in the BCP
there is an energetic offset of 0.7 eV to C60, which would cause blocking of the
electrons and therefore no efficient charge carrier extraction would occur. This
barrier is however removed due to interdiffusion of metal atoms into BCP, cre-
ating gap-states with energies lower than the conduction band in the perovskite
or the LUMO of C60 [38, 34], and therefore BCP still functions as an effective

electron selective layer in combination with a metal layer, in this case the Au.
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In this example, which is the layer sequence of the PSCs presented in this work,
the spiro-TTB serves as the hole transporting layer (HTL) and C60 and BCP com-
bined as electron transporting layer (ETL).

If BCP is effectively blocking holes and transporting electrons, the question arises,
why C60 is even needed. In this specific case, the reason why BCP is not used
alone is because of the low extraction efficiency of electrons due to the low mo-
bility of electrons at the BCP /perovskite interface which causes low performance
of solar cell without the additional C60 [34]. In the above mentioned publica-
tion, they could show that even a one nanometer thick C60 layer between the
perovskite and BCP is enough to achieve good solar cell efficiencies.

However, when C60 is deposited on top
of the perovskite, it is typical to use a C60
layer of around 20 nm [11, 39] for high
performing solar cells. To thin layers can
cause an incomplete coverage of the sur-
face, which leads to losses in the fill factor
of the solar cell [40]. Figure 2.2 shows a
scanning electron microscope (SEM) im-
age of one of the solar cells processed
at ISFH with the cell stack given in Ta-
ble 2.1. The ITO and perovskite fea-
ture some surface roughness (for the per-

Figure 2.2: Cross section of a PSC OVskite in a typical range of 10 to 30 nm
made at ISFH. for most of our solar cells), which neces-

sitates thicker charge selective layers for
a complete surface coverage as for completely smooth surfaces. The perovskite
morphology changes drastically with the deposition techniques and processing
parameters (as will be discussed in chapter 3 for our processing) and therefore the
ideal thickness of charge selective layers is highly dependent on the processing
conditions of the other layers, especially the perovskite. Increasing the thickness
of the charge selective layer can lead to an increase in series resistance, reduc-
ing the efficiency of the solar cell [41]. Comparing similar charge selective layers
amongst different research groups gets furthermore complicated due to different

processing and ambient conditions, altering their properties [42].
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2.1.3 Recombination and loss analysis

Another important aspect of the charge selective layer is the recombination at the
perovskite interface. In silicon solar cells a passivation layer at the silicon surface
is needed to reduce surface recombination [43]. Contrarily, perovskites exhibit
only low surface recombination or recombination at grain boundaries and adding
a charge selective layer increases recombination and decreases carrier lifetime in
most cases[44, 45, 46].

To summarize, a charge selective material in a perovskite solar cell has to fulfill

the following conditions:

Effective extraction of desired charge carrier

Blocking of non-desired charge carrier

Low recombination at perovskite interface

Low contact resistances and sheet resistance

Compatibility to the overall cell processing (e.g.thermal/mechanical stabil-

ity)

* Commercial aspects: Wide process window, cheap, fast processing, good
reproducibility etc.

By measuring the photoluminescence quantum yield (PLQY) and thereby quan-
tifying the amount of radiative recombination in the perovskite, it is possible to
determine the quasi-fermi level splitting (QFLS) of a perovskite with contact lay-
ers which makes a quantitative comparison of the open-circuit voltage (Voc)-
potential of different contact layers possible [47, 48]. By comparing the V¢ cal-
culated from the QFLS to the solar cell V¢, it is possible to identify whether
the cell Voc is limited by nonradiative recombination in the perovskite layer
[Voc(QFLS)=V o (Cell)] or restricted due to losses at the interfaces
[Voc(QFLS)>Vc(Cell)] because of, for example, band bending at non-selective
contacts [47]. Combined measurements of the solar cell ideality factor [49] with
PLQY measurements were recently demonstrated for a refined loss analysis of
perovskite solar cells [50].

Chapter 4.2.4 will present a first look at photoluminescence measurements com-
pared to the open circuit voltage for the cell stack processed in this work.
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2.1.4 Perovskite properties

Perovskites used for solar cells are so called metal halide perovskites, with a per-
ovskite crystal structure and the sum formula of ABX3 with A being a (organic)
cation, B a metal (mostly lead) and X being a halide (iodide, chlorine or bromine)
[51]. Replacements for lead concerning its toxicity and potential negative envi-
ronmental impact are discussed, but perovskites solar cells without lead suffer
from poor performance [52]. For the halide component a single halide as well as
mixtures of two or three halides (I, Br, Cl) are used [9, 11]. For the cation compo-
nent the two organic molecules formamidinium and methylammonium as well
as the alkali metal caesium are common [53]. Perovskites with only caesium as
cation component are often called inorganic perovskite. Although the highest
performing perovskite solar cells use a multi-cation-multi-anion (MKMA) per-
ovskite composition [11], methylammonium lead iodide (MAPbI3) is the most
thoroughly investigated composition for fundamental properties of metal halide
perovskites. Since MAPbIj3 is the perovskite used in this work as well, I will ex-
plain a few basic properties of perovskites in general as well as MAPbI;3 in specific
using MAPbI3 as an example.

MAPDI; is a direct semiconductor with a band gap of about 1.6 eV [54]. It is
formed by the reaction of methylammonium iodide (MAI) and lead iodide (Pbl,).
The unique feature that makes it so appealing for solar cells is that most common
defects in its crystal lattice are only shallow and act as sort of doping instead of
deep trap states [55, 56, 57]. The exact mechanisms behind the high carrier life-
times in MAPbI; are however still in debate [58].

Grain boundaries that are normally detrimental to solar cell performance are not
necessarily the limiting factor for cell efficiency in perovskite solar cells due to
them being electrically neutral during solar cell operation [46].

Another key difference compared to other semiconductors used for solar cells like
silicon is that the multicrystalline perovskite layer is not stable at room tempera-
ture and ions (especially iodide) can move through the perovskite layer, likely at
grain boundaries [59], especially after for example excitation with light [60, 61].
Ion migration is however detrimental for the performance and stability of per-
ovskite solar cells [62, 63]. Most perovskite layers are multi-crystalline, with
grain sizes from a few nanometer to several micrometers (see e.g. Figure 2.2 for
a perovskite grown at ISFH). Due to the movement and accumulation of ions in
perovskites hysteresis phenomena can occur for solar cell operation, which can

lead to an s-shape like form of the light IV-curve [60, 64]. Hysteresis effects of
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perovskite solar cells measured at ISFH were investigated in the master thesis of
Moritz Engl [65] and will be featured in chapter 4.2.1 in this work as well. An

example for ionic movement in MAPDI; is depicted in Figure 2.3.

Grain boundary

Figure 2.3: Ionic movement and accumulation of ions in a perovskite under solar
cell operation. Electrons (e~) and holes (h") move to their respective contacts,
free ions (shown in this case for iodide (I”)) move in respect to their charge along
the grain boundaries to the respective contacts and accumulate, creating addi-
tional charged interstitials (I;) or vacancies (VT) at the contact layer interfaces
(59, 66].

Additionally, perovskite solar cells are prone to degradation due to for exam-
ple oxygen or moisture, which causes concerns in terms of long-term stability of
perovskite solar cells (67, 68, 69]. A certain, controlled amount of moisture dur-
ing perovskite processing can however lead to improved device performance.
The incorporation of water into the perovskite, which is mediated by the hy-
groscopic MAI leads to a self-annealing of the perovskite layer, reducing crystal
defects [70]. Due to the importance of the environmental conditions during pro-
cessing, storing and measurement on device performance, most high performing
perovskite solar cells are manufactured in a glovebox atmosphere where the envi-
ronmental conditions can be precisely controlled. Perovskite solar cells processed
without artificially controlled environmental conditions fall short in terms of ef-
ficiency [71, 72].

Another influence factor is the non-stoichiometry of the perovskite layer. Stoi-
chiometric MAPbI; consists of an equal amount of MAI and Pbl,, but there are
numerous reports of perovskite solar cells with either MAI or Pbl, excess. There
are reports for both MAI excess [73, 74| as well as Pbl, excess [75, 76, 77] being
beneficial or detrimental for device performance . Pbl, is reported to accumulate
at perovskite grain boundaries, passivating them [78, 79]. For high amounts of
Pbl, excess in the perovskite layer, the crystalline amount of Pbl, does not in-
crease and amorphous Pbl; starts to form, which is reported to be detrimental to
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cell performance [76]. Many results of these reports often contradict each other at
first glance, however most differences in these reports likely stem from the differ-
ent processing conditions and measuring conditions of the solar cells. In a bach-
elor thesis published in 2019 the perovskite layer processed with a wet-chemical
deposition method showed visible differences after two nominally identical pro-
cesses, revealing the often unstable processing [80].

It is therefore crucial for the development of perovskite solar cells to control the
processing and environmental conditions as good as possible to receive meaning-

ful results.

2.1.5 Co-evaporation of MAPbI;

For the deposition of the perovskite layer the most common approach is a wet-
chemical deposition, mostly spin-coating. The first published perovskite solar
cells[1] as well as the highest performing solar cells to date, both as single-junction
[3] and as a perovskite-silicon tandem solar cell [11] use spin-coated perovskites.
Wet-chemical processes have the disadvantage that coating on rough substrates,
like front side textured silicon, results in inhomogeneous thick films [18]. This
can be bypassed by vacuum-deposition of the non-organic component and then
wet-chemical deposition of the organic component [7]. After the wet-chemical de-
position the deposited perovskite precursors are annealed to form the perovskite
70, 81, 82].

In 2013, Snaith et. al demonstrated a solar cell with a fully thermally evaporated
perovskite (MAPbI3) with an efficiency of 15.4%, which was at that point one of
the highest reported efficiencies of a perovskite solar cell [18]. Compared to wet-
chemical deposited films evaporated perovskites have the advantage of coating
textured surfaces with a homogeneously thick layer [83]. The best cell efficiencies
of evaporated perovskites today (Q2/2022) are however about 5% absolute ef-
ticiency lower than their solution-processed counterpart, both as single-junction
[84] and as perovskite-silicon tandem solar cells [85]. This raises some concerns,
that evaporation may not be a suitable option in the long term and evaporation
based PSCs are a niche even in the perovskite community [86].

With a sequential evaporation method, by repeatedly depositing Pbl, and af-
terwards MAI followed by an annealing step, cell efficiencies of 20% could be
demonstrated [87].The more common approach for thermal evaporation is how-
ever to simultaneously evaporate the precursor molecules for the perovskite from
two or more crucibles, which is called co-evaporation, as can be seen in Figure 2.4

for the co-evaporation of MAPbI;3. For co-evaporated perovskites, there are still
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differences in the deposition methods. For most evaporated thin films a quartz
crystal monitor (QCM) is used during processing to determine the deposition rate

for each deposited material independently.

Unfortunately, the organic com-
ponent of MAPbI;, MAI, is
reportedly difficult to mea-

| Sample Holder

_ sure using QCM due to partial

decomposition when evapo-

QCMS\ rated, an adsorbance highly
HE m/ influenced by the substrate as

well as diffuse evaporation

— of MAI, influencing the mea-
sured deposition rate of other
sources [84, 88, 39]. Caused

by this uncommon behaviour,
Figure 2.4: Co-evaporation of Pbl, and MAIL.  two specific types of evapora-
tion chambers have been de-
veloped to still perform QCM-based deposition of MAI based perovskites. These
reduce the influence of the diffuse evaporation of MAI. One option is to add an
additional QCM next to the sample holder, as well as a shielding surrounding the
QCM for Pbl; [39]. Another option is to cool the surrounding surfaces of the MAI
crucible to reduce the diffuse evaporation that impacts the measurement of Pbl,
[84]. With both setups solar cell efficiencies of over 20% could be demonstrated.
These sophisticated evaporation chambers are however not available for every
research group that focusses on evaporated perovskites.
Two other methods that do not require QCM are therefore commonly employed.
The first is to measure the diffuse evaporation of MAI by controlling the chamber
background pressure [89, 90, 91|. The second one is to keep the MAI tempera-
ture constant during processing [92, 93]. Similar to the sophisticated approaches
with QCM monitoring, efficiencies of up to 20% could be achieved with these ap-
proaches.

Since the MAI partially decomposes during heating [88], the MAI crucible is typ-
ically completely emptied and refilled after each process, therefore the starting
MALI properties remain similar from process to process [91] . Other materials for
evaporation like Pbl; are typically used in several consecutive evaporations. An-
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CHAPTER 2. PEROVSKITE SOLAR CELL OPERATION AND DEPOSITION

other important aspect of the evaporation of MAl is that the impurities in the MAI
source material affect the amount of evaporated MAI as well as perovskite prop-
erties [88]. All groups that reported solar cell efficiencies of more than 20% with
co-evaporated MAPbI; use high purity MAI from one specific supplier (LumTec)
(39, 84, 93].

Up to this point, I mainly discussed the influence of the properties of the MAI
itself on the evaporation process, the substrate properties are however important
as well. The amount of MAI incorporated into the perovskite is decreasing with
increasing substrate temperature and most groups use a substrate temperature
of about 25 °C (room temperature) for efficient perovskite solar cells [84]. There
are reports that reducing the amount of MAI incorporated into the perovskite by
increasing the temperature during evaporation leads to smaller grain sizes (more
grain boundaries) but higher efficiencies in the solar cells [94]. Other publications
note the same trend for grain sizes but little to no effect on the solar cell efficien-
cies [83, 39]. Some reports show that there is a relatively wide process window
in terms of the ratio of Pbl, to MAI incorporated into the perovskite without
any big effects on cell efficiencies [83, 39]. This process window however refers
only to the calculated precursor ratio from measuring the evaporation rates of the
precursors, not the resulting perovskite composition. The MAI incorporation is
reported to be increased for a Pbl, rich surface [84, 39], which could cause the
perovskite layers deposited to be more stoichiometric than by just measuring the
evaporation rates of MAI and Pbl,.

X-ray diffraction (XRD) measurements on several evaporated perovskite films
show crystalline Pbl; in the perovskite, even for high efficiency solar cells with a
stoichiometric precursor ratio [84, 95]. The charge transport layer on which the
perovskite is deposited also affects the grain size and crystallite morphology of
the perovskite layer [84, 91].

All of the above cited reports of high efficiency perovskite solar cells with co-
evaporated perovskites are processed and measured in a glovebox with nitrogen
atmosphere. The processing tools for evaporation are loaded through a glove-
box, so that no contact of the samples with ambient atmosphere occurs. Addi-
tionally, they deposit the perovskite layer in a designated evaporation chamber
for only the perovskite. Although not reported, this is likely to reduce cross-
contamination of the contact layers with MAI, which contaminates the whole
chamber (see section 3.1.3 for more information). There are other groups that
do not have the possibilities to process their solar cells in separate deposition
tools without contact to ambient atmosphere (including ISFH as I will explain
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Substrate and
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Temperature-controlled
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Processing Chambers
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Figure 2.5: Known influence factors for the thermal evaporation of the perovskite
that determine the perovskite and cell properties.

later). Their reported devices are however much worse compared to the ones

mentioned above [96]. In this work, I will show experiments on the influence of

several of the factors depicted in Figure 2.5, including substrate temperature, the

MAI source material and the effect of Pbl, or MAI excess on our solar cells.

2.2 Cell geometry and processing in this work

2.2.1 Cell geometry and processing overview

Glass
o mo
Spiro-TTB
MAPbI, Depositedin
MiniSpectros
Depositedin
Quorum/Nano36

Figure 2.6: Cell geometry of ISFH MAPbI;-
based perovskite solar cells as well as the
tools used for deposition.

The solar cells in this work are
p-i-n-type perovskite solar cells.
We use ITO coated glass as sub-
strate and TCO that is bought from
PGO. Then we thermally evapo-
rate spiro-TTB (LumTec) as HTL,
Pbl, (Strem Chemicals) and MAI
(made at ISFH or from LumTec) to
form the perovskite MAPbI;, C60
(Sigma Aldrich/Acros Mechanics)
and BCP (Sigma Aldrich) as ETL
and gold or copper as electrode ma-
terial. The resulting cell stack is

shown in Figure 2.6. Abzieher et al.

already demonstrated solar cells with over 19% efficiency with this combination
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CHAPTER 2. PEROVSKITE SOLAR CELL OPERATION AND DEPOSITION

of layers in a fully evaporated perovskite solar cell [91].

All samples shown in this work are deposited on square-sized substrates with an
area of 2.5x2.5 cm?. For the solar cells we pre-structure the ITO coated glass by
partial laser ablation to get four individual solar cells on each substrate. Addi-
tionally we use front-side polished silicon wafers for ellipsometry or SEM mea-
surements and float glass for transmission and reflection measurements to iden-
tify non cell-properties of the deposited layers. The ITO coated glass is cleaned
in an ultrasonic bath in three consecutive steps with Mucasol (soap), isopropanol
and acetone before the deposition of the other layers. The perovskite and con-
tact layers are all thermally evaporated in a Lesker MiniSpectros. The electrode
material (gold or copper) is evaporated in a second chamber, for the most part a
Quorum Q300T plus. A second evaporation tool (Lesker Nano36) for the metalli-
sation was just recently (Q4/2021) employed at ISFH.

By employing masks during evapora-

tion of the contact layers and perovskite
(MAPDI3) as well as during metal evap-
10 nm spiro-TTB (HTL) oration we create the cell pattern that is
400-550nm MAPblI, shown in Figure 2.7. The yellow colour
depicts the area, where the contact lay-
ers and perovskite are deposited and the
grey colour shows the area of the metal
electrode (Au). The ITO is purple and
the bright grey area is where the ITO is
removed during the pre-structuring pro-
cess. The overlap of ITO, contact lay-
ers, perovskite and electrode is the ac-
tive cell area, depicted as the small black
square in the first “stripe” in Figure 2.7.
This area has a size of 3x4 mm? (0.12
cm?). The cell is contacted at the outer

area of the gold metallisation on each

Figure 2.7: Top: Schematic view of our side, avoiding short-circuiting by press-
MAPDbI;3 solar cell including the typi-
cal layer thicknesses of each material.

Bottom: Actual scale of each layer on
a 2.5 x 2.5 cm? substrate. advantage, that the actual “device area”

ing the contact needle through the per-
ovskite layer. This design has the dis-

(4x0.12 cm?) in comparison to the overall
area of the substrate (6.25 cm?) is quite small (< 10%). Compared to an industrial
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silicon solar cell with several hundred square centimeters our solar cells are much
smaller, but actually a typical size for lab-type perovskite solar cells [93].

