. ~
- ‘ N
- B
G 2

Quantifying Recombination Losses and Charge Extraction
in Halide Perovskite Solar Cells

Lisa Krickemeier

pes?

Iy

N —

Energie & Umwelt/Energy & Environment
Band/Volume 669
ISBN 978-3-95806-835-3

IJ JULICH

Forschungszentrum

Mitglied der Helmholtz-Gemeinschaft




Schriften des Forschungszentrums Jilich
Reihe Energie & Umwelt/Energy & Environment Band/Volume 669







Forschungszentrum Jilich GmbH
Institute of Energy Materials and Devices (IMD)
Photovoltaik (IMD-3)

Quantifying Recombination Losses
and Charge Extraction in Halide Perovskite

Solar Cells

Lisa Kruckemeier

Schriften des Forschungszentrums Jilich
Reihe Energie & Umwelt/Energy & Environment

Band/Volume 669

ISSN 1866-1793

ISBN 978-3-95806-835-3



Bibliografische Information der Deutschen Nationalbibliothek.

Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der
Deutschen Nationalbibliografie; detaillierte Bibliografische Daten
sind im Internet Uber http:/dnb.d-nb.de abrufbar.

Herausgeber Forschungszentrum Jilich GmbH
und Vertrieb: Zentralbibliothek, Verlag
52425 Jilich

Tel.: +49 2461 61-5368

Fax: +49 2461 61-6103
zb-publikation@fz-juelich.de
www.fz-juelich.de/zb

Umschlaggestaltung: Grafische Medien, Forschungszentrum Jilich GmbH
Druck: Grafische Medien, Forschungszentrum Jilich GmbH
Copyright: Forschungszentrum Jilich 2025

Schriften des Forschungszentrums Jilich

Reihe Energie & Umwelt/ Energy & Environment, Band / Volume 669

D 82 (Diss. RWTH Aachen University, 2024)

ISSN 1866-1793
ISBN 978-3-95806-835-3

Vollstandig frei verfligbar iber das Publikationsportal des Forschungszentrums Jiilich (JuSER)
unter www.fz-juelich.de/zb/openaccess.

This is an Open Access publication distributed under the terms of the Creative Commons Attribution License 4.0,
57 which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://creativecommons.org/licenses/by/4.0/

Contents

Abstract

Zusammenfassung

1 Introduction

2 Fundamentals - Solar Cell Device Physics

2.1
2.2
2.3

24

2.5

Shockley-Queisser Model . . . . . . . . ..

Thermodynamics of the Open-Circuit Voltage . . . . . ... ... ..

Losses in Real-World Solar Cells . . . . . .
2.3.1 Figures of Merit . . . . . ... ...
Perovskite Solar Cells . . . . . . .. . ...

2.4.1 Material Properties and Development . . . . . . .. ... ...

2.4.2 Solar Cell Layer Sequence and Working Principle . . . . . . .

Recombination in Lead-Halide Perovskites

2.5.1 Radiative Recombination . . . . . .

2.5.2  Shockley-Read-Hall Recombination

2.5.3 Auger Recombination . . . . . . ..

2.5.4 High-Level Injection vs. Low-Level Injection . . . . . .. . ..

2.5.5 Perovskite Film on Glass . . . . . .

3 Characterization Methods

3.1
3.2
3.3

Current-Voltage Characterization . . . . .
External Quantum Efficiency . . .. ...
Steady State Luminescence . . . . . . . . .

3.3.1 Steady State Photoluminescence . .

3.3.2  Photoluminescence Quantum Yield

13
14
21
24
29
31
31
34
41
45
45
49
50
56

65
65
66
68
68
71

iii



Contents

4

iv

3.3.3 Steady State Electroluminescence . . . . . . .. ... ... ..
3.4 Transient Methods . . . . . ... ... .. ...
3.4.1 Time-resolved Photoluminescence . . . . . . ... .. ... ..
3.4.2 Transient Photovoltage . . . . . . . . ... ... ... ... ..

MAPI Solar Cells with High Open-Circuit Voltages
4.1 Introduction . . . . . . . . ...
4.2 Solar Cell Device Stack . . . . ... ... ... ... L.
4.3 Current-Voltage Characteristics . . . . . . ... ... ... ... ...
4.4 Photoluminescence Quantum Yield . . . . ... ... ... ... ...
4.5 Time-Resolved Photoluminescence . . . . . . . . ... ... ... ...
4.6 Photoactivation . . . . . . . ... oL
4.7 Fabrication via Solution-Processing . . . . . . . . . .. .. ... ...
4.7.1 Substrate Cleaning . . . . . . . .. .. ... ...
4.7.2 Fabrication of the PTAA Layer . . . .. ... ... ... ...
4.7.3 Fabrication of the MAPI Film . . . . .. ... ... ... ...
4.7.4 Fabrication of the PCBM Layer . . . . ... ... ... ....
4.7.5 Fabrication of the Cathode . . . . . . .. ... ... ... ...

4.8 SUmmary . ... ..

Coevaporated Solar Cells

5.1 Introduction to Fabrication via Coevaporation . . . . . ... ... ..
5.2 Fabrication of the MAPI Film via Coevaporation . . ... ... ...
5.3 Device Characteristics of Inverted, Coevaporated MAPI Solar Cells
5.4 Rating the Device Performance of Coevaported Solar Cells . . . . . .

How to Report Record Open-Circuit Voltages

6.1 Definitions of Band Gap Used in Literature. . . . . . . . .. .. ...
6.2 A Standardized Method to Report Voltage Losses . . . . . . . . ...
6.3 Meta-Analysis of Literature Data . . . . . . .. ... ... .. ....
6.4 Figures of Merit for Perovskite Solar Cells . . . . . . ... ... ...

Understanding Transient PL of Layer Stacks and Solar Cells

7.1 Introduction . . . . . . . . ...

103
103
105

. 108

112

115
115
119
124
126

133



7.2 Perovskite Layer with Charge-Extraction Layer . . . ... ..

7.3 Perovskite Layer with Charge-Extraction Layer and Electrode

7.4 Complete Solar Cell Device Stack . . . .. ... ... ... ..
7.5 Summary of Simulation Results . . . . . . ... ... ... ..
7.6 Comparison to Experimental Data . . . . .. ... ... ...

7.7 Conclusions . . . . . .. .. ...

8 Consistent Interpretation of Optical and Electrical Transients

8.1 Meta-Analysis of Literature Data . . . . . .. ... ... ...
8.2 Large-Signal versus Small-Signal Analysis. . . . . .. ... ..

8.2.1 Analytical Description . . . . . ... ... ... ....
8.3 Influence of the Mode of Detection on the Decay Times . . . .
8.4 Experimental Data . . . . .. ... ... 0oL
8.5 Sentaurus TCAD Simulations . . . .. ... ... ... ... ..
8.6 Discussion and Outlook . . . . ... ... ... ... ... .

9 Impact of Charge Extraction on Small-Signal Transients

9.1 Introduction . . . . . . .. .. ...
9.2 Experimental Data . . . . ... ... ... ... ........
9.3 Introduction to the Two-Component Model . . . . . . . .. ..
9.4 Results from the Analytical Two-Component Model . . . . . .
9.5 Application to Experimental TPV Data. . . . . . . ... ...
9.6 Conclusion and Outlook . . . . ... ... ... ... .....

10 Conclusion and Outlook

A Appendix: Additional Information
B Abbreviations and Symbols

C List of Publications

D Curriculum Vitae

References

Contents

R (1]

215

219

239

247

249

251



Contents

Acknowledgments 285

vi



Abstract

Due to their exceptional properties, halide perovskite materials have emerged as
promising candidates for efficient and cost-effective photovoltaics, with some devices
approaching the performance of silicon solar cells after a decade of research. Despite
their remarkable progress, perovskite solar cells suffer from several loss mechanisms
that limit their efficiency. However, the rapid development of perovskite research has
outpaced advances in analyzing characterization techniques tailored to the unique
properties of this material class. Thus, understanding and quantifying the losses
within these devices remains difficult, especially in terms of recombination losses and
charge-extraction dynamics. This work aims to bridge this gap by proposing inno-
vative approaches and providing tools for analyzing charge-carrier dynamics, which
will help correctly interpret and quantify experimental data for perovskite solar cells.
The overarching motivation is to contribute to the advancement of perovskite solar
cell technology by gaining a deeper understanding of fundamental processes.
Transient photoluminescence (TPL) and transient photovoltage (TPV) are
popular techniques for monitoring charge-carrier dynamics and investigating recom-
bination losses in perovskites. However, the low doping density of lead-halide per-
ovskites often places the device in high-level injection during these measurements,
leading to non-linear relationships between the recombination rates and carrier den-
sities. This behavior leads to challenges in the use of a scalar charge-carrier lifetime
as a figure of merit to quantify recombination. Furthermore, the interpretation of
data from complete solar cells or multilayer samples is highly challenging due to
the superposition of various effects that modulate the charge-carrier concentration.
These effects include bulk and interfacial recombination, charge transfer and ex-
traction, and capacitive charging or discharging. While theoretical work on TPL

decays in full solar-cell devices has been published for other photovoltaic technolo-
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gies, a comprehensive theory dealing with the specific situation in halide-perovskite
devices is currently missing. In this work, improved spectroscopic techniques with
a high dynamic range of data acquisition are combined with time-dependent, nu-
merical simulations with Sentaurus TCAD to break down the complex behavior of
charge-carrier dynamics in perovskite solar cells.

The dissertation contributes to the field by proposing new methods and an-
alytical models for data analysis of perovskite solar cells. One major contribu-
tion involves a comprehensive analysis of transient photoluminescence and transient
photovoltage decays, considering non-linear dependencies of the recombination rate
on charge-carrier density. This multi-method quantitative data analysis of tran-
sient photoluminescence and transient photovoltage decays goes beyond traditional
mono-exponential fitting methods, introducing an approach to derive differential
decay times as a function of charge-carrier density and quasi-Fermi level splitting.
Time-dependent, numerical drift-diffusion simulations of various sample structures,
including perovskite films, multilayer systems, and complete devices, provide visu-
alization and explanation of the injection dependence of the decay time and allow
distinguishing between different carrier-density-dependent regimes. Building upon
these insights, analytical equations are developed that serve as good approximations
to the simulated and experimental decay-time functions. These analytical equations
facilitate data analysis and the extraction of key material parameters, like trap-
assisted Shockley-Read-Hall recombination coefficients, by removing the need to do
extensive numerical simulations.

The analytical approach is further expanded to include the extraction of charge
carriers by the interlayers and contacts, in addition to recombination. A two-
component model for small-signal measurements is developed that is based on the
analytical solution of coupled linear differential equations via the determination of
eigenvalues. The model describes the transient behaviour of chemical and electrical
potentials and allows us to connect the rise and decay times in small-signal transient-
photovoltage experiments to recombination, extraction, and capacitive charging and
discharging effects, providing quantitative values for recombination and extraction-
time constants as a function of voltage.

Another part of this work is the development of a standardized framework for

reporting voltage loss in perovskite solar cells, addressing the impact of perovskite
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composition changes on the limiting open-circuit voltage, and proposing a consistent
reference. This approach, approximating the radiative limit, requires only a single
measurement of the external quantum efficiency for its calculation, and is therefore
fast and easy to apply. The study compares different band gap definitions used in
the literature, revealing a substantial impact on the ranking of the voltage losses.
The proposal of referencing open-circuit voltages to the radiative limit enables a
meta-analysis of previously published perovskite solar cells.

In addition, I present inverted, planar MAPI solar cells with open-circuit volt-
ages exceeding 1.26 V. The combination of dry lead acetate and lead chloride pre-
cursors, along with optimized hole and electron transport layers, suppresses both
bulk and surface recombination, which is confirmed by an exceptionally high pho-
toluminescence external quantum efficiency exceeding 5% in complete cells. These
solar cells serve as the basis for subsequent investigations of device physics and char-
acterization techniques.

These scientific contributions significantly expand the state-of-the-art by of-
fering innovative methodologies for characterizing halide perovskite solar cells. The
proposed frameworks and analytical approaches not only fill existing gaps in under-
standing the implications of unconventional material properties, but also pave the

way for more accurate and comprehensive analysis in future perovskite research.






Zusammenfassung

Halogenid-Perowskit-Materialien haben sich aufgrund ihrer aufergewohnlichen Ei-
genschaften als vielversprechende Kandidaten fiir eine effiziente und kostengiinstige
Photovoltaik hervorgetan, wobei einige Bauelemente nach einem Jahrzehnt der For-
schung an die Leistung von Silizium-Solarzellen heranreichen. Trotz ihrer bemerkens-
werten Entwicklung leiden Perowskit-Solarzellen unter verschiedenen Verlustmecha-
nismen, die ihre Effizienz mindern. Allerdings konnte die Weiterentwicklung von
Analysemethoden in der Messtechnik, die auf die einzigartigen Eigenschaften dieser
Materialklasse zugeschnitten sind, kaum mit dem raschen Fortschritt der Perowskit-
Forschung mithalten. Daher ist es nach wie vor schwierig, die Verluste, insbesondere
im Hinblick auf Rekombination und Ladungstragerextraktion, in diesen eletroni-
schen Bauelementen zu verstehen und zu quantifizieren. Ziel dieser Arbeit ist es,
diese Liicke zu schliefen und innovative Ansédtze und Methoden zur Analyse der
Ladungstragerdynamik zu entwickeln, die eine verlassliche und eindeutige Interpre-
tation experimenteller Messdaten von Perowskit-Solarzellen erlauben.

Transiente Photolumineszenz (TPL) und transiente Photospannung (TPV)
sind beliebte Messmethoden zur Untersuchung der Ladungstragerdynamik und der
Messung von Rekombinationsverlusten in Perowskiten. Die niedrige Dotierstoffkon-
zentration von Bleihalogenid-Perowskiten fithrt jedoch hdufig dazu, dass das Bauele-
ment wahrend dieser Messungen in Hochinjektion gebracht wird, was zu nichtlinea-
ren Abhéngigkeiten zwischen den Rekombinationsraten und Ladungstrégerdichten
fiihrt. Dadurch ist die Verwendung einer skalaren Ladungstrager-Lebensdauer als
Kenngrofe fir die Quantifizierung der Rekombination ungeeignet. Dartiber hinaus
ist die Interpretation von Messdaten von Solarzellen oder Mehrschichtsystemen sehr
komplex, da eine Uberlagerung verschiedener Effekte stattfindet. Zu diesen Effekten

gehoren Bulk- und Grenzflichenrekombination, Ladungstransfer und -extraktion, so-
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wie kapazitive Ladung oder Entladung von Kontakt- und Zwischenschichten. Wéh-
rend fiir andere Photovoltaik-Technologien theoretische Arbeiten zum Abklingver-
halten der transienten Photolumineszenz von Solarzellen veroffentlicht wurden, fehlt
derzeit eine umfassende Theorie, die sich mit der spezifischen Situation in Halogenid-
Perowskit-Bauelementen befasst. In dieser Arbeit werden verbesserte spektroskopi-
sche Techniken mit einem hohen dynamischen Bereich in der Datenerfassung mit
zeitabhingigen, numerischen Simulationen mit Sentaurus TCAD kombiniert, um
das komplexe Verhalten der Ladungstriagerdynamik in Perowskit-Solarzellen zu ent-
schliisseln.

Die Dissertation leistet einen Beitrag zum Forschungsgebiet, indem sie neue
Methoden und analytische Modelle fiir die Datenanalyse von Perowskit-Solarzellen
entwickelt. Ein wichtiger Beitrag besteht in einer umfassenden Analyse der transien-
ten Photolumineszenz und des transienten Photospannungsabfalls unter Berticksich-
tigung nichtlinearer Abhéngigkeiten der Rekombinationsrate von der Ladungstrager-
dichte. Die methodeniibergreifende Analyse geht dabei iiber die traditionellen mo-
noexponentiellen Fitting-Methoden hinaus und fithrt eine differentielle Abklingzeit
als Funktion der Ladungstragerdichte und der Quasi-Fermi-Niveau-Aufspaltung als
neue Kenngrofle ein. Zeitabhéngige, numerische Drift-Diffusions-Simulationen ver-
schiedenster Probenstrukturen, wie Perowskit-Filme, Mehrschichtsysteme und kom-
pletten Bauelementen, ermdglichen die Visualisierung und Erklérung der Injektions-
abhéngigkeit dieser Grofle und erlauben die Unterscheidung zwischen verschiedenen
Regimen. Aufbauend auf diesen Erkenntnissen werden analytische Gleichungen ent-
wickelt, die als gute Ndherungen fiir die simulierten und experimentellen Abkling-
zeitfunktionen dienen. Diese analytischen Gleichungen erleichtern die Datenanalyse
und die Extraktion charakteristischer Materialparameter aus den Observablen, wie
z. B. der Shockley-Read-Hall-Rekombinationskoeffizienten, indem sie umfangreiche
numerische Simulationen verzichtbar machen. Dariiber hinaus wird ein konsisten-
tes Gesamtbild aufgezeigt, dass die Diskrepanzen zwischen transienten Grofisignal-
Photolumineszenz- und transienten Kleinsignal-Photospannungs-Abklingzeiten vor-
stellt und erklart. Diese Studie verbindet damit verschiedene 'Lebensdauerkonzepte’
und schafft so die Grundlage fiir eine methodenitibergreifende quantitative Datenana-
lyse. Der analytische Ansatz wird zusétzlich zur Rekombination auch auf die Extrak-

tion von Ladungstriagern durch die Zwischenschichten und Kontakte erweitert. Es
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wird ein Zweikomponentenmodell fiir Kleinsignalmessungen entwickelt, das auf der
analytischen Loésung gekoppelter linearer Differentialgleichungen iiber die Bestim-
mung von Eigenwerten beruht. Das Modell beschreibt das transiente Verhalten che-
mischer und elektrischer Potenziale und ermoglicht es, die Anstiegs- und Abklingzei-
ten in transienten Kleinsignal-Photospannungsexperimenten mit Rekombinations-,
Extraktions- und kapazitiven Lade- und Entladeeffekten in Verbindung zu brin-
gen und quantitative Werte fiir Rekombinations- und Extraktionszeitkonstanten als
Funktion der Spannung zu liefern.

Ein weiterer Beitrag diese Arbeit ist die Entwicklung eines standardisierten
Verfahrens fiir die Berechnung von Spannungsverlusten in Perowskit-Solarzellen,
welches die Auswirkungen von Variationen in der Perowskit-Zusammensetzung auf
die maximal erreichbare Leerlaufspannung beriicksichtigt und eine einheitliche Be-
zugsgrofe vorschldgt. Dieser Ansatz, der eine Anndherung an das strahlende Limit
darstellt, erfordert nur eine einzige Messung der externen Quanteneffizienz fiir die
Berechnung und ist daher schnell und einfach anwendbar. Die Studie vergleicht ver-
schiedene in der Literatur verwendete Bandliickendefinitionen und zeigt, dass die
Walhl dieser Definition einen erheblichen Einfluss auf die Bewertung der Spannungs-
verluste hat. Die Methode ermoglicht auflerdem eine Meta-Analyse der bisher ver-
offentlichten Perowskit-Solarzellen.

Dariiber hinaus werden invertierte, planare MAPI-Solarzellen mit Leerlauf-
spannungen von mehr als 1,26V entwickelt. Die Kombination aus wasserfreiem
Bleiacetat- und Bleichlorid-Prekursoren, sowie optimierten Loch- und Elektronen-
transportschichten, unterdriickt sowohl die Bulk- als auch die Oberflachenrekombi-
nation, was durch die Messung von auflergewohnlich hohe absoluten Photolumines-
zenz-Quantenausbeuten von iiber 5% bestétigt wird. Diese Bauteilentwicklung dient
als Grundlage fiir nachfolgende Untersuchungen der Bauelementphysik und Weiter-

entwicklung von Charakterisierungsmethoden.






1 Introduction

The transition towards a carbon-neutral energy system based on renewable energy
sources is urgently needed to tackle global greenhouse gas emissions and address
anthropogenic climate change. Solar energy is one of the most promising sources of
renewable energy, offering an abundant and sustainable alternative to fossil fuels.
According to the Intergovernmental Panel on Climate Change (IPCC), photovol-
taics (PV), which uses semiconductor materials to convert sunlight directly into
electricity, is currently the most cost-effective way to avoid COs. [1] Photovoltaics
is the fastest-growing technology for power generation and is a key player in provi-
ding a sustainable source of electric power. The global solar PV installations have
grown exponentially in the last decade, and in 2022, the cumulative installed ca-
pacity surpassed 1 TW. However, despite its significant growth and cost reduction,
PV remains a minor contributor to global electricity generation, accounting for only
4 to 5%. Moreover, the window of opportunity to take large-scale action to reduce
greenhouse gas emissions is closing. [2]

The largest share of the PV market is currently held by silicon wafer techno-
logy, which accounts for about 95% of devices produced today. [3,4] Among various
photovoltaic technologies, silicon-based solar cells are the most mature and widely
used due to their high efficiency and reliability. In 1954, Bell Laboratories scien-
tists achieved a major milestone by creating the world’s first operational silicon
photovoltaic cell with around 6% efficiency. [5] Since then, continuous research and
optimization efforts have been made to improve silicon wafer technology, resulting
in a current efficiency record of 26.8 %. [6,7] Although silicon solar cells have proven
to be efficient and cost-effective, their production process requires a large amount
of energy, resulting in an energy payback time (EPBT) of around one to two years

to compensate for the input energy. [3,4] In addition, the performance is limited by



1 Introduction

their fundamental material properties, like the indirect band gap. Therefore, develo-
ping alternative photovoltaic technologies that offer high efficiency at low cost and
reduced energy consumption is highly desirable.

Perovskite solar cells (PSCs) are a relatively new photovoltaic technology that
has shown great promise in recent years, offering the advantages of low-cost and
low-temperature fabrication, flexibility, and lightweight. Perovskite solar cells use
a hybrid organic-inorganic lead halide material as the light-absorbing layer, which
features a tunable band gap and a significantly higher optical absorption coefficient
as compared to silicon. In addition, these materials are defect-tolerant and show a
high luminescence quantum yield. Their rare combination of favorable properties
makes perovskites a promising class of optoelectronic material, [8-10] which has at-
tracted considerable attention from the research community. Perovskite solar cells
have achieved rapid progress in power conversion efficiency (PCE), with record effi-
ciencies approaching the performance of silicon solar cells in just a few years. The
PCE of PSCs has increased from 3.8% in 2009 [11] to over 25% in 2021, [12] which
is the fastest efficiency improvement ever reported for any solar technology.

Despite their remarkable progress, perovskite solar cells suffer from several loss
mechanisms that limit their efficiency and stability. Loss mechanisms in PSCs can
arise from various sources, including charge recombination, non-radiative energy dis-
sipation, trap-assisted recombination, ion migration, and interfacial charge transfer,
among others. One of the most significant losses is due to charge-carrier recombinati-
on, which is the loss of carriers before they reach the electrodes, resulting in a lower
current and voltage output. Also the extraction of charges from perovskite films
is an issue that reduces efficiency. Understanding and mitigating the loss mecha-
nisms in perovskite solar cells and their dependence on material properties, device
structures, and operating conditions is also a key challenge to further enhancing
their performance and reliability. Transient photoluminescence (TPL) and transi-
ent photovoltage (TPV) measurements have already been used as non-destructive
and reliable techniques to study the fundamental properties of perovskite solar cells.
However, this Ph.D. thesis proposes novel concepts directly tailored to PSCs and
presents an improved understanding of these two techniques. By forming a deeper
understanding of transient behaviour, this thesis aims to pave the way for the deve-

lopment of high-performance and stable perovskite solar cells.
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While this thesis focuses on perovskite solar cells” device physics, it begins by
introducing the fundamental concepts, definitions, and terminologies that form the
foundation of all solar cell technologies. Chapter 2 starts by deriving the upper
efficiency limit of an ideal single-junction solar cell, known as the Shockley-Queisser
model, which serves as a reference for actual solar cells. Subsequently, the more
realistic radiative limit is presented, accounting for the real optical properties of
the semiconducting absorber. Further exploration delves into additional loss me-
chanisms that affect the performance of real solar cells, along with experimentally
measurable figures of merit that quantify deviations from the ideal model. Then,
the material properties and working principle of metal-halide perovskite solar cells
are introduced, with particular emphasis on recombination and open-circuit voltage
losses.

In Chapter 3, the focus shifts to the characterization methods employed in
this thesis. Alongside fundamental measurements such as voltage-dependent cur-
rent (JV) and external quantum efficiency (EQE), transient methods such as time-
resolved photoluminescence (TPL) and transient photovoltage (TPV) measurements
are comprehensively covered. These transient techniques provide valuable insights
into recombination dynamics, a key subject of investigation in this study.

The first two result chapters cover the development and optimization of perovs-
kite solar cells fabricated within the scope of this thesis. Chapter 4 explores the
fabrication and characterization of solution-processed, inverted, planar methylam-
monium lead iodide (MAPI) solar cells. We achieved record open-circuit voltages ex-
ceeding 1.26'V by employing optimized fabrication techniques and carefully tailored
hole- and electron-transport layers. Measurements of absolute photoluminescence
and external quantum efficiencies validate the successful suppression of bulk and
surface recombination, attaining impressive performance. The following Chapter 5
outlines the technological development of coevaporated MAPI solar cells at the Jii-
lich online semiconductor growth experiment for photovoltaics (JOSEPH) during
the time of my dissertation. Here, the perovskite absorber layer is processed via an
alternative fabrication routine, a vapor deposition called coevaporation.

Chapter 6 introduces a standardized framework for reporting voltage loss in
perovskite solar cells. It addresses the challenge posed by varying perovskite com-

positions and band gaps, demonstrating how different band gap definitions used

11



1 Introduction

in literature impact the calculated limit of the open-circuit voltage. The radiative
open-circuit voltage, calculated from measured absorption and electroluminescence
spectra, is compared with open-circuit voltages obtained through different definiti-
ons, enabling accurate referencing to the radiative limit.

The last three chapters expand the current understanding of the two measu-
rement techniques, transient photoluminescence (TPL) and transient photovoltage
(TPV), and build upon each other. First, Chapter 7 delves into interpreting transi-
ent photoluminescence measurements on multilayer perovskite samples. A compre-
hensive understanding of this characterization method is achieved by combining nu-
merical simulations, analytical solutions, and experimental data. The effects of bulk
and interfacial recombination, charge transfer, and capacitive charging or dischar-
ging are analyzed, providing insights into the dominant processes for different sample
types. Chapter 8 addresses the discrepancies between large-signal transient pho-
toluminescence (TPL) and small-signal transient photovoltage (TPV) decay times.
I present a consistent framework to connect the different ‘lifetime’ concepts and
present the measurement conditions and data analysis methods necessary to obtain
meaningful results. A comprehensive understanding of the different methods and
their measurements is achieved by employing experimental data, numerical mode-
ling and analytical equations. Finally, Chapter 9 expands on the time-dependent
behavior of charge carriers in perovskite solar cells, considering recombination, char-
ge extraction, and the capacitive effects of electrode charging and discharging. A
simplified analytical model is developed through transient drift-diffusion simulati-
ons to describe the transient characteristics of perovskite solar cells. An advanced
two-component model is introduced to account for finite-speed of charge extraction
and enables the determination of carrier recombination and extraction rates. Analy-
zing transient photovoltage measurements establishes a link between efficiency losses
and the ratio of recombination and extraction rates, providing a comprehensive un-

derstanding of perovskite solar cell dynamics.
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2 Fundamentals - Solar Cell Device

Physics

A solar cell directly converts solar radiation into electrical energy using the internal
photoelectric effect. [13, 14] Thermodynamically, the temperature difference between
the earth and the sun’s surface and its associated thermal radiations drive this pro-
cess. The underlying operating principle requires a semiconductor that absorbs the
solar spectrum as efficiently as possible and generates free electric charge carriers.
Furthermore, it is necessary to selectively transport the photogenerated electrons and
holes to their respective electrical contacts so that they get extracted and electric
current flows without significant energy losses. [13-16]

While this thesis focuses on the device physics of metal-halide perovskite solar
cells, this chapter begins by introducing the general and established concepts, definiti-
ons, and terminologies on which all solar cell technologies are built. First, the upper
efficiency limit of an ideal single-junction solar cell in the Shockley-Queisser model
is derived. This idealized model serves as a reference to evaluate the performance of
actual solar cells. In this context, I also introduce the current-voltage characteristic
and explain the different operating points of a solar cell. Subsequently, I present the
more realistic radiative limit, which accounts for the actual optical properties of the
semiconducting absorber. This radiative limit represents an actual thermodynamic
efficiency limit discussed in section 2.2.

Section 2.3 discusses additional loss mechanisms that lower the performance
of real-world solar cells. In addition, experimentally measurable figures of merit,
quantifying how real-world solar cells differ from the ideal model, are introduced. In
section 2.4 and 2.5, material properties and the working principle of metal-halide

perovskite solar cells are introduced, with special attention to recombination.
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2 Fundamentals - Solar Cell Device Physics

2.1 Shockley-Queisser Model

The Shockley-Queisser model (SQ) [17] defines the maximum energy conversion ef-
ficiency n5Q of a solar cell consisting of a semiconducting absorber with a single
band gap EgSQ, using the basic thermodynamic principle of detailed balance. [18]
This model is an idealized approach that neglects all avoidable losses, assuming
that the solar cell is characterized by perfect extraction and idealized absorption
properties. [19] An overview of the basic assumptions and settings is presented in
Figure 2.1.

In the SQ model, the ideal solar cell interacts with the surroundings by ex-
changing photons with the sun and the ambient environment, electric charge with
an external electrical circuit, and heat with a temperature reservoir, keeping the cell
temperature T o constant and equal to the ambient temperature Ty, While the
original setting of the SQ model uses the black-body spectrum at 6000 K to describe
the incoming solar radiation, [17] I will slightly modify this assumption by using the
more realistic AM1.5g standard test spectrum [20] for further calculations.

The solar cell in the SQ model is defined only by its temperature .o and its
band gap energy ES Q, assuming that the quantum efficiency QY'Y (F) equals the ab-
sorptance a (F), which is a step-function depending on energy F with the band gap
defining the position of the step, namely a(E) = H(E — EgSQ), where H is the Heavi-
side function. This assumption implies that photons with photon energies E > ESQ
are absorbed, each generating exactly one electron-hole pair a(E > EgSQ) =1.In
contrast, the solar cell is transparent for photons with energies E < EgSQ and no
interaction occurs (a(E < EgSQ) =0). Most absorbed photons have energies higher
than the band gap, generating charge carriers deep in the band. These electrons and
holes with excess kinetic energy thermalize to the same average energy in thermal
equilibrium with the solar cell. This transmission of photons with energies below the
band gap and thermalization to the semiconductor’s conduction- or valence band
edges represent two loss mechanisms that limit solar cell efficiency. The fraction of
the incident power lost by transmission or thermalization is a function of the band
gap energy, with the two loss mechanisms showing an opposite trend with the band
gap. Transmission losses increase for high band gap energies, whereas thermalization

losses decrease.

14



2.1 Shockley-Queisser Model

Modified Boronare > One e’h*
(e} emission . yor P pair
1) Active function
model " . . « Impact Hot
o - cooling of * Multijunctions Lone .
4 + Etendue ; ionization carrier
o . the solar * Up-conversion . .
by matching I . Int diat « Singlet fission solar cell
< Light cel niermeadiate .D
'ght source ap solar cell own
modification gap conversion
m
.,. S
c 9,
5 $Q Model )
=
2 G
3 T.un=5800 K Perfect Thermal Step-function One e’h* Pair Thermalization Perfect Only Radiative '_<u
F Full Angle &  Coupling a(E) Generated T.a=300 K  Collection & Recombination || g
o | Not Concentrated Teen = Tamb Selectivity o
< 2
” Incomplete 2
5 Tor> Toms Beyond step- charge
cel aml : A
" « Cell hotter fllj:tfo“r(r:nlete ?;":ft;z;' & | Non-radiative
= . than sur- pe < One e’h* pertec recombination
S Light source . Absorption " selectivity
=5 o roundings . - pair L * Auger
modification Parasitic « Finite
- and hotter ) * Incomplete - « Defect
= « Outdoor test Absorption : mobility
5 - than ] exciton 4 « Interface
conditions « Reflection q et « Insufficient
= assumed dissociation e « Surface
- ) losses built-in —
T in the SQ recombination
o « Below band asymmetry
model . B
o gap emission * Resistive
losses
Absorption Thermalization Collection R bination
S fs ps ns ys
o Time Scale

Abbildung 2.1: The Shockley-Queisser model calculates the upper efficiency limit of a single-
junction solar cell, being defined by its band gap energy EgQ, for a device temperature of 300K
and for the solar spectrum (¢gun) parameterized by the black-body spectrum at 6000 K normalized
to 100mWem™2. [17] A restriction of the angle of optical interaction of the cell with the ambient
is not considered. The SQ model consists of several assumptions that are relevant at different
stages of the energy harvesting process. These four stages are absorption, thermalization, collection,
and recombination. Any approach to achieve efficiencies above those predicted in the SQ model
must bypass one of these assumptions or modify the setting. Frequently discussed concepts to
achieve higher efficiencies are, for example, up- and down-conversion, singlet fission [21-23] and
hot-carrier [24,25] or multijunction [26,27] solar cells. However, most photovoltaic R&D deal with
the question of how to approach the assumptions of the SQ model as closely as possible to avoid
additional losses in real-world devices, which further reduce solar cell efficiency.
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2 Fundamentals - Solar Cell Device Physics

Moreover, it is assumed in the SQ model that after the generation and ther-
malization of the electron-hole pairs, the charge carriers are either collected at their
respective contacts or recombine radiatively by the emission of photons. The share
of the respective processes depends on the operating point of the solar cell, which
will be explained in more detail later in this section.

To study the interaction of the solar cell with the ambient, it is best to first
consider the situation of the thermodynamic equilibrium of the solar cell with the
ambient, where no voltage is applied to the solar cell and the ambient interacts with
the cell only by radiation corresponding to the same temperature (Teen = Tamp)-
We can then use the principle of detailed balance according to which each process
is related to its inverse process. [28-30] With respect to the solar cell in the dark,
i.e. without illumination from the sun, this principle means that the absorbed and
emitted fluxes are equal. Thus, the absorptance a(E) and the emitted photon flux
dem (E) are related via ¢em = a(E)dpp(E,T). [31,32] Here, ¢y (E,T) is the black-
body spectrum at temperature 7" in equilibrium (7" = Typp = Teen) derived from
Planck’s radiation law. [33,34] The spectral dependence of the black-body radiation

is given by

o F2
h3c2

2nE? —F
~ 5 ex P
_1 B3 Poar

oob (E,T) = (2.1)

1
E
eXp T

where h is Planck’s constant, kg Boltzmann’s constant , and ¢ denotes the speed of
light in vacuum. The unit of the black-body radiation (¢y}), as well as the emitted

26=1ev—1L, Since it is assumed that the solar cell

photon flux (¢em), used here, is cm™
is in thermal equilibrium, the recombination-current density at zero Volt is equal
to the current density generated by the absorption of incoming photons from the

ambient, being called saturation-current density

I =q a(B)ow (B T)dE=q ¢ (B,T)dE . (2.2)
0 Eq

In the following, we use the superscript SQ for quantities derived within the Shockley-
Queisser model.

The recombination-current density J}Se‘? in non-equilibrium, which leads to
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2.1 Shockley-Queisser Model

the emission of a photon flux ¢ey = JrSC? /q by the ideal solar cell, depends on the
voltage (V') and is given by [35]

o0
1%
IR =g a(E)éu, (B T)exp —— dE (2.3)
kT
0
- 1%4
¢ ow(ED)exp ' dE (2.4)
kpT
E3Q
14
= (?QQXP £ (2.5)

kT

To derive the current-density-voltage (JV) dependence of the ideal solar cell in
non-equilibrium under illumination, the incoming current densities due to the illu-
mination of the solar cell by the sun must also be considered. The total current
density (J) is a superposition of all three contributions. The absorption of the inco-
ming photon flux from the sun ¢gyn(F) generates the so-called short-circuit current
density [34]

o0 o0
IR =y a(E)psm(E)dE=q  ¢gum(E)dE . (2.6)
0 EQ

Finally, the total current density J is then given by

o0 o0
1%
J=q ¢ (E)dE exp ;B—T 1 —¢  un(E)dE (2.7)
E3Q ESQ
qV
=Josq exp "o -1 —JQ (2.8)
= Jdark - JsScQ ) (29)

where the difference between the recombination-current density and saturation-
current density equals the dark-current density Jyax, whose voltage dependence
causes the diode-like behavior of the current-density-voltage characteristic. Additio-
nal solar irradiation produces a photocurrent that shifts the JV-characteristic to
the fourth quadrant.

Figure 2.2a-c displays this JV-characteristic, resulting from the SQ model,
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2 Fundamentals - Solar Cell Device Physics

and additionally the different power losses and their fractions at different characte-
ristic operating points, namely (a) short circuit (sc), (b) open circuit (oc) and (c)
the point of maximum power (MPP). Transmission (yellow area) and thermalization
losses (red area) are constant and depend only on the band gap. In this example, the
band gap energy is set to 1.6eV to match the value of the metal-halide perovskite
used as the solar-cell absorber material in this thesis.

In short-circuit or open-circuit conditions, the solar cell does not convert any
incoming radiative power into electric power. The transmitted power does not in-
teract with the solar cell. In contrast, the absorbed part is converted and returned
to the surroundings as heat or radiation with a modified spectral dependency. For
example, in the thermalization process, energy is released in the form of phonons to
the semiconductor lattice, followed by an immediate heat transfer from the cell to
the ambient. At short circuit, the charge carriers generated by solar radiation are
collected at the respective ideal contacts. Only a negligibly small portion of the over-
all absorbed photons recombine, matching the number of ambient-generated ones.
During this collection process, the potential energy of the charge carrier is reduced
from the band gap energy ESQ to ¢V, which is 0eV at short circuit. This loss in
total energy generates heat in the contact of the solar cell. It is called ’isothermal
dissipation’ as it generates heat in the solar cell without changing the temperature
of electrons and holes. [19] This collection loss (blue area) is associated with entropy
generation in the electron/hole system, which is highest at short circuit, decreases
with increasing voltage and does not occur at open circuit, since here no net current
flows and no charge carrier is extracted.

If the solar cell is at open circuit, as displayed in Figure 2.2b, all generated
charge carriers must recombine, which is indicated by the green area. [17, 36, 37|

Thus, the flux of absorbed photons equals the emitted one, which implies that
SQ/1/9Qy __ 15Q SQ
Jrec (V:)c ) - JO + ‘]sc . (2'10)

This radiation loss emitted by the solar cell can be recycled and, for example, reused
by another solar cell. However, the solid angle of the emitted light increases compared
to the solid angle of the absorbed solar radiation. This étendue expansion produces

entropy because the directional order of the photons decreases (light green area). [38]

18



2.1 Shockley-Queisser Model

A restriction of the angle of optical interaction of the cell with the ambient could
reduce this entropic recombination loss that limits the maximum achievable open-
circuit voltage but is not considered in the SQ model. By setting the net current

to zero and rearranging Equation 2.8 we can determine the respective open-circuit

short circuit: open-circuit: maximum-power point:
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Abbildung 2.2: Visualization of power losses in the SQ model that occur during solar cell ope-
ration as a function of applied voltage V and band gap energy. These loss mechanisms are the
loss of photons with energies smaller than the band gap which are not absorbed (yellow), loss of
excess kinetic energy called thermalization (red)), the loss by emission of photons (green) and the
isothermal dissipation loss during carrier collection (blue). (a-c) Current-density-voltage (JV') cha-
racteristic of the idealized solar cell in the SQ model with a band gap of 1.6eV and a comparison
of how the share of the four different loss mechanisms (transmission, thermalization, collection
and recombination) differs at the three characteristic operating points, (a) short circuit, (b) open
circuit and (b) the maximum-power point (MPP). (d-e) Share of the four different loss mechanisms
and the harvested electrical power density, (d) as a function of voltage and (e) as a function of
band gap energy examined at MPP.
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voltage in the SQ model, which is given by

¢sun (E)dE SQ
kgT for kgT T
vsQ = B2y - +1 =2 ‘S°Q+1 . (2.11)
4 Pob (E)dE ! o
B9
g

Figure2.2c illustrates how the output power is maximized by the proper choi-
ce of the voltage, minimizing the loss by radiative recombination and isothermal
dissipation through collection. Interestingly, at the maximum power point, the loss
channel due to collection is much larger than that due to radiative recombination.
This distribution is because the flux of collected electron-hole pairs pairs at the ma-
ximum power point far exceeds the flux of emitted photons. The electrical power
density results from the product of the current density J and voltage V. With this,
the efficiency limit in the SQ model results from the ratio of the maximum electrical

P

ai to the incoming radiation power P, namely

power density

MPP
sq  —max(J(V)V) Py
7 = = . 2.12
/ Pan Pan (2.12)

In addition, I introduce the so-called fill factor

Jumpp Vaipp
FF = “MPPIMPP 2.13
JSCVOC ( )

which relates the product of current and voltage at the point of maximum power
to the product of short-circuit current density JSSCQ and open-circuit voltage VOSCQ.
While the fill factor (F'F') can not be derived analytically, there is an analytical
function, which is suitable as an approximate equation to describe the idealized fill
factor in the SQ limit [39]

v§? —In UEB +0.72

FFSQ = (2.14)
v +1
with 5q
qVe
039 = kB% : (2.15)
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2.2 Thermodynamics of the Open-Circuit Voltage

Its importance as a figure of merit (FOM) in real solar cell devices will be elaborated
on later.

If the solar cell is operated at another working point than the MPP, the ef-
ficiency decreases, as summarized in Figure 2.2d. There, the share of the different
loss mechanisms and the output-power density are plotted for a voltage scan. For
the respective band gap of 1.6eV, 30.5% of the irradiated power can be used as
electrical power at its best. This upper efficiency at the maximum power point is
a function of the band gap energy with its respective relationship presented in Fi-
gure 2.2e. Additionally, Figure 2.2e depicts how the share of the four power losses
changes with the band gap. Thermalization and transmission, in particular, show a
significant change, yielding a maximum efficiency of 33% for solar cell devices with

band gap energy between 1.1 and 1.4¢eV.

2.2 Thermodynamics of the Open-Circuit Voltage

The following section introduces a more realistic formulation of the upper efficiency
limit. Although the simplifications in the Shockley-Queisser model are elegant and
intuitive, real semiconductor materials do not have an infinitely sharp absorption
edge, which would be required to reproduce the idealized, step-function-like ab-
sorptance in a material of finite thickness. Therefore, there is always a discrepancy
between the calculated SQ efficiency °? and the actual thermodynamic efficiency
limit of a real-world solar cell with natural absorption properties. [40-42].
Adapting the general idea of the SQ model to real devices with non-step-
function-like absorptances or quantum efficiencies leads us to a definition of the
radiative limit. [41,43,44] As its name implies, it is assumed, just as in the SQ situa-
tion, that all recombination processes occur radiatively. In this case, the solar cell
is explicitly defined only by its quantum efficiency (QFV) and temperature. Using
these parameters in the framework of detailed balance enables us to derive a general

expression for the short-circuit current density

Jee=0 Q¢ (E)¢sun(E)dE . (2.16)
0
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The radiative saturation-current density (J§*4) is derived using the optoelectronic

reciprocity [45,46] and is calculated via [47]

o0

I =q QY (E)¢u, (E)dE . (2.17)
0

In the following, I use the superscript 'rad’ for quantities derived within the radiative
limit. Finally, we calculate the radiative limit for the open-circuit voltage V24 via

[45]
k?BT JSC

In 7 7]

yrad — +1 . (2.18)

Note that the radiative limit of the open-circuit voltage (V2d) defined by Equa-
tion 2.18 does not need any value for the band gap energy. Nevertheless, Equati-
on 2.16-2.18 can be connected to the SQ model by setting the quantum efficiency
of the solar cell to QEV(E) =a(E)=H E—EgSQ with the Heaviside function

H E—E? =1for E>E;%and H E—E;2 =0 otherwise.

The radiative open-circuit voltage V24 is always smaller than the value from
the SQ model because additional radiative recombination losses occur due to the
broadening of the absorption edge. The semiconductor should have a sharp and
strong absorption coefficient to keep the losses in a real-world solar cell as small
as possible and its respective thermodynamic efficiency limit high. In the limiting
case, the radiation open-circuit voltage approaches the open-circuit voltage in the
SQ model. Therefore, selecting an absorber material should consider the behavior
of the absorption coefficient. Different solar cell technologies achieve this to varying
degrees. However, because this is only one of the many selection criteria for a good
absorber material, the task of building an excellent solar cell must always be tackled
holistically.

Calculating the radiative limit requires an expression for the quantum ef-
ficiency. The direct measurement of the (photovoltaic) external-quantum efficien-
cy (QEY)

setup, usually does not cover the entire energy range of interest for the calculati-

of the solar cell, typically performed using a grating monochromator
on of Jéad because its dynamic range is not sufficiently large to cover the relevant

absorption edge. To calculate the saturation-current density, multiplication of the

quantum efficiency with the black-body spectrum takes place (Equation 2.17). Thus,
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2.2 Thermodynamics of the Open-Circuit Voltage

in particular, the values of the quantum efficiency are weighted exponentially more
at low energies and hence are decisive for the resulting value of Jéad. Therefore, the
precise determination of Jéad requires an extended quantum efficiency data set that
additionally contains values at low energies. This extended quantum efficiency can
be obtained by applying the optoelectronic reciprocity theorem, [45] which connects
the electroluminescent emission of a solar cell with its photovoltaic quantum effi-

ciency and the voltage V' via

ou1 (B) = QY (E)Yow (B) e (L0 -1 . (2.19)
This correlation enables the conversion of one parameter into another. Thus, it is
possible to use a measurement of the electroluminescence (EL) spectrum ¢gg, (E)
to obtain the missing values for the quantum efficiency of the solar cell for the low
energy range and to combine them with the directly measured quantum efficiency

EQE (E). [47,48] The extension of the photovoltaic quantum efficiency using elec-
troluminescence data via Equation 2.19 has previously been used for perovskite solar
cells [49,50] and other solution-processable semiconductors. [51,52] An example is

shown in Figure 2.3 for a perovskite solar cell fabricated in the scope of this thesis.
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Abbildung 2.3: Electroluminescence spectrum ¢Ek and quantum efficiency Q}EQE from (EQE
and FTPS) of measured on the same exemplary perovskite-solar cell to determine the radiative
open-circuit voltage V24 by using the optoelectronic reciprocity relation. The calculation gives a

thermodynamic limit for the open-circuit voltage of 1.324V for the respective solar cell device.
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2.3 Losses in Real-World Solar Cells

In real-world solar cells, various efficiency-reducing loss mechanisms lead to dis-
crepancies between the actual device efficiencies and theoretically possible values in
the Shockley-Queisser model. Unfortunately, the idealized assumptions in the SQ
model are highly difficult to meet and impose many requirements on the material
properties of the absorber, interlayer and contact materials, as well as on their inter-
faces and their interplay in the device architecture. Thus, deviations from the ideal
situation can easily occur. Figure 2.1 in section 2.1 shows a corresponding overview
of the real-world limitations. In addition, Figure 2.4 provides an overview of the
preferable properties of absorbers, interlayers and contact materials.

