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Zitat

”Der praktische Wert [der Entdeckung] wird ebenso offensichtlich sein, wenn man
bedenkt, dass die Versorgung mit Sonnenenergie sowohl unbegrenzt als auch ohne
Kosten ist und dass sie noch unzählige Jahrhunderte lang auf uns herabstrahlen
wird, nachdem alle Kohlevorkommen der Erde erschöpft sind.”

- Werner von Siemens, 1885, Erfinder und Unternehmer

”[the discovery’s] practical value will be no less obvious when we reflect that the
supply of solar energy is both without limit and without cost, and that it will continue
to pour down upon us for countless ages after all the coal deposits of the earth have
been exhausted and forgotten.”

- Werner von Siemens, 1885, Inventor and entrepreneur

”Ich habe gelernt, dass man nie zu klein dafür ist, einen Unterschied zu machen”

- Greta Thunberg, Klimakonferenz Kattowitz 2018
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Scope, aim, and outline of this Study

This PhD Thesis focuses on the development of new Atomic Force Microscopy (AFM) methods
to study semiconductor materials on the nanoscale. I focused in particular perovskite solar
cells (PSCs) with the aim of unveiling the effects and dynamics of changes at the interface.
Chapter 1 provides a broad introduction to the field of study, while Chapter 2 gives a more
theoretical background about the basic knowledge and a conceptual overview of the experimen-
tal methods. In the following Chapters 3 to 5 the scientific results of the studies are given in
detail. In Chapter 6 a brief summary as well as an outlook will be given.

The objective of the study in Chapter 3 is to demonstrate the significance of defect man-
agement in both grain boundaries (GBs) and the surface of PSCs. The field of PSCs has seen
rapid advancements, particularly in the inverted p-i-n architecture, which holds promise for flex-
ible and tandem photovoltaic applications.1,2 However, these devices face significant challenges
due to non-radiative recombination losses at GBs and the perovskite/electron-transporting
layer (ETL) interface, which limit their open circuit voltage (VOC) and fill factor (FF).3–9 Ad-
dressing these issues is vital for achieving higher power conversion efficiencies (PCE) of p–i–n
PSCs given their low-temperature processability (<100 ◦C), and their promising operational
stability along with negligible hysteresis.3 Despite the implementation of diverse passivation
strategies, targeting either the GB or interfaces,10–15 comprehensive approaches targeting both
remain limited in scope.
The present study introduces a novel approach to the field: the utilization of phenethylammo-
nium chloride (Ph−C2H4−NH +

3 +Cl– ) (PEACl) as a dual-passivation strategy agent, operating
as both an additive and a surface treatment. This multifaceted method aims to address the
limitations associated with defect mitigation at the GB and the perovskite/C60 interface. The
dual passivation approach leverages PEACl in two roles: as an additive combined with PbCl2 to
passivate GBs during film formation and as a post-deposition surface treatment to address de-
fects at the perovskite/C60 interface. This method promotes a combination of surface and grain
passivation that leads to the formation of a heterogeneous 2D Ruddlesden-Popper phase
(PEA)2(Cs1-xFAx)n-1Pbn(I1-yCly)3n+1, which passivate defects and improves charge carrier dy-
namics. The strategy was validated through various characterization techniques, including
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time-resolved photoluminescence (tr-PL), Kelvin Probe Force Microscopy (KPFM), and X-ray
photoelectron spectroscopy (XPS).

This research achieved one of the highest reported efficiencies for inverted p-i-n PSCs, with
a stabilized PCE of 22.3%, alongside significant improvements in VOC (up to 1.162V) and
FF (up to 88.2%). Furthermore, KPFM imaging revealed that dual passivation effectively
reduced heterogeneity in work function across the film surface, particularly at GBs, where the
passivation molecules systematically accumulate. The passivation process has been shown to
enhance charge extraction efficiency and to demonstrate reduced non-radiative recombination as
well as improved electronic properties across the films. These results underscore the importance
of simultaneous grain boundary and surface passivation in advancing high-efficiency and stable
PSCs.

The study in Chapter 4 further investigates the properties of interfaces and in particular the
dynamics during and after operation. Due to interface optimization, the PCE has increased
in the last decade. Besides the bulk photovoltaic (PV) properties, the interface properties de-
termine to a large extent the performance of a hybrid PSC device.16–19 Slow dynamic effects
such as hysteresis in J − V curves are associated with ionic motion effects.20 However, a de-
terministic relationship between the ionic displacement and the observed kinetic variations of
the external electronic current has not yet been established.21 The work provided insight into
the defects within the active perovskite layers as well as the dynamics at the hole-transporting
layer (HTL)/perovskite interface.

Understanding the intricate dynamics of electron and ion behavior in halide perovskites
is critical for advancing their application in optoelectronic devices such as solar cells. De-
spite their high defect tolerance,22 defects in perovskite films, particularly at GBs or inter-
faces, lead to increased non-radiative recombination losses,23 limiting device efficiency. Current
macroscopic techniques fail to resolve nanoscale variations in charge carrier dynamics and de-
fect distributions,24,25 which are vital for optimizing these materials. This study addresses
this gap by employing time-resolved Kelvin Probe Force Microscopy (tr-KPFM) to introduce
nanoscale surface photovoltage spectroscopy (nano-SPV) and nanoscale ideality factor map-
ping (nano-IFM), enabling high-resolution mapping of charge carrier recombination, ion migra-
tion, and defect distributions in perovskite films.

We adopt a novel approach using nano-SPV and nano-IFM to investigate the local charge
carrier dynamics in triple-cation perovskite films with varying morphologies, including small
grains, large grains, and passivated surfaces following the work showed in Chapter 3. Nano-SPV
tracks surface photovoltage dynamics during and after light pulses to assess charge extraction
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and recombination times, while nano-IFM evaluates the local ideality factor to identify recom-
bination mechanisms. These methods provide insights into how processing techniques such as
solvent annealing and methylamine treatment influence the defect density and ion migration
within perovskite films.

We were able to show why significant improvements in perovskite film quality correlates with
larger grains and passivation. Passivation with phenylethylammonium iodide (Ph−C2H4−NH +

3 +

I– ) (PEAI) reduces defect density at GBs, leading to more uniform SPV distributions and sup-
pressed ion migration. Methylamine-treated films exhibit enhanced crystallinity and fewer GBs,
resulting in longer SPV decay times and reduced recombination losses. The tr-KPFM imaging
highlights that optimized films still exhibit localized variations in defect density, emphasizing
the need for further targeted optimizations. Overall, this study demonstrates the potential of
nano-SPV and nano-IFM for guiding the development of high-efficiency perovskite solar cells
by providing a deeper understanding of nanoscale structure-function relationships.

Chapter 5 introduce a new technique to obtain dielectric information about samples with
a multi-frequency Electrostatic Force Microscopy (EFM) approach. Besides the direct obser-
vation of the change in the CPD (e.g. SPV), shown in Chapter 4, the investigation of the
capacitance at the nanoscale is also important for the charge mobilities at interfaces and there-
fore the efficiency of the solar cell itself.26–28 Furthermore, the analysis of dopant profiles in
semiconductors is of particular importance, especially with regard to the performance of the
devices. Conventionally, Scanning Capacitance Microscopy (SCM) and spreading resistance
profiling (SRP) are utilized to assess dopant profiles, though they are limited in terms of spa-
tial resolution. Capacitance-voltage (C − V ) spectroscopy can also be used for failure analysis
for semiconductors. In addition, device performance and reliability of solar cells are affected
by dielectric film quality.28,29 However, as devices continue to miniaturize, the conventional
C − V measurements based on a probe are inadequate for the characterization of nano-scale
devices.28,29 Additionally, the change in the dielectric constant of the crystal (εr) affects the
strength of the exciton binding energy, thereby influencing the extraction of charge carriers.
This aspect necessitates further study to facilitate a comprehensive understanding of the influ-
ences on the charge extraction.27 Furthermore, in doped semiconductors, the attractive potential
energy between an impurity and an electron is reduced by the relative dielectric constant εr of
the host atoms in the crystal lattice.26

My investigation, presented in Chapter 5, addresses the critical need for advanced nanoscale
characterization techniques to study dielectric properties, which are fundamental to understand
material behavior in microelectronics, energy storage, nanomedicine, and photonics.30 For in-
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stance, the optical properties of a solid are related to the complex refractive index as a function
of photon energy. In a non-magnetic solid, the reflective index is the square-root of the relative
dielectric constant εr, which is dependent on the photon energy. This is known as the dielectric
function. The optical dielectric constant, denoted by εopt, manifest at lower frequencies com-
pared to the electronic absorption and are determined solely by the electronic polarizability
of the solid. At even lower frequencies, the static dielectric constant εs provides information
about ionic motion as a whole, and this value is typically larger than εopt.26

Traditional methods, such as single-frequency EFM31–51 and SCM,52–77 are limited by non-
local stray capacitances63 and resolution constraints,31,39 particularly at high frequencies.44,78–80

These limitations hinder the accurate correlation of dielectric properties with nanoscale struc-
tural heterogeneity, which is essential for optimizing material performance in applications like
high-κ dielectrics,81–83 polymer-ceramic composites,84 and perovskite solar cells.85 To over-
come these challenges, I introduce multi-frequency heterodyne Electrostatic Force Microscopy
(MFH-EFM), a novel multi-frequency EFM approach that enhances spatial resolution and min-
imizes background signal interference.
The approach employed in this study utilizes multi-frequency excitation to measure the sec-
ond capacitance gradient (C ′′), which significantly reduces long-range contributions from the
tip cone and cantilever. Multi-frequency AFM involves the excitation and/or detection of the
deflection at two or more frequencies. This method has the potential to overcome limitations in
the spatial resolution and acquisition times of conventional force microscopes.30 Since the con-
ception of multi-frequency AFM, pioneered by Rodríguez and García,86 this method has
empowered the probing of material properties at greater distances, thereby enhancing sensitiv-
ity. Secondly, material contrast can be obtained for exclusively conservative interactions. This
leads to the suppression or minimization of surface damage.87 Consequently, the acquisition of
images in a single scan is possible with enhanced sensitivity and increased information content
compared to the standard tapping mode AFM.88 Multi-frequency AFM represents a promising
new field in the realm of force microscopy. However, it should be noted that multi-frequency
AFM methods are more demanding than conventional AFM methods.30 This is due to the non-
linear response caused by motion of the lever at higher harmonics, which distorts the frequency
response characteristics of the system by interacting with the tip and surface89,90 Additionally,
the amount of data collected during operation requires the use of automated data methods.91

In general, it is challenging to integrate the sophisticated force sensitivity of force spectroscopy
with molecular-resolution imaging. Consequently, obtaining simultaneous high spatial resolu-
tion and material properties mapping is difficult.30 In previous studies, viruses,92 cells,93,94 CPD,
current distributions,95 as well as the CPD and the ∂2C/∂z2 signals simultaneously96 have been
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obtained so far with multi-frequency AFM. This novel heterodyne technique enables operation
at arbitrary frequencies, allowing for high-frequency dielectric spectroscopy without the need
for specialized equipment beyond a lock-in amplifier (LIA). The validity of the method was
demonstrated through experiments on microfabricated SiO2 microcapacitors and self-assembled
molecular structures, thereby demonstrating its ability to provide highly localized capacitance
measurements. Analytical simulations confirmed that C ′′-based detection offers superior lateral
resolution compared to first-order gradients (C ′), albeit at the cost of reduced signal-to-noise
ratio.
The findings highlight the effectiveness of MFH-EFM in characterizing nanoscale dielectric
properties with unprecedented precision. Experimental results from force-distance spectroscopy
and frequency sweeps on SiO2 microcapacitors revealed that C ′′-sensitive detection suppresses
stray contributions, achieving highly localized measurements even at MHz frequencies. Imaging
experiments on perfluoroalkyl-alkane aggregates further demonstrated sharp contrast between
nanostructures and substrates, underscoring the potential of MFH-EFM for high-resolution
imaging. These advances pave the way for quantitative studies of dielectric effects in materials
science, biology, and nanotechnology and will enlighten properties especially at the interface
between the active and the transport layers within solar cells.1

The Chapters 3 to 5 of this PhD Thesis present collaborative research projects. In these
studies, my contributions includes contributing AFM experiments to research, in which Chap-
ter 5 included developing an entirely new technique. Moreover, I designed the concept of a
research project, execute all the experiments followed by analyzing and interpretation of taken
measurement data (Chapter 5) and leading or co-leading the manuscript writing process (Chap-
ters 4 and 5). For the study in Chapter 3 I was one of the co-authors of the manuscript writing
process of the paper, while in Chapter 4 I was co-leading the project including writing, and
in Chapter 5 I was single first author of this project. A summary of the specific individual
contributions can be found on page XX.

1This chapter has been initially prepared with the help of artificial intelligence (AI) chatbot Perplexity AI,
which provided a first version of the scope, aim and outline chapter. The text created by an AI algorithm
has been further edited by the human author.
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AC alternating current
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Abstract

This PhD Thesis investigates nanoscale structures in semiconductor devices and their structure-
property relationships, with a particular focus on perovskite solar cells (PSCs). Over the past
two decades, PSCs have attracted significant attention due to their high power conversion
efficiency (PCE) and low production costs, positioning them as promising alternatives to tradi-
tional silicon solar cells.101 However, to fully exploit their potential for commercial applications,
a fundamental understanding of their nanoscale physical properties is essential.102–105 Features
such as grain boundaries (GBs) and crystal lattice and interfacial defects has been observed to
function as recombination centers for charge carriers. This property is critical to the function-
ality of the device. However, direct visualization at this scale has remained challenging.

The aim of this PhD Thesis is to develop tools and methods that enable a deeper understand-
ing through visualization of promising semiconductor materials and their buried interfaces at
the nanoscale. This knowledge will facilitate targeted engineering of surfaces and defects to
optimize device performance without compromising efficiency.

To probe electronic properties at the nanoscale, I employed conventional Kelvin Probe Force
Microscopy (KPFM) alongside two newly developed Atomic Force Microscopy (AFM) tech-
niques based on Electrostatic Force Microscopy (EFM) principles. The first method, nanoscale
surface photovoltage spectroscopy (nano-SPV), enables the study of charging and discharg-
ing processes in PSCs. The second method, multi-frequency heterodyne Electrostatic Force
Microscopy (MFH-EFM), enhances the spatial resolution of the second capacitance derivative
signal, allowing for more detailed investigation of interfaces in semiconductor devices.

As demonstrated by KPFM measurements, passivation molecules have been found to prefer-
entially accumulate at grain boundaries, where dangling bonds are present. Utilizing tr-KPFM
and the newly developed nano-SPV method has revealed that surface passivation not only
leads to more homogeneous extraction and recombination of charge carriers but also increases
recombination times, indicating fewer defects that hinder carrier extraction.

The novel MFH-EFM method enabled superior localization of dielectric properties compared
to standard approaches and the possibility to do dielectric spectroscopy.

This PhD thesis presents new functional methods with improved resolution for the AFM and
further improves the versatility of the EFMs for nanocharacterization of new energy materials.
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Kurzfassung

Diese Dissertation untersucht nanoskalige Strukturen in Halbleiterbauelementen und deren
Struktur-Eigenschafts-Beziehungen, mit dem Hauptfokus auf Perowskit-Solarzellen (PSCs).
PSCs haben sich in den letzten Jahren durch hohe Energieumwandlungseffizienz (PCE) und
niedrige Produktionskosten als vielversprechende Alternative zu Siliziumsolarzellen etabliert.101

Für ihr volles Potenzial ist ein grundlegendes Verständnis ihrer nanoskaligen Eigenschaften
entscheidend.102–105 Merkmale wie Korngrenzen (GBs) und Kristallgitterdefekte fungieren als
Rekombinationszentren für Ladungsträger, aber eine direkte Visualisierung auf dieser Skala ist
bisher nicht möglich.

Ziel dieser Arbeit ist die Entwicklung von Werkzeugen, die ein tieferes Verständnis vielver-
sprechender Halbleitermaterialien auf der Nanoskala ermöglichen und so ein gezieltes Design
von Oberflächen und Defekten zur Optimierung der Leistungsfähigkeit ohne großen Effizien-
zverlust zu optimieren. Um die elektronischen Eigenschaften auf der Nanoskala zu unter-
suchen, wurden neben konventioneller Kelvin-Sonden-Kraftmikroskopie (KPFM) zwei neuar-
tige Rasterkraftmikroskopie-Techniken (AFM) eingesetzt, die auf elektrostatischer Kraftmikros-
kopie (EFM) basieren: Die nanoskalige Oberflächen-Photospannungs-Spektroskopie (nano-SPV)
ermöglicht die Analyse von Lade- und Entladevorgängen in PSCs, während die multifrequente
heterodyne EFM (MFH-EFM)-Methode die räumliche Auflösung Grenzflächenuntersuchung
verbessert, indem es das zweite Kapazitätsableitungssignal nutzt.

Wie durch KPFM-Messungen nachgewiesen wurde, sammeln sich Passivierungsmoleküle bevor-
zugt an Korngrenzen an, wo ungesättigte Bindungen vorhanden sind. Durch den Einsatz
von tr-KPFM und der neu entwickelten nano-SPV-Methode wurde ferner festgestellt, dass die
Oberflächenpassivierung nicht nur zu einer homogeneren Extraktion und Rekombination von
Ladungsträgern führt, sondern auch die Rekombinationszeiten verlängert, was auf weniger De-
fekte hinweist, die die Ladungsträgerextraktion behindern. Die neuartige MFH-EFM-Methode
ermöglichte eine im Vergleich zu Standardverfahren überlegene Lokalisierung dielektrischer
Eigenschaften und die Durchführung dielektrischer Spektroskopie.

Diese Dissertation stellt neue funktionelle Methoden mit verbesserter Auflösung für das AFM
vor und verbessert die Vielseitigkeit von EFMs für die Nanokarakterisierung neuer Energiema-
terialien.
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1 Introduction

Global electricity production has grown and will continue to grow in the coming decades.106–108

In Figure 1.1 the increase of the worldwide electricity production from 1985 until 2023 is visible.
For a sustainable and healthy society, a secure, environmentally friendly, and efficient energy

Figure 1.1: Electricity production from fossil fuels, nuclear and renewables on the entire world
measured in TWh from 1985 to 2023.109

source is needed.108,110–114 Interestingly, the percentage of renewable electricity production has
been increased to 30% of the global production which sums up to almost 8914TWh in 2023
while the percentage of electricity production by fossil fuels is decreasing slowly (see Figure 1.1).
1630TWh of the renewable fraction are produced by solar power.109 That is 18% of all renewable
energy sources in 2023 and growing.109 In 2023, approximately 61% of the global production
(17 879TWh) was fossil fueled-based electricity production.109

The electricity production process that utilizes fossil fuels, particularly coal, oil, and gas (see
Figure 1.2(a)), has resulted in substantial atmospheric carbon dioxide (CO2) emissions, con-
tributing to an increase in the average global CO2 concentration (see Figure 1.2(b)). As a result,
the annual global land-sea temperature has also increased since the Industrial Revolution. In
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CHAPTER 1. INTRODUCTION

Figure 1.2: (a) CO2 emissions by fuel or industry type on the entire world measured in billion t
from 1750 to 2023115 and (b) the global atmospheric CO2 concentration from January
15, 1979 to October 15, 2024 measured in parts per million (ppm).116

2024 the earth has increased the average temperature up by 1.18 ◦C.117 This has led to a number
of dangerous environmental problems, such as land drought,108,118,119 heat waves, forest fires,
sea level rise, floods, and other extreme weather events around the globe.108,120–122 The observed
increase in global surface temperatures is a phenomenon that has been anticipated since the
late 1970s, as evidenced by the findings of a study conducted by ExxonMobil. This study made
a precise prediction of the actual increase in the average global land-sea temperature.123 This
is shown in Figure 1.3.

Figure 1.3: Summary of all global warming projections (nominal scenarios) reported by Exxon-
Mobil scientists in internal documents and peer-reviewed publications (gray lines),
superimposed on historically observed temperature change (red).123
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Consequently, it is imperative to expedite the implementation of renewable energy sources at
the earliest opportunity.124 Studies have been conducted to find several environmentally friendly
and efficient alternatives for the conventional energy market, taking into account their limited
sources and environmental impacts.108,125–127 From the recent growth statistics on renewable
technologies, it can be seen that many countries in the world are highly interested in solar-
powered systems, with a global photovoltaic capacity installation of 456GW in 2024.128 This
interest in solar cell technology is driven by the many benefits of solar energy, including its
availability, low cost, and environmental friendliness.108 The earth’s surface receives a direct
solar radiation of 1366 W

m2 , which decreases to a maximum normal surface radiation intensity of
approximately 1000 W

m2 at sea level on a clear day due to the atmosphere.108,129 Solar radiation is
particularly high in the vicinity of the equator. Assuming a radiation intensity of approximately
1000 W

m2 over the entirety of a year, it can be estimated that in 2023, an area no larger than the
island of Mallorca in Spain would be sufficient to generate the world’s annual electricity output,
if we assume 24 h sunshine, 365 d in a year, and a power conversion efficiency (PCE) of 100%.
In general, photovoltaic (PV) systems are known for their production of energy with no CO2

emission during operation but in the making of the solar cells, they cause a certain amount
of CO2 and other greenhouse gas emissions. They are therefore characterized by a relatively
short payback period compared to other conventional and renewable energy sources. After the
manufacturing phase and completed installation, PV systems do not produce any environmental
burden. They do not generate noise or emit toxic or greenhouse gases. In order to stop the
climate crisis and make energy generation CO2-neutral, solar cells are a key technology that
needs to be studied more closely for efficient design. However, like any industrial product, the
production of solar cells and modules has health and environmental impacts such as the use of
toxic chemicals during preparation or the use of a lot of energy for the production of defect-free
silicon single crystals.108

For example, in 2023, 739 kWh electricity was produced per capita from solar cells in Germany
alone130 and therefore the emission decreased to 381 gCO2/kWh.109 As more solar cells increase
their efficiency, the amount of electricity produced will grow exponentially, while the amount of
CO2 emitted per kWh will decrease. To improve solar cells, the absorber materials needs to be
examined in particular. Making thin films from solution, especially for the perovskite materials,
will result in a heterogeneous formation of crystals and nanostructures. These nanostructures
such as grain boundaries (GBs) as well as interfaces limit the performance of solar cells due
to non-radiative recombinations taking place at these defects/interfaces. Investigation of these

PhD Thesis of Pascal Niko Rohrbeck 3



CHAPTER 1. INTRODUCTION

nanostructrues requires nano resolution devices such as Atomic Force Microscopy (AFM) to
conduct surface investigations. Surface science was revolutionized in 1982 by the invention of the
Scanning Tunneling Microscopy (STM) by Binnig and Rohrer.131,132 In 1986, the invention
of the AFM expanded the sample range from conductive to non-conductive.132,133 By combining
the AFM with other measurement methods, a wide range of applications has been opened up,
allowing additional sample properties to be obtained on a lateral scale in the nanometer range.132

To learn more about electronic properties of nanostructures the electrostatic interaction between
the tip and the sample is in focus of research. Electrostatic Force Microscopy (EFM) detects
the electrostatic interaction and with that it is possible to map the local surface potential with a
method called Kelvin Probe Force Microscopy (KPFM),41,132,134,135 or dielectric properties with
methods called Scanning Capacitance Microscopy (SCM). KPFM has significantly contributed
to the understanding of the electronic properties and structure-property relationships on the
nanoscale.

In many applications, knowledge of the dynamics of electronic processes is of great importance
in understanding existing limitations and improving the performance of solar cells.132 However,
only a few studies have used the time-resolution method to study dynamic effects, as the time
resolution is getting better through various methods.132

Research in perovskite solar cells (PSCs) has started with methyl ammonium lead iodide
(MAPbI3) (MAPI) introduced by Kojima et al.136 making it an interesting light-absorbing
material for almost two decades to study.20 The current record efficiency of metal halide per-
ovskites is 27.0%.137 As progress in perovskite research continues, the understanding of funda-
mental properties in the length range of morphology, that is, at the scale of grain boundaries
or grains, must also be clarified.103 With new AFM methods we will get a better understanding
of the basic physics of PSCs and other semiconductor materials. Local differences especially
in the perovskite/electron-transporting layer (ETL) interface need to be studied to improve
energy production and storage in order to pave the way towards more efficient cells to fight the
climate crisis. The following questions will be addressed in this thesis: First, how the dual pas-
sivation strategy influences defects at GBs in PSCs, and which methods are useful to analyze
these defects. Second, to what extent can methods like nanoscale surface photovoltage spec-
troscopy (nano-SPV) and nanoscale ideality factor mapping (nano-IFM) resolve charge carrier
dynamics in perovskite films, including the role of GBs and crystallographic facets. Third, how
multi-frequency heterodyne Electrostatic Force Microscopy (MFH-EFM) could transform the
characterization of nanoscale dielectric properties, and what technical advances are needed to
broaden its applicability.
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2 Fundamentals

In this chapter I will introduce the fundamentals necessary for the research addressed in this
PhD Thesis. This includes solid state chemistry, semiconductors, role of defects and the surface
as well as photovoltaics and the basics of Atomic Force Microscopy (AFM) and the electric
modes as characterization method.

Sections 2.1 to 2.3 are based on the book "The Electronic Structure and Chemistry of Solids"
by Cox26 if not cited otherwise.

2.1 Chemical classification of solids

The first section discusses what characterizes a crystalline solid and how electrons can be
described at single atoms, molecules and ultimately in solids. This leads to the band theory
and the differences between a metal, a semiconductor, and an insulator.

In Chemistry, there are different solids based on the type of the force which hold the atoms
together. All of them have the characteristics of being solid under standard conditions and
of having completely or partially crystalline structures. The four most important classes are
molecular, ionic, covalent and metallic solids. While molecular solids held together by weak and
short range van der Waals forces, ionic solids are bonding via electrostatic forces between
ions. The energy of the interaction of two individual neighbors is given by the Coulomb law
in general and by the Born-Landé equation as an extension for ionic crystals (Equation (2.1))

EBorn-Landé =
NA · z+ · z− · A · e2

4π · ε0 · r0
·
(
1− 1

n

)
(2.1)

with the Avogadro constant NA, z+ and z– the numerical charge of the cation and anion,
the Madelung constant A, the elementary charge e, the vacuum permittivity ε0, and the
distance between the nearest cation and anion r0. n is the Born exponent, typically a number
between 5 and 12, determined experimentally by measuring the compressibility of the solid,
or derived theoretically. Covalent solids are characterized by covalent bonds while metallic
solids are characterized to have delocalized sharing of electrons throughout the solid. These
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individual solid types represent only extreme ideal cases. Solids such as in energy devices
have a more complex and combination of the differnt type of bondings. In this particular
context, the concept of bonding in solids is built upon the fundamental principles of orbitals,
which are derived from the solution of the Schrödinger equation for the hydrogen molecule
(Equation (2.2) without U(r)).

2.1.1 Electrons in solids - Orbitals, molecular orbitals and band

structures

The Schrödinger equation for a single electron in a periodic potential, e.g., in a crystalline
solid, is shown in Equation (2.2).

Ĥ ψ =

(−ℏ2

2m
∇2 + U(r)

)
ψ = E ψ (2.2)

Ĥ is the Hamiltonian operator, ψ is the wave function, ℏ the reduced Planck constant, m
the mass of the particle, and E the energy. The term U(r) is given for the periodic potential
coming from the periodic lattice of the crystal which satisfies U(r + a) = U(r). The so-called
free electron model try to get the wave function for electrons moving freely through the solid,
which means the potential is zero (U(r) = 0). Because of its simplicity, this free electron
model is used widely to treat the electronic properties especially of pre-transition metals and
some semiconductors, where the interaction of the atoms are strong and therefore the atoms
loose their individual identities. However, this model breaks down for compounds of transition
metals and lanthanides. The quasi-free electron model can be used in stead.

The quasi-free electron model is using a small but nearly constant potential U(r), which
cause band gaps to appear in the electron structure. The band gaps come from the interaction
of the quasi-free electrons with the periodic potential in a lattice. These electrsons are referred
as "Bloch electrons", which obey the Schrödinger equation shown in Equation (2.2).

Covalent and even ionic solids, can be treated from a free electron starting point, although
with a much stronger periodic potential. From a chemical point of view, though, it is much
easier to think of these solids in terms of overlapping atomic orbitals (AOs). And chemical
bondings are described better by overlapping Bloch functions. In the orbital model, the
electron repulsion is treated in an approximated way, and it is assumed that the electrons are
quasi-free.

For molecules, the same ideas are used in the molecular orbital (MO) theory. Here, the
AOs are combined with the method of the so called linear combination of atomic orbitals
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(LCAOs). The schematic illustration of orbital energies of single AOs, to MOs, and ultimately
crystal orbitals is shown in Figure 2.1. By combination of different AOs of single atoms (see

Figure 2.1: Orbital Energies of (a) an atom, (b) a small molecule, (c) a large molecule, (d) a
solid, and (e) the density of states corresponding to (d).

Figure 2.1(a)), bonding and anti-bonding MOs will form (see Figure 2.1(b)). Therefore, in most
cases, covalent bonding can be described as a charge bulid-up due to overlap of AOs in the
internuclear region of mostly valance AOs. And the strength is based on the degree of overlap.
As the number of AOs is getting larger the resulting MO is becoming larger (see Figure 2.1(c)).
We can think of a solid as a very large molecule. For a finite solid, there is a finite number of
valence AOs, however because of the large number of orbitals we can neglect the energy spacing
between them and we can estimate a formation of a continuous band shown in Figure 2.1(d).
These new orbitals can be called crystal orbitals. The energy levels at which electrons can
occupy are now called energy bands.138

The MOs of the imaginary large molecule will not distribute equally over all energies. If there
are no orbitals this is called a gap between the bands of the solid. But even within the bands
some orbitals are more concentrated together at some energies compared to others, which is
why the concept of density of states (DOS) was introduced. The DOS is the number of allowed
energy levels per unit volume of the solid, in the energy range E to E + dE. DOS = 0 stands
for the band gap of a solid, where no energy level is located. The electronic properties of a
solid depend on the energies of the bands, their widths, and the gaps between them. As a rule
of thumb, if the band width is wider, the interaction with neighbouring atoms is stronger and
vice versa. It’s therefore the band structure with the electrons which decides if it is a metal or
an insulator. But what differentiates a metal from an insulator?
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2.1.2 Metallic and non-metallic solids - Difference between a metal, a

semiconductor and an insulator

The difference between a metal and an insulator is based on their different electric conductivity.
While metals are electrical conductive down to the lowest attainable temperatures, non-metallic
crystalline solids up to a certain band gap have some conductivity at high temperatures, but
it declines as the temperature is lowered.139

In order to understand this, we need to understand filling of bands, the meaning of the Fermi

level, and what electric conductivity means and what it influences.

Bands can either be empty, partly filled or completely filled (see Figure 2.2). In a filled

Figure 2.2: Density of states (DOS) in (a) non-metallic solid with the band gap Eg, and (b)
metal. The respective Fermi level is marked with EF. Shading represents occupied
levels.

band (lower band in Figure 2.2(a)), the net motion of the electrons, due to the temperature
T > 0K, cancels, and there is no electric conductivity. Therefore, a filled valence band (VB)
with a band gap to the next empty conduction band (CB) (upper band in Figure 2.2(a)) is
an insulator in the ground state. The energy gap in between the highest level of the VB,
also called highest occupied molecular orbital (HOMO), and the lowest level in the CB, also
called lowest unoccupied molecular orbital (LUMO), is called the band gap Eg. The Fermi

level EF is located in the middle of this band gap and has a fundamental importance as the
thermodynamic chemical potential for electrons in the solid. This will be discussed in the
Section 2.6.5 to measure the contact potential difference (CPD) via the Kelvin Probe Force

8 PhD Thesis of Pascal Niko Rohrbeck



2.1. CHEMICAL CLASSIFICATION OF SOLIDS

Microscopy (KPFM) method. A metal, however, has a partially filled band with no energy gap
above the uppermost level (HOMO) (see Figure 2.2(b)). This top-filled energy level represents
the Fermi level EF in the metal.

These descriptions are only true for the extreme ideal case of 0K. The Fermi-Dirac dis-
tribution (Equation (2.3)) describes the probability for an allowed energy level with energy E
to be occupied by an electron at a certain temperature T .

f(E) =
1

1 + exp
(

E−EF
kB T

) (2.3)

At 0K the Fermi-Dirac distribution corresponds to a sharp cut-off between completely filled
levels below the energy EF and completely empty levels above it. At higher temperatures,
the distribution is smeared out, showing that some electrons are excited thermally to higher
energies. Nevertheless, the Fermi level stays in the middle of the bang gap (EF = 0.5 · Eg).