2.2.2 Thermal evaporation and evaporation tools

Sample Holder
Sa mples7‘ sample

QCMS shutter
m
|| [ | || [
Crucible QCM
shutter '\ < shielding

piro-TTB

BCP

MAI

@
()

(a) (b)

Figure 2.8: (a) Schematic overview of the MiniSpectros thermal evaporation sys-
tem used in this work (b) Sample holder used in the MiniSpectros with 4 inner
(blue) and 8 outer (orange) sample positions.

The Lesker MiniSpectros, where we deposit the contact layers and the perovskite
(MAPbI3) via thermal evaporation, is schematically drawn in Figure 2.8a. We
have four different crucibles that are heated with a filament. Each crucible has
a separate quartz crystal monitor (QCM). Because of the defined position of the
QCM in respect to the sample holder, the amount of material deposited on the
QCM compared to the samples is constant for each crucible and material and
called tooling factor. The QCMs of the different crucibles are separated by a metal
shielding to reduce unwanted deposition of material on QCMs of neighbouring
crucibles. Each crucible has a crucible shutter to reduce undesired evaporation
of material into the chamber. In front of the sample holder is a sample shutter. If
the crucible shutter is open the rate of evaporated material can be measured. As
soon as a desired rate is reached the sample shutter opens to start the deposition
of material on the sample. The sample holder has 12 positions for 2.5x2.5 cm?
samples (see Figure 2.8b) with 8 outer (orange) and 4 inner (blue) sample posi-
tions. Its temperature (the substrate temperature) is controlled with an external
cooling circuit. The sample holder is rotating during the evaporation, so that the

amount of deposited material is similar for each position. There is however a
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CHAPTER 2. PEROVSKITE SOLAR CELL OPERATION AND DEPOSITION

thickness gradient from the inside (blue positions) to the outside (orange posi-
tions) as indicated by the gray scale in Figure 2.8b.

The whole evaporation chamber is loaded through a nitrogen-filled glovebox
to minimize effects on the perovskite solar cell due to oxygen or moisture. For
the metal evaporation we use similar systems (Quorum Q300T plus and Lesker
Nano36). The Quorum Q300T plus is not incorporated in a glovebox, therefore
samples processed in this chamber are exposed to ambient conditions before and
after each evaporation. The sample holder is not cooled as well, leading to tem-
peratures of up to 100 to 130 °C on the samples. An investigation of the temper-
atures during metallisation as well as its influence on cell performance was done
in the bachelor thesis of Niko Mielich [97]. As discussed above (chapter 2.1.4), an
uncontrolled exposure to ambient atmosphere is detrimental to cell performance.
This makes the Quorum Q300T plus not suitable for high performing solar cells
and stable processing. The Nano36 is loaded from a glovebox and has a cooled
sample holder, similar to the MiniSpectros which mitigates the disadvantages of
the Quorum Q300T plus.

2.2.3 Deposition process and thickness accuracy of the
contact layers

For the evaporation of the contact layers, the crucibles get preheated until about
50 °C below the typical evaporation temperature. Then the crucible shutter is
opened and the crucible is heated further until a specific deposition rate is mea-
sured with the QCM. The heating power and deposition rate are regulated with a
power control of the heating filament. The power is regulated by a PID controller.
After the desired rate (0.25 A /s for the contact layers) is obtained, the substrate
shutter opens until the desired thickness of each material is reached. For all con-
tact layers we use a substrate temperature of 25 °C.

For our solar cells, we employ thicknesses of 10 nm for spiro-TTB, 23 nm for
C60 and 8 nm for BCP. As mentioned above, there is a thickness gradient from
the inside to the outside of the chamber. The thickness of the inner samples is
about 1.14 £ 0.02 times the thickness of the outer samples (thicknesses measured
with spectroscopic ellipsometry for C60, spiro-TTB and BCP). For one sample
position (inner or outer) the thickness of the contact layers between processes
varies by £10% of the total thickness, different samples in one process have only
marginally different thicknesses, as is shown for spiro-TTB in Figure 2.9.

16



2.2. CELL GEOMETRY AND PROCESSING IN THIS WORK

11.0} -
[—————]
= [
=105} 4
m
I_
H
o
&10.0} -
(7))
(7]
(D)
C
X
K]
S o5 -
9.0

Different Processes Same Process

Figure 2.9: Thickness variation of spiro-TTB for samples from several processes
(left) and one process (right).

2.2.4 Perovskite deposition

For the perovskite MAPbI; we need to co-evaporate both MAI and Pbl,. After
preheating both materials the Pbl; is set to a fixed rate (typically 1.08 A/s), sim-
ilar to the contact layers. For MAI we perform experiments with both a fixed
rate (rate controlled), as well as a fixed crucible temperature (temperature con-
trolled) during the deposition. The overall layer thickness is controlled by the
total amount of deposited Pbl,, which is typically 300 nm to get a perovskite
layer with a thickness of about 500 nm. We use substrate temperatures of 70 °C
and 25 °C for the rate controlled processes. For the temperature controlled pro-
cesses we use a substrate temperature of 25 °C. For pure Pbl, layers the inner
samples are 1.029+0.001 times thicker than the outer samples. This is different
compared to the contact layers. The most likely cause for this is that the angle of
the crucible of Pbl; is different in respect of the sample holder compared to the
other crucibles, leading to a more homogeneous layer thickness. The resulting
perovskite layers for MAPDbI3 are approximately 1.1 to 1.15 times thicker for the
inner samples compared to the outer samples, however we have only anecdotal
references for that and did no systematical investigations.

In chapter 3 we will look at the stability and reproducibility of the perovskite
deposition as well as several properties of our perovskite layers.
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CHAPTER 2. PEROVSKITE SOLAR CELL OPERATION AND DEPOSITION

2.2.5 Cell area, series resistance and upscaling of perovskite
solar cells

Most perovskite single junction solar cells that are deposited on a glass substrate
use a full area TCO for charge transport of one type of carrier. The typical cell
areas of these types of solar cells are below 1 cm? and increasing the cell size leads
to a loss in fill factor due to sheet resistance in the TCO [93]. As an example we
will look at cell type with full area ITO with the ITO we use in our solar cells here.

The series resistance in the ITO can

be separated into two terms: the

Cell Area

series resistance contribution of the
ITO in the cell area (with length L1)
and the ITO width between cell area
and metallisation (with length L2),
as can be seen in Figure 2.10. The
contribution of the sheet resistance

in ITO to the series resistance of a

Figure 2.10: Pathway of charge carriers perovskite solar cell can be calcu-
through ITO for a perovskite solar cell as Jated similarly to the finger or emit-
processed in this work. ter resistance of a silicon solar cell
[98, 99]. A step by step derivation
of the formula we use here can be found in the appendix.

The series resistance contribution to our solar cells in ITO Rgyro can be described

with the length L1, L2 and the sheet resistance of ITO Ryro.

L1
Rsymo = (7~ +12) - L1 Rio 2.1)

Since you want to maximize the active cell area, you would need the length L1 to
be much larger than the area fraction of L2 and the metallisation. There needs to
be some spacing L2 to separate the cell contact. However you want L2 to be as
small as possible without short-circuiting the solar cell. For ITO with

Rito = 8.4 Ohm/sq (the ITO we use here), Table 2.2 shows Rg 1o for different
lengths L1 and L2. In our cells we have L1= 0.3 cm and L2=0.2 cm.

We can see that just the ITO series resistance contribution in solar cells with our
size limitations which is 0.756 Ohmcem? is higher than the overall series resis-
tance of an industrial PERC solar cell, which is below 0.6 Ohmcm? [100]. Further
increasing the cell length L1 leads to unreasonable high series resistances. In our
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Rs110[Ohmem?] | L1=0.3 cm | L1=1 cm | L1=10 cm
L2=0 cm 0.252 2.8 280
L2=0.1 cm 0.504 3.64 288.4
L2=0.2 cm 0.756 448 296.4

Table 2.2: Series resistance in ITO Rg 1o in Ohmem? for different cell sizes L1 and
L2.

case, since the ITO width is wider (0.6 cm) than the cell area (0.4 cm), the actual
series resistance contribution from ITO would only attribute to about 2/3 of the
amount in Table 2.2, but is still considerable, especially since the cell area is so
small (0.12 cm?). Increasing not the length but the width of the cell stripe would
have no effect on the series resistance contribution in ITO, making this approach
suitable for lab-scale mini-modules [92]. The still needed metal fraction and TCO
length L2 is however limiting this solar cell design to more of a proof of concept
type device than for actual commercial use.

PSCs on glass (or a flexible transparent foil) with metal contacts on the front side
deposited between ITO and glass are developed as well. Currently, these types
of solar cells are still much smaller (typically <100 cm?) and less efficient (<20%)
than industrial-type silicon solar cells [101].

The tandem-approach with a silicon solar cell as a substrate is to this date much
more promising in terms of efficiency and area. Oxford PV demonstrated a 200
cm? solar cell with a PCE of over 26% at HOPV 2021 [102], greatly exceeding the
efficiencies of large area perovskite solar cells on a glass substrate.

The here presented small-sized (0.12 cm?) perovskite solar cells on a glass sub-
strate are therefore mostly a development step towards a perovskite-silicon tan-
dem solar cell [103] .

2.2.6 Encapsulation

As discussed before, perovskite layers and devices are prone to degradation due
to moisture and oxygen in ambient atmosphere. To protect the perovskite layer
various methods of encapsulation have been published [104]. To protect our lab
scale samples here we seal the samples inside a glovebox with an UV-curable glue
(Blufixx) and a cover slip, which is shown in Figure 2.11. This exact encapsulation
method is used by HZB as well, which currently hold the world record for the
highest efficiency perovskite-silicon tandem solar cells [2, 105].
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Figure 2.11: (a) Cross section scheme of perovskite encapsulation with Blufixx
and a cover slip (b) Encapsulated perovskite solar cell at ISFH.
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3 Perovskite properties

This chapter will explain the progress made at ISFH in the deposition of MAPbI3
from around mid-2019 to the beginning of 2022. This chapter features also some
basic properties of the deposited perovskite layers with non-cell measurements.

3.1 Perovskite processing

3.1.1 Impact of substrate temperature

As introduced in the last chapter, we deposit the perovskite layer MAPbI3 by co-
evaporation of MAI and Pbl,. In 2018, there were several publications made by
ISFH about a rate controlled co-evaporation with substrate temperatures of 60
°C or 70 °C [106, 107]. At that point, we had no working perovskite solar cells
made at ISFH (in hindsight due to a combination of perovskite properties and
cell designs where we short-circuited our solar cells during contacting), which
made the evaluation of the process on a cell level difficult. We chose a substrate
temperature of 70 °C due to concerns about the perovskite formation because
wet-chemical processed perovskites need an annealing step after deposition. In
2019 and beginning of 2020, several groups reported promising cell results as well
as good perovskite properties with a substrate at room temperature[94, 108].

Reducing the substrate temperature leads to an increased incorporation of MAI
into the perovskite, whereas the Pbl, incorporation is stable [84]. For the rate
controlled processes, we have to decrease the evaporation rate of the MAI cru-
cible from 0.35 to 0.12 A/s to achieve a similar perovskite thickness of about 500
nm when we reduce the substrate temperature from 70 °C to 25 °C. In our ex-
periments, the MAI consumption in the MAPbI3 co-evaporation decreases from
about 1.4 g to 0.3 g for this reduction in substrate temperature, as is shown in
Figure 3.1. We can also see, that the amount of consumed MAI in the respective
groups is not stable.
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Figure 3.1: MAI consumption for the rate controlled deposition of 500 nm MAPbI3
at 70 °C and 25 °C substrate temperature.

3.1.2 MAI properties

In the processes shown in Figure 3.1 we refill the MAI crucible when it is nearly
empty and we use the material for several processes, as is common for vacuum
deposition. Borchert et. al however showed that impurities in the MAI affect the
deposition properties and MAI ages (= decomposes) when used for several con-
secutive depositions [88].

The amount of MAI consumed in the processes directly after filling in new MAI
in the crucible is lower than in our average processes as well, as is shown exem-
plarily in Figure 3.2. To avoid the uncertainty from the MAI properties we adapt
from refilling the MAI crucible to using fresh MAI in every process and discard
the remaining used MAI in the crucible after the perovskite deposition, which is

common by now [91].

We have also changed from a rate controlled to a temperature controlled process
for MAI because of promising results from other groups [109] as well as some
practical benefits with our deposition tool. The MAI we use is typically made at
ISFH in batches of 10 or 20 grams [107]. If we compare similar processes with dif-
ferent batches of MAI we can see that the evaporation properties of MAI change
with different batches. Figure 3.3 shows the MAI consumption of temperature
controlled processes from three ISFH-made batches of MAI, all with a constant
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Figure 3.2: MAI consumption for several consecutive depositions at 70 °C and 25
°C substrate temperature. The processes where we refilled the MAI crucible prior
to the deposition are marked in red and blue.

crucible temperature for MAI of 118 °C during the deposition. We can clearly see
that the MAI consumption is higher in batch 2 compared to 3 and 4, which are rel-
atively similar to each other. The difference is that for the preparation of MAI at
ISFH, a different bottle of hydrogen iodide was used in batch 1 and 2 compared
to 3 and 4, which were prepared shortly after each other from the same source
materials.

Comparing our MAI to one we purchased from Lumtec, which is used from sev-
eral groups that report high efficiency solar cells [84, 39], we see even clearer dif-
ferences in the amount of evaporated MALI in respect to the crucible temperature,
as is shown in Figure 3.4. Additionally, the amount of evaporated MAI changes
by more than 100% from process to process, even for similar MAI crucible temper-
atures and MAI batches. So far I have only shown the MAI consumption during
the processes, not perovskite layer properties by itself. As we have a fixed Pbl,
thickness of 300 nm in every process, which is measured with the QCM above
the Pbl, crucible, the resulting perovskite layer thickness should mainly be influ-

enced by the amount of incorporated MAI during the process.
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Figure 3.3: MAI consumption for a temperature controlled deposition with a MAI
crucible temperature of 118 °C for MAI Batch 2, 3 and 4.
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Figure 3.4: Temperature dependent MAI consumption for MAI Batch 1, 2, 3 and
4 and MAI from Lumtec for several processes with a MAI crucible temperature
ranging from 110 to 140 °C.
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We therefore determine the perovskite film thickness of several processes with
either SEM, ellipsommetry or from optical simulations (see chapter 5) of the mea-
sured spectral reflection of solar cells and compare the measured thickness to the
MAI consumption. Figure 3.5a shows the comparison of the film thickness to
MAI consumption for perovskite layers made with different batches of MAI from
ISFH and MAI from Lumtec. We can see that for the groups of MAI Batch 1+-2
and MAI Lumtec the layer thickness increases with increasing MAI consump-
tion, but with a different slope for each batch. For MAI Batch 3+4, the MAI
consumption is however not related to the layer thickness for most processes.
This result implies, that not only the amount of MAI evaporated in each process
is heavily influenced by the properties of the MAI, but also the incorporation into
the perovskite film. To investigate if these changes can be mitigated by using
a rate controlled process we compare the measured film thickness to the moni-
tored MALI thickness on the quartz crystal, which we still monitor even for the
temperature controlled processes. In Figure 3.5b we can see, that for MAI Batch
1+2 and MAI Batch 3+4 the measured film thicknesses generally increase with
increasing thickness measured on the QCM. We still see variations in the ratio of
measured to monitored film thickness in each group and even bigger differences
between both groups. Therefore using a rate controlled process would still result
in a thickness variation of the perovskite film, even when using fresh MAI from

one batch.
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Figure 3.5: (a) Perovskite layer thickness in dependence of the MAI consumption
for different batches of MAL (b) Measured film thickness with SEM versus mea-
sured thickness on the MAI QCM.
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3.1.3 Cross-Contamination

What further complicates the reproducibility of the process is the thickness mea-
surement of Pbl,. As mentioned in section 2.2.4, the overall layer thickness is con-
trolled by having a fixed deposition rate of Pbl, (typically 1.08 A/s) and a fixed
thickness of Pbl, (300 nm) in every process, which is monitored with a QCM.
Since we deposit two materials simultaneously, it is important to block all MAI
from reaching the Pbl, QCM for an accurate thickness measurement. We aim to
achieve this by a metal shielding between the Pbl, and MAI crucible (schemat-
ically drawn in Figure 3.6). This blocks all material that is directly evaporated.

For most materials, all evaporated material has

| Sample Holder | a direct pathway, as can be seen from the clear

cut yellow areas for Pbl, in Figure 3.7a. MAI

on the other side does not completely evapo-

QCMS\¥; Sy rate in a direct way, but also diffuse, likely due

N/ to decomposition [88]. Some groups even con-

‘ trol their co-evaporation completely by moni-

toring this diffuse evaporation by monitoring

n the chamber background pressure [110]. The

Metal shielding amount of diffuse to direct evaporated mate-

Figure 3.6: Schematic view of rial %s what causes the. qifficulties in rate con-

the metal shielding between the trolling the MAI deposition, but also affects the

MALI and PbI, crucible. Pbl, monitoring as well. In a clean chamber

state, without any prior MAI deposition only

Pbl, is deposited onto the Pbl, QCM (as well as the samples) when we evapo-

rate from the Pbl, crucible. As soon as some MAI was deposited in the chamber,

all following processes with Pbl, contain varying amounts of MAI (and form a

perovskite), as can be seen from the color of the films, shown in Figure 3.8. Pure

Pbl; has a distinct yellow color. Thin films containing PbI, have a brownish color

and thicker films are black even for pure Pbl, evaporations when MAI was evap-

orated prior. Figure 3.7b shows our evaporation chamber after MAI had been

evaporated, showing that all areas where Pbl, coats the chamber (as can be seen

Figure 3.7a) have completely turned black. Figure 3.7c shows the QCM of Pbl,

after a co-evaporation process, showing that a perovskite layer is formed on the
QCM as well.

This is the reason why several groups have developed systems that either min-
imize the diffuse evaporated MAI [84], or try to deal with the diffuse evapora-
tion by adding additional QCMs [39] or tracking of the background pressure [90].
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3.1. PEROVSKITE PROCESSING

()

Figure 3.7: (a) Evaporation chamber after Pbl, deposition. The areas where Pbl,
coats the chamber are clearly visible in yellow and have distinct edges, showing
the direct path of the evaporated material. (b) Evaporation chamber after MAI
(right crucible) and Pbl, (2nd crucible from left) were deposited prior. Only the
crucible shutter of the Pbl; is not coated with MAI (yellow). All other parts where
Pbl, attaches to the chamber have formed a perovskite layer (black). (c) QCM of
the Pbl;, crucible, showing a brownish color after co-evaporation.