Optical losses occur, for example, due to reflection, transmission, and inter-
ference. Thus, in addition to selecting a suitable band gap, the absorber of a well-
functioning solar cell should have a high and sharp absorption coefficient («) to
facilitate adequate light absorption even with thin film thicknesses. Besides, parasi-
tic light absorption in the interlayer or contact material reduces the absorptance (a)
and the photocurrent quantity generated by the solar cell. This portion of the radia-
tion power is no longer available for the active layer, resulting in additional optical
losses.

Likewise, the ideal extraction properties assumed in the SQ model can, at best,
only be approximated with real materials. Additional collection losses occur, for ex-
ample, because the mobility of electrons and holes is not infinitely high, and they
recombine before reaching the contacts. Therefore, the diffusion length of charge
carriers should be much greater than the absorber layer thickness. If this criterion is
not met and the active layer of the solar cell is too thick, a large part of the genera-
ted charge carriers will not reach the contacts. These two opposing requirements for
layer thickness call for a compromise between absorption and charge-carrier collecti-
on. A prerequisite for a good interlayer and selective contact is also a high mobility
and conductivity to avoid resistive losses, which reduce the fill factor of the solar
cell. Tt is also not trivial to achieve selective charge-carrier transport to the respec-
tive contacts. The interlayers have the function of letting one charge-carrier type
pass without introducing significant energetic losses and blocking the other. This

semipermeable behavior is, for example, achievable by a huge energetic barrier for
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Abbildung 2.4: Overview of material properties of an absorber, interlayer, and contacts for a
good solar cell. The respective internal material parameters are sorted according to their respective
impact on the processes during energy harvesting. The relative importance of the three absorber
material parameters for the solar cell performance is not trivial, and a strict separation as done
here should only serve as a simplification for the reader.

minority carriers and similar energy levels between the absorber and the interlayer
for majority carriers. Thus, a good energy-level alignment is beneficial and essential
for preserving the potential energy of the charge carriers during charge transport
from the absorber layer to the electrodes. Moreover, minimizing the equilibrium
concentration of minorities at both contacts assists selectivity, which can be imple-
mented, e.g., by doping densities of the used semiconductors [15,53] or a high built-in
voltage, being set by the work-function difference of the contact materials. [54-57]
The non-radiative recombination of charge carriers represents another loss path
in actual solar cells, which explicitly reduces the open-circuit voltage of the device.
Several different mechanisms cause non-radiative recombination, where the energy
of the recombining electron/hole pairs is dissipated by releasing phonons. I refer to
section 2.5 for more details. However, defect recombination in the bulk material of
the absorber, as well as at the interface to the adjoining interlayers, is critical and

requires passivation strategies and defect-tolerant or defect-free absorber materials.
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Consequently, suitable absorber materials should have long charge-carrier lifetimes,
while the interfaces should feature slow surface-recombination velocities. In additi-
on, a low surface-recombination velocity is one ingredient to obtain a high contact
selectivity. The second ingredient is a low series resistance, according to the defi-
nition by Brendel and Peibst. [58] If this velocity is not sufficiently low, electrons
recombine at the anode and holes at the cathode. An external quantity that enables
the quantification of non-radiative losses of the solar cell is the external LED quan-
tum efficiency (Q"™), sometimes also denoted as external radiative efficiency [59,60]
or LED quantum efficiency [36,45]. The potentially voltage-dependent ratio defines

the external luminescence-quantum efficiency

um _ Jrad _ Jrad 7 (2.20)
Jurad + Jrad  Jrec

comparing radiative recombination current (Jyaq), which leads to the emission of
photons, to the total recombination current (Jyec), where Jpq and non-radiative re-
combination current (Jypaq) add up. The external luminescence-quantum efficiency
is crucial in explaining the power-conversion efficiency of a light-emitting diode. Ho-
wever, it is also important to understand photovoltaic power-conversion efficiency
via its influence on open-circuit voltage (Vo).

According to detailed balance, the voltage loss between the radiative limit of
the open-circuit voltage V24 introduced in section 2.2 and the actually measured
open-circuit voltage V4 should scale with the logarithm of the external luminescence-
quantum efficiency Q™ via [45,61]

’ —kT
A‘/gérad _ Vggd —Vye=——1In Ql}um >0 . (2_21)
q

Equation 2.21 implies that if Q};*m =1, the open-circuit voltage is equal to the radia-
tive open-circuit voltage per definition of the latter. Hereby, the open-circuit voltage
loss equals kT’ In{10} ~ 60meV for every order of magnitude reduction in the exter-
nal luminescence-quantum efficiency or increase in total the recombination current
relative to the radiative one.

Combining the information about the radiative limit of the open-circuit vol-

tage and Qleum allows the comparison of recombination limitation of different solar
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2.3 Losses in Real-World Solar Cells

cell technologies among each other. [40,42,59,60] The recombination losses of the
actual open-circuit voltage V. are split into two contributions. First, radiative los-
ses due to the difference AV = 5Q (Eg)— V2ad hetween the SQ value, calculated
for the idealized step-function-like quantum efficiency, and the radiative value cor-
responding to the actually measured QQEQE (E). The second contribution represents
a non-radiative loss term AV2rad = yrad 7 140] Thus, the overall difference bet-

ween Vit and Ve 1s given by

AVye = VX Ey) = Voo = AVo2(Ey) + AV (2.22)
It follows from Equation 2.22 that the actual value of AV, depends on the choice
of band gap energy (E,) used in the SQ model. For instance, a method that sys-
tematically determines lower values for the band gap than another method would
also yield a lower estimate of open-circuit voltage loss. This problem motivates the
meta-analysis and discussion in later chapter 6. For now, I use the inflection point
(IP) of the photovoltaic quantum efficiency QX to define the band gap of the solar
cell device. [40]

Following the introduction of additional loss mechanisms in real-world solar
cells, Figure 2.5 compares the characteristic parameters from the SQ model vs.
bang gap energy to a range of data points representing current efficiency records
of different photovoltaic (PV) technologies. [62-67] In addition, Figure 2.5a shows
how the external luminescence quantum efficiency Qg““ reduces the thermodynamic
efficiency limits to substantially lower values. Unfortunately, it is impossible to di-
rectly assign the difference in efficiency between the SQ limit and reality presented
in Figure 2.5a to the different loss mechanisms. However, comparing the individual
parameters, namely short-circuit current density (Js), fill factor F/F and V. facili-
tates identifying the respective limitations of the different solar cell technologies. It
becomes apparent that the photocurrent is not the most critical issue as Jy. deviates
only slightly from the theoretical value compared to the losses in fill factor or open-
circuit voltage. Furthermore, Figure 2.5e illustrates the normalized efficiency as a
function of the external luminescence quantum efficiency Q™™ for a range of devi-
ces, where the latter has been estimated based on available photovoltaic quantum

efficiency data, using an approximation of the radiative V. that I will introduce in
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Abbildung 2.5: (a) Efficiency limit in the SQ model, and the other characteristic parameters (b)
short-circuit current density, (c) fill factor and (d) open-circuit voltage as a function of the band
gap energy. The data points represent the respective parameters of record devices from various
established and emerging absorber materials. Furthermore, in panel (a), the external-luminescence
quantum efficiency QL““’ is used as a parameter to depict its influence on the upper efficiency limit.
(e) Normalized efficiency as a function of external luminescence quantum efficiency or non-radiative
voltage loss, which are linked via Equation 2.21, stated for the record devices of various solar cell
technologies. [62-67] The dashed lines are values of 1/7sQ as a function of Q"™ calculated for
three different band gap energies, assuming that only recombination losses are present.

chapter 6. One observation that emerges from Figure 2.5e is that the normalized
efficiency 7real/73q correlates empirically with QL“‘“ Thus, the most efficient solar

cells, such as GaAs and crystalline Si, also have the highest values of luminescence
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quantum efficiency Q™ with the efficiency advantage of GaAs being mainly related
to its direct band gap and higher luminescence. In the next section, I will introduce a
more visually appealing presentation of the different loss contributions by specifying

several figures of merit FOM.

2.3.1 Figures of Merit

Recently, it was shown how to break down the additional losses in a real-world solar
cell into several factors, each of which can be considered as a figure of merit high-
lighting different physical loss mechanisms and, consequently, different optimization
strategies. [19] The normalized efficiency used before in Figure 2.5e can be expressed

as the product of five different contributions, which gives

Threal Vorgd V;rccal res FFO VOrCeal
- FF
msq Vel VR T ppy o vSQ

ocC

Fe | (2.23)

and is discussed subsequently. Moreover, Figure 2.6 visualizes these five figures of
merit for the current record-efficiency solar cells of different PV technologies presen-
ted in the last section. The losses in V.. shown in different shades of green are split
into two parts, namely into losses due to the discrepancy between the actual shape
quantum efficiency and the ideal step-function assumed in the SQ limit, which is
described by the ratio of V& d.fit / VoScQ (dark green) and losses due to non-radiative
recombination VI / V& A fit (light green). Moreover, non-radiative losses always re-
duce the limit of the fill factor because F'F' is linked to the actual open-circuit
voltage of the device, as specified by the relationship in Equation 2.14. [39,68] The
rationale behind this effect is that the difference between the voltage V,,;,, at the
maximum power point and the V,_ is relatively constant, which implies that the

ratio V., /Vi. which controls the value of the ideal fill factor is not constant but a

pp/
function of the open-circuit voltage. Hence, the fill factor losses in Equation 2.23 are
also split into two parts, one FFy Vorceal /FFy VOSéQ (dark red) dealing with
the fill factor loss due to the loss in open-circuit voltage and a second one called
FER taking into account additional losses which are mainly resistive in nature (light

red). Here, the factor Fi is defined as the ratio F'Fiea/F Fo VOSCQ . Finally, the
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FFy Vil JFFy W, vaQ Only the two mature technologies GaAs and Si achieve 72! /55Q > 80%.

figure of merit F,, = J./ JEQ compares the actually measured short-circuit current
density with the theoretical one in the SQ model. The yellow bars in Figure 2.6
indicate the portion of this loss factor. A detailed description and discussion of all
FOMs are available in ref. [19].

As the presentation in Figure 2.6 proves, the breakdown into different figures
of merit facilitates the identification of the significant challenges regarding the so-
lar cell’s key parameters. Note, that the bar chart is plotted on a logarithm scale.
Thereby, the area of the additive segments in the bar chart correctly represent the
magnitude of the factors in equation 2.23. In addition, it allows the evaluation of the
progress of emerging technologies, such as organic photovoltaic or perovskite solar
cells, to more mature technologies, such as Si or GaAs. The two mature technologies,
GaAs and Si, as well as the fairly new technology based on metal-halide perovskites,
achieve 80% or more of the efficiency from the SQ model. This outstanding perfor-

mance of the record perovskite solar cell, compared to other emerging PV, underlines
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the potential of this material class. In particular, the losses in open-circuit voltage

are already relatively small relative to other technologies.

2.4 Perovskite Solar Cells

This section provides an overview of the material properties that make metal-halide
perovskites interesting for solar cell applications. Subsequently, the implementation

and working principle are introduced.

2.4.1 Material Properties and Development

Generally, the term perovskite denotes a versatile crystal family with stoichiometry
ABX3 and many different polymorphs crystallizing, for example, in the cubic, tetra-
gonal, or orthorhombic phase. Accordingly, perovskites exhibit a variety of different
properties, ranging from metallic to semiconducting to insulating. However, only
semiconducting metal-halide perovskites are interesting as absorber materials for
solar cells since they stand out by their superior optoelectronic properties and the
low material and energy input costs required for their fabrication. Thus, whenever
the term 'perovskite’ is used in this thesis, it refers exclusively to these metal-halide
perovskites.

Figure 2.7 illustrates the ideal, cubic perovskite ABX3 structure, consisting of a
BXg octahedra in the middle of the cube formed by the A-site. This A-site is either
a monovalent organic, charged molecule like methylammonium (CH3NH; MA™),
formamidinium (HC(NH,)2, FA™), or guanidinium (CHgNJ,GA™), or an inorganic
cation such as Cs™ or Ru™. At the center of the cube, on the B-site positions, sits
a divalent metal cation from elements such as lead (Pb*") or tin (Sn?") in six-fold
coordination surrounded by monovalent halide anions such as iodide (I7), bromi-
de (Br™) or chloride (C17) (X-site). In this thesis, methylammonium lead iodide
(CH3NH3PDbl3), also referred to as MAPI, is used, which is one of the most common
and extensively investigated metal-halide perovskites.

Even though the first synthesis of methylammonium-lead halide perovskites
dates back to 1978, [69] they were not used in photovoltaic devices until 2009. [11]
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Abbildung 2.7: Schematic representation of the cubic perovskite structure with the chemical
formula ABX3. The A-site (purple) is occupied by methylammonium (CH3NHj ), formamidinium
(HC(NH,)2), guanidinium (CHgNZ), or inorganic cations such as Cs™ or Ru™. The octahedra is
built by halide anion (I”,Br~,C17) on the X-site (blue) and usually (Pb**) on the B-side (dark
red).

Initially, employed only as light-sensitizer in dye-solar cells in form of a very thin
layer on a mesoporous scaffold of titanium dioxide, it became apparent that metal-
halide perovskites also have exceptional electronic properties and function as an
absorber and transport layer in a solid-state architecture. [70,71] Since then, poly-
crystalline thin-film perovskite solar cells have attracted the attention of a growing
number of scientists and have developed rapidly, bringing record cells closer and
closer to the level of leading PV technologies. This unparalleled efficiency develop-
ment is illustrated in Figure 2.8 with the current record efficiency being 25.5%. [66]
Still, two major concerns about lead-halide perovskites are the toxicity of the heavy
metal lead and the current lack of long-term stability, which also holds back com-
mercialization. [73,74] The great success of this class of materials is attributed to its
excellent optoelectronic properties, which cover many requirements for a good solar
cell absorber material. [8-10]

Firstly, metal-halide perovskites are characterized by a high absorption coef-
ficient in the visible range (~ 107°cm™1), [75] yielding high absorptance even with
very thin films of several hundred nanometres. The absorption onset of metal-halide
perovskites is sharp and the sub-band gap absorption is low, which is beneficial for
small radiative recombination losses. [40] Unlike organic absorber materials, lead-
halide perovskites exhibit very low exciton-binding energies below kgT', [76] implying

that the generated charge carries are dissociated and free at room temperature. This
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Abbildung 2.8: Chronological development of the highest confirmed efficiencies of single junction
solar cells with different absorber materials. The current record efficiency of perovskite solar cells is
25.5% Data is picked from the research-cell efficiency chart published by the National Renewable
Energy Laboratory (NREL). [72]

property is related to their high static relative dielectric permittivity (&) (~ 30). [77]
In addition, charge-carrier lifetimes are exceptionally long for a polycrystalline ma-
terial fabricated from simple low-temperature wet-chemical deposition. [78] Good
charge-carrier transport to the contacts also requires high mobilities. In this regard,
perovskites feature sufficiently high charge-carrier mobilities for electrons and holes
in the order of 10 —100cm?V~1s~! [79,80] to provide diffusion lengths exceeding
typical layer thicknesses. [81]

These exceptional electrical and optical properties of metal-halide perovski-
tes result from their unusual electronic structure, which exhibits an anti-bonding
valence-band maximum (VBM) constructed from 6s Pb electrons, coupled with 3p,
4p or 5p orbitals for Cl, Br or I, respectively. [82-85] A strong hybridization between
these inorganic ions thereby results in low effective electron and hole masses. [86]
With this, the halide anion (X-site) mainly dictates the valence-band energy, while
the position of the conduction band maximum is barely altered. Thus, by changing
the composition, it is possible to tune the optical band gap of these semiconduc-
tors, [87] making them highly interesting for tandem solar cell applications. Another
peculiarity of the electronic structure is that lead and halide contributions dominate

the electronic states at the conduction- and valence-band edges, while the impact of
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the organic cation (A-site) on these relevant states for charge conduction and opti-
cal transitions is negligible. [83,85] The A-site cation only influences the structural
symmetry and needs the right size to allow a cubic perovskite lattice to form. [8] In
addition, the A-site cation strongly affects the chemical stability. [88,89]

The anti-bonding nature of the valence-band maximum is of particular relevan-
ce as it is associated with defect tolerance, [90,91] thus explaining the long electron
and hole bulk lifetimes. This defect tolerance occurs because the most abundant
point defects in the bulk form energetically close states to the band edges or even
in the energy bands rather than in the middle of the band gap. Thus, these defect
states are less detrimental for non-radiative recombination. [90,92-94] The few deep
defects exhibit large formation enthalpies, which makes them occur in small con-
centrations. Additionally, phonon energies in lead-halide perovskites are quite small
(16.5meV) [77], making non-radiative recombination via multiphonon emission un-
likely. [95] The deformation potential, which defines the energy required to adjust
the lattice around a defect and screen it, is also small. [96] All these effects are bene-
ficial for slowing down trap-facilitated recombination and predict a defect-tolerating
system.

Even if the bulk material has all prerequisites for an excellent photovoltaic-
absorber material, significant losses easily occur when the absorber, interlayer and
contact materials interact. In particular, the interfaces between the layers can cause
losses. An understanding of device physics and careful design is required to minimize

these loss paths and further enhance efficiency.

2.4.2 Solar Cell Layer Sequence and Working Principle

There are several different stack configurations for perovskite solar cells, which
differ, for example, in polarity or material choice. An overview illustrating so-
me of the most common perovskite-solar cell device architectures is shown in Fi-
gure 2.9. Usually, a polycrystalline metal-halide perovskite layer of several hun-
dred nanometres in thickness is sandwiched between two selective transport layers.
One is semipermeable for electrons, called electron-transport layer (ETL), while
the other so-called hole-transport layer (HTL) blocks electrons and allows holes

to pass. Commonly, these transport layers are metal oxides, like titanium dioxi-
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Abbildung 2.9: Schematic of different perovskite solar cell device architectures. The mesopo-
rous, regular configuration is widely used and very efficient, but with the disadvantage that the
fabrication of the commonly used ETL TiOq requires high temperatures. In this thesis, I used the
inverted, planar structure.

de TiOg, zinc oxide ZnO, tin oxide SnOs or organic semiconductors, like 2,2',7,7-
tetrakis-(N,N-di-4-methoxyphenylamino)-9, 9'-spirobifluorene (Spiro-OMeTAD) [97]
or poly(3-hexylthio-phene- 2,5-diyl) PSHT. Furthermore, transparent conductive
oxides (TCO) as transparent front and metal contacts as opaque rear electrodes
form external contacts. Many high-performance devices have been fabricated in a
mesoporous, regular architecture, where a mesoporous TiOs layer forms the electron-
transport layer at the transparent cathode side, made from fluorine-doped tin oxi-
de (FTO). [70,98-101] The respective layout evolved from the dye-solar cell struc-
ture, in which perovskites were used for the first time. This architecture is still one
of the most popular. The mesoporous ETL provides a scaffold with a large surface
area infiltrated by perovskite crystals, assisting electron extraction.

However, all the devices used in this thesis are inverted, planar solar cells,
discussed in more detail in the fabrication section 4.7. As its name implies, this
architecture is electrically inverted with respect to the regular configuration that
characterizes the most high-efficiency oxide-containing systems and employs a stack
based on planar films. Apart from its simplicity, this structure has the advanta-
ge of being compatible with low-temperature processing. In addition, this struc-

ture is better suited for tandem applications with Si-solar cells. Here, fabricati-
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on starts at the transparent anode side, usually made of indium-tin oxide (ITO)
with an adjoining semipermeable hole-transport layer, like poly[bis(4-phenyl)(2,4, 6-
trimethylphenyl)amine] (PTAA), poly(3,4-ethylenedioxythiophene) (PEDOT:PSS),
or poly(N,N’-bis-4-butylphenyl-N,N’-bisphenyl)benzidine (PolyTPD). On the other
side of the perovskite absorber, an electron-transport layer hinders holes from mo-
ving to the cathode made of silver.

Figure 2.10 schematically depicts the respective inverted, planar perovskite
solar cell stack and a schematic of the energy levels. In addition, exemplary energy-
band diagrams in equilibrium, in the dark, and under illumination at the maximum
power point are shown. These exemplary energy-band diagrams were generated with
a numerical drift-diffusion device simulator using typical material parameters. In the
following, I explain the functionality of the different layers and introduce important
material parameters and quantities that mainly influence the energy-band diagram.
The x-axis shows the cross-section of the solar cell with energy on the y-axis.

The band diagram describes the situation when different layers are brought
into contact with each other. The layers exchange charge carriers to reach a thermal
equilibrium state, characterized by equilibrated Fermi levels, which implies a zero
net-current flow of electrons and holes. The equilibrium-Fermi level is given by Ey

and controls the equilibrium electron and hole densities via

Ec— Ep

= N, —_— 2.24

mo=Neexp =0 (224)
and BB

po = Nyexp % ; (2.25)

with Ec and EFy marking the edges of the conduction (CB), or valence band (VB)
and N¢ and Ny are the effective densities of state in these bands, respectively.
First, the three materials differ in their energy levels, as illustrated in Fi-
gure 2.10b. Thereby, the electron affinities, defined by the energy difference bet-
ween the vacuum level Ey,. and conduction-band edge, dictate the alignment of the
conduction-band edges of the different layers in the final stack. Thus, for a tentative
understanding of band alignment, the conduction- and valence-band offsets of the

HTL, absorber and ETL layers can be used as the decisive quantities to understand
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Abbildung 2.10: (a) Schematic of the inverted, planar solar cell device stack. (b) Trend of the
energy levels. (c-d) Exemplary, simulated energy-band diagrams in the dark and under illumination
at the maximum power point.

the band alignment. The hole-transport layer has a small electron affinity (x) com-
pared to the perovskite, which introduces an energetic barrier in the conduction
band, hindering electron extraction. The electron current into the HTL depends
exponentially on the height of this energetic barrier (exp(—AFE¢/kgT)). It is, there-
fore negligibly small for conduction-band offsets AE¢ > kgT'. At the same time, its
ionisation energy (IE), which states the energy difference between the vacuum level
and valence-band edge, is equal to or smaller than that of the perovskite, making
it easy for holes to enter the HTL layer. The valence band difference should not be
high to avoid losses in potential energy during transport to the contacts. The reverse
is true for the electron-transport layer, which should create an energetic barrier at

the valence-band edges for holes, adding selectivity to the contacts.
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Furthermore, a work-function difference between the metal contacts is essenti-
al to induce a built-in asymmetry in this type of solar-cell device. The difference in
electrostatic potential induces an electric field and a voltage drop across the sand-
wiched layers, causing tilting of the bands, as shown in Figure 2.10c. In addition,
these contact materials (ITO, Ag) are far more conductive than the other layers.
Generally, if different layers are brought into contact, charge-carrier injection from
layers with a lower work function into layers with a higher work function occurs
until the Fermi levels are equilibrated. Moreover, the perovskite absorber and or-
ganic semiconductors, usually used as transport layers, are only slightly doped or
even intrinsic, [102]. This property implies that the equilibrium-majority carrier
concentrations in all these layers are negligibly low relative to the concentrations of
electrons or holes injected from the contacts. Thus, the position of the equilibrium-
Fermi level in the energy-band diagram does not necessarily coincide with the work
functions of the individual materials. Instead, charge-carrier injection from ITO and
Ag strongly affects the position of the equilibrium-Fermi level in the energy-band
diagram, reducing the equilibrium concentration of minorities at both contact sides.
This asymmetry in the charge-carrier concentration benefits selectivity because it
reduces the recombination current of electrons (holes) at the hole (electron) contact.
Note that this high built-in voltage due to a work-function difference of the contact
materials is only one way to implement this asymmetry. Other technologies use dif-
ferences in doping densities or band gap grading towards the contacts. [53,103,104]

Figure 2.10d shows the non-equilibrium energy-band diagram under illumina-
tion and forward bias at the MPP. Light absorption generates excess-charge carriers
in the perovskite, resulting in a higher occupation of electrons in the conduction
band and holes in the valence band. This difference in carrier concentration is indi-
cated by the respective quasi-Fermi levels Em, for electrons and Epy, for holes setting

the electron and hole densities via

Ec—E
n = Ngexp % (2.26)
and . 5
— v
p = Nyexp FET (2.27)
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Their quasi-Fermi level splitting (QFLS) is given by

AEF = Epn — Epp = kBTln (2.28)

np

:
Here, n; denotes the intrinsic charge-carrier density, defined as nlz =ngpo. The total
electron and hole concentration can also be expressed as n =ng+ An and p =
po+ Ap, respectively, with their corresponding excess-carrier concentrations An and
Ap. As indicated in Equation 2.26 and 2.27, the distance between the respective
quasi-Fermi level and the band edge correlates with the carrier density. This quasi-
Fermi level splitting (AEg) describes the chemical potential of electron-hole pairs
that is built up inside the absorber of the solar cell. This splitting can also be
considered as an internal voltage with Viy = AER/q. Ideally, the internal voltage,
and thus the chemical potential, remains the same throughout the solar cell up to the
contacts, where it is converted into an electrostatic potential difference measurable
as external voltage (Vext). Unfortunately, real solar-cell devices usually experience
losses, reducing the chemical potential of the charge carries across the transport
layers, which is visible by a decrease in the QFLS. The gradient of the quasi-Fermi

level is directly proportional to the electron and hole current densities via

dn dE
Jn=qDy no +qF punn = npy d;h (2.29)
and i JIE
Fp
Jp =—qDy, F 2.30
—q d+qupp PHp— (2.30)

where pi, and p, denote the mobilities and D, and D), are the diffusion constants for
electrons and holes, respectively. These current densities J, and J, are a superposi-
tion of the drift-current density and the diffusion-current density. The drift-current
density is driven by an electric field F visible as a gradient in the conduction- and
valence band edges. In contrast, the gradient in charge-carrier concentration drives
the diffusion-current density. If the product of the carrier density and mobility is
too low at a given current density, a substantial gradient of the quasi-Fermi level is
necessary to drive the current through the transport layers. In the example shown
in Figure 2.10d, approximately 70meV of accumulated Fermi-level gradient in the

two contact layers is necessary to allow the extraction of a current Jypp.
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In addition, a comparison of the two band diagrams shows that at the maxi-
mum power point, the asymmetry due to the built-in voltage V4,; and the tilting of
the bands nearly disappeared. Thus, the electric field, which assists charge trans-
port to the contacts, is quite weak. In the worst-case scenario, the built-in voltage
is smaller than the applied voltage at the maximum power point. Then, the charge

carriers have to travel against the electric field, which creates a barrier for extraction.
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Abbildung 2.11: (a) Power- and (b) current density J as a function of voltage V, illustrating an

exemplary solar cell behaviour. In addition, energy-band diagrams are at the three characteristic
working points, namely (c) short circuit, (d) maximum-power point and (e) open circuit are shown.
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For further explanation, Figure 2.11 shows exemplary band diagrams at three
characteristic operating points during a JV-scan with a corresponding plot of the
power output- and current-density voltage curve in (a-b). Mathematical expres-
sions for the efficiency n and fill factor F'F' were already introduced in section 2.1
(Equation 2.12 and 2.13) and are also valid outside the SQ model if the actual quan-
tities for Js. and Vi are inserted. Figure 2.11c presents the energy-band diagram
at short circuit, (d) the situation at the MPP and (e) at open circuit. Short-circuit
condition implies that the difference in the electrostatic potential between ITO and
Ag is zero. At the same time, the extracted current density Jg. and the Fermi-level
gradients are the highest compared to those at other working points in the fourth
quadrant. However, even at short-circuit, a considerable amount of photogenerated
charge carriers accumulate inside the absorber and the transport layers, as indicated
by the internal voltage of approximately 0.9V. This effect is caused by the transport
materials’ typically low mobility and reduces the solar cell’s obtainable short-circuit
current density. Furthermore, due to the low mobility in HTL and ETL, the Fermi-
level gradients over the transport layers are larger than those over the absorber layer.
At the MPP, the extracted current is only marginally smaller than that at short
circuit, but the steady-state charge-carrier density is substantially higher. Thus, gi-
ven the higher conductivity of all intrinsic layers in the system, the gradient of Fm,
and Eg, will be much smaller than at short circuit. At open circuit, the net current
through the transport layers is zero. Hence, all Fermi levels are flat, except for the
electron-Fermi level in the HTL and the hole-Fermi level in the ETL. These have
a slight gradient because a tiny minority-carrier current flows through these layers.
However, due to their extremely low densities, these minority-carrier currents are

basically irrelevant to the functionality of the device.

2.5 Recombination in Lead-Halide Perovskites
In this thesis, the electro-optical behavior of perovskite solar cells is simulated using

numerical and analytical models. The numerical simulations are based on the drift-

diffusion model, [105] where a set of coupled differential equations must be solved
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together with the corresponding boundary conditions. This set of coupled differential
equations consists of the Poisson equation and continuity equations for electrons and
holes. In case of a one-dimensional system, the Poisson-equation, which governs the

electrostatic potential (¢) induced by the net space-carrier density (p), is given by

Po  p
012 e

(2.31)

where € is the dielectric constant of vacuum and ¢, is the relative dielectric permit-
tivity. The net charge density is the sum of all charges, expressed as p=q(p—n+
Np — Na +Pirapped — Ntrapped ), Which includes the carrier densities of free electrons n
in the conduction band, free holes p in the valence band, the concentration of ionized
donors and acceptors Np and Ny, as well as localized charges nirapped and pirapped
trapped in defects. The continuity equations follow from carrier conservation and
account for how the free charge-carrier densities for electrons and holes change over
time. The generation of charge carriers due to light absorption lets the densities of
n(z) and p(x) increase, whereas recombination processes cause a reduction in carrier
concentration. Additionally, a current flow can change the charge-carrier densities
in both directions. Considering these different mechanisms in a homogeneous mate-
rial without gradients in band gap or electron affinity allows us to write down the

one-dimension continuity equation for electrons, resulting in

an 0n (x,t on(x,t

T Gext (1) +Gint (z,t,n,p) — R(x,t,n,p)+ Dy, 8;2 ) +Fun (;/E ) , (2.32)
and 1D-continuity equation for holes expressed via

p 9%p(x,t) p (x,t)

o = Gext (@,t) + Gint (2,t,n,p) — R(z,t,n,p) + Dy 92 —Fup e (2.33)

with the time ¢ and total recombination rate (R). Note that at heterointerfaces,
where, e.g., band gap, the density of states or electron affinity may change, additio-
nal terms must be added to the last terms on the right-hand side of Equation 2.32
and 2.33. References [106, 107] discuss this in more detail. For a description of the
drift-diffusion equations in three dimensions, see ref. [105]. Moreover, Geyxt denotes

the generation rate due to external illumination, for example, sunlight, whereas the
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internal generation rate Gip refers to generation due to reabsorption of photons
generated by radiative recombination within the device itself. The latter process is
called photon recycling, which is particularly relevant for absorber materials with a
large energetic overlap between the emission spectrum and absorption profile. [108]
This behavior is found in metal-halide perovskites. [109] Thus, if radiative recom-
bination creates a photon within the perovskite absorber, it likely has a suitable
photon energy to be absorbed again, generating an additional electron-hole pair.
Thereby, py denotes the average probability of this recycling event and pe the pro-
bability of emission and coupling out of the solar cell. Furthermore, the parasitic
absorption probability p, indicates how likely the photon is reabsorbed from ano-
ther layer, such as the metal back reflector or transport layers. Since one of these
processes must occur, py + pe +pa = 1 holds. [110]

In the simplest case, the external generation rate is assumed to be homoge-
neous and can be set to a constant and spatially independent value. In the case of
transient experiments and their simulations, where the charge-carrier decay after
a pulsed excitation is of interest, the generation rate is also time-dependent. Here,
the simplest approach is to assume that the laser pulse creates an initial carrier
concentration but not consider the laser pulse’s generation profile and time depen-
dence. In addition, calculating the generation rate requires information about the
incoming photon flux and an optical model describing the absorption behavior of
the solar cell. For example, one simple physical description follows from Lambert-
Beer’s law, assuming a generation rate that depends on the absorber layer depth
and its absorption coefficient . In this Lambert-Beer type model, the generation
rate is given by G = ¢a(1l —exp(—ax)). A more realistic model, which also considers
interference effects and the optical material properties of all layers in the solar cell
stack, is based on the transfer-matrix method (TMM). For more details, I refer to
ref. [111]. The transfer-matrix method is applicable to simulate the optics of flat,
planar films. Therefore, it is adequate to model the optics of an inverted, planar
perovskite-solar cell. Thus, TMM is used to calculate the generation rate in the
numerical drift-diffusion simulations performed in this thesis. The two last terms in
Equations 2.32 and 2.33 represent the divergence of the drift and diffusion current,
which were already introduced in the last section in Equation 2.29 and 2.30.

The total recombination rate R comprises several different mechanisms whose
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individual rates add up. These mechanisms cover radiative and non-radiative proces-
ses, as schematically illustrated in Figure 2.12. To numerically solve the continuity
equations, it would be necessary to express the rate R in terms of the concentrations
n and p of free electrons and holes. The dependence of R on n and p differs for each
of the mechanisms shown in Figure 2.12 and is therefore briefly introduced below. In
addition, there are situations in which analytical solutions to the continuity equa-
tions are possible under certain assumptions. This is particularly the case when all
bands and Fermi levels are flat and n and p are no longer a function of position. In
this situation, the terms originating from the divergence of the current disappear. In
addition, there is no space charge in this situation. Hence, the electrostatic potential
is constant and the Poisson equation can be disregarded. I will make use of this sim-
plification to introduce the respective recombination mechanisms didactically and to

illustrate their behavior. Since this thesis especially focuses on understanding tran-

energy E non-radiative recombination
Auger
recombination
generation
radiative SRH bulk surface
recombination recombination recombination
. —
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thermalization  due to reabsorption position x

Abbildung 2.12: Schematic overview of different generation and recombination processes. Ra-
diative recombination via band-to-band transition emits a photon, whereas non-radiative recombi-
nation processes release energy via phonons to the semiconductor lattice, as indicated by the grey
springs. Thereby, three different non-radiative recombination mechanisms play a role in metal-
halide perovskites, namely Auger recombination and defect recombination in the bulk or at the
surface, as described by Shockley-Read-Hall (SRH) statistics. This model describes recombination
via a defect as an interplay of four separate processes. These processes are electron capture, elec-
tron emission, hole capture and hole emission. The rates of these respective processes are stated
above.
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sient characterization methods regarding recombination dynamics, I will also focus
on charge-carrier decays from an initial carrier concentration and the respective rate

equations of the form fl—" =—R.

2.5.1 Radiative Recombination

For metal-halide perovskites, it is justified to assume that radiative recombination

int

is a bimolecular process. [112] Consequently, the internal recombination rate R}y

at which the charge carriers recombine radiatively is proportional to the product of

electron n and hole p concentration, resulting in
i i 2
RIS = k2 np—n? . (2.34)

Here, k;‘;ﬁ denotes the internal radiative recombination coefficient. However, the
externally accessible and measurable radiative recombination rate Rf;‘g is slower
because the internal generation due to photon recycling superimposes the decrease

in charge-carrier density. [113] Hence, one can write
Riya = Risa+ G = kg (1=pr) mp—nf = k3§ np—nf (2.35)

where kfgg is the external radiative recombination coefficient. This equation indicates
that the external, radiative recombination rate depends on the optics of the solar-
cell stack because the reabsorption probability p, changes with the likelihood of the
other two mechanisms. Note that the effect of photon recycling cannot be considered
in the scope of the numerical simulations presented in later chapters. Therefore, the

radiative coefficient k;,q is the corresponding external quantity used in the following.

2.5.2 Shockley-Read-Hall Recombination

In contrast to radiative recombination, non-radiative recombination involves the
emission of phonons. Non-radiative recombination can occur via different mecha-
nisms. However, this energy dissipation always represents a loss path that must be
suppressed. One of the non-radiative recombination mechanisms represents recom-

bination via defect states within the band gap of the absorber material. Whether
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a defect contributes substantially to non-radiative recombination is often estimated
by the Shockley-Read-Hall (SRH) statistics. [114,115] Thereby, recombination via
a singly charged defect is described as a combination of four separate processes,
namely electron capture, electron emission, hole capture, and hole emission. Figu-
re2.12 schematically illustrates these respective processes and also indicates their
respective rates 7ec, Te,e, he, The- Under steady-state conditions, the occupation of
the trap does not change. Thus, the net rate for electrons must be equal to the net

rate for holes, resulting in the rate for Shockley-Read-Hall defect recombination

Rspu = Te,c —Te,e = Th,c — Thye

(2.36)
=nfn Nt (1_f)_enNtf:pﬂpNtf_epNt (l_f) :

Ny denotes the trap density of traps with energy Ei, 3/, the capture coefficients

and e, /,, is the emission coefficient for electrons and holes, respectively. The emission

n/p
coeflicients are connected to the capture coefficients via detailed balance and given by
en = BuNeexp ((Ey — E¢) /kT) and e, = SpyNyexp ((Ey — Ey) /kgT). Equation 2.36

allows us to determine the electron-occupation function

B nfn+ep
nBn+pBp+en+ep

(2.37)

which differs in non-equilibrium from the Fermi-Dirac distribution. Usually, this
occupation function is valid to describe the occupation in the energy bands. Inserted

in Equation 2.36, the rate for trap-assisted SRH recombination is determined as

2

np — n;
R =N, ! . 2.38
SRH tﬁnﬁpﬂ/311+p5p+en+€p ( )

The probability of a capture or emission event depends on the energetic positi-
on of the trap, as well as the Huang-Rhys factors of the individual defects [116,117]
and phonon energies within the semiconductor. [95,118,119] Traps located in the
middle of the band gap are more recombination-active than those close to the band
edges. For midgap traps, the probability that a hole and an electron are captured
simultaneously is far more likely, than for traps near the band edges. In contrast,
shallow defects capture one charge-carrier type less often, while the other one is mo-

re likely to be thermally reemitted. For a deep trap, the probability for reemission
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and emission coefficients are negligibly small. Consequently, the SRH-recombination

rate can be simplified, resulting in

np—ni2

Rsru = (2.39)

NTSRH,p + PTSRHn
Here, Tspa,n = T and 7srH,p = 7 are the SRH-bulk lifetimes for electrons and ho-
les, respectively, defined by Tspun/p = Bu/pNtT ! To increase these SRH lifetimes,
the trap density, particularly from deep defects, must be reduced. For instance, the
fabrication routine and process parameters influence perovskite formation and, by
this, the defect densities.

Non-radiative, trap-assisted recombination does not only occur in the perovs-
kite bulk but also at the interfaces to the adjacent transport layer, at contacts, or if
present at bare surfaces. Because these positions represent discontinuities within the
ideal crystal symmetry, they often create additional electronic states within the band
gap, introducing additional non-radiative recombination paths. Shockley-Read-Hall
(SRH) statistic is also adequate to describe the occupation of these surface or inter-
face traps. Thus, recombination at a surface can be expressed via a modified SRH

rate. Then, a surface-recombination rate per unit area results in

np—ni2

Ry=—— i 2.40
n/Sp+p/Sn (2.40)

where the inverse surface-recombination velocities S, and S, of electrons and holes
replace all instances of the lifetime. This substitution implies that Ry is a rate per
unit area and time rather than per unit volume and time as the SRH-bulk recombi-
nation rate.

Furthermore, this mathematical basis is suitable for describing recombination
at interfaces at a heterojunction, such as a perovskite/ETL and HTL/perovskite
transition. Figure 2.13 schematizes these two situations. In case of the perovski-
te/ETL interface, electrons ngrr, in the electron-transport layer recombine with

holes ppero in the perovskite, being reflected by the adjusted SRH rate

2
ETL NETLPpero — T ing B

! = . 2.41
int 7/LETL/Sp,E +ppero/Sn,E ( )
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In this picture, nju,r denotes the product of the electron and hole equilibrium
concentrations on either side of the interface. Thus, for the specific case of the

perovskite/ETL interface, one can write

2
N int,E = "0,ETLPO,pero

Ev,pero - EF

Er — E.ETL N ox
v,pero€XpP kT (2_42)

= N¢ ETLEXP T
B
Eint

- kgT

= IN¢,ETL Nv,perOCXp

with an interfacial band gap Eint g = EcETL — Ev pero-
For the case of the perovskite/HTL interface, the same principle is applicable,
with the difference that electrons npero in the perovskite recombine with holes prrr,

from the hole-transport layer. This mechanism can be described by

2
HTL _ '“peroPHTL — T ine H A
int — S S 5 (2 3)
Npero/Sp,H + PHTL/ Sn 1
with
2 _
N int,H = 70,peroP0,HTL
exp EF - Ec,pero N exp EV,HTL - EF
= Ve, — 0 HTL —
c,pero kBT v, ]’CBT (244)
Eint,H

= NeperoNv HTLEXD — kT
The interfacial band gap Ein,p between the HTL and perovskite is defined by
Eint, 0 = Ee pero — v aTL. Moreover, Sy i JH and S, g JH are the recombination velo-
cities at the interfaces. As highlighted by the two rate equations 2.41 and 2.43, inter-
facial recombination becomes faster for higher concentrations of the recombination-
active charge-carrier densities at the interface and with higher interface-recombination
velocities. As I will discuss in more detail in chapter 7, the key challenge for cor-
rectly including interface recombination in descriptions of transient experiments is
that the concentration of charge carriers at interfaces is often strongly affected by
Coulomb attraction. For this reason, analytical solutions to the problem are difficult
or impossible. Thus, numerical approaches that consider the solution of the Poisson

equation must be used.
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2.5.3 Auger Recombination

Another non-radiative recombination mechanism is Auger recombination, where the
energy of a recombining electron-hole pair is transferred to another charge carrier.
This third particle gets excited within the conduction or valence band and subse-
quently thermalizes back to the band edge. In the course of thermalization, energy
is released in the form of phonons to the lattice of the semiconductor. [120,121] The

rate of Auger recombination is
RAuger = (Cnn + Cpp) np— TL12 5 (245)

where C,, represents the Auger coefficient for electrons and C}, is the Auger coeffi-
cient for holes. These coefficients depend on the band structure of the material and
typically change with the band gap. Compared with other materials of similar band
gaps, metal-halide perovskites have relatively high Auger coefficients due to lattice
distortions. [122] Since Auger recombination is a three-particle process, it depends
on the injection level and becomes more likely at high charge-carrier densities. In
addition, high doping densities enhance this mechanism. [123] Therefore, Auger re-

combination represents a significant non-radiative loss path in silicon-solar cells. In
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Abbildung 2.13: Schematic illustration of interface recombination processes picturing the two
scenarios of perovskite/ETL- and a HTL/perovskite interface.
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contrast, it plays only a minor role in metal-halide perovskites up to one sun con-
ditions. [124] However, at higher injection levels or illumination intensities, Auger

recombination is likely relevant.

2.5.4 High-Level Injection vs. Low-Level Injection

Besides, the injection level determines which of these different recombination mecha-
nisms dominates the overall recombination dynamics. A comparison of the formulas
of the different individual contributions indicates that they all differ in their depen-
dency on carrier concentration. Furthermore, the ratio of electron and hole densities
affects the Auger and SRH rates, whereas the radiative recombination rate is only
controlled by the np-product. The different dependence of the recombination rates
on the electron and hole concentrations implies that they would also have a different
effect on the decay of the charge-carrier concentrations n(t) and p(t) after an initial
concentration is left to decay via recombination. A typical assay of the charge-carrier
concentration used in the literature and this thesis is time-resolved photolumine-
scence (TPL). The TPL signal results from measuring the emitted photons created
by radiative recombination at a rate proportional to np. [29,35] Accordingly, the
TPL signal is proportional to the product of electron and hole concentration and
not to n or p individually. At the same time, the time-resolved photoluminescence
itself contains information about the entire recombination dynamics because the
decrease in n and p results from the superposition of all recombination processes. In
the following, I present analytical solutions to the rate equations for n(t) that are
valid in simple situations. Furthermore, I discuss how the observable used in this
thesis, namely ¢rpr,(¢) o np, behaves.

While the radiative recombination and Auger coefficients are important ma-
terial properties, the SRH lifetimes can vary substantially from sample to sample
within a material system. This variation is because the SRH lifetime depends on
defect concentrations which may vary, e.g., with processing conditions. Hence, whi-
le determining all recombination coefficients is important for a material system,
the SRH lifetimes are the key sample-dependent property that might vary in a se-
ries of samples of the same material. Thus, TPL measurements on semiconducting

materials are often performed to extract the non-radiative Shockley-Read-Hall re-
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combination (SRH) lifetimes of individual samples. Given that the PL transient is
affected by several recombination mechanisms, it is necessary to briefly discuss how
to extract the SRH lifetimes from the PL transients and establish a common termi-
nology that I use for the remainder of this thesis.