A crystalline solid is electronic conductive when a net motion of electrons within the band is
possible. In a metal, electrons from the formal VB can easily be excited by thermal excitation
to the energy levels above the Fermi level, and the electron in the formal CB as well as the
resulting hole in the lower energy band can move freely throughout the crystal. In case of the
insulator or semiconductor, electronic conductivity requires the excitation of some electrons
from the VB into the CB. If the band gap is small, however, electrons also can get thermally
excited into the CB, which is called thermal conductivity. Another method by which to achieve
electrical conduction in nonmetallic crystalline solids is by photoconductivity, in which an
electron absorbs energy from a photon greater than the band gap. The distinction between
insulators and semiconductors is predicated on the ability to undergo photoconductivity, which
is determined by the variation in their band gap. The visible spectrum of the sun extends from
photon energies of 1.5 eV to 3 eV, thereby defining a semiconductor as an insulator with a band
gap smaller than 3 eV.

Optical properties of a metal are different due to the missing band gap at the Fermi energy
(Figure 2.2(b)), which means there is a range of electronic excitation energies available.139 Apart
from infrared (IR) absorption, due to vibrations of the atoms, a non-metallic crystalline solid
generally does not absorb radiation below a certain threshold energy. That is why, by simple
absorption spectroscopy, it is possible to measure the band gap of a crystalline insulators and
semiconductors.
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2.2 Semiconductor Materials

In this section, I give an overview of semiconductor physics to lay the groundwork for under-
standing the photovoltaic effect and photovoltaics in general. This includes discussions on the
electronic consequences of defects and impurities in energy bands, electron-hole excitation and
recombination as well as discussions on some oxide semiconductors.

Semiconductors are non-metallic crystalline solids that conduct electricity only through ther-
mal or photonic excitation across an energy gap. However, this fundamental principle can be
hindered by defects, leading to a disruption in the regular periodicity of the crystal lattice.
These defects interact with charge carriers, resulting in a perturbation in the electronic struc-
ture. It is noteworthy that all crystalline solids, even those of the highest degree of perfection,
such as single crystals, are subject to the presence of defects and impurities, and are charac-
terized by the existence of surfaces. In many cases, these defects and impurities significantly
influence the electronic and optical properties of the material. A notable example is that of
solid-state devices composed of semiconductors, which are contingent upon the electronic levels
of deliberately introduced impurities, known as "doping". The subsequent sections will go into
more detail about the intricate nature of defect types and their electronic consequences, but
first I want to discuss the different types of excitons and the charge extraction.

2.2.1 Excited states and extraction of charge carriers

Excited electronic states are produced in crystalline solids by absorption of photons of sufficient
energy, or by bombardment with charged particles like electrons. The resulting free electrons
in the CB and free holes in the VB of a semiconductor are held together by electrostatic
Coulomb attraction, similar to that between an electron and a positively charged defect.
Furthermore, their relative motion is quantized, provided that this interaction is stronger than
the random thermal fluctuation. These excited states are referred to as non-equilibrium defects,
and they can also interact with other defects. The stable quasi-particle state associated with
this electron-hole interaction is known as an exciton.

In a first approximation, the exciton can be treated as a hydrogenic atom of reduced mass
m∗

e,h in a medium of dielectric constant εr. Utilizing the Bohr model, the binding energy of
the nl level relative to the ionization limit can be calculated as

EB(nl) = −
m∗

e,h

m0 εr

RH

n2
l

(2.4)
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Here, m0 denotes the mass of a free, noninteracting electron, and RH = h · c · R∞ =
me e

4

8 ε0 h2
=

13.6 eV is the Rydberg constant of the hydrogen atom with the electron mass me, the ele-
mentary charge e, and the Planck constant h.27 (nl = 1) stands for an electron in the lowest
energy level of hydrogen. An electron in the lowest energy level of hydrogen (nl = 1) therefore
has about 13.6 eV less energy than a motionless electron infinitely far from the nucleus. For
larger values of n, these are also the binding energies of a highly excited atom with one electron
in a large circular orbit around the rest of the atom. The average distance between an electron
and a hole at the level nl = 1, also called the effective Bohr radius, is henceforth defined as

aX =
m∗

e,h

m0 εr
aB (2.5)

where aB = 0.053 nm is the Bohr radius of the hydrogen atom.27

The photon energy necessary to form an electron-hole pair is determined by the band gap
Eg minus the binding energy due to the Coulomb interaction (see Equation (2.6)).

En = Eg −
m∗

e,h e
4

32π2 ε20 ε
2
r ℏ2 n2

(2.6)

The symbol ℏ is used to represent the reduced Planck constant. Due to the finite difference
in Equation (2.6), a significant optical absorption is anticipated below the band edge energy.
This results in an optical gap that is lower than the transport gap.27

In general, for semiconductors with a wide band and a small band gap, the dielectric constant
is large and the effective masses m∗

e,h, as well as the binding energy, are small. Consequently,
the binding energy tends to increase, and the radius decreases as the band gap of the semicon-
ductor increases.27 Excitons with small binding energy, where an electron and a hole "orbit"
around each other with a large radius, are referred to as the Wannier-Mott excitons. These
delocalized states can move freely through the crystal (represented by the exciton center of
mass).27

In organic materials, the dielectric constant is typically lower compared to inorganic semicon-
ductors, and the exciton-binding energy is higher.27 This tends to make excitons more stable in
organic materials.27 In insulators and certain organic crystals, the tightly bound electron-hole
pair wave function is confined to one crystal unit, the same atom, or one molecule.27 These
excitons are known as Frenkel excitons. Impurities within the crystal structure are capable
of trapping these excitons, thereby impeding their movement through the crystal lattice.
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Generally, free carriers, which are present in heavily doped samples, typically act to shield
the Coulomb interaction. This, in turn, reduces the binding forces by screening, impeding the
formation of excitons.27,140 The Debye-Hückel theory posits that the exciton-binding energy
exhibits a pronounced decrease for concentrations exceeding approximately n ≈ 1·1017 1

cm3 .27,141

Another noteworthy phenomenon is the thermal dissociation of excitons. According to clas-
sical statistics, thermal effects appear to be an unlikely cause of excitons dissociating, as the
thermal energy at room temperature (kBT ≈ 0.026 eV) is considerably less than the exci-
ton binding energy.142 However, systematic studies have shown that the diffusion coefficient
of excitons and length monotonically decrease with cooling at the high-temperature region,
while it remains nearly constant at lower temperatures142–144 It was observed further, that the
dissociation of a charge-transfer state is a temperature-dependent process, where the exciton
dissociation probability increases with temperature145 and even that thermal energy is sufficient
to separate most of the thermalized charge transfer states into free charges.142,146,147 These stud-
ies underscore the vital role of temperature in exciton migration and dissociation. While the
significance of thermal fields in this process is evident, further investigation is necessary to
ascertain their precise function.142

In certain instances, electrons and holes may become trapped at defect sites that are distant
from one another. The probability of recombination, whether radiative or non-radiative, is
found to be exceptionally low in such circumstances. In the event that the trapped energy is
sufficiently large, the lifetime of such an "excited state" can be very long indeed. The recom-
bination process is governed by specific recombination mechanisms. They will be discussed in
Section 2.2.5. The following section will go into detail about defects, because they can influence
the behavior of the excitons.

2.2.2 Types of crystal defects

A defect is a interruption in the lattice periodicity. There are several types of defects in crystals.
First, there is the possibility for single point defects (see Figure 2.3), which are perturbations

of the crystal that involve a single lattice site, or at most a group of two defect sites combined. As
a simple example there is lattice vacancies (Figure 2.3(a)) and interstitial atoms (Figure 2.3(b)).
In ionic solids, the defects are often charged, so a significant number of charged defects can only
exist if the electrical charge is compensated by that of other defects. The simplest combination
is also shown in Figure 2.3(c) and (d). The Schottky defect (see Figure 2.3(c)) consists of an
anion and a cation vacancy while the Frenkel defect combines a vacancy of one type with an
interstitial of the same type. Another possible point defect in terms of the electric structure is
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Figure 2.3: Simple point defects. (a) Lattice vacancy. (b) Interstitial atom. (c) Schottky
defect, consisting of cation and anion vacancy. (d) Frenkel defect, with vacancy
balanced by interstitial.

doping, in which an atom is replaced by another atom, resulting in either a one-electron excess
or deficit compared to the previous atom. For instance, the Silicon (Si) atom can be exchanged
for either a Boron (B) or a Nitrogen (N) atom, thereby inducing a hole or an extra electron in
the crystal, respectively.

Conversely, solids are also characterized by extended defects, such as linear or planar inter-
ruptions of the crystal periodicity. When a fault in the arrangement of atoms in the crystal
lattice is associated with a dislocation, it serves as an example of a linear defect. An example of
a planar defect is a shear plane or a grain boundary (GB) between two crystallites in a polycrys-
talline solid. The most prevalent type of planar defect, however, is the crystal surface, where
dangling bonds, which are unsatisfied valence bonds on immobilized atoms, are predominantly
located.148
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2.2.3 Consequences of defects, impurities and doping in

semiconductors

As all the defects described in Section 2.2.2 break the regular periodicity of the ideal crystal
lattice, electrons traveling through the crystal are scattered into other orbitals. Consequently,
defects and impurities arising from vacancies or interstitials in metals tend to reduce the elec-
trical conductivity. This holds true for a semiconductor with a small band gap, where electrons
can be thermally excited into the CB. However, in semiconductors with a band gap in the re-
gion available for solar radiation, defects and impurities can have significantly more substantial
effects. This is due to the fact that they can introduce additional electronic levels into the en-
ergy gap. Two factors must be considered in order to determine the electrostatic consequences
of defects. First, the energies of the extra levels introduced by the defects, separating them
into shallow or deep defect states, and second, the number of electrons occupying them. As
illustrated in Figure 2.4, there are several possible outcomes.

Figure 2.4: Electronic consequences of defects in semiconductors are illustrated with the re-
spected valence band (VB) and the conduction band (CB). Fermi-Dirac distri-
bution in a (a) pure crystalline solid; (b) p-type; and (c) n-type semiconductor with
extra holes or electrons in valence or conduction band. (d) and (e): Defect levels pro-
viding free electrons or holes by thermal excitation. (f) and (g): Defect levels acting
as traps for electrons or holes. (h): Levels giving optical absorption at energies below
the band gap. (i) the corresponding bang gap Eg of the semiconductor. Shading
represents occupied levels.

In a perfectly stoichiometric crystalline semiconductor (see Figure 2.4(a)), the Fermi level
EF is precisely at the half of the band gap Eg (illustrated in Figure 2.4(i)), because at any
temperature the number of electrons in the CB is exactly the same as the number of holes in
the VB.

The introduction of a small concentrations of defects will result in trapped electrons or holes
in energy levels close to the band edges (see Figure 2.4(d) and (e)). The donor or acceptor states
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caused by the presence of defects are typically referred to as defect states or trap-states. In
the context of defect states in proximity to band edges, these states are designated as "shallow
trap states" due to the minimal energy required for the ionization of the trapped electron
(Figure 2.4(d)) or hole (Figure 2.4(e)). These states function primarily as dopants of charge
carriers, contributing to the overall electrical properties of the material. Figure 2.4(f) shows
a defect level just below the edge of the CB, where there is no electron in the ground state.
This means it does not add extra electrons or change the Fermi level in the ground state.
However, these defect levels can act as trap states for optical excited electrons. A similar
defect level is shown in Figure 2.4(g) shows a similar defect level, where an occupied level just
above the VB edge is forming a trap for holes in the VB. In rare instances, the defect levels
are found to be significantly distant from the boundaries of the band edges, as illustrated in
Figure 2.4(h). Consequently, the generation of free carriers by thermal excitation becomes
unfeasible at ambient temperatures. Such defect states are designated as deep trap states. In
the case of shallow traps, their impact on the performance of the semiconductor is typically
negligible. In contrast, the phenomenon of deep traps has been demonstrated to be responsible
for non-radiative recombination.149–151

In addition to point defects, extended defects have been shown to have significant electronic
consequences. For semiconductors, dislocations increase the electrical resistivity and can act
as centers for recombination of electrons and holes. This phenomenon is attributed to the
elimination of the charge carriers. A more thorough explanation of recombination mechanisms
can be found in Section 2.2.5. The electronic properties of surfaces have been the focus of
extensive research in recent years. The surfaces of semiconductors, particularly in conjunction
with defects or adsorbed species, manifest a comprehensive array of electronic phenomena, as
depicted in Figure 2.4. An in-depth discussion of surfaces can be found in Section 2.3.

Doping, in contrast to defects, is defined as the intentional introduction of impurity atoms
into a pure semiconductor. This process involves the addition of atoms with different valences
to a semiconductor crystal, thereby altering its electrical, optical, and physical properties. In
doped semiconductors, a particular type of carrier becomes predominant. For instance, one of
the tetrahedrally bonded silicon atoms can be substituted by a Group V or Group III element as
a substitute defect. Figure 2.4(b) and (c) illustrate the band structure of a p-type and a n-type
semiconductor, respectively. In a n-type semiconductor, negative electrons are the predominant
current carriers because the number of electrons in the CB exceeds the number of holes in the
VB. The filled VB of silicon doped with an Group V atom, such as phosphorus, introduce an
additional electron from each Group V atom. However, it also possesses a greater nuclear charge.
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Therefore, the additional electron will "orbit" around the Group V atom in the ground state.
This configuration is reffered to as a donor state, in which an electron is trapped at an energy
level just below the CB. This is illustrated in Figure 2.4(d). Conversely, a p-type semiconductor
exhibits an excess of positive holes in the VB relative to the number of electrons in the CB. In
this particular instance, silicon may be substituted by an Group III atom, such as aluminum. In
this situation there is one less valence electron, and the result is an unfilled level, or hole, in the
VB. This hole subsequently forms a bound state of similar nature, designated as an acceptor
level, which is situated just above the VB. This is illustrated in Figure 2.4(e). This causes a
shift of the Fermi level towards the VB in an p-type semiconductor (see Figure 2.4(b)) and
towards the CB in case of a n-type semiconductor (see Figure 2.4(c)).148,152 In semiconductors
that are doped with small concentrations of defects, where the electrons or holes are trapped in
levels near or close the band edges (see Figure 2.4(d) and (e)), carriers are likely to be released,
increasing the conductivity and also changing the Fermi level in the semiconductor. The
properties of doped semiconductors are a consequence of both the dopant effect and the trap
states present within the material. The fundamental difference between beneficial doping (p-
and n-type) and detrimental defects lies in the inherent nature of defects, which are virtually
inevitable in any crystalline solid. Conversely, doping constitutes a deliberate process aimed at
modifying the optical and physical properties.

2.2.4 p-n junctions

A fundamental component of a solid-state device based on doped semiconductors is the p-n
junction. When you bring a p-type semiconductor and an n-type semiconductor together, the
energy of the bands will initially be equal. However, if the energy of the bands is the same, the
junction cannot be in equilibrium because the Fermi levels on both sides are not the same.
Electrons will pass from the n- to the p-type material, forming a space charge region where
there are no carriers. The unbalanced charge of the ionized impurities causes the bands to
bend, until a point is reached where the Fermi levels are equal. This phenomenon, known
as rectification, leads to the preferential flow of current in one direction, a property that is
advantageous in the context of solar cells.

2.2.5 Recombination Mechanisms

As we learned, the photovoltaic (PV) effect, which is used in solar cells, will generate ex-
cited electron-hole pairs by absorbing photons with an energy greater than the band gap of
a semiconductor. Typically, the resulting electrons in the CB and holes in the VB undergo
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rapid recombination by either collide into each other or by transferring their energy.151 This
process of elimination of charge carriers, which occurs in semiconductors, is referred to as the
recombination process. There are three types of recombination that occur in a semiconductor
solid depending on the energy emission illustrated in Figure 2.5.151 (I) Radiative recombination
where a photon is emitted, with an energy corresponding to the band gap of the semiconduc-
tor (see Figure 2.5(a)), (II) non-radiative recombination where the energy of recombination
passes into lattice vibrations, and so appears as heat (see Figure 2.5(b)), and (III) Auger

recombination where the energy of another free charge carrier increases (see Figure 2.5(c)).151

Alternatively, they may move in opposite directions. In this case, they can be collected by
metal electrodes and utilized to perform work within an electric circuit.151 Although, I will be

Figure 2.5: Illustration of recombination mechanisms in semiconductors. (a) Radiative, (b) non-
radiative, and (c) Auger.151

describing radiative and non-radiative recombinations since they are the most common ones in
solar cells.27

In the context of radiative or band-to-band recombination processes (see Figure 2.5(a)),
the electron undergoes a direct transition from the CB to the VB, thereby engaging in an
interaction with a free hole.151 This process is referred to as recombination due to the fact that
the electron-hole interaction, as a result of the band-to-band transition, results in a photon
emission that has the same energy as the band gap.151 The density dependence of the radiative
recombination is given by Unp = Bnp, where n is the number of free electrons, p is the number
of free holes, and B is a recombination coefficient which depends amongst other conditions on
temperature.27,151 The radiative recombination for Si and GaAs at 300K are B ≈ 1 · 10−14 cm3

s

and B ≈ 7.2 · 10−10 cm3

s
, respectively.151,153–156 The radiative recombination process can be
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expressed in a more comprehensible form by expressing the dependence of the recombination
rate on the voltage applied to the solid as follows in Equation (2.7):27,151

Unp = B n2
i exp

(
q · V
kB T

)
(2.7)

The recombination rate krec is generally linked to the free electron lifetime τ.151 An enhanced
recombination rate is associated with a reduced electron lifetime.151 For a linear recombination
rate, this relationship is expressed by Equation (2.8):27,151

τ =
1

krec
(2.8)

Accordingly, the recombination rate can be estimated quantitatively by measuring the free elec-
tron lifetime.151 For instance, time-resolved photoluminescence (tr-PL) measurements monitor
the photoluminescence (PL) from a sampled material over time, thereby determining the point
at which the PL diminishes, which in turn provides the free electron lifetime.151

The recombination process is inextricably linked to the emission of energy, which is a direct
consequence of the fundamental principle of energy conservation.151 In the case of non-radiative
recombination, the energy is primarily absorbed by either electrons or holes, as in the Auger

recombination process, or by phonons in defect-related recombination processes.151 In normal
semiconductor devices the recombination is mostly non-radiative. Recombination also occurs
through trap levels within the band gap (see Figure 2.5(b)).151 Therefore, when an electron
descends from the CB to the midgap state, it emits a photon that is redshifted relative to
the band gap photons.151 When recombination occurs via a midgap state, it more frequently
involves a multiphonon process.151 In this process, the energy of the band gap is transferred
to a multitude of phonons.151 This is unlike the emission of photons.151 This type of recom-
bination is referred to as non-radiative recombination.151 Non-radiative recombination is often
associated with defects in the bulk or on the surface of the semiconductor,151 but this type of
recombination can also occur at impurity sites. The semiconductor’s surface, particularly in
proximity to contact points, often harbors defects and recombination sites.151 These sites are
termed surface recombination sites.151 The Shockley-Read-Hall (SRH) recombination model is
a typical model for recombination.151 It occurs within the band gap, taking both electrons and
holes from the conduction and valence band.151 The recombination rate of excess charge carries
is given by Equation (2.9):27

USRH =
np− n2

i

τp(n+ n1) + τn(p+ p1)
(2.9)
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where τn is the electron lifetime for a large density of holes, τp is the hole lifetime for a large
density of electrons, and n1, p1 = n2

i /n1 are the electron and hole densities when the Fermi

level overlaps with the trap state energy that is the recombination center:27,151

n1 = Nc exp
(

Et−Ec
kB T

)

p1 = Nv exp
(

Ev−Et
kB T

) (2.10)

These recombination mechanisms take usually place at defects, which can appear also intrinsi-
cally from the material itself.

2.2.6 Oxide semiconductors

Simple oxides like MgO have rather low concentration of defects under equilibrium conditions
within the lattice structure. On the other hand, many oxides of transition elements can have
quite high concentrations of defects under equilibrium conditions. The defects are often asso-
ciated with derivation from perfect stoichiometry, and are formed because of the relative ease
of reduction oxidation of the metal ion. Due to the higher dielectric constants the electrons
and holes are are not so firmly bound to the defects. Thus, carriers can be thermally excited
into the conduction or VBs, giving semiconductor properties. TiO2 for example has oxygen
vacancies or interstitial titanium and therefore has a n-type behaviour due to slight reduction
of the titanium. This can be found within compounds such as TiO2, ZnO, and SnO2, which
are materials used in perovskite solar cells (PSCs) as electron-transporting layer (ETL). At
higher temperatures, the electrons will be mobile in the CB, but in the ground state they are
normally trapped by the lattice defect. An interstitial cation in the lattice will give a positive
potential that can trap an electron in a bound orbital just below the CB edge, similar to the
impurity levels introduced earlier.

2.2.7 Amorphous semiconductors

In the solids considered so far, the disorder is associated with defects that are relatively well
isolated from one another. In a solid with high degree of disorder this picture is not longer valid.
The most important difference is that the local coordination is different to the structure in the
whole solid, in other words, how the local coordinations are bound to each other. Therefore,
there is the possibility for danging bonds within the crystal, which is also known at crystal
surfaces and at lattice vacancies. These can either be stabilized by disproportionation A· +
A· −−→ A++A– , where the electron transfer therefore needs to be stabilized by a relaxation in
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the positions of surrounding atoms. The disordered structure leads to lower electron mobilities
but is superior in where a large area is needed but single crystal cannot be made, or would be
prohibitively expensive. The alternative to an amorphous solid is a polycrystalline film, with
many GBs between the crystallites. Such GBs can have a very deleterious effect on the electrical
behaviour of a semiconductor, since they form traps for electrons and holes, and centers where
they can recombine.

GBs are also present at interfaces, especially, when looking at a surface of a polycrystalline
material. I will highlight the characteristics of surfaces in the next section.

2.3 Surface

The ideal surface is defined as the planar termination of the bulk crystal. However, in practice,
surfaces may exhibit significant roughness, which is known to possess their own point defects and
impurities. Exceptional smooth surfaces are represented by materials such as highly oriented
pyrolytic graphite (HOPG) and monocrystalline silicon. The electronic structure of a surface
is important because it may control the way in which molecules adsorb and react. For these
reasons surfaces have been the subject of intensive research in recent years and specially for
microscope users. In this section, the focus will be on surface-related semiconductor physics, a
critical component of the understanding of the research topics of this PhD Thesis.

2.3.1 The work function

A reference point for energies within a solid is the Fermi level EF. Outside the solid, however,
the natural zero of energy is the vacuum level Evac. This is the energy of an electron at rest
and infinitely far away from the surface and any electrical charge. The relation between the
two energies is given by the work function Φ shown in Equation (2.11)

Φ = Evac − EF (2.11)

Besides the energy of electrons in the bulk of the solid, also various surface effects have influence
to the local work function Φ, so that different crystal faces of the same solid may have different
work functions.

2.3.2 Surface electronic states

Because the atoms on the surface are in a different environment from those of the bulk solid,
there are a distinct electronic levels associated with a surface, similar to those produced by
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defects. In the case of covalent solids, the reduction in coordination is anticipated to result in
the formation of dangling bonds. The atoms may undergo a relaxation from their ideal bulk
position, thereby stabilizing the filled levels. For surfaces that are clean and flat, there is less
change in the electronic structure compared to the more significant changes that occur when the
surface is rough or has defects present on it. For example, in the structure of strontium titanate
(SrTiO3), oxygen vacancies can be introduced by Ar etching, which removes oxygen more easily
than it does with the heavier elements, resulting in a reduction of some surface titanium from
Ti4+ to Ti3+. In the case of a study by Klasen et al. of a TiO2 interface, Ar-etching removes
oxygen-atoms and can be repaired by ultraviolet (UV)/Ozone (O3) treatment.157 Surface defects
such as these are quite important, since they may often be the sites at which catalytic reactions
take place, or these defects are recombination centers.

2.3.3 Band bending at semiconductor surfaces

In the bulk of a semiconductor, the position of the Fermi level is controlled by the energy levels
introduced by doping. At the surface, the energies of the surface states and adsorbates, as well
as the energy of the Fermi level relative to the band edges, play a significant role because
they can differ from the bulk. However, in equilibrium, the Fermi level needs to be the same
throughout the solid. Therefore, the band energies at the surface must be different. This is
called band bending and describes a semiconductor with surface states in the band gap. An
overview of the effect in the band alignment is shown in Figure 2.6.

Electrons and holes are moving towards the depletion and/or accumulation layer and forming
an unbalanced electric field that shifts the band energies.

The degree of band bending depends on the amount of charge transferred to the surface and
is therefore a result of charge accumulation.151 The variation of the electrostatic potential V is
given in terms of the charge density ρ and the relative dielectric constant εr of the medium by
Poisson’s equation:

d2V

dx2
=

ρ

ε0 εr
(2.12)

The two boundary conditions for Equation (2.12) are that the potential is zero in the bulk and
assuming there is no electric field away from the depletion layer. We end up with a total band
bending V0 at the surface of

V0 =
ρ

2 ε0 εr w2
(2.13)

with w the width of the layer. When the band bending in the junction corresponds to the
normal equilibrium value there is no potential, since the effective energy of electrons and holes
reaching each electrode is the same. In order to do electric work, the photocell must generate
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Figure 2.6: Energy band alignment illustration for two semiconductor heterojunction. (a) Band
bending shown at the interface between two semiconductors and (b) the band bending
at the surface of a n-type semiconductor.98

a potential. This will reduce the band bending in the junction. Some current will flow so long
as the potential developed by the cell does not completely eliminate the bending necessary to
separate the carriers. Since the equilibrium band bending is determined by the difference of
Fermi levels in the n- and p-type materials, it is the difference that controls the maximum
voltage obtainable from a single junction. The band gap of the semiconductor must obviously
be low enough for a reasonable proportion of photons to be absorbed. Normally, solids with a
band gap less than 3 eV can be used, due to the radiation spectrum of the sun. The occupancy
of the surface states can be altered by the adsorption of molecules from the gas phase. But in
most of the applications, it is the interface between the semiconductor and some other medium
that is important.158

In the next section I want to go into detail how photovoltaics work and which semiconductor
materials are used for them.
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SOLAR CELLS

2.4 Working principles and fundamentals of photovoltaics

and solar cells

The internal photoelectric effect is a fundamental process that enables the conversion of solar
radiation into electricity by solar cells and modules.27 Consequently, each solar cell must contain
a photovoltaic active absorption material that can efficiently absorb the incoming light and
generate mobile charge carriers, such as electrons and holes, which can be transported at the
cell’s terminals with minimal energy dissipation.159 The extraction of these electron-hole pairs
and the subsequent circulation through an external load result in a net delivery of electric
power, with no other change in the device.27,160 This is generally accomplished by utilizing
semiconductor materials, as previously outlined in Section 2.2.

2.4.1 Light absorption

The band gap of the semiconductor is the most significant factor in determining the efficiency
of a solar cell material. Sunlight is absorbed only when the energy is sufficiently significant to
cause an electron transition from the VB to the CB. Given the fixed spectrum of solar radiation,
the band gap of the semiconductor plays a key role in determining the maximum achievable
efficiency of a single junction solar cell. A reduced band gap in a semiconductor results in an
increased number of free charge carriers. However, this also leads to a decreased electrochemical
potential difference.151 Conversely, an augmented band gap results in a reduced number of free
charge carriers, along with an increased electrochemical potential difference.151 Therefore, the
existence of an optimal band gap is a crucial property that governs the efficiency of the system.
The limit is denoted as radiative efficiency1 limit.162,163 This maximum possible efficiency is
reached when there is no non-radiative recombination and all of the generated carriers are
either gathered as current or recombined and emit one photon per electron-hole pair.105,163,164

The maximum radiative efficiency limit lays at 33.2% with a band gap of 1.34 eV.165

2.4.2 Quasi-Fermi level splitting (QFLS) after light absorption

As demonstrated in Section 2.2.1, the successful absorption of a photon and the subsequent for-
mation of an electron-hole pair result in the modification of the Fermi level. This modification
can be utilized for powering external systems or can be lost through recombination processes, as
outlined in Section 2.2.5.27 At ambient temperature, the solar cell is in a thermal equilibrium,

1The radiative efficiency limit was formally known as the Shockley–Queisser limit, but because Shockley
had an advance racist ideology,161 I will use the term radiative efficiency limit.162
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due to the Fermi-Dirac distribution (see Equation (2.3) in Section 2.1.2). In equilibrium, the
Fermi level EF of a semiconductor is unique, indicating that the electrochemical potentials of
electrons and holes (µe,h) are equal. However, upon illumination or applied voltage, an excess
population of photogenerated carriers-electrons and holes-is generated within the semiconduc-
tor. This deviation from the equilibrium Fermi-Dirac distribution results in the emergence
of two independent quasi-Fermi levels. The electron quasi-Fermi level (EFe) and the hole
quasi-Fermi level (EFh

), respectively.27 The phenomenon is referred to as quasi-Fermi level
splitting (QFLS) and is described by Equation (2.14).27,151

µe,h = µe + µh = EFe − EFh
(2.14)

The quasi-Fermi level splitting is shown in Figure 2.7 and gives an illustration of a diode with
contact layers with different work functions. After all materials have been brought into contact,

Figure 2.7: Schematic illustration of energy diagram of a semiconductor layer with CB for elec-
trons Ec and VB for holes Ev and two contacts: an electron selective contact (ETL)
with work function ΦETL and hole selective contact (HTL) with work function ΦHTL.
The contacts are considered as metals in which the carrier energy level is at the re-
spective Fermi level. Contacting, forward bias voltage or light illumination modifies
the Fermi level of the ETL with respect to Ec, while holes remain at equilibrium
at the left contact (HTL). (a) Energies of the separate materials. (b,c) Different
situations of bias voltage V indicating the Fermi levels of electrons (EFe) and holes
(EFh

). In (d), the semiconductor is illuminated and minority carrier generation raises
the Fermi level of electrons consequently producing a photovoltage (SPV).27

we see an equalization of the materials on an identical Fermi level (see Figure 2.7(b)).151 This
equalization process can occur by band bending in the absorber layer or by changing the vacuum
level, Evac. Any potential drop (change in vacuum level) associated with an applied voltage will
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occur exactly at this interface, as shown for the forward bias in Figure 2.7(c).151 The internal
chemical potential µe,h is extracted and a voltage V generates which has the relation given
in Equation (2.15) assuming low device thickness, high mobilities, no losses at interfaces, and
neglecting surface recombination.27,151

q · V = EFe − EFh
(2.15)

2.4.3 Separation via p-n- or heterojunction

A secondary significant factor for an efficient solar cell material is the fitting band energies of
the contact layers. The discrepancy in the electrochemical potential shown in Section 2.4.2
necessitates a conversion into a voltage through the diode configuration of the solar cell.27

This diode structure provides directionality for the carrier flow with respect to the external
contacts.27 Electrons exhibit this directionality either via a p-n junction (see Section 2.2.4) or
with selective contacts (called heterojunctions), which require a correct band alignment.27,166

It is imperative to note that electron-hole recombinations (coverd in Section 2.2.5), known
as loss mechanisms, are unfavorable processes. The impact of defects, which result in the
elimination of carriers, is a key factor in the reduction of efficiency. This necessitates the
utilization of a defect-free semiconductor to ensure an effective conversion process in solar
cells.151 Therefore, the control of defects, non-radiative recombination, and interfacial losses is
a crucial aspect for the functionality of solar cell materials.151

2.4.4 Semiconductor materials used in solar cells

Currently, the photovoltaic market is primarily controlled by crystalline silicon solar cells,
which have reached power conversion efficiencies (PCE) of around 22.6%. For a silicium het-
erojunction solar cell the PCE is at 27.6% due to six decades of research.137,167,168 However, the
potential of these cells is restricted by the indirect band gap of silicon and there has been limited
progress in improving their efficiencies over the last five years. Presently, the highest performing
single-junction solar cells are those that contain GaAs. The efficiency of these devices has been
demonstrated to be close to the radiative efficiency limit of 33%, with a measured efficiency of
≈30%.162,163,165,168 Due to seven times higher costs of raw materials for GaAs solar cells,168,169

their feasibility is limited for example to extraterrestrial applications where efficiency is more
important than cost.168,170

In the past decade, hybrid halide perovskite solar cells (PSCs) have become a viable alter-
native to traditional silicon-based solar cells.168 Research interest in this field has led to a high
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efficiency of 27.0%137 for single junction PSCs168 and 34.6% for perovskite/silicium hybrid tan-
dem cells.137 Metal halide perovskites possess exceptional properties for optoelectronic devices,
including photovoltaic solar cells and light-emitting diodes (LEDs).103,105 This is attributed to
the simplicity of their fabrication process, which can also be easily modified to adjust electrical
and optical properties.103,105

In the next section I want to go into detail into the PSCs, due to their relevance to this PhD
Thesis.

2.5 Halide perovskites and perovskite solar cells

Perovskite solar cells (PSCs) is a type of photovoltaic cell that utilizes the halide perovskite ma-
terial as the photoabsorbing material. This semiconductor material has many of the ideal char-
acteristics for a solar absorber, such as a direct band gap in between 1.45 eV for formamidinium
lead iodide (FAPbI3) (FAPI) and 1.55 eV for methyl ammonium lead iodide (MAPbI3) (MAPI),
close to the optimum in the radiative efficiency limit.162,163 Also, PSCs have small exciton bind-
ing energies, high levels of defect self-regulation, exceptional charge carrier diffusion lengths,
and outstanding charge carrier mobilities.168,171–178 That are some of the reasons it was studied
intensively in the last two decades.