There are reports of evaporated MAPbI3 solar cells with above 20% efficiency,
that only use a temperature controlled process without any specialised chamber
design [19].

All of these reports however do not feature the reproducibility of their process in
terms of the perovskite thickness or resulting film stoichiometry. Additionally, all
have in common that the contact layers are not deposited in the same chamber as
the perovskite, likely to avoid contaminating the contact layers with MAL

In the processes with MAI-Batch 1+2 we determined the tooling factor of Pbl, in
an already MAI contaminated state, so that not only Pbl, but Pbl, and MAPbI3
were detected with the QCM. This likely caused a mistake in the tooling factor for
Pbl,, leading to an overestimation of the Pbl, thickness and a lower overall layer
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CHAPTER 3. PEROVSKITE PROPERTIES

thickness of MAI-Batch 1+2 compared to the other groups shown in Figure 3.5a.
Currently we use a temperature controlled perovskite deposition process at a sub-
strate temperature of 25 °C. For processes with the same processing conditions
the perovskite layer thickness varies in a range of approximately £10% of the av-
erage layer thickness, with a varying ratio of Pbl, to MAI. Some tolerance of the
Pbl, to MAI ratio is reported for similar MAPbI;3 solar cells with 16 to 20% eftfi-
ciency [20, 39]. Since the ratio of Pbl, to MAI and film thickness heavily affects
the current output of a thin film solar cell (see chapter 5.3.1), the precise control
of perovskite thickness and Pbl, to MAI ratio is however crucially important for
two-terminal tandem solar cells, that require current matching between top and

bottom cell and solar modules because of the series connection in a module.

3.2 Influence of Pbl, to MAI ratio

Although we do not know the exact ratio of Pbl, to MAI in each perovskite layer,
a relative distinction of the amount of MAI in each sample is already visible to
the eye. As is shown in Figure 3.8, for an approximately 300 nm thick Pbl, layer
with varying amounts of MAI on a glass substrate the sample color changes from
yellow (pure Pbl,) to brown (Pbl, rich MAPbI3) to black (stoichiometric MAPbIS;,
equal amount of MAI to Pbly). For MAI excesses, the samples start to turn dull
and grey once exposed to air (or for high amounts even inside the glovebox). The

dull surface on the MAI rich samples is caused by roughness [111, 112].

Pure Pbl, stoichio- MAI  MAI
Pbl, rich metric rich rich+

Figure 3.8: Color change of perovskite layers with 300 nm of Pbl, with varying
amounts of MAL

As already discussed in chapter 2.1.4, MAI is hydrophilic and perovskites with
free MAI draw moisture during air exposure [70]. The dull surface of our MAI
rich perovskites is likely formed by the incorporation of water into the perovskite
as well. To further investigate this and other properties of the perovskite, we per-
form XRD measurements to analyse the crystal properties of the perovskite lay-
ers. We also use SEM measurements for a further look into roughness and grain
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3.2. INFLUENCE OF PBI, TO MAI RATIO

size of the perovskite crystals as well as photoluminescence (PL) to determine
how the properties measured with XRD and SEM influence the band gap and
recombination. XRD measurements were performed using a Empyrian diffrac-
tometer from Malvern Panalytical with Cu K, radiation in 6-20 configuration,
SEM measurements with a Hitachi SEM with 2 keV incident electron beam en-
ergy and PL measurements using a Labram HR Evolution from Horiba with an
incident photon energy of 633 nm. Additionally in chapter 5, I will show ellip-
sommetry measurements to measure the complex refractive indices of Pbl, rich
perovskite layers and I also perform optical simulations for perovskite solar cells
with varying layer thicknesses and amounts of Pbl, excess.

3.2.1 Crystal properties and hydrate formation in MAPbI;

MAPbI,

MAPbI- e

. Hydrate -
Pbl,

Intensity [arbr. units]

MAI rich

10 11 12 13 14 15
20 [°]

Figure 3.9: Diffractogramm of a Pbl, rich (dark red), as well as a MAI rich (grey)
perovskite layer.

If we take a look at the x-ray diffraction patterns of MAI rich (grey) and Pbl,
rich (dark red) perovskite films, which are displayed in Figure 3.9, the Pbl; rich
perovskite films show peaks at a diffraction angle 26 of 12.5° and 14°, coming
from the Pbl, (001) and cubic MAPbI;3 (001) crystal plane [51, 113]. MAI rich per-
ovskites do not have the Pbl, peak, but do contain a number of peaks around
11.5°. These originate from a dihydrate of MAPbI; ((CH3NH3)4Pbls-2H,O) [114].
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CHAPTER 3. PEROVSKITE PROPERTIES

Since we perform the XRD measurements in ambient atmosphere, these hydrate
phases confirm that the MAI rich perovskite film does in fact incorporate mois-
ture once exposed to air.

Although the diffraction pattern of Pbl, rich perovskite films contains a Pbl, and
a MAPbI; peak, the absolute and relative intensities of both peaks differ from
deposition to deposition and are also at least partially substrate dependent.

MAPbDI, on
spiro-TTB

MAPbDI,
(100) cubic

F MAPDI, on
spiro-TTB

MAPbIl,

(100) cubic

Si-Substrate

Pbl,
(001)

Si-Substrate

ITO-Substrate

Intensity [arbr. units]
Intensity [arbr. units]

‘lllll(l '
[ |

10 11 12 13 14 15 10 11 12 13 14 15

20 [°] 20 [°]
() (b)

Figure 3.10: Diffractogramm of perovskite layers from the same deposition on top
of spiro-TTB on a silicon (5i) and (a) ITO-coated glass or (b) float glass substrate.

Figure 3.10a and Figure 3.10b each show two samples from the same evaporation
of MAPbI3, where we first deposited spiro-TTB and then MAPbI;. Although we
evaporated all MAPDbIj3 layers on top of spiro-TTB, the substrate still has an effect
on the peak height of the Pbl, and MAPDbI; reflexes for the silicon compared to
the ITO substrate displayed in Figure 3.10a. Figure 3.10b shows no difference of
the XRD diffraction pattern for a silicon and a float glass substrate. For the same
substrate material, the diffraction peaks typically do not differ for one perovskite
deposition. For the absolute height or ratio of both the Pbl, as well as the MAPbI3
peak we do not find any clear correlation related to the amount of Pbl, excess,
the substrate, or other perovskite properties like grain size, photoluminescence
or solar cell parameters.

Pbl; is reported to form at grain boundaries [79], but to which parts it is crys-
talline or amorphous and how this affects cell performance is still heavily dis-
cussed [77, 67, 91].
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3.2. INFLUENCE OF PBI, TO MAI RATIO

3.2.2 Morphology and grain size of MAPbDI;

For a more in-depth look at the morphol-
ogy of the perovskite layer we use scan-
ning electron microscopy (SEM) imag-

A ing to investigate the cross section of
-
¢

our films. Although many groups try to
ITO aim for large grain sizes, especially for
wet-chemically processed perovskite so-

lar cells [115], several publications also

claim that recombination at grain bound-
Figure 3.11: Cross section of a typical ariesisnota limiting factor for perovskite
perovskite solar cell in the SEM. solar cells [46]. Whether or not the mor-
phology measured with SEM affects the
optoelectronic properties of the perovskite at all is still in debate [116].

A typical cross section of one of our perovskite solar cells is displayed in Fig-
ure 3.11. The perovskite is deposited on top of the ITO (between perovskite and
ITO is 10 nm spiro-TTB, which is not visible in the SEM image) and has a poly-
crystalline morphology. On top of the perovskite is the ETL (23 nm C60 and 8 nm
BCP) as well as the electrode (60 to 100 nm Au).

For perovskites with varying amounts of Pbl, excess, we observe an increase in
grain size of the perovskite layer with increasing MAI content as displayed for
three perovskite solar cells in Figure 3.12. A similar behaviour for evaporated
perovskite layers has been reported by Rof8 et al. recently [83]. A mechanism
for bigger grains with increasing MAI content could be that Pbl,, that is located
at the grain boundaries, gets incorporated into the perovskite grains when more
MALI is present.

Increasing MAI content >

Figure 3.12: Perovskite layer with high (about 50% Pbl,, left) and low (about 15%
Pbl,, middle) excess of Pbl, as well as a stoichiometric MAPbIj3 (right) .

31



CHAPTER 3. PEROVSKITE PROPERTIES

A further increase of the MAI content
(MALI excess) leads to even larger grain
sizes as we can see in Figure 3.13. During
investigation under the electron beam in
the SEM these layers start to form small
holes, especially at the grain boundaries.
If we increase the MAI content even fur-

ther, to where the layer starts to turn dull

Figure 3.13: Cross section of MAPbl3 when exposed to air, the layer morphol-
on a silicon substrate with a slight ex-

cess of MAL ogy starts to turn rough and bigger holes

start to form during exposure in the elec-
tron beam, as is displayed in Figure 3.14.

Figure 3.14: Hole formation in a MAPbI3 layer on silicon in the SEM. (a) Before
and (b) after exposure to the electron beam.

The hydrate formation confirmed with XRD, the dull surface once exposed to air
and the formation of holes in the SEM can all be explained by incorporation into
and evaporation of water from the perovskite layer. The likely process is, that
water diffuses into MAI rich perovskites, which increases the layer volume once
exposed to a water source (ambient atmosphere). Thus the surface turns rough
and dull. When the perovskite is then brought into a SEM, where an electron
beam targets a specific area with a high amount of energy in a vacuum envi-
ronment, the water inside the perovskite layer evaporates. This causes the hole
formation due to the decreasing layer volume of the perovskite.

For the Pbl, rich perovskites, we do not detect a formation of holes in the SEM.
There are however still variances in the morphology of the perovskite, beyond the
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3.2. INFLUENCE OF PBI, TO MAI RATIO

general grain size distribution shown in Figure 3.12. Figure 3.15 shows the SEM
images of two Pbl, rich perovskite layers from different depositions. If we look
at the crystal size distribution in both perovskites, the perovskite in Figure 3.15a
has small grains at the substrate interface and bigger grains at the interface to air
as well as a relatively rough surface. The perovskite layer in Figure 3.15b shows
the complete opposite behaviour with a decrease in grain size from substrate to
surface interface. We currently do not know what causes these differences in

morphology.

(a) (b)

Figure 3.15: Two Pbl, rich MAPbI3 layers on silicon from different deposition
processes.

If we look at two Pbl, rich perovskites from the same deposition, the perovskite
layers typically look relatively similar, as can be seen in Figure 3.16 (a) and (b) for
two perovskite solar cells from the same deposition process. Both samples were
measured as a solar cell in air prior to the SEM measurement.

(a) (b)

Figure 3.16: Two Pbl; rich perovskite solar cells from the same deposition.

An example that the measurement itself can have an effect on the morphology of
the perovskite is presented in Figure 3.17. Here, we can see two Pbl, rich per-
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ovskite solar cells from the same deposition processes, both after being measured
as a solar cell in air, as in the example above. Not only is the grain size of the
perovskite layer in Figure 3.17b bigger compared to Figure 3.17a, but the actual
layer thickness has increased as well (from around 480 to 550 nm). We can also
see a void formation at the perovskite/ITO interface at Figure 3.17b, which is not
changing under electron beam exposure, contrary to the holes in the MAI rich
tilms and likely not caused by water incorporation. This change in morphology
was likely caused by negative bias voltages which were applied to the solar cell in
Figure 3.17b. The impact of negative bias voltages on our solar cells was investi-
gated in the master thesis of Max Richter [117]. These measurements demonstrate
that even for perovskites without MAI excess the morphology of the perovskite
layer is altering between different perovskite depositions and can change even

after the deposition.

Figure 3.17: Two Pbl, rich perovskite solar cells from the same deposition, with
(b) being negatively biased prior to the SEM investigation.

3.2.3 Photoluminescence and recombination

In addition to the morphology and crystal properties as well as the complex re-
fractive index (see chapter 5) we can investigate the photoluminescence (PL) of
our perovskite layers. This gives us insight into the amount of radiative recombi-
nation in the perovskite. There is a distinction between photoluminescence mea-
surement methods, one is to measure the wavelength-dependent intensity, the
other to measure the time-resolved decay of the intensity called time-resolved
photoluminescence (TRPL). The PL intensity and decay time are however related,
because both depend on how much non-radiative recombination is occurring in

the perovskite layer [118]. In this work, we mainly take a look at the intensity and
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3.2. INFLUENCE OF PBI, TO MAI RATIO

wavelength dependence of the photoluminescence. TRPL measurements for our
perovskites with different contact layers are presented in the master thesis of Nils
Evert [119]. In the following part, I will explain a few basic photoluminescence
properties of MAPbI; perovskite layers that we deposit on silicon substrates.

A typical MAPbI; photoluminescence

spectrum is displayed in Figure 3.18,
Peak Pos. where we can see a photoluminescence
peak with a peak position of around 1.62
eV. In addition, I added the full-width-
half-maximum (FWHM), or peak width
into this image. The FWHM is an addi-
tional information about structural disor-
der in the material, with higher FWHM
resulting from less homogeneous materi-

14 15 16 17 1.8 als [120].
Energy [eV]

Intensity [arbr. units]

For MAI rich samples, we can see an in-
Figure 3.18: Typical photolumines-

cence spectrum of a MAPDbI; layer . )
measured at ISFH. nescence with increasing MAI content as

crease in the intensity of the photolumi-

is shown in Figure 3.19a. One sample
(MAI/PbI; ratio of 2/1) shows a shift in the peak position from 1.62 to 1.68 eV.
In addition, we see that the peak width of the sample with the PL maximum at
1.68 eV is higher than that of the other samples. The peak position shift to higher
energies could be explained by a change of the crystal structure in MAPbI; as
well as doping similar effects [121, 122]. Additional measurements after storage
in the glovebox, which are displayed in Figure 3.19b, show that the PL position
and intensity changes after storage, revealing that these layers are not stable at
room temperature, even in inert gas atmosphere.
Figure 3.20a shows several photoluminescence spectra of Pbl; rich perovskites
from different depositions, normalised to the same peak intensity. For perovskites
that are Pbl, rich, we do not observe a significant shift in the photoluminescence
maximum or peak width. The intensity of the photoluminescence differs in sev-
eral orders of magnitude for perovskites from different processes, as is shown
in the non-normalised photoluminescence spectra in Figure 3.20b. Since both the
Pbl, rich as well as the MAI rich samples show a large variety in terms of lumines-
cence intensity, we currently do not know to which extent the photoluminescence
intensity in our samples is related to any other material properties like grain size

or Pbl, to MAI ratio for example.
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Figure 3.19: (a) PL intensity of MAPbI3 depositions with a varying Pbl, /M Al rate
ratio during deposition. (b) PL intensity of MAPbI3 layer with a 2/1 MAI/Pbl,
precursor ratio directly after deposition and after storage in a glovebox for about
three weeks.
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Figure 3.20: (a) Normalised and (b) as measured PL intensity of several deposi-
tions of Pbl, rich MAPbI; with similar deposition parameters.
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In the following experiment, we use ITO-coated glass and float glass (BF) as
substrate and spiro-TTB as well as different self-assembled monolayers (SAMs)
[84, 30] as HTL and deposit Pbl, rich MAPbI;. Originally we only wanted to
make a qualitative assessment of the interface of several HTLs to our perovskite
by measuring the photoluminescence intensity, as proposed by Stolterfoht et al.
[47].
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Figure 3.21: PL intensity of MAPbI3 from one deposition process deposited on
ITO, float glass (BF), spiro-TTB or different SAMs (not marked).

Figure 3.21 shows the PL intensity for each sample in the measurement order. Af-
ter measuring the PL on each sample, which takes about two hours for the twelve
samples, we repeat the measurement. The trend of the photoluminescence inten-
sity in our measurements is quite similar compared to published data by Stolter-
foht, showing that perovskite on bare floatglas achieves the highest photolumi-
nescence, followed by the SAMs, then the ITO and lastly the spiro-TTB [11]. The
reason why the photoluminescence on bare ITO is not the lowest as in the Stolter-
foht publication is likely because no good contact between ITO and the perovskite
is formed, leading to poor carrier mobility at the interface, similar to BCP on per-
ovskites [34, 40]. The main difference between our samples and the ones in lit-

erature is that our layers are evaporated and not annealed and the layers in the
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Stolterfoht publication are wet-chemically processed and annealed. This result il-
lustrates the importance of the perovskite and contact layer deposition conditions
on important properties for solar cell operation. Similar experiments, showing a
decrease of the photoluminescence intensity for perovskite layers deposited on
test structures with C60 and spiro-TTB compared to no contact layer, were per-
formed in the master thesis of Nils Evert [119].

The PL intensity of every sample in Figure 3.21 increases from first to repeated
measurement, and in many cases more than doubles. The difference between first
and repeated measurement is mainly the increased amount of ambient exposure.
These results show, that even for Pbl, rich perovskites from the same deposition,
the photoluminescence intensity is not only influenced by the interface material,

but also by exposure to ambient atmosphere.

3.3 Summary: Air exposure and reproducibility

For all measurements presented here (XRD, SEM and PL), the measured proper-
ties of the perovskite layers from different depositions vary significantly. Even for
samples from one deposition we still see differences. These can be caused by ag-
ing under ambient atmosphere or from specific prior measurements, especially
for MAI rich perovskites but for Pbl, rich perovskites as well. In practice, this
makes any assessment of specific planned variations (for example variations in
the CTL, annealing steps etc.) difficult. Currently, comparing variations between
several perovskite depositions is not feasible at all and the perovskite deposition
process needs to be improved in future to be more reproducible. For most mea-
surements, the samples are exposed to ambient atmosphere since the measure-
ment tools are not within a glovebox. For some measurements like photolumi-
nescence, reflection or transmission the samples can be encapsulated (see chapter
2.2.6) inside a glovebox, which eliminates at least the factor of air exposure time.
This is however not possible for SEM or XRD measurements. For SEM the sam-
ples need to be broken, which is not possible once encapsulated (and once broken,
the sample surface would still be exposed to ambient atmosphere for some time).