Next, two extreme cases regarding the injection level are discussed, referred to
as low-level injection (LLI) and high-level injection (HLI). The latter is especially
relevant for quite intrinsic lead-halide perovskites. The condition n = p defines high-
level injection, designating that during a TPL experiment, both types of carriers
are present in roughly equal concentrations. In this situation, both types of carriers
have finite lifetimes. Additionally, we keep the condition An = Ap and therefore
do not distinguish between the rate equations for electrons and holes. In high-level
injection, the rate equation accounting only for SRH bulk recombination via a deep

defect simplifies to

OAnN(t) n(t) _n() _ n()

= —RgruHL1 = — = = 2.46
ot ’ TSRH,n + TSRH,p o+ Tp TSRH (2.46)

with the analytical solution of the form
n(t) =n(0)exp(—t/7sru) , (2.47)

where n(0) denotes the initial electron concentration. Using this analytical solution
for the scenario, where SRH bulk recombination is the dominant mechanism and the
injection level is HLI, results in Figure 2.14. Figure 2.14a illustrates the normalized
PL decay, which behaves like the normalized decay of n?(t), for three different SRH
bulk lifetimes. The decays are monoexponential, as implied by Equation 2.47.
Furthermore, I introduce the representation of the differential decay time 7rpy,,
which results from the derivative of the photoluminescence with respect to time

defined by

_ 1 din(¢rpr)

T (2.48)

TTPL =

with the factor m relating to the injection level. Here, m =1 holds for low-level
injection and m = 2 is for high-level injection, indicated by the indices "HLI" and
'LLT’. This carrier-density-dependent decay time is an important and meaningful

variable that serves as a generic quantity to interpret TPL decays in this thesis. For
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Abbildung 2.14: Ilustration of the analytical solutions of the differential equations for high-
level injection only considering SRH recombination. (a) Normalized transient photoluminescence
decays ¢rpr,, starting from similar initial charge-carrier concentration, for varying SRH lifetimes
TSRH = TSRH,n + TSRH,p, namely 100ns, 500ns and 2us. (b) Differential decay time 77pL,HLI as a
function of time ¢ or in (c) plotted versus excess-charge carrier density An and quasi-Fermi-level
splitting.

the simple, zero-dimensional and analytically soluble scenarios described here, this

differential decay time can also be expressed as

TrpL = —% . (2.49)
Figure 2.14b displays the decay time 7rpr, Hr1 resulting from the analytical solution
of the TPL decay versus time. Figure 2.14c presents these decay times plotted as a
function of the excess-electron density An, as well as the quasi-Fermi-level splitting
AFEFr, whose dependence on carrier concentration is stated in Equation 2.28. In the
case of SRH recombination in HLI, the decay time Trpr, gr is constant with time
and Fermi-level splitting and corresponds to TsRH n + TSRH,p = TSRH-

In contrast, the decay time 7rpr, HLI in the scenario of solely radiative recom-
bination in HLI, is described by

dAn(t) _

i — Rrad ALI = —kradn(t)? (2.50)
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with the analytical solution

n(0)
resulting in a differential decay time
n(t) 1 (2.52)

TIPLHLL= "0, () /dt ~ kyman(t)

that undergoes continuous change. This situation is illustrated in Figure 2.15. The
PL exhibits a fast initial decay. Thus, the decay times at early times are short and
increase continuously with time or decreasing carrier concentration. Higher radiative
recombination coefficients kr,q enhance the decay and cause a parallel shift of the
decay-time Fermi-level curve towards shorter decay times. Unfortunately, a different
initial charge-carrier concentration, which could be set in a TPL experiment by the
laser fluence, also changes the course of the transient PL decay. [125] Thus, different

decays are no longer directly comparable because a fast decay does not necessarily
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Abbildung 2.15: Illustration of the analytical solutions of the differential equations for high-level
injection, assuming that radiative recombination is the only mechanism. (a) Normalized transi-
ent photoluminescence decays ¢rpr,, starting from similar initial charge-carrier concentration, for
varying radiative recombination coefficients, namely kraq =5x 10~ em®s™ !, 5x 107 %m% ! or
10~ 10¢m3s—1, (b) Differential decay time 7rpL HLI as a function of time ¢ or in (c) plotted versus
excess-charge carrier density An and quasi-Fermi-level splitting AEg.
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correlate with a higher radiative recombination coeflicient but could also be caused
by a higher laser power. The representation of the decay time vs. Fermi-level split-
ting overcomes this ambiguity. With this, the information merges and the curves
obtained for different initial carrier concentrations (yellow and black lines) comple-
ment each other.

Next, we study the low-level injection (LLI) case in more detail. In LLI, one
charge-carrier species is present as the majority, for example, implemented by do-
ping. In a p-doped semiconductor, holes represent the pre-existing majority carrier
concentration which remains relatively unchanged. In contrast, the concentration of
electrons, which are the less injected minority carriers in a p-doped material, sees a
large relative increase due to excitation.

In low-level injection, the rate equation that only includes SRH-bulk recombination

is given by

OAnN(t) An(t)
= —RsRH LLI = —

. 2.
ot TSRH,n ( 53)

The respective analytical solution is also a monoexponential decay function, namely
n(t) =n(0)exp(—t/TsrRHu) - (2.54)

However, only the lifetime of the minority carriers, in this example, electrons, is
relevant. Also, the charge-carrier dependency for purely radiative recombination,

described by the differential equation

dAn(t)

o = —Ruad i1 = —kraa n(t)Na—n? | (2.55)

follows a monoexponential decay, given by
n(t) = n(0)exp(—kpaapt) - (2.56)

Thus, the decay time 7rpy, 1,11 is a constant, as depicted in Figure 2.16. This radiative
lifetime in low-level injection is defined by Trpr, L1 = Trad,LLT = (kmdp)_l and is
bounded by the doping density Na. It is a particularity of the low-level condition
that all the established recombination mechanisms become linear in minority carrier

concentration. Accordingly, n(t) for a combination of the recombination mechanisms
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Abbildung 2.16: Illustration of the analytical solutions of the differential equations for low-level
injection only considering radiative recombination. (a) Normalized, transient photoluminescence
decays ¢rpy, for two different radiative recombination coefficients, namely kpq =5x 10~ 0¢m3s—1
or 107%m® !, as well as varying doping concentrations. (b) Differential decay time TTpL LLI
as a function of time ¢t or AEp in (c). In this case, the decay time is the time constant from the
monoexponential TPL decay, which decreases at higher doping densities or radiative recombination
coefficients.

is easily specified and gives

n(t) = n(0)exp (—t/ (krnap+1/7smin) ') (2.57)

for the case of SRH and radiative recombination and

-1
ﬂ.(t) = n(U)exp (_t/ (Cr}\ugerp2 + kradp + l/TSR.H,D) ) (258)
for SRH, radiative and Auger recombination in low-level injection with

n(t) 2 -1
=" = (C k 1 . 2.59
TIPLLLL = e (CaugerP” + Eraap +1/7sREn) (2.59)

In summary, in the case of high-level injection, different recombination mecha-
nisms lead to differently shaped transient decays. Among the three typically studied
bulk-recombination mechanisms (SRH, radiative and Auger) only SRH would lead

to a monoexponential decay. [125] Hence, the situation where only SRH recombi-
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nation occurs can be described by a single lifetime that is given for n = p by the
sum TSRH = TSRH,n + TSRH,p- Consequently, if any other recombination mechanism is
considered, the decay is no longer monoexponential and cannot be described by a
single lifetime. The term charge-carrier lifetime generally describes the dependence
of the electron or hole concentration as a function of time after the generation of
electrons and holes, e.g., by a laser pulse, has stopped. Often, the characteristic
time constant of an exponential fit of the form ¢rpr = ¢rpr (0)exp(—t/Tmono ) to
TPL data is also called a ’lifetime’. This lifetime concept is meaningful and suita-
ble for a doped semiconductor film, crystal or wafer operated in low-level injection.
In this case, all recombination mechanisms become linear in minority-carrier con-
centration. Then, a lifetime, which is often explicitly called the effective lifetime
Tett,LLI could easily be defined as the time-constant of minority-carrier decay. That
is, if electrons are minority carriers, their decay would be monoexponential and
follows An = An (0) exp(—t/Te, L1 ) DO matter what recombination mechanism do-
minates [126] and its effective lifetime Teff,LLI 1S & constant, carrier-concentration
independent value. This lifetime concept does not apply to intrinsic or low-doped
semiconductors such as lead-halide perovskites, as discussed in more detail in the

next section.

2.5.5 Perovskite Film on Glass

The next section discusses the charge-carrier recombination of a perovskite film.
For a perovskite film on glass, three different bulk-recombination mechanisms are
relevant, namely radiative band-to-band recombination [112,127] and non-radiative
recombination via Auger [122] or first-order Shockley-Read Hall. [128,129]. First,
I focus on recombination mechanisms in the bulk and exclude the effect of sur-
face recombination, which is subsequently discussed in the end of this section. A
perovskite film on glass whose surface is passivated, e.g., by an organic passivation
layer, [78,130] would usually meet this case, because the interface between perovskite
layers and glass substrates is typically quite inert and not particularly recombina-
tion active. [109] When a laser pulse photoexcites the semiconducting perovskite
film, free excess-electrons An and equal density of holes An = Ap are generated.

The initial generation profile of these excess-charge carriers depends on the optical
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2.5 Recombination in Lead-Halide Perovskites

properties of the perovskite, its thickness, and the excitation wavelength. The initi-
ally inhomogeneous distribution of the charge-carrier concentration is flattened by
diffusion. Since the perovskite film is typically only a few hundred nanometres thick
and the charge-carrier mobility () is typically > 1cm?/Vs, [79] an equilibration
happens very fast and takes place in the first hundreds of pico- to nanoseconds after
the laser pulse. For simplicity, we therefore assume that the system has no spatial
gradients of electron or hole concentrations or electrostatic potential. This assump-
tion leads us to a convenient situation where diffusion and drift currents can be
neglected and the photogenerated charge carriers An vanish over time only through
different recombination processes. The rate equation

0An np —n?

= —kyaa np—n{ —
ot ' TSRH,p" + TSRH,nP

—Cyn np—ni —Cpp np—n? (2.60)

accounts for the rates of these competing processes which will occur and describes
the change in excess-charge carriers as a function of time. However, lead-halide
perovskite films are typically intrinsic enough that during a TPL experiment, both
types of carriers are present in roughly equal concentrations. Let us assume for
simplicity that the electron and hole concentrations are precisely equal, that is n = p,
meaning that the high-level condition applies. In this case, the rate equation for a

film on glass can be simplified to

dn(t) 3 2 n(t)
7 = —(Co+Cp)n(t)” — kraan(t) —m

n(t
= _CAugcrn(t)3 - kradn(t)2 - ( ) )
TSRH

(2.61)

which can be solved analytically and results in the relation

L 00+ n(t)n(0) kg + (1) *n(0)*Cauger Topy
2 SR (02 1 (6)20(0) krad Tggy + 7(8)21(0)2C Auger Ty

k‘radTSRH2/3 tan~ ! TSRHl/Q(QCAugern(O) + krad)

2.62
40Augcr - krad27_SRH 4CAugcr - kradzTSRH ( )

1 Tsri' /2 2C0augern(t) + krad

—tan

2
4CAugelr — kraa TSRH
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The example of Equation 2.62 demonstrates that the explicit solution of the DGL
system can be lengthy and unwieldy. Thus, using implicit solutions that directly
provide the decay time is advantageous. In this case, the dependence of the decay

time on the actual carrier concentration is given by

1
CAugclrn(t)2 + kradn (t) + 1/TSRH '

TTPL,HLI = (2.63)

For the more straightforward case without Auger recombination, the rate equation

is
dn (t) 2 n(t) 2 n(t)
= —kpqn(t) — ———— =~k qn(t)” — , 2.64
dt raan(t) TSRH,n + TSRH,p raan(!) TSRH (2:64)

resulting in the time-dependent charge-carrier concentration

0 —t
n(t) = n(O)exp(=t/7srn) (2.65)
1+ n(0)kraa7sru[1 — exp(—t/Tsru)]
and the corresponding decay time
! (2.66)
TTPL,HLI = — . )
’ Eraan(t) +1/Tgpy

These two cases are illustrated in Figure 2.17. Thereby, the upper row shows a
variation in the SRH bulk lifetime, whereas the second row of Figure 2.17 depicts
the results for varying radiative recombination coefficients. The plots on the right-
hand side, showing differential decay times as a function of charge-carrier density or
quasi-Fermi-level splitting A E, highlight how the characteristics of the individual
recombination processes superimpose and facilitate distinguishing the influences of
the individual processes. Radiative and Auger recombination define the shape of
the decay-time function at high Fermi-level splittings, which are present directly
after the laser pulse. The comparison of the analytical solution with and without
Auger recombination illustrates that Auger recombination steepens the increase of
TP, HLI- In all cases, the saturation of the decay time at lower Fermi-level splittings
on the value of the SRH lifetime is clearly visible. The choice of m =2 for n=p
ensures that the decay-time function defined by Equation 2.48 will saturate towards
TTPL,HLI = TSRH,n + TSRH,p for long times or low AEp. This representation method
becomes even more relevant if TPL measurements at different excitation energies

are compared because the photoexcited charge-carrier density dictates which recom-

58



2.5 Recombination in Lead-Halide Perovskites
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Abbildung 2.17: Illustration of the analytical solutions of the differential equations for high-level
injection, which describe an undoped perovskite film on glass with a passivated surface. Different
scenarios are selected to differentiate between the influence of the respective recombination mecha-
nisms on the decay. The graphs in the top row show a variation of the SRH-bulk lifetime, namely
TSRH = TSRH,n + 7sRH,p equals 100ns, 500ns and 2ps. The figures in the bottom row illustrate
the results for varying radiative recombination coefficients ranging from krag = 5x 10 em®s™?
to 5x 107 %m3s~1. The total Auger coefficient was set to Cauger = 8.8 x 10~ 2cmbs~1. (a-b)
Normalized transient photoluminescence decays ¢rpy,, starting from similar initial charge-carrier
concentration. (c-d) Decay time 7ypy, gr1 as a function of time t or in panel (e-f) plotted versus

quasi-Fermi-level splitting.

bination type dominates the TPL decay. Figure 2.18 presents a comparison of the
simulated situation (a-c) and experimental data (d-f) of a perovskite film on glass,
but now for varying laser fluences. Again, the results are shown as normalized TPL
decays and their differential time constants over time or Fermi-level-splitting. Figure
2.18b and (e) reveal that using the time as the x-axis is not very informative because

the decay time Trpr, g1 at a specific delay time after the pulse can have very dif-
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Abbildung 2.18: (a—c) Simulated data (Sentaurus TCAD) of transient photoluminescence mea-
surements of a CHsNH3Pbls perovskite film with 7, = 7, = 500ns, kpaq =5 x 10~ 1em3s—1 a:ncl
Cn = Cp =4.4x10"2%embs~! for different laser-excitation fluences, namely 1nJ/cm?, 100nJ/em?
1uJ/em?, 1uJ/em?). (a) Normalized photoluminescence decays over time from measurements on a
semi-logarithmic scale. For low laser fluences or later times, the exponential decay caused by SRH
recombination dominates the normalized TPL decay. Higher-order recombination mechanisms such
as radiative or Auger recombination dominate the decay at higher laser fluences. (b) Differential
decay versus time and (c) versus Fermi-Level splitting. (d-f) Experimental data of transient photo-
luminescence measurements of a CHsNHaPbls perovskite film on glass for different laser excitation
fluences, namely 85nJ/cm?, 1uJ/em? and 10w]/em?, reused from ref. [109]. Panel (d) shows the
normalized photoluminescence decays over time from measurements (open symbols). Solid lines
represent global fits, including trap-assisted SRH, radiative and Auger recombination. (e) Decay
times versus time and (f) versus Fermi-Level splitting extracted from experimental data.

ferent values depending on the excitation energy. The information only merges and

the curves complement each other if one plots the time constant versus Fermi-level
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splitting, which depends on the charge-carrier concentration. Finally, note that both
the Sentaurus simulation and analytical solution reflect the trend of the experimen-
tal data and are therefore well-suited to describe a pure, passivated perovskite film
on glass.

TPL measurements on unpassivated perovskite films on glass are often used
to characterize not only the bulk, but also the surface. If the bulk properties of
the perovskite are already known, this sample type can be used to extract the cor-
responding surface properties from the TPL measurement. In general, the rate of
surface recombination may be limited either by the transport of charge carriers to
the surface or by the surface-recombination velocities S, and S}, of the electrons and
holes at the interface itself. Including diffusion of charge-carriers to the surface in
the differential equation only has an analytical solution for the low-level case. [131]

However, due to the relatively low thickness d <1 m of perovskite thin films
and the typically high mobilities of ;> 1cm?/Vs, the transport of electrons and
holes to the surface can be considered fast compared to the rate of recombination
at the surface, [109] which can be quite low relative to many other semiconductors.
Therefore, it is a reasonable simplification to not distinguish between the average
carrier concentration in the bulk of the perovskite-thin film and the carrier concen-
trations at either of the surfaces. This assumption implies that the rates of bulk and
surface recombination can just be added up and it is not necessary to calculate the
concentration of electrons and holes at the film surface. The surface-recombination

rate per unit area in HLI is given by

n

1/S, +1/5, (2.67)

Ry =
which is valid for n = p and np > n? and the simplified version of Equation 2.40.
If it is additionally assumed for simplicity that the surface-recombination velocities
for electrons and holes are equal, namely, S, = S, = 5, the surface-recombination
rate simplifies to Rs grr = Sn/2. To combine the surface-recombination rate per unit
area with the bulk-recombination rates per volume and time, either all volume-
recombination rates must be multiplied by the thickness dpero of the perovskite film

or the surface-recombination rate Rg must be divided by this thickness. Doing the
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latter leads to
dn (t)

dt

n(t) Sn(t)

=k H2 = _
radn( ) TSRH 2dpcro

(2.68)

for rate equation describing a perovskite film, including surface recombination at
one surface with the other being perfectly passivated. Note that the bulk-SRH term
and the surface-recombination term are both linear in electron concentration, which

suggests defining a surface lifetime 75 and an effective SRH lifetime

-1 -1
1 1 1 S
Sy = - = + , 2.69
SRH TSRH Ts TSRH decro ( )
allowing to rewrite Equation 2.69 to obtain
dn(t n(t) n(t n(t
®) _ —kyaan(t)? — ®) _nt) _ —kgaan(t) — eﬁf) (2.70)
dt TSRH Ts TSRH

where the analytical solution has the same mathematical form as Equation 2.65,
substituting 7sgg by ngH. Additionally, I conducted numerical simulations using
Sentaurus TCAD to check whether this analytical description of a film on glass with
surface recombination is adequate. The resulting PL transients and their decay times
as a function of the quasi-Fermi-level splitting for various surface-recombination ve-
locities S are summarized in Figure 2.19a-c. Faster surface-recombination velocities
S lead to faster TPL decays. Furthermore, the saturation value of the differential
decay time at low Fermi-level-splitting decreases. These plateau values of 7Tpr, HLI
match the respective effective lifetime ngH. How well the numerical and analyti-
cal solutions fit together is confirmed by Figure 2.19d, in which the corresponding
plateau values of 7rpr, g1, are compared with the calculated values using Equation
2.48.

I conclude that the numerical results from Sentaurus TCAD and the analytical
description fit pretty well and deviate only for a particularly large S. Therefore, the
analytical model is suitable for analyzing the experimental TPL data of a perovskite
film on glass with an unpassivated surface. The surface-recombination velocity S can
then be extracted from the plateau value of the decay-time function if the SRH-bulk

lifetime constant is already known from the measurement of a passivated sample.
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Abbildung 2.19: (a-b) Simulated, normalized photoluminescence decays ¢rpy, versus time of
a CH3NH3PbIz perovskite film with a constant bulk SRH lifetime of (Tsrun +TsrE,p = lus
and a varying surface-recombination velocity S (Sentaurus TCAD). A laser excitation fluence of
10uJ/em? was used. Table A6 lists the additional simulation parameters. The higher the surface-
recombination velocities, the faster the TPL decay. (b) Decay time 7rpr aL1 over Fermi-Level
splitting AEy calculated from the normalized TPL decays via Equation 2.48. Panel (d) represents
the correlation of the effective time constant with the surface-recombination velocity S. The dot-
ted line represents the analytical solution. The colored data points belong to the saturated plateau
values of the decay time Typr, nr1 for values at AEp =1.1eV from the numerical simulation.
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3 Characterization Methods

In this chapter, I explain the basic principles and experimental setups of the charac-
terization methods used in this thesis. In addition to covering the most fundamental
measurements in photovoltaics, such as voltage-dependent current (JV') or external-
quantum efficiency QEQE measurements, this chapter focuses on transient methods
like TPL and transient photovoltage (TPV) measurements. These transient methods
offer insides into the recombination dynamics, the quantification and qualitative un-

derstanding of which is one of the key subjects of this work.

3.1 Current-Voltage Characterization

Current-voltage measurements at different illumination intensities and in the dark
are among the essential standard procedures used for solar-cell characterization,
delivering, e.g., the solar-cell efficiency and the associated performance parameters
short-circuit current Jyc, open-circuit voltage Voo and fill factor F'F'. The current-
voltage curves were measured on a calibrated AM1.5g spectrum of a class AAA so-
lar simulator, WACOM-WXS-140S-Super-L2 with a combined xenon/halogen lamp-
based system, providing a power density of 100 mWcm?. The devices are placed inside
a sealed, nitrogen-filled measurement box with a quartz-glass window to prevent de-
gradation of the perovskite sample due to air and humidity contact. The solar cell in
the hermetic measurement box is electrically contacted with a 4-cable configuration
and connected to an external switch box to automatically and sequentially measure
all solar cells on the substrate. Each sample contains four solar cells with an active
cell area of 0.16cm? defined by the overlap of orthogonal silver and ITO patterns,
each 4mm in width. A series 2420 SourceMeter from Keithley Instruments acts as

a source-measurement unit by applying the desired voltage to the solar cell and re-
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cording the output current flow. The forward scan (—0.1V to 1.3V) and subsequent
reverse voltage scan (1.3V to —0.1V) were each carried out at various scan speeds
with a standard scan speed of 100mV /s.

A second solar simulator, which is directly integrated into the glovebox where
the solar cells are fabricated, provides a preliminary function test of the devices and
a first performance evaluation. Furthermore, the accompanying Delphi program of-
fers various measurement modes, for example, a tracking function that records the
maximum efficiency or open-circuit voltage over time. This second solar simulator
uses only a white light-emitting diode (LED) (Cree XLamp CXA 3050) to mimic
the solar spectrum but differs especially in the ultraviolet (UV) and infrared (IR)
regions. A preconditioning of 10 —30min under this LED illumination was applied
for an activation process discussed in section 4.

Measurement protocols for perovskite solar cells generally suggest using a sha-
dowing mask to define the illuminated area precisely. [132] Since the illumination
usually reaches the metal mask from a wide angle, light is spread and wave-guided
through the glass substrate, distorting the measurement and questioning the validity
of this approach. This interference is one reason I decided not to use a metal mask
to measure the JV —curves shown in this thesis. However, I compared the Jg. values
to the integrated values of the QEQE measurements. Furthermore, masking the solar
cell leads to underestimating the V5. due to a geometric effect. This underestimation
occurs if the ratio of the illuminated cell area Ay ,s to the cell area in the dark Acen

differ because they determine the measurable open-circuit voltage via [132]

5T A
Voc:kB I JscAcell

—+1 . 3.1
q JOAmask ( )

3.2 External Quantum Efficiency

The external-quantum efficiency QEQE gives the ratio of the extracted electric charge

carriers to the number of externally irradiated photons, according to

BQB () é% | (3.2)
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2s~1 in the photon-energy

where d¢(F) is the incident photon flux in units of cm™
interval dE, which leads to the current density dJ(E). If each photon generates one
electron-hole pair and the charge-carrier collection is ideal, the external-quantum
efficiency equals one. However, optical and electrical losses reduce the external-
quantum efficiency of real-world solar cell devices. Conducted at short circuit, the
EQE is a spectrally resolved measurement of the short-circuit current, which offers
information about the origin of Jy.-losses. These losses occur, for example, due to
parasitic absorption of layers other than the perovskite absorber, reflection caused
by differences in the refractive indices, interference effects due to adverse layer thick-
nesses and collection problems.

The external-quantum efficiency setup consists of a xenon-light source (Osram
XPO150W) and a Bentham monochromator (TMC300) with a spectral range of
300 — 1100nm. This monochromatic light is focused on the solar cell, where it gene-
rates a current. The light intensity was calibrated using a calibrated silicon photo-
diode (Gigahertz-Optik SSO-PD100-04) as a reference. In this configuration, a spot
smaller than the cell area illuminates the solar cells. The photon intensity for each
energy interval is typically low. Consequently, the generated current is also small
and must be amplified using lock-in technique. Since the lock-in amplifier requi-
res a periodic signal, the light is chopped before entering the monochromator. The
chopper frequency was set to 72Hz and a wavelength step size of 10nm was used.
Furthermore, the lock-in amplifier needs a voltage as input. Therefore, the current
collected from the solar cell is converted by a current-voltage converter for further
processing.

Ideally, integration of the EQE gives the short-circuit current of the cell under

illumination, via

Jse =g OOOQEQE(E)%M(E)CZE . (3.3)

Usually, this relation is used to confirm the short-circuit density from the JV-
measurement, checking for reliability and measurement errors due to incorrect cali-
bration. Unfortunately, in the case of perovskite solar cells, these two current densi-
ties often show a discrepancy with the EQE value, which is usually lower. The reason
for these deviations is hard to pinpoint precisely. [133] Due to the low light intensities

during the EQE experiment, the excess-charge carrier density is smaller than that
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under the one-sun condition. Thus, the band diagrams of these two states are diffe-
rent. For example, the conductivity of the electron- and hole-transport layers will be
affected by light intensity. Given that the conductivity of these layers can affect the
efficiency of charge collection, the EQE may not reflect the same charge-collection
efficiency as expected from a one-sun current-voltage measurement. Alternatively,
bias light can be utilized to boost the excess-carrier density of a solar cell during

the EQE measurement.

3.3 Steady State Luminescence

Luminescence describes the emission of photons after excitation. This excitation
could arise because of the injection of a current called electroluminescence EL, or
due to incident light called photoluminescence (PL). In this section, I introduce the
steady-state versions of luminescence measurements, while the next section covers

the transient measurement mode.

3.3.1 Steady State Photoluminescence

Photoluminescence PL spectroscopy is a non-destructive, contactless method app-
licable to pure perovskite films, interlayer stacks and complete solar-cell devices.
During the PL experiment, the sample is photoexcited by light absorption, and its
response by radiative emission of photons is detected. In this work, PL measure-
ments are conducted at open circuit, implying that all the generated excess-charge
carriers must recombine. Thus, at a given light intensity, the generation rate is
fixed and equal to the sum of all recombination rates. Any other recombination
process beyond radiative recombination will reduce the stationary concentration of
excess-charge carriers and the associated quasi-Fermi level splitting achieved under
steady-state illumination. Since PL measures the radiative part of the recombinati-
on, the intensity of the PL signal correlates with the external-luminescence quantum

}glm. Thus, photoluminescence measurements can quantify recombinati-

efficiency @
on losses and deduce a sample’s internal voltage or quasi-Fermi-level splitting. The

PL flux scales with exp(AEw/(kgT)), which implies that every 58 meV reduction in
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quasi-Fermi level splitting causes a decrease of one order of magnitude in the PL
signal and external-LED quantum yield. Accordingly, the PL signal is quite sensitive
to changes in the quasi-Fermi level splitting. Thus, it is well-suited for judging the
optoelectronic quality of the sample without the need for electrical contacts.

Figure 3.1 schematically illustrates the steady-state PL setup used in this the-
sis. For steady-state PL spectroscopy, a continuous wave laser (Coherent Sapphire)
with a wavelength of 532nm optically excites the samples. A beam expander com-
bined with a top-head profile widens the laser beam, yielding a homogeneous laser
spot with a diameter of approximately 5.3mm. This laser-beam adjustment ensures
that the entire cell area, defined by a square of 4mm x 4mm, is homogeneously illu-
minated. The collimated macro-PL signal passes through a filter-wheel stage, which
prevents the detection of reflected laser light and light of unwanted higher orders.
The luminescence is then focused onto a spectrometer (Andor Shamrock 303), whe-
re the light gets spectrally resolved. The monochromator grating has 150lines/mm
and the central wavelength was set to 800nm. For the subsequent light detection,
an Andor Si (deep depletion) CCD camera (iDus Series) is used, whose 1024 pixels
capture a full spectrum at once. An automated neutral density (ND) filter stage
adjusts the laser intensity. I performed PL measurements for different applied laser-
excitation powers impinging on the sample.

The respective steady-state PL setup was spectrally calibrated but not ca-
librated to absolute photon numbers, which is necessary to measure the absolute
PL quantum yield directly. Nevertheless, to be able to compare and evaluate the
PL intensities of different layer stacks, I measured the external open-circuit voltage
Voc(Plaser, 1sun) of @ completed solar-cell stack under laser illumination ¢jaser, 1sun- This
laser illumination @jaser,1sun corresponds to the absorbed photon flux at 1sun and
®pL cell (Plaser, 1sun) is respective PL. A relative calibration of the intensity uses both
values. With this approach I can calculate the internal quasi-Fermi-level splitting

AFEg at a given illumination ¢j,se; according to

opL,

AEp = Q%c,imp(ﬁbPL) = Q%c(¢laser,lsun) +kgT'In
¢PL,Cell(¢laser,1sun)

(3.4)

The symbol ¢pr, denotes the photoluminescence flux of a certain unknown sample,

whereas ¢pr, cell (Plaser, 1sun) is the photoluminescence flux of the reference cell, whose
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Abbildung 3.1: Schematic of the steady state photo- and electroluminescence setup used in this
thesis.

open-circuit voltage under the same illumination is known. Note that the underlying
assumption is that the system has no spatial gradients and flat quasi-Fermi levels.

In this approach, the external-luminescence quantum efficiency Qé“m is obtained via

_ qvg?d(qslaser) — AEF (leaser)

ngum(qslaser) = €xXp k‘BT (35)
with - .
T T laser,1lsun
V;Jgd(qblaser) = Vo(?d(gblaser,lsun) A In Taser, Isun R (36)
q Plaser

where Vorcad (Praser) is the fluence-dependent radiative limit of the open-circuit voltage
and @1aeer 1S the respective laser excitation flux.

To adjust this photon flux of the laser and to be able to correlate the laser power
to the one-sun condition, the equivalent photon flux ¢iaser,15un @s absorbed under
illumination with the AM1.5g spectrum needs to be determined. In the case of a

semiconducting material with a band gap of 1.6eV this absorbed photon flux is
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equal to 1.6 x 10"7em 257! for an absorptance of one. This flux gives a correspon-
ding power density of the green laser of 59.3mWem?. Under this illumination, the

radiative limit of the open-circuit voltage is Voré"d(gblaser’lsun) =1.324V.

3.3.2 Photoluminescence Quantum Yield

Hyperspectral absolute photoluminescence imaging was used to complement the ap-
proach described in section 3.3.1. Since this setup is calibrated to provide absolute
quantum yields, the data provide additional evidence and independent validation of
the quasi-Fermi level splitting. For a detailed description of the method and setup,
I refer to reference [134,135].

The samples are optically excited with blue light from two 450 nm LEDs equip-
ped with diffuser lenses for these PL-imaging measurements. The intensity was ad-
justed to approximately 1sun. The photoluminescence gets spectrally resolved using
a liquid crystal tuneable filter. The wavelength step size was set to 5nm. The PL
images from 650nm to 1100nm were taken via a charge-coupled device (CCD) ca-
mera (Allied Vision) calibrated to pixel-wise detect the absolute photon number. To
deduce the quasi-Fermi-level splitting and its distribution map from the PL image,
the high-energy slope of the PL emission is fitted to every spectrum of the hyper-

spectral images using

¢pr (E) h3c?

AFEp=F T1
¥ hpTin 2rE%a(E)

(3.7)
For the evaluation, a step-function-like absorptance a (E) of 1 was used for energies
above the band gap. The global systematic error is approximately 20meV, corre-

sponding to a factor of two in the PLQY.

3.3.3 Steady State Electroluminescence

In the EL-measurement mode, the solar cell operates as a light-emitting diode LED,
which is the reciprocal action to the standard operation of a solar cell. The EL
is connected to the external-quantum efficiency via the optoelectronic reciprocity

theorem. Therefore, electroluminescence reflects all important physical processes
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influencing solar-cell performance, such as resistive, optical, or recombination losses.
I use the EL-spectrum to calculate the radiative limit in this thesis, as described in
section 2.2. Note that the shapes of the EL and PL spectra are typically similar for
perovskite solar cells.

For electroluminescence measurements, a constant current is applied through
the devices supplied by an external current/voltage source (Keithley SMU 2400).
Apart from this difference in excitation, the EL experiment was carried out using

the same setup used for PL, as shown in Figure 3.1.

3.4 Transient Methods

Transient photoluminescence TPL and transient photovoltage TPV measurements
are used to monitor charge-carrier dynamics and analyze recombination losses, as
theoretically discussed in section 2.5. Both methods measure the transient response
to a short laser-pulse excitation. Transient photoluminescence measurements detect
the PL emission, whereas transient photovoltage measurements track the external
voltage decay. A special feature of this thesis is that the TPL and TPV measure-
ments were performed simultaneously on the same integrated setup. This configu-
ration opens the opportunity to compare both outputs directly. Figure 3.2 shows a
simplified schematic of this setup for TPL (red) and TPV (blue). The next two sec-
tions introduce the basic measurement principles in more detail, describe the setup

and discuss the details of data analysis.

3.4.1 Time-resolved Photoluminescence

Transient photoluminescence detects the emitted PL ¢py, o np created by radiative
recombination in the absorber material as a function of the delay time after a short
laser pulse. Usually, TPL is performed as a large-signal method. In addition, the
sample is in equilibrium before photoexcitation. Given that radiative recombination
originates from the perovskite layer itself, this measurement provides an internal
measure of recombination kinetics in the perovskite. The excess-charge carriers ge-

nerated by the laser-pulse absorption cannot leave the sample and must recombine
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Abbildung 3.2: Schematic of the transient photoluminescence TPL (red) and transient photo-
voltage TPV (blue) setups.

at some point. Since TPL is a purely optical technique, no electrical connection is
necessary. Therefore, it can be applied to any sample type, from pure films on glass
to complete solar cell devices. Nevertheless, TPL is mainly measured on pure films
because interpreting data from multilayer samples is challenging. A superposition
of various effects occurs in complex multilayer stacks, which modulates the charge-
carrier concentration in the perovskite layer and hence the measured PL. Chapter
7 deals with this topic. However, TPL measured on thin perovskite films on glass
is a frequently used method to derive the key recombination rate constants of trap-
assisted, SRH, bimolecular, and Auger recombination in the bulk material, [125] as
derived in section 2.5.5. Note that this technique is also widely used in other solar
cell technologies. [136-138]

For transient photoluminescence measurements, the samples are excited with

a pulsed UV-solid-state laser, which serves as a pump laser for a dye laser. Usual-
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ly, the pulse-repetition rate is set to 100Hz. The pumped dye (Coumarin) emits
down-converted, pulsed laser radiation of 498nm. A pump system enables the con-
tinuous exchange of the dye in the laser cavity with a larger reservoir, decelerating
the degradation of Coumarin. The laser radiation passes through an optical fiber.
It impinges at an angle of 30°on the sample surface and illuminates an elliptically
shaped spot with diagonal dimensions of 0.326mm and 0.345mm (0.353mm?). This
spot size was chosen to illuminate a large part of the solar-cell area, thus minimizing
lateral effects while ensuring that nearly all the laser power falls on the solar cell.
The emitted photoluminescence is focused and coupled into a spectrometer (sPEX
270M from Horiba Jobin Yvon). An edge filter placed in front of the entrance slit of
the spectrometer suppresses the pass-through of scattered laser light. In the spectro-
meter, the PL beam is diffracted by the grating unit (150 lines/mm, 500 nm blaze)
and spectrally dispersed. Then, an intensified, gated CCD camera (iStar DH720
from Andor Solis) detects the spectrally resolved signal. This signal is first conver-
ted into an electrical signal by a (Multi Alkali) photocathode and amplified by a
microchannel plate microchannel plate (MCP). After that, a phosphor (P43) screen
back-converts the signal. Finally, the light is detected with a CCD chip consisting
of an array of 1024 x 256 pixels. In order to perform time-resolved measurements,
the inherent shutter-gate functionality of the camera is exploited by reverse poling
of the voltages between the photocathode and MCP. A partial signal of the laser
pulse triggers the gating times. Moreover, this technique uses different delay times
between the trigger signal and the actual opening of the gate. In this way, we obtain
a PL spectrum for different delay times after the initial laser pulse. In addition, the
voltage applied across the microchannel plate, which is responsible for the accelera-
tion of the photoelectrons and their multiplication, controls the amplification of the
PL signal. This MPC gain, as well as the shutter-gate width, integration time and
number of accumulations can be adjusted to maximize the intensity of the signal to
use the detector optimally. Typically, the gate pulse width is kept constant at 2ns
and the intensity adjustment is implemented by changing the other parameters. The
applied laser fluence is manually adjustable via neutral density (ND) filters with a
maximum laser fluence of ~ 800nJ/cm?. The transient PL decay results from inte-
grating the background-subtracted PL spectrum at each delay time over the energy
region where the PL peaks are positioned. Finally, the TPL decay is normalized.

To increase the dynamic range of this method, I developed a routine in which
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Abbildung 3.3: Illustration of the stitching routine used to increase the dynamic range of the
TPL decay. TPV (blue) setups.

several measurements starting at different delay times after laser-pulse excitation
are stitched together. Figure 3.3 illustrates this principle, where three different mea-
surements with delay times of Ons, 700ns and 5 s, as well as the resulting stitched
data set are shown. Conducting additional measurements at later delay times (blue
and green) allows me to adjust the measurement parameters like the MPC gain or
camera-integration time, which goes along with a higher signal-to-noise ratio. The
first measurement (purple), starting just before the laser pulse, is relatively fast and
usually takes only a few minutes. Those at higher delay times between the trigger
signal and the actual opening of the gate require a higher integration time to obtain
a good signal because many of the generated charge carriers have already recombi-
ned. Therefore, I usually repeated the first measurement at the end to ensure that
the decay did not change significantly .

In section 2.5.4, T introduced the representation of the TPL decay time 7ppr,
as a function of the quasi-Fermi-level splitting AFEp. The proportionality between
the PL intensity and quasi-Fermi-level splitting, given by ¢pr, < exp(AEr/(ksT)),
is exploited to calculate this x-axis. This proportionality implies that any order
of magnitude decrease of the TPL decay corresponds to a relative change in the
quasi-Fermi-level splitting of &~ 60meV. The initial excess-charge carrier density is

required to provide the initial value of the Fermi-level splitting. To estimate the
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latter, I measured the absorbed laser fluence and calculated the number of absorbed
photons per laser pulse. The density can also be determined if the sample thickness
is also known. In summary, the energy axis of AEx for the experimental data is de-
termined from knowledge of the laser-excitation fluences used in the measurement,
providing the initial AFEp at time zero after the pulse. Furthermore, the dependency
that the PL intensity scales with exp(AFEgr/kgT) is used to calibrate the x-axis. [35]
Alternatively, one could omit the absolute calibration of the x-axis and plot the
decay time as a function of In(¢pr,), thereby leading to the same curve progression.

While taking the derivative defined by Equation 2.48 is a simple task for
smooth, simulated data, extracting meaningful derivatives from noisy experimen-
tal data is quite challenging. Therefore, it is advisable to not or not only take the
derivative of the background-corrected raw data but first fit the TPL decay with
a function and then differentiate the fit. Additionally, I recommend smoothing the
raw data. Smoothing enhances the quality of the calculated decay time, as shown
by the comparison of (a-c) unsmoothed and (d-f) smoothed data in Figure 3.4. Note
that given the multitude of non-exponential features affecting the transients, I op-
ted to identify functions for which the fit algorithm converges quickly and leads to a
good agreement with the experimental transients, even though the functional form
of the fit functions bears no physical meaning. I observed that good candidates for fit
functions are high-order polynomials that can be fitted to the logarithm of the PL.
Alternatives are rational functions, i.e., ratios of higher-order polynomials. Thus,
Figure 7.13 shows symbols and lines, where the symbols represent the background-
corrected, stitched raw data. In contrast, the lines are fits to the experimental data.
Both results agree within the accuracy of the method.

Note that a transient photoluminescence signal, which I detected in this thesis
via an intensified, gated CCD camera with an inherent shutter-gate functionality, can
also be recorded in another way. This second, frequently-used technique to detect the
time-resolved PL signal is time-correlated single-photon counting (TCSPC), which
uses a single-photon sensitive detector, e.g., a photomultiplier tube (PMT), combi-
ned with time-measuring electronics. The detection unit measures the time which
passes in between the laser-pulse excitation and the first photon being emitted and
recorded. Besides the measurement principle, these two TPL recording techniques

differ in particular in their laser-pulse repetition rate. For a good signal-to-noise ra-
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Abbildung 3.4: In order to reduce the noise in the derivatives of the raw transients, I decided to
preprocess the data. First, I smooth the TPL raw data and then perform the derivative to calculate
the decay time of the experimental data. A comparison is shown here, where (a-c) shows a version
without smoothing, whereas in (d-f), the experimental TPL data is smoothed before calculating
the decay time. Raw data is taken from ref. [109].

tio, TCSPC requires very high repetition rates between kHz and MHz. In contrast,
the intensified, gated CCD-camera technique and typical repetition rates for TPV
are only up to several hundred Hertz.

3.4.2 Transient Photovoltage

Transient photovoltage (TPV) is an external, electrical technique that requires con-
tacts and that can only be applied to complete solar-cell devices. Furthermore, TPV
is a small-signal method in which the solar cell is kept excited at open-circuit condi-

tion by permanent illumination with bias light even before the laser-pulse excitation.
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For this purpose, I installed a steady-state laser with a wavelength of 532nm at the
setup, whose scattered light is blocked by the filter at the spectrometer entrance.
This configuration also makes it possible to perform TPL measurements with bias-
light excitation. The TPL and TPV were measured at one setup illustrated in Figure
3.1, using the same laser described in the previous section as the pulsed excitation
source. An additional weak laser pulse is used in TPV to generate a small amount
of additional excess-charge carriers, inducing a transient change in open-circuit vol-
tage. The sample is electrically connected to an oscilloscope whose input impedance
must be very high ( &~ MQ) to ensure that the device is held at open-circuit. This
oscilloscope records the photovoltage decay. The TPV method requires different
bias-light intensities to obtain information at different injection levels. This light in-
tensity often varies over orders of magnitude so that many different operating points
with different levels of open-circuit voltage can be investigated. Figure 3.5a shows a
series of photovoltage decays at different illumination intensities, which provides an
overview of how the shape of the decay changes depending on the bias level. Here,
it becomes apparent that the decay time increases with reduced bias-light intensi-
ty. The photovoltage transient due to the small laser perturbation is fitted to the
slowest decay component using a monoexponential decay. With this approach, we

obtain the small perturbation decay time constant T%%V, ie.

t

SS J
TTPV

AVoe (t) = AVoc,ma‘x €Xp — (3.8)
where AV max is the maximum excess open-circuit voltage. [139] Instead of fitting

the decay with Equation 3.8, one can also calculate T%%V from the derivative

sS dt

TTPV = dn(AVee (1) (3.9

The different TPV lifetimes obtained at varying bias illuminations are then typi-

cally plotted as a function of the open-circuit voltage corresponding to the bias

illumination, as displayed in Figure 3.5b.
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Abbildung 3.5: Exemplary measurement of transient photovoltage TPV and its analysis. TPV
is a small-signal method that is performed at open circuit for different steady-state bias illumina-
tion intensities. An additional weak laser pulse creates a small perturbation and generates a small
amount of extra excess-charge carriers, inducing an additional open-circuit voltage. Then, the cor-
responding photovoltage decay is measured and fitted with a monoexponential decay (dotted lines)
to obtain the small perturbation lifetime associated with the steady-state V.. The time constants
from the monoexponential fits are summarized in (b) for the different open-circuit voltages.
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4 MAPI Solar Cells with High
Open-Circuit Voltages

In this chapter, I present inverted, planar MAPI solar cells with open-circuit volta-
ges exceeding ~ 1.26'V, which were fabricated using a combination of dry lead ace-
tate (Pb(CH3COO)2) and lead chloride (PbClg) precursors leading to smooth films
and large grain sizes. Surface recombination was suppressed by carefully optimizing
the PTAA hole transport and PCBM electron-transport layers. Suppression of bulk
and surface recombination was verified by measurements of absolute photolumine-
scence with external quantum efficiencies ~ 5% in complete cells, which was the
highest reported value at that time (2018). In addition, the transient photolumine-
scence decays in full solar cells and layer stacks involving one or two contact layers
are exceptionally long. This chapter is based on a joint first-author publication with
Dr. Zhifa Liu. He was primarily responsible for the device fabrication and I was
responsible for the characterization. [140] The fabrication routine and measured de-
vice characteristics of this sample type are discussed in the following. In the further
course of this thesis, I repeatedly refer to this sample type as a basis to improve the

understanding of device physics and characterization techniques.

4.1 Introduction

One of the main reasons why metal-halide perovskites have attracted so much in-
terest over the past years is their exceptional optoelectronic quality for a solution-
processed, polycrystalline semiconductor, providing a bulk material that has the
potential to approach the radiative limit of the open-circuit voltage by minimizing

non-radiative recombination processes. Braly et al. have shown that a quasi-Fermi
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Abbildung 4.1: Photo, showing the bright electroluminescence of a MAPI-solar cell with an out-
standing open-circuit voltage of 1.26 V. The V; correlates directly with the external luminescence-
quantum efficiency QL““‘. Thus, a solar cell with low non-radiative recombination losses is also a
good LED. Copyright Daniel Weigand.

level splitting corresponding to an internal open-circuit voltage of 1.28V is possi-
ble in MAPI films on glass, proving that the bulk material has the potential to
come within ~ 40mV of its thermodynamic limit. [130] However, the presence of
contacts typically limits the achievable open-circuit voltage V. in a complete de-
vice and introduces additional recombination paths. Note that from the beginning
of their development, perovskite solar cells have demonstrated astonishingly high
open-circuit voltages in relation to their band-gap energy. Already the first paper
on CH3NH;3PbI3 (MAPI) based solar cells with > 10% efficiency, showed an open-
circuit voltage Voea 1.1V. [70] This behavior is atypical since other technologies,
such as silicon solar cells, often require substantial technological efforts to suppress
non-radiative recombination processes. [141] In contrast, perovskite solar cells can
often generate considerable open-circuit voltages with little effort. Nevertheless, the
manufacturing routine and the combination of materials in the solar cell stack si-
gnificantly impact the amount of non-radiative losses. Any progress towards lower
non-radiative recombination losses requires careful control of all non-radiative re-

combination pathways in the bulk and at the interfaces towards the electron- and
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hole-extracting layers. Well-passivated grain boundaries and surfaces are needed, as
well as the right choice of charge-transfer layer (CTL) for a good energy-level ali-
gnment.