2.5.1 Crystal structure of halide perovskites

The first halide perovskite material to be used in solar cells was MAPI and introduced by
Kojima et al.136 The perovskite structure derives its nomenclature from the mineral calcium
titanate (CaTiO3), which was first discovered by Gustav Rose in the Ural Mountains and
subsequently named after Lev Perovski.151,179 The general crystal structure of halide per-
ovskite materials is based on the molecular formula ABX3 and shown in Figure 2.8. Thereby
the A-cation mostly represents the MA-cation (CH3NH +

3 ), but also the formamidinium (FA)-
cation (CH(NH2)

+
2 ). The B-cation represents lead ions (Pb2+) and in a few cases tin ions

(Sn2+), manganese (Mn2+), or germanium ions (Ge2+).103,183 In accordance to its name, the
X in the molecular formula stands for halides such as iodine (I– ), bromine (Br– ) or chlorine
(Cl– ).103,105 In detail it consists of [BX]2– octahedras surrounded by A2+ cations. In case of
MAPbI3, it consists of [PbI6]

– octahedras surrounded by MA+cations (see Figure 2.8).184

The term "perovskite" is now applied to any crystalline solid that exhibits a similar crystal
structure. This encompasses oxide perovskites, such as BaTiO3 or PbTiO3, among others.151,185

In a manner akin to oxide perovskites, alternative perovskite configurations may be established,
exhibiting varied oxidation states, a phenomenon exhibited by halide perovskites.151
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Figure 2.8: Crystal structure of metal halide perovskites of the molecular formula ABX3 in the
cubic phase (T > 330K). A methylammonium (MA) molecule occupies the A site
in the crystal surrounded by 12 direct iodine neighbor atoms and corner-linked oc-
tahedra. The octahedra are built up by the iodine atoms (purple) sitting on the
A-position. The lead atoms (black) form the centers of the octahedra on the B-
position.105,180–182

Substitutions of the organic cations with caesium (Cs+) or rubidium (Rb+) cations lead to im-
proved stabilities of the resulting solar cells.103,105 By varying the halide composition, the optical
band gap can be changed from 1.6 eV to 2.3 eV,103 and thus the maximum possible efficiency
of the absorption material can also be changed via the above mentioned radiative efficiency
limit.162,163 An illustration of the crystal structure can be seen in Figure 2.8.105 The advan-
tages of the halide perovskite material are the high absorption coefficient,186 low electron-hole
binding energies,187 long charge carrier diffusion lengths,188 direct and tunable band gaps,189

and indifferent electronic properties in presence of bulk defects, namely defect tolerance.151,190

Furthermore, the ease with which these thin films can be produced from solution renders this
group of materials well suited for low-cost and large-scale manufacturing and they have been
proven to perform well with a variety of hole and electron contact materials, making them
suitable for a wide range of applications.151,168,191–193

However, the inherent long-term stability under ambient conditions of the MAPI structure
and halide perovskites in general is poor168,194–196 and, despite ongoing efforts, remains a sig-
nificant challenge for the hybrid perovskite community.168,197–199 Additionally, the presence of
a high defect density at layer interfaces,200 grain boundaries,201 and ion migration202 during
device operations has been observed to hinder their performance in practical applications.151

The composition of MAPI has undergone significant changes since it was first proposed as a
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solar cell material. Currently, triple cation and mixed anion materials are commonly used in
solar cells. Perovskite materials with triple cations [(MA/FA/Cs)Pb(I/Br)3], and those with
quadrupole cations [(MA/FA/Cs/Rb)Pb(I/Br)3] in which Rb serves as an additional cation,
have gained significant attention due to their stability over time and high cell efficiency.101

The Goldschmidt tolerance factor is a quantitative indicator of the stability and distor-
tion of the perovskite structure. It is measured by the parameters of the ions involved.151

This estimation is based on the ionic radii of the components.151 Equation (2.16) gives the
Goldschmidt tolerance factor.203

τ =
rA + rX√
2 (rB + rX)

(2.16)

where τ is the tolerance factor and rA, rB, and rX stand for the ionic radii of A, B, and X ions,
respectively.151 The value of the parameter τ is a factor in determining the feasibility of the
perovskite structure formation.151 It has been observed that if the parameter τ ranges between
0.8 and 1, the formation of the perovskite structure is favored.203 Furthermore, it has been
demonstrated that values of τ between 0.9 and 1 result in the formation of a cubic perovskite
structure, while values between 0.8 and 0.9 yield distorted perovskite crystals.151,204 According
to the τ values, the ions in a perovskite structure can be substituted with ions mentioned
above. By exchanging the A+ with larger inorganic or organic cationsthis may lead to unstable
or metastable perovskite phases due to the τ value.151,183

2.5.2 Electronic Structure of halide perovskites

It is important to note that, e.g., in organic absorption materials, the majority of light absorp-
tion processes result in the formation of excitons and a preliminary step of charge separation is
necessary to dissociate these excitons into free carriers as well as a direct band gap, to allow the
direct excitation with light. Therefore, the band alignment is very important to ensure the ex-
traction of charge carriers. The band alignment of a typical PSC is demonstrated in Figure 2.9.
Halide perovskites are direct band gap semiconductors that demonstrate strong absorption in
the visible or near-infrared portion of the electromagnetic spectrum.151,206,207 Their high optical
absorption coefficients allow for efficient light absorption even in thin active layers, consequently
making them excellent candidates for use as an active layer in solar cells or photodetectors.151

Charge-selective contacts can affect the photogenerated electron-hole population through
electron and hole extraction, non-radiative recombination due to interfacial defects, and charge
accumulation in the contacting semiconductor. The band alignment (see Figure 2.9) allows
electrons to relax to the CB of the ETL instead of the VB of perovskite, which enhances
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Figure 2.9: Band diagram of a typical perovskite solar cell. Light passes through the indium tin
oxide (In2O3·(SnO2)x) (ITO) layer and the ETL and is absorbed by the perovskite
layer (red), where an electron is promoted from the VB into the CB as indicated by
the arrow in between the valence and CB. Excited electrons can migrate into the CB
of the electron transport layer. Since the hole transport layer has no corresponding
energy level, that layer act as an electron blocking layer. The photon-generated
electrons migrate from the ETL into the bottom electrode, the ITO. The remaining
hole in the VB of the perovskite layer is filled with electrons from the VB of the hole
transport layer. This process corresponds to migration of holes from the perovskite
layer into the hole transport layer (violet). Since the ETL has no corresponding
energy level, that layer acts as a hole blocking layer. The holes migrate from the
hole-transporting layer (HTL) into the gold electrode.205

electron extraction and charge carrier lifetime. Similarly, the bands of HTL stand at a higher
energy level compared to the that of perovskite layer. Therefore, the photo-generated holes
move towards the HTL.
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The VB of halide perovskites formed by anti-bonding of s-orbital from B2+ cation and p-
orbital from X– halide. The CB is consists of anti-bonding p-orbitals from B2+ cation and X–

halide.151,208,209 Ion substitution in halide perovskites modify their band structure. Substitu-
tions of the B2+ cation or X– anion directly impact this structure. As the halide undergoes a
replacement from Cl– to Br– and consequently to I– , the energy of the p-orbital increases.151,210

This increase in energy leads to an enhancement in the VB maximum, which is also referred
to as the band gap reduction.151,210 A comparable phenomenon occurs when Pb2+ is substi-
tuted with Sn2+.151,211 This results in an increase of the s-orbital, leading to a decrease in the
band gap.151,211 The ability to manipulate the composition of metal halide perovskites allows
for precise control over their band gap, which can be adjusted to encompass a wide spectral
range.151 For example, the wide band gap of MAPbCl3 (3.11 eV) can be decreased to 2.35 eV

for MAPbBr3, and further to 1.55 eV for MAPbI3. By means of partial substitution, the band
gap of the material can be tuned between these values, thereby enabling coverage of nearly the
entire visible spectrum.151,212–214

2.5.3 Architecture of perovskite solar cells

PSCs are typically based on three device architecture type. These are p-i-n, n-i-p mesoporous,
and n-i-p planar solar cells. The n, i, and p represent the n-type, intrinsic, and p-type semi-
conductor material, respectively. A typical n-i-p PSC illustration is given in Figure 2.10. Here,

Figure 2.10: Typical architecture for a PSC.

ETL is coated on top of indium tin oxide (In2O3·(SnO2)x) (ITO) or fluorine doped tin(IV) oxide;
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(F@SnO2) (FTO). The most common ETL materials for n-i-p PSCs are TiO2 and SnO2.215 The
perovskte absorber layer is coated on an ETL and then a HTL is coated on top of perovskite.
The typical HTL materials for n-i-p PSCs are Spiro-OMeTAD and poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA).216 Lastly, a metal layer (gold, silver, aluminium, copper etc.)
is evaporated on top of the PSC as an electrode.217 When the ETL in a n-i-p PSC includes
a mesoporous component to improve the contact and charge extraction from the perovskite
layer, the device architecture is named mesoporous n-i-p PSC. Usually TiO2 based PSCs are
built as mesoporous n-i-p PSCs which consists of a compact TiO2 and on top a mesoporous
TiO2 layer.218 On the other hand, SnO2 based PSCs are usually built as planar n-i-p PSCs.219

If a HTL is coated on top of ITO or FTO to be further coated by the perovskite layer, then
the device is called a p-i-n PSC. The common HTLs for p-i-n PSCs are NiOx

220 or PTAA221

whereas common ETLs for p-i-n PSCs are C60/bathocuproine (2,9-Dimethyl-4,7-diphenyl-1,10-
phenanthroline) (BCP) or [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).151,222

The band alignment (see Figure 2.9 in Section 2.5.2) is responsible for the desirable charge
extraction from the absorption material. Therefore, the ETL/perovskite and perovskite/HTL
interfaces are extremely important regarding the efficiency of a PSC. The defects at the de-
vices interfaces can act as non-radiative recombination sites and decrease the efficiency of the
device. To counter this issue, the contact layers can be improved223 or thin interlayers between
perovskite and the contact layers can be formed.224

PSCs are used in this thesis as a photoactive model system in order to investigate new AFM
methods and have insights into a photoactive material on the nanoscale.

2.5.4 Defects in perovskite solar cells

The presence of defect states in a semiconductor material, mentioned in Section 2.2.2, partic-
ularly in halide perovskites, can impede the functionality of certain applications due to the
trapping of excited charge carriers, as discussed in Section 2.2.3. As we saw in Section 2.2.3,
the trapping behavior and its consequences in the band structures of VBs and CBs are deter-
mined by the changes in the Fermi level due to the trapped charges or empty defect levels. In
halide perovskites, deep traps can occur due to interstitials. However, the most common defect
type is the point defect, which leads to the formation of shallow trap states because they have
a low formation energy.151,225 These defects typically do not compromise the performance of
perovskite-based devices. While the bulk of halide perovskites exhibit defect tolerance, their
surfaces are more susceptible to deep traps due to surface defects.151,226 Consequently, high de-
fect areas, such as GBs, have been identified as contributing to trap-assisted recombination227,228

and ion migration.151,229–231
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2.5.5 Performance, stability, and passivation of perovskite solar cells

One of the major challenges facing the commercialization of PSCs is the instability of the
material.105,232 Unlike calcium titanate (CaTiO3) or barium titanate (BaTiO3), hybrid organic-
inorganic perovskites experience instability on a wide range of time scales, from nanoseconds to
days. This instability is caused by various environmental factors, including oxygen,105,232 wa-
ter or moisture,105,232 applied voltage, temperature or thermal stress,105,232 and/or light.103,105

During this process, the material reacts with the water to form PbI2 and methylammoniu-
miodide (MAI) or formamidinium iodide (FAI). Iodides of the MA and FA cations may also
evaporate out of the perovskite layer.105,233 Moisture can also penetrate through the surface of
the film, migrate along the GBs, and ultimately degrade the entire film.105,233

Furthermore, the movement of ions within the perovskite crystal lattice, known as ion mi-
gration, has also been demonstrated to affect the performance, efficiency, and stability of PSCs
by influencing the charge carrier recombination dynamics and the transport properties of the
perovskite material.151,234 It is therefore essential to develop effective strategies for the control
of ion migration to enhance the performance and stability of PSCs.151 The mechanisms of ion
migration in PSCs are influenced by both intrinsic and extrinsic factors.151 Intrinsic factors in-
clude the presence of defects in the perovskite crystal lattice, such as vacancies or interstitials,
which can create a gradient of ion concentration and lead to ion migration.151,225 Extrinsic fac-
tors, such as the presence of external electric fields, thermal gradients, or light irradiation, can
also induce ion migration in PSCs.151,235 There are several ways to prevent this degradation.
One approach is to chemically encapsulate or confine the PSCs by using hydrophobic materials
on the surface of the perovskites, which prevents the penetration of molecules such as water,
oxygen, or iodide ions.105,232 This is called surface passivation. Additionally, the introduction
of diverse cations, the incorporation of supplementary materials into the perovskite structure,
the utilization of interface layers, and the refinement of device fabrication conditions have been
demonstrated to diminish ion migration, thereby enhancing device performance and stability.151

The post-treatment of perovskite films is a well-established strategy for suppressing interfacial
recombination and optimizing the performance of PSCs.97,236–243

There are several prominent examples of tailored passivation schemes, including the use
of (alkyl)ammonium salts,10–13,244–270 other organic compounds,271–281 and fluoride-containing
materials.1,5,8,97,270,280,282,283 In the case of CsPbI3, an attempt was made to cover the α phase of
the surface with a protective capsulation by using Phenylethylammonium (Ph−C2H4−NH +

3 )
(PEA+) cations. This resulted in cells being stable for several months.105,232

In conjunction with established chemical passivation techniques, which have been demon-
strated to reduce the density of surface/interface defects,97,263,277,279,284 this strategy also en-
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hances performance through the formation of 2D/3D heterostructures.13,246,247,251,255,257–259,263,266

These heterojuctions can be caused by varying the cation composition at the surface or by build-
ing 2D / 3D stacking structures to change the dimensionality of the perovskites105,232 or combi-
nations of two-dimensional and 3D structures.105,233 2D perovskites of MAPI with PEA cations
as spacers of the form (PEA)2(MA)2PbI10 exhibited superior moisture stability, too.105,232 Fur-
thermore, the performance can be enhanced by wide-band gap interface layers.97,250,253,285,286

The latter enhancements can be the result of improved energy level alignment that promotes se-
lectivity and carrier transport across perovskite/charge transport layer (CTL) interfaces and/or
a reduced probability for interfacial recombination due to charge blocking.5,13,97,248,272,284,287,288

2.5.6 Illumination of perovskite solar cells

When a PSC is illuminated, an additional offset potential from the quasi-Fermi level splitting
increases the CPD.103 This additional potential is called surface photovoltage (SPV). This is
illustrated in Figure 2.7(d) by the value −q ·V for the Fermi level separation which is described
by ∆µ.289

A detailed discussion about SPV is after explaining what CPD is and how to measure it in
Section 2.6.10.

2.6 Characterization Methods

As demonstrated above, modern energy devices, such as batteries and solar cells like PSCs, often
consist of a combination of organic, hybrid organic or monomolecular films. Here interfaces and
surfaces between the different materials play an important role, as they can be the source of
efficiency losses through charge carrier recombination, series resistance or chemical reactions
and degradation. In this section, I will focus on Atomic Force Microscopy (AFM), which is
a powerful tool to investigate structural and electronic properties at interfaces.98,105,157,205,290

In particular, the electrical modes, such as conductive Atomic Force Microscopy (c-AFM),
Electrostatic Force Microscopy (EFM), Kelvin Probe Force Microscopy (KPFM), and Scanning
Capacitance Microscopy (SCM) combine the lateral resolution with electrical information of the
material. Here, I will introduce the AFM itself, the working mechanism behind electrical AFM
modes and discuss the limitations in terms of resolution and imaging artifacts. In addition, I
will discuss the capabilities of static and dynamic measurements by discussing examples from
the field of PSCs and silicon based devices such as capacitors.
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2.6.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a type of scanning probe microscopy that visualizes and
measures surface features on the nanoscale.105,291 The invention of the Scanning Tunneling
Microscopy (STM)131 and the following invention of the AFM (also named Scanning Force
Microscopy (SFM)) by Binnig et al.133 was the starting point for modern surface science.132

It works by using a probe, typically made of a sharp tip attached to a flexible cantilever, to
scan the surface of a sample.105,291 The setup is shown in Figure 2.11. The AFM measures the

Figure 2.11: Fundamental setup of an contact mode AFM during operation.132,292–295

tip-sample interaction, e.g., via an optical beam deflection system (shown in Figure 2.11).296

This optical lever system reflects a laser beam on the backside of the cantilever, effectively
magnifying the small cantilever deviations with the four phase photo diode caused by the
interactions between the tip and the sample (see Figure 2.11).291 While the probe is moving
over the surface of the sample in a raster pattern by the nano-positioning system, the force
between the tip and the sample gets measured via this optical lever system.105,294 With the
help of the Hook’s law the tip-sample force Ftip-sample between the tip and the sample surface
can be calculated with the knowledge of the spring constant k and the bending distance in
z via Ftip-sample = −k · z.294 The interaction between the tip and the sample is compensated
by a feedback circuit that utilizes a piezoelectric element to displace the sample or tip in the
z-direction. With the help of a force feedback loop, which maintain a specific force setpoint
constant, the resulting topography corresponds to a contour at constant tip-sample force.294
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Through that the AFM can therefore be utilized to generate a high-resolution map of the surface
features of the specimen, including surface roughness, topography, and mechanical properties
such as elasticity, Hamaker constant, and adhesion.297

Most groups use AFM to characterize surface topography by keeping the tip-sample force
constant with a feedback loop, due to an accuracy of typically less than one nanometer laterally
and less than 1 nm vertically. However, AFM also enables to measure additional tip-sample
interactions, which are related to the sample’s functionality. AFM has a number of advantages
over other microscopy techniques, including its ability to operate in a wide range of environ-
ments (including air, liquids, and vacuum), its high spatial resolution, and its ability to measure
a variety of physical properties of samples.291 It is widely used in a variety of fields, including
materials science,97 and biology298 to study the structure and properties of materials on the
nanoscale.

2.6.2 Basic modes in conventional Atomic Force Microscopy (AFM)

Here, I want to introduce the basic modes of every AFM.

Contact mode AFM is a method of measuring small bending of a scanning cantilever from
its initial position. This is achieved by utilizing the aforementioned force-feedback circuit. The
topography of the given sample is obtained by measuring the static deflection of the bending
cantilever with a reflecting laser positioned at the tip of the cantilever. This deflection is then
detected with a photodiode and the z-correction (height) of the scanned surface is plotted pixel
by pixel. This is illustrated in Figure 2.11

Dynamical AFM employs oscillating cantilevers. There, the tip-sample interaction can be
measured via the dynamic deflection via amplitude (amplitude modulation (AM)) or phase
(phase modulation (PM)) changes of the cantilever oscillating at its resonance frequency.294

Different AM modes, such as "intermittent contact", "tapping", or "oscillating" mode, use
feedback controls to oscillate the cantilever at its resonant frequency and constant lock-in
amplitude by detecting the change in the mechanical amplitude ∆Am.291,299

Other oscillating modes use feedback control through frequency (frequency modulation (FM))
or phase modulation (PM). The principle of frequency modulation detection is that any force
gradient in the tip sample interaction will lead to a shift ∆ω of the cantilever’s resonance
frequency ωres:132

∆ω

ωres
=

1

2 k

∂F

∂z
(2.17)

During the cantilever oscillation, a so-called phase-locked loop (PLL) tracks ∆ω. These dynamic
modes allow for a gentler tip-sample interaction due to the shorter time of direct interaction
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Figure 2.12: Fundamental setup of an dynamic / AC mode AFM during operation.132,292–295

and typically less force is needed to get into a stable contact, reducing in general the forces
involved and the possibility for tip wear. Imaging modes relying on AM operation like amplitude
modulation Atomic Force Microscopy (AM-AFM) are sensitive to tip sample forces, whereas
FM modes like frequency modulation Atomic Force Microscopy (FM-AFM) are sensitive to
force gradients, which usually leads to better spatial resolution.134,300–305 FM-AFM is commonly
used in ultra-high vacuum (UHV) and low-temperature physics,291,306 as well as in biological
applications.291,307 However, in air and liquid, where the Q-factor is higher, force detection
through AM-AFM is simpler and faster, and the amplitude changes with the tip-sample distance
in a nearly monotonic manner.

An operation mode in between static and dynamic mode is the jumping mode (commercially
called as PeakForce™ mode (PF mode), quantitative imaging (qi) , or fast force mapping (FFM),
...),308 where the tip performs a succession of force-distance curves at repetition rates of 100
Hz up to a couple of kHz. In torsional resonance mode, the tip vibrates laterally with re-
spect to the surface, making this operation mode sensitive to lateral friction between tip and
surface.294,309–311

2.6.3 Conductive Atomic Force Microscopy (c-AFM)

With conductive Atomic Force Microscopy (c-AFM), it is possible to probe the local electronic
or ionic conductivity or capacitive currents312,313 of the sample, although capacitive currents
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only have minor influences on the steady-state photovoltaic operation.313 In c-AFM, a voltage
is applied between the sample and a conductive probe. A sensitive current amplifier, which is
usually integrated into the cantilever holder, detects the tip-sample current and acts therefore
as an "ampere meter" for collecting the current-voltage (I-V) response.28,314 Depending on the
conductivity and the probe bias, currents are on the order of fA up to µA. The most common

Figure 2.13: Fundamental setup of an c-AFM during operation.132,292–295

operation mode of c-AFM is contact mode, where the probe tip and the sample are in constant
mechanical contact. However, high shear forces during the scanning motion of the tip make
this method unsuitable for soft materials such as organic materials or nanorods. In the PF- or
FFM-mode, the tip only touches the surface for a short time, reducing lateral forces that would
damage delicate samples. Nevertheless, the contact time is long enough to measure a tip sample
current.157,314–316 Moreover, c-AFM can be used to measure photoconductivity of photo-active
materials by measuring the current under light illumination.317,318 A dynamic mode that still
allows for a continuous electrical contact between tip and sample is the conductive time-resolved
(tr) mode.309,310 For energy research, c-AFM has become a powerful tool in investigating the
underlying interplay between the topography and its electrical performance of organic solar cell
materials, devices, and nanostructures.28,314
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2.6.4 Electrostatic Force Microscopy (EFM)

When two semiconductors (in the form of tip and sample) with different work functions Φtip

and Φsample (see Figure 2.14(a)) are electrically connected, their Fermi levels will align because
electrons will move from the higher to the lower Fermi level (see Figure 2.14(b)), resulting
in an electric field E between them. As long as the contact potential difference (CPD) is not

Figure 2.14: The following illustration provides a visual representation of the band gap diagrams,
illustrating the principle behind the Kelvin method, which is utilized in KPFM.
The potential energy diagram for the probe and the sample, with work functions
Φtip and Φsample, initially not connected and thus sharing a common vacuum level
Evac, is depicted in (a). (b) If the two materials are connected by a conducting
wire, the Fermi levels EF,1 and EF,2 of the two materials align. A buildup of
surface charge leads to a macroscopic potential gradient, which compensates the
difference between the work functions (∆Φ) of the two materials. (c) The surface
charges and the corresponding electric field E vanish if a voltage VDC = VCPD =
(Φsample − Φtip)/e = ∆Φ/e is applied between the materials.27,28,151,294,319

compensated, this electric field will lead to an attractive force between tip and sample in the
AFM. The CPD corresponds to:132

VCPD =
Φsample − Φtip

e
(2.18)

with Φsample and Φtip as the work function of the sample and tip, respectively. And e the
elementary charge of an electron. On insulating surfaces, such as polymers and ceramics,
electrostatic fields can arise from uncompensated static charges close to the surface. These
charges will generate image charges in a metallic tip, leading to an attractive force. Here, we
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will focus on the case of metallic and semiconducting surfaces, as they are more relevant to
energy materials.

To detect the local variations in the electric field close to the surface, Electrostatic Force
Microscopy (EFM) is used by observing the deflection and/or oscillation of the tip in contact
or tapping mode using an AFM (see Figure 2.15).33 In the most common implementation, EFM

Figure 2.15: Fundamental setup of an EFM during operation.132,292–295

operates in a two-pass or lift mode. During the first pass, the topography is measured. During
the second pass, the cantilever follows the measured topography several nanometers over the
surface and the electrostatic force is measured by monitoring the response to an alternating
current (AC) voltage applied to the tip at the frequency ωAC.132 This is achievable because a
variation in the tip-sample interaction is indicated by the alteration in the electrostatic force
(Equation (2.19)) in relation to the grounded sample. This electrostatic force Fel, based on
electrostatic interactions of two charges (compare Equation (2.1)), is given by

Fel =
∂WC

∂z
=

1

2
· ∂C
∂z

· V 2
tip-sample, (2.19)

with WC as the capacitive energy, C as the capacitance, z the distance between tip and sample
in the axis normal to the sample surface and Vtip-sample the bias voltage between the tip and
sample. This voltage is the difference between all external voltages Vext and the CPD given
in Equation (2.20). This tip-sample voltages gets applied to the tip, while the sample stays
grounded.

Vtip-sample = Vext − VCPD = VDC − VCPD + VAC · sin(ωAC t).135 (2.20)

with VDC the DC-voltage offset, VAC the AC bias voltage amplitude with the frequency ωAC at
a certain time t and VCPD the CPD. This electrostatic force in Equation (2.19) can be used to

PhD Thesis of Pascal Niko Rohrbeck 39



CHAPTER 2. FUNDAMENTALS

map the surface for electrical properties, such as surface potential (CPD),41,97 SPV,98,105,320 or
capacitance and dielectric properties.32,37,39,57,99 When combining Equations (2.19) and (2.20),
the electrostatic force is divided into a static (see Equation (2.21)) and two dynamic contribu-
tions (see Equations (2.22) and (2.23)):135

Fstat =
1

2

∂C

∂z

(
(VCPD)

2 +
V 2

AC

2

)
(2.21)

Fω =
∂C

∂z
· VCPD · VAC · sin (ωAC t) (2.22)

F2ω = −1

4

∂C

∂z
· V 2

AC · cos (2ωAC t) (2.23)

In case of not applying a direct current (DC)-offset (VDC = const.), the first harmonic response
at the first eigenmode of the cantilever (A(ωAC) = Q·F (ωAC)

k
) with the spring constant k and

the Q-factor is commonly used in EFM (Equation (2.22)). The amplitude is sensitive to the
damping factor Q because at the resonance frequency this amplitude A(ωAC) is Q times higher
than the excitation amplitude A(ωdrive) (A(ω0) = Q · A(ωdrive)).294 Besides that the amplitude
varies with the CPD and the tip-sample capacitance. The latter varies further with the local
dielectric properties. Please note that the amplitude and therefore the dielectric properties also
varies owing to geometric variations between tip and sample caused by surface topography and
the shape of the cantilever.99 The influences of the shape and excitation frequency on the mea-
surements of the dieelctric properties will be discussed later in Sections 2.6.13 and 2.6.14. Thus,
EFM is prone to topographical cross talk. Furthermore, uncompensated electric fields between
the tip and sample surface can affect the topography measurement. Therefore, although EFM
is relatively easy to implement, it only provides qualitative information about local electric
fields. For quantification of the electric properties KPFM is necessary.132

2.6.5 Kelvin Probe Force Microscopy (KPFM)

Kelvin Probe Force Microscopy (KPFM) is the standard technique of choice to map the local
surface potential.41,135,321

KPFM is a microscopic version of measuring CPD that follows the fundamental principle
of the Kelvin probe.322 Kelvin discovered that the total charge Q over each object’s surface
depends on the capacitance C between the two objects, by the relation Q = C · ∆Φ.323 By
varying C by a known value, e.g., by changing the distance between them a current flows
between the two connected materials.323 This current can be compensated with a DC voltage,
which equals the CPD.323 Unlike traditional measurements, KPFM uses the electrostatic force
between the tip and the sample as the controlling parameter, rather than the current.105,132,294
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The setup for KPFM experiments (see Figure 2.16) are similar to the EFM setup shown in
Figure 2.15. AFM is a highly sensitive tool for measuring forces, which makes it an ideal

Figure 2.16: Fundamental setup of an KPFM during operation.105,132,294

method, e.g., for measuring CPD.105,132 KPFM is an extension of EFM where a additional
control loop (feedback loop) compensates the electrostatic force via an additional external DC
voltage (closed-loop) (see Figure 2.16).105,132 Alternatively, both the first (A(ωAC)) and the
second harmonic response (A(2ωAC)) to the electrostatic excitation is measured (open loop
operation).324 Here, I will focus on closed-loop KPFM modes.

If the work function of the tip Φtip is known, the work function of the sample can be quan-
titatively calculated at each location (see Equation (2.18)).105,132 Similar to dynamic AFM,
CPD can be measured by KPFM mainly in two modes: amplitude modulation Kelvin Probe
Force Microscopy (AM-KPFM)- and frequency modulation Kelvin Probe Force Microscopy
(FM-KPFM)-based modes.105,132 In either mode, KPFM enables the precise recording of po-
tential differences and distributions at the nanometer level.135

2.6.6 Amplitude modulation Kelvin Probe Force Microscopy

(AM-KPFM)

As outlined in Section 2.6.2, the AM method assesses the changes in the amplitude of the can-
tilever at the resonance frequency, while the FM method evaluates the changes in the resonance
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frequency itself.105,135

If the sample is grounded at at all times and an external voltage with both a DC and an AC
voltage of the form shown in Equation (2.20) is applied to the cantilever, the electrostatic force
at the first harmonic from Equation (2.22) becomes Equation (2.24).135

Fω =
∂C

∂z
· (VDC − VCPD) · VAC · sin (ωAC t) (2.24)

Equation (2.24) is the fundamental equation for the AM-KPFM mode. If the contact potential
difference (CPD) is compensated by the DC-voltage (VDC = VCPD), the electric oscillation
A(ωAC) will vanish. Thus, we can determine the local CPD by using a feedback that regulates
VDC to minimize the oscillation amplitude. This method is called AM-KPFM.132,135 AM-KPFM
can be operated both in lift mode and simultaneously with topography mapping by using
different cantilever resonance frequencies for topography and CPD detection.
Axt et al. reported that choosing two different frequencies for the detection of the two
different signals for AM-KPFM is more reliable than the lift-mode AM-KPFM method, yielding
a more quantitative CPD value.135 Amongst other reasons, this is because the frequency of
the electronic excitation in case of the lift-mode AM-KPFM is the same as the frequency of
the mechanical oscillation of the cantilever.105,135 Although the compensation approach should
reduce the influence of the tip-sample capacitance, AM-KPFM is prone to imaging artefacts
such as cross-coupling with the mechanical drive signal, for example, the excitation piezo135 or
cross talk and reduced lateral resolution from long-ranged electrostatic interactions with the
tip cone and the cantilever, limiting the lateral resolution.135,300,305,325,326 To reach the highest
resolution and quantitative results, FM methods are usually preferable.