In XRD measurements, the x-rays cannot penetrate the encapsulation.
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4 Cell measurements of PSCs

So far, I have only discussed the reproducibility of
our perovskite deposition process and non-cell per-
ovskite properties. In this chapter I will now explain
all relating cell properties in detail, illustrating also
how the reproducibility of our deposition processes
affects cell performance. Additionally, I will discuss
which factors are currently limiting for our cell ef-

ficiencies and how to improve them in future. The

cell design we use is the one I showed in Figure 2.7
Figure 4.1: Points (black
circles) where the PSC is

contacted for cell measure-
ment. ure 4.1. We illuminate the cell through the glass side

in chapter 2.2.1. We contact each cell at the outer
metallisation as is shown with the black spots in Fig-

to make current-voltage(IV) measurements. Typi-
cally we use a measurement chuck where all four cells on a substrate are simul-
taneously contacted and separately measured.
Due to some clearance of the masks at the different depositions, the cell area is not
exactly 3 x 4 mm?. To only illuminate a defined area we use a black paper mask
that is taped on top of the cell during illumination with an area of approximately
2 x 3 mm? (0.061 cm? to be precise). We perform the solar cell measurements
with a LOANA system by pvtools in ambient atmosphere.
In most cases I will only show results from the light current voltage (light-IV)
measurement of the solar cell, but typically we additionally measure the current
voltage characteristics in the dark (dark-1V) and also perform a Jsc-V o measure-
ment [123]. For some solar cells we also perform differential quantum efficiency
as well as reflection measurements to quantify the external and internal quantum
efficiency of the solar cell. In the following I will show data of the most impor-
tant solar cell parameters for specific subsets of our perovskite solar cells, namely
short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and
efficiency (7). These are all directly measured values from the light-IV curve. Fig-
ure 4.2 shows a light-IV curve of a perovskite solar cell (PSC). Jsc and V¢ are
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Figure 4.2: Measured light-IV curve of a PSC (black dots) with the most important
cell parameters. Black values: Directly measured, Red values: Extracted by fit of

the IV curve.

defined where the voltage (or current) is 0 and can be immediately read from
the light-IV measurement. The point at which the power output (the product of
current | and voltage V) is the highest is called the maximum power point (171,),).
The fill factor (FF) is defined as J,,,,, - Vinpp/ (Jsc - Voc) and the efficiency 7 is the
maximum power output of the cell J,,,,,, - Vinpp divided by the initial power input
of the AM 1.5G sun spectrum (which is defined as 1000.4 W/m?, so about 100
mW /cm?, according to ASTM G173-03).
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4.1. CELL REPRODUCIBILITY AND INFLUENCE OF PROCESS CONDITIONS

4.1 Cell reproducibility and influence of process
conditions

4.1.1 Refilled MAI and effect of MAIl excess

As explained in 3.1.1 and 3.1.2, initially we used the MAI in the MAI crucible for
several processes and only refilled the crucible when it was nearly empty. Fig-
ure 4.3 shows the average efficiencies of perovskite solar cells from 9 consecutive
perovskite depositions following the above procedure and a rate controlled MAI
deposition, as well as the MAI consumption in each process. The average cell
efficiency of each deposition varies significantly, with depositions 1 and 9 having
the highest efficiencies of around 10% each and 4,5,6 and 8 below 2% efficiency.
The amount of MAI consumed in each process does not correlate with the mea-
sured efficiencies, we see however that the two highest efficiency processes were
after refilling the MAI crucibles with fresh MAL
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Figure 4.3: Cell efficiencies of nine consecutive rate controlled perovskite deposi-
tions. MAI was refilled before deposition 1 and 9.

Many of the low (or non) performing solar cells of these experiments have a
slightly dull surface after air exposure. The light-IV curves of these solar cells of-
ten do not have any measured light generation and are therefore not even evalu-

able in terms of solar cell parameters mentioned above (see Figure 4.4 for an ex-
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ample) and otherwise are poor performing (efficiency below 2%). As I explained
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Figure 4.4: Light-1V, dark-IV and Jsc-V oc measurement of a PSC with dull surface
that has no current generation under illumination.

in chapter 3 the dull surface likely stems from the diffusion of water into MAI
rich perovskites [70, 114]. The detrimental effect of this water diffusion on cell
performance could either be purely caused by the increased roughness after the
perovskite and C60/BCP deposition, leading to a mechanical destruction of the
ETL. The formation of water related species (like water soluted MAI or perovskite
hydrates, especially at the interface of perovskite/ETL) could be another expla-
nation for the poor performance. Both mechanisms are schematically shown in
Figure 4.5.

The detrimental effects on cell performance are however still visible for slightly
dull samples that do not exhibit much roughness when looking at them in the
SEM (see Figure 4.6). This result implies, that water induced species like hydrates
are detrimental even when the ETL is still intact. One possibility to remove excess
MAI would be a rinsing step with isopropanol before ETL deposition that is per-
formed for wet-chemical processed perovksites [81]. In practice, this would com-
plicate the whole processing and would likely require several additional process-

ing steps (exposure to moisture, rinsing, annealing etc.) and additional working
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Figure 4.5: Water incorporation in MAI rich perovskites could cause only rough-
ness (middle) or roughness and the additional formation of perovskite hydrates
or soluted MAI (right).

space in a glovebox to perform these processing steps. This whole procedure is
not reported for any evaporated perovskites. We therefore take the more practical
solution to this problem and aim to be always on Pbl, rich processing conditions

where this problems does not seem to occur.

Figure 4.6: SEM image of a non-working PSC with a slightly dull surface, exhibit-
ing no visible roughness or ETL destruction in the SEM.

4.1.2 Fresh MAI and temperature controlled processes

For the temperature controlled processes we only use fresh MAI (typically 0.5 g)
in every process and aim for a deposition process window on the Pbl; rich side, as
explained above. Figure 4.7 shows the average cell efficiencies for 22 perovskite
depositions with MAI Batch 1 and 2.

Eight of these 22 processes show an average cell efficiency of above 10%, with
the best cells achieving over 13% efficiency and only one of the processes below
2% efficiency. This is a significant improvement to the solar cell efficiencies with
the refilled MAI (Figure 4.3). Not only are the average and top efficiencies in-
creased, but we also have significantly less (1 out of 22 compared to 4 out of 9)

43



CHAPTER 4. CELL MEASUREMENTS OF PSCS

Vi

O L L 1 '] L [ L [ 1 '] L L L L 1 '] 1 L L L L

Number of deposition

N
o

co
T

Cell efficiency 1 [%]

Figure 4.7: Cell efficiency 1 of 22 perovskite depositions with MAI Batch 1 and 2.

processes where the solar cells are barely working (below 2% efficiency). None
of the samples shows any dull surface after air exposure, which means none of
the perovskites have a significant amount of excess MAL If we take a deeper look
into the solar cell parameters V¢, Jsc and FF (see Figure 4.8), we can see that
most solar cells have a V¢ in the range of 1000 to 1100 mV, the FF ranges from
30 to 65% and Jsc from 10 to 20 mA/cm? with a few outliers each. Figure 4.8d
shows the champion device from MAI Batch 1+2 with a cell efficiency of 15%. If
we compare these results to the highest performing co-evaporated MAPbI; cells
in literature [84, 39], these also report only low differences in V¢ but a higher
spread in both Jsc and FF for non-stoichiometric perovskite layers. Both groups
do not measure this much variance in Jsc and FF for stoichiometric perovskites,
however they both only measure the deposition rate and are not reporting any-
thing about the reproducibility of their process, the stoichiometry or the thickness
range of the resulting perovskite layers.

The mechanisms behind the large spread in Jsc and FF are currently not under-
stood [39].

Refined ways for a loss analysis at each interface/material that are established
for silicon solar cells [124] are not established for perovskite solar cells and the
instability of the processing and solar cell stability are a main hindrance to even
develop such systems.
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Figure 4.8: Cell parameters of the solar cells from MAI Batch 1+2. (a) Vo, (b) Jsc
(c) FF (d) Light-IV of the highest performing cell.

4.1.3 Chamber cleaning

As I explained in chapter 2.2, we evaporate the contact layers in the same cham-
ber as the perovskite, contrarily to the groups that process the highest efficiency
PSCs. MALI has a diffuse evaporation that coats the evaporation chamber and
permanently evaporates once deposited, which causes all Pbl; films to contain at
least some amount of MAI after the first MAI deposition. This can additionally
cause a cross-contamination during evaporation of the contact layers. To inves-

tigate, whether or not this cross-contamination of the processing chamber plays
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a significant role for the measured cell parameters, we process perovskite solar
cells directly after we mechanically cleaned the chamber. We perform these ex-
periments with MAI Batch 3+4.

Figure 4.9 shows the cell parameters of the respective perovskite solar cells. The
number of deposition in this case is based on how many perovskite deposition
processes we performed after the chamber cleaning. We achieve the highest ef-
ticiencies with up to 16% in the processes shortly after cleaning the evaporation
chamber. Although we again see a large variation in the short-circuit current
density (about 5 to 20 mA/cm?) and fill factor (about 45% to 75%), both have a
decreasing trend with increasing number of depositions.

The open-circuit voltage again remains relatively stable around 1050 mV, with no
significant trend regarding the number of depositions.

If we compare the current density of these solar cells (Figure 4.9b) with the ones
from MAI Batch 1+2 (Figure 4.8b), where the chamber was not cleaned prior to
the experiments the current density of the solar cells made with MAI Batch 1+2 is
higher and does not vary that significantly. This is likely due to a higher amount
of MAI in the perovskites from MAI Batch 1+2 (see chapter 3.1.2, Figure 3.3),
leading to a more stoichiometric perovskite with higher absorption in average.
In chapter 5 I will explain how current losses could be caused by parasitic ab-
sorption at the HTL/perovskite interface, which could be more severe for more
Pbl, rich perovskites as well.

If we take a look at the fill factors (Figure 4.9¢c) we can see that for the first depo-
sitions with MAI Batch 3+4 these often exceed 70% and decrease to around 50 to
60% with increasing deposition number. For the perovskite solar cells deposited
with MAI Batch 1+2 we only see fill factors up to 60%. This could be an indication
that cleaning the chamber actually increases the fill factor, due to less MAI con-
taminations in the contact layers and a more efficient charge carrier extraction.
For proper investigations of this it is however necessary to completely separate
the deposition of the contact layers from the deposition of the perovskite, what
currently (Q1/2022) has not been accomplished yet at ISFH.
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Figure 4.9: Cell parameters of the solar cells from MAI Batch 3+4. (a) 1, (b) Jsc (c)
FF (d) Voc.

4.1.4 Dark-lV and Shunts

So far I have only presented the light-IV results of solar cells that are (mostly) not
shunted. In Figure 4.9d we see a large discrepancy in the open-circuit voltage of
over 150 mV for solar cells from deposition 15. If we take a look at the dark-IV
measurement of two of these solar cells, shown in Figure 4.10, we can see that one
of the cells has a noticeable shunt with a shunt resistance of about 2000 Ohmecm?,

whereas the other solar cell shows no shunt.
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Figure 4.10: Dark-IV measurements of two PSCs on the same substrate, revealing
a leakage current for one of the solar cells.

Glass

Figure 4.11: Shunts in the PSCs
are caused by a damage in the
CTLs and perovskite, causing a
direct connection between the
electrode and ITO (grey arrow).

Both of these solar cells are on the same sub-
strate. The reason of this difference in shunt
resistance are therefore not differences in per-
ovskite or CTL properties etc. The main rea-
son for shunts in perovskite solar cells is that
almost any physical contact of the soft per-
ovskite and contact layers with for example
a tweezer leads to a local destruction of the
layers. When the solar cell is then contacted,
this causes a direct connection between ITO (p-

contact) and the metal on the n-contact, short-

circuiting the cell, as is exemplarily depicted in Figure 4.11. Although there

are some reports about this behaviour for wet-chemically processed perovskites

with local holes after perovskite deposition [125], even reports that focus on the

amount of shunts do not consider mechanical stability or give any numbers about

how damages during the processing influence the amount of shunts [126]. Typi-

cally, the amount of shunted cells is not reported and just not considered in any

evaluation of process optimisation.

For the PSCs we process at ISFH approximately 20 to 70% of the solar cells are
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completely shunted with a shunt resistance typically in the range of 10 to 20
Ohmcm?, showing only resistance like behaviour with no difference in light-IV
to dark-IV. This number varies a lot, because it depends on the person itself pro-

cessing and measuring the solar cells for example.

This is one of the main reasons, next to the series resistance in the TCO (see section
2.2.5), why we and other groups mostly process very small cells with several cells
on each substrate. An industrialisation of the cell design used in this work is
unrealistic due to the issues with cell size and shunts. Its main application is the
comparison of different materials and processes for cell development on small

proof-of-concept devices.

4.1.5 Influence of Pbl, excess on processing stability

For solar cells from the same perovskite and contact layer deposition process,
the cell parameters (1, Jsc, FF, Voc) quite often differ significantly, even for cells
that are not shunted. As I discussed already the processing conditions heavily
influence the cell performance in perovskites. We deposit the electrode (Au) in
a different processing tool than the perovskite and CTL which is located outside
of a glovebox. This means that the solar cells come in contact with ambient at-
mosphere before and after the deposition of the electrode material. During the
gold evaporation the temperature on the samples is varying by a maximum be-
tween 100 to 130°C for different evaporations (see the Bachelor thesis of Niko
Mielich for more details about the temperature behaviour [97]). Perovskite solar
cells with MAI Batch 1+2 from different gold depositions but the same deposition
process for the perovskite and contact layers are different in terms of efficiency, as
displayed in Figure 4.12. This adds another layer of uncertainty to any analysis of
our perovskite solar cells, because not only do the cell efficiencies alter between
different perovskite and CTL evaporations but between different electrode evap-
orations as well.

As I displayed in Figure 3.3 the MAI consumption for a perovskite deposition
with MAI Batch 1+2 is about 200 mg, whereas for MAI Batch 3+4 it lies in the
range of 100 mg. If we analyse the reflection measurements of perovskite solar
cells made from the different batches (see section 5.3.1 and 5.3.4 for the method
and uncertainty of this method), we can estimate an average Pbl, content in the
perovskite layer of about 20% for MAI Batch 1+2 and 40% for MAI Batch 3+4.
The amount of MAI consumption varies however for every deposition.

For MAI Batch 3+4 the first deposition of the processes in Figure 4.9 has a MAI
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Figure 4.12: Average cell efficiencies of PSCs from one perovskite+CTL but four
different gold depositions.

consumption of 205 mg, similar to the average of MAI Batch 1+2. We compare
the solar cells of this perovskite deposition to one where the MAI consumption
is only 132 mg. The solar cells with the higher MAI consumption have an esti-
mated Pbl, amount of around 23% (low Pbl, excess), compared to 45% (high Pbl,
excess) for the solar cells with the lower MAI consumption. We process solar cells
from both groups (low and high Pbl, excess) in a total of four metallisations, with
solar cells from each group being in a total of three metallisations, with two met-
allisations containing cells from both groups. If we take a look at the different cell
parameters of both groups (1, Jsc, FF, Voc, see Figure 4.13 and Figure 4.14), we
can see that the cells with high Pbl, excess are more stable in every cell parame-
ter compared to the cells with low Pbl, excess. As before, the relative differences
in Jgc and FF are much higher than for V¢ in both groups, confirming the re-
sults previously displayed. One mechanism to explain this behaviour could be
that even though both perovskite layers have a Pbl, excess, free MAI is still in-
corporated to some extent. By increasing Pbl, excess the amount of free MAI
decreases, leading to less reactions with for example moisture in the perovskite

layers during exposure to air which causes the cells to be more stable.
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4.1.6 Processing and measurements without ambient
atmosphere and efficiency potential
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Figure 4.15: Light-IV measurement of one of the highest performing PSCs pro-
cessed at ISFH to date (Q1/2022).

Ideally, the perovskite solar cells are not exposed to ambient atmosphere before
deposition of the metal electrode. Just recently, we got a new deposition tool in-
side a glovebox for the metal evaporation (Lesker NANO36) where we use cop-
per (Cu) as electrode material, which is more scratch-resistant and much cheaper
than gold. Additionally, with the encapsulation method presented in section 2.2.6
we are able to seal our solar cells after the metal deposition to perform the cell
measurements outside a glovebox atmosphere without diffusion of water into
the perovskite layer. With these improvements the first results of perovskite solar
cells with a near stoichiometric perovskite (still slightly Pbl, rich) are displayed
in Figure 4.15. These results are quite promising, showing an efficiency of 17% in
the first measurement, with the most noticeable improvement being the high fill
factor (80.6%) of the solar cell.

If we consider that we already demonstrated a V¢ of around 1100 mV on sev-
eral perovskite solar cells, and can achieve a Jsc of up to 21.78 mA/ cm? with
this cell design (see section 5.3.2), cell efficiencies of about 19.3% are potentially
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possible, which is similar to the recently reported best solar cells with this exact
layer sequence [91]. Further improvements can be accomplished by more effec-
tive transport layers for the HTL, leading to a higher V¢ and FF [39, 84| or by
optical improvements presented in chapter 5.3.2.

The cells processed with the NANO36 and afterwards encapsulated inside a glove-
box however still suffer from high amounts of shunts and an optimisation of the
processing is needed.

As we can see in Figure 4.15, repeating the solar cell measurement (without any
new contacting between each measurement) leads to variations in the cell effi-
ciency (in this example, perovskite-typical mostly in Jsc and FF). So far, most cell
results displayed here were from the first measurement of the solar cell. If the
power output of the cell is not constant however, this raises the question how to

reliably measure the power output of our solar cells.

4.2 PSC solar cell stability and measurement

4.2.1 lonic charge transport, charge accumulation and
hysteresis

Ideally, a solar cell has a stable power output (ideally over 25+ years) and mea-
suring the light-IV curve repeatedly should yield the same result every time. As
we can see in the example above (Figure 4.15), this is not the case for our cells.
One of the mayor reasons for instability of perovskite cell performance (next to
sensitivity of perovskites to moisture etc.) is the ionic transport of charge carriers
in perovskites. Contrary to electrons or holes, that move through the perovskite
to the contacts in a timeframe below one microsecond, ions diffuse through the
perovskite layer with a much lower speed of several milliseconds and above
[127]. Especially iodide ions, which is the by far most mobile ion species in
MAPDI;, affect the solar cell performance [128]. Iodide ions not only move rela-
tively slowly through the perovskite when an external voltage is applied to the
solar cell, but iodide ions or vacancies accumulate at the interfaces to the hole or
electron contacts, causing an electrical field that is detrimental for the solar cell
46].