Figure 4.2 shows an overview of the open-circuit voltage of lead-halide perovs-
kite solar cells for varying chemical compositions as a function of band gap energy
Eép calculated for various publications. The surface-color plot represents the external
quantum efficiency with isolines 1076 —1 highlighted as black lines. This overview
is certainly a non-exhaustive representation of the literature. However, I took care to
include the results, which reported particularly high open-circuit voltages relative to
their band gaps. The graphic also includes records that were published after this stu-
dy in 2018. Additional information is summarized in Table A.1. The inverted, planar

MAPI solar cell presented here has a radiative open-circuit voltage Vggd =1.324V
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Abbildung 4.2: Overview of the open-circuit voltage of lead halide perovskite solar cells as a
function of band gap energy Eg) , comparing current state in literature to the Vi presented in
this thesis. This comparison demonstrates the outstanding record value we have achieved through
device optimization. This V. is substantially higher than the highest reported in 2018. Since then,
further progress has led to continuous improvements and a further reduction of recombination
losses. The surface plot and the black lines illustrate the limit for different external quantum
efficiencies 1076 —1 calculated with a step-function like absorptance.
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and a band gap of 1.61eV. Comparing this radiative open-circuit voltage with the
actual open-circuit voltage of 1.26'V obtained in this study gives a value of 64mV for
the voltage loss due to non-radiative recombination. This voltage loss corresponds
to an external luminescence-quantum efficiency of 8.4%. Figure 4.2 puts this result
in context. At the time Dr. Zhifa Liu developed the perovskite solar cells presented
here, the highest external luminescence-quantum efficiency Qleum at injection con-
ditions corresponding to one sun was Qleum ~ 1% corresponding to voltage losses
of about AV ~ kpT/q x In(100) ~ 120mV. Respective results were obtained for
a Rb-containing perovskite solar cell with a band gap slightly above 1.6eV. [142]
However, one has to keep in mind that a quantum yield of 1% means that 99% of
the electron-hole pairs recombine eventually non-radiatively, converting their energy
into heat in the device and thereby leaving much room for improvement. The present
work shows that this level can be substantially overcome in working devices of pure
MAPI with PbCly being used during fabrication without including molecules and
elements such as K, [143] Rb, [142] or Cs, [101] that have previously been used to

achieve the highest open-circuit voltages.

4.2 Solar Cell Device Stack

The perovskite absorber of the inverted, planar MAPI solar cells was fabricated from
a mixture of Pb(CH3COO)2 (90mol%) and PbCly (10mol%) that incorporate no
other cations or anions in the crystal lattice. The organic charge-extraction layers
poly(triaryl amine) (PTAA) was used for the hole extraction and [6,6]-phenyl-Cg;-
butyric acid methyl ester (PCBM) for the electron extraction. High open-circuit
voltages around 1.26 V were achieved by small processing improvements, which sub-
stantially suppress recombination at interfaces and in bulk, presented in detail in
section 4.7. Figure 4.3 shows (a) a schematic and (b) a cross-sectional scanning elec-
tron microscopy (SEM) image of the complete solar cell stack as used in this study,
featuring ITO (~ 150nm) as the transparent conductive oxide, PTAA (~12—30nm)
as the hole conductor, MAPI (~ 280 —510nm) as the absorber, PCBM (~ 45nm)
as the electron-transport material as well as bathocuproine (BCP) (~ 8nm) and Ag

(80nm) finishing up the cathode.
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(a) (b)

PTAA
ITO
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Abbildung 4.3: (a) Schematic drawing of the layer stack used in this study combined with (b)
an SEM cross-section of a solar cell. [144]

4.3 Current-Voltage Characteristics

Figure 4.4a shows the current-density voltage (JV —) curve of a typical device op-
timized for high open-circuit voltages (blue line, device A) and a device further
optimized for efficiency (red line, device B). All measurements were recorded at a
scan speed of 100mV /s with a class AAA solar simulator under forward (dashed line)
and reverse (solid line) scan conditions. The efficiencies are around 18 % (device A)
and 20% (device B), but the most remarkable feature is in both cases the high open-
circuit voltage Voo ~ 1.26V. Figure 4.4b shows the efficiency and Figure 4.4c the
open-circuit voltage measured as a function of time under white light provided by a
LED adjusted to one sun conditions. These trackings confirm that the open-circuit
voltage stabilizes above 1.26V at an efficiency of ~ 18 % and ~ 20.2%, respective-
ly. This high Vi, value is reproducible for a series of different devices fabricated
using the recipe of device A, as illustrated by the histogram in Figure 4.4d. Fur-
thermore, Figure 4.4f shows the photovoltaic external-quantum efficiency QQEQE of
the same solar cells as a function of photon energy F providing further evidence for
the measured short-circuit current density. Furthermore, comparing the two QeEQE’s
highlights the key differences between the two device preparation processes. Here,
the integrated short-circuit density from QEQE results in 18.2mA /em? for device
A and 20.2mA /cm? for device B. The absorber thickness of device A (blue curve)
is around ~ 280nm implying that the quantum efficiency at the band gap is not

perfectly sharp due to the kink in the absorption coefficient of MAPI. This feature
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Abbildung 4.4: (a) Current density J as a function of voltage V measured under a class AAA solar
simulator for two representative MAPI solar cells in this study. The scan speed of the measurement
was set to 100mV /s/. Device A (blue) was optimized for a high open-circuit voltage. In contrast,
device B (red) was also optimized for efficiency by increasing the thickness of the absorber layer
and making the PTAA layer thinner. (b) Tracking of the open-circuit voltage Vo and (c) energy-
conversion efficiency (n) for 300s, measured with a white LED. The tracking results in a stabilized
value > 1.26V and around 18% (device A) and 20.2% (device B).(d-e) Histogram of the open-
circuit voltage and efficiency for the number of devices using the recipe of device A. Figure panel
(f) shows the measured QFQF | whereas Figure (g) the simulated quantum efficiency QFF a5 a
function of photon energy E. Moreover, the accumulated short-circuit current densities Jsc of the
cells are added to the plots.
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reveals that the perovskite layer is too thin to reach full absorption and parti-
ally transmits the incoming light. In addition, substantial losses in the blue spectral
region can be partly associated with the ~ 30nm thick PTAA layer, which stron-
gly absorbs in the UV-light range. Thus, we reduced the PTAA layer thickness
for process B (red curve) to ~ 12nm in order to diminish resistive losses and pa-
rasitic absorption. The increased external quantum efficiency at energies ~ 3.5eV
shows the successful reduction in parasitic absorption. Moreover, a slight increase in
perovskite-layer thickness up to ~ 330nm increases the sharpness of the absorption
onset of process B vs. process A. The formation of a thicker layer is enabled by
using a more highly concentrated solution (~ 0.67M) combined with the addition
of dimethylsulfoxid (DMSO) to the precursor solution to maintain a good quality
of the film. The solvent additive DMSO in the MAI — Pbls—DMSO phase retards
the rapid reaction between lead iodide (Pbly) and MAI during evaporation of the
solvent in the spin-coating process [99] and slows down crystallization speed. Note
that just increasing the concentration of the precursor solution not only increases the
layer thickness but changes the crystal growth, too. Thus, this spin-coating process
forms very rough layers. To counteract the formation of pinholes in the perovskite
layer, which results from the poorer wetting of the PTAA surface for a DMSO-doped
perovskite solution, and to further improve grain sizes, the solution was heated to
75°C before spin-coating. [145] For more details regarding the fabrication routine
and the device optimization process, I refer to section 4.7.

In addition, I performed electrical drift-diffusion simulations to demonstrate
the impact of a thinner PTAA layer and estimate the achievable short-circuit cur-
rent for the two device types by considering only optical losses and assuming ideal
electronic properties. Figure 4.4g presents the respective simulations of the QEQE
conducted with the software Advanced Semiconductor Analysis (ASA). [146] ASA
calculates the optical generation rate at every position in the active layer via the
transfer matrix model using the optical data measured for MAPI and the contact
layers. In addition to the optical simulation, I performed an electrical simulation
using sufficiently high values for the charge-carrier mobility and low enough recom-
bination coefficients to ensure that no recombination losses occur at short circuit. A
comparison of Figure 4.4d and (e) highlights that the experimentally measured and

simulated external-quantum efficiencies exhibit similar spectral dependencies. Thus,
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4 MAPI Solar Cells with High Open-Circuit Voltages

the simulation reproduces the experimental features of the QEQE measurements,
while the absolute values of the simulated external quantum efficiencies are higher.
The integrated short-circuit current densities differ by ~ 2mA /cm?, suggesting that
this difference in short-circuit current is induced by collection losses rather than op-
tical losses. The loss analysis depicted in Figure 4.5 compares the JV- and efficiency
performance of device B to the three different cases. In this representation, the losses
in fill factor, open-circuit voltage and short-circuit current are omitted one after the
other. Additionally, Figure 4.5¢ visualizes the share of losses as a bar chart for the
different figures of merit, introduced in section 2.3.1. Device B achieves ~ 68% of
the theoretical efficiency limit resulting from the SQ model. Here it is clearly stated
that the losses in the open-circuit voltage only make up a comparatively small pro-
portion in this cell type, whereas losses in the short-circuit current density represent

the lion’s share.
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Abbildung 4.5: Analysis of losses and visualization of potential improvement of the MAPI solar
cell device. (a) Current-voltage curves and (b) power density P of the real solar cell device (blue)
compared to the ideal solar cell in different steps of ideality, ideal fill factor (red), Shockley-Queisser
Voc (green) and complete SQ model (yellow). (c¢) Percentage of Shockley-Queisser efficiency in
current loss, fill factor losses and radiative and non-radiative voltage loss.

4.4 Photoluminescence Quantum Yield
As has recently been shown by Stolterfoht et al. [135,147] in a similar device stack,

interface recombination between the perovskite-absorber layer and the electron- and
hole-transport layers [6, 6]-phenyl-Cgi-butyric acid methyl ester (PCBM) and PTAA
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4.4 Photoluminescence Quantum Yield

is a critical factor in achieving the highest possible open-circuit voltages. In order to
study interfacial recombination, I use steady-state and transient photoluminescence
on different sample configurations. I analyze completed solar cells and different layer
stacks with only one contact layer (PTAA) or with both contact layers (PTAA and
PCBM) but without metal back contact. Additionally, I show the steady state PL
of a MAPI layer grown on PTAA, being passivated with n-trioctylphosphine oxide
(n-trioctylphosphine oxide (TOPO)), which allows me to evaluate the quality of the
perovskite itself, as well as its interface to PTAA and the uncovered surface. The
results of the steady-state measurements are presented in this section, while the
subsequent one presents those of the transient method. Figure 4.6a-c summarise the
results from the steady-state PL measurement conducted in Jiilich with the setup
described in section 3.3.1. Furthermore, Figure 4.6e-h serves as independent confir-
mation of my results, being recorded with a calibrated hyperspectral imaging setup
at the Helmholtz-Zentrum Berlin with the help of Dr. José A. Marquez.

In Figure 4.6a, the reader finds a comparison of the calculated implied open-
circuit voltage at one sun condition for the different sample stacks. Untypically,
all implied V. values are very close to each other, implying that the additional
PCBM interface does not introduce significant recombination paths. This trend is
also evident for the steady-state photoluminescence signal as a function of the laser
power used for the sample excitation for the four investigated stacks. These four
cases are a passivated perovskite, perovskite with hole contact only, as well as with
both interlayer materials and a complete solar cell. While the left y-axis of Figure
4.6b shows the photoluminescence counts in arbitrary units, the right y-axis shows
the quasi-Fermi level splitting that corresponds to the photoluminescence counts
on the y-axis using the luminescence of the solar cell at one sun to calibrate the
quasi-Fermi level axis as described in section 3.3.1. Note, that any difference in PL
intensity of a factor of 10 corresponds to kg7 In 10 = 60meV change in quasi-Fermi
level splitting AFEp. I find that the TOPO-passivated sample (grey) has the hig-
hest quantum efficiency and a Fermi-energy splitting of ~ 1.27e¢V at ~ 1sun. This
value is comparable to the ~ 1.28eV previously reported by Braly et al. [130] for
a TOPO passivated film on glass. However, as an electrically insulating interface
minimizing recombination, TOPO does not meet the key requirement for a func-

tional solar cell with reasonably low resistive losses. Nevertheless, using TOPO as
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Abbildung 4.6: (a-c) Results obtained from steady-state PL measurements on different interlayer
stacks measured in Jiilich with the setup described in section 3.3.1. (a) Implied open-circuit voltage
of the four different layer stacks compared to the radiative limit at one-sun illumination. (b)
Maximum of the PL intensity peak, converted into the quasi-Fermi level splitting AEp and (c)
the external photoluminescence-quantum yield (PLQY) Qéum as a function of laser excitation.
(d-g) Additionally, intensity-calibrated PL measurements and PL-images were measured at the
Helmbholtz-Zentrum Berlin with Dr. José A. Marquez to provide independent confirmation of the
internal quasi-Fermi level splitting.

a passivation experiment [78] demonstrates that the perovskite bulk material used
in this study, stands out by its high optoelectronic quality and exhibits very low
non-radiative recombination. When comparing the passivated sample to the other

samples, it stands out that the quasi-Fermi level splitting in the solar cell (red)
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4.4 Photoluminescence Quantum Yield

and in the other layer stacks is only about ~ 10 —20meV smaller. This very small
difference demonstrates how well the interlayers in these samples are adapted and
suggests that there are only minor non-radiative losses due to surface recombination.
Note that the solar cell even has a slightly higher quasi-Fermi level splitting than
their two respective layer stacks without metal. This apparent superiority of the
device relative to the other two samples may at first seem surprising since in pre-
vious publications, [135,143,147,148] the addition of contacts always led to reduced
luminescence and quasi-Fermi level splitting. This is no longer the case in the MAPI
samples presented here, at least if the detectable luminescence emitted through the
front surface is compared. This observation may be because photon recycling has
to be a substantial factor in devices being that close to the radiative limit. Thus,
the presence of a back reflector, which increases the reabsorption of light relative to
outcoupling towards the back, may increase the concentration of charge carriers in
the device and the detectable luminescence.

The high quasi-Fermi level splitting is linked to a high external luminescence

lum
e

quantum efficiency Q"™ via Equation 3.5, being depicted in Figure 4.6¢c. The exter-
nal luminescence-quantum efficiency decreases for lower excitation densities in all
four sample types. With this, I obtain values between ~ 3 —8.4% for the solar cell
device and the QM"™s of the interlayer stacks in the same range. The PL images of
the layer systems measured on a hyperspectral absolute photoluminescence imaging
setup, being calibrated to provide absolute quantum yields, provide independent va-
lidation and additional evidence of these high external luminescence-quantum yields
or high quasi-Fermi level splittings. Figure 4.6d displays exemplary PL spectra, while
Figures 4.6e-g map the quasi-Fermi level splitting over a section larger than the cell
area. The image section in Figure4.6f shows one solar cell of the four existing on the
substrate, marked by the black square. In the case of the layer system without ETL
and silver, a contrast between the areas without and with ITO is visible. This ca-
librated measurement confirms an external luminescence-quantum efficiency of 5%
for the solar cell, which is smaller than the results depicted in Figure 4.6¢, but it still
represents the highest value reported at that time for a full lead-halide perovskite
solar cell device. However, higher external luminescence-quantum efficiencies of up
to 15% have been reported for perovskite light-emitting diodes back then. [149-153]
Todays records achieve over 20%. [154-156]
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4.5 Time-Resolved Photoluminescence

Figure 4.7 presents the results that emerge from transient photoluminescence measu-
rements for a sample series. This series consists of one sample with the hole contact
only, one with both charge-transfer layers and the full solar cell. Contact layers ty-
pically quench the luminescence. This quenching should also be clearly visible in
transient photoluminescence experiments, with the expectation being that the tran-
sient becomes substantially faster in the presence of contacts. In the past, the longer
time-decays of luminescence of samples with at least one electron- or hole-accepting
layer have been analyzed and interpreted in terms of surface-recombination veloci-
ties. [135,157,158] However, in the present case, the contacts do not lead to any
substantial quenching of the steady-state luminescence. Thus, it is not surprising to
see that also the transients of all three types of samples decay quite slowly after a
quick initial decay. Although the transients of the two samples with the additional
PCBM interface drop faster, the PL is still measurable for several microseconds.
Plotting the decay time from TPL in low-level injection (7pr,1L1), introdu-
ced in Equation 2.48 in section 2.5.4, facilitates the comparison of the recombination
dynamics in these three different samples. Figure 4.7b shows the decay time as a
function of time ¢ and Figure 4.7c shows the decay time over quasi-Fermi level split-
ting AEp. All decay times 7rpr, 111 increase for longer times or lower Fermi-level
splittings and saturate for long times in the low s range for all three scenarios.
At early times or corresponding high quasi-Fermi level splitting, the decay time
is associated with higher-order recombination mechanisms like Auger or radiative
recombination. The decay time at longer times or corresponding low Fermi-level
splitting may be affected by a combination of non-radiative SRH bulk or interface
recombination. Section 2.5.4 in the fundamentals of this thesis provides a detai-
led introduction. The decay time vs. AEp plot reveals that the ITO/PTAA/MAPI
transient is dominated by radiative recombination, implying the effective SRH li-
fetime must be very long. Thus, the bulk lifetime is long and the PTAA/MAPI
interface-recombination velocity must be slow. In the samples with PCBM as the
second interlayer, SRH recombination seems more prominent, as indicated by the
shorter decay time at small Fermi-level splittings. Nevertheless, the decay time va-

lues of ~ 2 s are exceptionally high for samples with two charge-extracting layers,
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suggesting slow recombination at the PCBM side, too. This observation is consis-

tent with the high external luminescence-quantum efficiencies that also last in the
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Abbildung 4.7: (a) Transient photoluminescence TPL measurements on different layer stacks,
namely the full solar cell (red) and MAPI grown on PTAA without (green) and with PCBM/BCP
(blue) as ETL. This data set was measured with a time-correlated single photon counting setup
at the Helmholtz-Zentrum Berlin with the help of Dr. Sergiu Leveenko. (b) Differential decay
time Trpr, mLr obtained by taking the derivative of the curves in (a) for every time t. To obtain a
smoother derivative, the data in (a) was fitted first (thin lines shown in (a)) and then the derivate
was computed from the fitted data according to Equation 2.48. (¢) Decay time as a function of the
quasi-Fermi level splitting.
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4 MAPI Solar Cells with High Open-Circuit Voltages

presence of selective contacts. The quantitative interpretation of PL transients of
layer stacks involving charge-extracting layers is complicated by the multitude of
competing mechanisms that need to be taken into account. A detailed consideration

is the content of the chapter 7.1.

4.6 Photoactivation

In order to reach these high open-circuit voltages, all devices need photoactiva-
tion. This action process is achieved by measuring several current-voltage curves
for ~ 10min or keeping the device under open-circuit condition by a white light
LED. There have been various propositions to explain the improvement of electro-
nic properties by light soaking, such as defect passivation by redistribution of halide
ions, [159,160] lattice expansion reducing local strain in the crystal [161] and doping
of the fullerene-based electron contact layers. [162] Here, I do not aim to further
elucidate the mechanisms for light-induced performance improvements. However, I

note that while I observe improvements in V; similar to the ones presented by Tsai
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Abbildung 4.8: (a) Exemplary series of JV —curves over time showing the change in cell perfor-
mance during light activation, starting with a fresh solar cell (purple line). Initially, the JV —curves
are s—shaped and the open-circuit voltage is low. The light activation improves the cell perfor-
mance and increases the fill factor F'F. With this routine, exceptionally high open-circuit voltages
are achieved. (b) Example of the light activation process. Tracking of the open-circuit voltage over
10min of light activation at the LED-solar simulator, showing the continuous increase in Vgc.
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et al. [161], I do not observe any changes in band gap that were suggested to be a
result of photoinduced lattice expansion. [161] In contrast, the observations of defect
passivation and reported fullerene doping [159, 160, 162] are fully in agreement with

our results of improved fill factor and Voc after light soaking.

4.7 Fabrication via Solution-Processing

This section describes the fabrication routine of the solution-processed, inverted,
planar MAPI solar cells with high open-circuit voltages, with the general layout
being schematically pictured in Figure 4.9. In addition, Table A.2 in the appendix

provides an overview of all relevant recipes in this thesis.

ITO

glass substrate

Abbildung 4.9: Schematic of the planar, inverted perovskite solar cell structure. On each glass
substrate are four solar cells with a cell area that is defined by the overlap of the ITO stripes and
the Ag pads.

4.7.1 Substrate Cleaning

The pre-patterned I'TO substrates (2.0 x 2.0CII12) were ultrasonically cleaned with
soap (Hellmanex III), deionized water, acetone and isopropanol (IPA) in succession
for 10min. The as-cleaned ITO substrates were treated with oxygen plasma for

12min and directly transferred to a nitrogen-filled glovebox for further processing.
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4.7.2 Fabrication of the PTAA Layer

The solution-processed solar cells use PTAA as hole-transport layer (HTL). Toluene
(T) was used as a solvent to prepare a PTAA solution with a concentration of
3.0mgml~! (device A) and 1.5mgml~! (device B). The PTAA solution was stirred
overnight at room temperature (RT) and was not filtered or heated before use. The
first part of Table A.2 in the appendix lists the different PTAA recipes used in this
thesis. For the recipes presented in this chapter, 120 1 PTAA solution was spin-
coated onto the pre-patterned ITO substrates with a two-consecutive step program
at 500rpm for 4s with a ramping rate of 500rpms™—', and 4500rpm for 20s with a
ramping rate of 800rpms~'. Then the samples were thermally annealed at 110°C for
10min. Afterward, the samples were cooled down to room temperature. The PTAA
layer thickness is ~ 30nm for the more concentrated solution and ~ 12nm for the

less concentrated one.

4.7.3 Fabrication of the MAPI Film

The process to deposit the MAPI layers by spin-coating involved a solution of
Pb(CH3COO0)3, PbCly and MATI in DMF or DMF/DMSO combined with a very
short annealing time of 2min at 75°C. Lead-acetate-based precursors have previous-
ly been shown to yield smooth, [163], high-quality, pinhole-free layers [164] and were
therefore chosen to achieve highest open-circuit voltages. The addition of PbCly has
been shown to lead to substantially increased photoluminescence lifetimes [165,166]
and increased grain sizes and improved crystallinity due to methylammonium chlo-
ride (MAC]) in the perovskite precursor solution. [76,167] Figure 4.10 compares ex-
emplary SEM pictures of MAPI films spin-coated from different precursor solutions.
This comparison highlights the grain size increase due to chloride use in perovskite
fabrication. The perovskite precursor solution was prepared by mixing water-free
Pb(CH3COO)3 (0.54M) , PbCly (0.06 M) and MAI (1.8M) in DMF (device A) or
Pb(CH3COO0)2 (0.6 M), PbCly (0.067M), DMSO (0.067M) and MAI (2M) in DM-
F/DMSO (device B). The precursor solution was stirred at room temperature for
60min and filtered with a 0.45 m PTFE filter prior to use. To fabricate the perovski-
te layer, 180 1 (device A) or 135 1 preheated to 75°C (device B) precursor solution

was spin-coated on the top of PTAA layer by a two-consecutive step program at
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2000rpm for 10s with a ramping rate of 500rpms—' and 6000rpm for 8s with a
ramping rate of 800rpms ™! (device A). The second spin-coating step for device B

was prolonged to 30s because the crystallization speed is slower when using DMSO

PTAALMAPI (0:6 M in DMF) (Pb(CHaCOOQ)z (90 mol%) and PbCl, (10 mol%))
(a) ]

.500 nm 3 1 pm
] - . -

¢

PTAALMAPI(0:9M in'DMF) (Pb(GH;COO)s (90 mol%) and PbClz (10 mol%))

(b) \ % e

kBCO(;)z (100 mol%)’and PbCl2 (0.mol%))

e

PEDOT/ MAPI (06 M i DMF) (Pb(CH3CO0), (90 mol%) and PbCls (10 mol%))
(d) £

P

Abbildung 4.10: SEM pictures of MAPI films spin-coated from different precursor solutions and
on different HTL materials, showing that grain size and the crystallization process of the perovskite
are influenced by the bottom layer. Figures (a-c) show the perovskite grown on PTAA with (a, b)
and without (c¢) using PbClg, which increases the grain size. Moreover, using non-wetting PTAA as
HTL results in larger grains, compared to the perovskite layer shown in (d) on PEDOT:PSS. For the
methylammonium-lead iodide CHsNH3PbI3 (MAPI) films in (a) and (b) different concentrations
(0.6 M and 0.9 M) of the precursor solution were used to increase the layer thickness from ~ 280nm
to ~510nm. A comparison of (a) and (c) highlights the impact of PbCly on the grain size. These
SEM pictures were conducted with the help of Dr. Benjamin Klingebiel.
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Abbildung 4.11: JV —curves of perovskite solar cells using the same parameters for the device
fabrication (recipe A), but different ratios of Pb(CH3COO)2 to PbCly. PbCly concentrations higher
than 8% lead to high open-circuit voltages. Lower values lead to reduced open-circuit voltages.
While higher PbCly values than 10% make the devices less stable during MPP-tracking in a Ng
filled glovebox.

than for pure DMF. Then the samples were immediately annealed on a hotplate at
75°C for 2min. Afterwards, they were cooled down to room temperature.

In this study, Dr. Zhifa Liu found a continuous improvement in open-circuit
voltages when the concentration of PbCly was increased from 0% to 8%, while the
optimal concentration of PbCly in term of efficiency is in the range of 8 — 10%. The
JV-curves from a respective sample series are shown in Figure 4.11. We noted that
while PbAcy and PbCly based precursors have both been shown to be beneficial for
suppressing recombination, [163] there is a comparably small amount of literature
on these precursors. As far as we are aware, a mixture of these two precursors has
not been used with the combination of PTAA- and PCBM-based contact materi-
als before. Although, this interlayer combination has shown very low voltage losses
with multication-based perovskites already. [147] However, the combination with
our MAPI absorber seems to currently have an even higher potential to achieve
high open-circuit voltages. Moreover, Figure 4.12 shows the JV-curve and the ex-
ternal quantum efficiency QeEQE resulting from a thickness series of the absorber

layer made to find the optimum.
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Abbildung 4.12: (a) JV —curves of perovskite solar cells comparing the performance of the two
different standard recipes (device A and B) and with differently thick absorber layer taken at an
AAA class solar simulator. For the thickness series (based on recipe B), the concentration and the
amount of DMSO in the perovskite precursor solution was changed while keeping the Pb(Ac)s
to PbCly ratio constant at (9:1). Note, that the nomenclature 0.6M means: (Pb(CH3COO)2
(0.54M), PbCly (0.0M), DMSO (0.6M) and MAI (2.8M) in DMF/DMSO) and (0.9M) means:
(Pb(CH3COO)2 (0.81M), PbC12 (0.9M), DMSO (0.9M) and MAI (2.7M) in DMF/DMSO)). The
perovskite thickness varies between ~ 290 —510nm. Thicker perovskite layers achieve higher short-
circuit currents with an efficiency optimum for a thickness of 330nm. (b) Corresponding external
quantum efficiency QeEQE measurements as a function of wavelength.

4.7.4 Fabrication of the PCBM Layer

PCBM is used as an electron-transport layer (ETL). The PCBM solution was spin-
coated on the top of the perovskite layer at a speed of 1200rpm for 60s with a
ramping rate of 400rpms~'. Recipe A uses 80 1 of a solution with 20mg /ml PCBM
in CB. In contrast, recipe B uses 65 1 with a concentration of 20mg/ml dissolved
in CB and T (1:1) being preheated to 75°C for the spin-coating step. The PCBM
spin-coating was performed statically, with a time delay of ~ 10s for recipe B. Typi-
cally, the PCBM solution is stirred at 70°C for at least four hours and filtered with
a 0.2 m PTFE filter prior to use. For the drying of the PCBM layer, the samples
were left in an open petri dish for at least 20min without additional annealing.
Since high open-circuit voltages require well-passivated surfaces, the optimiza-
tion also had to include the right choice of processing conditions for PCBM. There

are various degrees of freedom in processing the PCBM layer that we can use to
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Abbildung 4.13: (a) JV —curves of a MAPI perovskite solar using the same parameters for
the device fabrication (recipe A), except from the perovskite-precursor solution (Pb(CH3COO)q
(0.6M), PbCly (O0M) and MAI (1.8M) in DMF). The MAPI film without PbCly as precursor
has a different morphology (see Figure 4.10a and (c)) with reduced grain size. JV —characteristic
of these devices show a reduced open-circuit voltage, smaller fill factor and stronger hysteresis.
(b) JV—curves of perovskite solar fabricated with PCBM dissolved in different solvents (DCB,
CB and CB/T), demonstrating the impact of small changes in the fabrication process on device

performance. Note that all other fabrication parameters are similar to the one described for device
A.

optimize the MAPI/PCBM interface for the lowest possible recombination rates.
These degrees of freedom include, besides the spin-coating parameters, the choice of
solvent, the post-deposition annealing treatment and the atmosphere during spin-
coating and subsequent annealing. It was reported [166] that higher boiling-point
solvents can lead to more ordered layers because the solvent has more time to eva-
porate when compared to lower boiling-point solvents. In addition, by annealing,
preheating the solution or solvent-assisted annealing, crystallization of the absorber
layer can be accelerated or slowed down. As part of device optimization, various
solvents were used for PCBM, namely the lower boiling-point solvents toluene (T)
(110.6°C) and chlorobenzene (CB) (130°C) and the higher boiling point (180.5°C)
solvent 1,2-dichlorobenzene (1,2-DCB). Shao et al. [168] have previously reported
an improvement in V. in a very similar device stack when using DCB as a solvent
for PCBM combined with solvent-vapor annealing in DCB vapor. In contrast, our
PCBM films deposited using the lower boiling-point solvent (CB) or a mixture of
CB/T on top of our PTAA/MAPI stack lead to substantially higher open-circuit
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voltages. Note that PCBM is not entirely soluble in pure toluene in the desired con-
centration. During our studies, we also noted that the ideal processing conditions
for the PCBM did vary depending on the choice of hole-transport material but also
on the MAPI processing conditions. If 1,2—DCB is used as a solvent for PCBM,
substantial losses in Vg occur, yielding in open-circuit voltages lower than 1.2V.
Figure 4.13 summarizes these results. We observed the opposite trend of V. with
PCBM processing conditions when another HTL layer (PEDOT:PSS) was chosen on
which the perovskite crystallizes differently. Therefore, we assume that the ideal pro-
cess parameters must always be considered holistically and have to be individually

adjusted to each other in order to achieve the best possible results.

4.7.5 Fabrication of the Cathode

For the solution-processed solar cell devices 120 1 BCP solution with a concentra-
tion of 0.5mg/ml in IPA was spin-coated at 4000rpm for 30s with a ramping rate
of 800rpm/s. The BCP solution was not filtered or heated but got an ultrasonic
treatment for one hour. Finally, 80nm Ag was thermally evaporated in a separate
vacuum chamber (< 5x 10”9 mbar) with a rate of 2A/s. A metal shadow mask defi-
ned an aperture area of 0.16cm? by the overlap of the ITO stripe and the Ag. As part
of device optimization, it has become apparent that the temperature in the glove
box and the atmosphere in the spin-coater influence the crystallization and drying.
Thus, the atmosphere impacts the quality of the different layers. The fabrication
process was optimized to a temperature of 20°C and an integrated spin-coater for
the MBRAUN glovebox.

4.8 Summary

In conclusion, I have shown that by using a combination of Pb(CH3COQO)s and
PbCls based precursors and process optimization of the contact layers PTAA and
PCBM, the open-circuit voltage of simple MAPI can be tuned up to 1.26 V without
any addition of passivating alkali metals such as Cs, K or Rb. In addition, extre-

mely low surface-recombination velocities have been observed that are required in

101



4 MAPI Solar Cells with High Open-Circuit Voltages

order to rationalize the high open-circuit voltage. A detailed quantitative analysis
of the recombination behaviour and the resulting lifetime coefficients of this solar
cell type with very high open-circuit voltages is discussed in chapter 7.6. While the
optimization in the current study focused on eliminating and characterizing losses
due to bulk and interface recombination, future improvements in open-circuit vol-
tage will require optimizing the layer stack for minimum parasitic absorption and
maximum efficiency of photon recycling, [109,169,170] in a similar way as efficiency

optimization in GaAs solar cells has been achieved in the past. [171]

102



5 Coevaporated Solar Cells

In this chapter, I summarize the technological development of coevaporated MA-
PI solar cells at the cluster tool - Jilich online semiconductor growth experiment
for photovoltaics (JOSEPH), which I managed scientifically during the years of my
Ph.D.. Within the scope of this project, I supervised two master’s theses [172, 173]
and a bachelor’s thesis. [174] JOSEPH is a double-cluster UHV system consisting of
two central chambers, which are connected to several satellite chambers. One half of
JOSEPH comprises a series of deposition chambers specialized for the fabrication of
thin film materials for photovoltaic applications. The other half comprises various
surface analysis tools facilitating chemical and physical analysis without a vacu-
um break. One of these deposition chambers is designed for fabricating perovskite-
absorber layers by vapor-deposition, also called coevaporation, as an alternative to
solution-processing introduced in chapter 4. Chemical analysis via XPS measure-
ments in the analysis cluster assists in process optimization. This second sample
type is also used in the further course of this thesis, serving as an example of a
MAPI solar cell with high non-radiative recombination losses and low open-circuit
voltage. Therefore, I will introduce the corresponding device characteristics of our
coevaporated, inverted MAPI solar cells and give an overview of the process deve-

lopment.

5.1 Introduction to Fabrication via Coevaporation

The vacuum-based thin-film fabrication routine of metal-halide perovskites, where
multiple materials are thermally evaporated simultaneously, is a rarely used techni-
que compared to the common solution-processing by spin-coating. One reason for

this rare use is that coevaporation requires a rather complex and expensive infra-
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structure. Additionally, the deposition of the perovskite layer via this method takes
several hours, which is quite long considering that spin-coating takes a few minutes
at most. However, this technology has some advantages and provides an alternative
if conventional spin-coating or other solution-processing techniques are unsuited or
challenging to implement. This case applies, e.g., for covering microscopically textu-
red substrates. [175,176] Since vacuum-based perovskite deposition produces highly
conformal, pinhole-free and very smooth layers, [177,178] it is a promising route for
the development of high-quality perovskite films [179] on double-side textured sub-
strates for monolithic perovskite/silicon tandem solar cells, enabling optimum light
management. [175,180] In addition, vacuum deposition is an attractive method,
which is already widely adopted in the semiconductor and coating industry due
to the ease of scalability of the device area and excellent homogeneity. [179] Other
benefits are the material purity of the sublimed precursors and the solvent-free fabri-
cation, avoiding the toxic solvents generally employed for solution-processing perovs-
kites. Furthermore, coevaporation has a low substrate-fabrication temperature and
is therefore compatible with temperature-sensitive plastic electronics. [181,182]

The dual-source coevaporation of the two perovskite precursors lead iodide
Pbly and methylammonium iodide (MAI) is most employed. [175, 177, 182-187]
Best-performing coevaporated MAPI solar cells reach an efficiency of 20.6 %, achie-
ved through continuous device optimization and fine-tuning of the precursor ratio,
the development of process know-how, as well as the use of new interlayer materi-
als. [187] However, many other precursor combinations have also been tested, produ-
cing various perovskites with different chemical compositions. Unfortunately, these
attempts have so far achieved only lower power conversion efficiencies. All-inorganic
variants using cesium iodide (CsI) [188] or cesium bromide (CsBr) [189,190] we-
re tried out, yielding efficiencies below 15%. Furthermore, also the fabrication of
triple-cation mixed-halide perovskite with complex stoichiometry was realized by
simultaneous vacuum deposition of MAI, CsBr, formamidimium iodide (FAI), and
Pbls. [191]. Since we only used dual-source coevaporation of the organic salt MAI
and the metal-halide source Pbls, I focus the following discussion on this material
system.

While efficiencies of coevaporated perovskites still lack behind those of solution-

processed perovskite solar cells, there are recent promising results, e.g., with regard
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to high thermal stability achieved via coevaporation. [192] A key open question is
the efficiency potential of coevaporated perovskites. Given the substantially lower
research effort that has gone so far in optimizing coevaporated perovskites rather
than spin-coated, it would be natural if efficiencies trail behind. However, there may
also be more fundamental reasons why efficiencies in solution-processed perovskite

solar cells are higher than in coevaporated devices.

5.2 Fabrication of the MAPI Film via Coevaporation

This section describes our standard fabrication routine that has evolved over ti-
me and gives the best solar cell performance. There were three main challenges in
optimizing the perovskite layer, process control and reproducibility, control of the
stoichiometry of the layer optimized by XPS, and improvement of the optoelectronic
properties of the MAPT film.

The coevaporated MAPI perovskite is deposited by coevaporating lead iodide
(Pbly) and methylammonium iodide MAI powder in a coevaporation chamber from
CreaPhys. Figure 5.1 illustrates a schematic drawing of the coevaporator. The cham-
ber was pumped down to a base pressure of at least ~ 10~%mbar. Both materials
evaporate from current-heated, ceramic crucibles. Two quartz-crystal microbalances
(QCMs), being located ~ 25cm above each source, control the deposition rates of
the individual materials. We tried out various deposition-rate ratios to fine-tune the
stoichiometry of the perovskite absorber. A third QCM sensor near the substrate
monitors the combined deposition rate and the film thickness of the perovskite layer.
The Pbly and MAI powder in the crucibles is exchanged each time and refilled with
new chemicals prior to the process, keeping the filling level constant to increase re-
producibility. The Pbly quartz sensor is renewed each time, too. The lifetime of the
MALI sensor decreases slowly, so a replacement is not often necessary. Furthermore,
the software SQC-310Comm from Inficon controls the deposition rates. First, the
Pbls and the MAI sources are preheated, then the PID control loop of the SQC con-
trols the output power reaching stabilized rates before the substrate shutter opens.
The precursors are heated by the TCU230S temperature control unit to their corre-

sponding sublimation temperatures with a source temperature around 330°C for of
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Abbildung 5.1: Schematic drawing of the coevaporator vacuum chamber at the clustertool JO-
SEPH used for the fabrication of MAPI perovskite films.

Pbly and around 150°C for of MAI. The Pbls has a geometric tooling factor 14%
(100%, 14 %), a density of 6.16 gem™3 and a Z-factor of 0.55. A calibrated deposition
rate of 0.3A /s is used for the evaporation of lead iodide.

The main challenge in this coevaporation process is the controlled evaporation
of the MATI compound. This volatile organic salt can decompose easily and has a
very high vapor pressure, leading to non-directed evaporation in cloud formation.
Thus, MAI deposits everywhere in the chamber. We noticed, for instance, that MAI
also coats the backside of the substrate, which is opposite to the MAI source. Fur-
thermore, the low vapor pressure causes the MAI to detach from the surfaces in
the evaporation chamber, influencing the process conditions. Thus, it is challenging
to evaporate MAT in a reproducible and controlled way. Other research groups in
the field also experience this behavior, [175,179,181, 183,193, 194] who have used
different strategies to address this problem. Some tried to bypass this problem by
keeping the temperature of the MAI source constant. [180,183,185] This approach
was not suited for us, because a constant temperature led to a fluctuating MAT rate,

which implies that the ratio of the two components changes during the coevapora-
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tion process. Hence, no control of the stoichiometry is possible. Another strategy
is to choose a fixed Pbly rate and set the background-process pressure of the MAI
constant. To maintain a constant pressure, a gate valve is used. [179,186] Unfor-
tunately, we could not apply this approach to our system because we could not
observe any significant correlation between pressure changes and temperature and
deposition rates of the MAI source. Note that our process pressures are with values
in the range of 1075 mbar orders of magnitudes below the pressures reported in so-
me other publications. [186] Hence, we installed a barathron as a second pressure
sensor close to the MAI source to expand our understanding and gain process con-
trol. This pressure is also decoupled from the temperature and indicated rate on the
quartz-crystal microbalances (QCM) sensor. Instead, the pressure depends on the
ambient temperature and the liquid nitrogen level of the cold trap installed in our
setup to protect the turbomolecular pump by holding back the organic compounds.
Consequently, we could not include the pressure as a control parameter and must
control the MAI evaporation via the rate at the quartz sensor. Moreover, the tooling
of the QCM sensor above the MAI source is very complicated because the MAI film
is very soft and unstable in air. Thus, determining the layer thickness of a pure MAI
film was not possible and hindered the calibration of the sensor. Other groups have
similar problems, [177,183,185,195] whereas some managed to determine a tooling
factor for the MAI sensor. [187,191]. However, we could only use the sensor as a
relative indicator in the rate control. For the tooling factors of this sensor, we chose
the highest possible values that could be set in the software in order to maximize the
resolution of the MAI deposition rate. We obtained the best results with a relative
deposition rate of 1.5A/s with a tooling factor of 150% (399%, 150%), a densi-
ty of 0.99gem ™ and a Z-factor of 3.26. The total deposition time was ~ 240min.
The Pbls sensor showed a final thickness of 400nm, the MAI sensor of 200nm and
the substrate sensor of 500nm of perovskite. The coevaporated perovskite layer was
~ 465nm thick in profilometer measurements. XPS analysis yielded a perovskite
stoichiometry for MAj g1 Pb1l306. Subsequently, the samples were thermally annea-
led at 100°C for 10min on a hotplate in glovebox atmosphere. This post-annealing
step supports the formation of the black phase, if the perovskite is formed with an
excess of methylammonium iodide. [181]

The reproducibility of the process could be better, but we were able to produce
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MAPI solar cells with very similar efficiencies in many experiments. The perovskite
is very tolerant to slight changes in the ratio of the process rates. Also, MAPI films
with stoichiometries, determined from XPS, that deviate from the ideal one yield

comparably good solar cell efficiencies, as presented in the next section.

5.3 Device Characteristics of Inverted, Coevaporated
MAPI Solar Cells

Figure 5.2 gives an overview of the device performance of our coevaporated MAPI
solar cells, testing different hole transport materials, namely PEDOT:PSS, a double
layer of PEDOT:PSS and PolyTPD or PTAA. These results summarize the work
from Rene Krimmel, [172], who helped to establish an efficient coevaporation process
in our group for the first time (2018). The use of PEDOT:PSS as a hole-transport
layer was our starting point and a common choice in inverted, planar solar cells at
that time. However, employing only PEDOT:PSS as the HTL was not successful,
as the JV —curve of this device (green line) shows. This cell type leads to efficiency
below 5%. The cell performance suffers particularly from heavy losses in the open-
circuit voltage. In addition, the short-circuit current is with 10mA /cm~2 also extre-
mely low and could be significantly higher with a ~ 300nm thick perovskite absorber
layer. Employing an additional organic hole blocking layer on top of the PEDOT:PSS
made from PolyTPD, which serves as a substrate for the coevaporation process and
is in direct contact with the coevaporated perovskite, improves the efficiency up to
12.8%. Malinkiewicz et al. has obtained similar trends. [183,184,194]. We were able
to achieve the best results with the use of the polymer PTAA as selective interlayer
material (red line), yielding efficiencies above 15%. The coevaporated cells show si-
gnificant losses in open-circuit voltage compared to the solution-processed inverted
MAPI solar cells presented in chapter 4, whose device stack comprises the same ma-
terials. The highest open-circuit voltages we observed for the coevaporated cells were
around 1.1V, typically even up to 60meV lower, with a radiative ngd of 1.322V
(Figure 5.2¢). The significant differences in open-circuit voltage raise the question of
whether bulk or interfaces dominate recombination losses and how to reduce these

losses. A repeatedly observed distinguishing feature of coevaporated perovskite films
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Abbildung 5.2: Overview of the device performance of coevaporated MAPI solar cells grown on
three different hole transport materials, namely PEDOT:PSS (green), PolyTPD (blue) and PTAA
(red). Figure (a) illustrates the device-stack options, while (b) depicts the up- and down scans
of the current-voltage curves. (¢) Exemplary calculation of the radiative limit of the open-circuit
voltage for the coevaporated solar cell with PTAA, yielding similar results as for the solution-
processed sample type. Figure (d) compares the external quantum efficiency measurements of all
three devices. The kinks in the EQE near the absorption edges indicate that current losses evoke
by incomplete absorption. In addition, strong optical interference effects occur in all three cases.

compared to solution-processed samples is their compact and homogeneous morpho-
logy, consisting of tiny crystal grains. [181] Figure 5.3 shows a comparison of SEM
images for those different sample types. The crystal structure in the SEM images
differs visibly, with the crystallites of the liquid-processed samples produced with
and without chlorine in the precursor solution being larger in diameter. This bigger
grain size indicates that the initial bulk quality of the solution-processed samples
is higher. Later in chapter 7.1, I will analyze and discuss the differences between
the coevaporated and solution-processed MAPI solar cells in more detail using TPL

measurements. Furthermore, the smoothness of the coevaporated perovskite film
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Sdiuﬁiorﬂﬁrbées%ed / AP solution—processed- MAPI
: ¢ 10 mol% PbCl,

Abbildung 5.3: SEM images of coevaporated (left) and solution-processed MAPI films fabrica-
ted without (middle) and with (right) PbCly in the precursor solution. These SEM images were
conducted with the help of Dr. Benjamin Klingebiel.

enhances optical interference effects that occur in the layer stack, whose layers have
dimensions in the range or below the visible wavelengths. These optical interference
minima and maxima appear prominently in the measurements of the external quan-
tum efficiencies shown in Figure 5.2d, reducing the short-circuit current densities of
the coevaporated solar cells.