2.6.7 Frequency modulation Kelvin Probe Force Microscopy

(FM-KPFM)

In frequency modulation Kelvin Probe Force Microscopy (FM-KPFM) we apply a low frequency
(typically ωAC ≈ 0.1 − 5 kHz) AC voltage to the tip. The resulting periodic fluctuations in
the frequency of the electric oscillation ∆ω(t) (see Equation (2.17)) are then detected by a
PLL processed by a lock-in amplifier (LIA) and minimized via a feedback loop similar to
FM-AFM.105,294 Due to the FM detection, this operation mode is directly proportional to
the electrostatic force gradient, and therefore also to the second derivative of the capacitance
∂2C
∂z2

= C ′′ (Equations (2.17) and (2.24)).135 This makes FM detection more sensitive to the
electrostatic interaction between the tip and the sample surface135 and leads to a superior lateral
resolution by the cost of a poorer signal-to-noise ratio.99 Nevertheless, the implementation and
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stable operation of FM-KPFM with a PLL and additional LIA and feedback loop is complicated.
That is the reason why there are alternatives to detect the FM-KPFM signal. Namely, sideband-
FM-KPFM and heterodyne Kelvin Probe Force Microscopy (H-KPFM)

2.6.8 Sideband FM-KPFM

For applications in air, alternative force gradient sensitive KPFM modes are available that
rely on the detection of sidebands caused by frequency mixing between the mechanical and
the electrical excitation. A full derivation can be found in the work of Axt et al.,135 here I
show a simplified calculation to illustrate the appearance of sidebands. The electrostatic force
(Equation (2.19)) contains the capacity gradient. If the tip oscillates at a frequency ωm and
amplitude Am around a certain distance z0 but close to the surface, the tip-sample capacitance
and therefore the capacity gradient will be oscillating monotonically with ωm, as well. This
is because the capacitance is dependent on the tip-sample distance of the tip and the sample
surface. To a first approximation, we can linearize the capacity gradient over the oscillation
range ∆z by a Taylor series (see Equation (2.25)).134,135

∂C

∂z
(z0 +∆z) ≈ ∂C

∂z

∣∣∣∣
z0

+
∂2C

∂z2

∣∣∣∣
z0

·∆z + · · · (2.25)

Using this equation, we can approximate this fluctuation with a periodic function with the
mechanical frequency ωm:

Fω =

[
∂C

∂z

∣∣∣∣
z0

+
∂2C

∂z2

∣∣∣∣
z0

· Am · sin (ωm t)

]
· ((VDC − VCPD) · VAC · sin (ωAC t)) (2.26)

The first term in the square bracket yields an expression identical to Equation (2.22) of
AM-KPFM. The second term contains a product of the mechanical and the electrical os-
cillation. Rearranging yields

Fωm±ωAC =
1

2
Am

∂2C

∂z2

∣∣∣∣
z0

· (VDC − VCPD) · VAC · sin((ωm ± ωAC)t)
135 (2.27)

Equation (2.27) represents the fundamental equation for the force gradient-based methods.
So, the modulation of the capacity gradient by the mechanical cantilever oscillation generates
sidebands at frequencies ωm ± ωAC. The force component in Equation (2.27) has the same
CPD dependence on the DC-offset (VDC −VCPD) as Equation (2.24) for AM-KPFM. The main
difference is the second capacity gradient that puts a stronger emphasis of the resulting signal

PhD Thesis of Pascal Niko Rohrbeck 43



CHAPTER 2. FUNDAMENTALS

on the tip apex compared to tip cone and cantilever, providing a spatial resolution superior
to AM-KPFM modes.99,134,301–305 Strictly speaking, this so-called sideband KPFM is not a
FM mode. Nevertheless, both methods are force-gradient-sensitive, so we will use the term
FM-KPFM for modes using the sideband detection, as well. In the early implementations of
sideband FM-KPFM, a low frequency AC voltage was applied. This way, the sidebands are
still within the resonance band of the cantilever, limiting the detection bandwidth and thereby
the detection speed. Therefore, a further improvement lead to a new method called heterodyne
Kelvin Probe Force Microscopy (H-KPFM).

2.6.9 Heterodyne Kelvin Probe Force Microscopy (H-KPFM)

Sugawara et al.327 introduced the heterodyne Kelvin Probe Force Microscopy (H-KPFM)
method, which is a refined method for detecting electrostatic force gradients by frequency
mixing. In contrast to sideband FM-KPFM, H-KPFM is much faster due to the wider bandwith
possible during operation. This method, similar to sideband FM-KPFM, uses the nonlinear
mixing of a mechanical cantilever vibration with an angular frequency ωm and an electrical
frequency ωAC. But in case of H-KPFM, these frequencies are separated by hundreds of kHz.134

A subsequent study from Garrett and Munday134 modified the H-KPFM method further.134

This means for Equation (2.27) if ωm,1 + ωAC = ωm,2 the signal falls on the second mechanical
resonance ωm,2 of the cantilever, where the detection is enhanced due to the higher signal-to-
noise ratio on the resonance peaks.

The H-KPFM method, as it is with the sideband FM-KPFM, simplifies the measurement
process by eliminating the need for direct acquisition of the periodic oscillations ∆ω using a
PLL in the non-contact mode of the AFM under UHV conditions.134,135 Furthermore, H-KPFM
allows for a detection of the sideband signal with high bandwidth, providing a superior time
resolution compared to a low-frequency AC excitation.134 This leads to an increased speed
(single pass mode) and a higher signal-to-noise ratio compared to lift mode AM-KPFM.134,135

Additionally, the electrical excitation is shifted in frequency from the electrical detection, which
eliminates any interference or coupling.135 The electric oscillation amplitude (A(ωm,2)) is com-
pensated with the use of a LIA by applying a DC-bias, similar to the AM-KPFM method. And
similar to the AM-KPFM method, this DC-bias is equivalent to the CPD.

The force signal in the AM-KPFM method is often stronger than the force gradient signal
in the H-KPFM method. As a result, higher electrical drive amplitudes (A(ωAC)) are typically
needed for the H-KPFM method, which can cause other problems, such as electronic band
bending.135,328 In a comparative study Axt et al. reported that FM-KPFM and in particular
H-KPFM is more reliable than the lift-mode AM-KPFM method, yielding the most quantitative
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CPD value.135 Therefore, I used H-KPFM in my studies, when mentioned KPFM or CPD
measurements. For studying dynamics, I used H-KPFM to study the time-trace of the KPFM
signal which is called time-resolved Kelvin Probe Force Microscopy (tr-KPFM). But before
that in the next section, I want to focus on the Influences on the local CPD value.

2.6.10 Influences on the local contact potential difference

The CPD maps of a sample can be obtained after a KPFM measurement and can be used to
characterize the electronic properties of the sample on the nanoscale.151 However, great care
must be taken when interpreting CPD maps.151 Thus, possible contributions to CPD during
KPFM measurement should be discussed.151

Crosstalk / Tip artifacts

The first possible contribution to the CPD image is crosstalk between the topography image
and the CPD image.151 Even if the FM- or heterodyne mode is used during the KPFM measure-
ment, this effect cannot be completely eliminated.151 This phenomenon is especially significant
in contexts marked by pronounced topographical features, such as sharp edges or deep trenches.
The impact of tip geometry on the CPD map is attributable to the non-uniformity of the can-
tilever cone, which can present as a triangular-shaped cone. The variation in cone geometry
gives rise to distinct electrostatic interactions, thereby influencing the orientation-dependent
behavior observed between the tip and the surface.151 Furthermore, phase jumps in the oscil-
lation of the cantilever will be reflected in the CPD images. This is due to the dependency of
Equation (2.27) on the mechanical amplitude, Am, and the amplitude is subject to variation if
the interaction undergoes a shift, consequently modifying the phase.151,329

Crystallinity

The CPD values can also change due to chemical features at the surface the sample.151 In the
context of crystalline materials, it has been demonstrated that the presence of two distinct
crystal phases within a single sample, each exhibiting different work functions, results in the
variation of CPD values when mapped.330 Furthermore, the different facets of a particular phase
can also manifest distinct CPD signals, as evidenced by research conducted by Abdellatif

et al.151,331 Consequently, the use of KPFM allows for the detection of segregated phases and
the orientation of grains within films.151
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Band bending

The CPD of the sample will also be affected by the local changes within the band structure such
as band bending.151,332,333 As we learned in Section 2.3.3 band bending is caused by the charge
accumulation caused by defect states within the material (e.g., internal interfaces between
layers) or at the surface, e.g., at its GBs.151 The band bending can occur at defect positions
in two ways as upward band bending and downward band bending (see Figure 2.17).151 The

Figure 2.17: The upward and downward band bending effecting the VB, the CB, the vacuum
level Evac, and the CPD signal at a defect position like a GB.98,151

type of band bending depends on the type of defect present in the structure which affect the
type of charge that accumulates.151 Downward band bending occurs due to donor type defect
states which results in electron accumulation and increase in CPD.151 On the contrary, upward
band bending occurs due to acceptor type defect states which leads to hole accumulation and
it decreases CPD.151 Since the CPD changes can be tracked via CPD maps, KPFM stands as
a useful tool to localize defects in the halide perovskite films.151

Surface photovoltage (SPV)

The surface photovoltage (SPV) is defined as the difference between the surface potential (CPD)
of a sample in the dark and under illumination.320 The SPV is defined in Equation (2.28).98

VSPV = VCPD, illum. − VCPD, dark. (2.28)
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By illuminating the photoactive material, as we learned in Section 2.4.2 a splitting of the
Fermi level takes place which is equal to a voltage shown in Equation (2.15). SPV is an
observed phenomenon in semiconductor physics and photovoltaic devices, providing valuable
insight into carrier behavior and material properties. A non-zero SPV indicates a redistribution
of photogenerated free charges.320,334

In crystalline inorganic semiconductors with domains larger than a few nanometers, SPV
typically results from a decrease in the built-in electrical potential gradient and band flattening
in a space-charge region, either near the surface or around a buried interface.320,335,336 In photo-
voltaic device stacks, the buried interfaces can be in between the absorber and a charge-selective
contact.98 Since the SPV signal depends on the Fermi level and the Fermi level change in the
sample under illumination (see Section 2.5.6), it is influenced by band bending, doping,337 and
stochiometry in the sample.338 During illumination, the increased carrier concentration screens
the trapped surface charges, resulting in band flattening.98,339 This change in the band bending
and therefore the surface potential is observed as the SPV signal.

The behavior of the SPV is influenced by the distribution of charge carriers resulting from
n-type or p-type doping, which affects the initial band bending of the semiconductor.98 N-
type semiconductors typically produce positive SPV values, while p-type semiconductors yield
negative SPV values.98 Consequently, the doping status of a sample can be determined by the
sign of its SPV value.98,340

Moreover, The redistribution of photogenerated carriers across the heterojunction depends
on the characteristics of the charge-selective layer. An ETL results in a positive SPV due to an
imbalance of free charges in the film volume, while a HTL results in a negative SPV due to an
excess of electrons. The SPV can be measured using Kelvin probe experiments at both the
macro- and nanoscale (see the tr-KPFM method in Section 2.6.11), providing insight into the
underlying processes within solar cells. It can provide information about material properties,
carrier behavior,341,342 and open circuit voltage (VOC) loss processes.320 This knowledge can be
applied to optimize solar cell performance and improve efficiency.320 In addition, SPV can be
used to study charge recombination at the interface of the perovskite layer,98,105,342 which is
crucial for the performance of PSCs. One possibility to map the SPV in the domain of time is
given by a method called time-resolved Kelvin Probe Force Microscopy (tr-KPFM) shown in
Figure 2.18.98

2.6.11 Time-resolved Kelvin Probe Force Microscopy (tr-KPFM)

The time-resolved Kelvin Probe Force Microscopy (tr-KPFM) method gives the possibility to
measure the surface photovoltage (SPV) on the nanoscale.98 This method was investigated
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during this PhD Thesis and published by Yalçınkaya/Rohrbeck et al. with me as second
first author.98 The schematic setup of the tr-KPFM experiments investigating characteristic
voltage decays following an illumination pulse with a laser positioned underneath the sample is
shown in Figure 2.18.98 As mentioned in Section 2.6.10 this is possible by tracking the change

Figure 2.18: Fundamental setup of an tr-KPFM during operation.98

of the CPD (∆CPD = SPV) of the photosensitive semiconductor like PSCs with respect to the
time and illumination intensity of the PSC.

As the study of Yalçınkaya/Rohrbeck et al., covered in detail in Chapter 4, showed
the SPV transients contain information about recombination rates,343 trap density,334 and ion
migration344 effects.98 The distinguishing factor between these contributions lies in their respec-
tive dynamics. Therefore, in order to separate the different components, the use of tr-KPFM is
necessary to differentiate the dynamics across their respective time domains. Our study utilizes
a CPD trajectory acquired via a tr-KPFM configuration, offering insights into the nature of
contributing charge carriers. This analysis is accomplished by the observation of the decay of
the SPV following the application of a light pulse, a process referred to as SPV spectroscopy.98

While the fast decaying components typically representing electronic contributions and slow
decaying components usually indicating ionic contributions.98,344 The decay of SPV after light
illumination was fitted in respect to time with an double-exponential fit of the form shown in
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Equation (2.29) to separate and extract the fast electronic and slow ionic decay effects within
the measured data:98

CPD(t) = CPD∞ + Aion · exp
(
x0 − x

τion

)
+ Aelec · exp

(
x0 − x

τelec

)
(2.29)

with CPD∞ the equilibrium CPD state, Aion the amplitude of the ionic exponential decay or rise
with the time τion at the laser impulse point x0. Aelec and τelec represent the amplitude and time
constant of the electronic exponential decay or rise.98 The electronic decay is correlated with
the electron-hole recombination mechanisms occurring at the perovskite bulk or at the interface
between perovskite and the ETL.98,105 The rate of SPV decay is proportional to the extent of
trap-assisted recombination.98 Accordingly, it can be employed to investigate the localization
of the passivation.105 TThis information can be used to optimize passivation strategies, thereby
enhancing the performance of solar cells through the further improvement of their efficiency.
The ionic decay is linked to the redistribution of ions from the surface, which can occur through
migration from the crystal lattice345 or adsorption from the environment.98 Additionally, the
electric field generated by electron movement and hole accumulation at the surface exerts a
force on the ions within the film, influencing their movement.98

An analysis of the dynamics of SPV formation at the onset of a light pulse reveals that this
phenomenon can be further interpreted as interfacial extraction of charge carriers,98 in addition
to the internal RC-time of the solar cell. This interpretation is supported by other experimental
studies using photoluminescence (PL)346 or photoconductivity measurements.98,347 The research
suggests that only the ETL or HTL interface is a charge transport limiting factor in the device
and not the perovskite itself.98,347,348 This implies that the interfacial properties of the device
can be observed by tracking changes in the SPV.98,348

The tr-KPFM is conducted by setting up a H-KPFM measurement and place the cantilever
in the middle of the laser spot shown schematically in Figure 2.18.

Due to the AM detection scheme on the second eigenmode the method has an intrinsic time

resolution limit. This time resolution limit of tr-KPFM is proportional to
Q

f0 · π
.294 It includes

Q, also known as the quality factor (Q-factor), and is defined near the resonance frequency
(ω ≈ ωm) as Q ≈ ω0

γ
, where γ is the damping factor of the cantilever oscillation.294 f0 is

the mechanical resonance frequency at which the cantilever oscillates. Similar time resolution
can be achieved by using spiral-mode data acquisition.349,350 Faster time resolution is only
possible by using methods like pump–probe Kelvin Probe Force Microscopy (pp-KPFM)351–353

or general acquisition mode Kelvin Probe Force Microscopy (G-mode KPFM)354 using open
loop KPFM.324
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In addition to the application of the KPFM methods, another approach to gaining insights
into the electrical properties of a given sample is through an analysis of its dielectric properties.
One possibility to get dielectric properties via the capacity gradients C ′ or C ′′ by detecting the
force component independent of the CPD shown in Equation (2.23). This widely used method
is called Scanning Capacitance Microscopy (SCM).

2.6.12 Scanning Capacitance Microscopy (SCM)

Scanning Capacitance Microscopy (SCM) is a widely used technique for capacitance mea-
surements, e.g., on the nanoscale.99 It can directly provide local information about 2D car-
rier distributions or profiles,39,52,54,64,67 image surface dielectric properties and permittivity
values,32,34–38,57–59,355 measure the thickness of bio-membranes,58,62,63,66 investigate memory de-
vices,40,55 and identify particles or nanostructures.36 Moreover, SCM detects capacitance with
superior spatial resolution compared to conventional methods like ellipsometry or reflectance
spectroscopy.58,99 In energy materials like PSCs, SCM allows the localization of defects by un-
derstanding the capacitance signal on the nanoscale with an AFM. By analyzing the capacitive
responses, it is possible to address not only the nature of the charge distribution in the device,
but also the kinetics of the charging processes and how they change the solar cell current.312

Equation (2.23) is the fundamental equation used for SCM.99 For semiconductors such as
perovskites, ∂C

∂z
is not constant with respect to the applied bias voltage31 and is also strongly

dependent on the dopant concentration.31,39,64,99 The capacitance of a material depends, among
other things, on the dielectric constant εr of the material. Conversely, this means that the ca-
pacitance gradient C ′ also depends on the dielectric constant. Furthermore, is only constant at
a certain frequency (εr(f)), because the dielectric function is a function of the applied frequency
f . With the information from the capacitance gradient and the exact model of complicated
the tip-sample capacitance illustrated in Figure 2.19, it is possible to extract local dielectric
information at certain frequencies from a SCM experiment. Historically, the capacitance was
measured with an electrode placed over a flat surface and electrically connected with an ca-
pacitance sensor.55,356,357 This sensor is a ultra-high frequency coaxial resonator. In a widely
used system, a specific sensor is employed to detect changes in capacitance by measuring the
fluctuations in its electric amplitude at a fixed frequency of approximately 915MHz across the
cantilever that is in contact with the sample.52,55,57,358 The feedback of the sensor get tracked
via a LIA.56 The disadvantages are possible cross-talk from the capacitance signal and the
topography55 and these kind of measurements are only possible for materials with a voltage-
depended capacitance such as semiconductors due to the need of a changing contact capacitance
upon electric excitation.57
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Figure 2.19: Schematic illustration of tip apex, tip cone, lever, and stray capacitances. The con-
tribution of the tip apex contains the most localized part of the overall capacitance
signal. The mesoscopic tip cone and the macroscopic cantilever, in contrast, con-
tribute to the long- range stray capacitance, effectively delocalizing the signal.99

A fundamental problem is set by the small tip-sample contact area, which is approximately
∼ 100 nm,56 thereby limiting the lateral resolution. Another limiting factor is the sensitivity of
the sensor used.31,39 Moreover, the cone and lever of the cantilever is is significantly contributing
to the absolute capacitance signal (see Figure 2.19).63 That is the reason why it is hard to
measure the absolute contact capacitance of the dielectric material Cdielectric in presence of the
stray capacitance (Cstray),53,54,63,75,358 also because the stray capacitance is much larger than
the contact capacitance.53

So far, it was shown by Fumagalli et al.57 and Gramse et al.37 that capacitance imaging
with a resolution of aF is possible by detecting the capcaitive current with a current-to-voltage
amplifier57 or modulate the force signal with a AC excitation frequency to the cantilever to
detect the force itself.31,37

As we know by applying a single frequency excitation without a DC component (see Equa-
tion (2.20)) an electrostatic force signal is created at the second harmonic of the excitation
frequency (2ωAC) seen in Equation (2.23). This allows in principle to detect the force created
by changes in the first capacitive gradient (C ′) between tip and sample by observing the deflec-
tion and/or oscillation of the tip in contact or tapping mode with an AFM.33 A single frequency
approach using Equation (2.20) as electric excitation has the disadvantage of limited excitation
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and/or detection frequencies. Only an enhanced signal-to-noise ratio at the harmonics of the
cantilever can provide sufficient signals. However, it is also possible to extract electric prop-
erties by applying at least two various frequencies to the cantilever. This approach is called
multi-frequency EFM.

2.6.13 Multi-frequency Electrostatic Force Microscopy

Multi-frequency Electrostatic Force Microscopy (MF-EFM) uses excitation and/or detection
of the deflection at two or more frequencies.30 Detecting or applying at different frequencies
would normally require dual or multiple pass methods to scan similarly to lift mode AM-KPFM.
Multiple scans over the same area are time-consuming. However, a multi-frequency approach
with the detection similar to H-KPFM on the second eigenmode has the potential to over-
come limitations in the spatial resolution and acquisition time limitations of conventional force
microscopes.30 This combination takes advantage of the superior resolution of H-KPFM de-
tection scheme in comparison to the crosstalk-prone AM-KPFM method and time consuming
sideband/FM-KPFM method.

In dynamic modes of AFM, the motion of the cantilever is highly nonlinear, and information
about the sample that is encoded in the deflection at frequencies other than the excitation
frequency is typically lost.30 When using a single excitation frequency (see Figure 2.15), specific
force components are generated as described in Equations (2.21) to (2.23). In multi-frequency
EFM (see Figure 2.20), this changes. Mixing the electrostatic force and the Taylor expansion
at z0 (see Section 2.6.8) leads to sidebands at frequencies ωSB,1 = (ωm ± ωAC) and ωSB,2 =

(ωm ± 2ωAC) next to the the mechanical oscillation at ωm.99,135 Both of these methods are
applied in the aforementioned techniques, namely FM-KPFM, H-KPFM, and SCM.99 In order
to guarantee an adequate signal-to-noise ratio, it is essential that the resulting frequencies
align with one of the cantilever’s resonance frequencies.99 This restriction in single-excitation
frequency selection, shown schematically in Figure 2.15, can be circumvented by implementing
a multi-frequency excitation approach (see Figure 2.20).99 With a double-frequency excitation,
we can write the tip-sample voltage as:99

Vtip-sample = VAC,1 · sin (ωe,1 t) + VAC,2 · sin (ωe,2 t) (2.30)

with VAC,1 and VAC,2 as the amplitude voltages and ωe,1 and ωe,2 the AC excitation frequencies.
In the case of two drives with identical amplitude VAC,1 = VAC,2 =

VAC
2

, Equation (2.30) can be
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rearranged as shown in Equation (2.31).

Vtip-sample = VAC · sin
(
ωe,1 − ωe,2

2
t

)
· sin

(
ωe,1 + ωe,2

2
t

)
(2.31)

Thus, the waveform can be viewed as a high-frequency oscillation at (ωe,1 + ωe,2)/2 with a
low-frequency amplitude modulation at frequency (ωe,1 − ωe,2)/2 = ∆ωe/2. This effect is also
known as "beating" (shown schematically in Figure 2.20) and is utilized in the AFM context for
example in intermodulation AFM.88,95,359,360 This principle of the multi-frequency EFM is used
in the new multi-frequency heterodyne Electrostatic Force Microscopy (MFH-EFM) method,
which was developed by me during this PhD.

2.6.14 Multi-frequency heterodyne Electrostatic Force Microscopy

(MFH-EFM)

I recently introduced a new version of SCM in which I use a multi-frequency EFM approach
called multi-frequency heterodyne Electrostatic Force Microscopy (MFH-EFM) to detect signals
dependent on the second capacitance gradient signal.99

MFH-EFM provides the capability to assess dielectric properties with high lateral resolution.
This method involves the use of an EFM and the application of two sinusoidal signals to the
cantilever, resulting in the generation of an intermodulation signal in conjunction with a LIA
for detection.99 The setup, based on multi-frequency EFM, is shown in Figure 2.20. Gil et

Figure 2.20: The fundamental setup of a MFH-EFM during operation is demonstrated in the
presence of a schematic intermodulation signal consisting of two sinusoidal frequen-
cies, specifically 2Hz and 2.5Hz.99

al. suggested to use the force gradient, which is dependent on the second capacitance gradient

PhD Thesis of Pascal Niko Rohrbeck 53



CHAPTER 2. FUNDAMENTALS

(
∂2C
∂z2

)
= C ′′.43 The force contribution of the cone and the lever will be "derived away".43

Consequently, the force signal will be localized on the tip apex.99

In Chapter 5 the complete work is provided, but here I would like to frame the theory in the
context of the previous sections on multi-frequency EFM and provide a complete picture.

If we ignore higher orders of the Taylor expansion for now, the combination of Equa-
tion (2.19), Equation (2.25) up to the first order, and using the double excitation approach
from Equation (2.31) and separating by spectral components yields among others the following
Equation (2.32). The full expression for the electrostatic force can be found in the work of
Rohrbeck et al.99 Here, I will focus on the DC force component and set VDC − VCPD = ∆:

FDC =
1

2

(
C ′ + C ′′Am sin (ωm t) + . . .

)
·
[
∆2 +

V 2
AC

2
sin2

(
∆ωe

2
t

)]

=
1

2
C ′

[
∆2 +

V 2
AC

4

]
+

1

8
C ′V 2

AC cos (∆ωe t) (2.32a)

+
1

2
C ′′Am

[
∆2 +

V 2
AC

4

]
sin (ωm t) +

1

16
C ′′AmV

2
AC sin ((ωm ±∆ωe) t) (2.32b)

In addition to a static force term identical to Equation (2.21), Equation (2.32a) contains a term
proportional to C ′ at frequency 2ωmod = ∆ω.99 This force has been used for AM-based dielectric
spectroscopy.41,47,79,99,355,361–364 The second term Equation (2.32b) contains a force component
at the mechanical drive frequency ωm and at a sideband frequency ωm ± 2ωmod.99 This last
term is independent of the local CPD, making it interesting for dielectric measurements.99

The forces in Equation (2.32b) are only dependent on the frequency difference, ∆ωe, of the
electrical drive frequencies.99 Thus, the experiments can be performed at almost arbitrarily
high AC frequencies.99 The lower limit for the frequency range is given by the second resonance
of the cantilever.99 Towards higher frequencies, the impedance of the electrical connection will
introduce a damping of the excitation signal that has to be considered.99 By using appropriate
means of coupling the electrical excitation into the tip-sample gap, experiments at microwave
or even at optical frequencies are possible.99 In the setup shown in the publication, the two
excitation frequencies can be varied in frequency from ≈ 600 kHz up to at least 50MHz, limited
by the bandwidth of the lock-in amplifier.99

To reach a nanoscale sensitive measurement of the dielectric constant in media besides air,
a detection at higher excitation frequencies in the MHz regime is strictly necessary.37,99 The
main difference between Equation (2.32) and Equation (2.19) is the proportionality to the
second derivative of the capacitance ∂2C

∂z2
= C ′′ rather than to the first derivative ∂C

∂z
= C ′.

This improves sensitivity because the electrostatic force acting at the tip apex still dominates
at longer distances, where stray capacitance normally takes over, compared to C ′ signals at
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the cost of lower signal-to-noise ratio (see Figure 2.21).99,365 Since the magnitude of this force

Figure 2.21: Comparison of the C ′′ and the C ′ single force curves of a microcapacitor while doing
MFH-EFM (see Equations (2.32b) and (2.33)) and compared with the detection of
2ω (see Equation (2.23)).99

component depends on C ′′, superior lateral resolution is expected by reducing the long-range
force contributions from the tip cone and cantilever.99 This improved lateral resolution was
demonstrated by comparing the C ′ and the C ′′ signal (see Figure 2.21).99 By fitting the second
capacitance gradient signal C ′′ with respect to the tip-surface distance z to an appropriate
capacitance model of a cantilever over a surface, e.g., from Colchero et al., Hudlet et

al.,300,366 it will be possible to extract the local capacitance and the dielectric properties of the
measured sample.

In case of PSCs this is a central element to understand the physical processes in the per-
ovskite photovoltaic devices367,368 As in the case of conventional EFM, signal-to-noise is greatly
improved by choosing ∆ωe such that one of the induced sidebands falls on one of the cantilever’s
mechanical resonances.99

In addition to the standard setup for an EFM experiment, MFH-EFM is performed by
applying two high-frequency electrical excitations of equal magnitude (VAC,1 = VAC,2) at the
frequencies ωe,1 and ωe,2 (see Equation (2.30)). A schematic of the excitation frequencies is
shown in Figure 2.22. The electrical detection frequency (300 - 420 kHz) is several hundred
kilohertz away from the frequency of mechanical oscillation (65 - 80 kHz), effectively reducing
crosstalk between the topographical and capacitive images.99 It is important to note that the
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Figure 2.22: Schematic illustration of the excitation and detection frequencies in MFH-EFM.
The lower part shows the transfer function of the cantilever, where the amplitude
is plotted vs the logarithmic angular frequency. The upper part shows the exci-
tation frequencies (⇂) and the detection frequencies (↿) of the applied frequencies.
The red arrow corresponds to topography- and the blue arrow to the electrical
signal.99,134,135,369 A comparison of H-KPFM and MFH-EFM can be found in the
work of Rohrbeck et al.99

excitation frequencies are to be situated at the nth and the (n+1)th multiple of the frequency
gap ∆ω = (ωm,2 −ωm,1) (see Figure 2.22), respectively. The indirect detection of local capacity
variations by means of an electrostatic force at the second harmonic of the cantilever (ωm,2) has
the advantage that it does not require additional devices for the measurement except for the
LIA similar to the work of Gramse et al.34,99 Nevertheless, to quantify the total tip-sample
capacitance will require varying the distance, e.g., by force-distance spectroscopy.99

The second capacitance gradient itself can be calculated from the electrostatic force by the
detected amplitude signal from the LIA, Adet.99 This is shown in detail in Equation (2.33)99

∂2C

∂z2
(ω) = C ′′(ω) =

16 · VMFH-EFM(ω) · InvOLS2(ω) · k2(ω)
Am · V 2

AC · Ξamp,d2C ·Q (2.33)

This amplitude contains in detail the voltage from the LIA output (VMFH-EFM) and the ampli-
fication factor Ξamp,d2C of this voltage from the LIA in MFH-EFM mode.99 Additionally, we
need to take the cantilever’s frequency-dependent spring constant or transfer function (k(ω))
as well as the Q-factor discussed in Section 2.6.4 (A(ωm,2) = Q·F (ωm,2)

k
) into account.99 The

cantilever’s transfer function k(ω) corresponds to the inverse optical lever sensitivity (InvOLS)
of the second harmonic (InvOLS2) and the spring constant of the second resonance (k2).99

It is important to note that the InvOLS and the spring constant on the seconds resonance
is not the same as measured on the first resonance by the method of Sader et al.370 It is
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rather necessary to calculate the properties of the cantilever for the respective eigenmodes.371

The InvOLS of the second harmonic (InvOLS2) is determined through the measurement of
the cantilever’s oscillation at its second mechanical resonance (ωm,2), while conducting force-
distance curves and quantifying the reciprocal slope of the mechanical voltage of the detector
(Vm) against the tip-sample distance (z). The spring constant of the second resonance (k2) can
be estimated through the method of Sader, while at the second resonance. Alternatively, k2
can be calculated with the formula by Labuda et al.:371

kn = k1

(
fn
f1

)ζ

(2.34)

The power-law exponent ζ can be determined empirically; it has been shown to be approxi-
mately 1.72 for a rectangular cantilever with a resonance frequency of f1 = 70 kHz and a spring
constant of k1 = 2 N

m
.371

The newly developed MFH-EFM method is an advantageous addition to the toolkit of the
AFM, given its facile capacity to be integrated into existing EFM setups.

In the following chapters, I will present the three research projects that were concluded during
my doctoral studies. The present study in Chapter 3 will initiate with a thorough examination
of the passivation strategies employed to the PSCs, utilizing KPFM.
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3 Two birds with one stone: dual
grain-boundary and interface
passivation enables >22 % efficient
inverted methylammonium-free
perovskite solar cells

Reproduced from Ref. ’Gharibzadeh, S.; Fassl, P.; Hossain, I. M.; Rohrbeck, P.; Frericks, M.;
Schmidt, M.; Duong, T.; Khan, M. R.; Abzieher, T.; Nejand, B. A.; Schackmar, F.; Almora,
O.; Feeney, T.; Singh, R.; Fuchs, D.; Lemmer, U.; Hofmann, J. P.; Weber, S. A. L.; Paetzold, U.
W. Two Birds with One Stone: Dual Grain-Boundary and Interface Passivation Enables >22%
Efficient Inverted Methylammonium-Free Perovskite Solar Cells. Energy Environ. Sci. 2021,
14 (11), 5875–5893. DOI: 10.1039/D1EE01508G.’97 with permission from the Royal Society of
Chemistry.

In this paper, we used the KPFM method to investigate defect passivation strategies within
halide perovskites materials.

Pascal Niko Rohrbeck is one of the co-authors of this paper. Pascal Niko Rohrbeck measured
KPFM on the differnt samples (Figure 6) and analysed among Saba Gharibzadeh, Paul Fassl,
and Stefan A. L. Weber the data. Also, Pascal Niko Rohrbeck reviewed and commented on the
paper among all the other authors.
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Two birds with one stone: dual grain-boundary
and interface passivation enables 422% efficient
inverted methylammonium-free perovskite solar
cells†

Saba Gharibzadeh, ‡ab Paul Fassl, ‡ab Ihteaz M. Hossain,ab Pascal Rohrbeck, c

Markus Frericks, de Moritz Schmidt, abf The Duong, g

Motiur Rahman Khan, a Tobias Abzieher,a Bahram Abdollahi Nejand, ab

Fabian Schackmar,ab Osbel Almora, h Thomas Feeney,a Roja Singh, ab

Dirk Fuchs,i Uli Lemmer,a Jan P. Hofmann, de Stefan A. L. Weberc and
Ulrich W. Paetzold *ab

Advancing inverted (p–i–n) perovskite solar cells (PSCs) is key to further enhance the power conversion

efficiency (PCE) and stability of flexible and perovskite-based tandem photovoltaics. Yet, the presence of

defects at grain boundaries and in particular interfacial recombination at the perovskite/electron

transporting layer interface induce severe non-radiative recombination losses, limiting the open-circuit

voltage (VOC) and fill factor (FF) of PSCs in this architecture. In this work, we introduce a dual passivation

strategy using the long chain alkylammonium salt phenethylammonium chloride (PEACl) both as an

additive and for surface treatment to simultaneously passivate the grain boundaries and the perovskite/

C60 interface. Using [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) as a hole transporting layer and

a methylammonium (MA)-free Cs0.18FA0.82PbI3 perovskite absorber with a bandgap of B1.57 eV,

prolonged charge carrier lifetime and an on average 63 meV enhanced internal quasi-Fermi level

splitting are achieved upon dual passivation compared to reference p–i–n PSCs. Thereby, we achieve

one of the highest PCEs for p–i–n PSCs of 22.7% (stabilized at 22.3%) by advancing simultaneously

the VOC and FF up to 1.162 V and 83.2%, respectively. Using a variety of experimental techniques,

we attribute the positive effects to the formation of a heterogeneous 2D Ruddlesden–Popper

(PEA)2(Cs1�xFAx)n�1Pbn(I1�yCly)3n+1 phase at the grain boundaries and surface of the perovskite films. At

the same time, the activation energy for ion migration is significantly increased, resulting in enhanced

stability of the PSCs under light, humidity, and thermal stress. The presented dual passivation strategy

highlights the importance of defect management both in the grain boundaries and the surface of the

perovskite absorber layer using a proper passivation material to achieve both highly efficient and stable

inverted p–i–n PSCs.
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Broader context
Due to the rapid increase in power conversion efficiency of perovskite solar cells (PSCs), they are considered an emerging area of research in photovoltaic
technologies. While inverted p–i–n PSCs have demonstrated great potential for flexible and perovskite-based tandem photovoltaics, key challenges still need to
be addressed as compared to their n–i–p counterparts. In particular, severe non-radiative recombination losses induced by the presence of defects at grain
boundaries (GBs) and interfacial recombination at the perovskite/electron transporting layer interface limit the open-circuit voltage (VOC) and fill factor (FF) of
PSCs in this architecture. To address this issue, we demonstrate that utilizing a dual passivation strategy using phenethylammonium chloride both as an
additive and for surface treatment simultaneously passivates defects at the GBs and the perovskite/C60 interface. We show that this is due to the formation of a
heterogeneous 2D Ruddlesden-Popper phase, leading to a significant improvement in both the VOC and FF. In view of the urge to advance p–i–n PSCs for
flexible and perovskite-based tandem photovoltaics, our findings stress the importance of defect management both at the GBs and the surface of the perovskite
absorber layer in order to achieve both highly efficient and stable inverted p–i–n PSCs.