The slow ionic movement additionally causes an effect described in the perovskite
community as hysteresis of the IV curve, meaning that measuring the IV curve
from Jsc to Vpoc (forward scan) leads to a different result than measuring from
Voc to Jsc (reverse scan) [129]. A good summary of the mechanisms causing
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hysteresis in perovskite solar cells was published by Wolfgang Tress in 2018 [66].
To reduce hysteresis one option is to measure the IV curve using a slow scanning
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Figure 4.16: Light-IV measurement of a PSC with significant inverted hysteresis
(from MAI Batch 3+4).

rate. There are several publications claiming a scan rate of 25 mV/s and several
forms of pre-conditioning of the solar cell (applying a certain voltage under illu-
mination for some time before the measurement) to be ideal [130, 131]. For the
highest efficient co-evaporated MAPbI3 perovskite solar cells with no hysteresis
a higher scan rate of 300 to 600 mV /s has already been reported [90, 39, 83]. In
measurements of tandem solar cells with wet-chemical perovskites with efficien-
cies above 29% a fast scan rate of 250 mV /s was reported as well [11]. The proper
solution for hysteresis or ion movement in perovskite solar cells is therefore to
improve the perovskite layer and charge carrier extraction so that the effect of
ion movement on cell performance and reliability is minimized by reducing the
density of mobile ions [46, 132]. At ISFH, we measure both the light- as well as
the dark-IV curve with a scan speed of 140 mV /s or 25 mV/s in steps of 10 mV
or 5mV.

Not all perovskite solar cells at ISFH show significant hysteresis. Figure 4.15
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shows an almost hysteresis free PSC for example. Hysteresis measurements of
several PSCs processed at ISFH can be found in the master thesis of Moritz Engl
[65]. Especially for the solar cells with a high amount of Pbl, excess most cells
show a significant hysteresis as is shown in Figure 4.16.
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Figure 4.17: Light-IV measurement of a PSC from Jsc to Vpc showing a kink
around Jgc.

This exact form of hysteresis is actually called inverted hysteresis [133] and rather
uncommon. We cannot directly measure the ion movement or density that causes
this type of hysteresis in our cells.

Additionally, the light-IV curve from Js¢c to Voc often shows a sort of kink around
Jsc (Figure 4.17), leading to unrealistically high (see chapter 5.3.3) Jsc values
[134]. This is why we currently use a scan direction from V¢ to Jsc as stan-
dard, where this behaviour does not occur. We have already discussed that a
high amount of Pbl, excess is detrimental for several reasons (low absorption,
reproducibility etc.). Therefore it is not viable to further optimise the measuring
conditions for MAPbI3 with Pbl, excess but to optimise the perovskite deposi-
tion process for a perovskite layer with a lesser amount of ionic movement. The
tirst results of the encapsulated PSC with stoichiometric (or only slightly Pbl,
rich) MAPbI3 displayed in Figure 4.15 shows almost no hysteresis. This result is
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promising, showing that with improvements in processing we can likely achieve

hysteresis free perovskite solar cells at ISFH as well.

4.2.2 Cell stability, aging and s-shape
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Figure 4.18: Repeated light-IV measurements showing the (a) 7 and FF and (b)
Jsc and V¢ of a PSC from MAI Batch 1+2

Another factor to consider is how stable our solar cells are when exposed to ambi-
ent environment and light exposure during the solar cell measurement. A simple
way to measure this is to just repeat the light-IV measurement on the same solar
cell and see how the different cell properties change, without new contacting.

This type of measurement is displayed in Figure 4.18 for a perovskite solar cell
made with MAI Batch 1+2. We can see that the fill factor strongly increases in the
tirst measurements from 40 to almost 60%, leading to an increase in cell efficiency.
Jsc and Voc only alter on a way lesser magnitude and after a sharp increase from
the first to second or third measurement they start to decrease again. Most solar
cells do not show this much variance in the fill factor though and better perform-
ing solar cells are typically more stable under illumination, as is displayed for
our champion cell, where no significant change in fill factor occurs and for four

light-IV measurements the absolute efficiency varies by only one percent.

Most of our solar cells are measured shortly after the metallisation. In some cases,
a certain timeframe of several days to sometimes weeks or months between the
deposition of the perovskite and contact layers and the metal deposition can oc-

cur, for example when we use older samples as a reference. We store the cell
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Figure 4.19: Average cell efficiency of several PSC from MAI Batch 3+4 from the
same deposition process for the perovskite and CTL, but with different electrode
depositions.

precursors after the perovskite deposition in a nitrogen-filled glovebox to avoid
degradation due to moisture or oxygen. Figure 4.19 shows the cell efficiencies of
the metallisation of two samples each from the same perovskite and HTL deposi-
tion on 28.07.2021 (deposition 12 from MAI Batch 3+4). The metallisations were
performed at 11.08.2021 and 02.09.2021, thus about 15 days and over a month af-
ter deposition of the perovskite. We do not see any decrease in cell performance
for the cells that were stored longer prior to the metallisation. The solar cells from
this deposition are among the highest performing solar cells of MAI Batch 3+4.
Storing the solar cell precursors in a glovebox before the metallisation likely does
not lead to any performance losses for at least a month, at least for the type of
perovskite solar cell presented in this work.

If we put the solar cells in a glovebox after metallisation and store them they
start to degrade in most cases as shown in Figure 4.20. Not only does the Jsc
and FF decrease, but the shape of the IV curve can alter to something called an s-
shape. If we measure our solar cells directly after the metallisation, almost no cell
exhibits any form of s-shape, however after a couple months inside a glovebox,
we can see this behaviour relatively often. The mechanism causing the s-shape
is explained by degradation of the interfaces in the solar cell, causing barriers for

charge carriers [135]. The reason for this interface barriers to form is, similar to
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Figure 4.20: Light-IV measurement from two PSCs directly after deposition
(black) and after about six months storing in a nitrogen-filled glovebox (red).

the hysteresis, accumulation of ions at the interfaces [136].

4.2.3 lonic movement and how to measure perovskite solar
cells

As I have explained above, both hysteresis and s-shape like behaviour occur for
our solar cells and are detrimental to cell efficiency and stability. Both effects
are likely caused by ions that either slowly move through the perovskite during
the light-IV (hysteresis) or accumulate and degrade the interfaces in a perovskite
solar cell (s-shape). There are different methods discussed that mitigate ionic
movement, such as specified doping of the perovskite, interface engineering or
changing the perovskite composition [62, 63]. Still there is no sufficient solution
found for this problem, which is one of the main issues why perovskite solar cells

are not stable enough for commercial applications until now [137].

There are several publications discussing high amounts of excess Pbl, to be one of
the main factors that causes ionic movement and degradation in MAPbI; [77, 138].
Additionally, smaller grain sizes (that are typical for Pbl, rich perovskites as dis-
cussed in chapter 3.2.2) also correlate with increased hysteresis/ionic movement
[139]. The metal interface is described as especially prone to degradation due
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to irreversible ion accumulation and formation of insulating metal-iodide com-
pounds [136]. This is likely why we see a degradation of our solar cells after
metallisation but not if a cell precursor without metallisation is stored inside a
glovebox.

Recent reports show excellent stability (even at elevated temperatures in pres-
ence of humidity) and no hysteresis even for Pbl, rich evaporated MAPbI;3 solar
cells [93, 140]. Other groups also report high efficient evaporated MAPbI; solar
cells without hysteresis with a similar layer stack to our cells [91, 84]. To achieve
these kind of results here, the best way is to remove the influence of moisture by
processing inside a glovebox and encapsulating our solar cells for measurements
outside glovebox atmosphere. Since we know that the other layers (spiro-TTB,
C60, BCP, copper or gold), which are used by other groups as well, are not the
cause of ionic movement we can focus solely on optimising the MAPbI3 depo-
sition to minimize ionic movement by observing hysteresis and long term cell
stability.

The most suitable method to quantify hysteresis effects and the power conver-
sion efficiencies of perovskite solar cells in general is to measure the steady-state
efficiency or a maximum power-point (MPP) tracking of the perovskite solar cell
[131, 141]. The steady-state efficiency (SSE) means that after performing a light-
IV scan the solar cell is set to the voltage of the maximum power point (V)
of the light-IV. Then the current is measured for a specific timeframe, typically a
couple of minutes. The maximum power-point tracking is quite similar, however
the cell is operated at the maximum power point in this case, so the voltage has
to be adjusted during tracking. This is making it a bit more complex in terms
of the measurement, but more accurate as well for solar cells with a non-stable
Vmpp. An external voltage causes ionic movement (since ions are charged). From
the initial response of the solar cell to the applied voltage and light (timeframe
until a stable power output is reached or the extent of instability at the start of the
measurement) the amount and speed of ionic movement in the cell can be at least
qualitatively assessed. From the long-term stability under MPP-conditions detri-
mental effects to cell performance (ion accumulation or the formation of metal
iodide) can be investigated. SSE measurements or MPP-tracking are therefore
crucial in the development of perovskite solar cells. Unfortunately, no stable al-
gorithms for MPP-tracking or even SSE measurements are currently (Q1/2022)
established at ISFH.
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4.2.4 QFLS, Vc and photoluminescence of perovskite solar
cells

As discussed in chapter 2.1.3, photoluminescence measurements can yield insight
into recombination losses in perovskite solar cells. Typically, the higher the pho-
toluminescence, the lesser amount of nonradiatiave recombination in a semicon-
ductor material, which results in higher Vocs of the solar cells. The highest V¢
a solar cell can achieve is related to its quasi fermi level splitting (QFLS), which
is effectively the band gap of the absorbing material (in our case the perovskite)
minus losses to recombination. The QFLS is closely related to the radiative recom-
bination (which equals the absolute photoluminescence) in a material [142, 143].
Although we cannot calculate the absolute value of the QFLS because we cannot
measure the absolute value of the photoluminescence at ISFH, we can calculate
the relative change in photoluminescence of different samples. If the Voc of a
solar cell is limited by recombination, a relative change in the photoluminescence
intensity (A PL = Intensity PL;/Intensity PL;) due to recombination correlates
mathematically to a change in Voc (A Voc = Voc1-Voc,2) as [144]:

q- AVoc = kT - In(APL) (4.2)

with g being the elementary charge, k the boltzmann constant and T the temper-
ature. This implies, that for T= 300 K a tenfold increase in photoluminescence
intensity will correspond to an increase in V¢ of about 60 mV for a recombina-
tion limited solar cell of the same material.

For our solar cells, V¢ is the most stable parameter, in relation to FF and Jgsc.
We measure the PL and Voc of our perovskite solar cells in a wide range of V¢
from 950 to 1150 mV. We perform the PL measurement shortly (approximately 15
to 90 minutes) after measuring the V¢ to minimize effects of degradation and
only use solar cells where no s-shape occurs in the light-IV, due to the uncertainty

in the Vpc determination for these cells (see Figure 4.20).

The photoluminescence intensity (PL peakheight) in relation to the V¢ is dis-
played in Figure 4.21. We can clearly see, that in general the PL intensity increases
with increasing Vo, still there is a relatively large spread in the PL intensity for
solar cells with similar Voc. The red and blue lines are guides to the eye and rep-
resent the expected PL and V oc correlation if the V¢ is limited only by recombi-
nation with a 60 mV increase in V¢ if the photoluminescence is tenfold higher.
This result shows, that our V¢ is not only limited by nonradiative recombina-
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Figure 4.21: Photoluminescence intensity in respect to V¢ for different PSCs.
The red and blue lines mark the slope of the expected increase according to Equa-
tion 4.2 for purely recombination limited solar cells.

tion. In comparison to the solar cell with the lowest PL peakheight compared to
its Vpoc (red line), which relates to the lowest amount of nonradiative losses in
Voc, the average (blue line) is about 40 mV lower. Some solar cells show Vcs
more than 100 mV lower compared to the V¢ potential of the red line in relation
to their PL peakheight. The question arises, which factors contribute to the addi-
tional losses in V.

Non recombination based losses in V¢ can stem from bad band alignment of the
contact layers [145]. We use the same contact layers however for every cell (spiro-
TTB as HTL, C60+BCP as ETL). This should result in a similar loss in V¢ for
every cell and no variations between depositions are expected. There still is an
uncertainty related to the photoluminescence measurement setup. The measured
intensity could not be linear to the amount of emitted light. To investigate this,
we perform measurements with a stable white light source in combination with
different neutral density filters. The transmittance of the neutral density filters
was measured with a Cary 5000 UV-VIS spectrophotometer beforehand, leading
to a transmission of about 25%, 1% and 0.2% in the range of 700 to 800 nm. We
then measured the light intensity of the white light source with our photolumi-
nescence setup with and without the filters, leading to a wide range of photolumi-
nescence intensities of about 35000 to 100 counts, so the measured intensity range
displayed in Figure 4.21 is included. This measurements show a linear behaviour
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Figure 4.22: Intensity deviation of our PL setup for five different wavelengths
from 700 to 800 nm. The relative intensity deviation (y-axis) was calculated as
follows: Measured PL Intensity (with filter)/[Measured PL Intensity (without
filter) - attenuation factor of the filter] and should be near to one.

of emitted light intensity to measured light intensity, as is shown exemplarily for
the wavelength range of 700 to 800 nm in Figure 4.22. In addition, we measure
the stability of the incident laser excitation (not shown here), which is also stable.
We can therefore exclude that the measurement setup is responsible for the dif-

ferences in photoluminescence intensity.

Unfortunately, we cannot identify which effects cause the varying loss in V¢
that is not caused by nonradiative recombination. There are however many re-
ports showing that additional effects especially at the perovskite/contact layer
interfaces are crucial for V¢ and device performance [118, 146]. Since we evap-
orate MAI in the same chamber as our contact layers, we could get an unin-
tentional doping of the contact layers due to incorporation of MAI. Doping of
contact layers is reported to affect the Voc of the solar cells [147]. The photo-
luminescence measurements take place in ambient atmosphere, so diffusion of
water from moisture can play a role as well. Additionally, mobile ion species,
that we already identified to affect our solar cell performance, can influence the
Voc [142, 148].
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This experiment shows again that optimising our processing and measurement
methods and to remove as many uncertainty factors (e.g. moisture, MAI incor-
poration, ions etc.) as possible is crucial to understand the mechanics behind the

cell parameter that is the most stable for our solar cells.
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5 Optics of perovskite solar cells

In this chapter I will discuss several important aspects of optical simulations of
perovskite solar cells.

The first part briefly explains the basic concept of optical simulations. It also in-
cludes an overview of main aspects of optical simulations using the perovskite
solar cell design presented in this work.

In the second part I will discuss the extinction coefficient and refractive index of
the materials in our solar cells, which we evaluate with spectroscopic ellipsome-
try and in some cases combined with transmission measurements.

The third part will be about optical simulations of our specific cells and discusses
some limitations of our current measurements of the EQE of our solar cells.

In the fourth part, I will give a short outlook about planned tandem cell designs
and their current generation and, for example, how front and backside texture

improves tandem cell current.

5.1 Basics of optical simulation

Optical simulations, which we perform using either SunRays [149] or e-Arc [150],
calculate the fraction of light of each wavelength that is transmitted, reflected or
absorbed in the different layers of the solar cell.

The purpose of optical simulations for solar cells is to identify where light is ab-
sorbed or reflected and to optimise the layer structure for a maximum of absorbed
light in one of the layers, in our case the perovskite. Light absorbed in the per-
ovskite layer creates the charge carriers that produce the current generated by
the solar cell. Because of the known photon density of the incoming sunlight, the
AM1.5G spectrum, the absorbed light in the perovskite layer can be translated
into the light generated current density of the solar cell.

Light absorbed in other layers than the perovskite can create charge carriers as
well, these however do not account for the current generated in the solar cell.
This process is called parasitic absorption. Light that is reflected or transmitted
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does not increase the current density of the solar cell, too.

For the wavelength dependent absorption in the perovskite (or silicon in a silicon
or tandem solar cell) the term external quantum efficiency (EQE) is commonly
used. The EQE multiplied with the AM1.5G spectrum yields the light generated
current density of the solar cell.

In our optical simulations the light absorbed in the perovskite/silicon is treated
as if every absorbed photon creates a pair of charge carriers that gets collected by
the solar cells contacts. The actual (measured) EQE and current density of a solar
cell is however also affected by non-optical parameters such as resistive losses or
the diffusion length in the perovskite/silicon [151].
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Figure 5.1: Optical simulation of our perovskite solar cell.

Our perovskite solar cell has the structure explained in chapter 2.2.1. The sim-
ulated fraction of light that is absorbed or reflected in each layer is depicted in
Figure 5.1. The yellow area represents the fraction of light that is absorbed in the
perovskite (EQE). Additionally, the internal quantum efficiency (IQE) is depicted,
which is the fraction of light not reflected that is generating current in the solar
cell (IQE=EQE/(1-Reflection)).
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Layer Reflection | Glass | SiO; | ITO | spiro-TTB
Current density [mA / cm?] 6.18 0.14 0 |206 0.14

Layer MAPbI; | C60 | BCP | Au -
Current density [mA/ cm?] 21.75 0.01 0 0.21 -

Table 5.1: Total reflection and absorption in the different layers of a PSC processed
in this work under AM 1.5G illumination.

Below a wavelength of 400 nm glass and spiro-TTB cause parasitic absorption.
ITO creates parasitic absorption in the whole range from 300 to 850 nm and the
electrode material from 600 to 850 nm. Reflection occurs at all wavelengths and

increases to up to 80% for wavelengths above 700 nm.

For a solar cell with 700 ym glass, 25 nm SiO,, 180 nm ITO, 10 nm spiro-TTB,
600 nm MAPbI3, 23 nm C60, 8 nm BCP and Au (Electrode) the total amount of
absorbed or reflected photons is shown in Table 5.1 as current density. As de-
picted, the biggest current losses in our solar cell come from reflection due to the
planar glass surface without an anti-reflective coating [152] and parasitic absorp-
tion inside the ITO. Glass, spiro-TTB and the electrode account for 0.5 mA /cm?
and C60 and BCP for only 0.01 mA /cm? in total. Minimizing the reflection and
the parasitic absorption in ITO is therefore the most effective way to improve the
light generated current of our solar cells and will be discussed in chapter 5.3.2 .

5.2 Complex refractive index

For the optical simulation we need to know the complex refractive index of each
material in our solar cell. To determine the complex refractive indices of the ma-
terials we perform spectroscopic ellipsometry measurements with a J.A. Wollam
M-2000 ellipsometer and fit the data using WVase software. For each material
we perform spectroscopic ellipsometry measurements on silicon and glass sub-
strates and transmission and reflection measurements on glass substrates with a
Cary 5000 UV-VIS photospectrometer. We check the resulting complex refractive
indices and thicknesses of each material regularly (see e.g. chapter 2.2.3) after
for example changes at the evaporation chamber with spectroscopic ellipsometry
measurements on silicon substrates.

The typical thicknesses of spiro-TTB, C60 and BCP in our solar cells are 10, 23 and
8 nm and we can accurately describe films with these thicknesses with the com-
plex refractive indices shown in Figure 5.2. All contact layers show semiconductor-
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Figure 5.2: Complex refractive indices of (a) spiro-TTB, (b) C60 and (c) BCP

typical extinction in the UV-VIS range and no extinction in the infrared region.
Similar data can be found in literature as well [153, 154, 155].