We investigated the influence of the chemical nature of the substrates on the
perovskite growth to understand the significant variation in device performance for
the different hole-transport layers. Figure 5.4 shows SEM pictures of perovskite films
grown in the same coevaporation process but on different HTLs. The morphology
of the perovskite differs slightly. However, the SEM images do not pinpoint a clear
trend that explains the differences in the JV —curves. This finding implies that the
low performance of the PEDOT:PSS originates from the actual interface between
the HTL and the perovskite absorber and not from causing poor growth conditions
for the perovskite. As was shown later by Stolterfoht et al., [196] the energy-level
alignment of PEDOT:PSS to lead-halide perovskites is unsuitable for efficient char-
ge extraction. In this material combination, PEDOT:PSS does not block electrons
efficiently, leading to massive recombination losses throughout the whole voltage
range. [182,190]

Figure 5.5 shows the current-voltage characteristic and the corresponding ex-
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Abbildung 5.4: SEM pictures of coevaporated MAPI films grown on different hole transport ma-
terials, namely (a) PEDOT:PSS, (b) PolyTPD and (c) PTAA. These SEM pictures were conducted
with the help of Dr. Benjamin Klingebiel.

ternal quantum efficiency of the best-performing coevaporated MAPI cell that we
have obtained so far. The solar cell has an efficiency of 17.3%. However, our optimi-
zation efforts only helped increase the short-circuit current density of the coevapo-
rated MAPI cells. Unfortunately, all efforts to suppress non-radiative recombination
and increase the open-circuit voltage failed. Since the solar cells presented in Figure
5.2 with perovskite layer thicknesses in the first optical interference maximum of
around ~ 300nm suffered from incomplete absorption, we increased the thickness of
the coevaporated perovskite absorber by prolonging the coevaporation process. By
using layer thicknesses of ~ 500nm around the second interference maximum, we
were able to increase Js.. Combined with the optimization of stoichiometry using
X-ray photoelectron spectroscopy (XPS), as well as reducing parasitic absorption in

the stack, we obtained an increase in short-circuit current of ~4mA.
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Abbildung 5.5: (a)Current-voltage curve and (b) external quantum efficiency measurement of
the best-performing coevaporated MAPI solar cell in this study.

5.4 Rating the Device Performance of Coevaported
Solar Cells

In section 2.3.1, I introduced the representation of the losses in a solar cell as a bar
chart composed of several figures of merit, each representing a different physical loss
mechanism. [19] In the following, I apply this method to a dataset of coevaporated
solar cells presented in Figure 5.5, to the record coevaporated solar cell at the time
this study ended, [197] and to the solution-processed, MAPI solar cell with high Vi
presented in the previous chapter 4. Figure 5.6 illustrates the respective loss analy-
sis of these six devices. Note that the y-axis, representing the normalized efficiency,
is a logarithmic axis, implying that the order of the loss factors can be exchanged
without changing the relative size of the boxes, which would not be the case with a
linear axis. The voltage losses are depicted in green, fill factor losses due to resistive
losses in red, whereas the yellow bars show losses in short-circuit current. This re-
presentation outlines the progress and the device improvement of the coevaporated
solar cells in our research group during the time of my thesis. In addition, it ranks its
performance to our best solution-processed device and the record for coevaporated

solar cell in literature.
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Abbildung 5.6: Loss analysis showing the development of the coevaporated MAPI solar cells. For
comparison, the loss analysis of the coevaporated perovskite solar cell published by Al-Ashouri et
al., [197] which constituted a record at the time of this study, as well as of the solution-processed
sample with a record open-circuit voltage, being introduced in chapter 4 and published as a shared
first authorship with Dr. Zhifa Liu, [140] are also shown.

The bar chart plot shows that in the beginning, the most significant improve-
ment from 16 % to > 50 % of the SQ-efficiency limit was realized. This progress results
from using new contact materials as a hole-transport layer in the device stack. Since
the coevaporated solar cells with PTAA in 2018 suffered from substantial losses in
short-circuit current, as illustrated by the yellow bar, we increased the thickness of
the coevaporated MAPI layer. The loss analysis of the coevaporated solar cell with
PTAA from 2020 shows that this strategy was successful. Thus, the size of the yellow
bar is diminished. However, non-radiative losses in V., displayed as green bar, are
still high and make up the most extensive loss path. Overall, our best coevaported
solar cell achieves 57 % of the theoretical limit. The loss in V. is also the main diffe-
rence between the coevaporated and our solution-processed solar cell, as the compa-
rison of the two bar charts demonstrates. We put a lot of effort into optimizing the

open-circuit voltage of our coevaported solar cells and the process conditions of the
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coevaporation process. Besides improving reproducibility by automating the process
control and feedback loop during the coevaporation process and implementing data
tracking, we tried out a post-treatment in a climate box. This treatment aims to
passivate the perovskite surface and increase the crystallinity of the coevaporated
MAPI film. The climate box makes the precise adjustment and control of the moi-
sture content possible. It was used previously to improve the quality of MAPI films
on glass substrates. [198] In addition, we tried out the new hole-selective contact ma-
terial ([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl|phosphonic acid) (MeO-2PACz), as
self-assembling monolayer molecule (SAM). Unfortunately, we could not achieve an
increase in V¢ in our experiments.

This respective material MeO-2PACz was introduced by Al-Ashouri et al. [197]
at the end of 2019 and outperforms the polymer PTAA in versatility, scalability and
power-conversion efficiency. MeO-2PACz is based on a carbazole body with phos-
phonic acid anchoring groups and can form self-assembled monolayers on various
oxides. They reached a new record efficiency of 19.6% for a coevaproated MAPI so-
lar cell by replacing the PTAA with MeO-2PACz in the layer stack. The respective

loss analysis of this solar cell is also shown in Figure 5.6.
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In this chapter, I present a standardized framework to report voltage loss in perovskite
solar cells. As perovskite composition changes, also the band gap does. Thus, higher
Ve values are not necessarily better because the reference point changes with the size
of this band gap. This solar cell band gap is a model parameter that can be derived
and defined in various ways. Therefore, it is not unique. Here, I compare the different
band gap definitions used in the literature and show how the thermodynamic limit
of the open-circuit voltage based on the Shockley-Queisser model [17] varies widely
depending on the definition used. Accordingly, referencing the open-circuit voltage of
an actual device to the SQ case is subject to large uncertainty, being introduced by
choice of band gap definition. Next, I compare these open-circuit voltages with the so-
called radiative open-circuit voltage, [47] derived from the measured absorption and
electroluminescence spectra. Thanks to the sharp band edge and the small variations
in the Urbach-tail slope, a standard external photovoltaic quantum efficiency of the
solar device holds all the information to calculate the radiative open-circuit voltage
with an accuracy of a few meV. Therefore a meta-analysis of previously published
perovskite solar cells with high open-circuit voltages relative to their band gap becomes
possible, where all devices are compared using an identical way of referencing the

open-circuit voltages to their radiative limait.

6.1 Definitions of Band Gap Used in Literature

Publications in the research field of perovskite solar cells currently use a variety of

different band gap definitions for solar cell devices based on different approaches
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and measurement methods. [140, 143, 160, 199-203] The band gap that is determi-
ned by one of these different methods, is often used to calculate a reference open-
circuit voltage VOSCQ(Eg). Then, these reference is compared to the actual value V,,
in order to rate the loss AVy.. With this approach, our research community in-
tends to compare different solar cell types to rank the results from various research
groups. [130,140,199] In this section, I will explain and compare different methods
for defining the band gap of a solar cell that are commonly used in literature. By
applying these methods to an exemplary data set, belonging to the MAPI solar cells
introduced in chapter 4, I will show that the calculated value for the band gap varies
substantially, depending on the chosen method. Subsequently, I calculate the open-
circuit voltages in the SQ limit for the different band-gap definitions to demonstrate
that the corresponding difference propagates further and affects the V5. limit even
more in relative terms.

The first method I will introduce is the Tauc method [204,205], which is in
contrast to most other methods, based on the use of absorption coefficient data.
The absorption coefficient « is a material property that results from the charac-
teristic energy-band structure. For an ideal, defect-free semiconductor with a di-
rect band gap, the absorption coefficient is related to the bang gap energy via
a ﬁf?g/hu, [206] with the frequency v. Based on this theoretical shape

of the absorption coefficient o, mathematical transformation yields
(ahv)? oc hy — E, . (6.1)

For the Tauc method, (ozhl/)2 is then plotted as a function of energy hv. This ap-
proach fits linear region so that the band gap results from an extrapolation of this
linear fit to the x-axis [204,205]. Figure 6.1a shows an example of a Tauc plot. The
course of the data illustrates that the actual shape of the absorption coefficient of
metal-halide perovskites, in this case of MAPI, does not fit well with the theoreti-
cal one. [207-209]. Inherent structural disorder of a material creates absorption tail
states toward lower photon energies, which become apparent as an exponential tail
in the absorption coefficient. This characteristic is called Urbach tail. [210,211] The
slope of this exponential part varies with the degree of disorder and is characterized

by the Urbach energy Fuyipach. [42,211,212] Besides the shape mismatch between
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Abbildung 6.1: (a-c) Determination of the band gap energy for an exemplary data set [140]
(optical data of MAPI and quantum efficiency data of a respective MAPI solar cell) using different
methods that are applied in literature. Figure panel (a) shows the Tauc plot method (orange),
extracting the band gap Ega“c from absorption coefficient data. (b) Example of Tauc plot method,
adapted to quantum efficiency data, yielding in Eg aueBQE (blue). (¢) Several methods that use
characteristic points of the external quantum efficiency QEQE of the solar cell to determine a band
gap energy. These respective characteristic energy values, stated in (c), are the inflection point
Eép of the QEQE (purple), the x-axis intercept of the inflection point tangent Ey (red), the energy
EgQE/2
the Q‘EQE reaches 50%. (d) Comparison of the resulting band gap energy values for all presented
methods revealing a huge deviation. (e) In addition, I calculate the limit of the open-circuit voltage
for respective band gaps in the SQ limit and the radiative limit Voré}d.

for which the Qg QE yeaches half of its maximum value, or the energy Eg QE=0-5 f1 which

the theoretical and experimental absorption coefficients, the band gap determined

by the Tauc method represents an internal property of the photovoltaic material.
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Thus, it is not an external property of the solar cell device, as it is assumed in the
SQ limit. However, the application of the Tauc method can be extended and app-
lied to external quantum efficiency QeE QE data if we assume that quantum efficiency
equals absorptance for efficient charge collection. Furthermore, we must assume that
a simple Lambert-Beer model suits to describe the absorptance. Under these ass-
umptions, the Qg QE and the absorption coefficient should be proportional to each
other for low photon energies and absorption coefficients. The Taylor expansion of

the absorptance a (E)d — 0 yields
QERE x a(E)=1—exp(—a(E)d)~a(E)d (6.2)

Figure 6.1b shows the result of the Tauc method that is applied to quantum efficien-
cy QEEQE. Both data sets in Figure 6.1a and Figure 6.1b yield similar values for the
band gap. Note that the values for Eg aucEQE nd Egauc do not necessarily agree
with each other, as we will see later during the discussion of literature data.

Other common methods, which are applied to determine the band gap of a
solar cell, use different characteristic points of quantum efficiency QQEQE. Thereby,
they indicate an external property of the solar cell device. Figure 6.1c gives an
overview of these characteristic points, calculated for the exemplary data set. The

EgE QE/2 4t which the quantum efficiency QE QF reaches half its maximum va-

EgEQE:O.E,

energy
lue or the energy at which the quantum efficiency is 50% are for instance
such characteristic points. [200] Another convention, henceforth referred to as the
Ey method, defines the energy Ej;, where the inflection-point tangent intersects the
x-axis, as band gap. [143,203,213] A related approach is to use the inflection point
Eigp itself, [200]. It has the advantage that a constant inflection point often leads
to small differences in Jg. for differently sharp absorption onset because gains and
losses are roughly compensating. The inflection point for fairly sharp and symmetric
onsets, as present in halide perovskites, is also identical to the concept of the photo-
voltaic band gap introduced in ref. [40] and used in recent overviews of photovoltaic
technologies. [60,214]

Figure 6.1d compares all different band gap energies, which I obtained by
analyzing absorption and quantum efficiency data for an exemplary data set. This

summary reveals how decisive the choice of the method is for the determined band
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gap value. The band gap differs in this example by approximately 80meV, with
the Ey method leading to a rather small band gap value. In contrast, characteri-
stic points, such as the half maximum of the QEQE, yield larger band gap energies,
whereas using the inflection points yields a medium value. Subsequently, I calculate
the SQ limit for the different band-gap definitions. The corresponding limit of the
open-circuit voltage is plotted in Figure 6.1e. This overview of different VOSCQ7S shows
a similar spread as the band gap energies, i.e., roughly 80mV. Thus, it has a huge
impact, which V5, limit is compared to the actually measured open-circuit voltage of
1.26'V and used to state the non-radiative voltage losses. This distinction becomes
especially relevant for small losses, as in this example. Depending on the method,
the losses are ~ 40meV in the best case and up to 115mV for the most conservative
estimate of the band gap. Hence, if one were to estimate Qg‘m from the different
voltage losses mentioned above, the variation in Q}aum would range from 1% to 50 %.
Thus, the different band gap definitions lead to a spread in band gap energies that is
similar to the energy losses under investigation. Accordingly, comparisons between
different solar cells become meaningless. As a result, the research community should
agree on one suitable and consistent method of referencing to enable a comprehen-
sive, simple, fair and meaningful comparison of non-radiative voltage losses. This
consistency would then allow a rating of the measured V. values among various

perovskite compositions.

6.2 A Standardized Method to Report Voltage Losses

In the following section, I propose such a standardized method to state the Vg limit
and voltage losses that is meaningful and, at the same time, convenient and easy
to apply. My approach is an approximated version of the radiative limit that only
requires a single measurement of the external quantum efficiency of the solar cell
for its calculation. A detailed introduction of the radiative limit and its calculation
can be found in section 2.2. Usually, the external quantum efficiency QEQE (F) and
EL emission data ¢gr, (E) are both needed to aprecisely determine the radiative

open-circuit voltage. Figure 6.2a shows respective Qg QE and EL measurements for
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Abbildung 6.2: (a) Electroluminescence spectrum ¢gr, (F) (dark blue) and quantum efficien-
cy QEQE (E) from EQE (red) and QETPS (E) from Fourier transform photocurrent spectrosco-
py (FTPS) (dark red) of the exemplary solution-processed MAPI cell, being introduced in c.
chapter 4. Respective EL and QE QE_jata is converted via the reciprocity relation in one ano-
ther (light blue and orange), and finally combined to an extended QY'Y (E), Then, the extended
QPV (E) is used to calculate the radiative open-circuit voltage V24, This calculation results in a
thermodynamic limit for the open-circuit voltage of 1.324V for this respective device. Reprinted
with permission from Liu et al. [140] Copyright 2019 American Chemical Society. (b) Calculation of
the radiative limit from measured quantum efficiency QEQE (E) data, to which a fit of the Urbach
tail was attached to obtain Qf v fit (E). An Urbach energy of 14meV fits best to the exponential
decay and yields the same Vo limit of 1.324V. (c) The radiative open-circuit voltage Vo i a5 a

function of Urbach energy Eurbach-
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our exemplary MAPI solar cell. Note, that the photovoltaic quantum efficiency and
the electroluminescent emission are reciprocal quantities, which can be converted
into one another by using the reciprocity relation introduced in section 2.2 and
stated in equation 2.19. Thus, the measured spectrum of the EL photon flux ¢gg,
(dark blue spheres) can be converted into a quantum efficiency by the reciprocity

relation via

QP ()= i) (63)

$bb (E)  exp % -1

B

Combining the resulting QP (orange spheres) at small energies with the the QEQE

(red spheres) gives a data set of the photovoltaic quantum efficiency QY'Y (black
line) that covers a wide the energy range. Calculating the radiative limit for the

open-circuit voltage for this particular data set, using

kT Jsc

In i 3

yrad — +1 (6.4)

results in V84 = 1.324V. Here, the calculation of the short-circuit current density

J and the radiative saturation-current density J(ﬁad requires the data set of the

photovoltaic quantum efficiency, namely

T =q  QLV(E) ¢, (E)dE (6.5)
. N

—q¢ QFV(B)ow (BE)dE+q QR (E)¢y, (E)dE . (6.6)
0 Ex

In this equation, Ey denotes the energy at the transition point, where the data sets
of EL and EQE are stitched together. The short-circuit current density can be de-
termined in the same way, whereby the black-body spectrum ¢y}, must be replaced
by the solar spectrum ¢guy.

The course of the overall QE v (E) at the band edge, follows a sharp, exponen-
tial tail with a slope that is already apparent in the measured QBEQE (F) data and

no other characteristics occur. This characteristic is called Urbach tail, where the
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absorption edge is dominated by
Q(E) x B- exXp (E/EUrbach) . (67)

Here, Eyrhach denotes the Urbach energy and B is a prefactor. The room-temperature
Urbach energy is usually around 15meV for metal-halide perovskites. [75,160] Utili-
zing this simple behavior opens up the possibility of generating the missing quantum
efficiency values at low energies through a fit of an Urbach tail. Next, I apply this
idea to our exemplary QE QF (E) data set. This allows me to approximate the short

circuit-current and the radiative saturation-current density, e.g. via

Ex %

Jrdlt _ o QUibach (g g (BYAE +q  QEQE(E) gy (B)dE (6.8)
0 EX
o0

=q QVVY(E)¢, (E)dE | (6.9)
0
with
E—Fx

QErbaCh (E) — QEQE (EX) - exp (6.10)

Eurbach
With this approach, I obtain from the fit a value for the radiative open-circuit-

voltage

kBT Jscﬁﬁt

rad,fit
']0

Voaddt = 225 1

+1 (6.11)

that is in good agreement with V224, Figure 6.2b shows the fitted Urbach tail as
green line and the resulting overall ng’ﬁt (E).
Furthermore, I evaluated this approximated radiative limit for different Urbach

energies, pointing out that the accuracy of the slope of the Urbach tails has no

significant influence on the determined Voo dfit

Voo 4B Joviates by a few millivolts, when Ey;,q, 4, is varied by 10meV. This variance

value. As shown in Figure 6.2c, the

is negligible compared to the deviation of 80mV that could occur when different
band gap definitions are mixed and not only one consistent referencing method is
used. Concluding, the quality of the fit is therefore not decisive for the determination

of Voo A8t Moreover, Figure 6.3 points out that displaying these fit results for Urbach
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tails with different energies in the EL spectrum plot facilitates the choice of a suitable
Urbach energy because differences become more apparent. In this example, the slopes
of the Urbach tails with Urbach energies Eyypacn of 10meV (yellow line) and 20 meV
(back line) are clearly unsuitable and do not fit the experimental data (red line) in
Figure6.3b .

In summary, I conclude that an approximate determination of the radiative
limit that results from combining the measured QEQE with an Urbach tail fit, is
a suitable method to determine the theoretical limit of the open-circuit voltage of
metal-halide perovskite solar cells. Furthermore, this method is easily done, but
still precisely enough. Thus, determining the radiative open-circuit voltage becomes
possible as long as a measurement of the external photovoltaic quantum efficiency
is available for the specific device. Since this EQE measurement is already a well-
established method in the perovskite solar cell research community, my proposed
method can be applied without any additional metrological effort and still provides

a meaningful, cross-literature comparability of losses in the open-circuit voltage.
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Abbildung 6.3: Variation of the Urbach energy Evyypach that changes the slope of the Urbach tail.
Panel (a) shows this variation for the external quatum effiency plot, whereas panel (b) depicts the
same data set but converted into the electroluminescence spectrum using the reciprocity relation
introduced in section 2.2 and stated in equation 2.19. The radiative open-circuit voltage increase
for steeper tails, but only about a few millivolts. Thus, the calculated Voo A i still quite accurate,

even if I use a not well-fitting Urbach tail.

123



6 How to Report Record Open-Circuit Voltages

6.3 Meta-Analysis of Literature Data

The last section has provided an overview of various methods used in the literature to
determine the band gap, its corresponding SQ limit of V;,, sq and the radiative limit,
too. In addition, I have calculated all corresponding quantities for an exemplary
data set. In this section, I apply all these introduced methods to external quantum
efficiency data and, if available, to absorption data of previously published perovskite
solar cells with exceptionally high open-circuit voltages. [140,143,160,199-202,213]
In Figure 6.4a, the different values of band gap energy are plotted. Figure 6.4b
compares the corresponding voltage losses AV, defined by the difference between
the values of the calculated V. limits and the stated V.. Just as for the exemplary
data set in Figure 6.1, the resulting values for E; and AV, are quite different and

widespread, depending on the applied method. The Ey method leads in each case
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Abbildung 6.4: Comparison of solar cells from the literature with exceptionally high Vs, [140,
143,160,199-203,213] which were evaluated with the different methods for band gap determination
introduced in section 6.2. Figure (a) shows the different band gap energy values determined using
various methods introduced in the last section. Furthermore, panel (b) shows the corresponding
voltage losses, calculated by subtracting the reported Voe from the SQ limit of the open-circuit
voltage for the band gap values resulting from each method. In addition, this plot states the losses
with regard to an approximation of the radiative open-circuit voltage. This approximation combines
the measured quantum efficiency data from the respective publications with a fit of the Urbach
tail to an extended quantum efficiency. Moreover, I quote the voltage losses stated in literature for
each solar cell record. Since the perovskite composition and accompanying the band gap changes,
these literature values are neither comparable nor meaningful because different methods were used
for the analysis.
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to rather small band gap values and thus to minimal voltages losses. So, it is a very
optimistic calculation, which always yields smaller values than the radiative limit.
All other methods are not so clearly arranged and do not always show the same
trend for all considered high-performance devices. Values for the band gap energy
such as Eg QE=05:an be rather different, since the layer thickness, which changes
the transparency, and optical interference effects in these layer stacks, modify the
shape of the quantum efficiency. In addition to the calculated values ot the energy
band gap and voltage losses, I added the actually stated values from the respective
publications to Figure 6.4. These used limits are plotted as crosses. Since various
perovskite compositions and the whole range of different methods are used, some
results are rather optimistic in their assessment of voltage losses, e.g. Yang et al. [203]
or Abdi-Jalebi et al. [143]). While others are quite conservative, like Jiang et al. [200]
or Turren-Cruz et al. [202], who overestimate their losses. Comparisons of values
between different papers is hence either misleading or only possible if the differences

are huge, i.e. much larger than the band gap range caused by the different definitions.
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Abbildung 6.5: Overview of the open-circuit voltage of lead halide perovskite solar cells as a
function of band gap energy Eg. Here, this band gap energy is calculated for various definitions
of band gap used in literature, which were introduced in section 6.2. Thus, the energy value on
the x-axis shifts, which also changes the ranking in relation to the external quantum efficiency
significantly. This overview shows a comparison of solar cells from the literature with exceptionally
high Vo.’s, [140,143,160,199-203, 213].
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Abbildung 6.6: Comparison of the external luminescence quantum efficiency QL‘““ of solar cells
from the literature with exceptionally high V;.’s, [140, 143,160, 199-203, 213], calculated with the
help of the standardized method introduced in section 6.2

Figure 6.5 illustrates the results from Figure 6.4 in a different representation.
This illustration highlights the extent to which changes in the band gap energy
influence the ranking of the open-circuit voltage value in relation to the external
luminescence quantum efficiency Q}e“m. In addition, Figure 6.6 shows a ranking of

the external luminescence quantum efficiency Q"™ of these solar cell devices.

6.4 Figures of Merit for Perovskite Solar Cells

In the following, I use an identical way of referencing to compare all devices and to
enable an unbiased, comprehensive comparison, which reveals the respective device
limitations. Figure 6.7 gives an overview of the resulting losses in Jg. and V. for
the high-performance solar cells studied in our meta-analysis. As a figure of merit
(FOM) for the limitations due to non-radiative voltage losses the difference between
their respective radiative limits, which were calculated from the extended quantum
efficiencies ng’ﬁt (E) and the reported open-circuit voltages, is used. Moreover, we

have a look at the reported short-circuit current densities Jg., which mainly indicates
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how good the respective devices absorb light, and consider them in relation to the
one in the SQ limit JSSCQ. The performance of the device from Jiang et al. [200] stands
out, because it has both extremely small losses in short-circuit current density and
in open-circuit voltage, and the voltage losses were rated too pessimistic in the
actual publication. In addition, it is curious to note that the solar cell published
by Gharibzadeh et al. [199] was advertised in the title of the paper because of its
high V., despite the fact that if band gap and radiative V. are considered, the cell
actually excels in Jy.. Only an identical way of referencing perovskite solar cells with
varying compositions helps to explicitly highlight these peculiarities or limitations,
which otherwise remain unnoticed. In addition, comparison of losses as done in
Figure 6.7 is important because it allows us to better identify which aspects to
target for further efficiency improvements. For instance, work on surface passivation
would be highly valuable if open-circuit voltage losses are substantial but would be
less relevant if the losses appear mainly in Js.. The use of a consistent definition
of band gap (via the inflection point method) also allows us to make a historical

analysis of efficiencies, normalized efficiencies and band gaps as shown in Figure 6.8
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Abbildung 6.7: Comparison of the limitations of the different record perovskite solar cells from li-
terature, [140,143,160,199-203,213] all being analysed by using one consistent method to determine
the band gap and the limit of the open-circuit voltage. In this way, the losses are comparable with
each other and an unbiased comparison is possible. The performance with regard to the short-circuit
current density is indicated by the ratio of experimental Js. compared to the Shockley-Queisser
(SQ) limit. For calculating the non-radiative voltage losses, I subtract the measured open-circuit
. L. I rad,fit
voltage from the radiative limit Vo .
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Abbildung 6.8: Overview over the development of certified record devices characteristics [99-
101,142, 200,201, 215-218] over time. Most of these record cells are stated in the NREL solar cell
efficiency tables. [219] In (a) the progress of record efficiency is shown. Furthermore, Figure (b)
presents the respective band gap energy Eép, being calculated via the inflection point method from
the external quantum efficiency, and (c) the ratio of efficiency to the one in SQ limit calculated for
EIP. (d) Trend of the non-radiative losses in open-circuit voltage AV over time.

for the material class of lead-halide perovskites. While not all efficiency record over
the years was published in a scientific journal, it is at least possible to trace the key
developments during the years based on published data that I can analyse in the
same way as discussed above. Figure 6.8a shows the evolution in efficiency, starting
with 15% MAPDI3 solar cells in 2013 and ending in 2019, when I conducted this
study, with > 23% efficiency devices based on FAq.goMAq ggPbl3. As shown in Figure
6.8b, part of the development towards higher efficiencies was driven by a reduction

of the band gap by adding different amounts of formamidinium (FA) and sometimes
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Cs to double or triple cation blends. Due to the different amounts of Br added to
the initially purely I-based perovskites, the band gap continuously varied. Figure
6.8c shows the development of the efficiency normalized to the SQ efficiency for the
given band gap. Thereby, I used the inflection point of the quantum efficiency to
calculate the efficiency in the SQ limit. While good MAPI cells in 2013 were still
below 50% of the band-gap specific SQ limit, values exceeded already 72% in 2016
and have risen only moderately in the three following years up to ~ 73%. Most of
the efficiency gains relative to the quadruple cation perovskites presented by Saliba
et al. [142] are mainly due to a reduction in band gap. It is clear that while this
is a valid path to go for increasing single junction efficiencies, any efforts towards
tandem solar cells benefit from either substantially lower (1.25eV or lower) [220]
or slightly higher band gaps (~ 1.65—1.85eV). [221,222] Figure 6.8d shows the
development of non-radiative voltage losses AV ag a function of time for the
same set of cells. The voltage losses decrease continuously until again about 2016,

where the data published in ref. [142] already achieves a level of AV typical also

100 T T T T T T T T T T T T
(>; — FSC -
S 90 - q e 7
R Fs
E 80 | — _
o
(/O) 70 - . \ 4
al rad \
kS I VSEIVEE | FFo(VS) FFo(V3R)
S 60f | BUVER ]
8
c —
Q
5 50- .
Q.
H ¥ b b & b & B b b B 2
] c c [®)] w @® ()] c [®)) (o)) V)
X o o c Qo c [e] c c
< [} [} © © = © [} 3> ©
[&] - ] > ~ [0 > - - =
% © n
= =
o ©
()

Abbildung 6.9: Visualization of potential improvement of record-efficiency metal-halide perovs-
kite solar cells over time, and current record-efficiency cells of ¢-Si and GaAs from literature, based
on their band gaps, relative to the ideal, SQ-case, using partitioning of the efficiency losses, intro-
duced in section 2.3.1. As a reference band gap, I used the photovoltaic band gap Eép extracted
from solar cell quantum efficiency data.
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Abbildung 6.10: Visualization of potential improvement of top-performing metal-halide perovs-
kite solar cells from literature, based on their band gaps, relative to the ideal, SQ-case, using
partitioning of the efficiency losses, according to ref. [19]. A detailed discussion of these different fi-
gures of merit (FOMs) is available in section 2.3.1. As a reference band gap, I used the photovoltaic
band gap Eigp extracted from the inflection point of the solar cell quantum efficiency data.

for later record cells. Note, that I used the highest efficiency cell from ref. [142] and
not the highest V. cell for this comparison, which implies that even lower voltage
losses were possible with this layer stack. During recent years, among the highest
efficiency cells, only the data in the paper by Jiang et al. [200] stands out in terms
of extremely low AV a5 previously mentioned.

In section 2.3.1, I introduced the representation of the losses in a solar cell
as a bar chart, composed of several figures of merit each representing a different
physical loss mechanism. [19] Applying this method to the data set of efficiency
record solar cells over the years gives us Figure 6.9, which summerises the finding
from the discussion of Figure 6.8. Furthermore, Figure 6.10 compares the different
loss terms as bar chart among the range of recent perovskite solar cells already
discussed in Figure 6.4 and 6.7. Note that the y-axis representing the normalized
efficiency is a logarithmic axis, implying that the order of the loss factors can be
exchanged without changing the relative size of the boxes which would not be the

case with a linear axis. A lot of effort has already been invested in minimizing non-

130
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radiative recombination explaining that in the case of high-performance devices, the
green bar is no longer the largest in terms of area. Rather, Figure 6.10 reveals that
resistive losses, reducing the fill factor (red), make up the largest share for almost
all perovskite solar cells and are the limiting factor. Thus, the comparatively rarely
discussed resistive losses [223] stand out as providing the highest potential for further
improvement and are substantially higher than in more mature technologies such as

GaAs, Si or Cu(In,Ga)Se,. [19]
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7 Understanding Transient PL of
Layer Stacks and Solar Cells

While transient photoluminescence measurements are a very popular tool to monitor
the charge-carrier dynamics and investigate these recombination losses in perouvskite
films [224-226], interpretation of data obtained on multilayer samples is highly chal-
lenging due to the superposition of various effects that modulate the charge-carrier
concentration in the perovskite layer and thereby the measured PL. These effects in-
clude bulk and interfacial recombination, charge transfer to electron or hole transport
layers and capacitive charging or discharging.

In this chapter, I combine numerical simulations with Sentaurus TCAD, ana-
lytical solutions and experimental data with a dynamic range of around seven orders
of magnitude on various sample geometries to present an improved understanding
of this method. I will discuss their respective peculiarities and show how adding fur-
ther layers and interfaces modifies the PL transients and causes physical effects that
must be considered. With this consecutive step-by-step approach to increasingly com-
plex systems, I aim to create an understanding of which processes dominate and
are important for different sample types. In addition, I explain how these different
processes affect the transient PL decay and their extracted differential decay time,
introduced in section 2.5.4 for a perovskite film on glass. Plotting this decay time as
a function of the time-dependent quasi-Fermi level splitting enables distinguishing
between the different contributions of recombination, charge extraction, as well as

capacitive effects to the decay.
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7 Understanding Transient PL of Layer Stacks and Solar Cells

7.1 Introduction

Technological development of halide-perovskite solar cells towards even higher effi-
ciencies requires ways of understanding and quantitatively analyzing the main loss
processes. [227,228] Non-radiative recombination is one of the main loss processes
in basically any solar-cell technology [60,214] including perovskites that leads to re-
duced open-circuit voltages at a given illumination condition. [42,50,229,230] TPL
measured on thin perovskite films on glass is a well-understood and frequently-used
method to derive charge-carrier lifetimes and recombination coefficients, [109, 231]
which are seen as important metrics to quantify the photovoltaic absorber layer.

For a film on glass, the only mechanism that reduces the concentration of
excess-charge carriers after the laser-pulse excitation is the recombination of charge
carriers in the bulk or at the surfaces of the perovskite. In this case, faster recombi-
nation will lead to a faster decay of charge carriers and, hence, a faster photolumine-
scence decay after a pulsed excitation. Unfortunately, this clear correlation between
recombination and transient decay only applies to perovskite films on glass but not
to more complex sample structures.

However, interfaces to charge-extracting layers and electrical contacts can sub-
stantially affect the recombination dynamics of perovskite solar cells [125,231] and
typically dominate recombination losses in complete perovskite solar cells. Hence,
developing methods to measure and understand recombination dynamics in layer
stacks and complete devices is paramount. [232-236] TPL measurements on samp-
les with more than one semiconductor layer or even on solar-cell devices are chal-
lenging to characterize and interpret because many different mechanisms coincide
and decays are affected by various effects. The reason for this is that adding con-
tact layers to the perovskite film not only adds additional recombination paths but
also leads to effects like charge-carrier separation, transfer- or interface-charging
effects [157,233,237] that may change the recombination kinetics fundamentally.
Therefore, a fast TPL decay is not necessarily caused by recombination losses but
is rather influenced by a combination of effects such as energy-level alignment of
the material combination, charge-carrier mobilities, transfer velocities, thicknesses,
and interfaces of the additional layers. Given that this combination of these effects

is difficult to describe analytically, the state-of-the-art interpretation of transient
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7.1 Introduction

PL decays of perovskite-layer stacks or even complete solar-cell devices is currently
still at an early stage. In experimental practice, the information contained in the
decay curve is often reduced to a single value — the characteristic time constant
of a monoexponential decay. However, this reduction of the transient to a single
value will cause a loss of information, making a misinterpretation of experimental
data more likely and impeding a deeper understanding of the information contained
in PL transients. While theoretical work on TPL decays on full solar-cell devices
has been published for other photovoltaic technologies, using III-V semiconduc-
tors, [238], Cu(In, Ga)Ses, [138,239] or CdTe [240] as absorber material, a theory
dealing with the specific situation in halide-perovskite devices is currently missing.

A distinctive feature of halide perovskites is their low doping density, which implies

perovskite layer layer stacks complete cell
transport layer contact layer 4

ETL isiis

perovskite perovskite perovskite

perovskite

HTL HTL H
ITO ITO ITO

substrate substrate substrate substrate substrate

recombination interface chargin
L electrode charging electrode discharging

complexity of data interpretation

-

Abbildung 7.1: Overview of the different halide perovskite sample types that are investigated
with transient photoluminescence. Depending on the sample type, i.e., absorber layer on glass
or absorber layer with one or two contact layers attached, the complexity of the interpretation
of data increases from left to right. The second row illustrates typical mechanisms affecting the
PL decay in different sample geometries. While the film on glass is only affected by bulk and
surface recombination, samples with interfaces to charge extraction layers are affected by charge
accumulation and recombination at the interfaces between the absorber and charge-extraction
layer. On fully contacted devices, charging and discharging the electrodes also affect the global
band diagram and the transients measured on full devices.
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7 Understanding Transient PL of Layer Stacks and Solar Cells

that the absorber is in high-level injection during the transient experiment. Thus
both charge-carrier types equally matter. Furthermore, contact layers, especially in
the inverted geometry, where illumination takes place through the anode, are often
low-conductivity organic materials such as PTAA or fullerenes that may take up
a substantial part of the built-in voltage of the device [56] and that can decouple
the internal quasi-Fermi-level splitting from the external voltage, particularly during
early times of the transients.

Therefore, this chapter proposes an alternative approach to analyze TPL data
from different layer stacks and perovskite solar cells. I will transfer the concept of
plotting the differential decay as a function of the corresponding quasi-Fermi level
splitting, first introduced in section 2.5.4 of this thesis, to these more complex sample
structures. In the case of an absorber layer on glass, the presentation of decay time
versus Fermi-level splitting AEp helps to distinguish between the different radiati-
ve and non-radiative recombination mechanisms, since each dominates at different
levels of charge-carrier concentration, thus different quasi-Fermi level splittings. On
this subject, I refer to Figure 2.17 in chapter 2, which summarizes the correspon-
ding results. Based on these findings, this presentation of TPL data will also allow a
better understanding of the more complex recombination dynamic that results from
the interplay between charge extraction and interface or contact charging and re-
combination. Figure 7.1 depicts the different sample types of interest. The following
section 7.2 deals with the sample type of a perovskite layer in combination with a
selective charge-transport layer. Based on this, section 7.3 looks at the layer-stack
configuration consisting of one electrode, charge-transport layer and perovskite ab-
sorber. Afterward, section 7.4 continues with the TPL characteristics of a complete
cell. Finally, section 7.6 presents experimental TPL for different sample types and

stacks.

7.2 Perovskite Layer with Charge-Extraction Layer
Surface recombination is an important loss mechanism, but the surface to ambient air

is usually not particularly interesting because it does not appear within a perovskite-

solar cell. Instead, research is interested in analyzing interfaces between the perovs-
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7.2 Perovskite Layer with Charge-Extraction Layer

kite film and charge-extracting layers to evaluate and compare the quality of contact
materials and assign recombination losses relevant for the actual solar cell. There is
a range of additional effects - not related to recombination - that will affect the sha-
pe of the TPL decay and that I am going to illustrate in the following by using the
example of a perovskite/PCBM bilayer. The parameters that influence the shape of
the TPL decay most strongly are the energetic offset Ay of the conduction bands,
the surface-recombination velocity Spcpm and the thickness dpopwm of the charge-
extracting PCBM layer. In the following, I will start with an exemplary situation to
visualize the effect of charge accumulation if interface recombination is slow, with
the help of energy-band diagrams of this bilayer stack. Later, I will discuss the in-
fluence of these parameters on the decay time versus Fermi-level curves.

Figures 7.2a-d show band diagrams of a simulated TPL experiment on such a
bilayer, while Figures 7.2e-g show the TPL data at different fluences and the differen-
tial decay time 7rpr, r11 vs. time ¢ and vs. quasi-Fermi level splitting A By, calculated
via Equation 2.48. After the laser pulse has hit the sample, the equilibrium-Fermi
level (Er) splits up into a quasi-Fermi level for holes (Er ,) and quasi-Fermi level for
electrons (Ey p,), as shown in Figure 7.2b. Simultaneously, electrons are transferred to
the PCBM, which is visible by the increase of the Fermi-level split inside the fullere-
ne layer. Due to its reasonably low mobility of about upcpy = 5-1072cm?/Vs, [241]
this increase is slower than in the perovskite. Moreover, this increase is also position-
dependent, as the comparison of the conduction and valence band in the PCBM re-
gion of Figure 7.2b and (c) reveals. The injection of electrons into the PCBM leads
to a reduction of the np-product in the perovskite and, by this, to a reduction in
the PL at early times that is not caused by recombination. In Figure 7.2¢, depicting
the situation 35ns after the pulse, the quasi-Fermi levels are flat throughout the
sample. At the same time, the energy bands are bent close to the MAPI/PCBM
interface. This bending implies that high densities of electrons accumulate in the
PCBM close to the interface. This accumulation requires high fluences and low
interfacial recombination velocities to happen. Thus, a quantitative description of
interfacial recombination is only possible by including the effect of Poisson’s equa-
tion in addition to the continuity equations for electrons and holes. [157] After the
quasi-Fermi levels have equilibrated, recombination leads to a further reduction in

PL. Figure7.2e-f illustrates the respective normalized transient PL decay and the
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Abbildung 7.2: (a-d) Band diagrams of a perovskite film on glass with a charge-extracting
PCBM layer on top before and at different time delays after the laser-pulse excitation simulated
with Sentaurus TCAD. (a) Equilibrium-band diagram before the sample gets photoexcited. The
band diagram in Figure (b) shows the situations directly after the end of the laser pulse when
the quasi-Fermi level splitting in the perovskite is the highest but a negligible density of electrons
has been transferred to the PCBM. In panel (c) substantial transfer of electrons to the PCBM
has happened, resulting in electron accumulation and band bending in the PCBM close to the
perovskite/PCBM interface (35ns). (d) After 10us, this band bending has vanished again and the
Fermi-level splitting has visibly decreased. (e) Normalized PL and (f) decay time over time for
different laser fluences. In Figure (g), the decay time 7rpr i1 for the highest fluence is shown
again, but here as a function of the average quasi-Fermi-level-splitting in the perovskite layer. The
SRH-bulk lifetimes were set to T +7p = 1us with m = 7. The perovskite/PCBM junction is a
type-II heterojunction. The difference in electron affinity is 70meV and the interface-recombination
velocity is set to S =0.01cms™ 1.

calculated decay time Trpr, 111 as a green line.
Depending on the properties of the bilayer, recombination may preferential-

ly proceed (i) via interfacial recombination of electrons in the PCBM with holes
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7.2 Perovskite Layer with Charge-Extraction Layer

in the perovskite, (ii) via re-injection of electrons from the PCBM layer into the
perovskite and subsequent recombination in the perovskite bulk. The first scenario
is more likely if the interfacial recombination velocities are high and the conduction
band offsets Ay are large. The second scenario dominates in the opposite case of
low recombination velocities and small energetic offsets. In both cases, additional
aspects, e.g., the thickness dpcpm of the PCBM layer, will affect the TPL decay.

Figure 7.3a-b helps us to study the impact of the conduction-band offset,
which is defined by the difference in electron affinity ypcgy of the PCBM and
the perovskite Xpero, for the two scenarios. In this example Ay is varied between
40meV — 220meV, while the thickness dpcpym of the PCBM is set to 50nm, similarly
to the simulations in Figure 7.2. Figure 7.3c-d illustrates the impact of a thickness
variation of the PCBM layer.

First, T discuss scenario (i) by showing decay-time curves calculated for a non-
negligible interface-recombination velocity of Spcpy = 50cms™!, as it is assumed
for the two panels on the left-hand side of Figure 7.3. The decay-time curves show
differently pronounced S-shapes depending on the band offset Ay. After the fast
decay times at high AFg due to charge transfer to the PCBM and normal radiative
and Auger recombination in the bulk, an initial plateau at around 1.2 to 1.4eV of
quasi-Fermi level splitting occurs in the 71pr, 111-curves. For even lower A Eg values,
the decay time 7pr, 1,11 saturates at a second plateau value, which differs only slight-
ly for different energy offsets. In contrast to this behavior, the first plateau nearly
disappears for small offsets and is particularly pronounced in the opposite case. For
an offset of only 40meV, illustrated by the grey line, the shape of the decay time
approaches the simple case of an unpassivated perovskite film where no additional
effects besides recombination define the decay time. From now on, this decay time
is called recombination lifetime (7R). The explanation for the first plateau at higher
AFEg is the effect of charge accumulation in the PCBM close to the interface. This
effect reduces 7rpr, 1,11 relative to longer times after the pulse excitation, where char-
ge accumulation has been reduced to a point where all bands and Fermi levels are
flat. This situation was depicted in the band diagram in Figure 7.2d. The effect of
charge-carrier accumulation gets more severe for higher energy-band offsets because
the misalignment of the conduction bands leads to larger electron densities in the

PCBM. It also reduces the rate of re-injection into the perovskite.
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7 Understanding Transient PL of Layer Stacks and Solar Cells

Next, the thickness of the PCBM layer is varied between 10 — 150nm for a
medium-large energy offset of 150meV. Figure 7.3c represents the respective decay
times 7rpr, 11 as lines in different shades of purple with lighter colors belonging to
thinner layers.This variation allows us to analyze the impact of the PCBM thick-
ness in more detail. For example, the first plateau gets more pronounced for thicker

PCBM layers. Furthermore, higher charge-extraction layer thickness also increases
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Abbildung 7.3: Decay time 7rpr, 111 versus Fermi-level splitting AEp for the two scenarios, of
(a, ¢) a high interfacial recombination velocity of Spcpm = 50cms™! at the perovskite/PCBM
interface and (b, d) a negligible interfacial recombination velocity of Spcpm = 0.01cms™!. Figures
(a-b) show a variation of the energy offset Ax of the conduction bands and its impact on the
decay time for each scenario. (c-d) Decay time plotted for a variation of the PCBM layer thickness
dpcaM- The dotted, grey lines show the simulation result of the pure perovskite film where only the
combination of the different recombination processes defines the course of the decay time, named
recombination lifetime 7. The comparison allows us to distinguish between pure recombination
processes and the impact of additional effects, e.g., interfacial charging, re-injection, or diffusion
limitation. Additional simulation parameters can be found in the Appendix in Table A.6.
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7.2 Perovskite Layer with Charge-Extraction Layer

the impact of band bending due to a pronounced electrostatic interaction. For a gi-
ven charge-carrier density, any change in electrostatic potential of kg7'/q will occur
over one Debye length, where kg is the Boltzmann constant, T the temperature and
q the elementary charge. Hence, thicker layers allow for a larger change in electrosta-
tic potential over the PCBM and, therefore, stronger band bending. The fullerene
thickness also strongly affects the saturation value of the second plateau of Trpr, 111
at small Fermi-level splittings or longer times. At longer times after the laser-pulse
excitation, recombination will be limited by the time the electrons take to diffuse
through part of the PCBM layer before they can recombine at the interface. This
diffusion limitation leads to longer decay-time values at small AFg. This effect is
especially relevant for materials with low charge-carrier mobility, like organic semi-
conductors.

Figure 7.3b shows the scenario (ii) for varying energy offsets, where interfaci-
al recombination is negligibly small and the decay at longer times must be due to
re-injection of electrons into the perovskite absorber layer. Now, decay-time values
at longer times or small AFEp can substantially exceed the Shockley-Read-Hall bulk
lifetime (7ggy) of 1 s. This phenomenon occurs because electrons are injected into
the PCBM and cannot escape from there other than by re-injection over a barri-
er of a certain height. This re-injection process is the rate-limiting step at longer
times, leading to prolonged decay times at small AFp. I expect energy-activated
de-trapping from shallow defects to exhibit similar behavior, although this topic is
not systematically investigated in this thesis. Again, PCBM thickness has the same
effect as before for the saturation value of the decay time. Larger thicknesses lead
to longer 77pr, 111 due to the longer diffusion time through the PCBM, as depicted
in Figure 7.3d.