Introduction

Single-junction organic–inorganic metal halide perovskite solar
cells (PSCs) have demonstrated outstanding performance in
laboratory-scale devices, closing the gap to the highest reported
power conversion efficiencies (PCEs) of the market-dominating
Si solar cells.1,2 While PCEs above 23% have been demonstrated
using the mesoporous3–12 and planar13–22 n–i–p architecture (up
to 25.5% certified23), inverted planar p–i–n PSCs still lag behind
despite several recent studies reporting PCEs above 22% (up to
22.75% certified24) (see Fig. S1, ESI†).20,24–30 Further increasing
the PCE of p–i–n PSCs is crucial given (1) their compatibility with
p-type Si bottom solar cells for monolithic perovskite/Si tandem
photovoltaics (PV),31,32 (2) their low-temperature processability
(r100 1C), and (3) their promising operational stability along
with negligible hysteresis.33

The most relevant bottleneck limiting the PCE of p–i–n PSCs
is the apparent non-radiative recombination losses at the inter-
face between the perovskite and the charge transport layers
(CTLs).33–39 As a result, the open-circuit voltage (VOC) of p–i–n
PSCs relative to the Shockley–Queisser (S–Q) limit for a given
bandgap has long been significantly lower as compared to their
n–i–p counterparts (Fig. S2a, ESI†), while recently specifically the
VOC � fill factor (FF) product is lagging behind (Fig. S2b,
ESI†).31,33,34 Considering that the novel self-assembled monolayer
(SAM) hole transport layers (HTLs) 2PACz ([2-(9H-carbazol-9-
yl)ethyl]phosphonic acid) and Me-4PACz ([2-(3,6-dimethoxy-9H-
carbazol-9-yl)ethyl]phosphonic acid) developed by Albrecht
and coworkers form a practically lossless interface,31,32 the
remaining challenge is interfacial recombination at the
electron transport layer (ETL), which is commonly the fullerene
C60 or phenyl-C61-butyric acid methyl ester (PCBM). The second
most relevant bottleneck is bulk defects in conjunction with the
abundance of grain boundaries in perovskite films. Although
the electronic properties of grain boundaries are still
debated,40–42 they are commonly associated with an increased
defect density, facilitated ion migration and an accelerated
degradation under light and thermal stress.43–47 The latter
aspect is particularly important considering that stability is
one of the main concerns for the future commercialization of
perovskite PVs.48–51 For these reasons, effective strategies to
reduce both, (1) interfacial recombination at surface/interface
defects and (2) bulk recombination at bulk or grain boundary

defects are pivotal to maximize both the VOC and FF as well as
the stability of planar p–i–n PSCs.

Post-treatment of perovskite films is a widely established
strategy to suppress interfacial recombination and optimize the
performance of PSCs.49,52–58 Prominent examples for tailored
passivation schemes are the use of (alkyl)ammonium
salts,3,4,6,10,11,13,14,20,22,59–80 other organic compounds16,19,24,45,81–87

and fluoride-containing materials.31,35,38,74,86,88,89 Alongside
established chemical passivation that reduces the density of
surface/interface defects,53,63,83,85 this strategy also encompasses
performance enhancements by the formation of 2D/3D
heterostructures10,59–61,63,64,70,76–78 and/or wide-bandgap interface
layers.6,66,90,91 The latter enhancements can be the result of
improved energy level alignment that promotes selectivity and
carrier transport across perovskite/CTL interfaces and/or a reduced
probability for interfacial recombination due to charge
blocking.19,25,35,53,67,77,92 Recently, lithium fluoride (LiF) has
been identified as an interlayer at the perovskite/ETL interface that
significantly enhances the performance of p–i–n PSCs.31,35,38,88,89,93

However, PSCs with LiF undergo severe long-term degradation
which limits the applicability of this approach.31,93

In order to reduce non-radiative recombination in the bulk
and grain boundaries, the use of non-stoichiometric
precursors94–96 or incorporation of different additives into the
perovskite precursor solution or antisolvent such as metal
cations,97 anions,98 chloride (Cl) or thiocyanate
(SCN),4–6,10,14,15,17,19,88 (alkyl)ammonium salts,3,25,26,64,98–105 other
organic compounds,74,84,106 and fluoride-containing
materials74,107 have been proposed. Given that these additives
directly assist in perovskite film formation, changes in crystal-
lization dynamics as well as a reduced defect density are
commonly observed.55,108,109 For instance, Xu et al. demonstrated
that by alloying MAPbCl3 into the perovskite film, the VOC of the
wide-bandgap p–i–n PSCs significantly improved due to a reduced
bulk defect density.88 In other works, the addition of various long
chain alkylammonium cations was shown to self-assemble into a
wide-bandgap 2D perovskite phase passivating the surface and/or
grain boundaries of the 3D perovskite film.25,58,64,99–105 However,
due to the insulating nature of such 2D phases, adding too large
amounts typically results in an overall lower PCE compared to
control devices.25,64,99,101,103,104,107

Despite the apparent wide range of strategies suggested to
reduce non-radiative recombination losses in PSCs,49,54,57,110,111
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to our knowledge there is only one recent report that used the
same passivation material both as an additive and for surface
treatment to improve the performance of p–i–n PSCs.84 In this
work, we report on an effective dual passivation approach using
the long chain alkylammonium salt phenethylammonium
chloride (PEACl) to simultaneously passivate the grain
boundaries and the perovskite/C60 interface by using PEACl:PbCl2

as the additive and PEACl for surface treatment, respectively.
Employing time-resolved photoluminescence (TRPL) and photo-
luminescence quantum yield (PLQY) measurements, dual
passivation is proven to be most effective in reducing non-
radiative recombination compared to either of the individual
passivation strategies. By analyzing cathodoluminescence (CL),
scanning electron microscopy (SEM), X-ray/ultraviolet photo-
electron spectroscopy (XPS/UPS), X-ray diffraction (XRD) and
Kelvin probe force microscopy (KPFM) measurements, we
attribute the positive effects to the formation of a heterogeneous
2D Ruddlesden–Popper (RP) (PEA)2(Cs1�xFAx)n�1Pbn(I1�yCly)3n+1

perovskite phase with n B 1–2 at the surface and grain
boundaries of the film that exhibits a lower work function (WF)
and hole blocking properties. Finally, thermal admittance spectro-
scopy (TAS) reveals that the activation energy for ion migration is
strongly increased upon dual passivation, which is reflected in an
enhanced device stability under maximum power point (MPP)
tracking and heat treatment for 1000 h. In summary, by
using PEACl both as the additive and for surface treatment,
we could not only effectively reduce interfacial recombination
at the perovskite/C60 interface, but simultaneously passivate
the grain boundary defects. Employing dual passivation for

methylammonium (MA)-free p–i–n PSCs with a bandgap of
B1.57 eV leads to a very high PCE of 22.7% (stabilized at
22.3%) with a remarkable VOC and FF of up to 1.162 V and
83.2%, respectively. In view of the urge to advance the p–i–n
structure for flexible and perovskite-based tandem photovoltaics,
this development is pivotal.

Results and discussion

The dual passivation strategy developed in this work is based on
combining the incorporation of PEACl:PbCl2 into the perovskite
precursor solution and PEACl surface treatment (Fig. 1).
Since using long chain alkylammonium salts as additive mainly
passivates the grain boundaries, as will be shown later and has
been proposed in previous works,26,98,101–103 it is for simplicity
referred to as grain boundary passivation (GBP) in the following,
while surface treatment is referred to as surface passivation (SP).
For the reference perovskite films (referred to as Ref), we adapt
an established fabrication route,112 yielding high-quality MA-free
films with a composition of Cs0.18FA0.82PbI3 (10% excess PbI2)
and a bandgap of B1.57 eV. In case of GBP, PEACl : PbCl2 (1 : 1
molar ratio) dissolved in dimethyl sulfoxide (DMSO) is added
into the Ref precursor solution (optimized at a concentration of
2 mol%; see Fig. S3, ESI†). The Ref and GBP precursor solutions
are spin-coated on top of ITO/2PACz and annealed at 150 1C for
30 min (Fig. 1a). In case of SP, PEACl dissolved in isopropanol
(optimized at a concentration of 1.5 mg ml�1; see Fig. S4, ESI†),
is dynamically spin-coated on the surface of Cs0.18FA0.82PbI3

Fig. 1 Schematic of the perovskite absorber deposition process employing the dual passivation strategy developed in this work: (a) grain boundary
passivation (GBP) by incorporation of PEACl:PbCl2 into the perovskite precursor solution, (b) surface passivation (SP) by treatment of PEACl in IPA on top
of the perovskite absorber layer and (c) combination of grain boundary and surface passivation (GBP&SP).
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films and subsequently annealed at 100 1C for 10 min (Fig. 1b).
Finally, both individual passivation strategies are exploited
together, referred to as GBP&SP (Fig. 1c). Further details are
provided in the Experimental Section (ESI†).

Photovoltaic performance

In order to demonstrate the trend in performance of planar
p–i–n PSCs upon employing either individual passivation (GBP
or SP) as well as dual passivation (GBP&SP) compared to Ref
PSCs, devices in the layer stack ITO/2PACz/perovskite/C60/BCP/
Ag with an active area of 12.3 mm2 were prepared (Fig. 2a).
Fig. 2b and Table S1 (ESI†) summarize the current density–
voltage ( J–V) characteristics and PV parameters of the best-
performing p–i–n PSCs. The corresponding statistics (in total
147 devices) that emphasize the very high yield and good
reproducibility of the key trends are shown in Fig. 2c. The best
Ref PSC exhibits a PCE of 20.4% with a short-circuit current
density ( JSC) of 23.9 mA cm�2, a VOC of 1.086 V, and a FF of
78.6%. This denotes a very respectable starting point in perfor-
mance for p–i–n PSCs compared to literature (see Fig. S1, ESI†).
The PCE of the best GBP PSC is slightly improved to 20.7%,
which is mainly associated with a 26 mV enhancement in VOC

as well as a slightly improved FF. The small decrease in JSC to
23.6 mA cm�2 is attributed to the formation of a 2D RP
perovskite (see discussion in the following) and, thus, a slight
decrease in 3D perovskite absorber volume (see ultraviolet-
visible (UV-vis) measurements in Fig. S5, ESI†).64,99 The best
SP PSC already exhibits a very high PCE of 22.1% with a

significant improvement in both the VOC (1.131 V) and FF
(82.3%) as compared to the Ref PSC.

Strikingly, upon dual passivation, the VOC and FF are further
enhanced to 1.162 V and 83.2% respectively, which leads to a
remarkable PCE of 22.7% for the best GBP&SP PSC (see Fig. 2d).
This corresponds to a VOC � FF product of 0.891 with respect to
the S–Q limit, the highest reported for p–i–n PSCs with a PCE
above 21% (compare Fig. S1 and S2b, ESI†). Furthermore, the
GBP&SP PSC also exhibits a remarkable stabilized PCE (under
MPP tracking), VOC and JSC of 22.3%, 1.161 V and 23.4 mA cm�2

under continuous AM1.5G illumination for 5 min, respectively
(Fig. 2e). It should be noted that the VOC enhancements are not
governed by an increase in the bandgap, as shown by analysis
via the Tauc plot method and the inflection point of the EQE
spectra (Fig. S6a and b, ESI†),113 but relate to reduced non-
radiative recombination, as we will later elaborate on in detail.
We note that when increasing the concentration of PEACl to
3 mg ml�1 (beyond the optimum concentration), the VOC of
GBP&SP PSCs increases further up to 1.184 V (see Fig. S4, ESI†),
which represents a voltage deficit of only 393 mV and 104 mV
with respect to the bandgap and radiative limit respectively
(90.9% of the S–Q limit),113 that are among the lowest reported
for p–i–n PSCs (Fig. S2a, ESI†). However, since the JSC and FF
decline at the same time, possibly due to the insulating nature of
a thicker 2D RP passivation layer at the surface,63,64,81,82,99 the
PCE of the best GBP&SP PSC drops to 21.8%. It should be noted
that the reported JSC for all PSCs is corrected using the ratio of
JSC derived from the external quantum efficiency (EQE) and J–V
measurements of the best PSCs (Fig. 2b and Fig. S7, ESI†).

Fig. 2 (a) Schematic of the employed perovskite solar cell configuration with a layer stack sequence of ITO/2PACz/perovskite/C60/BCP/Ag. (b) Current
density versus voltage (J–V) characteristics and (c) statistical distribution of the open-circuit voltage (VOC), fill factor (FF), short-circuit current density
(JSC), and power conversion efficiency (PCE) of perovskite solar cells without any modification (Ref), with surface passivation (SP), grain boundary
passivation (GBP) and combined grain boundary and surface passivation (GBP&SP). (d) J–V characteristics and (e) maximum power point (MPP) tracking
of the best-performing GBP&SP perovskite solar cell, demonstrating a stabilized PCE of 22.3%. The inset shows the stabilized JSC and VOC.
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This results in a rather conservative determination of PCE in this
work. To summarize, the combined enhancements in VOC and
FF are highest for GBP&SP PSCs, which highlights the necessity
of the simultaneous passivation of the perovskite/C60 interface,
and – as we will show later – the grain boundaries of the
perovskite thin film.

Next to dual passivation by PEACl, we first evaluated the
effect on the VOC upon employing PEAI and PEABr, since they
have been used in numerous previous reports for passivation of
perovskite films.62,65,69,77,99,103 As shown in Fig. S8 (ESI†),
PEACl-based GBP&SP PSCs show a much higher average of
VOC of B1.15 V as compared to B1.12 V in case of PEAI and
PEABr. Therefore, we focussed in more detail on alternative
chloride-based long chain alkylammonium salts namely n-
butylammonium chloride (BACl) and n-octylammonium chloride
(OACl), since BAI,63,64,71,72,76,102 BABr,10,59,60,64 OAI,4,72,75,76,101 and
OABr10,71 have previously been reported to serve as efficient
passivation molecules as additive as well as for surface treatment.

While SP PSCs all exhibit an enhanced VOC and FF as
compared to Ref PSCs, the enhancements are most pronounced
in case of PEACl (Fig. S9, ESI†). Employing the dual passivation
strategy leads to aB30 mV VOC enhancement in case of OACl
and BACl, which is much lower compared to B70 mV for
PEACl-based GBP&SP PSCs (see Fig. S10, ESI†). Furthermore,

while for BACl-based GBP&SP PSCs the FF remains similar and
only a slight drop in JSC is observed compared to Ref PSCs,
these parameters are even reduced in case of OACl, as expected
based on previous reports employing too large amounts of
alkylammonium salts as additive.25,64,99,102 Therefore, an over-
all lower average PCE of only 18.6% is obtained for OACl-based
GBP&SP PSCs compared to 20.1% for Ref PSCs, while the
average PCE is slightly higher at 20.9% in case of BACl. These
results highlight that our dual GBP&SP passivation strategy
in principle is compatible with other Cl-based long chain
alkylammonium salts, but reduced charge carrier transport
(i.e., lower JSC and/or FF) can easily impede any positive effects
from reduced interfacial recombination (i.e., higher VOC).
Hence, careful optimization of the fabrication parameters is
required. Targeting high efficiency and reproducibility, we
identified PEACl as the superior choice for the dual passivation
strategy of p–i–n PSCs studied in this work.

Photophysical properties

To discriminate the effect of GBP, SP and GBP&SP on non-
radiative recombination of the PSCs, we first show representative
TRPL transients measured for ITO/2PACz/perovskite/C60 layer
stacks in Fig. 3a. While the detailed interpretation of such
transients can be challenging,114 a longer monomolecular

Fig. 3 (a) Time-resolved photoluminescence (TRPL), (b) photoluminescence quantum yield (PLQY), (c) the obtained implied VOC (VOC-imp), and
(d) ideality factor (nid) extracted from a fit to the intensity-dependent VOC-imp of the perovskite films prepared on ITO/2PACz substrates for the reference
(Ref), surface passivation (SP), grain boundary passivation (GBP) and grain boundary & surface passivation (GBP&SP) films. TRPL in (a) is measured with a
C60 layer on top, while (b–d) are measured for a full device stack.
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lifetime at low-level injection can be attributed to reduced non-
radiative recombination either within the bulk (including
the grain boundaries) or the perovskite/CTL interfaces.114–117

The lifetime increases considerably by more than one order of
magnitude in the order ref (19 ns) - GBP (48 ns) - SP (113 ns)
- GBP&SP (256 ns) (dashed lines Fig. 3a). This indicates
that non-radiative recombination is effectively suppressed in
the same order as the observed VOC enhancement of the
PSCs.114–117

To quantify the reduction of non-radiative recombination,
PLQY measurements along with the internal quasi-Fermi level
splitting (EF), that are attributed to the ‘implied VOC’ via VOC_imp

= DEF/q = VOC_rad + kBT/q ln(PLQY), are discussed next.34,118

Analysing PLQY and VOC_imp for the stack ITO/2PACz/perovskite
without C60 allows identification of whether non-radiative
recombination at the HTL/perovskite limits the VOC of our
PSCs.34,35,39 For the Ref films, we find an already very high
average PLQY (VOC_imp) of 7.2% (1.206 V) which only slightly
increases to 7.9% (1.218 V), 9.8% (1.218 V) and 9.7% (1.225 V)
for GBP, SP and GBP&SP films, respectively (Fig. S11, ESI†), with
VOC_imp being well above the obtained VOC of all PSCs presented
in Fig. 2c. This shows that our perovskite films are of very high
quality and that the nearly lossless 2PACz/perovskite interface
does not limit the VOC, in line with previous reports.31,32,35

Upon addition of C60/BCP/Ag, the PLQY for Ref films severely
drops to a low average value of 0.058% correlating to VOC_imp of
1.081 V, clearly showing that the perovskite/C60 interface limits
the VOC (Fig. 2b and c). Impressively, the average PLQY
increases by roughly one order of magnitude to 0.083%,
0.26% and 0.45% for GBP, SP, and GBP&SP films respectively
(Fig. 3b), correlating to an enhanced VOC_imp of 1.100 V, 1.122 V
and 1.144 V, respectively (Fig. 3c). Notably, the values of
VOC_imp closely match with the average VOC of the respective
PSCs (compare Fig. 2c), implying that all PSCs have a proper
energetic alignment that does not result in an offset between
VOC_imp and VOC.34,35,92,118,119 We note that increasing the
PEACl concentration to 3 mg ml�1 for GBP&SP films further
increases the PLQY and VOC_imp to remarkable values of up to
2.21% and 1.190 V, respectively, which is in line with the results
discussed above for the respective PSCs (see Fig. S12, ESI†).

At first sight, the role of the PEACl:PbCl2 additive for the
improved device performance remains unclear, since VOC_imp

for the half layer stack without C60 only slightly increases for all
passivation strategies as compared to Ref films. To shed more
light on this aspect, we show representative TRPL transients for
the stack ITO/2PACz/perovskite in Fig. S13 (ESI†). Here, we find
a clear trend with the monomolecular lifetime for GBP films
(B1624 ns) and GBP&SP films (B1497 ns) being considerably
longer as compared to Ref films (B335 ns). Interestingly, for
perovskite films with surface passivation only, the lifetime is
solely slightly increased to B464 ns. At this point, we hypothesize
that the enhanced lifetimes in case of GBP relate to the
passivation of shallow grain boundary traps via the self-
assembly of PEA+ molecules and/or the formation of a PEACl-
based 2D RP phase.25,26,36,41,46,102,104–106,120,121 We note that
shallow traps are typically filled at high illumination intensities

around 1 Sun, possibly explaining why the values of PLQY and
VOC_imp for stacks without C60 are only slightly enhanced by all
three passivation strategies. This explanation is in line with the
common implication that grain boundaries are not necessarily
detrimental to device performance at solar illumination
intensities.40,41,120 To shed more light on this, we evaluate the
trap-state density (nt) and charge carrier mobility (m) of electrons
and holes for the different passivation strategies via space charge
limited current (SCLC) measurements. We fabricated both
electron- and hole-only devices with the configuration of ITO/
SnO2/perovskite/C60/BCP/Ag and ITO/2PACz/perovskite/Spiro-
MeOTAD/Ag, respectively. The dark J–V characteristics of the
devices are plotted in Fig. S14 and S15 (ESI†) and are analyzed
according to the SCLC method (see further details in the ESI†).
The electron mobility of the Ref device is 4.9� 10�3 cm2 V�1 s�1,
while both SP and GBP devices demonstrate a comparable
increase in mobility to 6.3 � 10�3 and 7.2 � 10�3 cm2 V�1 s�1

(see Table S2, ESI†), respectively. Applying our dual passivation
strategy, the electron mobility further increases to 10.0 �
10�3 cm2 V�1 s�1. Furthermore, the trap-filled limit voltage
(VTFL), which is linearly proportional to the trap-state density,
demonstrates a substantial decrease in the order Ref - GBP -

SP - GBP&SP, correlating to a reduction in electron trap density
from 9.2 � 1015 cm�3 to 6.5 � 1015, 5.4 � 1015 and 3.7 �
1015 cm�3, respectively (see Fig. S14 and Table S2, ESI†). A very
similar trend is also observed for the calculated hole mobilities,
while the reduction in the hole trap density is apparently slightly
less pronounced (see Fig. S15 and Table S3, ESI†). Therefore,
the TRPL and SCLC results indicate that both GBP and SP
independently contribute to enhancing both the electron- and
hole mobilities by roughly a factor of 2, while at the same time
specifically reducing the electron trap density at the grain
boundaries and surface of the perovskite film.

To assess the impact of the reduced trap-state density on
device performance, we perform intensity-dependent PLQY
measurements to obtain the internal ideality factor (nid) from a
fit to the calculated VOC_imp.34 The ideality factor has been proven
to be governed by bulk as well as interfacial recombination
properties.34,122,123 For high-performing PSCs that are not
limited by failures at either of the perovskite/CTL interfaces, a
reduction of nid towards a value of 1 is typically associated with a
predominant bimolecular radiative and reduced trap-assisted
Shockley–Read Hall recombination and there is a direct
correlation between nid and FF.31,34,122,124 Again, we first analyse
half-layer stacks without C60 and find a considerable reduction of
nid from 1.71 for Ref films to 1.48 and 1.60 for GBP and SP films,
respectively, while GBP&SP films show by far the lowest nid of 1.30
(Fig. S16, ESI†). The observation that nid in case of GBP is slightly
lower as compared to SP is in line with the enhanced mono-
molecular lifetime for GBP films without a C60 layer. Yet, despite
the apparently improved bulk recombination properties, GBP
PSCs remain severely limited by interfacial recombination at the
perovskite/C60 interface, as exemplified by the lower device VOC

and FF. Interestingly, nid of complete PSC layer stacks shows a
very similar trend, with Ref PSCs exhibiting nid of 1.81, which
considerably reduces to 1.53 and 1.58 for GBP and SP PSCs,
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respectively (Fig. 3d). Critically, GBP&SP PSCs again show by far
the lowest nid of 1.37, only slightly higher as for the half-layer stack
without C60. This is among the lowest nid values reported in the
literature for p–i–n PSCs with a PCE 4 20% and slightly below the
value reported by Al Ashouri et al. for 2PACz-based wide-bandgap
PSCs.26,31,34,38 We note that when increasing the PEACl concen-
tration to 3 mg ml�1, nid of SP and GBP&SP PSCs increases again
to 1.49 and 1.42 (Fig. S17, ESI†), respectively, showing that while
the VOC of the respective PSCs further increases (Fig. S4, ESI†), the
recombination behaviour does not further benefit from too thick
passivation layers, to some extent contributing to the reduced FF.

Finally, using the ideality factor and PLQY values we can
determine the implied PCE and FF without and with C60 and
compare it with an ideal device (i.e., nid = 1) that has the same
bandgap and JSC.34 This allows us to estimate the remaining
losses in our devices, i.e. the FF losses due to series/shunt
resistance, non-ideal nid and non-radiative recombination.34,125

As shown in Fig. S18 (ESI†), the ideal device exhibits a PCE of
27.8% with a FF of 90.3% for both Ref and GBP&SP. Without
and with C60, Ref (GBP&SP) exhibits an implied FF of 84.8%
(87.7%) and 82.8% (86.6%), respectively, while the respective
best PSCs show a FF of 78.6 (83.2%). This relates to a FF loss
due to series/shunt resistance of roughly 4.2% (3.4%), while
non-ideal nid and non-radiative recombination account for
another 2% (1.1%) from C60 and 5.5% (2.6%) from the bulk.
This analysis reveals that, in addition to strongly enhancing the
VOC, our dual passivation approach (GBP&SP) reduces the FF
losses by 4.6% absolute as compared to Ref PSCs due to a
reduced series/shunt resistance (0.8%) as well as simultaneous
passivation of the perovskite/C60 interface (0.9%) and grain
boundaries (2.9%).

In summary, the TRPL and PLQY results show that (i) the
perovskite/C60 interface limits the VOC of our PSCs and (ii) that
grain boundary passivation becomes specifically crucial in the
case where the perovskite/CTL interfaces are already well
passivated. Therefore, in line with the device data presented,
we find that dual passivation is required to reach both the
lowest non-radiative recombination losses and the lowest nid

that only together result in the highest VOC and FF.

Material characterization

Having demonstrated that the superior performance of our
dual passivation strategy stems from reduced non-radiative
recombination at the grain boundaries as well as at the
perovskite/C60 interface, the question arises: How do SP and
GBP modify the perovskite film morphology, structure or
composition? To start with, we examine the films by SEM and
identify a similar surface morphology and grain size distribution
for the Ref and SP perovskite films (see Fig. S19a and b, ESI†).
This observation is in line with the literature as surface
treatment with low concentration long chain alkylammonium
salts commonly does not alter the perovskite film morphology;
more distinct changes to the morphology are only observed for
higher concentrations (see Fig. S20, ESI†).59,60,62,64,65,90 Further
analysis of atomic force microscopy (AFM) images reveals a
slight reduction in the root-mean-square surface roughness,

which we attribute to the fact that PEACl preferentially fills
regions close to the grain boundaries (Fig. S21, ESI†).10,14 For
all perovskite films, the grains that appear brighter in SEM are
attributed to PbI2-rich crystallites as will be discussed later in
more detail.17,95

By incorporating PEACl:PbCl2 in the film for GBP films, the
size of the perovskite grains remains largely unchanged, however,
the number and size of the PbI2-rich grains slightly increase
(Fig. S19c, ESI†). Interestingly, notable small bright crystallites
appear on the surface of the perovskite film which are specifically
embedded close to the grain boundaries. This indicates
that PEACl:PbCl2 leads to passivation mainly near the grain
boundaries. Upon additional surface treatment with PEACl for
GBP&SP films, the size of these small bright crystallites is reduced
and they appear more dispersed all over the surface, growing with
a plate-like appearance perpendicular to the perovskite grains
(Fig. S19d, ESI†). This implies that some reaction with these
crystallites occurs when PEACl is deposited on top of GBP films.

To gain a better understanding about the phase or composition
of the small and large bright grains observed in SEM at the surface
of the perovskite films as well as their potential relevance in the
context of this work, we carry out CL measurement.126 For the Ref
film, the grains which appear darker in SEM (highlighted by a
green circle in Fig. 4) exhibit higher CL intensities (Fig. 4b) with the
emission peak located at B774 nm (Fig. S22, ESI†) that correlates
with the 3D perovskite phase with a bandgap of B1.57 eV (note
that the CL setup is not spectrally calibrated). The grains which
appear brighter and exhibit a different texture in the SEM images
(highlighted by a yellow circle in Fig. 4; see further top-view SEM
images in Fig. S23, ESI†) demonstrate lower CL intensities (dark
spots in Fig. 4b) with a CL emission peak around 500 nm (Fig. S22,
ESI†). By applying a 500 nm � 40 nm bandpass filter to record the
CL image, these grains can be clearly distinguished from the 3D
perovskite grains (Fig. 4c). These regions are therefore attributed to
PbI2-rich crystallites, in line with previous reports,17,64 and as seen
from cross-sectional SEM images, they appear to be located on top
of 3D perovskite grains (Fig. S24, ESI†). Looking specifically at the
CL signal from individual large PbI2-rich grains, there is indeed still
a signal from the (underlying) 3D perovskite phase (Fig. S22, ESI†).
For the SP film, we observe a slight charging of the SEM images
(Fig. 4d), which we attribute to the insulating nature of a 2D RP
phase forming at the surface. No noticeable change in the CL
images of the SP film without and with 500 nm� 40 nm bandpass
filter is observed compared to the Ref film (Fig. 4e and f).
This indicates that the large PbI2-rich grains are not completely
chemically reacting upon PEACl surface treatment, which is in
contrast to previous observations that bright PbI2 related grains
vanish upon treatment with various organic halides.11,20,66,77,78,84

Nevertheless, due to the passivation effect, the CL signal of the 3D
perovskite phase exhibits a much higher intensity compared to the
Ref film (Fig. S25, ESI†), in line with the PLQY results. For the GBP
film, the grains which appear as small bright grains close to the
grain boundaries in SEM (highlighted by a red circle in Fig. 4g) are
detected as dark small spots around the perovskite grains in the CL
image (Fig. 4h). This stresses that these small grains exhibit lower
CL intensities similar to the large PbI2-rich grains. Interestingly,
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when we apply the 500 nm � 40 nm bandpass filter, only the
features related to PbI2-rich grains can be observed, whereas no
signal or feature correlated with the small bright grains is traceable
(Fig. 4i). This indicates that these are not related to PbI2 or PbCl2.
Finally, for GBP&SP film no small grains are visible in SEM
anymore due to their dispersion after surface treatment (Fig. 4j)
and thus can no longer be identified in the CL image either without
or with the bandpass filter (Fig. 4k and l). Consistent with the PLQY
and TRPL results, the GBP&SP film (Fig. 4k) exhibits the highest
CL intensity at a wavelength of B774 nm (Fig. S25, ESI†).