Small layer thicknesses can lead to an imprecise determination of the extinction
coefficient. We therefore processed samples with about 100 nm of each material
on a glass substrate and performed transmission and reflectance measurements
to calculate the resulting absorption of each film (see Figure 5.3). Additionally
the simulated absorption of 100 nm BCP with the complex refractive index deter-
mined from ellipsommetry measurements (see Figure 5.2c) on a glass substrate
is depicted. Simulated absorptions with the complex refractive indices for spiro-
TTB, C60 and BCP all slightly differ from the actual absorption of the 100 nm thick
tilms in Figure 5.3, with BCP being the most severe and therefore displayed.

However, deriving models from the 100 nm thick samples do not yield the correct
complex refractive index to describe the typically deposited thinner contact lay-
ers. The most likely reason for these results is that the complex refractive index
of the contact layers is not stable. We did not make any systematic assessment
about how for example the source material for spiro-TTB, C60 and BCP, the layer

thickness or prior depositions with MAI affect the refractive index.

The absorption in the contact layers in the solar cell only accounts for approxi-
mately 0.15 mA/cm? in total for our current type of solar cells, mostly in spiro-
TTB, as shown in Table 5.1. The deviations in the refractive index between the
thicker and thinner films would only account for less than 0.1 mA/cm? for our
current solar cells, so we use the complex refractive indices shown in Figure 5.2.
For other cell concepts or different thicknesses of the contact layers further exper-
iments might be necessary, especially if C60 is used as a front contact.

For the optical simulations, we need the complex refractive indices of each ma-
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Figure 5.3: Measured absorption on 100 nm thick films of spiro-TTB, C60 and BCP
and simulated absorption of 100 nm BCP using the data displayed in Figure 5.2c

terial. We purchase the glass substrates coated with approximately 20 to 25 nm
of SiO, and 180 to 200 nm of ITO from PGO. We perform measurements to de-
termine the refractive indices of the glass substrate itself and the ITO, shown in
Figure 5.4. The supplier of the ITO coated glass processes the SiO, and ITO in
sequence and therefore we can not determine properties of this specific SiO,. For
the SiO, we use data commonly used in literature [156]. We perform ellipsome-
try and transmission measurements on samples of several batches of ITO coated
glass and there are no significant changes in the complex refractive index of the
ITO.

The glass substrate is transparent above 350 nm, the ITO however absorbs light
also in the visible and infrared region due to free carrier absorption common in
TCOs [157].

For the electrode material (gold or copper), we use data from literature as well
[158].

For the MAPbI3 perovskite several complex refractive indices, mostly for wet-
chemical processed layers, are published [159, 160]. All of the published complex
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Figure 5.4: Complex refractive indices for (a) ITO and (b) the glass substrate for
the ITO coated glass bought from PGO.

refractive indices differ a bit, which could be caused by uncertainties in determin-
ing the refractive indices with different ellipsometry models for example.

We perform ellipsometric measurements on coevaporated MAPbDI; layers with
MALI prepared at ISFH from different evaporation processes and the refractive
index and extinction coefficient differs from process to process, as is shown in

Figure 5.5.

These differences do not come from an uncertainty in the ellipsometry modelling.
Rather, the complex refractive indices of the perovskites are not constant, likely
due to varying Pbl, excess and crystallinity of the material, as discussed intensely
in chapter 3 and 4. There seems to be a maximum of the extinction coefficient
from 500 to 800 nm. The best absorbing samples from ISFH and the literature data
from Loper show this extinction [159]. The refractive index of the best absorbing
MAPbI; measured at ISFH will be regarded as a stoichiometric perovskite in the
following chapter for the sake of simplicity. The exact mechanisms behind the
complex refractive index of perovskite thin films are complex and still not fully
understood [161].

Another interesting aspect is the influence of the MAI source material, which I
already discussed in chapter 3.1.2. For MAI that we bought from Lumtec and that
is extensively used for high performing solar cells [39, 84] we measure very low
extinction coefficients on many samples, as shown in Figure 5.6. The samples of

process 1 to 3 were all processed with the same processing parameters, however
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Figure 5.5: Complex refractive indices for MAPbI3 thin films processed at ISFH
(red, black) and data published by Loper et al. (k green,n blue) [159].

the samples of process 2 and 3 (and of three other processes with Lumtec MAI
not shown here as well) have basically no absorption below 550 nm. For process
3 we annealed the sample at 100 °C in N, atmosphere after the first ellipsome-
try measurement. We can see that the sample of process 3 has a slightly higher
absorption after annealing. We could not observe such a shift in extinction coeffi-

cient due to annealing in samples processed with our own MAL

A possible explanation for this behaviour is that for the Lumtec MAI the MAPbI3
perovskite is not properly formed and the sample consists of MAI and Pbl, and
we can partially convert the educts by annealing after the process. This is rather
surprising, since other groups do not report any needed annealing step with
Lumtec MAI for evaporated MAPDI3 [39, 84, 93]. Since the process parameters
differed compared to our own MAI and the first cell results were underwhelm-
ingly bad (below 1.5% efficiency) we did not make further experiments with
Lumtec MAL

5.2.1 Effective medium model

As stated above, for optical simulations of solar cells, the exact complex refractive
index of each material is necessary. It is unfortunately not possible to derive the
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Figure 5.6: Extinction coefficient k for MAPbI3 thin films processed at ISFH with
MALI from Lumtec compared to stoichiometric MAPbI;.

exact complex refractive index of the perovskite layer in a solar cell without extra
reference samples, which increases the processing and measuring time. To ad-
dress the varying complex refractive indices of our deposited perovskite layers
without the necessity of reference samples we use an effective medium model,
which can describe the differences in extinction coefficients.

As discussed in chapter 3 and 4 the perovskites in our working solar cells have
mostly an excess of Pbl,. Pbl; is transparent above 500 nm. The complex refrac-
tive index of Pbl, compared to stoichiometric MAPbI;3 is displayed in Figure 5.7a.
By using a linear combination for the complex refractive indices of Pbl, and sto-
ichiometric MAPDbI; we can create an effective medium (EM) with different frac-
tions x (with x from 0 to 1) of Pbl; in MAPbI3 to mimic the complex refractive
index of a specific perovskite. The resulting refracting index n of the effective
medium can be calculated with (k accordingly):

ngm(A) = (1 —x) - mvappr (A) +x - 1ppr, (A) (5.3)
If we compare the resulting complex refractive index of an effective medium with

about 50% Pbl; to a perovskite with reduced absorption in the wavelength range
of 500 to 800 nm (see Figure 5.7b) we can see that the extinction coefficients match
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Figure 5.7: Complex refractive indices for (a) Pbl, and (b) an effective medium
with 50% Pbl, compared to a measured perovskite with a similar extinction coef-
ficient.

rather well. The refractive index of the effective medium is however higher than
for the measured perovskite layer. This result indicates that the Pbl, rich per-
ovskite layer is not only a combination of Pbl, and MAPbI; but more complex.

We can still use this approach for optical simulations of our solar cells, as I will
show in 5.3.4..

5.3 EQE measurements and optical simulations at
ISFH

5.3.1 Influence of the perovskite layer on current generation

We perform optical simulations for our cell design with a stoichiometric per-
ovskite and an effective medium with a 50% excess of Pbl,, both being 600 nm
thick, as depicted in Figure 5.8. The effective medium represents a perovskite
layer with Pbl, excess. This results in a higher EQE and therefore possible solar
cell current density of the stoichiometric MAPbI3 due to a higher absorption in
the wavelength range of 550 to 800 nm. No differences occur for wavelengths
lower than 500 nm, because all light that is not reflected or absorbed at the front
side (glass, ITO, spiro-TTB) is absorbed in the perovskite layer in both cases.
The differences in the longer wavelength range occur because the light is only
partially absorbed in the perovskite layer in this region. This also results in a
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higher reflection and parasitic absorption for wavelenths above 550 nm for the
perovskite with Pbl, excess, due to more light being reflected at the electrode
interface at the backside of the cell or absorbed in the C60, BCP or the electrode.
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Figure 5.8: EQE, reflection and total parasitic absorption of a PSC with 600 nm
stoichiometric MAPbI3 or a perovskite of the same thickness consisting of 50%
MAPDbI3 and 50% Pbl, (high Pbl, excess).

The possible current density of the perovskite with Pbl, (19.87 mA /cm?) is about
2 mA/cm? lower than of the stoichiometric MAPbI; (21.75 mA /cm?) mostly due
to the increased reflection which increases by 6.18 to 7.69 mA /cm?.

If we look at different perovskite thicknesses for both the stoichiometric MAPbI3
and the perovskite with Pbl, excess, which is displayed in Figure 5.9, we can see
that the achievable current density increases for both with increasing perovskite
layer thickness. The difference between both is decreasing with increasing layer
thickness, however there still is a gap in possible current density of about 1.5
mA/cm? at 1000 nm and about 1 mA/cm? at 10000 nm (not displayed in the
figure) perovskite thickness. Reaching 22 mA/cm?, which we can reach with
620 nm of stoichiometric MAPbI3, would require several ym thick layers of per-
ovskite with Pbl, excess, which is not feasible. We therefore conclude that for a
maximum current output stoichiometric MAPbI3 is needed and it cannot be ade-
quately replaced by thicker MAPbI3 with Pbl, excess.
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Figure 5.9: Achievable current density (Jsc) for PSCs with stoichiometric MAPbI3
and MAPbI; with 50% Pbl, excess.

Further things to consider are the local maxima and minima of current density in
Figure 5.9. These are caused by thin film properties of the perovskite film. As is
displayed in Figure 5.10a, for different thicknesses of the perovskite the reflection
and absorption in the perovskite near the band gap is heavily changing. The thin
tilms of the PSC act as an anti-reflective coating of the electrode interface. There-
fore changing the layer thickness of the perovskite produces maxima and minima
of reflection at different wavelengths. The local maxima of current density in re-
spect to the perovskite thickness in Figure 5.9 are produced by a minimum of
reflection near the perovskite band gap (at about 780 nm), the minima vice versa.
The overall reflection is decreasing with increasing perovskite thickness due to
more light being absorbed in the perovskite and less light being reflected at the
electrode interface. For increasing perovskite thickness the reflection decreases
for wavelengths of 550 to 800 nm. Figure 5.10b shows this behaviour for PSCs
with a minimum in reflection near the band gap. Controlling the perovskite
thickness for optimised current gain is hence the more important, the thinner

the perovskite gets, because the local maxima and minima are more pronounced.
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Figure 5.10: Simulated EQE and reflection of PSCs for (a) thicknesses producing
local minima (370 nm) and maxima (460 nm) in the current output and (b) three
consecutive local maxima (320 nm, 460 nm, 620 nm) in the current output.

5.3.2 Simulation study for optimised current generation

So far, I have primarily discussed the effects of the perovskite layer on current
generation and concluded that a high absorption in the perovskite layer reduces
backside reflection and parasitic absorption in the C60, BCP and electrode. To
increase the possible cell current further, improvements on the front side (above
the perovskite) are necessary. To reduce the front side reflection different meth-
ods for texturing the glass surface are discussed [20]. Another additive option is
to deploy an anti-reflective coating (ARC) on the glass surface [152].

For the simulations here, since we have not developed any methods for textur-
ing the glass surface, only the effect of the anti-reflective coating is considered.
To reduce parasitic absorption we have to look at the different layers above the
perovskite. The overall absorption in the glass is relatively small (about 0.15
mA /cm?) and we only have one type of glass substrate because we purchase the
ITO-coated glasses so no differences in material are evalued here. The 10 nm thick
spiro-TTB, which also accounts for 0.1 to 0.15 mA /cm? parasitic absorption, can
be replaced by a self-assembled monolayer (SAM), which is considered to cause
no parasitic absorption [30]. The ITO, which is attributing for about 2 mA /cm? of
parasitic absorption is needed for current transport in the solar cell. Reducing the
ITO thickness would increase the series resistance in ITO (as discussed in chapter
2.2.5), so a gain in current of the solar cell will cause losses in the fill factor.
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We perform optical simulations with and without

LiF ARC
Glass

anti-reflective coating and with spiro-TTB or SAM

to look at the individual effects of each. For the cells

Spiro-TTB, SAM with anti-reflective coating we perform simulations

with thinner ITO as well. For every simulation we
610 nm MAPDbI;

use 700 ym glass, 610 nm stoichiometric perovskite,
23 nm C60, 8 nm BCP and an Au electrode. The ITO
thickness for the standard ITO is considered to be
180 nm, for the thin ITO about 50 nm, which is the

optimum for both reduced reflection and parasitic

Rear electrode

Figure 5.11: Simulated cell
stack for the current opti-
misation for our PSCs.

absorption. The thickness of the anti-reflective coat-
ing (LiF, complex refractive index measured by me
as well, but not shown in this work) is about 96 nm.

If we compare the different effects, we can see that replacing the spiro-TTB

1: No ARC, | 2:No ARC, | 3:ARC, 4: ARC, 5: ARC, 6: ARC,
Cell type # spiro-TTB, SAM, spiro-TTB, SAM, spiro-TTB, SAM,

180 nm ITO | 180 nm ITO | 180 nm ITO | 180 nm ITO | 50 nm ITO 50nmITO
Current density 21.78 21.94 22.43 22.59 23.71 23.84
[mA/cm?]
Difference to 1 0 0.16 0.65 0.81 1.93 2.06
[mA/cm?]:
Difference to 2 -0.16 0 0.49 0.65 1.77 1.9
[mA/cm?]:
Difference to 3 -0.65 -0.49 0 0.16 1.28 1.41
[mA/cm?]:
Difference to 4 -0.81 -0.65 -0.16 0 1.12 1.25
[mA/cm?]:
Difference to 5 -1.93 -1.77 -1.28 -1.12 0 0.13
[mA/cm?]:
Difference to 6 -2.06 -1.9 -1.41 -1.25 -0.13 0
[mA/cm?]:

Figure 5.12: Achievable current densities of our PSC with reduced reflection due
to an anti-reflective coating and reduced parasitic absorption due to a thickness
reduction in ITO or replacement of spiro-TTB with a SAM.

with a SAM yields a current gain of approximately 0.13 to 0.16 mA/cm?, an anti-
reflective coating yields a current gain of 0.65 mA/cm? and lowering the thick-
ness of the ITO increases the current by 1.25 to 1.28 mA/ cm?.

In future, a more complex approach, which considers electrical parameters of the
solar cell as well, is needed for optimisation of cell performance. The here pre-
sented approach only covers the optimisation of short circuit current for our lab-
scale perovskite solar cells that we could reach with the tools currently available
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at ISFH. The highest performing published evaporated PSC with MAPbI; has a
Jsc of 22.43 mA/cm? [84], which we could exceed with the methods presented
here.

5.3.3 EQE measurements of perovskite solar cells at ISFH

So far, we have only discussed optical simulations with the material properties of
our solar cell stack. To perform simulations of actual solar cells we need the EQE
and reflectance data as well.

The reflectance is a purely optical measurement and therefore relatively straight-
forward, when provided with the right tools, and will not be further discussed
here. The EQE measures the ratio of generated charge carriers to incoming pho-
tons of each wavelength. It is not purely optical, but relies on other electrical
properties of the solar cell as well, for example the diffusion length in the charge
carrier generating material (which can exceed 100 ym in MAPbI; [162] and is
mostly neglected due to the much thinner layer thickness of less than one mi-

crometer).

The EQE is more complex to measure as well. For the commonly used differen-
tial EQE a bias light (white light) is applied to the solar cell at short circuit and
for each wavelength a small amount of monochromatic light is added to this bias
light [163]. The difference in solar cell current between pure bias light and bias
light plus the monochromatic light is then measured for each wavelength.

The result of this measurement gives a differential quantum efficiency, which has
to be normalised to the short circuit current density of the actual solar cell. The
in-device normalisation of the EQE measurement setup is adjusted for a reference
silicon solar cell, which might not be correct for perovskite solar cells. As I dis-
cussed in chapter 4.2.2, the short circuit current density of our solar cells is not
constant for the current measurement conditions.

In this chapter I will discuss which information we can extract from the EQE mea-
surement for a better understanding of our solar cells. A more detailed analysis
purely about the EQE measurements at ISFH was done in the master thesis of
Moritz Engl [65]. Most of the experiments shown here are from samples of MAI
Batch 142, with a light-IV measurement from Jsc to Vc.

To determine the optimal bias-light conditions we perform EQE measurements
on a perovskite solar cell for different bias light intensities. The solar cell de-
picted in Figure 5.13 shows the highest EQE for a bias light of 0.05 suns and no
significant change of the EQE shape for all bias lights. Other cells show a similar
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behaviour in regard to the shape, but have the highest EQE at different bias light
intensities [65]. We therefore assume that the shape is correct and the wavelength
dependent quantum efficiency is measured correctly.
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Figure 5.13: Differential EQE of one PSC measured at ISFH for different bias light
intensities, measured from 0 to 1 suns without any further measurements in be-
tween.

If we scale the measured EQE to the Jsc extracted from the light-IV curve mea-
sured in forward direction we often get a scaled EQE with the EQE exceeding 1
for some wavelengths, as illustrated in Figure 5.14a, which is not possible. This
is an indication that the measured short circuit current is often overvalued and
not correct. Currently (Q1/2022), due to the lack of high performing cells and the
heterogeneity of their behaviour as well as their degradation during air exposure
or measurements (likely due to moisture or ions), no way to accurately determine
the Jsc could have been established at ISFH and is still work in progress. An ac-
curate description of the Js¢c (and the EQE as well) from the light-IV measurement
will only be possible when the solar cells have a stable current output and do not
degrade during the measurement, which means that as long as we measure a sig-
nificant hysteresis or a decrease in current output over time [65], no quantitative
determination of the Jsc or EQE is possible.
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Figure 5.14: (a) Measured EQE scaled to the Jsc from the light-IV measurement
of one of our PSCs. (b) Measured, simulated and scaled measured IQE of one of
our PSCs.

A quantitative use of the EQE for simulation purposes is therefore currently not
meaningful. We can still qualitatively assess the EQE, though. The EQE is formed
by the incoming light minus the reflected light (which can be directly measured
and is considered in the optical simulation as well), the parasitic absorbed light
(featured in the optical simulation) and the light absorbed in the MAPbI3 that
does not contribute to the solar cells current.

If we look at the internal quantum efficiency (IQE), the reflection is already sub-
tracted out and we can qualitatively check for additional current losses by com-
paring the measured to a simulated IQE. To account for the changing perovskite
thicknesses and refractive indices (see chapter 3.1.2 and 5.2), we use the measured
reflection data for the device simulation, which will be explained in 5.3.4 in detail.