Note that an analytical solution can no longer describe the effect of band
bending and, thus, charge-carrier dynamics in a perovskite layer in contact with
a charge-extraction layer. Just for thin charge-extracting layers with small energy
offset, it is still reasonable to use the saturation value of the decay time 7pr, 111
at small quasi-Fermi level splittings as an effective lifetime. With this, we can use
Equation 2.69 in order to estimate interface-recombination velocities and SRH-bulk
lifetimes. Only then does the decay time roughly correspond to the pure recombina-

tion lifetime 7. When interpreting data from TPL measurements on samples with
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Abbildung 7.4: Surface plots of the decay time 7rpr,LL1 at various Fermi-level splittings AEp
from 0.7—1.1eV as a function of the energy offset Ay and the surface-recombination velocity S
used in the transient device simulation.

thick transport layers or those with high energetic offsets, the presented effects and
their impact on the decay time Trpr, 111 cannot be ignored. Otherwise, one assigns
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7.2 Perovskite Layer with Charge-Extraction Layer

interface and bulk lifetimes, which can differ by orders of magnitude from the actual
one.

In addition to the individually selected curves in Figure 7.3, I have chosen
a second way of displaying the influence of the energy offset Ay and the interfa-
cial recombination velocity of Spcpm on the decay time. Figure 7.4 and 7.5 show
surface-colour plots of the simulated decay time Trpy, 111 as a function of these two
parameters, being extracted at different levels of quasi-Femi level splitting. The ener-
gy offset Ay is varied between 0 —190meV, while the Spopy changes by five orders
of magnitude. The SRH-bulk lifetime is set 7, + 7, = 1 us with 7, = 73, which is equal

0.15
decay time
reLa (8)
0-10 1x104
— -5
i 005 1x10
*
° 1x10%
5 0.00
o 1x107
=
E’ 0.15
S 1x10°®
0.10 1x10°®

0.05

0.00
10" 10 10" 10 10* 10* 10° 10" 10> 10* 10°

interface recombination velocity S (cm/s)

Abbildung 7.5: Surface plots of the decay time 7rpy, L1 at various Fermi-level splittings AEp
from 1.2—1.49€V as a function of the energy offset Ay and the interface-recombination velocity
S used in the transient device simulation. The thickness of the PCBM layer is kept constant at
50nm. Furthermore, I used a SRH-bulk lifetime of 7, +7 = 1 us with 7, = 7. The Appendix shows
additional simulation parameters in Table A.6.
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7 Understanding Transient PL of Layer Stacks and Solar Cells

to the pure recombination lifetime g at low Femi-level splittings A E, when lower-
order recombination processes dominate. The first surfaces plots in Figure 7.4a-d,
for quasi-Femi-level splittings of 0.7 —0.9eV, present this respective situation and
show how the decay time behaves around what I have called second plateau so far.
The colour maps of 7.4e-f and 7.5a picture the intermediate state of Fermi-level
splittings, whereas the last three show the change of the differential decay time with
Ayx and Spepm at high AFg’s. Additional simulation parameter can be found in
Table A.6 in the Appendix.

7.3 Perovskite Layer with Charge-Extraction Layer

and Electrode

In the previous section, I have discussed the relevant case of a type-II heterojunction
between the perovskite and a charge-transport layer — in this case, the ETL. Of
course, similar simulations could be done for hole transport layers that form a type-
IT interface with the perovskite. However, two aspects that may appear in practice
are missing in section 7.2. One is the case where type-I heterojunction is formed, and
the second aspect is that an electrode, anode or cathode, may be present in addition
to the ETL or HTL. In this section, I am going to combine these two issues and
simulate transient PL experiments on the layer stack glass/ITO/PTAA /perovskite.
Results from ultraviolet photoelectron spectroscopy (UPS) measurements suggest
that the hole-transport material PTAA may have a negligible valence band offset to
MAPT at least for the samples prepared with the recipe presented in ref. [140]. As in
the previous section, we first look at the corresponding band diagram in equilibrium
and at different delay times after laser-pulse excitation, represented in Figure 7.6a-d.
Following, I vary the SRH-bulk lifetime and the interface-recombination velocity and
investigate their impact on the differential decay time 7rpr, 111 for this layer-stack
combination.

When comparing the equilibrium-band diagrams of Figure 7.2a and 7.6a, it is
directly apparent that the equilibrium Fermi-level Eg is no longer roughly in the

middle of the perovskite-band gap but is rather pinned by the ITO contact. When
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Abbildung 7.6: (a-d) Simulated band diagrams of a glass/TTO/PTAA/perovskite-layer stack
at different time delays before and after the laser pulses. These times are (a) before the laser
pulse, (b) directly after the end of the laser pulse, (c) at a delay of 3.93 us when the quasi-Fermi
level for holes EF p is flat with the perovskite still being in high-level injection. Figure (d) shows
the transient experiment after 9.92us, when the concentration of electrons in the perovskite is
much lower than that for holes, corresponding to low-level injection. (e) Normalized PL transients
and (f) decay time over time ¢t for different laser fluences. Figure (g) shows again the decay time
TrpL,LL1 for the highest fluence, but as a function of the average quasi-Fermi-level splitting in the
perovskite layer. The respective time steps for which the band diagrams are shown are highlighted.
The perovskite/PTAA junction is a type-I heterojunction with interface-recombination velocities
of Sy =5, =0.01 ems L Moreover, the SRH-bulk lifetimes were set asymmetric to 7, = 500ns and
Tp = 2 ps enabling us to see the transition for high-level injection (HLI) to low-level injection (LLI).
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7 Understanding Transient PL of Layer Stacks and Solar Cells

different layers are brought into contact, charge-carrier injection from layers with
higher electron or hole concentrations into layers with lower concentrations occurs.
Since ITO is much more conductive than the organic semiconductor PTAA and the
perovskite, the work function of the ITO sets the position of the Fermi level in the
layer stack. As a result, holes are transferred into the PTAA and the perovskite.
Therefore, the Fermi-level in the perovskite is much closer to the valence band edge
energy level of valence band (Ev) than to the conduction band edge energy level of
conduction band (E¢), which implies that the equilibrium-hole concentration (pg)
is substantially higher than the intrinsic charge-carrier concentration (n;). Thus,
the situation is comparable to the one in a doped semiconductor, even though the
perovskite itself is assumed to be perfectly intrinsic. This behavior caused by the ITO
contact leads to a transition between high- and low-level injection during the TPL
measurement. Directly after up to 3.93 s after the laser-pulse excitation (Figure
7.6b-c) roughly equal densities of electrons and holes are present in the perovskite
(n = p, HLI). In contrast, the density of electrons becomes much smaller compared
to hole (n > p, LLI) at later times. Then the position L, relative to the valence
band Ey is approximately constant. Only Ey , moves towards Er ,, further reducing
the quasi-Fermi level splitting. This change in injection level also has an impact
on the recombination rates. Since the ratio of electrons and holes is not constant
and also not explicitly known, it is no longer possible to simplify the differential
equation in Equation 2.60 for high- or low-level injection ( e.g. n=p or n>> p).
This lack of information complicates the interpretation of the decay time in terms
of bulk or surface lifetimes. In order to better see the transition from HLI to LLI,
I use asymmetric SRH-bulk lifetimes of 7, = 500ns and 7, =2 s for the transient
drift-diffusion simulations. In high-level injection (n = p) the lifetime from SRH
recombination is given by m, + 7, = 2.5 s. At lower Fermi-level splitting (LLI), the
situation in this example can be described in a simplified manner by the rate equation
with the solution An = An(0)exp(—t/m). With p being approximately constant
and fixed by the ITO work function, the photoluminescence flux will be only pro-

portional to the minority-carrier density, i.e., ¢rpr, o n. Thus, the decay time given
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7.3 Perovskite Layer with Charge-Extraction Layer and Electrode

by Equation 2.48 will give 27, = 1 us, with the factor 2 originating from the choice
m = 2 that I use throughout this thesis. I observe this transition from m, + 1 to
27, when looking at the decay time curve vs. Fermi-level splitting (Figure 7.6g).
A deviation from the value 7rpr, LLI= T + Tp occurs because the transition from
higher order recombination (radiative and Auger) to SRH recombination is not yet
complete when the transition to LLI begins. The grey lines indicate this behavior.
Figure 7.7 summarize these findings by comparing the decay times for ditfe-
rent ratios of electron and hole bulk lifetimes, highlighting the transition from HLI
to LLI. The dotted lines are a guide-to-the eye and mark the respective lifetime
values of 7, +7p (red) and 27, (blue). The dotted white lines show the simulations
scenarios where only SRH or only radiative recombination is active. Note that these
transitions from high- to low-level injection that may occur due to doping of the
absorber or Fermi-level pinning due to the low or high work function of a contact
layer create a dilemma for the definition of the decay time. I can either choose m =1

or m = 2. No matter how I decide, it will atfect the translation between decay time

and lifetime in either of the two regimes.
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Abbildung 7.7: Decay times vs. quasi-Fermi level splitting from simulated transient PL of a
glass/TTO/PTAA /perovskite stack, which result from drift-diffusion simulation conducted with
Sentaurus TCAD. (a) Variation of the SRH-bulk lifetime for holes Shockley-Read-Hall bulk lifetime
of holes (Tsrp,p) from 100ns (red) to 2ps (green) at a constant electron lifetime 74 = 500ns, while
the interface-recombination velocity is negligibly slow (S; = S, =0.01cms™1). (b) Variation of the
surface-recombination velocity for holes (S;) at a constant bulk lifetime and surface-recombination
velocity for electrons of S, = 1000cms—!. Both changes translate into observable changes in the
decay time, illustrating the transition from high- to low-level injection.
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7 Understanding Transient PL of Layer Stacks and Solar Cells

Figure 7.7b shows the corresponding situation for a case where interface re-
combination at the perovskite/PTAA becomes relevant. Here, I fix the SRH-bulk
lifetime at 7, = 500ns and 7, =1 s, as well as the interface-recombination velocity
for electrons at Sy = 103cms™!, and vary the interface-recombination velocity Sp
for holes. Likewise, I also see a change of the decay time 7rpr, 111 at a Fermi-level
splitting of AFEp of around 1.2eV due to the transition from high- to low-level injec-
tion. In HLI, both interface-recombination velocities surface-recombination velocity
for electrons (Sy) and S}, are relevant for the recombination rate, whereas in LLI,
only Sy plays are role. Thus, the three curves converge to the same decay time
value at very low Fermi-level energies. Since the bulk lifetimes are high, interface
recombination is the dominant non-radiative process. Thus, 7rpy, 111 should satu-
rate to 2dpero/Sn = 56ns but the actual value is almost twice as high. In addition,
I would not expect to see any transition for the case of symmetrically chosen life-
times 7, + 7, and surface-recombination velocities S, +.Sp. The influence of space
charge is the reason why the decay time at very low Fermi-level splitting differs
from this estimation is the influence of space charge. In low-level injection, the high
work function of the ITO leads to the creation of positive charge due to free holes
inside the PTAA and the perovskite that is counterbalanced by negative charge at
the ITO surface. This positive charge in the perovskite leads to band bending and,
therefore, a slightly higher concentration of holes and lower concentration of elec-
trons at the PTAA /perovskite interface as compared to the bulk of the perovskite.
At the PTAA /perovskite interface, electrons are the minority carriers in low-level
injection. Hence, the reduction of electron concentration leads to a slight increase in
the decay time in low-level injection relative to high-level injection.

The situation is illustrated in Figure 7.8 in more detail. For the sake of clari-
ty, I have chosen symmetrical bulk and surface lifetimes in this example. For this
choice, I have expected that the decay time saturation values in HLI and LLI would
be similar. Instead, the decay time vs. Fermi-level curve in Figure 7.8e also shows
a clear transition from lower to higher decay time values. The representation of the
carrier concentration of electrons and holes shown for the different times after the

laser pulse in Figure7.8f-h confirms the explanation given above.
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Abbildung 7.8: (a-d) Simulated band diagrams of a glass/ITO/PTAA /perovskite layer stack at
different time delays before and after the laser pulses and (e) the corresponding decay time. The
perovskite/PTAA junction is a type-I heterojunction with a high interface-recombination velocity
of §=1000cms™'. (ef) Charge-carrier density of holes p(z) and electrons n(x) for the three
exemplary times steps. For longer times (714 ps) there is a slightly higher concentration of holes
and thereby lower concentration of electrons at the perovskite/PTAA interface as compared to the
bulk of the perovskite. At the PTAA /perovskite interface, electrons are the minority carriers in
low-level injection. Hence, the reduction of electron concentration leads to a slight increase in the
charge-carrier lifetime in low-level injection relative to high-level injection. as shown by the decay
time behavior. Table A.6 lists the other simulation parameters.
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7.4 Complete Solar Cell Device Stack

This section presents the results from transient PL simulations of a planar, inverted
MAPI solar cell, which material stack is discussed in detail in section 4.2. In the
case of the TPL of complete perovskite solar cells, the charging and discharging
of the device electrodes apparently add an additional effect, modifying the shape
of the TPL decay. The mathematical problem can still be approximately described
by an ordinary differential equation in time without any spatial dependences. This
differential equation could be written as
dn (t)

“dt = _kradn(t)2 -

n(t) _ Carea @Vext (t)
qdpero dt '

ngH (7.2)
where Cyrea is the area-related capacitance in F/ch7 dpero the thickness of the
perovskite layer, Vet the voltage between the electrodes. If T assume that the electron
and hole densities scale with voltage as n(t) = p(t) = niexp (qVext (t)/2ksT ), I can
solve Equation 7.2 analytically, as shown later. The first two terms are well-known
and represent radiative and non-radiative SRH recombination. The last term in
Equation 7.2 represents a current that is necessary to charge and discharge the
electrodes of the solar cell. It accounts for the change in surface-charge density on
the cathode and anode of the device.

To illustrate these effects that occur in complete devices more clearly, Figure
7.9a-f presents the band diagrams, simulated by using the full differential equations
that include charge transport, at different delay times during a TPL experiment.
Figure 7.9b depicts the band diagram directly after the pulse has hit the sample,
showing a substantial internal quasi-Fermi level splitting in the perovskite layer. In
contrast, the external voltage Vext at the outer contacts of the solar cell is still zero.
In order to recognize this, one has to compare the Fermi levels in the ITO on the left,
relative to the one in the silver contact on the right-hand side of Figure 7.9b. Figure
7.9¢ pictures the situation 5ns after the laser pulse. At this stage, the quasi-Fermi
level splitting in the perovskite is substantial and an external voltage has also been
built up. However, there is still a substantial difference between the quasi-Fermi
level splitting inside the perovskite absorber and the external quasi-Fermi splitting

APEp oxt = ¢Vexs. Furthermore, there are large gradients dEp,/dx and dFp,/dz in
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Abbildung 7.9: Numerical simulation results of a TPL experiment on a complete solar cell
stack. (a-f) Band diagrams of the glass/TTO/PTAA /perovskite/PCBM/Ag stack for different time
delays. (g) Normalized TPL transients for different laser fluences. Figure (h) illustrates how the
externally measurable voltage Vexs = AEF ayxt/q between the contacts needs time to build up, while
the internal Fermi-level-splitting AEg jnt = qVint inside the cell is already present. (i) Differential
time constant Trpr, i1 as a function of time or in (j) plotted versus AEg for the highest excitation
fluence of 10pJ/cm?.
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7 Understanding Transient PL of Layer Stacks and Solar Cells

the quasi-Fermi levels inside the electron and hole transport materials. These gradi-
ents are necessary to drive the electron- J,, = nundEp, /dx and hole-current density
Jp = nppdEry/dx that have to flow from the absorber to the contacts to change
the amount of charge stored on the electrodes. Hence, the average internal voltage
Ving is still substantially higher than the external voltage. Figure 7.9d shows the si-
tuation where the quasi-Fermi levels have equilibrated. Now the gradients dEm,/dz
and dEp,/dx are nearly zero, which indicates that there is very little current flow
to or from the electrodes. The internal and external voltage are equal and both will
decay over time in the same way.

Suppose I simulate the photoluminescence transients for the device geometry
presented in Figure 7.9a-f. In that case, I observe a strong dependence of the decay
curve on the pulse energy of the laser. Figure 7.9g shows the decays normalized to
their maximum. For the low pulse fluence of 10nJ/cm?, the PL decays quickly and
directly after the laser pulse has hit the sample. In this case, nearly all electrons
and holes generated by the laser pulse are necessary to change the amount of charge
on the device electrodes for a sufficient external voltage to build up. If, however,
the pulse energy is higher, no abrupt fast decay at early times is visible because
only a small fraction of photogenerated electrons and holes are needed to build up
the external voltage. However, the initial decay is still not monoexponential because
Auger- and radiative recombination in the absorber will now matter at early times.
The combination of these effects leads to a difficult-to-interpret situation, where fast
decays at early times are visible for very low and very high pulse energies but for
completely different reasons.

Figure 7.9h summarizes the charging and discharging of the capacitance of
the solar cell by showing how external and internal voltage change with time. The
external voltage needs several hundred nanoseconds to build up. The reason for this
delay is that electrons take a while to diffuse from the perovskite, where they were
generated, through the ETL to the cathode (Ag) and holes through the HTL to
the anode (ITO). This capacitive charging changes the surface-charge density on
the cathode and anode of the device until the external voltage Vixt = AFEF ext/q
and the internal quasi-Fermi splitting AFF i, = ¢Viny have equilibrated. Then, no
further current is flowing. At longer times, when the charge-carrier concentration in

the absorber decreases due to recombination, the reversed process takes place and
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7.4 Complete Solar Cell Device Stack

charge carriers are re-injected from the contacts into the interlayers. The electrode
capacitance and the differential resistance of the solar cell limit this step.
Furthermore, Figure 7.9i-j presents the decay time plotted as a function of ti-
me or Fermi-level splitting. For the complete solar-cell device stack, the decay time
TTPLLLI VS. AEF consists of three regions discussed in the following. As mentioned
before, if T assume high-level injection, it is still possible to derive an analytical re-
lation describing the transient behavior that includes radiative recombination, SRH
recombination and discharging of a constant capacitance. This most simplified mo-
del of the time-dependent processes in a complete solar cell can be described by
the differential Equation 7.2. In this case, the solution of Equation 7.2 has to be

expressed as time as a function of the Fermi-level splitting via

QkBT Carea F il n (0) +n (t) n (0) kradTSelf;IiH
t= 1-— krad TS TSRy I
¢ qdpero S SR 0 (60 (0) ke SR
2kBT Oarea AEF (t) AEF (0)
+——— exp ———> —exp ————=
a o 2kpT 2kpT (7.3)
0)+ (1) (0) hraa 78l
= 1—nokpgrs . el n( zoC SRH
QPradSRH TSRHT (t)+n(t)n(0) krad7'§gH
nQ_eff _ AEg (t) _ _AL@

with Jo = qdperoni/Tsy, n(t) = niexp (AEg (t)/2kgT ) Moreover, n(0) equals the
initial charge-carrier density due to the generation of the laser-pulse excitation. In
addition, nq = 2kgT Carea / q2dpem is the charge per volume that is induced on the
capacitor by two times the thermal voltage. Thus, in the situation n < ng would
be fewer charge carriers in the absorber than in the contact. While I am not aware
that Equation 7.3 has been previously presented in the literature, similar equations
neglecting radiative recombination have been derived and used in the context of
analyzing open-circuit voltage decay (OCVD) decays. There, the equation was used
to derive a time-dependent open-circuit voltage and, subsequently, a differential
time constant of a large-signal Vo, decay. [242-244] This explicit solution, stated
in Equation 7.3 of the DGL system established in Equation 7.2, can become long
and unwieldy. Thus, using an implicit solution that directly provides the decay

time 7rpr, L1 is advantageous. Rewriting Equation 7.2 using relation dVey/dn =
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2kgT/ (qn) gives a functional dependence of the total kinetics of the charge-carrier

density, namely

dn (t n(t 2kpT Chr
d( ) = 7kradn(t)2 - egf) 2 da =
t TSRH qn (f) qUpero (7 4)
_ —kwaan(t)® —n (1) /75y
1+nq/n(t)

In this case, the dependence of the decay time on the actual carrier concentration

is given by

opn i = 7 g = — n(t) _ ng/n(t) +1
’ b HEEdn (8) fdt - Feggan (8) + 1/78E

(7.5)

Figure 7.10 illustrates Equation 7.3. Here, panel (a) shows the normalized TPL
decays and panel (b) their decay times calculated via Equation 7.5 for three different
SRH-bulk lifetimes &, = 728l = 7, + 7, respectively 100ns (yellow), 500ns (red)
and 2 s (blue). Furthermore, the external external radiative recombination coeffi-
cient (kpaq) is varied for a constant SRH lifetime of 2 s. Respective solutions are
plotted in Figure 7.10b-c. Finally, I also vary the capacitance Carea, Which controls
the amount of charge that needs to be added to or subtracted from the electrodes to
accommodate a change in Veyt. Its impact on the decay time is shown in the last two
panels.With shorter SRH lifetimes and higher radiative coefficients, the PL transi-
ents on the left-hand side show a faster decay. However, one can hardly note any
systematic differences or peculiarities in shape compared to the case of perovskite on
glass. This picture changes when considering the decay times 7rpy, 1,11 versus quasi-
Fermi-level splitting as in the panels on the right-hand side of Figure 7.10. In these
plots, three different regions appear in the decay-time curve. This trend corresponds
to the behavior shown in Figure 7.9j. At early times and high Fermi-level-splitting,
I observe a charge-carrier-dependent lifetime that is already familiar to us and indi-
cative of radiative recombination. Looking at Equation 7.4 confirms that the decay
time of the solar cell approaches 7rpp, arr n>> 1/ kdeSegH ~ 1/ (kpagn) for high
carrier concentration, similar to the case without considering the capacitance. At
slightly longer times and lower Fermi-level-splitting, 7rpy, 1,11 reaches a plateau and

becomes approximately constant at a value ngH = Tgﬁ%‘ = Ty + 7p. Further mathe-
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Abbildung 7.10: lustration of normalized transient photoluminescence decays (left) calculated
from the analytical solution of the simplified differential equation in Equation 7.3 and the decay
time over quasi-Fermi level splitting (right) resulting from the implicit solution from Equation 7.4.
The solution is valid for the case of high-level injection HLI and neglected Auger recombination,
applicable to demonstrate the charge-carrier dynamics in a perovskite solar cell. (a-b) Results for
varying SRH-bulk lifetimes 7sryg = 7 + 75, namely 100ns (yellow), 500ns (red) and 2us (blue) are
shown. (c-d) Effects due to changes of the radiative coefficients (10710 em—3s!, 5-10~10cm—3s!,
5-10~"em~3s!). (e-f) Variation of the capacitance (5nF/em?, 50nF/cm?, 200nF /em?) and its
impact on the shape of the decay time at low AEr. The discharging of the electrode capacitance
prolongs the decay time.
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matical analysis of Equation confirms that the inflection point (ip) of the decay time
equals 7rpr aLI(Nip = NQ/ kradngH) = ngH. New is the third region in the decay-
time vs. AFEg plot at low Fermi-level splittings or carrier concentrations. The decay
times for even smaller Fermi-level splitting further increase instead of staying on or
near this plateau value of TsegH. Here, the SRH-dominated regime transitions into
the exponentially voltage-dependent regime controlled by the ratio Cayea/Jo. In this
situation, charge-carrier recombination is limited by discharging of the electrodes
and all curves exhibit an asymptotic behavior to T§§H’HQ /n. Thus, the decay time
T1pL,LLI at small AEyp is higher for higher capacitances, demonstrated by the yellow
curves in Figure 7.10f. The decay time 77pr, 111 at low AFEp can be understood as
an RC-time constant with the C' being formed by the electrode capacitance of the
contacts and the R being determined by the recombination resistance of the solar
cell that increases exponentially towards smaller voltages as predicted by the diode
equation. Hence, 7rpr, 111 is also increasing exponentially towards smaller AEr as
previously observed for large- and small-signal V. decays. [242-245]

The purpose of transient photoluminescence measurements is to determine
recombination parameters in finished devices. Thus, the region at low times and
medium to high quasi-Fermi level splittings AFEp is the relevant region that one
would like to assess and use to extract parameters, such as bulk lifetimes, interface-
recombination velocities and radiative recombination coefficients. This preference
implies that the initial value AER(0) of the Fermi-level splitting and hence also,
the charge-carrier concentration n(0) has to be high enough to observe the relevant
range. Unfortunately, the different regimes can also merge into one another, making
a clear separation no longer possible. This overlap occurs, e.g., for a combination
of high radiative recombination coefficients and high bulk lifetimes. Then the decay
time 7rpr, 111 is radiatively limited. The corresponding case is illustrated by the blue
curves in Figure 7.10d that belong to a SRH-bulk lifetime of 2 s. For a radiative

3571 the plateau of the TTPL,LLI-CUrVe

recombination coefficient of kg = 107%cm
is fully gone and the decay time runs almost straight. At this point, it is no longer
possible to determine whether there is a limitation due to capacitive effects or fast
radiative recombination. This means that identifying the recombination processes
becomes particularly difficult for excellent devices with long effective SRH lifetimes.

With Figure 7.11, I confirm that numerical drift-diffusion simulations of a solar
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Abbildung 7.11: Decay times Trprrr1 vs. Fermi-level splitting resulting from numerical si-
mulations of a transient PL of solar cell stack conducted with Sentaurus TCAD. (a) Simulati-
on series where the SRH bulk lifetime is varied from 100ns (yellow) to 40us (grey), while the
interface-recombination velocities are low (S = 0.01cm/s) for both absorber-transport layer inter-
faces. In panel (b) the opposite case is presented by keeping 7, +7p = 20 ps constant and varying
the interface-recombination velocity Spcpym of perovskite/PCBM. Both changes translate into
observable changes in the decay time. Additional simulation parameters are listed in Table A.6.

cell give a similar trend as the analytical relation. Figure 7.11a shows a variation of
the SRH-bulk lifetime, varing from 100ns to 40 ps. In this example, the interfaces
between the perovskite absorber and the charge-extracting layers are chosen to be
nearly ideal, using slow interface-recombination velocities and small energetic band
offsets in the simulation. The transient simulations in Figure 7.9 use similar simu-
lation parameters. Here again, the SRH-bulk lifetime correlates with the value of
the decay time 7rpr, 1,11 near the inflection point of the curve and also the radiati-
ve limitation for high 7, + 7, becomes apparent. Figure 7.11b deals with the case
of varying interface-recombination velocities Spcgy on the perovskite/PCBM side,
while the SRH-bulk lifetime is high, namely 7, + 7 = 20 us . For higher Spcpum the
decay time in the middle region around 1.2 to 1.4eV drops.

7.5 Summary of Simulation Results

Finally, Figure 7.12 gives an overview of some exemplary effects that we have so

far observed in the transient drift-diffusion simulations from Sentaurus TCAD of
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Abbildung 7.12: Summary of the fundamentally different effects that modify the decay time in
different sample geometries. Bulk recombination (radiative and SRH) is the sole factor influencing
the decay in a passivated perovskite layer (solid grey line)— the simplest possible sample geometry
discussed here. In the presence of surface recombination (dot-dashed dark grey line), the decay time
TrpL,LL1 at low AFEy is reduced. In the case of a perovskite/ETL bilayer (blue curves), the shape
of the decay time is fundamentally changed due to effects such as interface charging (dash-dotted
blue line) and electron re-injection (solid blue line) from the ETL into the perovskite. In addition
to interfacial charging, I also observe electrode charging and discharging when analyzing complete
devices (red line). For those, 7rpr, 111 increases exponentially towards lower values of AFEp.

the ditferent sample types. This comparison illustrates how the sample type affects
the charge-density-dependent decay time 7rpr, rL1.- The simplest case of a passiva-
ted perovskite film on glass, plotted as a solid grey line, shows that fast radiative
recombination dominates at high AEf and the bulk lifetime of SRH recombination
at low AEp. For less well-passivated surfaces, the 7rpr, L11-curve is essentially only
shifted to lower decay times at lower values of A Eg, as the dot-dashed grey curve
shows. An additional dip is observed for combinations of absorber with charge trans-
fer layer, as illustrated by the dot-dashed blue curve. Here, interface charging and
Coulomb-induced charge accumulation at the MAPI/PCBM interface lead to incre-
ased interface recombination and decay times that are reduced relative to the case of
a MAPI layer with the same surface-recombination velocity but without the PCBM
layer attached. For perovskite/ETL bilayers with substantial conduction-band off-

set but a recombination-inactive interface, I would observe additional effects due to
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electron re-injection into the perovskite. This re-injection depends on the energe-
tic barrier at the perovskite/ETL interface and leads to 7rpr,r1 values that can
substantially exceed the SRH-bulk lifetimes of the perovskite itself. The decay time
belonging to this case is the solid blue line. Finally, the solid red line represents the
decay-time curve of a relatively well-behaved perovskite solar cell, where charging
and discharging the electrode capacitance further influences 7rpr, 111 At open cir-
cuit, the capacitor can only discharge via recombination in the absorber layer or at
its interfaces. Since the recombination resistance of the solar cell increases exponen-
tially towards lower voltages, the decay time associated with electrode discharging

increases exponentially, too.

7.6 Comparison to Experimental Data

Next, I want to apply and transfer our findings from the numerical simulations to
experimental TPL data. Figure 7.13 shows experimental data obtained from pho-
toluminescence measurements for two sample series, each featuring different mul-
tilayer stacks from the film on glass to the complete device. One sample series is
based on solution-processed MAPI, while the second sample series uses coevapo-
rated MAPI as absorber material (right side). Chapter 4 and 5 introduce these
different device types and their solar cell performance. The results of the solution-
processed samples are shown in the panels on the left, whereas the panels on the
right-hand side belong to those of the coevaporated sample series. Note that the
open-circuit voltages of the two solar cells are substantially different, even though
the stack and the materials are nearly identical. The coevaporated, inverted, planar
MAPI solar cell has an open-circuit voltage Vo, of only 1.05V, while the solution-
processed MAPI solar cell has a very high open-circuit voltage of 1.25V. A more
detailed discussion on this topic can also be found in chapter 4 and 5. Each sample
series comprises a sample of glass/MAPI/TOPO that should be well passivated.
The molecule n-trioctylphosphine oxide TOPO has been shown to strongly reduce
surface-recombination velocities. [78,130] Moreover, each sample series includes one
sample with the hole-transport layer PTAA in addition that serves to characterize

recombination losses at the PTAA /MAPI interface. The respective stack sequence is
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glass/PTAA/MAPI/TOPO present in green. Finally, the complete cells are included,
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Abbildung 7.13: Experimental data of transient photoluminescence measurements on two dif-
ferent sample series, comparing coevaporated and solution-processed devices. The series starts
with the passivated perovskite film (grey), goes further to MAPI with charge-extracting layer
(PTAA (green), and finally shows the complete solar-cell device (red). A laser excitation fluence of
7.21T/ cm? with a spot diameter of 3.8 mm was used for the measurements. Furthermore, a gated
CCD camera detects the time-resolved PL. Stitching several measurements, recorded at different
delay times after the laser pulse with different gains and integration times, enables a higher dy-
namic range. The method section presents further details. (a-b) Normalized photoluminescence
decays over time. (c-d) Decay time 7rpr,Lr1 assuming HLI (m = 2) versus quasi Fermi-level split-
ting AEp. Solid lines are a guide-to-the eye, representing the derivative from TPL fits using a
fifth-degree rational function.
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which additionally feature the MAPI/ETL interface as another source of recombi-
nation. Figures 7.13a-b compare the normalized transient PL intensities ¢rpy, and
(c-d) the respective decay times 7rpr, L1 vs. quasi-Fermi level splitting AEp for
the two sample series described above. Each data set results from stitching several
measurements recorded with a gated-CCD camera starting at different delay times
after the laser pulse and using different gains and integration times. This approach
is described in more detail in section 3.4.1 and enables a very high dynamic range
of up to seven orders of magnitude. Note that this high dynamic is necessary to
observe the wide range of physical phenomena discussed before.

Given the differences in V. of the two cells, I expect that the two sample series
should differ in the recombination losses that occur either in the bulk or at interfaces.
Thus, these differences should be reflected in differences in the decay times 7rpr, 1,11
If you look at Figures 7.13a-b, this qualitative expectation is confirmed already by
studying the PL transients for the two sample series. In this comparison, all samples
based on coevaporated perovskite layers have a substantially faster TPL decay. In
order to obtain additional insights, I first determine the decay times shown in Figure
7.13c and (d) for the different samples of both sample series. Note that Figure 7.13
contains symbols and lines, where the symbols represent background-corrected and
stitched and smoothed raw data, while the lines are the fits to the data. Both agree
within the accuracy of the method. Further details regarding the data processing
are stated in the method section 3.4.1, too.

From comparing the decay-time curves of the glass/MAPI/TOPO (grey) samp-
les from the coevaporated and the solution-processed sample series in Figure 7.13c
and (d), it is directly apparent that the quality of the bulk differs substantially. In
addition, the coevaporated cell suffers from increased interface recombination rela-
tive to the solution-processed cell. I conclude this from the substantial reduction in
7rpr i for the samples with interfaces (green and red) relative to the passivated
layer on glass (grey). Furthermore, the comparison in Figure 7.13 demonstrates that
the representation of the decay time 7rpy,pr1 via Fermi-level-splitting AFy is ad-
vantageous compared to the usual representation of the decay itself. This new type
of graph highlights differences and similarities between the samples more clearly and
allows for an estimation of recombination parameters.

The TPL data sets were fitted with transient simulations from Sentaurus
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TCAD to quantify and extract these material and device parameters. Figure 7.14
presents the experimental data for 7rpr, 111 of the two sample series compared with
the simulations that best reproduce the experimental data. First, I simulated the
glass/perovskite/TOPO stacks (grey) to determine the recombination coefficients
of the perovskite bulk material. The decay time 7rpr, 111 of experimental data is
dominated by radiative recombination over the complete range of quasi-Fermi level
splitting that is experimentally accessible and constantly increases for smaller AFg.
This behavior implies that SRH lifetimes must be extremely long. The matching si-
mulations use SRH-bulk lifetimes of 7, 47, =80 s. Furthermore, Figure A.3a in the
Appendix displays what the simulations with lower SRH lifetimes look like. From
Figure A.3a, I conclude that the agreement between simulation and experiment de-
teriorates substantially for lifetimes 7, + 7, <40 s. SRH-bulk lifetimes as high as
80 s would allow an open-circuit voltage of 1.31V under AM1.5g illumination, i.e.,
a value very close to the radiative limit of 1.32'V. [246] The solution-processed samp-
les with PTAA (green, yellow) do not suffer from additional losses. The decay times
are similar to the passivated sample with the glass/perovskite interface. Therefore,
the band offset between perovskite and PTAA and the surface-recombination ve-
locity must be negligibly small. With Figure A.3 in the Appendix, I demonstrate
that a surface-recombination velocity must be around Spraa = lcms™!. Also, the
band offset and surface recombination at the PCBM/perovskite interface must be
quite small to explain the data. Nevertheless, the PCBM /perovskite interface is the
only interface that causes visible deviations of the PL transients from the behavi-
or expected in the radiative limit. I find that an interface-recombination velocity
Spcem = 17cms™! and an offset of 70meV lead to the best agreement with the
experimental data. Note that the decay-time curve for the solution-processed cell
reproduces the typical curve shape, being predicted by Equation 7.4.

Moreover, it should be noted that the corresponding current-voltage characte-
ristic of a simulated solar cell device calculated with these stated simulation para-
meters also agrees well with the measured JV-characteristic. Figure A.5 in the Ap-
pendix presents a respective comparison. Another implication from the data shown
in Figure 7.14a is that for perovskite films and layer stacks with small recombina-
tion losses, the measured differential time constants may assume nearly any value

(from tens of ns to tens of ms), depending on the range of carrier concentrations and

162



7.6 Comparison to Experimental Data

1[]0 T T T T T T T T T 3 B‘,‘ T T T T T T T ]
10 solution-processed (a)j o LS solution-processed  (b) |
= | T o~ 10k -
[ | E [} E . R ]
< 102 o experimentaldata | = 3% PTAAIMAPITOPO 3
E F —— Sentaurus fit T ! Seras=0.5 cmis]
1 -
= 10 1 E 0 ’ .
PTAA/MAPITOPC ] olar cell °
g o \ iz S s
) 1 = Er0me 3
£ 10° . k= = E E
o . MAPITOPO E § F MAPITOPO
c 0% i, . 13 r it =80 s
%solar cell YT Pargag 1 108 ¢ 0.3
107 o ko =15x10" em's
L * 1 L 1 L 1 L 1 L | L 1 L 1 L 1 L 1 1
0 5 10 15 20 25 30 11 12 13 14 15
time £ (s) Fermi-level-splitting - E (eV)
100 T T T T T 3 10 T T T T c
] coevaporated (c)3 E coevaporated  (d)3
g 1078 1% [ ]
f . . expenmenialdata | 5 o -_?’ Py, MAPITOPO 1
o : Sentaurus fit i 5 % iy
L o TL .o fal _
= 103 [ h & 107°F « T44., -
7 R\ Ls | Ny, ]
S o4l MAPITOPO i E i ' ,;, %o "’K :
E \ i = | solarcell @ ]
S 105E) 74,4, ] 7 L Ly
c \solar cell ‘(“\\ :M’qﬁg E § 108 | £, +r,=800 ns “ E
105L § %y, 7Op ° E " ? N
\ N E k_=3x107"" cm/s :
107 L Ry . 1 . 1 ] [ . 1 . 1 . 1 . ]
00 0.5 1.0 15 11 1.2 13 14 15
time ¢ (us) Fermi-level-splitting - E (eV)

Abbildung 7.14: Experimental data of transient photoluminescence measurements of the
solution-processed sample series and fits from Sentaurus TCAD allow us to state the material
parameters that best describe the sample behavior. All simulation parameters are listed in Table
A.Tand A.8.

quasi-Fermi level splitting that are set by the laser fluence. Without the additional
information on the laser fluence and without high dynamic range data as shown
here, the information obtained from TPL data on many high-quality layers or layer
stacks would be either difficult to compare or entirely meaningless.

In the following paragraph, I want to discuss the fitting of the coevaporated
sample series, representing an example of samples with a higher degree of non-
radiative recombination. A SRH-bulk lifetime of about 7, + 1, = 750 ns best descri-

bes the experimental TPL data of coevaporated bulk passivated with TOPO in the
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7 Understanding Transient PL of Layer Stacks and Solar Cells

glass/MAPI/TOPO stack (grey). This SRH-bulk lifetime would allow much higher
open-circuit voltages than the 1.05V the coevaporated solar cell has. If no additional
recombination losses would occur in the stack, a SRH-bulk time of 750ns and an

3571 would allow

effective radiative recombination coefficient of kg = 2 x 10719 cm3s~
an open-circuit voltage of about 1.23V. The simulations suggest that these addi-
tional recombination losses of 180mV of the coevaporated solar cell are caused by
misaligned energy levels and enhanced recombination at both interfaces. Interface
recombination at the PTAA/MAPI interface of the coevaporated sample leads to
slightly shorter decay times at small Fermi-level splitting (green), as opposed to the
samples without extra charge-extracting layers (grey). Note that these two decay
time curves overlap well at high AFEg, where radiative and Auger recombination
dominate 7rpr, 1. A band offset of Ax = 100meV and a surface recombination
velocity of S, =S, = 100cm3s™! best explain the trend of the PTAA /perovskite
interface. Since the PTAA layer is very thin, I would expect that 7rpr, 11 satu-
rates for small AFg at around 400ns. However, the decay time at small AER is
much higher and increases beyond the bulk lifetime. If T assume shallow, neutral
defects, I also observe this behavior in our simulations. Thus, in the simulation that
best fits the experimental data, the defects are shallow and positioned only 150meV
away from the valence band edge. These parameters would still allow a Fermi-level
splitting of 1.18V in simulated PTAA /perovskite stack. Also, the properties of the
perovskite/fullerene (Cgg) interface in the solar cell (red) are quite complex. In this
case, the decay time is roughly two orders of magnitudes lower, suggesting the ad-
ditional interfacial losses in Ve must be higher. Only for smallA Fr does the decay
time increase again, indicating that the loss is caused by a huge conduction band
offset,e.g., Ax =200meV. In order to explain the shape of 7rpr, 111 vs. AEp cur-
ve that deviates from the typical S-shape, I had to assume at least two different
defect states. A deep-level defect is responsible for the loss in open-circuit voltage.
A second shallow defect is added in the simulations to match the shape of the dif-
ferential decay curve. While I note here that various defect properties such as its
charge, concentration, or energetic and spatial position affect the TPL, it is beyond
the scope of this thesis to present a systematic investigation of the influence of these

parameters on the decay time 7rpy, 1,11-
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7.7 Conclusions

Transient photoluminescence experiments are abundantly used in the field of halide
perovskite photovoltaics to study charge-carrier recombination in the bulk and at
interfaces. While the interpretation of TPL on thin films on glass has been tho-
roughly discussed and used in the literature, [125,226, 246] the most substantial
recombination losses are often occurring at the interfaces between the absorber and
the charge-transfer layers. [196] Moreover, the presence of charge-transfer layers can
also impact how the perovskite films grow, affecting the bulk and surface quality of
the perovskite layer. Thus, there is a clear need to extend our theoretical understan-
ding to TPL measurements done on various sample geometries, including zero, one,
or two charge-transfer layers in contact with the perovskite absorber. In addition,
it is important also to understand how contact layers, such as ITO or Ag, affect the
TPL decay and to be able to comprehend measurements done on complete devices.

This chapter provided an extensive account based on a combination of experi-
mental data, numerical simulations with Sentaurus TCAD and analytical solutions
to differential equations that allows the reader to understand the mechanisms affec-
ting a TPL decay in a variety of sample geometries. I introduced the concept of a
decay time displayed as a function of the time-dependent quasi-Fermi level splitting
as a key tool to analyze the data. This plot allows us to combine data conducted at
different laser fluences in one Figure. Furthermore, the stitching improves the com-
parability of different data sets. The carrier-density dependent decay time of a full
device is affected by various recombination mechanisms (radiative, Auger and SRH
recombination), by charge transfer between the absorber and the charge-transport
layers and by capacitive charging and discharging of the electrodes. I have shown
how to distinguish these different mechanisms by their appearance at different va-
lues of the quasi-Fermi level splitting and by their characteristic slope in the decay
time vs. quasi-Fermi level splitting diagram.

After introducing the general concepts via numerical simulations, I applied
my findings to experimental data sets on different sample geometries and absorber
deposition methods: solution-processed vs. coevaporated fabrication. I determined
the TPL decays over seven orders of magnitude in dynamic range. Furthermore, this

chapter demonstrated that our previously presented recipe for MAPI layers allows
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bulk lifetimes of several tens of s, as a value of 80 s for the sum of electron and
hole lifetimes yielding the best fits. In addition, the TPL transients clearly indi-
cate negligible losses at the MAPI/PTAA interface and only moderate losses with

surface-recombination velocities of 17cms™! for the MAPI/PCBM interface.
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8 Consistent Interpretation of

Optical and Electrical Transients

Transient photoluminescence (TPL) and transient photovoltage (TPV) measure-
ments are popular and frequently applied methods to study recombination dynamics
and charge-carrier lifetimes in the field of halide-perovskite photovoltaics. However,
large-signal TPL and small-signal TPV decay times often correlate poorly and differ
by orders of magnitude. A theory that explains this huge discrepancy is so far miss-
ing. Usually, these differences are not further discussed.

In this chapter, I present a consistent framework of the different “lifetime”
concepts, which connects the small-signal and large-signal decay time and reveals
that suitable measurement conditions and data-analysis methods are essential for
getting meaningful results. A combination of experiment, numerical modeling and
description of data via simple analytical equations helps to understand what the dif-
ferent methods actually measure and to demonstrate that a consistent multi-method

quantitative data analysis is possible.

8.1 Meta-Analysis of Literature Data

Transient photoluminescence TPL is only one of the various other transient me-
thods used to study the charge-carrier dynamics in metal-halide perovskite films,
layer stacks and solar cells. Unfortunately, in most cases, charge-carrier concentrati-
ons are not directly measured. Instead, various observable quantities are detected as
a function of time after excitation, being more or less closely related to the charge-
carrier concentration. These measurable quantities include luminescence, [136, 137]
voltage, [243,247,248]conductivity [158,165,249] as well as the amount of free carrier
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8 Consistent Interpretation of Optical and Electrical Transients

absorption. [231,250] In addition, time constants related to recombination are also
extracted from frequency domain methods. [251-253]

Among these different options, two rather common and jointly used modes
of detection in the field of metal-halide perovskite research are measurements of
transient photoluminescence TPL and the transient photovoltage TPV. While TPL
measurements are preferably performed on pure perovskite films, electrical detection
via TPV requires complete solar cell devices. The PL signal during a TPL experi-
ment is proportional to the product np of electrons and holes, [29,35] while TPV as
a small-signal measurement measures an excess voltage AV, that is assumed to be
proportional to the laser-induced excess-carrier concentration Anjager. [139] 1 refer
to section 3.4 for a detailed description of these two methods. In both cases, it is
common in literature to report decay-time constants that result from exponential
fits to the TPL or TPV data. Usually, the authors report an improved “lifetime” con-
stant in both methods if comparing, for example, a novel process or interlayer with a
reference. Figure 8.1 presents data collected from literature, [186, 200,203, 254-270]
which compares decay times extracted from these two techniques plotted against
each other. Figure 8.1 shows that these two decay-time constants from exponential
fitting differ by up to four orders of magnitude, with the correlation between the
decay times being extremely poor. This level of discrepancy cannot easily be explai-
ned by the detection mode alone. While there is an abundance of studies that uses
both techniques to characterize perovskite films or devices, [186, 200,203, 254-270]
a theory that connects the two decay times with each other is so far missing. The
community has seemingly accepted that values are always compared from sample
to sample but never from method to method. The lack of understanding what these
decay-time constants mean, how they are related to each other and their variation
by several orders of magnitude undermines the ability of the research community to
understand and compare recombination and the concept of charge-carrier lifetimes.