This enhancement is attributed to the passivation of various
recombination centres in the grain boundaries and/or at the surface
of the perovskite layer.126 Importantly, an additional CL peak at
B620 nm appears, which cannot be related to either the 3D
perovskite phase or the PbI2-rich phase. We find similar peaks in
PL measurements of GBP&SP films as well as for SP films when
using a higher PEACl concentration of 3 mg ml�1 (see Fig. S26,
ESI†). We correlate this observation to the formation of a thin
emissive 2D (PEA)2(CsyFA1�y)n�1Pbn(I1�xClx)3n+1 RP phase with n = 2
at the surface of the films, as will be discussed in the following.75,127

Fig. 4 Scanning electron microscopy (SEM) images, cathodoluminescence (CL) images recorded without any filter and CL images with bandpass (500�
40 nm) filter for perovskite absorbers prepared (a–c) without any modification (Ref), (d–f) with surface passivation (SP), (g–i) grain boundary passivation
(GBP) and (j–l) grain boundary & surface passivation (GBP&SP), respectively. The green encircled grains represent the expected 3D perovskite phase with
a bandgap of B1.57 eV. The yellow encircled grains are attributed to PbI2-rich crystallites. The small red encircled grains appear close to the grain
boundaries for GBP films.
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To analyse the crystal structure of our films, we perform
X-ray diffraction (XRD) measurements (Fig. S27a, ESI†). All
perovskite films exhibit the expected peaks at 14.21, 20.11,
24.61 and 28.41 from the (100), (110), (111) and (200) crystal
planes of the 3D cubic a-Cs0.18FA0.82PbI3 phase,25,112,128 as well
as a peak at B12.91 related to PbI2. The peak positions,
intensities and FWHM of the XRD peaks are largely unchanged
for SP films as observed in our previous work when using BABr
for surface treatment.59 For GBP films the intensity of the PbI2

peak slightly increases (Fig. S27a, ESI†), in agreement with the
larger number of PbI2-rich crystallites observed in SEM and CL.
Furthermore, the ratio of the (100) to (111) peak slightly
decreases for GBP films as compared to Ref and SP films,
implying a slightly less preferred (100) orientation of the
perovskite grains (Fig. S27b, ESI†).25,99 Similar to SP films,
GBP&SP films exhibit a largely unchanged XRD spectrum as
compared to GBP films. We do not observe a signal related to a
2D RP phase for the SP and GBP&SP films, which could be
related to either the passivation layer being too thin to be

detected by XRD, the presence of a heterogeneous distribution
of (PEA)2(CsyFA1�y)n�1Pbn(I1�xClx)3n+1 phases with various n, or
the presence of a non-crystalline PEA-based passivation
layer.14,59,68,69 Yet, upon further increasing the PEACl concen-
tration to 4.5 mg ml�1 or 10 mg ml�1, peaks at B5.31, 10.51,
15.71, 20.91, 26.11 and 31.81 start to appear. These can be
attributed to a pure 2D (n = 1) (PEA)2Pb(I1�xClx)4 RP phase with
a superlattice spacing of B1.7 nm that forms at the surface of
the perovskite films (Fig. S28, ESI†).77,129–132

We perform XPS measurements of ITO/2PACz/perovskite
stacks to get a better understanding of the elemental composition
at the surface of our perovskite films and prove the presence of a
PEACl-based passivation layer. For the Ref film, the XPS core-level
spectra in Fig. 5a–c and Fig. S29a–c (ESI†) for the different
elements in the 3D Cs0.18FA0.82PbI3 absorber show the expected
peaks with binding energies of B138.7 eV (Pb 4f7/2), B400.8 eV
(N 1s), B288.6 eV (C 1s from FA’s N–CQN bonding), B619.6 eV
(I 3d5/2) and B725.3 eV (Cs 3d5/2).133 The additional C 1s peak at
B284.8 eV is attributed to adventitious carbon (sp3 C–C bonding)

Fig. 5 X-ray photoelectron spectroscopy (XPS) spectra of (a) Pb 4f7/2, (b) C 1s and (c) Cl 2p core levels for perovskite films prepared on ITO/2PACz
substrates without (Ref), with surface passivation (SP), grain boundary passivation (GBP), and grain boundary & surface passivation (GBP&SP) processes.
(d) Proposed energy-level scheme based on ultraviolet photoelectron spectroscopy (UPS) measurements and (e) the respective spectra of the region
close to the valence band onset. EF is the Fermi level, Evac is the vacuum level, and CB and VB show the conduction and valence band, respectively. The
CB position of the 3D perovskite was calculated from the corresponding value of the optical gap.
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at the film surface.17,95 There is no signal related to a Cl 2p
doublet at a binding energy of B198.6 eV and B200.2 eV
despite using CsCl in the precursor solution which can be
explained by the sublimation of FACl during the annealing
process.16,112,134 We note that we do not observe a peak related
to metallic lead (Pb0) at B137 eV which emphasizes the high
quality of our reference perovskite films.19,20,74,87

Upon PEACl:PbCl2 incorporation and/or PEACl surface
treatment (GBP, SP and GBP&SP films) there are three key
observations as compared to the Ref film. Firstly, for BP films
the Pb 4f7/2 core level slightly shifts toward higher binding
energies and exhibits an increased FWHM, while for SP and
GBP&SP films the signal intensity at B138.7 eV decreases and
the peak becomes broader and asymmetric toward the high-
energy side. This asymmetry is stronger for GBP&SP films.
Secondly, a Cl signal at B198.6 eV (Cl 2p3/2) and B200.2 eV
(Cl 2p1/2) appears for all films, which is by far strongest
for GBP&SP films. Thirdly, two new peaks at B285.2 eV and
286.7 eV appear which are similar in intensity for SP and GBP&SP
films and only very weak for GBP films. These peaks can be
related to the C 1s emission from PEA (C–C and C–N bonds,
respectively) with the expected stoichiometric ratio of 7 : 1.

Comparing SP and GBP&SP films using a higher PEACl
concentration of 3 mg ml�1, we find even more pronounced
changes in the Pb 4f core levels (Fig. S30, ESI†). We stress that
these are not accompanied by changes in the peak position or
shape of the I 3d5/2, Cs 3d5/2 and C 1s core levels, which
excludes the possibility of a shift due to electronic doping of
the perovskite bulk.87,95,135,136 We therefore relate the damping
of the signal at B138.7 eV for SP and GBP&SP, together with the
appearance of a second Pb component at B139.1 eV as well as a
Cl 2p and PEA signal, to the formation of a thin PEACl-based
passivation layer on the surface of the films that has a different
chemical environment. The fact that for GBP the damping of
the signal at B138.7 eV is less pronounced and the peak
becomes broader fits with our observation from SEM and CL
that passivation happens mainly close to the grain boundary
regions. To further test this interpretation, we show XPS
measurements of SP and GBP&SP films with a much thicker
passivation layer (10 mg ml�1) in Fig. S31 (ESI†). A single Pb 4f7/2

peak at B139.4 eV can be observed with no remaining signal at
B138.7 eV. In addition, no signals related to FA and Cs are
observed anymore, which is an indication for the formation of a
2D RP phase with n = 1 and the composition (PEA)2Pb(I1�xClx)4,
at the film surface that completely damps the Pb signal from
the underlying 3D perovskite phase. This is in line with the
appearance of the related XRD peaks discussed above. We note
that the calculated atomic ratio of (I + Cl)/Pb is 4.71 (SP) and
5.14 (GBP&SP) and thus even larger than the expected 4, which
could be related to excess PEAI or PEACl at the film surface
possibly forming an amorphous phase as reported recently
(see Table S4, ESI†).14,68 Similar shifts of the Pb 4f binding
energies have previously been observed when changing the
halide, i.e. for MAPbCl3 and PbCl2 as compared to MAPbI3

and PbI2,137,138 possibly due to the higher electronegativity of
Cl as compared to I.

The formation of an n = 1 2D RP phase has been proposed in
several studies that employed PEAI or OAI for surface
treatment.14,61,65,67,70,77,79,80 However, for the thin passivation
layer thicknesses studied in this work, the atomic ratio of Cs/Pb
for SP and GBP&SP films first increases above the respective
values for the Ref and GBP films (1.5 mg ml�1), and only starts
to slightly decrease for a higher PEACl concentration of
3 mg ml�1 (Table S4 and Fig. S32, ESI†). This indicates that
Cs is taking part in the formation of the thin 2D RP passivation
layer as otherwise the signal should be strictly decreasing
because of the damping overlayer. This strict decrease in
intensity with the formation of a 2D passivation layer can be
seen for the atomic ratio of FA/Pb. This points towards a 2D RP
(PEA)2(CsyFA1�y)n�1Pbn(I1�xClx)3n+1 phase with y - 1 at the
surface of our GBP, SP and GBP&SP films.10,64,78,80,119,127,132

Another clear observation is that the intensity of the Cl 2p
doublet is considerably higher for GBP&SP as compared to SP
films (Fig. 5b), while the I 3d5/2 peak shows the reversed trend
(Fig. S29c, ESI†). Accordingly, we note larger atomic ratios of
Cl/Pb for GBP&SP vs. SP while the atomic ratio of I/Pb is smaller
(Table S4 and Fig. S32, ESI†). This suggests that the 2D RP
(PEA)2(CsyFA1�y)n�1Pbn(I1�xClx)3n+1 phase in case of GBP&SP
films is more chloride-rich as compared to SP films (x - 1).
The hypothesis that an n 4 1 2D RP (PEA)2(CsyFA1�y)n�1

Pbn(I1�xClx)3n+1 phase exist for all thin passivation layers is further
corroborated by our observation of a CL and PL peak at B620 nm
for the SP (3 mg ml�1) and GBP&SP films (see Fig. S25 and S26,
ESI†) which points toward the existence of n of presumably
2.75,127 To proof the existence of n 4 1, we performed
additional XRD measurements using a more sensitive setup.
We specifically analyzed the low-angle region of the XRD
spectrum (2y o 121) of GBP&SP films employing various concen-
trations of PEACL for surface treatment (3, 3.5, 4 and 4.5 mg ml�1)
and used the (100) peak of a GBP film as reference point. As shown
in Fig. S33 (ESI†), for all GBP&SP films we observe a clear peak at
B5.11 and a corresponding one at B10.21 that correlate to an n = 1
2D RP phase, as well a small peak at B3.81 that correlates to n = 2.
Upon increasing the PEACL concentration, the intensity of the n = 1
peak monotonically increases, while that for n = 2 is comparable in
intensity for the lower concentrations and only slightly in-creases
for 4.5 mg ml�1. Based on the XPS and XRD results together with
the existence of a PL signal at B620 nm as discussed above, we
conclude that for thin passivation layers the surface consists of a
mixture of n = 1 and n = 2 2D RP phases, while for thicker
passivation layers n = 1 becomes dominant toward the film surface.
In order to give a rough estimate for the film thickness and n of the
passivation layers, we take the Pb 4f7/2 peak which shows a clear
indication for two phases and fit it with two components (see
Fig. S34, ESI†): one for the 3D bulk phase (I) and one for the 2D RP
surface phase (II). Here, for simplicity, we assume that the Pb 4f7/2

binding energy related to the 2D RP phase is situated at 139.1 eV.
This allows to separate the relative contribution of the 2D (II) and
3D (I) material to the XPS signal and to evaluate the signal damping
of the 3D bulk phase caused by the 2D RP overlayer. From here, we
estimate a thickness of the 2D RP phase for a PEACl concentration
of 1.5/3 mg ml�1 of B0.7/2.4 nm for SP films and B1.5/4.3 nm for
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GBP&SP films (see Table S5 and further information in the XPS/UPS
section in the ESI†). Finally, for simplicity assuming that the
complete PEA signal measured in XPS is bound in a 2D RP phase,
we can make a rough estimation of the respective n (averaged over
the measured XPS spot) by analysing the atomic ratio of PEA to the
2D Pb (II) signal for 1.5/3 mg ml�1 PEACl (see Table S5, ESI†).
We find that n for GBP&SP films (B2.6/2.3) is larger than for SP
films (B1.2/1.7).

To assess the effect of the thin (PEA)2(CsyFA1�y)n�1

Pbn(I1�xClx)3n+1 surface layer on the energetics of our films we
perform UPS measurements. From the onsets of the secondary
electron cut-off and valence band spectra (Fig. S35, ESI† and
Fig. 5d) we derive the energy band diagrams shown in Fig. 5e.
The Ref films exhibit a WF of 4.68 eV and an ionization
potential (IP) of 5.71 eV which represents a slightly n-type
perovskite film, in line with previous observations.24,25,66,95,139

For GBP films, the WF considerably decreases to 4.39 eV while
the IP stays roughly constant at 5.69 eV, implying that the
perovskite becomes more n-type, which could be attributed to a
reduced electron trap density, in line with our SCLC results, or
a different surface termination.24,25,66,106,140 The SP and
GBP&SP films exhibit a further reduction in WF to 4.23 eV
and 3.91 eV, respectively, together with a similar IP of 5.41 eV
and 5.44 eV. These changes we attribute to the formation of the
thin 2D RP phase with a larger bandgap and different chemical
environments at the film surface as observed by CL and XPS.
This is further supported by measurements of SP and GBP&SP
films with a PEACl concentration of 3 mg ml�1, for which the
WF further decreases to 3.89 eV and 3.82 eV, while the IP
exhibits similar values of 5.45 eV and 5.47 eV, which implies a
valence band onset of 1.57 eV and 1.66 eV, respectively, the
latter being larger than the 3D perovskite bandgap (Fig. S36,
ESI†). We also note that the shape of the VB density of states
clearly is affected by surface treatment (Fig. 5e), showing that
the electronic properties of the 2D RP surface layer are different
compared to the 3D bulk perovskite.141 Therefore, in addition
to the expected chemical passivation,53 we speculate that the
2D RP phase at the film surface with an increased distance of
the VB to the Fermi level results in hole blocking and thus a
reduced probability for holes in the 3D perovskite absorber
to recombine with electrons in the C60 layer.25,53,72,86,142 In our
case, electrons can effectively tunnel through the very thin
(B0.7–1.5 nm) surface layer into C60,25,38,142 resulting in still
efficient charge extraction that allows very high FF for
low PEACl concentrations of 1.5 mg ml�1. For higher PEACl
concentration of 3 mg ml�1 the passivation layers become too
thick (B2.4–4.3 nm), making tunneling less likely which results
in a decreased device performance due to a lower FF (Fig. S4,
ESI†). Finally, we note that our results indicate band bending at
the narrow 2D/3D interface as has recently been shown
experimentally for the n–i–p architecture,139,143 which also
could contribute to the enhanced device performance.10

So far, our analyses clearly show that our dual passivation
strategy effectively reduces non-radiative recombination mainly
at the perovskite/C60 interface, but also the grain boundaries.
Moreover, it is evident that a very thin 2D RP interlayer with a

lower WF forms on the surface. The remaining questions are
whether the PEACl:PbCl2 additive passivates mainly defects in
the grain interior and/or at the grain boundaries and how
heterogeneous the surface passivation is for the different
strategies. To shed light on this, we did frequency modulated
Kelvin probe force microscopy (FM-KPFM) in the heterodyne
KPFM implementation. KPFM measures the local contact
potential difference (CPD) between a metallic tip and the
sample surface and thus is directly related to the WF.144,145

We used KPFM to map the effects of passivation on the CPD
distribution of ITO/2PACz/perovskite/C60 layer stacks, especially
looking at grain boundaries, PbI2-rich grains and extent of
heterogeneity (see Fig. 6). We want to stress that KPFM is prone
to crosstalk from topography, often leading to KPFM contrast in
strongly curved surface regions, such as grain boundaries. To
minimize crosstalk artefacts, we use FM-KPFM146 and carefully
analysed the images, comparing the KPFM signal with the
topography at the grain boundaries.

The map for the Ref sample (Fig. 6a) shows perovskite grains
with a rather uniform CPD of (�430 � 40) mV interrupted by
grains with a less uniform and B110–230 mV lower CPD.
The size and the surface distribution of the darker regions
correspond to the PbI2-rich grains as observed in SEM and
CL (Fig. 4 and Fig. S19, ESI†). Here, the negative CPD
contrast could be explained by a higher WF in PbI2 as
compared to the 3D perovskite due to its larger bandgap
and p-type characteristics,137,147–149 in line with previous
observations.150,151 The map of the GBP sample (Fig. 6b) shows
a similar trend in CPD contrast between more homogeneous
perovskite grains with a CPD of (�700 � 120) mV and less
uniform spots with a CPD of (�1300 � 280) mV. We note that
the absolute value of the CPD depends on the tip’s WF, which is
sensitive to tip wear and contamination during the scanning.
This could explain the overall lower absolute CPD in the GBP
films. Assuming that the PbI2 covered regions for the Ref and
GBP sample have a comparable WF, we can use these ‘‘dark’’
regions as internal reference surface. Therefore, we first compare
the relative change of the CPD value at the 3D perovskite grains
with that at the dark PbI2-rich grains for the Ref as compared to
the GBP samples, i.e. DCPD3D-PbI2 (CPD3D-grains–CPDPbI2-grains).
For the Ref sample DCPD3D-PbI2 is B170 mV, while it is B600 mV
for the GBP sample (note the different scales in Fig. 6a and b).
This relative difference of DCPD3D-PbI2 of B430 mV is comparable
with the reduction in WF of B290 mV for GBP films as deter-
mined by UPS. Therefore, we attribute this observation to the fact
that the PEACl:PbCl2 additive mainly lowers the WF of the 3D
perovskite grains, while the PbI2-rich grains are not modified by
this strategy.

To analyse if the CPD at the grain boundaries with respect to
the grain interior is modified for the GBP sample as compared
to the Ref sample, i.e., DCPDGB (CPDgrain boundary–CPDgrain), we
show line profiles across representative grain boundaries in
Fig. S37a and b (ESI†). To allow for a direct comparison, we
shifted the CPD values of the grain interior at different positions
to zero. For the Ref sample, many of the grain boundaries show a
B50–100 mV lower CPD compared to the grains, similarly as
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previously reported.152–155 Such observations have been
generally attributed to an enhanced ion and/or defect density,
possibly due to a lower energy for defect formation at grain
boundary regions.42,46,154 In contrast, for the GBP sample we
observed on average less contrast between grain boundaries and
grain interior such that some of them cannot be clearly distin-
guished in the CPD map and line profiles anymore. We analysed
in total a larger number of grain boundaries (B60) (Fig. S38a
and b, ESI†) for better statistics and found an average reduction
from B93 mV to B74 mV for the GBP as compared to the Ref
sample together with a large number of grain boundaries not
showing any CPD contrast (see histogram in Fig. S38c, ESI†). A
reduction in DCPDGB for the GBP as compared to the Ref sample
indicates that the PEACl:PbCl2 additive could specifically
passivate the grain boundaries, resulting in a slightly more
pronounced reduction of the WF with respect to the PbI2-rich
grains as compared to the grain interior. We hypothesize
that this is due to the formation of a PEACl-based 2D RP
(PEA)2(CsyFA1�y)n�1Pbn(I1�xClx)3n+1 phase specifically close to the
grain boundaries, in line with the observations from CL and XPS.

We further analyse the effects of PEACl surface treatment on
the CPD (Fig. 6c and d). The SP Sample shows a heterogeneous
CPD of (�52 � 50) mV with no clear distinction between high-
and low-CPD grains anymore; however, we still observe a slight
grain boundary contrast. We attribute this to the very thin
2D RP phase on top of the perovskite film – as identified by
XPS – that changes the electrical properties of the film surface,
including the regions of the PbI2-rich grains. We speculate that
PEACl cannot completely penetrate and thus passivate the

grain boundary regions, explaining why we still observe a
CPD contrast. The enhanced heterogeneity of the CPD over
different grains as compared to the Ref sample could be
explained by the fact that the 2D RP (PEA)2(CsyFA1�y)n�1

Pbn(I1�xClx)3n+1 phase exhibits various n, i.e. a mixture of n = 1
and n = 2 phases with slightly different WF at different regions of
the films. For the GBP&SP samples, we observe an even more
heterogeneous CPD of (�670 � 70) mV compared to all other
samples (Fig. 6d and Fig. S39, ESI†). Critically, no grain
boundaries and PbI2-rich grains can be identified in the CPD
map anymore. Taking the CL, XPS and KPFM results together,
this indicates that employing both PEACl:PbCl2 as additive and
PEACl for surface treatment leads to a thin heterogeneous
2D RP (PEA)2(CsyFA1�y)n�1Pbn(I1�xClx)3n+1 phase at the grain
boundaries and surface of the perovskite film with n of B1–2.
Finally, we note that the CPD value can be affected both by the
facet orientation as well as the existence of RP phases with
various n, which makes it difficult to disentangle these effects in
detail.146,153,156–158

Stability of passivated PSCs

Defect sites at grain boundaries and surfaces accelerate the
degradation of perovskite thin films, since defects facilitate the
migration of charged defects and mobile ions.25,73,159,160 Having
demonstrated that our dual passivation strategy reduces defects
at the grain boundaries and the surface of the perovskite film,
the question arises whether the concept also serves to increase
the stability, i.e. slows down the degradation of the perovskite
films. For this purpose, we compare the activation energy for ion

Fig. 6 Kelvin pobe force microscopy (KPFM) images for perovskite films with the structure ITO/2PACz/perovskite/C60 prepared (a) without any
modification (Ref), (b) with grain boundary passivation (GBP), (c) surface passivation (SP), and (d) grain boundary & surface passivation (GBP&SP)
processes.
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migration for Ref, SP, GBP and GBP&SP PSCs by thermal
admittance spectroscopy (TAS). Fig. S40a–d (ESI†) depicts the
TAS spectra of the lateral devices measured from 278 to 318 K
in the dark. The activation energy (Ea) is obtained from the
Arrhenius plot using the equation opeak = bT2 exp(�Ea/kBT),
where b is temperature independent prefactor, T is the absolute
temperature, kB is the Boltzmann constant, and opeak is the
angular frequency obtained by the maxima of the capacitance
logarithmic derivative (Fig. S40e–h, ESI†). In line with the
previously discussed trends, the GBP&SP PSCs exhibit by far
the highest Ea of 696 meV, surpassing the activation energy for
either single passivation strategy (GBP: 580 meV, SP: 551 meV)
as well as the Ref PSC (502 meV) (Fig. 7a and Fig. S41, ESI†). The
trend in Ea indicates that the simultaneous passivation of grain
boundaries and the surface of the perovskite film yields by far
the highest energy barrier for ion migration. As a consequence,
the accumulation of ionic defects is most effectively suppressed
for GBP&SP PSCs. To verify that the reduced ion migration also
implies enhanced device stability under illumination,90,100 the
operational stability of GBP&SP and Ref PSCs is examined under
constant illumination (100 mW cm�2, AM1.5G, 14 h, room
temperature) and MPP tracking conditions. The PCE of the Ref
PSC decreases to around 80% of the initial value after only 8 h,
whereas the GBP&SP PSC retained almost 98% of the initial PCE
after 14 h (Fig. 7b). Furthermore, we investigate the operational
stability of PSCs for which the perovskite/ETL interface is
passivated using a thin evaporated LiF layer, which is
often employed in high-efficiency p–i–n PSCs.31,35,38,88,89,93 In
comparison with our GBP&SP PSCs (Fig. S42, ESI†) the p–i–n PSC
with LiF passivation layer degrades much faster, reaching 80% of
the initial PCE already after 7 h of constant illumination. Similar
reports on the fast degradation of LiF containing p–i–n PSC can

be found in literature.31,93 Next to improved operational stability
under constant AM1.5G illumination, the GBP&SP PSCs demon-
strate improved thermal stability as compared to Ref PSCs by
tracking the photovoltaic performance of the devices after aging
under 85 1C heating in the dark over 1000 h (see Fig. 7c).
To further evaluate the stability with regard to moisture, we
exposed unencapsulated Ref PSCs and GBP&SP PSCs to a relative
humidity of B50% in ambient atmosphere and at room
temperature for 1 day. The photographs and absorption data
exhibit no changes for the GBP&SP film, while the Ref film is
entirely decomposed to PbI2 (Fig. S43a, ESI†). The increased
contact angle of water droplets from 55.91 for the Ref film to 781
for the GBP&SP film (Fig. S43b, ESI†) confirms the better
moisture resistance capability in the case of GBP&SP, which is
attributed to the presence of hydrophobic PEA+ cations at the
surface and grain boundaries of the perovskite films that acts as
a hydrophobic barrier.25,71,76 We note that the formation of
shallow iodine interstitials upon passivation with iodide-based
passivation molecules has recently been proposed to cause
accelerated degradation of FAPbI3 perovskites.71 Our chloride-
based dual passivation approach might potentially mitigate this
issue. In summary, the presented fundamental assessment of
stability for PSCs employing our dual passivation strategy high-
lights the importance of passivating defects at both the surface
and the grain boundaries of perovskite films for achieving PCSs
exhibiting both high efficiency and stability.

Conclusion

In summary, we demonstrate a dual passivation strategy for
p–i–n PSCs that simultaneously passivates defects at the
perovskite/C60 interface as well as in the grain boundaries using
the long chain alkylammonium salt phenethylammonium chloride.
We achieve a substantial enhancement in charge carrier lifetime
and quasi-Fermi level splitting compared to reference films as well
as to films with either individual grain boundary or surface
passivation. The best PSC with dual passivation achieves a signifi-
cant absolute enhancement in both VOC (76 mV) and FF (4.6%)
compared to the best reference device. As a result, a remarkable
stabilized PCE of 22.3% is demonstrated, one of the highest
reported for p–i–n PSCs. We attribute this improvement in
performance to the formation of a heterogeneous 2D RP (PEA)2

(CsyFA1�y)n�1Pbn(I1�xClx)3n+1 phase with nB1–2 at the surface and
grain boundaries of the films, which leads to (1) efficient chemical
passivation of grain boundary and surface/interface defects and (2)
additional hole blocking at the perovskite/C60 interface. Finally, we
demonstrate that the activation energy for ion migration is strongly
increased upon dual passivation, which is reflected by an enhanced
device stability under maximum power point (MPP) tracking and
prolonged heat treatment. This work highlights the importance of
defect management by employing a proper material both for grain
boundary as well as surface passivation for achieving high-efficiency
and stable inverted p–i–n PSCs. Thereby this work makes a relevant
contribution to the advance of perovskite-based flexible and tandem
photovoltaics.

Fig. 7 (a) Arrhenius plots determined from the derivative of admittance
spectra to determine the activation energy (Ea) for reference (Ref) and
grain boundary & surface passivation (GBP&SP) perovskite solar cells.
(b) Maximum power point (MPP) tracking of the Ref and GBP&SP
perovskite solar cells under continuous solar illumination (100 mW cm�2)
in a nitrogen atmosphere. (c) Thermal stability of devices heated at
temperature of 85 1C in dark condition inside of a glovebox. Data points
were extracted from J–V curves at various time intervals.
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Device and Material Characterization 

Current density–voltage (J–V) measurements. The J-V characteristics of the PSCs were measured with a class 
AAA xenon-lamp solar simulator (Newport Oriel Sol3A) with a scan rate set at 0.6 V/s using a sourcemeter 
(Keithley 2400) with an air-mass 1.5 global (AM1.5G) spectra (100 mW/cm2). The solar simulator irradiation 
intensity was calibrated using a certified Si solar cell (Fraunhofer ISE) equipped with a KG5 band pass filter. The 
stabilized PCE of the PSCs was determined by measuring the photocurrent at the maximum power point (MPP) 
by using a perturb and observing algorithm under continuous AM 1.5G illumination, while the temperature of 
the devices was controlled at 25 °C by a Peltier element connected to a microcontroller during the 
measurements. The measurement was performed in a nitrogen-filled glovebox. 

External Quantum Efficiency Measurements (EQE). The EQE was measured using a PVE300 photovoltaic QE 
system (Bentham EQE system). A chopping frequency of ~570 Hz with an integration time of 500 ms to acquire 
the spectra in a wavelength range from 300 to 850 nm was used. An illumination spot (1.5mm) was utilized to 
obtain the average over possible variations in the EQE spectra. 
 
Scanning electron microscopy (SEM). High-resolution field emission cross-sectional and top-view SEM images of 
the perovskite thin films based grain boundary-incorporation and surface treatment processes were taken using 
a Zeiss LEO1530 VP scanning electron microscope with an in‐lens detector and an aperture size of 20 µm. The 
SEM images were captured using a 3-kV acceleration voltage. 
 
X-ray diffraction (XRD). The crystal structure of the perovskite layers was carried out utilizing XRD (Bruker 
D2Phaser system) with Cu-Kα radiation (λ = 1.5405 Å) in Bragg–Brentano configuration using a LynxEye detector. 
The XRD was taken from the perovskite layer deposited on the ITO/2PAcz substrate to obtain the same perovskite 
nucleation as well as crystallization as in the solar cells. 
 
UV-Vis Spectrophotometry (UV). Transmittance and reflectance spectra of the perovskite thin films were 
measured using a Bentham PVE300 spectrophotometry setup equipped with a monochromator and a modulated 
source. A chopper frequency in the range of 400 Hz was applied. 
 
Cathodoluminescence (CL). Cathodoluminescence (CL) measurement is performed on an FEI Verios scanning 
electron microscope (SEM) equipped with a GatanMonoCL4 Elite. The measurements are performed at 3 kV / 25 
pA. CL images were captured in panchromatic mode with appropriate dichroic filters (band pass filter with 500 ± 
40 nm). 
 
X-ray and Ultraviolet Photoelectron Spectroscopy (XPS and UPS). Photoelectron spectroscopy was performed 
with a PHI 5000 VersaProbe at the Clustertool at InnovationLab GmbH in Heidelberg. The samples were 
introduced from the glovebox with exposures to air <1 min. The pressure in the ultra-high vacuum system is 
around 10-9 mbar. For XPS, monochromatic Al Kα radiation with an excitation energy of 1486.6 eV was used. UPS 
was carried out with a He-discharge lamp using the He-I emission with an energy of 21.22 eV. Pass energies of 
11.75, 2.95, and 0.59 eV were used for XPS core-level spectra, UPS valence band and UPS secondary electron cut-
offs, respectively. For the measurements of the secondary electron cut-off, a bias of -5 V was applied. The take-
off angle for all measurements was 90°. The binding energies of the spectra were calibrated with respect to the 
Fermi level of an Ar+-ion etched silver foil. For the XPS core level spectra shown in this work a background 
subtraction was performed using a Shirley type or linear background.1–3 Stoichiometric ratios were determined 
using corrected peak areas using CasaXPS software. For the correction of the peak areas, we used calculated 
photoionization cross-sections by Scofield,4 angular distribution correction for a source-analyzer-angle of 45° 
based on Reilman et al.,5 an empirical transmission function determined for the used system, and an escape 
depth correction with a kinetic energy exponent of 0.7. The peak area correction was verified using the I 3d and 
I 4d emissions from a survey spectrum. The derived corrected area ratio of I3d/I4d is 1.03 and thereby in good 
agreement with the expected value of 1. The inelastic mean free path (IMFP) for the calculation of the 2D 
passivation overlayer thickness was estimated using the TPP-2M equation in the NIST database software.6,7 We 
estimated a IMFP value of 3.1 nm for the photoelectrons of the Pb 4f7/2 emission. This IMFP value and a Lambert-
Beer type exponential law were used to calculate the 2D passivation overlayer thickness from the intensity decay 
of the Pb 4f7/2 component emitted from the underlying 3D bulk phase (see Fig. S28).  
 
 
Kelvin probe force microscopy (KPFM). KPFM was measured on an Oxford Instruments/Asylum Research MFP-
3D AFM in an argon glovebox (level of humidity below 0.2 ppm, level of oxygen below 0.1 ppm) for all 
experiments. The typical resonance frequency of the cantilevers (Bruker Model: SCM-PIT-V2) was ≈65 kHz, spring 
constant of 2 N/m, a tip radius of 25 nm and a tip height of 10 to 15 μm. Tip, tip cone and cantilever are coated 
with PtIr (work function ~5.5 eV)8 on both sides. The topography feedback was performed with amplitude 
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modulation (AM) on the first eigenmode and the oscillation amplitude was kept to approximately ≈20-30 nm for 
all measurements. To perform the KPFM feedback, we used a Zurich Instruments HF2 Lock-In amplifier for all 
heterodyne frequency modulation (FM) experiments. The electric drive amplitude of the ωE signal was 2 V. We 
grounded the sample via the sample holder with an external wire to ground level of the Zürich Lock-In Amplifier.  
The compensating UDC was applied to the tip, minimizing electrostatic tip–sample interactions.9 In the tip-bias 
configuration, the measured CPD signal, UCPD, is connected to the work functions of sample, Φsample, and tip, 

Φtip, by 

UCPD =
1

e
(Φtip −Φsample) 

 
Thus, a lower value of UCPD corresponds to a higher sample work function. 
 
Photoluminescence Quantum Yield (PLQY). PLQY measurements were carried out inside an integrating sphere 

(LabSphere, 15 cm diameter) in ambient air (relative humidity <30%). A green laser (Coherent or LD-515-10MG 

from Roithner Lasertechnik) was directed into the sphere via a small entrance port. An optical fiber was used to 

collect the emission from the exit port of the sphere and guide it to the spectrometers (QE65 Pro from Ocean 

Optics and AvaSpec-ULS2048x64TEC from Avantes). The spectral response was calibrated using a calibration 

lamp (HL-3plus-INT-Cal from Ocean Optics). Raw measured spectra were recalculated to give power spectra using 

the integration time. The PLQY was determined using the method described by de Mello et al.10 The samples 

were placed at an angle of 15° with respect to the laser beam to avoid specular reflectance toward the entrance 

port. The radiative limit of the VOC (VOC-rad), the implied VOC (VOC-imp) (Fig. 3c) and the pseudo JV-curves (Fig. S14) 

were determined from the (intensity-dependent) PLQY measurements as described by Stolterfoht et al.11 and 

Kirchartz et al.12 

Time-resolved photoluminescence (TPRL). Time-resolved photoluminescence (TRPL) measurements were 
carried out in gated-mode with a pulsed laser of 532 nm. A repetition rate of 1 kHz and a pulse width of 0.8 ns 
was used for the excitation of the samples. All measurements were performed with a pump fluence of ~20-30 
nJ/cm2. The photoluminescence was captured using an ACTON spectrometer and a CCD camera PIMAX512 at 
room temperature. The measurements were carried out in the air. 
 