To estimate a maximal reasonable scaling factor of the measured IQE we scale the
measured IQE up until it matches the simulated IQE at one wavelength, which is
shown in Figure 5.14b. This way, we can identify where the main current losses
besides the parasitic absorption in the optical simulation occur. The scaling fac-
tor determined by this method is the upper limit of a scaling factor for the IQE,
because the simulated IQE has no current losses besides the parasitic absorption
in the other layers.
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We can learn from this method that the biggest loss in quantum efficiency in the
measured solar cell compared to the simulation is in the wavelength range of 300

to 500 nm, which indicates a current loss at the front side.
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Figure 5.15: (a) Simulated EQE for a PSC with different thicknesses of a perovskite
deadlayer at the perovskite/spiro-TTB interface causing parasitic absorption in-
stead of contributing to the EQE. (b) Measured IQE of two PSCs with a Jsc below
10 mA /cm?.

To describe this current loss, the front side of the perovskite between spiro-TTB
and the bulk perovskite is treated as if it would cause parasitic absorption due to
charge carriers generated in that layer instantly recombining. The effect of this so
called deadlayer on the EQE of our perovskite solar cell is shown in Figure 5.15a.
A detailed explanation with several example solar cells can be found in the mas-
ter thesis of Dennis Winter [164]. This deadlayer concept is also used in literature
for other thin-film [165, 166] and perovskite solar cells [167].

For bad performing solar cells with measured short circuit current densities of
10 mA /cm? or lower in the light-TV measurement this effect gets even more pro-
nounced, as depicted in Figure 5.15b. For these devices, the non-scaled IQE is also
much lower across the whole measurement range in comparison to for example
the cell displayed in Figure 5.14b. At this point, we could not clearly identify
a particular reason for the varying current densities of different solar cells. The
most likely causes are degradation of the contact layer interfaces, especially at the
front side due to interface contamination with e.g. MAI or Pbly, or effects due to
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moisture or ionic movement. It is however important to note that this effect is not
caused by the spiro-TTB/perovskite interface in general but due to our improper

processing and measurement conditions [91].
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Figure 5.16: Scaling factor from [sc(EQE) scaled to the measured Jsc from the
light-IV (grey) and maximum possible scaling factor of the same cells in compari-
son to optical simulations (red). PSCs where the scaled EQE would exceed 1 were
not considered in this evaluation.

If we compare the scaling factor from the comparison of measured and simulated
IQE for different solar cells with the scaling factor we get from using the short
circuit current density Jsc from the light-IV measurement, which is displayed in
Figure 5.16, we can see that for every single solar cell the scaling with the light-IV
exceeds the maximum possible scaling factor from the comparison to the simu-
lated IQE.

This means that the light-IV measurement from [s¢ to Vo, which measures from
-0.1 to 1.3 V, systematically overestimates the short circuit current by at least 5-
15%. Measuring from V¢ to Jsc (1.3 to -0.1 V) does overestimate the Jsc from
comparisons with the IQE as well in some cases.

The overall shape of the EQE of all of our cells is similar to the ones shown in
Figure 5.13 and Figure 5.15b. Cells with a high Jsc are looking more like in Fig-
ure 5.13 and cells with a low Jsc more like in Figure 5.15b. It is also not clear if
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our cells degrade during the EQE measurement. In the master thesis of Moritz
Engl the EQE seemed rather stable in comparison to the Js¢ from the light-IV [65].
Unfortunately most cells he measured in his work were low performing with ef-
ficiencies rarely exceeding 10%, which makes the significance of this measure-
ments questionable for higher performing cells. Any effort to correctly quantify
the EQE is futile when the generated current density in our solar cells is not stable.
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Figure 5.17: Measured, simulated and scaled measured EQE and measured and
simulated reflection of the champion PSC in this work.

If we look at our current champion cell with up to 17% efficiency (see chap-
ter 4.1.6), the Jsc in four light-IV measurements is 19.97, 19.98, 19.97 and 19.28
mA/cm?. The third measurement was in Jgc to Voc , the other in V¢ to Jgc
direction. Figure 5.17 shows the measured, the measured scaled to the maximal
reasonable current and simulated EQE as well as measured and simulated reflec-
tion of this solar cell. From this we can see that the measured Js¢c (19.98 mA /cm?
or lower) is actually in the possible range of Js¢ (max. 20.42 mA/ cm?) with this
EQE, regardless of the measurement direction, contrary to all solar cells in Fig-
ure 5.16. The current generation is still limited to current losses on the front side.
These results highlight that by improving our solar cell processing to high effi-

cient cells with less stability issues due to moisture and ions we can likely achieve

83



CHAPTER 5. OPTICS OF PEROVSKITE SOLAR CELLS

a quantitative description of the EQE as well.

5.3.4 Approach to optical simulation for PSCs
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Figure 5.18: Reflection measurement of a PSC with wavelength ranges marked
that we can use for the thickness determination of each layer in our solar cells.

As discussed in chapter 3.1.2 and chapter 5.2 the perovskite layer in our solar
cells has a varying thickness and absorption and we can determine both by using
the reflection measurement of a solar cell. For our common single-junction cell
stack (see chapter 2.2.1) we can deduct the thicknesses of the different layers by
looking at the interference pattern at different wavelengths, which is displayed in
Figure 5.18. For wavelengths below 500 to 550 nm all light that is transmitted in
the perovskite layer is absorbed in the perovskite, hence interference only occurs
due to reflection at the interfaces up to the spiro-TTB/perovskite interface. In our
present solar cells the spiro-TTB thickness is also constant in respect to the accu-
racy of the optical simulation and only the ITO thickness needs to be adjusted
and ranges from 180 to 195 nm. For wavelengths of 550 to 780 nm the light is par-
tially transmitted through the perovskite layer and reflected up to the electrode
interface. Therefore, all layers contribute to the interference pattern. Since we
have already determined the front side thicknesses (ITO and spiro-TTB) only the
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perovskite layer and the C60 and BCP remain. The thickness of C60 and BCP is
constant in respect to the accuracy of the optical simulation as well. The thick-
ness variation in the deposition of spiro-TTB, C60 and BCP is 1 to 2 nm, which is
displayed exemplarily for spiro-TTB in chapter 2.2.3.

The remaining free parameters are only the perovskite thickness and its complex

refractive index.
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Figure 5.19: Reflection measurement of a PSC (black) compared to simulations
with a stoichiometric perovskite (blue) or a reference sample from the same per-
ovskite deposition (red).

Figure 5.19 shows the measured reflection of a perovskite solar cell in comparison
to simulations with both a stoichiometric perovskite and a reference perovskite
from the same perovskite deposition as the solar cell. Both have a similar thick-
ness but a different complex refractive index.

We can see that up to 500 nm, the simulated reflection of both perovskites is simi-
lar. For higher wavelengths the stoichiometric perovskite has a reduced reflection
due to its higher absorption. As shown in Figure 5.10 previously, the perovskite
thickness mainly attributes to where minima or maxima of reflection occur due
to the different optical path length in the material. We can then fit the measured
reflection of each solar cell by matching the interference pattern for the correct
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perovskite thickness first and then use the effective medium approach (see chap-

ter 5.2.1) to specify the perovskite absorption.
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Figure 5.20: (a) Measured reflection of a PSC (black), compared to a simulation
with a reference layer (red) or the effective medium (blue). (b) Measured reflec-
tion of a PSC (black) with two possible perovskite thicknesses from simulation
approaches using an effective medium with different amounts of Pbl,(red, blue).

If we compare simulations with a reference layer to simulations with an effective
medium, as is displayed in Figure 5.20a, we can see that the short wavelength re-
flection is increased in the effective medium in comparison to the reference layer.
This is due to the higher refractive index of the effective medium compared to the
reference layer, which increases the reflection at the spiro-TTB/perovskite inter-
face. This effect occurs at all wavelengths. However, for the longer wavelengths
it is superimposed by the varying absorption in the perovskite layer.

The higher refractive index of the effective medium also decreases the perovskite
thickness in the simulation. Maxima and minima in the reflection are dependent
on the optical path length in the perovskite thin film and a higher refractive index
causes the same optical path length for a thinner film.

Taking both the higher reflectance at the interface and the optical path length
into account, the effective medium overestimates the Pbl, amount by up to 5%
(from comparing the difference in interface reflection of spiro-TTB and different
perovskites to the difference in reflection due to different Pbl, amounts in the
effective medium) and underestimates the layer thickness by up to 10% (from
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comparing the simulated layer thicknesses to SEM measurements or ellipsome-
try measurements of reference layers) for the so far simulated solar cells. The

effect gets more severe, the more Pbl, is used in the effective medium.

When we use the reflection measurement to determine the perovskite thickness
with optical simulations using an effective medium, we can get similar looking
results for a thinner perovskite with higher absorption (less Pbl; in the effective
medium) and for a thicker perovskite with lower absorption, as shown in Fig-
ure 5.20b. The sample thickness should in these cases be determined with SEM

measurements.

In many of the images shown in this chapter, the simulated and measured re-
flection do not match accurately for wavelengths above 780 nm, respectively the
perovskite band gap. In most cases, the simulated reflection is higher than the
measured reflection. Since the optical parameters of every layer in the cell are
known, the most likely explanation for this behaviour is parasitic absorption at
the electrode. Since this parasitic absorption presumably also happens for shorter
wavelengths but is superimposed by the variance in perovskite absorption an
overestimation of the perovskite absorption in the simulation could occur.

This effect is however very differently pronounced for different cells, for example
the ones in Figure 5.20b and Figure 5.17, where the first one has a good agreement
of simulation and measurement for the long wavelength range and the latter one

has more than 10% difference in the measured and simulated reflection.

5.3.5 Thickness gradient

As mentioned in chapter 2.2.2, due to the processing geometry of our perovskite
evaporation chamber, there is a thickness gradient in the deposited layers. The
electron and hole transporting layers are too thin to see this effect in reflection
measurements of our solar cells, but for the perovskite layer we can actually

quantify the thicknesses of each solar cell on a substrate.

Figure 5.21 shows the measured reflection of four perovskite solar cells on the
same substrate. We can see that the long-wavelength interference pattern shifts,
which is caused by a thickness gradient in the perovskite layer. In this exam-
ple, there is approximately a 23 nm thickness gradient, which is about 5% of the
overall thickness.

87



CHAPTER 5. OPTICS OF PEROVSKITE SOLAR CELLS

0.8 . ; : . '
07} ]
.:.-"
L
06} LI

Interference pattern
shift from

o
(&)
]

[
1

S Inner (383 nm perovskite)

B to outer (360 nm perovskite) ,

@ 04F g -

o= PSC -

i
0.3F i
0.2F -
0.1} ] -

OO L ] 1 1 1
300 400 500 600 700 800
Wavelength A [nm]

Figure 5.21: Reflection measurements of four solar cells on the same substrate,
showing a switching reflection pattern caused by a thickness gradient in the per-
ovskite layer.

5.3.6 EQE and reflection - long term stability

As discussed in 4.2.2, our solar cells degrade over time after metallisation, not
only in ambient but in a glovebox atmosphere as well. We can see this behaviour
not only in the light-IV measurement , but in the EQE as well. Figure 5.22 shows
the measured (unscaled) EQE as well as the reflection of the same solar cell. The
tirst measurement was taken immediately after the metal deposition, the second
measurement after approximately one month of storing in a N»-filled glovebox.
We can see that the EQE dropped by about 30% over almost the whole wave-
length range, with a more pronounced decrease in the shorter wavelength range
(350 to 550 nm) and less decrease near the perovskite band gap (700 to 780 nm).
The reflection was relatively similar even after one month, which means that the
perovskite (or contact layers) did not drastically change in their bulk properties.
This indicates that the degradation occurs mainly at the interfaces or due to in-
creased ion concentrations, which I already discussed in chapter 4.2.2 as a com-
mon problem of perovskite solar cells [62, 63]. Since the EQE loss is more pro-
nounced for shorter wavelengths, a degradation at the perovskite/HTL interface

is likely.
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Figure 5.22: Measured EQE and reflection of the same PSC directly after metalli-
sation (black) and after storage (red) in a glovebox for about a month.

The most noticeable difference in the reflection is below the perovskite band gap
for the solar cell measured after one month. As already discussed in 5.3.4 this
is likely caused by additional parasitic absorption not accounted in the optical
model. At this point we do not know for certain what causes this parasitic ab-
sorption. The most likely cause for this is the formation of metal iodide at the
electrode [136], as discussed in chapter 4.2.2 and/or the diffusion of metal into
the ETL [34, 38].

In future, a better understanding of the degradation processes at the interfaces is
crucial for the development of efficient solar cells. Long-term EQE and reflection
measurements could help to identify degradation processes, as shown exemplar-
ily here.

5.3.7 Different perovskite band gaps

For perovskites with different band gaps due to different perovskite composi-
tions, so called multi-cation and /or multi-anion (MKMA) perovskites [168], with
the methods presented so far, reference samples for each band gap are needed.
Determining the complex refractive index of the perovskite for each process will
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likely not be a practical solution, though.

A workaround for a perovskite with unknown complex refractive index is to use
the complex refractive index of a known perovskite and to shift the complex re-
fractive index until it matches the band gap of the unknown perovskite. A similar
concept is published for CIGS solar cells [167]. For the two co-evaporated per-
ovskites MAPbI; and FAPbI3, which differ in band gap by approximately 0.1 eV
or 50 nm (1.5 eV or 830 nm for FAPbI3, 1.6 eV or 780 nm for MAPDI3), the initial
and shifted extinction coefficient is depicted in Figure 5.23a.
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Figure 5.23: (a) Extinction coefficient of MAPbI3, FAPbl3 and FAPbI; shifted to
the band gap of MAPbI; (b) Measured reflection of a PSC simulated with either
MAPbI; or shifted FAPbI; as perovskite layer.

With this shifted band gap for FAPbI3, we can fit the reflection pattern of a MAPbI;
solar cell (see Figure 5.23b). With this approach it is possible to get a relatively
good estimation of the band gap of the perovskite as well as the approximate
thickness and amount of absorption of the perovskite. This information can then
be used to optimise the perovskite processing.

We can see from the figure that the thicknesses of both perovskites differ about
5%, which is due to the higher refractive index of MAPbI; (not shown here). In fu-
ture, a viable trade-off between the number of reference samples and the amount
of band gap shifting has to be determined for MKMA perovskites processed at
ISFH.
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5.4 Optical simulation of tandem cells

Unfortunately, at the time of writing
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Figure 5.24: Tandem cell stacks simu- bination junction between top and bot-
lated in this work. tom solar cell on the current genera-
tion of the tandem solar cell. The bot-
tom cell featured in this approach has a design based on a PERC solar cell, with
polycrystalline (poly) silicon on the front contact [12, 100, 170]. For the top cell
the recently reported cell design of HZB is used, which could reach efficiencies
of over 29% combined with a SHJ solar cell [11]. The material properties of the
different layers in the top cell were given to us by Silvia Marotti from HZB within
the framework of the P3T project and are not further shown or discussed here.
Figure 5.24 shows the tandem cell stack for the optical simulations performed
in this chapter. Lithium fluoride (LiF, 100 nm) serves as anti-reflective coating,
indium zinc oxide (IZO, 100 nm) as front contact, tin oxide (SnO,, 20 nm) as
protection layer for C60 and the perovskite, 18 nm C60 as ETL and the MKMA
perovskite (varying thickness for current matching, about 300 to 450 nm) as top
cell absorber with 10 nm spiro-TTB or a SAM as HTL. 20 nm ITO or p-doped
poly-silicon in combination with n-doped poly-silicon (50 nm) serve as recombi-
nation layer and electron contact of the bottom cell. These are followed by a thin
silicon oxide (1.5 nm SiOx), 160 ym of silicon as bottom cell absorber, and the rear
side passivation of 15 nm aluminum oxide (AlOy) and 100 nm of silicon nitride
(SiN;). For the solar cells with rear side metallisation we use a 100 nm thick alu-
minum layer on the back side. There are a few approximations in this simulation
that deviate from a functioning solar cell. The silicon solar cell has laser contact

openings on the rear side that create an aluminum back surface field for example
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[171], which is not included in this simulations for the sake of simplicity.

5.4.1 Impact of texture and parasitic absorption

An industrial PERC solar cell features a textured front side and planar back side
[100]. For the top cell processing, which is often done with a wet-chemical ap-
proach, a planar front side is common to smoothly deposit the top cell stack [11].
Currently, different concepts of top and bottom cell texturing are discussed, but a
texture is needed to minimize reflective losses [103, 172]. To investigate the effect
of a textured surface we perform optical simulations for planar, rear side (RS),
front side (FS) and both side (BS) textured perovskite-silicon tandem solar cells.
To achieve current matching between both subcells for each structural type, we
adjust the perovskite thickness so that the current in top and bottom cell is sim-
ilar. We perform both simulations for a metallised and non-metallised rear side.
The resulting cell current and reflection and transmission losses are displayed in
Figure 5.25.

Structure Current top cell | Current bottom cell | Reflection| Transmission
mA/cm? mA/cm? mA/cm? | mA/cm?
Planar, w/o RS metallisation 17.13 17.11 2.97 6.29
Planar, w RS metallisation (Al) 17.75 17.78 7.5 0
RS textured, w/o RS metallisation 18.87 18.83 3.41 1.55
RS textured, w RS metallisation (Al) 18.82 18.72 3.71 0
FS textured, w/o RS metallisation 19.51 19.59 2.84 0.37
FS textured, w RS metallisation (Al) 19.51 19.44 2.71 0
BS textured, w/o RS metallisation 19.22 19.16 0.45 3.54
BS textured, w RS metallisation (Al) 19.91 19.9 1.17 0

Legend: RS: rear side, FS: front side, BS: both side

Figure 5.25: Simulated current density for planar and textured tandem solar cells
with the cell stack depicted in Figure 5.24. The current density in the solar cells is
color coded from low (red) to high (green).

As we can see in comparison to the planar structure, we achieve an increase in
current of about 1 mA/cm? with a rear side texture, an increase of about 1.7
mA /cm? with a front side texture and an increase of about 2.1 mA/cm? with
a both side textured solar cell.

A rear side metallisation increases the current density by about 0.7 mA/ cm? for
the planar and both side textured cell types and has only a small effect on the one
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side textured cells.
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Figure 5.26: Simulated (a) Reflection and (b) EQE for the tandem solar cells with
planar, FS, RS and BS texture with full area rear side metallisation.