One of the most obvious differences is that TPV is an electrical technique
measured on devices. In contrast, TPL is typically measured on perovskite layers
or layer stacks but rarely on full devices. While a perovskite layer has two surfaces
that may potentially cause substantial recombination losses, the glass/perovskite
interface is usually of high electronic quality. Alternatively, the perovskite sur-

face can easily be passivated using insulating molecules such as TOPO [78] or (3-
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Abbildung 8.1: Data collection from literature, comparing the decay time T%FS,L of the transient
PL measured on perovskite films (filled symbols) or on perovskite/transport layer stacks (blank
symbols) with the stated decay-time constant T%%V resulting from transient photovoltage mea-
surements on the respective solar cell device. The color code represents the bias-light intensity
during the TPV experiment ranging from light red (1sun) to dark red (0.01suns). No information
about the bias illumination level is available for the grey data points. The bisecting line (red) is
a guide-to-the-eye and highlights where both decay-time constants are equal. The comparison of
these decay times highlights that they correlate poorly and can differ by orders of magnitude. Inte-
restingly, the time constant from the TPV measurement is usually longer, although recombination
losses are expected to be higher in the complete solar cell than in the pure perovskite film. Table
A9 lists the publications from which the meta-data were extracted.

aminopropyl)trimethoxysilane (APTMS). [271] In contrast, completed devices have
additional layers and interfaces that have to support charge extraction and, there-
fore, cannot easily be passivated with electrically insulating molecules. Thus, one
might expect that recombination in devices is always enhanced relative to a well-
passivated perovskite film on glass. Consequently, time constants measured on de-
vices in TPV should generally be shorter than in TPL on films. However, Figure
8.1 shows that the opposite is true, with decay times from transient photovoltage
often drastically exceeding those measured from time-resolved photoluminescence.
This result may be partly due to the lack of good surface passivation for the films
measured in TPL. Nevertheless, the major contribution will be the influence of slow
capacitive effects originating from the electrode discharging via the perovskite di-
ode. [243, 245,272, 273] While the resulting long decay times are still related to

recombination, they are much longer than the actual charge-carrier lifetimes of the
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bulk material. Note that I have already introduced and elaborated on this capacitive
effect in more detail in the previous chapter in the section 7.4 about the TPL signal
of complete solar cell devices.

In this chapter, I will study and explain the discrepancies between the two methods
and show that quantitatively consistent results are obtained if suitable measurement
conditions and data analysis methods are used. In order to compare the meaning of
the decay times extracted from the two experimental methods, it is first necessary
to establish the key differences between them. TPV and TPL differ in potentially
three major aspects. These three major differences are (i) the sample type, e.g., sin-
gle layer, layer stack or full device, (ii) the type of perturbation, namely large-signal
vs. small-signal analysis, and (iii) the mode of detection, which could be either op-
tical or electrical. I have already described the impact of the sample type on the
TPL in detail in the last chapter. Therefore, I will focus less on these specifics here.
I will start with the general differences between large- and small-signal analysis.
Afterwards, I will discuss the impact of the different observables, namely voltage

and luminescence, on the decay times.

8.2 Large-Signal versus Small-Signal Analysis

To help understand the different measurement principles and conditions, Figure 8.2
compares simulated band diagrams of a perovskite solar cell for both situations.
These transient simulations were also conducted with TCAD Sentaurus by Syno-
psys, which uses the finite element method to solve several differential equations,
including the continuity equations for electrons and holes and the Poisson equation.
The band diagrams on the left-hand side of Figure 8.2 belong to the large-signal
TPL, the ones on the right to the small-signal TPV measurement condition at diffe-
rent delay times after the laser-pulse excitation. Figures 8.2a-b depict the respective
band diagram for the initial situation before the laser pulse impinges on the sam-
ple. The comparison of these two band diagrams already shows a decisive difference
between the two methods.

In TPL, the sample is in thermal equilibrium in the dark, which can be recogni-

zed by the equilibrium-Fermi level before it is excited by the laser beam. However,
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Abbildung 8.2: Band diagrams of a perovskite solar cell before and at different time delays after
the laser-pulse excitation for transient photoluminescence (right side) compared to a transient
photovoltage experiment (left side). (a-b) Situation before the sample get photoexcited by the
laser pulse (100nJ/cm?). In the TPL experiment, the sample is initially in the dark, while for TPV
the sample is kept at open circuit at a certain bias-light intensity. (c-d) Situations directly after
the end of the laser pulse, (e-f) after 10ns, (g-h) after several hundreds of nanoseconds and (i-j)
after 10 s.
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the solar cell in the TPV situation is already in an excited, but stationary, state due
to the illumination with a bias-light intensity of, e.g., 0.1suns. This bias causes an
internal quasi-Fermi level splitting and externally measurable voltage of 1.21V. Figu-
res 8.2c-d show the band diagrams directly after the laser-pulse excitation. For TPV,
only a small laser fluence of 100nJem =2 is used to meet the small-perturbation con-
dition. Therefore, the increase in internal quasi-Fermi level splitting AEp int = qVint
in the perovskite is hard to recognize, whereas in the TPL experiment a massive
change from zero to 1.55¢eV is directly visible. In both cases, it takes some time for
the generated charge carriers in the absorber to spread over the entire solar cell and
reach the external contacts. Thus, the external voltage Voxt has not changed signifi-
cantly yet compared to the change in internal voltage. The gradients dF,/dx and
dEvw,/dz in the quasi-Fermi levels inside the electron- and hole-transport materi-
als drive the electron- J;, = nundEpy, /de and hole-current density J, = nppd By, /dx
from the absorber to the contacts to change the amount of charge stored on the elec-
trodes. How fast this equilibration takes place depends on the transfer velocity and
mobility of the contact-layer materials, as well as on the capacity of the electrodes.

In this example, it takes several hundred nanoseconds for the large-signal and
small-signal case to adjust with the corresponding band diagrams depicted in Figu-
res 8.2g-h. Concerning the TPV, it should be noted that some excess-charge carriers
have then already recombined before the actual decay of the photovoltage even beg-
ins. This delayed alignment between the internal and external state of the solar cell
can affect the result of the measurement and can make data interpretation even more
difficult. This additional challenge will be the subject of the next chapter. However,
this study focuses on the decay behavior at longer times where the assumption of
equilibrated Fermi levels over the contact layers is more likely to be accurate than
at shorter times. For the analytical description of the methods, I even go one step
further and assume that the coupling between the interior and exterior of the solar
cell is ideal.

The last two band diagrams plotted in Figure8.2i-j show the situations for
TPL and TPV after 10 s. The solar cell in the TPV experiment is back to its
initial state, which is determined by the steady-state illumination intensity. In con-
trast, the quasi-Fermi level splitting in the TPL situation continues to decrease.
The electrons and holes flow back from the electrodes through the ETL and HTL
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8.2 Large-Signal versus Small-Signal Analysis

to the perovskite. This process depends on the RC' time constant. The electrode
forms the capacitance C'. The recombination resistance of the solar cell determines
R =dV/dJ that increases exponentially towards smaller voltages as predicted by

the diode equation.

8.2.1 Analytical Description

Metal-halide perovskites stand out due to their very low doping densities. [102]
Thus, both charge-carrier types, electrons and holes, are typically present in appro-
ximately the same concentrations during TPL and TPV experiments. This behavior
complicates data interpretation compared to other solar-cell technologies. Usually,
high doping densities ensure at all times that only minority carriers dominate the
charge-carrier dynamics and all recombination rates are linear in minority-carrier
concentration. As I will show in the following, this missing universal linear depen-
dency has the consequence that large- and small-signal lifetime definitions are no
longer identical in the case of high-level injection HLI. Note that in the current li-
terature on perovskites [243], it is sometimes stated that the small-signal and large-
signal approaches lead to similar solutions. This statement is generally incorrect and
especially for perovskites, where nonlinear radiative terms will dominate at higher
voltages and carrier densities. In contrast, the fact that small-signal and large-signal
decay times are different by a factor as long as recombination rates are nonlinear in
carrier concentration is a well-known fact in the literature dealing with TPV transi-
ents in organic or dye-sensitized solar cells. [274-277] Here this factor is often called
reaction order.

For simplicity, this study starts with a comparison of the small- and large-
signal definitions for the more straightforward case of a perovskite film on glass and
discusses the implications for the perovskite solar cell afterwards. For small-signal
analysis, the sample is examined at a particular working point. For example, this
stationary bias-point state is set by a continuous bias-light illumination of the sam-
ple, creating a respective steady-state carrier density mpias for this given excitation
level. A small perturbation, e.g., due to a short laser pulse, creates a small amount
of additional charge-carriers Anjager (t) that recombine with time. Figure 8.2d shows

this small perturbation in the band diagram. If a bias illumination is present, we

173



8 Consistent Interpretation of Optical and Electrical Transients

must consider the steady-state photogeneration rate G of excess-charge carriers.
Therefore, the differential equation describing the charge-carrier dynamics in the
perovskite absorber must be adjusted for the small-signal situation. It follows that
n(t)

dn (t) 2
S —B)+ G = —han(t)? - G (8.1)

where t is the time passed after the end of the laser pulse. Due to the bias illumina-
tion, the carrier density n (¢) = Npias + ANiaser (£) consists of these two contributions,
namely the constant, steady-state carrier density npi.s at a given time indepen-
dent bias-photogeneration rate G and the additional time-dependent part given by
Anjaser (1)

The small-signal decay time TS&LHLI at a given carrier concentration nyj,g, resulting

from a linearization at this operating point, is then given by

ss __dn(t) 1 !
film, HLI d(dn(t)/dt) dR/dn  2kiaanbias + 1/T§gH .

(8.2)

The continuous generation rate G can be omitted for a large-signal experiment.
Thus, inserting G = 0 gives the DGL system we are already familiar with. In this
case, the dependence of the large-signal carrier concentration decay time on the

actual carrier concentration n (t) is defined by

s At () !
film,HLI = din(n(t))  dn(t)/dt  kepan (t)-Fl/TéegH .

(8.3)

Note that Equation 8.3 gives the large-signal decay for a film on glass as a function
of carrier density n(¢) varying as a function of time. Therefore, it could also be
presented as a function of time, carrier density or even Fermi-level splitting, using
the relation AEp = kgTln n?/n? .

Comparing the implicit expressions for the large- and the small-signal decay
in Equations 8.2 and 8.3 directly reveals that the decay times are only equal in the
linear regime at small charge-carrier densities, when SRH recombination dominates.
In contrast, the large- and small-signal decays differ by a factor of 2 once radiative

recombination dominates. This factor would go up to 3 if Auger recombi-
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Abbildung 8.3: (a) Comparison of the small- (dotted symbols) and largesignal (solid lines)
decay times as a function of the Fermi-level splitting AEg or charge-carrier concentration n, which
result from the analytical solutions of the differential equations 8.1 for high-level injection used
to describe an undoped perovskite film on glass with a passivated surface. The photogeneration
G is zero for the large-signal measurement mode. Furthermore, a variation of the SRH lifetime is
shown, where 7§ equals 100ns (yellow), 500ns (red) or 2ps (blue). Moreover, I used a thickness
of 280nm, kpaq = 107 0em3s ™1, n; = 8.05 x 10*cm—3, and an initial charge-carrier concentration
of 102%em~2 for the calculation. Small- and large-signal decay times are similar in the SRH-
dominant region at medium to low Fermi-level splittings. At high Fermi-level splitting, the decay
times from the small-signal and the large-signal differential equations do not overlap and differ
by a factor of 2. Thus, decay times resulting from the small-or large-signal approach differ if
nonlinear recombination mechanisms are present but should give identical results for lower carrier
densities, where rates R(n) that are linear in n dominate recombination. Figure8.3b summarizes
this observation and gives the ratio of large- to small-signal decay time. (c) Explicit solution of the
large-signal differential equation, illustrating the relation between time after the laser excitation
as a function of AEy and n, respectively.

175



8 Consistent Interpretation of Optical and Electrical Transients

nation were present and dominant. Figure 8.3 summarizes these findings from the
comparison of the large- and small-signal measurement mode for the scenario of
a perovskite film with SRH and radiative recombination being present. Figure 8.3a
illustrates the large- and small-signal decay times computed via Equations 8.2. Addi-
tionally, it shows 8.3 for three different SRH lifetimes as a function of carrier density,
depicted by the top x-axis, or the associated quasi-Fermi level splitting A Fg, stated
by the bottom x-axis. Here, the solid lines belong to the large signal, while the point
symbols represent the small-signal decay time. It is essential to know that in order
to compare large-signal and small-signal decay times, only one decay is needed for
the large-signal case. However, many small-signal decays are calculated at different
bias levels represented by the parameter nyiag in Equation 8.2. Each data point plot-
ted over this charge-carrier density n represents such a respective calculation at a
different bias level.

It is directly apparent that the small- and large-signal decay times change with
charge-carrier concentration, as predicted by Equations 8.2 and 8.3. Thereby, decay
times cover a wide range of values and can differ by many orders of magnitude
per method and sample depending on the charge-carrier level. Thus, it is essential
to compare the values of small-signal decay time from different samples at similar
bias-charge carrier concentrations ny;,s. Otherwise, the comparison loses significan-
ce. Furthermore, two regions can be identified in each decay-time curve, whereby
both decay times are constant and approach the effective SRH lifetime at low carrier
concentrations or low A Ey and transition to shorter values by decreasing exponenti-
ally with higher charge-carrier concentration or higher A Fp. At high charge-carrier
concentrations, higher-order recombination mechanisms, in this example radiative
recombination, dominate and define the shape of the large- and small-signal decay
times. In this radiatively dominated region, these two decay times do not overlap.
This difference is further illustrated in Figure 8.3b, which gives the ratio of the
two decay times that converges towards the value two for higher quasi-Fermi level
splittings. If Auger recombination is present, this ratio could increase further toward
three.

These discrepancies between small- and large-signal detection modes, which
occur when nonlinear recombination mechanisms dominate, are also found in the

case of a complete solar cell device, as I will demonstrate in the following. Here,
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Abbildung 8.4: (a) Comparison of the small- (dotted symbols) and large-signal (solid lines) decay
times as a function of the Fermi-level splitting AEF or charge-carrier concentration n, which result
from the implicit analytical solutions of the differential equations for high-level injection used to
describe a perovskite solar cell. Small- and large-signal decay times are stated for three different
SRH lifetimes, namely 7&%; equals 100ns (yellow), 5001ns (red) or 2ps (blue). The capacitance is
set t0 Carea = 50nF/ cmg, whereas further input parameters are chosen to be similar as in Figu-
re 8.3. In the capacitance-dominated, as well as in the SRH-dominated region, both decay-time
definitions give comparable results. Whereas the small- and large-signal decay times at the radia-
tively dominated region differ by a factor of 2. (b) Explicit solution of the large-signal differential
equation (G = 0), illustrating the relation between time t after the laser excitation as a function of
AFEg and n, respectively. Including the junction charging (solid lines) leads to a slowing down of
all three transients in the range n < nq as compared to the transients without junction charging
(dotted lines).

the differential equations for small- and large-signal condition must be extended by
a term describing the capacitive charging and discharging of the electric contacts,

which results in

dn (f) 2 M (t) Carea @Vext (t)
=—k 1) — — G 8.4
dt radn( ) Té)ﬂll_lf qdpero dt * ( )

Clarea is the area-related capacitance in units of F/cm2 and Vg is the voltage bet-
ween the electrodes. This capacitance controls the amount of charge that needs to
be added to or subtracted from the electrodes to accommodate a change in external

voltage. Thus, this contribution also changes the charge-carrier concentration in the
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8 Consistent Interpretation of Optical and Electrical Transients

perovskite-absorber layer. Details and further assumptions regarding this capacitive
contribution were discussed in the last chapter in section 7.4. The differential equa-
tion for the small-signal case with bias illumination must again additionally consider
the continuous photogeneration rate G, whereas for a large-signal experiment, no
bias light is present and G = 0 applies in Equation 8.4. By rewriting Equation 8.4,
being executed in an analogous way as for a Equation 7.4 in the last chapter, I

obtain
dn (¢)
dt

B G kpan()’ —n(t) /788 G-R
=fn)= 1+nq/n(t) ~ 1+ng/n(t)

(8.5)

The small-signal decay time results from taking the derivative df /dn as linearization.
Inserting Equation 8.5 and using mathematical transformation gives
dn (t) 1 nqg/n(t)+1

SS
— - — 8.6
) dR/dn — 2kaan (t)+1/758, (8.6)

as small-signal decay time. This respective implicit solution differs from the large-
signal decay time defined by
n(t) n(t) nq/n(t)+1

LS
_ _ _ 8.7
Teell HLL= 00y = " dn (6)/dt  kepan () + 1/7 Shu 0

as this direct comparison demonstrates. Figure 8.4 compares these two decay-time
definitions for the case of a complete solar cell. In the capacitive-dominated regime at
low charge-carrier concentrations, as well as in the SRH-dominated regime, small-
and large-signal decay times are similar. In contrast, both differ by a factor of 2
at high carrier densities. Here, the curves of the decay times approach Tcsesll,HLI ~
1/ (2kpaqn) and T({Je?l,HLI ~ 1/ (kpagan).

8.3 Influence of the Mode of Detection on the Decay
Times
So far, I have discussed the general differences between small-signal and large-signal

methods, as well as between samples that contain a single semiconductor layer as

opposed to complete solar-cell devices that contain a non-zero capacitance due to
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8.3 Influence of the Mode of Detection on the Decay Times

their electrodes. The remaining difference between TPL and TPV measurements are
the mode of detection and the way how the decay times are derived from the respec-
tive observables, namely the PL photon flux ¢rpr, (¢) and the external voltage decay
AVsc (t). In case of TPL, this detected photon flux ¢pr, () under HLI conditions

will be proportional to np = n? and hence the TPL decay time is defined via

LS __ldn(érpr) o _dln(n) - (8.8)
TPLHLI= —5 o = I : :

Note that the factor 1/2 in the second term of Equation 8.8 adjusts to the large-
signal decay time or Téi?n’HLI or T&?LHLI of the carrier concentration under high-
level injection conditions. Another typical approach in literature is based on mono-
or biexponential fitting of the large-signal PL decay in order to extract the slow
decay-time constant at long delay times. Sometimes people also extract a second
time constant at the fast initial decay at early times after laser-pulse excitation.
The respective TPL-time constants from literature, being presented in Figure 8.1,
are calculated with this fitting approach. While the respective decay-time constant
from a fit of the fast initial PL decay has no specific physical meaning, the slow
decay-time constant might yield the effective, non-radiative SRH lifetime. However,
this approach is only suited if applied to single perovskite films on glass in the SRH-
dominated regime at a low excitation level. Critically, it is hard to ensure that the
employed laser fluence really meets this excitation level, especially when measuring
high-quality layers in which radiative recombination still dominates even at lower
charge-carrier concentrations. Here the decay looks monoexponential at first sight
because the decay is prolonged, although the slope from the derivative shows the
opposite and keeps increasing. Therefore I recommend using Equation 8.8 when
analyzing large-signal TPL data to retain all the information instead of using mono-
or biexponential fitting functions.

In the case of TPV, the excess-open circuit voltage AVq (t) is used to detect

the excess-carrier density. Again, under high-level injection, we have

_ kT n® kT, i kpT n

AV In 5 ——1In o) =2—/—1In —
q n q 1§ q Mhias
ias (8.9)
—9 kgT In 1+ Anjager
q Mhias
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8 Consistent Interpretation of Optical and Electrical Transients

The typically used approach in literature [139], which I explained in the method
section 3.4.2 in more detail, is now to assume that dAVq./dt oc dAnjaser/dt holds if
the excess voltage is sufficiently small. Let us briefly discuss this approach critically
since generating an infinitesimally small voltage amplitude in experimental practice
is impossible. Also Wood et al. [278] have previously shown that this linearization
causes errors in determining the correct decay time. Thus, I want to estimate this
corresponding error in the following. Assuming that Amnjaser decays exponentially,
one might expect that also AV, decays exponentially with the same time constant
7. However, if I insert Anjueer (£) = Anmaxexp(—%/7) into Equation 8.9, I obtain a

decay that is not monoexponential and a decay time of the AV, -decay that is given

by
dt 1 t t
SS
- 14 = _ Ind1 — . R.10
TTPV,HLL =~ g1 (Vo) T{ +7exp(7)}n{ ”exp( 'r)} (8.10)

Here, « relates the additional charge carriers generated by the pulse to the charge
carrier levels under bias illumination, being defined by 7 = Anjaser/"bias. Import-
antly, T’?‘%V,HLI is a function of time and not a constant. Only for long times ¢t >> 7
or small values of the ratio «y, Equation 8.10 approaches T"LS“%V,HLI = 7. Therefore it
also makes sense to form the inverse logarithmic derivative of the entire small-signal

TPV decay via Equation 8.10, instead of using monoexponential fitting, since the
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Abbildung 8.5: Calculated impact of a variation of the laser excitation strength during the
small-signal TPV, which induces a change in the open-circuit voltage of AVqe.
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T%%VHLI at long times tend to approximate the actual time constant at the respec-
tive operating point. Moreover, the exact mode of fitting can lead to variations in
the extracted decay time values. Figure 8.5 summarizes these findings by plotting
T%%V.’HLI versus time for various voltage offsets AVy.. As shown by Figure 8.5, for
realistic values of v or AV, = kgT'In () respectively, there can be differences bet-
ween the decay times T%ISPV,HLI =7 and 7. This deviation could, for example, affect
trends and comparisons between different samples or measurements at different ope-
rating points if the voltage perturbation AV, is not constant. However, this error is
on the order of a factor 2 or less. Therefore, it does not explain the large discrepan-
cies between literature data from TPL and TPV introduced in Figure 8.1.

In conclusion, decay times from TPL contains deviations due to misused mono-
or biexponential fitting, as well as TPV-decay times due to a discrepancy between
experimental practice and ideal small-signal approximation. Additionally, the ma-
thematical definitions of the small- and large-signal decay times differ if nonlinear
recombination mechanisms are present. Therefore results from large-signal TPL and
small-signal TPV analysis should differ per definition. Most importantly, the decay
times from both methods are functions of the charge-carrier concentration. Typical-
ly, the trend of these decay-time curves gives shorter decay-time values the higher
this carrier concentration gets. Furthermore, the decay time values measured on
complete solar cell devices are getting progressively longer the lower the charge-
carrier density becomes due to the capacitance discharging of the electrodes. Thus,
even the extracted decay-time values measured with one method on one sample can
vary by orders of magnitude depending on the injection level. Consequently, this
additional information is essential for comprehensively comparing decay-time values
from different methods or sample types from various publications. Hence, the corre-
sponding information on the injection level and the sample geometry must also be

stated for comparability of decay-time values.

8.4 Experimental Data

Finally, I want to apply and transfer our findings to experimental data and show

that a consistent multi-method quantitative data analysis from time-resolved photo-
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luminescence and transient photovoltage is possible. For this purpose, it is essential
to compare data at equal charge-carrier density or quasi-Fermi level splitting and to
identify whether the decay in a particular range is consistent with radiative or some
type of SRH recombination or rather dominated by capacitive effects. I performed
TPL and TPV measurements on the same solution-processed perovskite solar cell
using the setup illustrated in Figure 3.2. Note that I have already discussed the
results from TPL measurements of this particular solution-processed MAPI solar
cell and its layer stacks in many details in the last chapter 7.6. Here, I focus on
comparing the large-signal TPL and small-signal TPV decay times.

Figure 8.6 shows these small-signal decay times represented by the blue star
symbols as a function of the external open-circuit voltage Vo, which are extracted by
fitting the TPV transients recorded at different bias-light intensities. Figure 3.5a and
(b) have already shown the respective transient photovoltage decays. Additionally,
red spheres present the large-signal decay times TI"EE‘L,HLI versus the quasi-Fermi-
level splitting AEr = ¢V, derived from TPL by using Equation 8.8. The TPL data
set results from stitching several measurements recorded with a gated-CCD came-
ra, starting at different delay times after the laser pulse and using different gains
and integration times as described in section 3.4.1. Note that the part of the TPL
decay-time curve below 1.1eV is part of the data that corresponds to the PL decay
approaching the noise level at long delay times. Here, the decay times look particu-
larly noisy. This poor data quality is because the procedure of taking the derivative
of the raw data amplifies the already pronounced noise even further. Therefore, this
part of decay-time data should not be considered to be overly trustworthy. However,
this approach of merging several TPL data sets enables a very high dynamic range
that is necessary to get data sets from TPL and TPV that partially overlap. Ty-
pically TPV measurements are conducted at relatively low bias-light illuminations
that often do not exceed several suns. The opposite applies to the TPL condition.
Here, small laser-pulse fluences in TPL experiments are more difficult to implement
due to the reduced signal quality and require longer integration times. Therefore
both methods are typically conducted at very different injection levels, which is one
reason for the high deviations between the values illustrated in the meta-analysis
from literature in Figure 8.1. Suppose only one decay time constant is reported. In

that case, the result strongly depends on the laser fluence and excitation density at
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Abbildung 8.6: Experimental data of the decay time derived from large-signal TPL measure-

ments of a perovskite solar cell and small-signal TPV measurements at different bias illumination

intensities. Furthermore, solutions resulting from the analytical description of the large- TCLG%HLI

and small-signal decay times TcSeSHHLI are also plotted. These calculations are conducted, using
kraqa = 1.5x1071%cm?®s~! and TsegH = 1.7 s as recombination coefficients, an absorber thickness
of 280nm, an electrode capacitance of Carea = 10nF/ cm? and an intrinsic charge-carrier concen-
tration of n; = 8.05 x 10*cm 3.

which the solar cell is evaluated, with decay times varying from tens of nanoseconds
to tens of microseconds.

If T now compare the resulting small- and large-signal decay times for the
perovskite solar cell, I can see that the data sets overlap and complement each other.
In addition, both experimentally determined decay-times curves show the anticipa-
ted course, consisting of three regions in accordance with the analytical solutions
that were derived in the last section 8.2.1 are illustrated in Figure 8.4. Figure 8.6 also
shows the respective adjusted solutions to the analytical Equations as guide-to-the

eye.

8.5 Sentaurus TCAD Simulations

With Figure 8.7, I confirm that the trend of the analytical relation can also be

obtained in numerical simulations of a solar cell using Sentaurus TCAD. Transient
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device simulations were conducted for the TPL situation, using a laser fluence of
10nJ /em? and TPV condition at different bias illumination intensities ranging from
0.01-1000 suns. In Figure 8.7a a comparison of the resulting small- and the large-
signal decay times as a function of the internal (TPL) or external (TPV) Fermi-
level splitting is illustrated for varying SRH-bulk lifetimes (100ns—20ps). In this
example, the interfaces between the perovskite absorber and the charge-extracting
layers are nearly ideal. Accordingly, the surface-recombination velocity (S) is low
and no or small band offsets are used in the simulation, just as in Figure 8.2. The
fundamental difference between the small- and large-signal decay time at high Fermi-
level splittings is also visible here, which leads to the small-signal decay times being
smaller by a factor of two. Contrary to the analytical results presented in Figure
8.3, the small- and the large-signal decay times are also not the same at lower
Fermi-level-splitting, where SRH-bulk recombination or the electrode capacitance

dominate. One reason for this behavior is that the concentration of electrons and
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Abbildung B.7: Decay times vs. Fermi-level splitting or open-circuit voltage resulting from nu-
merical simulations of TPL and TPV on a solar cell stack, using Sentaurus TCAD for various
SRH-bulk lifetimes. The simulated solar cell devices have slow interface-recombination velocities
(5 =0.01cm/s) at both absorber-transport layer interfaces. At the same time, the SRH-bulk life-
time is varied from ~ 100ns (yellow) to 20us (green). The lines represent the large-signal decay
time derived by taking the derivate of the PL at each time. The data points belong to the simula-
tion of transient photovoltage for different bias-light intensities and result from the analysis of the
small-perturbation voltage decay.
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holes is not exactly the same. Besides, n and p are also spatially dependent. Therefore
the solar cell is no longer exactly in high-level injection (n = p), which is a necessary

simplification to get the analytical solutions illustrated in Figure 8.3.

8.6 Discussion and Outlook

For most state-of-the-art publications on halide-perovskite solar cells, quantifying
recombination is a near-mandatory exercise. Often, transient methods are used to
show how the voltage, charge-carrier density, or luminescence decay after a laser pul-
se. However, the measured reported decay times may vary by orders of magnitude
from method to method. In particular, methods based on electrical detection, such
as TPV or open-circuit voltage decay, often result in much longer time constants as
compared to purely optical methods measured on thin films from the same material,
as shown in Figure 8.1. This variance calls into question the physical meaning of
these measured decay times. In this chapter, I demonstrated that this large method-
specific variation in time constants is mainly caused by a substantial dependence of
the decay time on the actual charge-carrier density in the absorber or the voltage
at the terminals of the device. Thus, measured decay times without reference to the
actual carrier concentration or bias voltage under which these values are obtained
are essentially worthless. In a complete solar cell, essentially arbitrarily large ’lifeti-
mes’ can be measured with an electrical technique like TPV if the bias condition is
sufficiently low and the cell is not shunted. It is true even if the actual SRH recom-
bination lifetime is fairly low. Moreover, I clarified that methodological differences
between both methods, e.g., due to the type of perturbation or mode of detection,

exist but cause only minor deviations.
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Small-Signal Transients

In the previous chapters 7 and 8, I studied the time-dependent behavior of charge
carriers in perovskite solar cells, including radiative and non-radiative recombina-
tion, as well as charging and discharging the electrode capacitance of the device
via re-injection into the absorber layer and subsequent recombination. Besides using
complex, transient drift-diffusion simulations with Sentaurus TCAD, I introduced
a simplified analytical model based on a flat Fermi-level approximation to describe
and explain the transient characteristic of a well-behaved perovskite solar cell. This
approach neglects any spatial dependences of the charge-carrier density in the solar
cell and assumes that the inside of the solar cell and the electrical contacts at the
outside are perfectly coupled, implying that charge extraction is infinitely fast.

In this chapter, I extend this analytical model to a two-component model con-
sidering that charge extraction happens at a finite speed. This advanced approach
uses two coupled differential equations (DE). The two components of this DE sys-
tem represent the chemical potential of the charge carriers inside the PV-absorber
material and the electrical potential built-up by the charge carriers in the contact.
This model becomes linear and analytically solvable for the small-signal situation by
determining the eigenvalues of a 2 x 2 matriz. A comparison of these eigenvalues
with the measured rise and decay times during a transient photovoltage experiment
allows us to determine the rates of carrier recombination and extraction as a func-
tion of bias voltage. Furthermore, it establishes a simple link between their ratio and
the efficiency losses in the perovskite solar cell.

In a nutshell, I provide a new method to analyze transient photovoltage mea-

surements at different bias-light intensities by connecting the decay and rise times of
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the photovoltage. This advanced approach combines the simplicity and comprehensi-
bility of analytical equations with the multiplicity of physical phenomena that occur

during a transient experiment on a perovskite solar cell.

9.1 Introduction

A key requirement for improving the usefulness of transient techniques is to find
analysis methods that are simple enough to be used and still contain information
on the different physical mechanisms contributing to the result. In the case of most
transient techniques applied to perovskite solar cells, it is the combination of recom-
bination with charge transport and extraction that complicates the analysis. The
kinetics of the charge-carrier decay in response to a laser pulse in a typical time-
domain measurement contains a variety of different features that would have to be
numerically simulated in order to accurately extract information from the raw data,
as shown in section 7.6. As these transient device simulations can only be accomplis-
hed by few and often costly simulation programs and require time-consuming fitting
procedures, simplified analytical models can help to expand the basic understanding
of these transient methods. In the two previous chapters, simplified analytical mo-
dels helped to understand transient PL signals on different types of samples stacks
and to create a coherent picture of TPL and TPV.

So far, however, these analytical descriptions do not capture the extraction be-
havior of charge carriers from the perovskite absorber to the electrode, which delays
the increase of the external voltage Voxt at early times after the laser-pulse excita-
tion. Figure 9.1 gives an overview of this effect. The panels 9.1a-c show an example
of simulated band diagrams at different times during a small-signal experiment, in-
dicating that the internal and external voltage or quasi-Fermi level splitting need
some time to adjust. Figure 9.1d summarizes this displacement between the internal
and external state by showing the respective response of the external voltage Vot
(blue) and internal voltage Vine (red) to the small laser excitation as a function of
time. The internal voltage change occurs directly within the laser-pulse duration and
decays from there on. However, in this example, the external voltage needs around

300ns to rise and reach its peak. During this transfer time, which charge carriers
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Abbildung 9.1: (a)-(c) Simulated band diagrams of a perovskite solar cell during small-
perturbation measurement conditions at a bias level of 1.21V. Figure9.1(d) illustrates the re-

spective rise of the external voltage Vext and the fall of the internal voltage Vin¢ indicated in red.
In addition, Figure 9.1e shows the differential decay time calculated from the slope of the internal
and external decay via Tay,,, = —dt/dIn(AVey) using equation 8.10 from section 8.3.

need to go from the absorber layer to the external electrical contacts, some charge

carriers have already recombined. Thus, even if the perovskite solar cell is held at

open circuit during a small-signal transient experiment, the internal Fermi level can

have substantial gradients. For a detailed discussion of the band diagrams, I refer

to sections 7.4 and 8.2.
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9.2 Experimental Data

In Figure 9.1, we noted that the external voltage takes hundreds of nanoseconds to
approach the internal voltage. In the following, I will show that this observation is
consistent with experimental data on MAPI solar cells. Figures 9.2 and 9.3 show ex-
emplary experimental data from small-signal transient photoluminescence and tran-
sient photovoltage measurements, being recorded at one integrated setup illustrated
in Figure 3.2. The internal voltage Vip results from small-signal TPL measurements
and the corresponding external voltage decays Vext from TPV at different bias-light
intensities. For TPL, the detection is done with a gated-CCD camera, while TPV
uses an oscilloscope. Figure 9.2a and (b) show the resulting transient decays of both
methods. Small-signal TPL measurements conducted with a background-bias light
have so far not been shown in the literature on halide perovskite solar cells. For this
experiment, I used the PL intensity of the bias photoluminescence to calibrate the
voltage axis of the internal voltage via Viug (£) = Voc pias + knTIn Gpr, (£) /6pL bias -
In addition, I assumed that the internal and external voltage are equal in the steady
state. For low bias-light levels, the bias PL intensity becomes too low to be identi-
fied in the detected intensity spectrum and gets lost in the background-noise signal.
In contrast, high bias levels run the risk of overexposing the gated-CCD camera.
Thus, there is only a limited and small range where I can measure the internal state
in the perovskite via small-signal TPL with my experimental setup. Figure 9.2c-j
depicts the internal- and external-voltage curves at these four accessible bias levels.
The graphs on the left-hand side show the internal and external voltage curves on
a logarithmic time scale, whereas the results on the right-hand side are plotted on
a linear time axis. This data set belongs to a solution-processed MAPI solar cell,
similar to the devices described in section 4. In this example, the external voltage
needs several hundred nanoseconds to build up and reach its maximum voltage. In
addition, this rise time shifts to longer times for lower excitation. Note that also
the decays of the internal and external voltage do not necessarily need to overlap,
as the additional example of Figure 9.3a shows. In conclusion, these experimental
results demonstrate that the exchange of the charge carriers in real-life perovskite
solar cells happens with a finite speed. Thus, it is likely slow enough to interfere

with the classical lifetime analysis of the TPV data.
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Abbildung 9.2: Experimental data of (a) large- and small-signal transient PL measurements and
(b) transient photovoltage decays at different bias-light intensities, measured on a MAPI solar cell.
(¢)-(j) Experimental data of the internal voltage Viy resulting for small-signal TPL measurements
and the decays of external voltage Vet from TPV at different bias-light intensities, measured on
a MAPI solar cell. The panels on the left show the data on a logarithmic times scale, whereas the

panels on the right have a linear times scale.
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linear times scale.

Furthermore, it becomes apparent that the internal excess voltage AViy can be se-
veral times larger than the external excess voltage AVeyt. This mismatch should be

considered when choosing the laser-pulse excitation fluence in the TPV measure-

ment.
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9.3 Introduction to the Two-Component Model

Next, I introduce an extended two-component model that explicitly accounts for

recombination but also for the extraction of charge carriers and, thus, for the diffe-
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rences between external voltage and internal quasi-Fermi level splitting. Therefore,
this model can be used to simulate and study the rise of the externally measured
photovoltage following a photoexcitation pulse and not only its decay.

The simplest conceivable model that can mathematically describe the beha-
viour of such a system with two simultaneous relaxations of opposite signs requires
at least two coupled first-order differential equations in time with time-independent
coefficients. For the transient photovoltage measurement, it is plausible that the two
variables in these differential equations should be (i) the concentration of photoge-
nerated charge carriers n inside the absorber of the solar cell and (ii) the externally
measured photovoltage Voxt. Thus, the first differential equation describes the kine-
tics of the charge-carrier density n inside the absorber, whereas the other one the
change in the external voltage Vixt with time. While the concentration of charge
carriers in the absorber is created almost instantaneously by the laser pulse, it takes
some time for the charge carriers to be transported to the electrodes and there-
by allow the external voltage to reach its maximum value. Thus, the photovoltage
interacts with the charge-carrier concentration but must also be considered as an
additional free variable in the DE system.

First, we take a look at the differential equation, describing the change of
charge-carrier concentration n in the absorber. This DE contains the usual terms
for recombination and generation G but additionally a term for the exchange current
Jexe flowing to or from the electrodes. If this exchange current Jey. is positive, it will
reduce the charge-carrier density in the absorber and increase the carrier density on
the electrodes. Alternatively, the electrodes inject charge carriers back into the ab-
sorber layer if the current is negative. For a perfectly symmetric system in high-level
injection, where n equals p and the external voltage drops to equal amounts over

the electron and hole contact, the first equation reads

d J
TSRH qd (9 1)
n Sexc qvext .
= —kaan” — —5— — n —mn; exp +G ,
SeRH d 2kpT

where the first two terms describe radiative and SRH recombination. G is a time-

independent photogeneration rate due to bias-light excitation. Moreover, the ex-
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change velocity Sexe is a prefactor of unit cm/s that defines how quickly electrons
can be extracted or injected through the electron-transport layer, or holes through
the hole-transport layer, and subsequently charge up the respective electrode. Thus,
the extraction of charge carriers from the absorber is linear in concentration n.
Here, the quantity Sexc acts as the proportionality constant, similar to a surface-
recombination velocity, with the only difference that the carriers do not recombine
but are extracted at the contact. The division of Sexc by the thickness d is necessary
since the differential equation deals with carrier densities per unit volume that are
assumed constant over a thickness d and are reduced or increased by an exchange
current Jexc. To satisfy the principle of detailed balance, [28] carrier extraction from
the absorber to the contact and carrier injection back into the absorber must be in-
terlinked. The way how the exchange current is represented in equation 9.1 follows
ref. [279] and is also compatible with an extended equivalent-circuit model for solar
cells. [280] Moreover, the ratio d/Sexc between the thickness d and the exchange
velocity Sexc defines a time constant for the increase and decrease of the carrier den-
sities caused by the exchange current flowing to or from the electrodes. Note that
equation 9.1 can also be rewritten as the change of the quasi-Fermi-level splitting
AEF or the internal voltage Viny = AFpr/q. Using the relation between the internal

voltage and the carrier density

(I‘/int (t)

n(t) =p(t) = niexp kT (9.2)
and given that
dVine  2kpT 9.3)
dn ~ gqn '
one can write
dVing 2kpT 2 N (Vint) Sexc qVext
== aan (Vi) — R Vi) — 1 G
& (V) et T T ) e g 7
(9.4)

This internal voltage Vi, does not represent a voltage in the electrostatic sense but
is used to relate the chemical potential of charge carriers within the device to the

true, externally measurable, electrostatic potential given by V.
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The exchange of electrons between the absorber and the electric contact de-
termines the change of the excess-charge density o per area on the n-type electrode,

according to

d—U: S n — n;jex aVext
dt qOexc i €Xp T

(9.5)

Equation 9.5 implies that every electron that is extracted from the absorber contri-
butes to the contact-charge density. Likewise, every electron that is re-injected from
the contact reduces the charge density. Therefore, charge density ¢ per area on the
electrodes will change according to the flux of electrons described by the third term
on the right-hand side of equation 9.1. Note that the division by the thickness d is
missing because this equation describes charge densities per unit area and not per
volume as in equation 9.1.

Eventually, we want to know how the external voltage Vox changes. Thereby,
any change in external voltage requires a change in charge density per area. These
quantities are link via the relation Vext = 0/Clarea, Where Cyrea denotes the total elec-
trical capacitance of the junction. In order to keep the model simple, I assume that
the contacts are completely symmetric. Due to this assumption, we have not only
the same Sext for both types of contacts but also the same capacitance. Likewise,
the voltages over the electron and the hole contact are both Vey/2. Thus, the time

derivative of the external voltage follows

dVext _ qSexc P — qvext
dt~ Coren XD opeT

(9.6)

Equations 9.1 and 9.6 form a system of two coupled non-linear differential equations
in time using the carrier concentration and the external photovoltage as variables.
Note that the term in the bracket in equation 9.6 can also be expressed as a function

of the internal voltage Vins. Thus, we can rewrite equation 9.6

AVexs _ qSexc e qVing qVext

dt Coen " P 2T TP oppT

(9.7)
Now the combination of equation 9.4 and 9.7 yields a more convenient system of

two coupled differential equations describing the kinetics of two potentials.

Accordingly, the exchange-current density as a function of external and internal
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voltage results in

q‘/int qvext

gl P QpeT

Joxe = @Sexcni  €xXp (9.8)
Furthermore, equation 9.8 shows that the exchange between absorber and electrodes
is a net flux of electrons towards the electrode if Viyy > Voyy. Otherwise, we have a
net flux towards the absorber once Vi < Vexs. As long as the exchange velocity Sexc
is fairly high, which corresponds to a high mobility or conductivity of the electron
and hole transport layers, the difference of Viy and Vexy will be small for a given
current. In contrast, for small values of Sex. the difference of Viyy and Veyy will be
rather large. If the system is in a steady-state open-circuit situation, Vipg = Voxt
holds because no current is flowing.

For a small-signal method, as is typically the case for transient photovoltage
measurements, it is possible to linearize the two-component model around a spe-
cific steady-state bias voltage Vjjias. Under this condition, the system of non-linear
differential equations becomes a system of two linear differential equations. Hereby,
linearization of equation 9.4 yields for the kinetics of small variations 0 Veyxt and §Vipg

of the external and internal voltage after the light pulse

d 2kgT 1 Sexc 2kBT Sexc qMbias

d
z (ﬂ/int +

= Vit = — 2k Mbins — —— — Vs
AT e AT T T Y (s d 2kpT
1 Sex Sex
= _2kradnbiaS_T_% 6‘/int+%5‘/ext .
TSRH
(9.9)

Here, npi,s denotes the charge-carrier concentration at the bias condition of the
small-signal measurement, i.e., the concentration just before the laser pulse. Given
that TPV is measured at open circuit, this carrier density follows 7ihjas = Phias =
n;exp (¢Vint/2ksT ) = niexp (¢Vext/2kgT ) within the logic of our model. For the

linearization of equation 9.7, I obtain

d @Sexe dn qSexc ¢
_ 5 xt — 5 4 _ ) 5V .
de Carea dVint e Carea QkBTnblaS ext 0.10)
= GSexc ¢ e SV — qSexc ¢ e SV
Carea 9 kBT bias? Vint Carea 9 k‘BT biasO Vext -
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In the next step, I summarize these linearized equations 9.9 and 9.10 into a

matrix equation

1 SSXC SeXC
i OVint o — 2Kraqbias + . +=3 d OVint (9.11)
= . ) s .
dt 5 Vext Se);lcgglas _ Se:;fgglas ) ‘/ext

with ng = 2CareakpT/ q2d . With the definition of the chemical capacitance of the
electrons in the perovskite absorber C), = Nbias@>d/(2kpT), [281] the ratio npjas/ nQ=
C,1/Carea just equals the ration between chemical and electrical capacitance. The
matrix system in equation 9.11 has analytical solutions implying that it combines
the simplicity of an analytical solution with the explicit consideration of a finite
rate of charge extraction. The solution of equation 9.11 in terms of eigenvectors and

eigenvalues is given by

0 Vin h h t
) =6V "exp — +oVy 2 exp — , (9.12)
O Vext 1 Tdecay —1 Trise

with the coefficients hi, hy and 6V = 6\/1?1t (h1+ ha), resulting from the initial con-
dition in the TPV experiment. At the starting point ¢ = 0 of a TPV experiment, the
light pulse generates a certain amount of charge carriers inside the absorber, but
the external voltage is still unaffected. Thus, in the initial situation the additional
external is Vet (£ = 0) = 0 and the internal voltage equals §Viy (t =0) = 5Vigt~ The
coefficient §V4 is a small prefactor with unit volts that must be small enough to
ensure that the linearization used to obtain equation 9.12 is justified.

From this, the corresponding solution for the additional external voltage rela-

tive to the bias voltage Vi gives

t

Vext (1) = Vext (t) — Vbias =0V exp — —exp — ) (9.13)
Tdecay Trise
where the rise and decay times are given by
-1
Trise =2 k1+ko+k3+ (k‘1+k'2+k3)274k1k‘3 (9.14)
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and
-1

Tocay =2 k1 +ho+hs— (k1 +ka+ks)® — 4k ks (9.15)

with the inverse time constants

1
k= off + 2KadMbias (916)
TSRH
Sex
ko = ZC (9.17)
and
kg = SexcMbias — ko Nbias . (918)
nqd nQ

The three inverse time constants k1, ko and k3 are identified easily as the entries of
the matrix in equation 9.11, where k; represents the actual inverse recombination
lifetime combining SRH and radiative recombination at the given working condition.
Furthermore, ko and k3 represent the exchange rates between the absorber and the
contacts. Here, the inverse time constant (kg) is the inverse RC-constant given by
the resistance of charge extraction via the charge-transfer layers multiplied by the
chemical capacitance of the perovskite layer. Moreover, (k3) is formed by the inverse
RC from the resistance of charge extraction multiplied by the electrode capacitance
of the solar cell.

Solving the matrix equation 9.11 also yields an expression for the additional

internal voltage relative to the bias voltage Vijas

Vint (t) = Vint (t) — Vojas = 6Vo  hiexp — +hgexp — (9.19)
Tdecay Trise
with the two additional prefactors
k1 + ko — kg — (k1+k‘2+]€3)274k‘1]€3
hy=— 9.20
1 " (9.20)
and
ki+ko—ks+ (k‘1+k2+l€3)2—4k1k33

ho = . (9.21)

2ks
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A comparison of the solution of the excess internal and external voltage in equation
9.13 and 9.19 illustrates that these equations only differ by the two prefactors hy
and ho stated in equation 9.20 and 9.21. Apart from that, they are built from the
same coefficients, but the solution of the additional internal voltage 6Vint(t) is much
more complicated. In the following, I will therefore mainly focus on the rise and fall
of the additional external voltage 0Vext(t). Unfortunately, the mathematical form of
equations 9.13-9.18 is too complicated to obtain direct intuitive access to the physics
of the TPV transient from the equations alone. Accordingly, I will show and discuss
some exemplary §Vox(t) curves and illustrate the effects in some detail in the next

section.