Thermal admittance spectroscopy (TAS). The thermal admittance spectroscopy (TAS) measurements were 

performed on Paios (Fluxim AG)- platform for all-in-one-characterization of solar cells and OLEDs at short circuit 

in the dark with the perturbation AC voltage amplitude of 35 mV in a frequency range 0.5 Hz-1M Hz. The 

temperature was varied between 278 and 318 K using liquid-cooled Peltier cryostat where the sample chamber 

was filled with nitrogen gas. The theoretical formalism of the TAS can be found in the literature. 13–16 

Space charge limited current (SCLC) measurements. Space charge limited current (SCLC) measurements were 
performed on Paios (Fluxim AG)- platform for all-in-one-characterization of solar cells and OLEDs. The dark J-V 
measurements are plotted on a log-log scale. Generally, three distinct regions are observed in the J-V plot: (1) 
Ohmic region with slope 1, (2) trap filling region with a slope higher than 2 and (3) trap-free SCLC region with a 
slope of 2. The mobility value is typically extracted by the quadratic region of the J-V curve which is governed by 
the Mott-Gurney equation: 

𝐽 =
9

8
𝜀𝜀0𝜇

𝑉2

𝑑3
 

where ε0 is the permittivity of vacuum, ε is the dielectric constant of the material, µ is the mobility of the charge 
carrier and d is the thickness of the active layer. The electron mobility is extracted by fitting the above equation. 
It should be noted that the dielectric constant is taken as 26 which is calculated from the capacitance-frequency 
measurement. The trap densities for the devices are calculated from the trap-filled-limit voltage: 

𝑉𝑇𝐹𝐿 =
𝑞𝑛𝑡𝑑

2

2𝜀𝜀0
 

Where q is the elementary charge, nt is the trap density and and d is the thickness of the active layer. The trap-
filled-limit-voltage VTFL is the voltage at the intersection point of the tangent with slope 1 and tangent with slope 
higher than 2.17,18 
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Experimental Section 
 
Materials: 
 
2PACz (TCI, CAS: 20999-38-6), Lead iodide (PbI2: TCI, CAS: 10101-63-0), Formamidinium iodide (FAI: Dyenamo, 
CAS: 879643-71-7), Cesium chloride (abcr, CAS: 7647-17-8), 2-phenylethylammonium chloride (PEACl: Sigma‐
Aldrich; CAS: 156-28-5), n-Octylammonium Chloride (OACl: Greatcell solar materials, CAS: 142-95-0), n-
Butylammonium Chloride (BACl: TCI, CAS: 3858784, Fullerene-C60 (C60: Sigma‐Aldrich, CAS: 99685-96-8), 
Bathocuproine (BCP: Lumtec, CAS: 4733-39-5), (MgF2: Sigma‐Aldrich , CAS: 7783-40-6) . All solvents including 
N,N-dimethylformamide, ≥99.9% (DMF, CAS: 68-12-2), Dimethyl sulfoxide (DMSO) anhydrous, ≥99.9% CAS: 67-
68-5), Chlorobenzene (CB) anhydrous, 99.8%, CAS: 108-90-7), 2-Propanol, ≥98%, (IPA, CAS: 67-63-0) were 
ordered from Sigma‐Aldrich. Ethanol absolute 99.8% was ordered from VWR Chemicals. 
  
Perovskite solar cell Fabrication:  
 
The planar p-i-n perovskite solar cells were fabricated with the architecture of: glass/ITO/2PACz/Cs0.18FA0.82PbI3 
/C60/BCP/Ag.  
 
ITO substrates (sheet resistance 15 Ω/sq, Luminescence Technology, CAS: 50926-11-9) were cut in 0.16 cm × 0.16 
cm and cleaned with acetone and isopropanol in an ultrasonic bath for 10 minutes each. The substrates were 
further treated with oxygen plasma for 3 min before the deposition of the hole transport layer (HTL).  
A thin layer of 2PACz HTL was deposited on the ITO substrate by spin‐coating at 3000 rpm for 30 s and 
subsequently annealed at 100 °C for 10 min. The 2PACz precursor solution was prepared by dissolving 2PACz in 
anhydrous Ethanol with a concentration of 1 mmol/l. The prepared solution was put in an ultrasonic bath for 15 
min before it was used. The reference double cation perovskite Cs0.18FA0.82PbI3 precursor solution was prepared 
by mixing PbI2 (507 mg: 10% excess of PbI2), CsCl (30 mg) and FAI (172 mg) in 1 mL solvent mixture of DMF:DMSO 
4:1 volume ratio.17 The reference perovskite film was deposited on the substrate at 1000 rpm (acceleration 2000 
rpm s–1) for 10 s and 5000 rpm (acceleration rate 2000 rpm s–1) for 30 s. 20 s after the start of the second step 
spin-coating, 150 µL Chlorobenzene was quickly dropped on the spinning substrate. The samples were then 
annealed at 150 °C for 30 min in an inert atmosphere. For preparing surface passivation (SP) perovskite layer, 
PEACl dissolved in IPA with different concentrations (1.5 and 3mg) was dynamically spin-coated on top of the 
reference perovskite film at 5000 rpm (acceleration 2000 rpm s–1) for 30 s, followed by annealing at 100 °C for 5 
min. For preparing the grain boundary passivation (GBP) perovskite layer, 25 µL of PbCl2:PEACl solution with a 
molar ratio of 1:1 dissolved in 1 mL DMSO was added in the reference perovskite precursor solution and then 
was heated at 150 °C for 30 min. In the case of preparing the grain boundary perovskite layer based on other 
chloride-based long-chain organic alkylammonium salts BACl and OACl, the same procedure was applied. Finally, 
for preparing grain boundary passivation & surface passivation (GBP&SP) perovskite layer, the PEACl interlayer 
was spin-coated on top of the GBP perovskite film, followed by annealing at 100 °C for 5 min. The electron 
transport layer, 23 nm C60 and 3 nm BCP, were thermally evaporated at an evaporation rate of 0.1-0.2 Å/s at a 
pressure of around 10-6 mbar. Afterwards, 100 nm Ag was thermally evaporated using a shadow mask with an 
active area of 0.12 mm2 to complete the perovskite solar cells with 4 pixels per substrate. It should be noted that 
in order to reduce the reflection in perovskite solar cell, 125 nm MgF2 as an antireflection layer was evaporated 
on top of the Ag. 
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Table S1: Photovoltaic parameters in reverse (BW) and forward (FW) bias of perovskite solar cells based on the 

reference (Ref), grain boundary passivation (GBP), surface passivation (SP), and combination of grain boundary 

& surface passivation (GBP&SP) processes. 

 
 

        VOC (V) JSC (mA/cm2)          FF       PCE (%) 

Ref BW 

FW 

1.086 
1.08 

23.9 
23.6 

78.6 
75.6 

20.4 
19.3 

GBP BW 

FW 

1.114 
1.11 

23.5 
23.6 

79.3 
77.9 

20.8 
20.4 

SP BW 

FW 

1.131 
1.131 

23.7 
23.6 

82.3 
79.9 

22.1 
21.3 

GBP&SP BW 

FW 

1.162 
1.153 

23.5 
23.6 

83.2 
80.6 

22.7 
22.0 
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Table S2: The calculated electron mobilities and trap densities for the perovskite solar cells based on the 

reference (Ref), surface passivation (SP), grain boundary passivation (GBP), and combination of grain boundary 

& surface passivation (GBP&SP) processes. 

Device Electron mobility (cm2V-1s-1) nt (cm-3) 

Ref 4.9 x10-3 9.2 x1015 

GBP 7.2 x10-3 6.5 x1015 

SP 6.3 x10-3 5.4 x1015 

GBP&SP 10.0 x10-3 3.7 x1015 
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Table S3: The calculated hole mobilities and trap densities for the perovskite solar cells based on the reference 

(Ref), surface passivation (SP), grain boundary passivation (GBP), and combination of grain boundary & surface 

passivation (GBP&SP) processes. 

Device Hole mobility (cm2V-1s-1) nt (cm-3) 

Ref 4.0 x10-4 4.2 x1015 

GBP 6.2 x10-4 3.4 x1015 

SP 5.3 x10-4 3.0 x1015 

GBP&SP 7.9 x10-4 2.9 x1015 
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Table S4: The atomic ratio of CI/Pb, Cl/Pb, Cs/Pb, FA/Pb, and I Cl/Pb for the reference (Ref) and grain boundary 
(GBP) perovskite films treated with different concentration of PEACl (1.5, 3 and 10 mg/ml) as a surface 
passivation layer (referred to as: SP(1.5), SP(3), SP(10), GBP&SP(1.5), GBP&SP(3) and GBP&SP(10), respectively.  

     Atomic ratio          I / Pb         Cl / Pb        I+Cl/ Pb    Cs / Pb     FA / Pb  

Ref 3.06 0.00 3.06 0.11 0.55 

SP(1.5) 2.95 0.31 3.26 0.14 0.43 

SP(3) 2.64 0.90 3.55 0.11 0.27 

SP(10) 1.41 3.30 4.71 0.00 0.00 

GBP 2.67 0.22 2.89 0.16 0.43 

GBP&SP(1.5) 1.87 1.15 3.02 0.29 0.24 

GBP&SP(3) 1.49 1.79 3.28 0.24 0.17 

GBP&SP(10) 1.07 4.07 5.14 0.00 0.00 
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Table S5: Estimation for the 2D RP passivation layer thickness, the atomic ratio of PEA to the 2D Pb (II) phase and 

the corresponding calculated n. 

 estimated 2D thickness           PEA / Pb II      calculated n 

Ref 0.00 0.00 0.00 

SP(1.5) 0.75 1.68 1.19 

SP(3) 2.38 1.19 1.69 

SP(10) - 1.74 1.15 

GBP 0.00 0.41 4.85 

GBP&SP(1.5) 1.53 0.77 2.59 

GBP&SP(3) 4.30 0.85 2.35 

GBP&SP(10) - 2.10 0.95 
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Fig. S1: Reported champion power conversion efficiencies (PCEs) measured in the J-V-scan for n-i-p vs. p-i-n 
perovskite solar cells compared to the champion PCE of 22.7% reported in this work. 
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Fig. S2: (a) Reported champion open-circuit voltage (VOC) with respect to the Shockley-Queisser (S-Q) limit for the 
respective bandgap for n-i-p vs. p-i-n perovskite solar cells (PSCs). The bandgap of all PSCs was determined from 
the inflection point of the external quantum efficiency spectra extracted from literature as suggested by Kirchartz 
et al.12 (b) Reported champion VOC x fill factor (FF) product of n-i-p vs. p-i-n PSCs with respect to the S-Q limit. We 
note that the highest reported value in 2019 was based on a PSC with PCE <21% given the rather low JSC.20 
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Fig. S3: Comparison of photovoltaic parameters (extracted from the reverse scan of the J–V curves) of reference 
(Ref) and grain boundary passivation perovskite solar cells prepared with various amounts of PEACl:PbCl2 solution 
added into the Ref perovskite solution (10, 25 and 40 µL, referred to as GBP(10), GBP(25) and GBP(40), 
respectively). (a) Power conversion efficiency (PCE), (b) open-circuit voltage (VOC), (c) short-circuit current density 
(JSC), and (d) fill factor (FF). 
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Fig. S4: The effect of the PEACl concentration (1.5 mg/ml and 3 mg/mL) as a surface passivation interlayer on 
photovoltaic parameters of reference (Ref) and grain boundary passivation (GBP) perovskite solar cells (referred 
to as: SP(1.5), SP(3), GBP&SP(1.5) and GBP&SP(3) respectively. (a) Power conversion efficiency (PCE), (b) open-
circuit voltage (VOC), (c) short-circuit current density (JSC), and (d) fill factor (FF). 
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Fig. S5: Absorptance spectra of double-cation Cs0.18FA0.82PbI3 perovskite films deposited on the glass substrates 

prepared without any modification (Ref) as well as with surface passivation (SP), grain boundary passivation 

(GBP), and grain boundary & surface passivation (GBP&SP).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

300 400 500 600 700 800

20

40

60

80

100

 Ref

 SP

 GBP

 GBP&SP

A
b

s
o
rp

ta
n

c
e

 (
%

)

Wavelength (nm)

(a)

PhD Thesis of Pascal Niko Rohrbeck 93



 

Fig. S6: Optical bandgap extracted from (a) the Tauc plot assuming a direct bandgap and (b) the inflection point 
of the external quantum efficiency (EQE) spectra of double-cation Cs0.18FA0.82PbI3 perovskite films prepared 
without any modification (Ref) and with surface passivation (SP), grain boundary passivation (GBP) and grain 
boundary & surface passivation (GBP&SP). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.50 1.55 1.60 1.65 1.70 1.75 1.80
0

2

4

6

8

 Ref: 1.56 eV

 SP: 1.56 eV

 GBP: 1.57 eV

 GBP&SP: 1.57 eV

(a
h

u
)2

 * 
1

0
9
 (

e
V

/c
m

) 2

hu (eV)

1.50 1.53 1.56 1.59 1.62 1.65
0

500

1000

1500

2000

d
(E

Q
E

)/
d

E
g
 

Eg (eV)

 Ref: 1.564 eV

 SP: 1.569 eV

 GBP: 1.574 eV

 GBP&SP: 1.577 eV

(a) (b)

CHAPTER 3. TWO BIRDS WITH ONE STONE: DUAL GRAIN-BOUNDARY
AND INTERFACE PASSIVATION ENABLES >22 % EFFICIENT INVERTED
METHYLAMMONIUM-FREE PEROVSKITE SOLAR CELLS

94 PhD Thesis of Pascal Niko Rohrbeck



 

Fig. S7: External quantum efficiency (EQE) and corresponding integrated short-circuit current density (JSC) of the 
best-performing perovskite solar cells prepared without any modification (Ref) and with surface passivation (SP), 
grain boundary passivation (GBP), and grain boundary & surface passivation (GBP&SP). The inset shows the 
respective integrated JSC. 
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Fig. S8: Comparison of the open-circuit voltage (VOC) of dual passivated perovskite solar cells based on the 
incorporation of PEAI:PbCl2, PEABr:PbCl2 and PEACl:PbCl2 in the precursor solution, as well as surface treatment 
with PEAI, PEABr and PEACl solution, respectively (referred to as: Ph-Cl/PEAI, Ph-Br/PEABr and Ph-Cl/PEACl). 
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Fig. S9: Photovoltaic parameters of the perovskite solar cells without any modification (Ref) and with surface 
passivation process, treated with OACl, BACl and PEACl solution on top of the reference perovskite layer 
respectively. (a) Power conversion efficiency (PCE), (b) open-circuit voltage (VOC), (c) fill factor (FF), (d) short-
circuit current density (JSC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ref OACl BACl PEACl

23.1

23.4

23.7

24.0

24.3

J
S

C
 (

m
A

/c
m

2
)

Ref OACl BACl PEACl
18

19

20

21

22

23
P

C
E

 (
%

)

Ref OACl BACl PEACl
72

75

78

81

84

F
F

 (
%

)

Ref OACl BACl PEACl

1.05

1.08

1.11

1.14

1.17

V
O

C
(V

)

(a) (b)

(c) (d)

PhD Thesis of Pascal Niko Rohrbeck 97



 

Fig. S10: Photovoltaic parameters of the perovskite solar cells without any modification (Ref) and with combined 

grain boundary & surface passivation processes based on the incorporation of OACl:PbCl2 (Oc-Cl), BACl:PbCl2 (Bu-

Cl) and PEACl:PbCl2 (Ph-Cl) in the precursor solution, as well as surface treatment with OACl, BACl and PEACl 

solution, respectively (referred to as: Oc-Cl/OACl, Bu-Cl/BACl and Ph-Cl/PEACl). (a) Power conversion efficiency 

(PCE), (b) open-circuit voltage (VOC), (c) fill factor (FF), (d) short-circuit current density (JSC). 
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Fig. S11. Photoluminescence quantum yield (PLQY) and the obtained implied VOC (VOC-imp) of perovskite films 
prepared on ITO/2PACz substrates without any modification (Ref) and with surface passivation (SP), grain 
boundary passivation (GBP), and grain boundary & surface passivation (GBP&SP) processes. 
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Fig. S12. The effect of PEACl concentration (1.5 mg/ml and 3 mg/ml) as a surface passivation interlayer on (a) 
photoluminescence quantum yield (PLQY) and (b) the obtained implied VOC (VOC-imp) of the reference (Ref) and 
grain boundary passivation (GBP) perovskite solar cells (referred to as: SP(1.5), SP(3), GBP&SP(1.5) and 
GBP&SP(1.5), respectively. 
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Fig. S13: Time-resolved photoluminescence (TRPL) for perovskite films prepared on ITO/2PACz substrates 
without any modification (Ref) and with surface passivation (SP), grain boundary passivation (GBP) and grain 
boundary & surface passivation (GBP&SP). 
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Fig S14: The J-V characteristics (log-log plot) of electron-only devices demonstrating three different regimes, 

marked with ohmic, trap-filled, and trap-free space charge limited current (SCLC) regime measured in the dark 

for (a) reference (Ref), (b) grain boundary passivation (GBP), (c) surface passivation (SP), and (d) grain boundary 

& surface passivation (GBP&SP) films. The electron trap density (nt) could be determined by the trap-filled limited 

voltage (VTFL) from electron-only devices. 
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Fig S15. The J-V characteristics (log-log plot) of hole-only devices demonstrating three different regimes, marked 

with Ohmic, trap-filled, and trap-free space charge limit current regime measured in the dark for (a) reference 

(Ref), (b) grain boundary passivation (GBP), (c) surface passivation (SP), and (d) grain boundary & sur-face 

passivation (GBP&SP) films. The insert shows the device configuration: ITO/2PACz/Perovskite/Spiro-

MeOTAD/Ag. 
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Fig. S16: Ideality factor (nid) extracted from a fit to the implied VOC (VOC-imp) (derived from intensity-dependent 
photoluminescence quantum yield measurements) for perovskite films prepared on ITO/2PACz substrates 
without any modification (Ref) and with surface passivation (SP), grain boundary passivation (GBP) and grain 
boundary & surface passivation (GBP&SP). 
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Fig. S17: The effect of PEACl concentration (1.5 mg/ml and 3 mg/ml) as a surface passivation interlayer (referred 
to as: SP(1.5) and SP(3)) on the ideality factor (nid) extracted from a fit to the implied VOC (VOC-ipm) of the reference 
(Ref) and grain boundary passivation (GBP) perovskite solar cells (referred as: SP(1.5), SP(3), GBP&SP(1.5) and 
GBP&SP(1.5), respectively. 
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Fig. S18: The JV-curves of (a) the best GBP&SP PSC and (b) the best Ref PSC are compared to pseudo-JV curves 
calculated from the intensity-dependent PLQY data for perovskite films prepared on ITO/2Pacz with (w) and 
without (wo) a C60 layer on top as well as to an ideal device (nid = 1) that has the same JSC as the best PSC, as 
described by Stolterfoht et al.11  
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Fig. S19: Top-view scanning electron microscopy (SEM) images of double-cation Cs0.18FA0.82PbI3 perovskite films 
prepare (a) without any modification and with (b) surface passivation (c) grain boundary passivation, and (d) 
grain boundary & surface passivation processes. The insets show higher magnification images. 
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Fig. S20: Top-view scanning electron microscopy (SEM) images of double-cation Cs0.18FA0.82PbI3 perovskite film 
treated with a high-concentration of PEACl (3 mg/ml) on top of the (a) reference and (b) grain boundary 
passivated perovskite layers.  
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Fig. S21: Atomic force microscopy (AFM) analysis of double-cation Cs0.18FA0.82PbI3 perovskite films prepared (a) 
without any modification and with (b) surface passivation (c) grain boundary passivation, and (d) grain boundary 
& surface passivation processes. The surface roughness of each perovskite film is noted as the root-mean-square 
(RMS) value. 
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Fig. S22: Cathodoluminescence (CL) spectra of the reference perovskite film at two different spots.  
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Fig S23: Top-view scanning electron microscopy (SEM) images of grain boundary passivated perovskite films. The 

insets show higher magnification images of the large bright grains related to PbI2-rich crystallites. 
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Fig. S24: Left: Cross-sectional scanning electron microscopy (SEM) images of grain boundary passivated 
perovskite films with the configuration of ITO/2PACz/perovskite. Right: The magnified image of a large bright 
grain - related to a PbI2-rich crystallite as identified by cathodoluminescence and top-view SEM (see Figs. S4 and 
S22-S23) - indicates that these are situated on top of 3D perovskite grains. 
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Fig. S25: Cathodoluminescence (CL) spectra of perovskite films prepared without any modification (Ref) and with 
surface passivation (SP), grain boundary passivation (GBP), and grain boundary & surface passivation (GBP&SP). 
The left panel is a magnified view of the same CL spectra in the visible range of 400 to 700 nm.  
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Fig. S26: Steady-state photoluminescence (PL) of the perovskite films prepared on ITO/2PACz substrates for the 
reference (Ref), surface passivation with different PEACl concentrations (SP(1.5), SP(3)), grain boundary 
passivation (GBP), and grain boundary passivated films treated with different PEACl concentrations 
(GBP&SP(1.5), GBP&SP(3)) in the visible range of 560-700 nm. 
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Fig. S27: (a) X-ray diffraction (XRD) pattern of perovskite films prepared without any modification (Ref) and with 
surface passivation (SP), grain boundary passivation (GBP), and grain boundary & surface passivation (GBP&SP). 
(b) Calculated intensity ratios of the various crystal planes. 
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Fig. S28: XRD patterns of grain boundary & surface (GBP&SP) perovskite films treated with a high concentration 

of PEACl (4.5 mg/ml and 10 mg/ml). The red stars denote the diffraction peaks resulting from a pure (n = 1) 2D 

Ruddlesden-Popper (PEA)2Pb(I1-yCly)4 phase with a superlattice spacing of ~1.7 nm. 
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Fig. S29: X-ray photoelectron spectroscopy (XPS) spectra of (a) N 1s, (b) Cs 3d5/2, and (c) I 3d5/2 core-levels for 
perovskite films prepared on ITO/2PACz substrates without any modification (Ref) and with surface passivation 
(SP), grain boundary passivation (GBP), and grain boundary & surface passivation (GBP&SP). 
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Fig. S30: Normalized X-ray photoelectron spectroscopy (XPS) spectra of the Pb 4f core levels (same data as in Fig. 
5 a) including perovskite films with a PEACl concentration of 3 mg/ml (SP (3) and GBP&SP(3)) (left) and a higher 
magnification of the Pb 4f7/2 peak. 
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Fig. S31: X-ray photoelectron spectroscopy (XPS) spectra of the denoted core levels for reference (Ref) and grain 
boundary passivated perovskite films treated with a PEACl concentration of 10 mg/ml (SP (10) and GBP&SP(10)) 
and comparison to the data for the reference perovskite film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (c)(b)

(d) (e) (f)

290 288 286 284
In

te
n
s
it
y
 (

a
.u

.)
Binding energy (eV)

C 1s

208 204 200 196

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

Cl 2p

150 145 140 135

 Ref

 SP(10)

 GBP&SP(10)

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

Pb 4f

408 405 402 399

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

N 1s

635 630 625 620

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

I 3d

742 735 728 721

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

Cs 3d

PhD Thesis of Pascal Niko Rohrbeck 119



 

Fig. S32: The atomic ratio of CI/Pb, Cl/Pb, Cs/Pb, FA/Pb, and I+Cl/Pb for the reference (Ref) and grain boundary 
(GBP) perovskite films treated with different concentration of PEACl (1.5, 3 and 10 mg/ml). 
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Fig. S33: Additional XRD measurements of grain boundary & surface passivated films (GBP&SP) employing various 
concentrations of PEACL for surface treatment (3, 3.5, 4 and 4.5 mg/ml). The data is plotted relative to the (100) peak 
of a GBP reference sample in order to study the trend when going from rather thin to thicker passivation layers. The 
peaks at ~5.1° and ~10.2° correlate to an n = 1 2D RP phase with superlattice spacing of ~1.7 nm and the peak at ~3.8° 
correlates to n = 2 with a superlattice spacing of ~2.34 nm. 
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Fig. S34: (a) Fit to Pb4f core levels of the reference perovskite film, which yields peak positions of ~138.7 eV and 
~143.5 eV with a FWHM of 0.8. For (b), (c) and (d), the peak position and FWHM for the 3D perovskite peak are 
fixed (blue area) and the second component is fixed to 139.1 eV (green area). 
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Fig. S35: Secondary electron cut-off spectra from ultraviolet photoelectron spectroscopy (UPS) were used to 
determine the work function of the perovskite films. 
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Fig. S36: Proposed energy band diagrams from ultraviolet photoelectron spectroscopy (UPS) measurements. 
Same data as in Fig. 5d, but including data for films with a higher PEACl concentration (SP(3) and GBP&SP(3)). 
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Fig. S37: Visualization of random grain boundary regions demonstrated by blue and pink lines in contact potential 
difference (CPD) map to determine the CPD offset and CPD profile lines between grain boundary and grain 
interior for (a) reference (Ref) and (b) grain boundary passivation (GBP) perovskite films. 
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Fig. S38: (a) Visualization of ~60 different grain boundary regions to estimate the average contact potential 
difference (CPD) offset between grain boundary and grain interior for (a) reference (Ref) and (b) grain boundary 
passivated (GBP) perovskite films. (c) Respective histogram of the extracted ΔCPDGB (CPDgrain boundary – CPDgrain ). 
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Fig. S39: Contact potential difference (CPD) images and CPD variation recorded in dark for (a), (b) reference (Ref) 
and (c), (d) grain boundary & surface passivation (GBP&SP) films. The line profiles were analyzed along the blue 
line and red line indicated in the CPD maps for Ref and GBP&SP films, respectively. 

 

 

 

 

 

 

 

(a) (c)

(b)

0 1 2 3 4 5 6 7 8 9 10

-0.2

0.0

0.2

S
h

if
te

d
 C

P
D

 (
V

)

Position (mm)

 GBP&SP

0 1 2 3 4 5 6 7 8 9 10

-0.2

0.0

0.2  Ref

S
h

if
te

d
 C

P
D

 (
V

)

Position (mm)

(d)

PhD Thesis of Pascal Niko Rohrbeck 127



 

Fig. S40: (a, b, c, d) Capacitance (C) versus angular frequency (ω) spectra and (e, f, g, h) corresponding logarithmic 
derivative of the reference (Ref), surface passivation (SP), grain boundary passivation (GBP), and grain boundary 
& surface passivation (GBP&SP) perovskite solar cells respectively, measured in a temperature range of 278 to 
318 K. 
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Fig. S41: Arrhenius plots of ln(ωpeakT-2) versus 1/kBT extracted from the derivative of admittance spectra to 
determine the activation energy (Ea) for reference (Ref), surface passivation (SP), grain boundary passivation 
(GBP), and grain boundary & surface passivation (GBP&SP) perovskite solar cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

36 38 40 42

-8

-6

-4

-2

 

 

ln
 (

w
p

e
a

k
T

 -2
) 

(1
/s

K
2
)

1/kBT (1/eV)

 Ref Ea=502 meV

 SP Ea=551 meV

 GBP Ea=580 meV

 GBP&SP Ea=696 meV

(a)

PhD Thesis of Pascal Niko Rohrbeck 129



 

Fig. S42: Comparison of maximum power point (MPP) tracking of the grain boundary & surface passivation 
(GBP&SP) and LiF-based perovskite solar cell measured during continuous AM 1.5G illumination at room 
temperature in a nitrogen-filled glovebox. 
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Fig. S43. (a) The ultraviolet-visible absorption spectra of grain boundary & surface (GBP&SP) passivation and 
reference (Ref) perovskite films after 1 day of their exposure to the 50% humidity. Contact angle measurements 
with a water droplet on top of the (b) Ref (c) GBP&SP perovskite films. 
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4 Nanoscale Surface Photovoltage
Spectroscopy

Reproduced via CC BY-NC 4.0 from Ref. ’Yalcinkaya, Y.; Rohrbeck, P. N.; Schütz, E. R.;
Fakharuddin, A.; Schmidt-Mende, L.; Weber, S. A. L. Nanoscale Surface Photovoltage Spec-
troscopy. Adv. Opt. Mater. 2024, 12 (8), 1–12. DOI: 10.1002/adom.202301318.’98 with
permission from John Wiley and Sons.

In this paper, we introduce tr-KPFM-based methods to investigate defect and free charge
carrier dynamics within halide perovskites materials. Therefore, we show a new investigation
methods called nanoscale surface photovoltage spectroscopy (nano-SPV) and nanoscale ideality
factor mapping (nano-IFM) to map and investigate charge carrier recombination, ion migration,
and defects in halide perovskite samples with different morphologies and passivation and their
respective dynamics.

Pascal Niko Rohrbeck and Mehmet Yenal Yalçınkaya are equal shared first authors of this
paper. Pascal Niko Rohrbeck measured the solvent-annealed pristine sample (Figure 3) and
the solvent-annealed and passivated sample (Figure 4) via the developed nano-SPV method to
make defect areas visible in the AFM and investigate the role of passivation in this.
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Nanoscale Surface Photovoltage Spectroscopy

Yenal Yalcinkaya, Pascal N. Rohrbeck, Emilia R. Schütz, Azhar Fakharuddin,
Lukas Schmidt-Mende, and Stefan A.L. Weber*

Understanding electron and ion dynamics is an important task for improving
modern energy materials, such as photovoltaic perovskites. These materials
usually have delicate nano- and microstructures that influence the device
parameters. To resolve detailed structure–function relationships on the
relevant micro- and nanometer length scales, the current macroscopic and
microscopic measurement techniques are often not sufficient. Here,
nanoscale surface photovoltage spectroscopy (nano-SPV) and nanoscale
ideality factor mapping (nano-IFM) via time-resolved Kelvin probe force
microscopy are introduced. These methods can map nanoscale variations in
charge carrier recombination, ion migration, and defects. To show the
potential of nano-SPV and nano-IFM, these methods are applied to perovskite
samples with different morphologies. The results clearly show an improved
uniformity of the SPV and SPV decay distribution within the perovskite films
upon passivation and increasing the grain size. Nevertheless, nano-SPV and
nano-IFM can still detect local variations in the defect density on these
optimized samples, guiding the way for further optimization.

1. Introduction

Lead halide perovskites are promising materials for optoelec-
tronic applications due to their direct adjustable band gap,[1–3]

high defect tolerance,[4] and long charge carrier lifetimes.[5–7]

Unlike conventional semiconductors, lead halide perovskites
do not possess a high density of deep trap states.[8] The trap
states due to crystal defects within the halide perovskites appear
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within or close to the energy bands. This de-
fect tolerance allows high-quality perovskite
films to be fabricated from simple solu-
tion processes. Nonetheless, energy losses
still occur at areas with high defect den-
sity, such as grain boundaries (GB) of the
halide perovskites or interfaces within per-
ovskite solar cells (PSCs), increasing non-
radiative recombination losses during de-
vice operations.[9]

Defects related to non-radiative recombi-
nation in perovskites mainly occur as 1D
point defects such as interstitials, antisites,
or vacancies; 2D defects such as GBs, in-
terfaces, and surfaces; and 3D defects such
as clusters of iodine or lead or defects at
the contacts. Interfacial recombination may
originate from energy alignment mismatch
between layers, surface defects, and charge
carrier back transfer.[10–14] Improving the
perovskite film quality by means of pas-
sivation is a common strategy to improve
device efficiency.[15,16] Common surface

passivation methods use chemical agents that partially fill the
vacancies on the perovskite film surface. Here, the active group
(ammonium, for example) fills the A+ cation vacancies, whereas
other parts of the passivation agent can be used, for example, for
increasing the hydrophobicity of the perovskite surface. A good
example is phenylethylammonium ion (PEA+), which contains
an ammonium and a hydrophobic phenyl group.[15]

The main goal of defect passivation is to increase the effi-
ciency of PSCs. The most common and straightforward way to
characterize the perovskite film quality is therefore to measure
the efficiency of PSC devices. To understand the mechanisms
behind efficiency losses, however, it is helpful to characterize
the perovskite layer itself. Commonly used methods aim at
monitoring the charge carrier dynamics such as photolumines-
cence (PL)[17]; transient absorption[18]; Terahertz, microwave,
or electrical impedance spectroscopy[19,20]; surface photovoltage
(SPV)[21]; and surface photocurrent[22] measurements. These
methods are usually conducted on macroscopic length scales
and therefore yield measurements that are averaged over many
different grains, GBs, and other interfaces. Local measurements
such as PL microscopy[23] and fluorescence lifetime microscopy
(FLIM)[24] can record and map the charge carrier dynamics. How-
ever, the lateral resolution of these optical methods is diffraction-
limited and cannot fully resolve effects at the GBs. Alternatively,
qualitative SPV mapping can be performed via scanning electron
microscopy (SEM). Here, the electric fields generated by the lo-
cal photovoltage modulate the secondary electron emission and
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thereby the image contrast. Irde et al.[25] have demonstrated the
SEM-based mapping of SPV dynamics on methylammonium
lead iodide thin films within seconds to hours.[25] Pietralunga
et al.[26] used SEM-based SPV spectroscopy to study charge
transport dynamics, internal electric field configurations, and
interface energetics of perovskite films under illumination.[26]

Generally, the irradiation with high-energy electrons under high
vacuum conditions can damage delicate perovskite samples,[27]

even though electron beam damage can be reduced via the use of
low-energy electron beams[28] or by reducing the electron dose,[29]

limiting the spatial resolution and the signal-to-noise ratio.[25,30]

Here, atomic force microscopy (AFM) is a more gentle and ver-
satile alternative. Next to the sample topography, AFM can detect
many other surface properties and sub-granular structures.[31–33]

Using conductive AFM (C-AFM), Shao et al.[34] measured the cur-
rent values on the perovskite grains and the GBs in between.
These measurements demonstrated that ion migration is faster
at GBs compared to grain interiors. Conings et al.[35] used C-
AFM to track the degradation of methylammonium lead iodide
films after annealing. Recently, we showed via C-AFM that an
increased grain size as a result of methylamine treatment re-
sulted in a higher conductivity and a lower charge accumula-
tion at the GBs, indicating more efficient charge dissociation and
transport within the grains. Another important AFM method is
Kelvin probe force microscopy (KPFM). KPFM maps the elec-
trostatic surface potential and has been used to reveal interfa-
cial charges within perovskite devices[36–38] and band bending be-
havior at the GBs.[15,39] KPFM is particularly powerful in com-
bination with sample excitation, for example, using voltage or
light.[38,40] Since the contact potential difference (CPD) is depend-
ing on the electrostatic landscape on the surface, sample excita-
tion by means of voltage or light pulses adds a modulation to the
measured CPD value. Thus, KPFM can track charge carrier dy-
namics with high spatial resolution. Collins et al. carried out dy-
namic KPFM measurements by using general-mode KPFM (G-
Mode KPFM)[41,42] to do fast KPFM measurements in the time
range of tens of microseconds.[41] Other methods such as pump-
probe KPFM (pp-KPFM)[43–46] can even locally resolve processes
down to 1 ps.[43] Nevertheless, these methods require short exci-
tation pulses at high repetition rates, limiting the application to
fast and ultrafast processes (<μms).