If we look at the losses due to reflection in Figure 5.26a, we can see that a rear side
texture does decrease the reflection for wavelengths above 900 nm compared to a
planar structure. The reflection up to 900 nm only changes because of the changes
in perovskite thickness. There is both reflection at the front side of the cell as well
as reflection due to the perovskite/silicon solar cell interface, which we will dis-
cuss in detail in chapter 5.4.2.

The light trapping effect of the texture affects only the long-wavelength photons
that are not absorbed in the first passing of the cell stack for the rear side texture,

in comparison to the front side texture or both side textured solar cells.

The front side textured solar cells and the both side textured solar cells have there-
fore both almost no reflection below a wavelength of 1000 nm. Solely at wave-
lengths above 1000 nm the both side textured solar cell has a lower reflection. The
associated EQEs of the four cell types are depicted in Figure 5.26b. The top cell
EQE is all light that is absorbed in the perovskite, the bottom cell EQE all light
that is absorbed in the silicon in the optical simulation. We can see that every
texture increases the long-wavelength bottom cell EQE significantly due to the
reduced reflection. The planar rear side and rear side texture however have a re-
duced top and bottom cell EQE within a wavelength range from 400 to 1000 nm
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compared to the front side and both side textured solar cell due to the increased
reflection at the top cell interfaces.
The difference in current between the front side textured and both side textured

solar cell stems only from the reduced reflection for wavelengths above 1000 nm.
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Figure 5.27: EQE and parasitic absorption in the tandem solar cell with BS texture
and RS metallisation.

For the both side textured solar cell with metallised backside, the current losses
due to parasitic absorption are displayed in Figure 5.27. LiF, SiN and AlOy are
transparent in the optical model and do not cause any parasitic absorption.
At the short wavelength range of 300 to 450 nm, we can see that IZO, C60 and
SnO, cause parasitic absorption of most incoming light. C60 even causes para-
sitic absorption at a wavelength range up to 600 nm. From 600 to 1000 nm only a
small fraction of light is absorbed in the IZO.
For wavelengths above 1000 nm, I1ZO, ITO, n-poly and aluminum cause parasitic
absorption.
The amount of absorbed light, converted to current density for each layer, is dis-
played in Table 5.2.

Since the light between 300 and 400 nm is partially lost in a solar module due
to absorption in the encapsulation or glass [173], the absorption in the IZO and
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Layer Current Density [mA /cm?]
Perovskite 19.91
Silicon 19.90
170 2.06
SnO, 0.14
C60 1.29
ITO 0.38
poly-5Si 0.66

Al 0.9

Table 5.2: Total light absorption in the layers shown in Figure 5.27

SnO, would be severely lowered. The most sufficient layer to improve or replace
is the C60, which is also limiting the cells V¢ [174], because of its absorption in
the 400 to 550 nm wavelength range. Finding a suitable replacement for C60 is
therefore a further step towards better PSCs.

5.4.2 Influence of recombination junction and current
optimisation in tandem solar cells

Another cell concept for a tandem solar cell is the replacement of the ITO layer
with a heavily p-doped poly silicon. The concept of a n- and p-doped silicon
recombination junction between a perovskite and silicon solar cell was first pro-
posed in 2015 [175]. The exact design with a p-type silicon wafer, a PERC rear
side and a doped poly-silicon tunneljunction was first proposed by Peibst et. al
in 2019 [170]. There are currently (Q1/2022) no working tandem solar cells pro-
cessed with this configuration at ISFH, however a similar cell concept featuring
doped amorphous silicon with solar cell efficiencies of over 25% was demon-
strated by Sahli et al. [7, 176].

I performed optical simulations for the poly silicon used for the recombination
junction of the tandem solar cell design depicted in Figure 5.24. In this design,
the working top cell of HZB is used, ITO and the SAM HTL are replaced by
spiro-TTB and p-poly, similar to the cell concept of Sahli et al. [7]. The material
parameters used for the poly-silicon are for highly doped p-type and n-type poly
silicon developed in the 27plus6 project (FKZ 03EE1056A) and will not be further
discussed here. For the other layers we use the data used in chapter 5.4.1 as well.
For the poly silicon we use thicknesses of 10 to 50 (p-poly) or 10 to 100 nm (n-
poly), which is the thickness range currently evaluated at ISFH for this recombi-
nation junction. Other publications present 30/30 nm as a thickness [177], so the
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thicknesses represented here are most likely in a reasonable range.
If we look at the current densities achievable with the poly silicon recombina-

Thickness | Thickness | Currenttop| Current | Absorption | Absorption
p-poly n-poly cell bottom cell p-poly n-poly
nm nm mA/cm? mA/cm? mA/cm? mA/cm?
10 10 20.01 19.99 0.45 0.02
20 10 19.91 19.93 0.84 0.02
50 10 19.59 19.57 1.88 0.02
10 50 19.99 19.92 0.45 0.09
20 50 19.88 19.79 0.86 0.09
50 50 19.51 19.51 1.9 0.1
10 100 19.94 19.87 0.45 0.18
20 100 19.77 19.83 0.87 0.18
50 100 19.48 19.48 1.93 0.19

Figure 5.28: Tandem cell current and absorption in poly silicon for a p-n poly
silicon recombination junction on a both side textured tandem solar cell.

tion junction for a both side textured cell with the cell design similar to the one
in chapter 5.4.1, which is given in Figure 5.28, we can see that for thin p-poly
current densities of 19.9 mA /cm? are achievable, even with thick n-poly. For 50
nm p-poly however, the tandem cell current decreases to about 19.5 mA /cm? for
all n-poly thicknesses. This is because the p-poly causes a much higher parasitic
absorption than the n-poly with about 0.45 mA /cm? compared to 0.02 mA /cm?
per 10 nm layer thickness.

In Figure 5.29 the wavelength dependent absorption in the poly silicon layers
is displayed. We can see that the p-type poly silicon not only absorbs more light
at a wavelength range of 500 to 1000 nm for comparable thicknesses, but that for
wavelengths higher than 1000 nm, where the n-type poly silicon is nearly trans-
parent, a sharp increase in absorption occurs. This is due to heavy doping in the
p-type poly silicon, which causes free carrier absorption, similar to TCOs [178].

For 20 nm thick p-poly and 50 nm n-poly the achievable currents for rear and
front side textured, as well as planar silicon substrates, all with metallised back
side, are summarized in Figure 5.30. We can see, that the differences in achievable
current density between the four substrate types are similar to the cells discussed
in chapter 5.4.1.

These results clarify that highly doped poly silicon can cause considerable amounts
of parasitic absorption and has to be carefully assessed with optical simulations
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Figure 5.29: Parasitic absorption in n- and p-poly silicon with different thick-
nesses. For wavelengths under 500 nm, all light is absorbed in the perovskite.
Therefore no light can be absorbed in the poly silicon and this wavelength range
is not displayed in the figure.

in future tandem solar cell design concepts, but has the potential to replace the
TCO without additional losses if it is thin enough.

5.4.3 Current matching in tandem solar cells

For a two-terminal tandem solar cell, the current is limited by the lower current
of both subcells. So far, in all tandem simulations we have optimised the per-
ovskite thickness for a matching current. In reality, current matching is not easily
achieved and can heavily decrease cell performance [169].

As discussed in chapter 3.1.2, the perovskite thickness with our co-evaporated
MAPDI3 process is not constant. To evaluate the effect of a changing perovskite
thickness on a two-terminal tandem solar cell we perform simulations with the
both side textured and rear side textured variant of the solar cell design presented
in chapter 5.4.1. We pick those two as a comparison to show the influence caused
by front side reflection changes due to interference, which is present in the rear

side textured, but not in the both side textured solar cell.

Figure 5.31 shows the tandem cell current density for different perovskite thick-
nesses for both cell types. With increasing perovskite thickness the absorption in
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Structure Current top | Current Absorption | Absorption
cell bottom cell | p-poly n-poly

20 nm p-poly, 50 nm n-poly | mA/cm? mA/cm? mA/cm? mA/cm?
BS texture with RS

metallisation 19.88 19.79 0.86 0.09
FS texture with RS

metallisation 19.4 19.48 0.76 0.1
RS texture with RS

metallisation 18.66 18.69 0.69 0.09
Planar with RS metallisation 17.59 17.54 0.38 0.11

Figure 5.30: Tandem cell current and absorption for 20 nm p-poly and 50 nm n-
poly silicon for tandem solar cells with planar and textured surfaces.

the perovskite layer increases as well. This leads to a change in current density
in both subcells for changing perovskite thicknesses. Since the subcells are se-
ries connected in a two-terminal configuration, the subcell with the lower current
output limits the current output of the overall device. For thin perovskite layers,
the perovskite subcell limits the device current (perovskite limited) for a thick

perovskite layer the silicon subcell (silicon limited).

For the both side textured solar cell, the thickness dependency of the current den-
sity is linearly decreasing for the silicon and perovskite limited side. Fitting with
a linear function yields a slope of -0.012940.0007 mA /cm? per nm perovskite
thickness for the perovskite limited and -0.00794-0.0003 mA /cm? per nm per-
ovskite thickness for the silicon limited side. These results indicate, that for the
both side textured solar cell, if the perovskite deposition process has variations in
thickness, it is beneficial to aim for medium perovskite thicknesses in the silicon
limited range if you want to maximize the current density from your average so-
lar cell.

This is a quite obvious result, since the amount of light absorbed in any material
generally follows the Lambert-Beer law, which results in lesser absolute differ-
ences of absorption in a material with two different thicknesses the thicker the
material is.

For the rear side textured sample the slope is not linear anymore because of inter-
ference effects, that also influence the generated tandem cell current. In the case
of our tandem cell, the current density follows a linear behaviour for a perovskite
thickness of 360 nm to 420 nm and 420 nm to 450 nm. This behaviour can dif-
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Figure 5.31: Resulting tandem solar cell current density for a RS and BS textured
two-terminal tandem solar cell.

fer for other perovskites and/or cell designs. Using the data points here gives a
slope of -0.00754-0.0004 mA /cm? for the perovskite limited and -0.0135-0.0005
mA /cm? for the silicon limited side. In this case, if you want to maximize the
average current output of your solar cells, it is beneficial to use an average per-
ovskite thickness slightly on the perovskite limited side.

This example shows that optical simulations can provide important information
to optimise processing conditions for tandem solar cells, especially if the repro-
ducibility of some process steps is questionable. In real ambient conditions, op-
timising the current density, generated in a two-terminal solar cell, is more com-
plex. For example different angles and varying spectral composition of incoming
light, diffuse radiation and shading also have to be considered. Varying environ-
mental conditions will decrease the efficiency of a two-terminal tandem solar cell
optimised for the AM1.5G spectrum (as done in this work) due to changing cur-
rents generated in both subcells. Therefore the current density optimisation has
to be made taking real illumination data into account. A way to circumvent cur-
rent matching issues for tandem cells could also be to use 4-terminal or 3-terminal
solar cells, as proposed in [179].
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5.5 Chapter summary

Determining the complex refractive index of the perovskite is rather complex,
because different perovskite depositions yield perovskite layers with differences
not only in layer thickness but especially in long wavelength absorption. I there-
fore use an effective medium approach consisting of stoichiometric MAPbI3 and
Pbl, to model perovskites with a varying absorption.

By comparing optical simulations with EQE and light measurements of our per-
ovskite solar cells we can see that the EQE is reduced qualitatively in the short
wavelength range. This likely stems from parasitic absorption, occurring near the
spiro-TTB/perovskite interface at the solar cell front side. A qualitative descrip-
tion of this behaviour is given with the introduction of a perovskite deadlayer,
which was first demonstrated by Dennis Winter for our solar cells [164].

When scaling the EQE of our solar cells to the short circuit current measured in
the light-IV and comparing the resulting IQE to an IQE from optical simulations,
we can determine the overestimation of the Jsc from the light-IV to be at least 10
to 15% for measurements in forward scan direction.

Since the EQE cannot be scaled correctly for now, I present an alternative ap-
proach to optical modelling by just using the reflection measurement. With this
approach, a quantitative description of the varying perovskite thicknesses and
absorptions is possible.

For tandem solar cells, I highlight the importance of a textured surface, which
increases the achievable tandem cell current by up to 1.7 mA/cm? in comparison
to a planar surface.

Replacing the ITO with heavily p-doped poly silicon as recombination layer be-
tween both subcells can lead to similar tandem cell currents, if the p-doped poly
silicon is thin enough.

I also explain the difficulties of current matching for tandem solar cells and the
importance of optical simulations to optimise the current output of tandem solar
cells.
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6 Summary: Results and outlook

6.1 Results

In this thesis, I have depicted the progress we made with the processing and mea-
surements of perovskite solar cells from Q4/2019 to Q1/2022.

I could show that the diffuse evaporation of MAI and the variability in the amount
of evaporated MAI limits the reproducibility of the MAPbI3 co-evaporation pro-
cess. This leads to an uncertainty in the layer thickness and stoichiometry of the
deposited perovskite. A key factor determining the amount of evaporated MAI
in the deposition process is the source material of MAI itself.

In XRD measurements, perovskites with MAI excess exhibit crystalline perovskite
hydrates, proving water incorporation. SEM investigations further show that the
water incorporation is partially reversable under the electron beam, because holes
in the perovskite layer start to form, once a MAI rich perovskite is illuminated in
the SEM. Even though we cannot directly measure this form of water incorpo-
ration with SEM or XRD for Pbl, rich perovskites, they are still prone to aging
in ambient atmosphere, with a changing photoluminescence intensity before and
after air and humidity exposure.

All perovskites solar cells (PSCs) made with MAI rich perovskites are low per-
forming with cell efficiencies of under 2%. PSCs made with Pbl, rich perovskites
are functioning better with cell efficiencies partially exceeding 15%, but are still
affected by ambient processing and measurement. Measurements after storage in
inert gas atmosphere reveal further degradation of our solar cells, like s-shape.
The two mayor effects that limit our cell performance and stability are degrada-
tion due to moisture incorporation and mobile ions. Pbl, excess in the perovskite
increases the robustness of cell performance in regards to processing and mea-
surement under ambient conditions, likely due to the suppression of moisture in-
corporation into the perovskite. Pbl, excess however leads to more pronounced
effects of ion movement as well, leading to a large hysteresis in light-IV measure-

ments.
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By processing and encapsulation of the PSCs in an inert gas atmosphere we could
achieve cell efficiencies of up to 17% in first experiments for perovskites with a
small excess of Pbl,, with less than 1% absolute difference in cell efficiency for
different scan directions in the light-IV measurement. This work therefore clearly
demonstrates the importance of controlled environmental conditions for the pro-

duction of high performing PSCs.

Optical simulations of the PSCs with Pbl, rich perovskites are possible by us-
ing an effective medium, consisting of MAPbI; and Pbl, to describe its varying
thickness and absorption. Due to an uncertain determination of the short-circuit
current of the solar cells, a quantification of the EQE is not possible. In this work,
I presented an approach that mainly focusses on the reflection measurement of a
PSC to identify the thickness and absorption of the perovskite layer.

At last, optical simulations of tandem solar cells with a perovskite top and silicon
bottom solar cell demonstrate the necessity of a textured silicon surface for a high
current output of the solar cells.

6.2 Outlook

To improve our PSC performance and reproducibility in future, there are some
hurdles to overcome.

The easiest to avoid is of course degradation due to moisture, which can be pre-
vented by processing and measurement in inert atmosphere in a glovebox. This
is the standard for all groups that produce the highest efficiency PSCs and is par-
tially already adapted at ISFH.

To reduce any influence of cross-contamination of the CTL with MAI during
deposition, the CTLs should not be deposited in the same chamber as the per-
ovskite, which is partially adapted at ISFH as well.

With the current temperature controlled MAI deposition process, we cannot achieve
the same perovskite thickness and absorption in consecutive processes. Currently
most work at ISFH is performed to use MAl-free perovskites [180] in hope that
the deposition process is more stable. For improving the reproducibility of the
perovskite deposition using MAI, the incorporation of an additional QCM or
cooled metal shieldings inside the deposition chamber are the most promising
approaches [39, 84].

Another important aspect is the measurement of our perovskite solar cells. Cur-

rently, we cannot perform steady state efficiency measurements or maximum
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power point tracking, which are crucial for the analysation of for example sta-
bility and ionic movement in perovskites solar cells. In addition, the uncertainty
regarding the measurement of [s¢ of our solar cells is another factor complicating
further analysis.

Ionic movement that causes various degradation effects is to this date the mayor
issue that limits stability and efficiency of perovskite solar cells. Currently no
perovskite or perovskite silicon tandem solar cell is stable and efficient enough to

be commercially viable.
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Appendix - sheet resistance in TCO

In the following, I will briefly explain the
derivation for Equation 2.1, which calculates

the series resistance contribution of the sheet

] resistance in the TCO in a typical PSC. It is

dxed | Ccell Area L1

mostly analogous to [98, 99], which calculates

the series resistance for a finger or emitter in a
solar cell.

The according cell geometry is depicted in Fig-
ure 6.1.

We can calculate the current Iy 11 in the cell
area in increment dx for 0 < x < L1, with cell

length L1, J;upp = generated current density at

Figure 6.1: Pathway of charge (e solar cells mpp, w = cell width:
carriers along L1 and L2 in the

cell area and TCO of a PSC. Leett,in = X Jmpp - w
The current in the TCO I g1 for L1 < x <

L2 + L1 is constant:
Leen,2 = L1 Jinpp - w
The power loss through sheet resistance in the TCO (ITO) in element dx (along
L1 and L2) is then Poss = I, - R
with R =(Ryro/w) - dx, with sheet resistance of ITO Rito
For the total power loss we have to integrate P55 over x from 0 to L1 + L2 with
Ieeyppg for0 < x < Lland I o for L1 < x < L2+ L1.
For 0 < x < L1 (cell area):
o (% Jmpp - w)? - (Rio/w) -dx = 1/3- 113 ]2, - Riro - w
For the TCO area this results in: L2 - L1? - ],%wp - Riro - w
The total power loss in L1 and L2 is then Pioss = (L1/3 4 L2) - L12- ],%wp - Riro - w

Total generated power in solar cell area: Psc = Viypp * Jmpp - L1 - w
Fraction of lost power: Pioss/Psc = (L1/3 4 L2) - L1 - (Jipp/ Vinpp) - Rito

To get series resistance contribution of ITO Rg 1o we multiply with the cell resis-
tance Vypp / Jmpp which leads to:

Rsito = (L1/3+ L2) - L1 - Ripo (Equation in chapter 2.2.5)

Since L1, L2 and Ryyo are trivial to measure, this allows a fast estimation of the
series contribution of ITO. For ITO width # cell width multiply with the factor
ITO width/cell width accordingly.
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