9.4 Results from the Analytical Two-Component
Model

In the last section, I introduced the basic ideas and the mathematical basis of a
two-component model, where the internal state in the solar cell absorber and a se-
cond external state at the outer electrodes are coupled via an exchange current.
The linearization of this model allowed us to derive an analytical expression for the
additional internal voltage dViy(t) and external voltage 0Vexy (). The latter corre-
sponds in this theory to a transient photovoltage signal. Examples of the respective
analytical solutions of the normalized excess voltages 0V (t)/0V are shown in the
upper two panels of Figure 9.4 and 9.5. With the help of these two Figures, I will
successively discuss the influence of two important parameters on the 6V (t)/6Vy
curves, namely the exchange velocity Sexc and the electrode capacitance per area
Carea-

Figures 9.4a and (b) visualize the analytical solutions of the matrix equation
for a variation of the exchange velocity Sex at two different bias levels of 1.1V and
1.25V. The normalized external voltage §Voxi/0Vy curves are plotted as solid lines.
The dotted lines belong to the corresponding normalized internal voltage decays
dVint /0Vp, being calculated via equation 9.19. For the calculation of these graphs, I
used three different exchange velocities Sexc, a high value of 10%cm/s (blue), a me-

dium value of 100cm/s (red) and a small one of Sexe = 10cm/s (grey). The exchange
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velocity Sexe depends on the properties of the charge-transport layers, such as the
mobility or electric-field distribution. Accordingly, the value of Sey. determines how
quickly electrons or holes are extracted or injected through the two transport layers.
The other additional parameters, being necessary to calculate the voltage curves,
are listed in the figure caption of Figure 9.4.

The first thing to recognize is that the analytical solution of the two-component
model reflects the basic trend of the internal and external voltage curves from the ex-
periment and simulation. The normalized internal excess voltage §Vint/dVp is highest
at the very beginning and continues to decrease over time until it reaches the initi-
al bias voltage. In contrast, the response of the normalized external excess voltage
0Vext /0 Vo to the small-signal excitation is delayed. It starts at the bias-voltage level,
increases slowly over time, reaches its maximum and only then begins to fall. Thus,
this model is able to replicate the rise and fall of the external voltage. Furthermore,
the variation of the exchange velocity Sex. shows that smaller exchange velocities
prolong the rise of the additional external voltage and shift the maximum of the
curves to longer times. This trend occurs at both shown bias levels. The associated
rise times Tyige, calculated via equation 9.14, are indicated next to the curves and
quantify the described trend. The decay of §Vex/0V0, on the other hand, is affected
differently by the variation of exchange velocity for the two bias levels. In panel 9.4a
at the lower injection level of 1.1V, a change in Sex. also affects the decay of the
curves, whereas at 1.25V in panel 9.4b all three decays of the normalized external
voltage 0Vexi/0Vp overlap. Note that the decay time Tgecay, as well as the rise time
Trise 18 injection-level dependent and therefore differs between Figure 9.4a and (b).
At the higher bias voltage, the respective rise time 745 is shorter and increases by an
order of magnitude when the exchange velocity decreases by an order of magnitude.
Thus, it follows a power law function. However, in Figure 9.4a, the rise time is not
antiproportional to the exchange velocity Sexc. To better understand the behaviour,
Figures 9.4(c) and (d) directly depict the rise time 7yjse and decay time 7Tgecay as a
function of the exchange velocity Sexc for the two different bias levels. Furthermore,
additional time constants related to the eigenvalues of the matrix and the inverse
coefficients 1/k1, 1/ke, and 1/ks from equations 9.16-9.18 are shown as guide-to-the
eye. In addition, thin vertical lines mark the parameter sets used for the three dif-

ferent examples in the top figures.
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9.4 Results from the Analytical Two-Component Model

The rise-time curve Tyige, shown as a thick, blue line, can be divided into two
sections. For low exchange velocities Seyc the rise time is constant, which is determi-

ned by the recombination lifetime, namely g = (1 / TE%H + Qhadn)_l (green, dashed
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Abbildung 9.4: (a) and (b) Analytical solutions of the normalized internal excess-voltage decay
Vint/6Vy (dotted line) and the respective normalized external voltage 6V, /dVy curve (solid line)
at two different bias voltage levels, calculated for three exemplary exchange velocities Seec, namely
103em/s (blue), 100em/s (red) and 10em/s (grey). The rise of the normalized external voltage is
prolonged for smaller exchange velocities. Additional parameters used for the calculations are a
SRH lifetime T§§H =1 ps, a radiative recombination coefficient kpag of 5 x 1011 cm? /s, an absorber-
layer thickness of 280nm, an intrinsic carrier concentration n; of 8.05 x 10% em—3 and a capacitance
per area Cyren = 20nF/cm?. Panel (a) is conducted at a bias-voltage level of 1.1V, whereas plot
(b) represents the analytical solution at a higher bias level of 1.25V. The panels on the bottom
side illustrate the development of the decay time Tdecay and rise time Tyise of the external voltage,
defined by equation 9.14 as a function of the exchange velocity Sexc. Furthermore, additional time
constants related to the eigenvalues of the matrix are depicted as a guide-to-the eye.
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9 Impact of Charge Extraction on Small-Signal Transients

line). If the exchange is fast compared to recombination, the rise time gets shorter
with increasing exchange velocity Sexc. At the lower injection level of 1.1V and high
exchange velocities, the rise time depends on the ratio of d/Sex (lilac, dashed line).
Thus, in this case, Tyise is dominated by the resistance of charge extraction through
the charge-transfer layers and the chemical capacitance of the perovskite layer, which
represent a RC-time constant. At high bias voltages, i.e., in this example 1.25V in
Figure 9.4d, the rise time 7s. follows the RC-time constant nqd/ (Sexcnbias), which
is formed by the resistance of charge extraction multiplied with the electrode capa-
citance of the solar cell. The thick, red line depicts the decay time Tqecay calculated
by using equation 9.15. This curve consists of two regions, too. In the regime where
charge transfer is fast in comparison to recombination, the decay time 7qecay of the
external voltage is constant and does not depend on Sex.. Depending on the bias
level the corresponding saturation value of Tgecay is set by the times constant of elec-
trode discharging ngHnQ /n, or at high bias levels by recombination via 7g. If the
exchange velocity is small, charge transfer also affects the decay time 7gecay of the
normalized external voltage §Vex;/6Vp, which follows nqd/ (Sexcnbias) (Purple, dot-
ted line). This discussion shows that depending on the injection level and parameter
set, different time constants determine both the rise and fall of the small-signal TPV
curve. Thus, generalization is dangerous and leads to misinterpretation of the data.

The next Figure illustrates the influence of the electrode capacitance per area
Carea On the analytical solutions of the two-component model. Therefore, Figure
9.5a and (b) show three exemplary curves of the normalized internal excess voltage
0Vint/0Vo (dotted line) and the respective external 6Vey/0Vp (solid line) for two
different bias levels. In addition, the lower two bottom panels (c) and (d) again plot
the time constants of the rise and decay, but this time as a function of capacitance
Clarea-

First of all, a higher capacitance slows down both the rise and fall of the nor-
malized internal and external voltage curves, reducing the height of the dVey/0Vy
peak. Its value also influences the shape of the curves. Moreover, we can again iden-
tify two distinct regions in the rise- and decay-time curves for both shown examples.
In one region, Tqecay and Tyise are constant, while they are following a power law and
increase for higher Cyrea in the other one. The decay time Tgecay does not depend on

Carea as long as the time constant of electrode discharging is small in comparison to
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9.4 Results from the Analytical Two-Component Model

the recombination lifetime (1 / 'rself{H —I—kadn)_l. In this regime, which almost disap-
pears in case of the lower bias voltage of 1.1V, Tgecay is limited by the green dashed

line. In the second regime, the decay time increases with higher electrode capaci-
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Abbildung 9.5: (a) and (b) Analytical solutions of the normalized internal excess-voltage decay
6Vint/6Vo (dotted line) and the respective normalized external excess-voltage curve of dVext/dVo
(solid line) at two different bias-voltage levels, calculated for three different values of the electrode
capacitance per area Carea. Similarly to Figure 9.4, the panels on the left side show the analytical
results at a bias voltage level of 1.1V, and the panels on the right side show the findings for a bias
level of 1.25V. The capacitance per area Cirey, is varied between 20nF/cm? (grey), 50nF/cm? (red)
and 100nF/em? (blue). Besides a constant exchange velocity of Sge. = 100cm/s, other simulation
parameters are similar to Figure 9.4. (c¢) and (d) Rise time ;5. and decay time Tgecay from equations
0.14 and 9.15 as a function of the electrode capacitance per area Carea for the two different bias
levels. Furthermore, additional time constants related to the eigenvalues of the matrix are shown
as guide-to-the eye.
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9 Impact of Charge Extraction on Small-Signal Transients

tance Carea and follows the yellow, dotted line of TSeanQ /Mbias- The rise time Tyige
is proportional to nqd/ (Sexcnbias) and therefore increases with higher capacitance
until this time constant gets larger than the RC-element formed by the resistance
of charge extraction and the chemical capacitance of the absorber layer. The RC-
limitation that sets the saturation value of the rise time is not universal and depends
on the relations of the respective time constants to each other. Note that not only
the choice of parameters, such as electrode capacitance Cyrea, €xchange velocity Sexc
or recombination coefficients k.4 and TsegH, influence the resulting values for the rise
and decay time, but also the bias-voltage level.

Thus, it has been common practice, particularly in organic photovoltaics, to
plot TPV-derived decay time as a function of either carrier density or open-circuit
voltage. [243,282,283] Figure 9.6 shows the rise time 75 and decay time Tqecay as
a function of the bias open-circuit voltage Vic. The three figure panels (a)-(c) show
the scenario for different values of the exchange velocity Sexc, namely 1000cm/s,
100cm/s and 10cm/s. A comparison shows that the basic course of the decay-time
and rise-time curves is the same for all three exchange velocities Sexc. The decay
time Tqecay, displayed as a thick, red line, decreases by orders of magnitude for
higher bias voltages and can be divided into three regions. It thereby follows the
s-shaped course, reminiscent of the differential lifetime curve from the analytical
model equation 7.5 in section 7.4. The rise time 7yige (blue line) is always shorter
than the decay time. Its curve, indicated by the thick, blue line, consists of two
regions. At low bias voltages, the Tise is constant while continuously decreasing at
high bias voltages. What changes significantly for the three different exchange velo-
cities is the position and distance of the curves from Tijse and Tqecay relative to each
other. Moreover, depending on the exchange velocity, different RC-constants domi-
nate the regimes and saturation values of the rise and decay time. For example, at
low open-circuit voltages the decay time Tgecay is dominated by capacitive dischar-
ging following ngHnQ /Mbias (vellow, dotted line) if the exchange velocity is high.
In contrast, if d/Sexc > Tr, which applies to the example of a very slow exchange
velocity of 10cm/s in Figure 9.6¢, the resistance of charge extraction slows down

the decay time. Then the decay time 7qecay at low injection levels follows the
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Abbildung 9.6: Analytical solutions of the decay time Tgecay (red) and rise time 7yjge (blue) as
a function of the open-circuit voltage Vi, resulting from the two-component model introduced
in section 9.3. In addition, the inverse coefficients 1/ky = d/Sexc and 1/ks = nqd/ (Sexclbias) are
plotted, as well as important time constant like TSCanQ /n, being related to the RC-time constant
of electrode discharging. The analytical results are calculated for three different exchange velocities,
namely Sexc of (a) 1000cm/s, (b) 100cm/s and (c) 10em/s. Furthermore, a SRH lifetime 758 =
1 s, a radiative recombination coefficient kyaq of 5 x 10711 cm?® /s, an absorber-layer thickness
of 280nm, an intrinsic carrier concentration n; of 8.05 x 10*cm™3 and a capacitance per area
Clarea = 20 nF/cm2 is used for the calculations.
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9 Impact of Charge Extraction on Small-Signal Transients

trend of the dark purple line, representing nqd/ (Sexcnbias). In the region of high
open-circuit voltages, Tqecay corresponds for all three examples to the recombina-
tion lifetime 7R, being indicated by the dark green line. Thus, only in this regime
information about the charge-carrier lifetime can be drawn from the decay times of
0Vext(t). A Taylor series expansion of equation 9.15 allowed me to mathematically
approximate the decay time 7qecay and simplify it to the point where the behavior
that is described above can be read directly from the formula. In this approximation,
the decay time results from the sum of the three time constants mentioned above,

namely

~

Tdecay ~

ki +ko+ ks . nQd i TRNQ
k1ks SexcMbias  Mbias

+TR , (9.22)

which corresponds to a series connection of the recombination lifetime and the two
RC-time constants from electrode discharging and charge transfer. As long as the
exchange velocity is relatively high Té’gH > d/Sexc , equation 9.22 can be simplified

even further, resulting in

; 1
TRIQ b= 14 ng nQ/Mbias +

= 9.23
Mbias Nbias riadnbias + 1/T§fRFH ( )

Tdecay ~
It thereby matches the expression in equation 8.6 of the small-signal decay time
TCSSI npr from the single-component analytical model derived in section 8.2.1.
Using a similar mathematical approach also allows me to derive an approxi-
mation for the rise time

-1

k1 + ko + k3 -~ 1 1 Sexc + SexcMbias . (9.24)

(ki + kot hs)?—kiky kithetks m d nod

o~
Trise ~

Basically, this rise-time approximation is a parallel connection of the recombina-
tion lifetime 7g, the RC-time constant d/Sexc given by the resistance of charge
transfer multiplied with the chemical capacitance of the perovskite, and finally
nQd/ (SexcNbias) being the RC-time constant of charge- transfer resistance and elec-
trode capacitance. This parallel connection means that the inverse of the rise time
1/Tise is formed by the sum of these three reciprocal time constants.

With the help of this mathematical simplification, also the course of Tz as

a function of Vi, shown in Figure 9.6a-c, is easier to understand. In the regime
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9.4 Results from the Analytical Two-Component Model

of high open-circuit voltages, which is equivalent to high charge-carrier densities
Thias, the charge-carrier dependent time constant nqd/ (Sexcnbias) of equation 9.24
dominates. Thus, Tyise vs. Vo follows the dotted, dark purple line and the rise ti-
me decreases with higher open-circuit voltages. At low open-circuit voltages, the
time constant d/Sexc and the linear, non-radiative component of the recombination
lifetime 7 set the saturation value of the rise time. In this regime, the rise time
follows 1/ ngH—Q—SeXC/ d 71, being illustrated as dashed, green line. Furthermore,
looking at the rise time for the case of relatively high exchange velocities presented
in Figure 9.6a and (b), indicates that the saturation value of Tyige then only depends
on d/Sexc. Thus, as long as the condition 7 > d/Sexc holds, equation 9.24 can be

simplified even further, resulting in

d
Sexc 1+ nbias/nQ

Trise & (9.25)

So far, I discussed analytical solutions of 7yjse and Tgecay as a function of Vo, for
the scenario of constant, voltage-independent exchange velocities Sexc, being presen-
ted in Figure9.6. The assumption that the quantity of Sex. is voltage-independent
is not a very realistic scenario for my solar cell stacks. In perovskite solar cells with
undoped charge-transport layers, the exchange velocity Sex represents field-driven
transport through the ETL and HTL that is highly voltage-dependent. To make
the two-component model more applicable to the case of our MAPI solar cell, I
insert a bias-voltage dependent exchange velocity to calculate the rise and decay
times via equation 9.14 and 9.15. Figure9.7 shows the results of this study for the
three different scenarios of a high, a medium, or a low voltage-dependent exchange
velocity. While there are analytical approximations for Sexc, those are valid close
to short circuit and inaccurate close to the open-circuit condition. Therefore the-
se bias-depended exchange velocities Sexc results from numerical Sentaurus TCAD
simulation of three perovskite solar cells conducted with different charge-carrier
mobilities of the electron- and hole-transport layer. In this approach, the exchange
velocities Sexe 18 determined using an alternative description of a current-voltage

characteristic
qVext qVint

UpT P oppT

J=Joxec €xp <9'26)
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Abbildung 9.7: Decay time Tdecay (red) and rise time Trise (blue) as a function of the open-cireuit
voltage Voe, resulting from the small-signal solution of the matrix equation introduced in section
9.3. Each figure panel is calculated using a different, voltage-dependent exchange velocity Sexe
of (a) 1000em/s, (b) 100em/s and (c) 10cm/s. These voltage-dependent exchange velocities Sexc
account for the field-driven charge transport through the ETL or HTL, which typically appears in
inverted, planar MAPI solar cells. Respective exchange velocities come from Sentaurus simulations
conducted with different charge-carrier mobilities of the transport layers. The same values were
used for the other parameters as in the previous calculations. Just like in Figure 9.6, the inverse
coefficients 1/ks = d/Sexc and 1/ks = nqd/ (Sexcnbias), as well as other important time constant,
are plotted as guide-to-the eye.
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9.4 Results from the Analytical Two-Component Model

relating the current density J of the solar cell to the efficiency of extraction. Note
that the exchange current Jex. depends on the exchange velocity and is defined by
Jexe = @Sexcni- Equation 9.26 states by how much the chemical potential of electron-
hole pairs inside the solar cell has to exceed the external voltage in order to drive
a current through the external circuit. Converting equation 9.26 yields a voltage-

dependent expression for the exchange velocity

qVext qVint

UpT P T

Sexc =4J/ qni exp (9.27)
The values for current-density .J, the external voltage Veyt and the corresponding
internal voltage Viy are extracted from Sentaurus simulation of the steady state
current-voltage characteristic of a MAPI solar cell and their corresponding band
diagrams at each bias point. Figure 9.8a shows these resulting exchange velocities
Sexc as a function of bias open-circuit voltage Vi, plotted as solid lines, for diffe-
rent mobilities between 10™*cm?/(Vs) and 10~ em?/(Vs). Note that the exchange
velocity varies strongly with voltage and increases over orders of magnitude towards
small voltages.

Accordingly, this strong voltage-dependence of Sex. also affects the decay and rise
times since the course of d/Sex. (lilac, dashed line) and nqgd/ (Sexchbias) (Purple,
dotted line) change. In comparison to Figure 9.6, d/Sexc in Figure 9.7 is no longer
a horizontal line but increases for higher open-circuit voltages. Therefore, the rise
time Tyige 1S NOt constant in the regime at low open-circuit voltages, where the first

two terms of

Trice A i + Sexc (Voc) 4 Sexc (Voc)nbias (9.28)
R d nQd

dominate. For high exchange velocities, the last term of equation 9.28 dominates the
rise time at high open-circuit voltages. It is illustrated in Figure 9.7a and (b). Since
the slope of the RC-time constant from charge transfer nqd/ (Sexcnibias) flattens out
due to the voltage dependency, the rise time decreases only slightly with higher
Voe’s, too. The decay time

nod TRN
Tdecay ~ 5 Q + Q + TR (929)

exc (Voc)nbias Npias
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9 Impact of Charge Extraction on Small-Signal Transients

is not affected by the exchange velocity Sexy and its voltage-dependency, as long as
the exchange velocity is relatively high (7 > d/Sexc). This situation applies in Figu-
re 9.7a and (b), whereas in case of panel (c¢) a low exchange velocity causes that the
decay time Tqecay is only dominated by nqd/ (Sexciibias) (purple, dotted line). Con-
trary to expectations, the decay time 7gecay Of the external voltage does not provide
then any information about the charge-carrier lifetime in the solar cell. Interestingly,

in that situation, the rise time is mostly dominated by the recombination lifetime

TR-

9.5 Application to Experimental TPV Data

Next, I will use the insides from this analytical two-component model to analyze and
understand experimental TPV data of a MAPI solar cell. Figure 9.8b shows the rise
time Tyise and the decay time Tgecay Of the experiment as blue and red spheres. These
data points are extracted from the additional external voltage at nine different bias
voltages by using equation 9.13 as a fitting function. The rise time changes only
slightly in the evaluated voltage range between 0.9 — 1.3V and is around 100ns.
The experimental decay time 7Tqecay shows three regions and decreases by orders
of magnitude for higher open-circuit voltages. Considering the distance and shape
of these two curves, I conclude that the recombination lifetime 7y is larger than
d/Sexc. Thus, these experimental rise and decay time curves resemble the analytical
case for medium-high, voltage-dependent exchange velocities, as depicted in Figure
9.7b. Building on that, I adapted the analytical solution of the rise and decay times
from the two-component model to this experimental data set in order to quantify
recombination and the exchange properties of this MAPI solar cell. The additional
red and blue lines in Figure 9.8b correspond to the calculated rise and decay time
solution that fits best to the experiment. In addition, the related, characteristic ti-
me constants TR, d/Sexc, nQd/ (SexcTbias) and TSeanQ /Mbias are shown as dotted or
dashed lines. Here, the best-suited fitting parameters are a non-radiative recombina-
tion lifetime ngH of 2 s, a radiative recombination coefficient kyaq of x10719cm3 /s
and a capacitance per area Cyren = 15nF /cm?. The absorber-layer thickness is set

to 280nm and the intrinsic carrier concentration n; to 8.05 x 10*em =2 for the calcu-
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data of the decay time Tqecay (red symbols) and rise time Tyse (blue symbols) as a function of the
open-circuit voltage Voc. In addition, the analytical two-component model is fitted to experimental

data. The lines represent these fits. (c) Figure of merit (FOM) and (e) measured and reconstructed
current-voltage characteristic of the MAPI solar cell.

lation. Furthermore, I extracted the exchange velocity Sex. from the experimental

rise time using the approximation

1 1 d N d
Trise TR 1+ nbias/nQ Trise 1+ nbias/nQ

(9.30)

SEXC ~

The resulting exchange velocity as a function of bias V. takes values between

10—200cm/s and is depicted in Figure 9.8a by the lilac, circular symbols. The cor-
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9 Impact of Charge Extraction on Small-Signal Transients

responding values of d/Sex. are plotted in Figure 9.8b also as lilac, circular symbols.
They dominate the rise time at low open-circuit voltages. Eliminating the capacitive
component from the decay time allows us to extract an approximated recombination

lifetime, resulting in
Tdecay

=— 9.31
1+”Q/nbias ( )

TR

Note, with 7 from equation 9.31 and absorber thickness divided by the exchange
velocity, namely
d/Sexc A Trise 1+ nbias/nQ , (932)

I derived a time constant for charge-carrier recombination and another for charge
extraction. These time constants quantify the two important mechanisms of recom-
bination and charge extraction in a solar cell. As a result of this, the ratio of these
time constants indicates how fast the extraction is relative to recombination. Thus,

this ratio suits as a figure of merit (FOM), which is defined by

FOM, = SexcTR _ Tdecay  TQMbias (9 33)
d Trise NQ + Nbias

As long as this figure of merit FOM; is larger than 1, charge extraction is faster
than recombination. For FOM; < 1, the extraction is slower. Figure 9.8c displays
this figure of merit for experimental TPV data of a perovskite solar cell.

Based on the rationale derived in ref. [284], it is possible to use the ratio
of these two time constants 7R and d/Sexc to estimate the effect of slow charge
extraction on the current-voltage curve and thereby the performance of a solar cell.
The steady-state equivalent of my two-component model allows us to calculate the

current-voltage curve via

! 0y et g (9.34)

—wR—-G)=qd —
J=q (R G) 4 ]-er/SechR TReXp 2kgT ’

describing how much the current density changes at a given voltage when the ex-
traction is slow relative to recombination. [284] If TR Sexc > d, charge extraction is
efficient, and equation 9.34 predicts that the JV-curve only depends on recombi-
nation and generation but not on the efficiency of charge extraction. If, however

TRSexc & d the current density is reduced by about 50%. Thus, a low value of Sexc
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9.5 Application to Experimental TPV Data

will reduce the short-circuit current density Jie by the factor (1+d/ (Sexemr)) . A
voltage dependence of this factor can then also reduce the fill factor. In contrast, as
open circuit is not affected by charge extraction, the open-circuit voltage remains

independent of Sey.. Thus, this correction factor

1 1
FOM, = A ( - (9.35)
SexcTR rise \"'Q +bias
Sexeh 1 + Tz;ecay nQMNbias

can serve as a second figure of merit. When charge extraction becomes slow compared
to recombination, this factor will be less than one. Figure 9.8c for the experimental
TPV data shows this second figure of merit. Both FOMs are relatively constant
between 0.9 and 1.1V, where FOM; ~ 10, implying that extraction is significantly
faster than recombination. Towards higher voltages, F'O M; significantly reduces and
quickly falls below unity. As can be seen in Figure 9.8b, this drop is mostly due to
d/Sexc getting significantly longer towards higher voltages. I assume this is because
at voltages above 1.2V, no significant electric field is likely left in the transport
layers. Potentially, there are even extraction barriers implying that electrons and
holes would have to diffuse against the electric field to get extracted.

Figure 9.8e illustrates the impact of the FOMs on the current-voltage curve.
The solid, black line shows the experimentally measured current-voltage curve of
the MAPI solar cell, whose TPV data is shown in Figure 9.8b. The yellow circles
show the JV-curve according to equation 9.34, but assuming that extraction is
ideal and the exchange velocity is infinitely high, i.e., Sexc — 00. The blue spheres
show the reconstruction of the current-voltage curve according to equation 9.34
combined with FOM, according to Figure 9.8b. Apparently, the actual JV-curve
suffers from additional losses, as a comparison of the black and blue curve shows.
I assume that these additional losses are ohmic series resistance losses, e.g., due to
lateral transport in the transparent conductive oxide. As ohmic losses due to lateral
transport would not be included in Seyc, it is plausible that the blue spheres do
not reproduce the JV-curve. For this reason, I added an ohmic series resistance
R of 4Qcm? to the reconstructed curve and obtain the open, blue circles, which
approximate the experimental JV -curve well. Thus, we conclude that the FOMs are

consistent with the JV-curve but would require additional information to predict
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9 Impact of Charge Extraction on Small-Signal Transients

the JV-curve. In addition, extraction losses are mostly affecting the Js. and to
a lesser degree the F'F, due to the rather low voltage dependence of Sex. up to
the maximum-power point. This little dependence also implies that the fill factor
F'F is, in this example, most likely more affected by ohmic series resistances than
by the non-ohmic charge transport through ETL and HTL. This observation is
consistent with other experimental findings on charge extraction, such as the weak
voltage-dependence of steady-state photoluminescence between short circuit and the

maximum-power point in perovskite solar cells. [285,286]

9.6 Conclusion and Outlook

The extraction of photogenerated charge carriers and the generation of a photo-
voltage belong to the fundamental functionalities of any solar cell. These processes
happen not instantaneously but rather come with finite time constants, e.g., a time
constant related to the rise of the externally measured open-circuit voltage follo-
wing a short light pulse. In this chapter, I introduced a new method to analyze
transient photovoltage measurements at different bias-light intensities. The results
provide significant progress relative to previous approaches for analyzing transient
photovoltage data because it explicitly includes the rise time as a source of informa-
tion, too. Furthermore, I provided a comprehensible analytical solution that can be
conveniently compared with experimental data. Besides, the two-component model
introduced here is generic for the rise and the decay of the photovoltage in any solar

cell.
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10 Conclusion and QOutlook

Halide perovskite materials possess remarkable properties that position them as
potential candidates for commercialization in various applications, including pho-
tovoltaics, optoelectronics, X-ray detectors, and neuromorphic computing. The key
distinguishing features of these materials are their solution processability, room-
temperature crystal formation, and extremely high luminescence yields. Contrary
to the saying by Wolfgang Pauli that “god made the bulk; the surface was invented
by the devil”, lead-halide perovskites exhibit excellent electronic surface quality, in-
dicating low surface and interface recombination velocities. These peculiar properties
of halide perovskites have significant consequences for their spectroscopic characte-
rization, necessitating the development of new models and systematic approaches.
The fast rise of the perovskite research community has led to a huge number of pu-
blications. However, the development in characterization techniques of films, layer
stacks, and solar cell devices has not kept pace. This thesis addressed this gap by
investigating the consequences of the peculiar properties of halide perovskites and
proposing a series of innovations in the analysis of characterization data.

One significant consequence of the high luminescence quantum efficiency and
the electronically benign surfaces and interfaces is the achievement of extremely
high open-circuit voltages, approaching their respective limitations as given by the
Shockley-Queisser model. [17] Consequently, it becomes necessary to develop me-
thods to accurately quantify losses relative to these limits and establish appropriate
reference points. Chapter 6 addressed this issue and proposed a standardized frame-
work for reporting the V. limit and voltage loss in perovskite solar cells, enabling
meaningful comparison and rating among various perovskite compositions. The pro-
posed approach is an approximated version of the radiative limit that only requires
a single measurement of the external quantum efficiency of the solar cell for its cal-

culation.
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10 Conclusion and Outlook

The second consequence of high luminescence yield is that using luminescence
as a characterization tool has become extremely popular in this specific community.
However, the intrinsic nature of at least lead-halide perovskites leads to the uncom-
mon situation that the device is often in high-level injection during these lumine-
scence measurements, i.e., a situation where excess-carrier densities under illumina-
tion exceed dark majority-carrier densities. As a result, many transient phenomena
exhibit rates that are non-linear in charge-carrier density. This non-linear depen-
dency introduces complexities in the analysis of transient mechanisms like radiative
recombination, capacitive charging and discharging, as well as recombination via
defect levels that are not midgap. Thus, the analysis of transient photoluminescence
decays requires approaches that go beyond the confines of single or multiexponen-
tial fitting. Chapter 7 showed how to derive differential decay times as a function
of charge-carrier density and quasi-Fermi level splitting. Furthermore, I presented a
comprehensive analysis of TPL data across various sample structures, starting from
perovskite films and extending to multilayer systems with charge transfer between
different layers, ultimately encompassing complete devices, where capacitive char-
ging and discharging have an essential impact on the transients. Throughout the
chapter, I employed numerical simulations to effectively visualize and explain the
observed effects and carrier-densities dependent regimes.

Building upon the insights from Chapter 7, Chapter 8 took a step further by
developing analytical equations that serve as a good approximation to the differen-
tial decay times. This analytical approach enables data analysis without relying on
extensive numerical simulations. In addition, I showed how discrepancies between
electrical and optical measurements of ‘lifetimes’ originate from misinterpretations
of decay times as lifetimes. It is important to distinguish between the model pa-
rameter within the Shockley-Read-Hall model and the characteristic decay time of
any transient experiment. Thus, accurate nomenclature is highlighted as a crucial
factor in distinguishing between observables and interpretations of observables that
result in model parameters. To avoid confusion and provide clarity in the literature,
the term ‘lifetime’ should be strictly reserved for the parameters of a model. The
key conceptual insights from comparing electrically and optically measured decay
times are (i) that not every decay time is representative of recombination, (ii) that

decay times change significantly with charge-carrier density, (iii) that decay times
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without specifying carrier density or voltage are difficult or impossible to interpret,
and that (iv) systematic differences between methods can be attributed to syste-
matic variations in measurement conditions. Considering these points, a consistent
interpretation of optical and electrical transients becomes possible.

In Chapter 9, I expanded the analytical approach to analyze not only recom-
bination but also the extraction of charge carriers. This extension requires a mathe-
matical description of the transients with a system of — at least two — differential
equations. One equation represents the chemical potential of the charge carriers
inside the PV-absorber material, whereas the other describes the electrical poten-
tial built-up by the charge carriers in the contact. Since these coupled differential
equations are non-linear, any analytical treatment of such a scenario is limited to
small-signal measurements, where linearization is possible. Therefore, a small-signal
transient-photovoltage experiment serves as a starting point in the two-component
model, revealing two time constants for every transient signal: A rise time and a
decay time. Both associated time constants can be easily distinguished as they re-
present effects with opposite signs. In contrast, small-signal transient photolumine-
scence exhibits two time constants per transient, but both cause the signal to decay,
which makes them much harder to distinguish. By expressing the linearized differen-
tial equations in the form of a 2 x 2 matrix, the negative inverse eigenvalues of the
matrix correspond to the two observed time constants in the transient small-signal
experiment. As the eigenvalues of a 2 x 2 matrix yield relatively simple analytical
equations, an analytical description of the rise and decay time becomes attainable.
Further simplification of the decay time using Taylor expansions recovers the ana-
lytical description previously derived in Chapter 8. The rise and decay time depend
on the combination of three physical effects, namely recombination, extraction and
capacitive charging and discharging. While the first two effects are highly relevant
for steady-state device operation of the solar cell, capacitive terms are, by definition,
only relevant when time-dependent changes in the external voltage occur. Therefore,
it is advisable to correct for the influence of the electrode capacitance, which allows
us to obtain quantitative values for a recombination- and extraction-time constant
as a function of voltage.

The work presented in this thesis offers various options for future expansion

of the models and methods. A recent important development is the recognition that
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10 Conclusion and Outlook

shallow defect levels significantly influence transient data of multi-cation perovski-
tes, offering an intriguing opportunity for further investigation. As shallow defects
are not explicitly considered in most of the work presented here, their inclusion in
the model would be a very promising strategy. The presence of shallow traps could
result in very different trends between steady-state and transient data, which would
offer the possibility of exploiting the differences to better estimate the parameters
of the defects. Furthermore, the analytical framework of the matrix model introdu-
ced in Chapter 9 could be extended to additional transient measurement methods,
such as transient photocurrent measurements, or to small-signal frequency domain
techniques like impedance or intensity-modulated photovoltage spectroscopy.

In summary, this Ph.D. thesis contributes to the understanding and characte-
rizing of perovskite solar cells by developing innovative analytical approaches and
models for data analysis. The work addresses the particular properties of halide
perovskites, explores their implications on different characterization techniques, and
offers insights into recombination, carrier extraction, and their interplay. These fin-
dings provide a solid foundation for future advancements in the field, e.g., by in-
corporating additional material characteristics or extending the proposed analytical

framework to diverse characterization methods.
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Abbildung A.1: (d) Energy-level diagram generated with UPS data. For the band gap of PTAA

we assumed ~ 3.2eV and ~ 2eV for PCBM. (e) Band diagram generated with the respective values
in SCAPS.
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Tabelle A.1: Open-circuit voltages Vo and the respective band gaps for various perovskite com-
positions published in literature. The band gap energy Eg is calculated via the inflection point
method. The data is used in Figure 4.2 in section 4.1.

Reference year Eép Ve
(V) (V)
Burschka et al. [215] 2013 1.652 1.000
Jeon et al. [99] 2014 1.606 1.110
Jeon et al. [216] 2015 1.593 1.114
Yang et al. [100] 2015 1.530 1.059
Saliba et al. [142] 2016 1.624 1.240
Yang et al. [76] 2017 1.548 1.105
Jeon et al. [217] 2018 1.552 1.127
Jung et al. [201] 2019 1.559 1.144
Jiang et al. [200] 2019 1.527 1.179
Turren-Cruz et al. [202] 2018 1.528 1.108
Abdi-Jalebi et al. [143] 2018 1.590 1.170
1.826 1.230
Yang et al. [203] 2019 1.616 1.230
Yoo et al. [213] 2019 1.576 1.186
Luo et al. [160] 2018 1.606 1.175
Gharibzadeh et al. [160] 2019 1.749 1.310
Cho et al. [287] 2018 1592 1.140
Al-Ashouri et al. [197] 2019 1.628 1.188
Bush et al. [288] 2018 1.676 1.170
Longo et al. [180] 2018 1.687 1.119
Pena-Camargo et al. [289] 2020 1.687 1.119
Chen et al. [290] 2020 1.703 1.250
Khadka et al. [291] 2018 1.706 1.240
Wang et al. [292] 2017 1.724 1.180
Yu et al. [293] 2017 1.728 1.250
McMeekin et al. [294] 2016 1.720 1.200
Zhou et al. [295] 2017 1.736  1.240
Zhou et al. [296] 2018 1.785 1.284
Zhang et al. [297] 2020 1.845 1.340
Liu et al. [298] 2020 1.725 1.353
this work [140] 2018 1.613 1.260
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Abbildung A.2: Refractive index n, and extinction coefficient s used in the Sentaurus TCAD
simulations in order to calculate the optical generation and the reflection at the back contact via
the transfer-matrix method. The ITO data was obtained from L. Slooff. [299] The other optical
data was measured in our group combining ellipsometry and UV /VIS, PDS and PL measurements.
The recombination layer, which were implemented to model the interface of the absorber and the
respective transport layer, the nk-data set of the respective transport layer was used. For the thin
metal tunnel layer the optical properties of ITO were used. In the ITO a quantum yield of 0 is
assumed due to free carrier absorption. A quantum yield of 0 is assumed for the PTAA and PCBM
layer as well due the fast geminate recombination of excitons in this layer.
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Abbildung A.3: Visualization of the impact of exemplary parameter variations in the numerical
simulations with Sentaurus TCAD to the quality of the fit result, using data from solution-processed
samples as a reference (symbols), being discussed in chapter 7 in section 7.6.
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Abbildung A.4: Parameter variations in the numerical simulations with Sentaurus TCAD for
fitting experimental TPL data from coevaporated samples (symbols).
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Abbildung A.5: Comparison of the simulated and measured current-voltage (JV')-characteristic
for (a) the solution-processed and (b) the coevaporated MAPI solar cell. For the TCAD simulation
of the current-voltage characteristic the parameters stated in Table A.8 and A.7 were used.
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Tabelle A.9: Assignment of the data points from literature in Figure 8.1. This data collection
from literature compares the decay time T%EL of the transient PL measured on perovskite films or
on pervoskite/transport layer stacks with the decay-time constant Tr%%v resulting from transient
photovoltage measurements on the respective solar cell device.

type bias intensity author TPL TPV
(suns) (9) (9)
film 1 Chen et al. [254]  0.241 3.1
0.289 14
film 1 Yang et al. [260]  0.27 0.27
1.3 0.58
film 1 Zhou et al. [262]  0.382 2.5
0.736 3
film 1 Du et al. [265] 0.45 1.374
0.74 1.398
film 0.5 Wang et al. [258]  0.052 0.157
0.114 0.285
film 0.5 Yao et al. [270] 8.37 3.81
11.98 5.79
film 0.3 Xue et al. [300] 0.136 4.66
0.136 5.84
film not stated Chen et al. [255] 1 2.1
1.732 3
film not stated Jiang et al. [200]  0.364 8.8
1.43 138.2
film not stated Tan et al. [257] 0.47 64
0.47 145
film not stated Wang et al. [259] 2.5 1650
2.5 2340
film not stated Zheng et al. [261] 0.903 0.56
film not stated Du et al. [264] 0.37 0.89
0.735 1.04
film not stated Tian et al. [266]  1.24x 1073 3.81
6.80x107* 7
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Tabelle A.9: Assignment of the data points from literature in Figure 8.1

film
film

film

film

quencher

quencher

quencher

quencher

quencher

not stated

not stated

not stated

not stated

0.5

0.3

0.01
not stated

Tan et al. [267]
Wang et al. [268]

Xiao et al. [269]

Yang et al. [203]

Wang et al. [186]

Li et al. [256]

Xue et al. [300]

Back et al. [263]
Tan et al. [257]

1.03
0.012
7.5%x1073
0.134
0.631
0.267
1.28
0.087
0.08
0.081
0.096
0.102
0.172
0.063
0.033
0.02
0.01
0.099
0.112

6.9
3.1
4.7
10
43
0.5
1.71
2.23
24
1.88
2.48
7.01
3.5

4.66
5.84
27.8
64
145
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B Abbreviations and Symbols

a absorption coefficient

B capture coefficient for electrons
Bp capture coefficient for holes

€0 dielectric constant of vacuum
€r relative dielectric permittivity
n energy-conversion efficiency

extinction coefficient

wavelength
m charge-carrier mobility
L electron mobility
Hp hole mobility
o electrical conductivity
T charge-carrier lifetime
Toff effective lifetime
Teff,LLI effective Shockley-Read-Hall lifetime in low-level injection
Tiono lifetime constant of a monoexponential decay
Torad non-radiative lifetime
Trad radiative lifetime
TSRH Shockley-Read-Hall bulk lifetime
TSRH,n Shockley-Read-Hall bulk lifetime of electrons
TSRH,p Shockley-Read-Hall bulk lifetime of holes
ngH effective SRH-lifetime
Ts surface lifetime
TTPL differential decay time from TPL
TTPL,HLI decay time from TPL in high-level injection
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B Abbreviations and Symbols

TTPL,LLI decay time from TPL in low-level injection
TR recombination lifetime

Dem emitted photon flux

Dexc excitation fluence

bbb black-body radiation

oPL spectral photoluminescence flux

OTPL transient photoluminescence flux

Psun solar spectrum

o) electrostatic potential

X electron affinity

p net space-carrier density

a absorptance

¢ speed of light in vacuum: 2.9979 x 108 ms~!
Coarea area-related capacitance

CAuger effective trap-assisted Auger recombination coefficient C, +Cp,
Ch Auger-recombination coefficient for electrons
Cp Auger-recombination coefficient for holes

d thickness

D(E) density of states

D diffusion constant

D, diffusion constant of electrons

Dy, diffusion constant of holes

én emission coefficient for electrons

ep emission coefficient for holes

E energy

I8 binding energy

Ec energy level of conduction band

Ey band gap energy

Er equilibrium-Fermi level

Ern quasi-Fermi level for electrons

Erp quasi-Fermi level for holes

AFEp quasi-Fermi level splitting
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E

Ey
Evac
Eo

f

F

FF
Gext
Gint

h
IpL(1)
Ip1, norm (1)
J
Jdark
Jo
Jrad
Jrec
Jnrad

J, rad
JIl

Nbias
Ny

no
Anjager

An

trap depth

energy level of valence band

vacuum energy

Urbach energy

electron-occupation function

electric field

fill factor

external generation rate

internal generation rate

Planck constant: 4.1357 x 1071%eV's
photoluminescence intensity over time
normalized photoluminescence intensity over time
current density

dark-current density

saturation-current density

radiative saturation-current density
recombination-current density
non-radiative recombination current
radiative recombination current
electron-current density

hole-current density

short-circuit current density

Boltzmann constant: 8.6173 x 1079eVK ™!
external radiative recombination coefficient
internal radiative recombination coefficient
radiative bimolecular recombination coefficient
electron concentration

intrinsic charge-carrier concentration
steady-state charge-carrier density
refractive index

equilibrium-electron concentration
laser-induced excess-charge carrier concentration

excess-electron concentration
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B Abbreviations and Symbols

Na acceptor-doping density
Np donor-doping density
N¢c effective density of states in the conduction band
N trap density
Ny effective density of states in the valence band
D hole concentration
Da probability of absorbing a photon parasitically
Pe photon-outcoupling probability
Pr reabsorption probability a photon
Po equilibrium-hole concentration
Ap excess-hole concentration
Prax maximum attainable power density of a solar cell
q elementary charge: 1.6022 x 1071 C
eEQE external-quantum efficiency
QY quantum efficiency
Q};‘m external LED quantum efficiency
Q%”m internal luminescence quantum efficiency
R total recombination rate
Rauger trap-assisted Auger recombination rate
Ryrad non-radiative recombination rate
Rrad radiative recombination rate
Rt external radiative recombination rate
R;I;fi internal radiative recombination rate
Rsru Shockley-Read-Hall recombination rate
Ry Shockley-Read-Hall recombination rate at the surface
Rint interface-recombination rate
S surface-recombination velocity
Sh surface-recombination velocity for electrons
Sp surface-recombination velocity for holes
t time
T temperature
% voltage
Vext external voltage
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ASA
APTMS
BCP
CB
CsBr
Csl

Ceo
CCD
CIGS
1,2-DCB
DMF
DMSO
EL

ETL
FAI
FOM
FTO
FTPS
HLI
HTL

IE

IR

ITO
JOSEPH

JV
LED
LLI

internal voltage
open-circuit voltage
radiative limit of the open-circuit voltage

position

Advanced Semiconductor Analysis
(3-aminopropyl)trimethoxysilane
bathocuproine

chlorobenzene

cesium bromide

cesium iodide

fullerene

charge-coupled device

copper indium gallium selenide
1,2-dichlorobenzene
dimethylformamide
dimethylsulfoxid
electroluminescence
electron-transport layer
formamidimium iodide

figure of merit

fluorine-doped tin oxide

Fourier transform photocurrent spectroscopy
high-level injection

hole-transport layer

ionisation energy

infrared

indium-tin oxide

cluster tool - Jilich online semiconductor growth experiment for
photovoltaics

current-density voltage
light-emitting diode

low-level injection
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B Abbreviations and Symbols

MAI
MAPI

MCP
MeO-2PACz
MPP
OCVD
PbCl,

Pbl,
Ph(CH3C00)s,
PCBM

PDS
PEDOT:PSS
PL

PLQY
PMT
PolyTPD
PTAA

PV

P3HT
QCM

QFLS

SEM

SAM

Spiro-OMeTAD

SQ
SRH
SSPL
TCO
TCSPC
TMM
TOPO
TPL

244

methylammonium iodide
methylammonium-lead iodide CH3NH3Pbl3

microchannel plate

([2-(3, 6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid)

maximum-power point

open-circuit voltage decay

lead chloride

lead iodide

dry lead acetate

[6,6]-phenyl-Cg1-butyric acid methyl ester
Photothermal deflection spectroscopy
poly(3,4-ethylenedioxythiophene)
photoluminescence

photoluminescence-quantum yield
photomultiplier tube
poly(N,N’-bis-4-butylphenyl-N,N’-bisphenyl)benzidine
poly[bis(4-phenyl)(2,4, 6-trimethylphenyl)amine]
photovoltaic

poly(3-hexylthiophene-2, 5-diyl)

quartz-crystal microbalances

quasi-Fermi level splitting

scanning electron microscopy

self-assembling monolayer molecule

2,27, 7"-tetrakis-(N,N-di-4-methoxyphenylamino)-9, 9'-
spirobifluorene

Shockley-Queisser model

non-radiative Shockley-Read-Hall recombination
steady-state photoluminescence

transparent conductive oxide

time-correlated single-photon counting
transfer-matrix method

n-trioctylphosphine oxide

time-resolved photoluminescence



TPV
UHV
Uuv
VBM
XPS
UPS

transient photovoltage

ultra-high vacuum

ultraviolet

valence-band maximum

X-ray photoelectron spectroscopy

ultraviolet photoelectron spectroscopy
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