In this study, we demonstrate KPFM-based nanoscale surface
photovoltage spectroscopy (nano-SPV) and nanoscale ideality fac-
tor mapping (nano-IFM) as a tool to map the nanoscale distribu-
tion of defects. Using these methods, we investigate triple cation
Cs0.05FA0.8MA0.15PbI3 perovskite films with different morpholo-
gies and surface passivation. We use nano-SPV to visualize the
charge carrier dynamics at grains and GBs on perovskite half-
cells with an architecture of (ITO/TiO2-SnO2/perovskite) with
small, large, and PEA-passivated perovskite grains. Our nano-
SPV measurements offer two types of measurement: i) tracking
the SPV dynamics during and after a light pulse to track the ex-
traction and recombination time of photo-generated charge car-
riers (nano-SPV) and ii) tracking the SPV as a function of light il-
lumination to obtain the local ideality factor, nid (nano-IFM). The
results show suppressed ion migration when the number of GBs
is lower due to large grains. Furthermore, half-cells showed more
uniform and lower defect densities when the perovskite films
were PEA-passivated or had larger grains.

2. Theory

Here, we introduce some common macroscopic SPV-based mea-
surement methods and how we implement them in nano-SPV
operation mode using KPFM.

2.1. Surface Photovoltage and Surface Photovoltage Decay

Upon illumination of a photovoltaic sample, the electrostatic
potential on the surface will change. This SPV is commonly
measured by means of a macroscopic Kelvin Probe. Here, a
millimeter-sized metal plate mechanically vibrates above the
sample. In the presence of a voltage difference between the plate
and the surface, the periodic variations in the plate distance will
lead to a capacitive current. By compensating the voltage differ-
ence via an external voltage, the capacitive current can be mini-
mized. Already without external voltage, there is an intrinsic volt-
age difference called the contact potential difference (CPD). The
CPD corresponds to the difference in work functions or the posi-
tion of the Fermi Level, EF, of the probe and the sample material:

VCPD =
Etip

F − Esample
F

e
(1)

where e is the elemental charge. Any illumination-induced
change in the measured CPD value corresponds to the SPV:

VSPV = VCPD, illum. − VCPD, dark (2)

The SPV signal can have different contributions: i) band flat-
tening at the semiconductor surface and ii) charge separation at
buried interfaces. At the surface, defect states lead to Fermi-level
pinning and band bending. The increased charge carrier concen-
tration during illumination screens the trapped surface charges,
leading to band flattening[47] (Figure S1, Supporting Informa-
tion). The resulting change in the surface potential can be ob-
served as a SPV signal, where the polarity depends on the major-
ity charge carriers as in n- or p-type doping (Figure S1, Support-
ing Information). Typically, n-type semiconductors yield positive
SPV while the SPV values are negative for p-type semiconduc-
tors. Therefore, the doping status of the sample can be estimated
by the sign of the SPV value.[48]

On photovoltaic device stacks, a SPV signal can be caused by
band bending at buried interfaces, for example, between the ab-
sorber and a charge-selective contact (Figure S2, Supporting In-
formation). Here, photo-generated charge carriers redistribute
across the heterojunction depending on the characteristics of the
charge-selective layer. If the layer is an electron transport layer
(ETL), the electrons will be transported while the holes remain
within the semiconductor film and the resulting SPV will be pos-
itive due to the imbalance of free charges in the film volume.[26]

On the contrary, if the charge selective layer is a hole transport
layer (HTL), the electrons will remain in the absorber while the
holes are transferred, leading to a negative SPV because of an
excess of electrons.[26]

Since the SPV signal depends on the Fermi level and the Fermi
level change under illumination in the sample, it is influenced
by band bending, doping,[49] and stoichiometry in the sample.[50]
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Figure 1. Schematic overview of the tr-KPFM setup. The laser intensity is either modulated in a pulse shape or a slow intensity increase with the tip
engaged to the surface while the local CPD signal is recorded. The CPD traces contain information about local charge carrier extraction processes, which
result in the formation of an electric field E (arrow on the left). After the light pulse, the CPD trace reveals information about recombination processes
and the presence of defect states such as GBs and interfaces, which hinder the extraction of charges (blocking symbol).

To disentangle the different contributions to the SPV signal, we
can track the SPV decay after an illumination pulse (SPV spec-
troscopy). The SPV transients contain information about recom-
bination rates,[51] trap density,[52] and ion migration[40] effects.
Figure 1 shows the illustration of a SPV decay measurement re-
sult demonstrating the characteristic voltage decay following an
illumination pulse. The decrease pattern gives information about
the contributing charge carriers. The fast-decaying component
(blue curve in Figure 1) is typically the electronic one whereas
the slow-decaying one (red curve in Figure 1) is usually the ionic
component.[40] The electronic decay is correlated to the electron–
hole recombination mechanisms taking place at the perovskite
bulk or the interface between the perovskite and the ETL after
the illumination pulse. The more trap-assisted recombination oc-
curs, the faster the SPV decay takes place. The ionic decay is cor-
related to the re-distribution of the ions from the surface which
can be migrating from the crystal lattice or be adsorbed from the
environment. Also, the electric field generated by the migration
of electrons and the accumulation of holes at the surface influ-
ences the movement of ions within the film.

We further interpret the dynamics during the SPV formation
at the beginning of a light pulse as the interfacial extraction of
charge carriers. Other experimental studies using PL[53] or photo-
conductivity measurements came to a similar conclusion.[54] The
results by Grill et al. suggest that only the ETL or HTL interface
is the charge transport-limiting factor in the device and not the
perovskite itself.[26,54] This means it is possible to see interfacial
proprieties of the device by tracking the change of the SPV.[26]

2.2. Ideality Factor

The current–voltage (I–V) characteristics of semiconductor
diodes such as solar cells can be described by the Shockley diode
equation:

I = IL − IS

(
e

V
nidkBT∕q − 1

)
(3)

where I is the overall current of the solar cell, IL is the light-
generated current, IS is the reverse bias saturation current, V is
the voltage across the solar cell, kB is the Boltzmann constant,
T is the temperature, and q is the elementary charge. Here, the
ideality factor, nid, is a measure of how close a photovoltaic de-
vice behaves to an ideal diode (nid = 1). Deviations from the ideal
diode behavior can be caused by charge carrier recombination
mechanisms. Here, nid can be estimated as the relation between
the quasi-Fermi-level splitting, ΔEF, and the recombination rate,
R[55]:

nid,C = 1
kT

dΔEF

dln(R)
(4)

where nid, C is the conceptual ideality factor and kT is the thermal
energy. Typically, a higher nid suggests that the traps within the
semiconductor contribute to the recombination process more.[56]

Practically, it is hard to obtain values for the recombination rate
and local quasi-Fermi level splitting values independently to ob-
tain nid, C. To work around this obstacle, an approximate value
for nid can be estimated from the current and voltage of the de-
vice. Here, the dark current, Jd, replaces the recombination rate,
whereas the external voltage, Ve, replaces the local quasi-Fermi
level splitting to obtain dark ideality factor, nid, d, in Equation 5:

nid,d =
q

kT
dVe

dln(Jd)
(5)

This equation uses easily measurable quantities to obtain nid.
Nevertheless, this approach has the disadvantage that shunt or
series resistances contribute to the ideality factor, as well as the
recombination rates. Therefore, the nid, d can give misleading re-
sults.

At open circuit conditions under illumination, charge genera-
tion and recombination rates are equal, as the net charge extrac-
tion is zero. Here, the steady-state open-circuit voltage (Voc) can
be seen as an approximation of the quasi-Fermi level splitting.
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By measuring Voc as a function of light intensity, ϕ, we can vary
the recombination/generation rate within the device. Modifying
Equation 6 yields

nid,l =
q

kT
dVoc

dln(𝜙)
(6)

which we refer to as the light ideality factor, nid, l. This value
gives information about the recombination mechanisms with a
minimum contribution from series or shunt resistances. Thus,
a comparison of the nid, l values between samples allows for
determining the degree of trap-assisted recombination.[57] Nev-
ertheless, there is an ongoing debate about the interpretation
of nid in PSC devices. Recently, Caprioglio et al.[58] reported
on optical nid measurements on half and full perovskite solar
cells with different perovskite/transport layer interfaces and com-
pared the nid values. Their work suggests that the interfacial
recombination dominates in nid over the bulk recombination
contribution.

2.3. Static and Time-Resolved Kelvin Probe Force Microscopy

The methods discussed so far rely on macroscopic measure-
ments, for example, using a millimeter-sized Kelvin probe or an
optical excitation spot.[59] KPFM is an AFM-based adaptation of
the Kelvin probe measurement principle.[60–63] Instead of a ca-
pacitive current, KPFM detects the electrostatic force caused by
the tip-sample potential to quantify the CPD. KPFM-based CPD
maps can give information about facets,[64] band bending due to
defects,[65] and energy level alignment in solar cells.[38]

To both map and record the nanoscale CPD and SPV dynam-
ics with KPFM, the conventional scanning mode would be too
slow. We recently introduced a point-wise time-resolved KPFM
(tr-KPFM) data acquisition method where we record the sample
response to a light or voltage pulse subsequently on every pixel
of an image (Figure 1).[38,66] Here, we collect the CPD dynam-
ics upon light or bias excitation subsequently at individual pix-
els within a designated area of the sample. Once the whole map
is completed, we can either extract snapshots of the CPD dis-
tribution at defined positions in time or extract traces of CPD
dynamics at defined positions in space (see also Experimental
Section for more details). This method has the advantage that
it is not limited in terms of the duration of the CPD traces.
In particular, on PSC samples, where the full ionic relaxation
can take several hundreds of milliseconds,[38] it is important to
wait long enough to allow the sample to relax back to an equi-
librium state. Other dynamic KPFM methods[41–46,67] require an
excitation at high repetition rates, which might leave the sam-
ple effectively in an excited state. Thus, using only standard
KPFM equipment (lock-in amplifier and feedback system), tr-
KPFM can map the CPD and SPV distribution in the time scale
of hundreds of microseconds to seconds. We call this operation
mode nano-SPV.

Although flexible in terms of longer timescales, there are phys-
ical restrictions in terms of the shortest timescales that can be
detected with tr-KPFM and nano-SPV. In the heterodyne KPFM
detection mode used in this study,[68,69] signals are detected by
means of an amplitude change on one of the cantilever’s reso-

nances. Therefore, the smallest detectable time scale τmin is de-
termined by the damping or Q-factor on this resonance:

τmin, n =
Qn

fn ⋅ 𝜋
(7)

where Qn and fn are the Q-factor and frequency of the n-th reso-
nance of the AFM cantilever, respectively (see Experimental Sec-
tion and Section S2, Supporting Information, for details). For a
typical cantilever used in this study with second eigenmode fre-
quency f2 = 977 kHz and Q2 = 461, the smallest timescale is,
therefore, τlim =150 μs. This limit could be further pushed by
using cantilevers with higher resonance frequency, or by using
frequency modulation detection.

3. Results and Discussion

To investigate the correlation between sample structure, surface
treatment, and defect distribution in perovskite thin films, we
prepared triple cation perovskite films with 0.95:1.05 A+/B2 +

cation ratio with different structures (see Experimental Section
for details). The topography images obtained via AFM are shown
in Figure S3 in Section S4, Supporting Information. These in-
clude: i) a reference sample with small (<d> Ref = 200 ± 60 nm)
grains (Ref), ii) a dimethyl sulfoxide (DMSO) vapor solvent an-
nealed (SAPristine) (<d> SAPristine

= 590 ± 160 nm), iii) solvent-
annealed triple cation sample with PEA-I surface passivation
(SAPass) (<d> SAPass

= 670 ± 210 nm), and iv) a methylamine gas-
treated triple cation sample with large (<d> MA80 >100 μm) grains
(MA80). By comparing the reference perovskite film to the sol-
vent vapor-annealed and/or passivated perovskite films, we aim
to identifying surface structures with locally higher or lower de-
fect concentrations.

3.1. Reference Sample

The topography on the reference sample (Figure 2a) shows a
structure of grains with a size of <d> Ref = 200 ± 60 nm. The cor-
related equilibrium CPD map before the voltage pulse (Figure 2b)
mostly shows the contrast between the grains and the GBs due
to band bending at the GBs,[15] where CPD increase and de-
crease correspond to downward and upward band bending, re-
spectively. The CPD varies at the GBs within a range of 2 to 30 mV
(Figure S4, Supporting Information). Furthermore, most GBs
show higher CPD values compared to the grain interiors with mi-
nor exceptions (Figure S4e, Supporting Information). Since the
band bending direction is determined by the type of defects, we
argue that the minority GBs that show smaller CPD compared to
the grains indicate different type of defects compared to the rest
of the GBs within the film. Apart from that, some grains exhib-
ited around 240 mV lower CPD value than the rest of the image
(average value of 760 ± 90 mV). By subtracting the CPD values
before illumination from the CPD values during illumination,
we obtained a map of the SPV distribution (Figure 2c). The il-
lumination pulse (0 ms <t < 201.6 ms) resulted in an average
photopotential of 280 ± 90 mV. Interestingly, grains with initially
lower CPD exhibited about 190 mV higher SPV compared to the
rest of the sample. The heterogeneous distribution of the SPV
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Figure 2. a) Topography, b) CPD in dark, c) SPV, and d) SPV plots over time from marked areas of reference perovskite sample. Panels (e)–(j) show the
CPD maps at different time frames. The maps have 150x150 pixels.

suggests either non-uniform defect distribution or non-uniform
chemical stoichiometry within the reference perovskite film. The
former possibility would be causing changes in the local Fermi
levels, whereas the latter would change the Fermi level shift dur-
ing illumination.[50]

When comparing the dynamics at high and low SPV areas
(Figure 2d; red and blue markers in Figure 2c and Figure S5b,
Supporting Information), the SPV decay at the high SPV grain
shows a slower decay compared to SPV decay at the low SPV
grain (Figure 2d). Furthermore, the SPV decay at the blue marker
shows a rapid decrease to negative SPV values before returning
to the equilibrium dark CPD value. This undershoot could be
caused by ion migration as illustrated in Figure 1.[40] During il-
lumination, the electric field caused by the SPV polarizes mobile
ions within the perovskite layer. After the illumination, the elec-
tronic polarization rapidly decays, leaving behind the ionic field
that generates a negative surface voltage. The slower SPV decays
within the high SPV grain (red and orange markers) suggest that
the defect density is lower at the high SPV areas of the reference
sample. Furthermore, the absence of an SPV undershoot during
decay also suggests that the ion migration is suppressed at the
high SPV areas.

The snapshots of the CPD distribution of the reference per-
ovskite film at different times during the nano-SPV measure-
ment show the time-evolution of the SPV before (Figure 2b), dur-
ing (Figure 2e,f), and after (Figure 2g–j) the illumination pulse
(see also Video S1, Supporting Information). Directly after the
laser was switched on, the CPD distribution remained rather uni-
form at 1030 ± 40 mV; 200 ms later, the contrast between the low
and high SPV grains was clearly visible. Directly upon switching
off the laser, the CPD values started to decrease due to the charge
carrier recombination (Figure S6, Supporting Information). The
electronic recombination for most of the image occurred within
the first ≈30 ms after the laser was switched off (Figure 2i) at
which the average CPD reached a minimum (Figure S6, Sup-
porting Information). After reaching the minimum, the average
CPD of the whole map increased again due to the slow decay of
the ionic polarization that occurs in low SPV areas (blue plot in

Figure 2d), and most grains relaxed back to their original dark
CPD values (Figure 2j). The high SPV grains, however, showed
longer decay times without the ionic undershoot, as also shown
in Figure 2d. The absence of ionic polarization and the longer
SPV decay time suggest that the defect density is lower at the
high SPV areas of the reference sample.

3.2. Solvent-Annealed Pristine Sample

To investigate the effect of solvent annealing on the defect density,
we prepared triple cation perovskite films with a post-treatment
of DMSO solvent annealing. This post-treatment should lead to a
better crystallinity of larger grains and decreased GB density.[70]

It also has been shown that the larger grain size reduces the
defect density within the perovskite layer.[71] The topography of
the SAPristine sample (Figure 3a) showed larger perovskite grains
(<d> SAPristine

= 590 ± 160 nm) compared to the reference (<d> Ref
= 200 ± 60 nm) due to the solvent annealing.[72] The dark CPD
picture of SAPristine can be found in Figure S16 in Section S6, Sup-
porting Information. The distortions in the form of comb-like ar-
tifacts were caused by sample drift.

The nano-SPV map of the SAPristine sample (Figure 3b) shows a
pattern that matches some features in the topography map. The
ETL of the reference sample and the SAPristine are SnO2 and c-
TiO2, respectively (see Experimental Section). Nevertheless, com-
pared to the reference, the SPV value decreased slightly, from 280
± 90 to 210 ± 50 mV on the SAPristine sample. This lower SPV sig-
nal could be the result of a reduced band bending at the top sur-
face due to the improved film quality[73,74] or a reduced charge
transfer at the ETL interface, for example, due to energy barri-
ers. Furthermore, at some of the GBs, we observed a stronger
SPV contrast compared to the reference sample (SPV profiles in
Figure S12b, Supporting Information). These profiles reveal a 73
± 15 mV lower SPV at the GB compared to the grain interior.
This value is in agreement with previous reports.[15] The lower
SPV at the GBs could be caused by band bending at the GBs.[48]

Furthermore, we see a SPV contrast of about 32 ± 5 mV between
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Figure 3. a) The topography; b) SPV map; c) CPD spectroscopy curves with 30 ms pre-zero data of spots marked in (a), (b), and (e) with a calculated
slow timescale of electron extraction (τ2(extraction)) in respect to turning on the laser; d) CPD spectroscopy curves with 30 ms pre-zero data of spots
marked in (a), (b), and (e) with a calculated slow timescale of electron recombination (τ2(recombination)) in respect to turning off the laser; and e) SPV
rise time τ2(ext) map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio (SAPristine). An extended version is available in Figures
S7–S9, Supporting Information.

some individual grains and even within the same grain (see
Figure S13b,c, Supporting Information). These differences could
result from a facet dependency of the SPV,[75] stochiometry differ-
ences, or the defect distribution within the perovskite film. The
elevated structures that are visible in the topography (Figure 3a)
and the corresponding noisy SPV features in Figure 3b, together
with a locally lower CPD (Figure S16, Supporting Information)
could be caused by a locally higher PbI2 concentration.[15]

We further analyzed the nano-SPV dynamics in different lo-
cations on the map with similar SPV values. One spot was cho-
sen to be on a GB (green star) and two were placed within differ-
ent grains (blue and orange stars in Figure 3a,b,e). Analyzing the
SPV decay curves, it is obvious that the ionic undershoot that we
observed on the reference sample disappeared on most grains in
Figure 3d (some exceptions are shown in Figure S7 in Section S6,
Supporting Information). The suppression of ion migration[40]

is a result of the increased grain size and fewer GBs.[74,76] We
want to point out that the increase in the grain size already had a
massive impact on the ion migration. This means increasing the
grain size alone already improves the defect density at the GBs.
Although the grains marked with blue and orange stars exhibited
a similar SPV value, the timescale until the SPV reached equilib-
rium varied from 112 ± 2 to 206 ± 7 ms, respectively. On the GBs,
these timescales were even shorter ∼36± 1 ms (< τ2(ext) >(GB)

SAPristine
= 64 ± 21 ms; < τ2(ext) >(grain) SAPristine

= 300 ± 30 ms;
see also Video S2, Supporting Information). Changes of SPV in
the time range of seconds have been reported before by tr-SEM
measurements[25] and by earlier tr-KPFM measurements on de-
vice cross sections.[77,78]

Since ion migration is suppressed in solvent-annealed sam-
ples, the SPV decay is dominated by electron–hole recombina-
tion. Therefore, the shorter decay at the GBs can be attributed to
faster electron–hole recombination, which points out higher de-
fect density at the GBs. We interpret the equilibration time of the
SPV as a local capacitive charging or extraction time, where the
photogenerated charges fill up the capacitor between the bottom
contact and the perovskite surface. Here, a faster equilibration
time is indicative of a higher generation rate or a lower capaci-
tance of the perovskite material. Moreover, the recombination or
discharging traces and, therefore, the time in Figure 3d also show
a wide variation of τ2(rec) values between 28± 3 and 303± 70 ms.
We did not observe a consistent correlation between the extrac-
tion and recombination times, indicating that the mechanisms of
charge extraction and charge recombination are different. This is
up to future research.

The fact that the nano-SPV measurements yield complete SPV
traces for every position on the samples allows for generating
maps of the equilibration timescales. We were able to fit most of
the nano-SPV traces for excitation (ext) and recombination (rec)
with a double exponential fit, indicating that two distinctly dif-
ferent timescales, τ1 and τ2, are involved in the dynamics. While
all the other timescales showed no clear contrast, we found a dis-
tinct contrast between the grain interior and the GB in τ2(ext) (see
Figure 3e). Furthermore, there is a weak correlation between the
SPV magnitude and the SPV extraction time that could be con-
nected to different crystal facets. Generally, we observed higher
SPV extraction times for lower SPV grains or grain facets, for ex-
ample, the area in Figure 3b right to the long dotted line marked
grain. This area had a lower SPV, but a higher extraction time in
Figure 3e. This contrast trend could originate from stoichiomet-
ric differences or variations in defect density between grains in
the triple cation perovskite film. The difference of τ2(ext) between
the grain interior and the GB is about 33 ± 6 ms (see Figure S14b,
Supporting Information). This observation demonstrates that the
extraction of charge carriers usually takes place much faster at
GBs compared to the grain interior.

Although Regalado-Pérez et al. have suggested poor electronic
transport due to local electric fields at GBs caused by an ac-
cumulation of negatively charged ionic defects,[74] Tainter et al.
performed bulk measurements of photocurrent at excitation-
junction separations much larger than topographical feature size
and find that large fractions of excited carriers travel across mul-
tiple GBs.[79] These authors assumed that GBs do not prevent
charge diffusion and GBs are not major impediments to charge
motion in the polycrystalline films.[79–81] Moreover, Shao et al.
saw that larger grains have GBs perpendicular to the substrate.[82]

We, therefore, think that the overall increase in the grain size due
to the DMSO vapor annealing has not only improved the crys-
tallinity of the film but also made the GBs fast perpendicular
pathways to the underlying substrate. Such a conductive path-
way would explain the faster dynamics that we observed at the
GBs with nano-SPV. Furthermore, Figure 3e shows not only a
difference between the grain interior and the GB but also shows
a facet dependence of the timescale of the nano-SPV response
(e.g., the top left grain marked with a dashed line in Figure 3a,b,e
and Figure S7a–d, Supporting Information).

Comparing the map of extraction/generation time constants
(Figure 3e) to the map of the fast recombination/decay timescale
in Figure S18, Supporting Information, we see a similar pattern.
In particular, positions where the SPV stabilized fast were also

Adv. Optical Mater. 2023, 2301318 2301318 (6 of 12) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

PhD Thesis of Pascal Niko Rohrbeck 141



www.advancedsciencenews.com www.advopticalmat.de

Figure 4. a) The topography; b) SPV map; c) CPD spectroscopy curves with 30 ms pre-zero data of spots marked in (a), (b), and (e) with a calculated
slow timescale of electron extraction (τ2(extraction)) in respect to turning on the laser; d) CPD spectroscopy curves with 30 ms pre-zero data of spots
marked in (a), (b), and (e) with a calculated slow timescale of electron recombination (τ2(recombination)) in respect to turning off the laser; and e) SPV
rise time τ2(ext) map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio and surface passivation (SAPass). A combined figure of the
CPD spectroscopy trajectory shown in (c) and (d) can be found in Figure S24, Supporting Information.

positions with fast SPV decay after the light was switched off. In-
terestingly, the second timescale obtained from the fits was very
long, up to 1.5 s (see Figure S19, Supporting Information). Map-
ping the longer timescale, we observed a much more homoge-
neous contrast. Nevertheless, the exact meaning of this second
timescale remains unclear and will be subject to future studies.

3.3. Solvent-Annealed and Passivated Sample

The topography of the SAPass sample Figure 4a shows slightly
larger perovskite grains (<d> SAPass

= 670 ± 210 nm) compared
to the SAPristine sample (Figure 3a). Again, the comb artifacts are
caused by sample drift and should not affect the interpretation
of the results. The dark CPD picture of SAPass can be found in
Figure S28 in Section S7, Supporting Information.

The nano-SPV image (Figure 4b) shows a more uniform dis-
tribution compared to the SPV image of the SAPristine sample
(Figure 3b). Overall, the SPV value decreased from 210 mV with
an RMS variation of 50 mV on the reference sample to 160 mV
with an RMS deviation of 30 mV on the passivated sample. The
decrease of the SPV could be the result of less band bending
(shown in Figure S1, Supporting Information) due to the passiva-
tion of surface defect states. Furthermore, the grain–GB contrast
decreased as a result of the passivation. The dark CPD decreased
probably due to the site-specific passivation of the GBs by form-
ing a 2D perovskite.[15] The lower defect density due to the passi-
vation specifically at the GBs may lead to decreased band bending
(see Figure S1, Supporting Information). This causes the SPV to
be lower since there is less energy needed to flatten the bands.

To further support the homogeneous distribution of the passi-
vation agent, we analyzed again four spots on the SAPass sam-
ple with similar SPV values (see spots in Figure 4b) on GBs
and within grains. Figure 4c shows that the curves appear much
more similar compared to the SAPristine (Figure 3c,d). The val-
ues of τ2(ext) are only separated by about ≈23 %. The SPV ex-
traction time map of SAPass given in Figure 4e shows an over-
all improved SPV extraction time uniformity compared to the
SAPristine sample (see Figure 3e and Video S3, Supporting Infor-
mation). There is a medium intergranular difference of τ2(ext)
of ≈20 ms between the grains shown in Figure 4e. Similar to
the pristine perovskite film, the fast recombination time map
(see Figure S30, Supporting Information) shows a uniform dis-
tribution (Figure 4a). Some non-uniformity could be caused by
the non-homogeneous distribution of PEA-ions on the surface

during preparation. Nevertheless, the distribution is much more
homogeneous compared to the pristine one (Figure S18, Sup-
porting Information). Slower SPV recombination times usually
indicate slower recombination[83] due to the passivation. There-
fore, our results show that surface passivation with PEA leads to
a more uniform SPV distribution and SPV extraction time be-
havior on GBs and within grains due to the homogenized defect
density within the perovskite film and/or the formation of 2D-
perovskite phases shown in a previous study.[15]

3.4. Methylamine-Treated Sample

The topography image of the MA80 sample (Figure 5a) shows a
structure where the grain size exceeds 100 μm. Due to the lim-
ited scan size of the AFM, we were not able to investigate areas
with several grains and therefore focused on one particular GB
(diagonal line from top left to bottom right in Figure 5a). The
CPD map before the illumination (Figure 5b) shows grain–GB
contrast without any contrast within grains with no topographi-
cal features. The average dark CPD was 960 ± 50 mV within the
grains with and about 65 mV higher at the GBs. The SPV map
(Figure 5c) obtained during the illumination pulse (0 ms <t <
201.6 ms) shows an average SPV of 200 ± 40 mV with an ≈60
mV lower value at the GB. The fact that the CPD and SPV contrast
are almost identical at the GBs supports the notion of band bend-
ing at the GBs that we suggested previously. Apart from the GBs,
MA80 shows uniform behavior considering both CPD and SPV
distribution. Therefore, we suggest that methylamine treatment
heals the perovskite grains and homogenizes the stoichiometry,
leading to a more uniform CPD and SPV distribution.

To investigate the nano-SPV dynamics at high and low SPV ar-
eas (Figure 5c, blue and red markers, respectively), we looked at
the SPV traces located at the grain interiors and a GB, respectively
(Figure 5d, blue and red markers in c, respectively). The SPV dy-
namics upon excitation were comparable to those of the previous
samples. Surprisingly, we observed a spike (inset of Figure 5d)
in CPD about 3 ms after the light was switched off. Such a VOC
overshooting effect has also been reported by Herterich et al. dur-
ing solar cell device measurements.[84] These authors suggested
that due to the presence of mobile ions in the perovskite layer, a
space charge layer forms between the perovskite and the contact
layer. This space charge layer decreases the conductivity of the
majority charge carriers, leading to a gradient of the quasi-Fermi
level splitting at the contact interface. When the light is switched
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Figure 5. a) Topography, b) CPD in dark, c) SPV, and d) SPV plots over time from marked areas of the MA80 sample. Panels (e)–(j) show the CPD maps
at different time frames. The maps have 150x150 pixels.

off, this gradient at the interface decreases faster compared to the
bulk quasi-Fermi level splitting, resulting in VOC overshoot.

When we examine a nano-SPV trace within a grain, we see
a SPV decay without any overshoot. Furthermore, in both grain
and GBs, the decay shows longer SPV decay times compared to
the reference sample. The SPV decay given in Figure 5e decays
with a characteristic time of 53 ± 4 ms according to the dou-
ble exponential fit of the signal. This result is also backed by
our previous observations on MA gas-treated samples.[85] The
longer charge recombination times in both tr-PL (Figure S38,
Supporting Information) and SPV decay (Figure 5d) indicate re-
duced defect density of the MA80 film due to the healing effect
of methylamine treatment and fewer GBs. The increased crys-
tallinity and grain orientation that we observed from the XRD
patterns (Figure S36, Supporting Information) is possibly a con-
tributing factor that leads to increased charge recombination
times. The PL spectra given in Figure S37a, Supporting Infor-
mation, also support the improvements that we see in SPV and
XRD results, since the PL full-width half maximum is narrower
after the methylamine treatment. The absence of a SPV under-
shoot further supports our earlier conclusion that decreasing the
number of GBs further suppresses ion migration within the per-
ovskite.

The SPV time frames gathered from the MA80 film during
the nano-SPV experiment show the CPD distribution before
(Figure 5b), during (Figure 5e,f), and after (Figure 5g–j) light il-
lumination (see also Video S4, Supporting Information). When
the laser was first switched on, the CPD had an average value
of 1130 ± 50 mV, while it evolved to an average of 1160 ± 20 mV
within 200 ms (Figure 5e,f). After switching off the laser, the CPD
within the grains started to relax back to the original values due
to charge carrier recombination. The SPV maps revealed that the
SPV overshoot within the first 3 ms after the light pulse had a
magnitude of up to 120 mV in the vicinity of the GB. This over-
shoot leads to a SPV decay contrast between the perovskite grains
and the GBs, comparable to the dark CPD distribution. The SPV
overshoot contrast between the GB and the grains suggests that
the ion accumulation at the interface is higher at GBs. At the end
of the nano-SPV recording at t = 355.2 ms, we see that the CPD

image is almost identical to the dark CPD image. This suggests a
more uniform SPV decay behavior within the grains of the MA80
film compared to the reference film. Moreover, the absence of
CPD contrast within the grains suggests that the methylamine
treatment could be working as a passivation treatment by heal-
ing the A+-cation site defects or causing uniform chemical stoi-
chiometry distribution throughout the film.

3.5. Nanoscale Ideality Factor Mapping

As we have shown, CPD and SPV measurements can be used to
map sample heterogeneity in terms of Fermi level contrast and
SPV decay times, which are mainly related to defects. However,
the changes in these parameters could be linked to local stoi-
chiometry changes[50] as well as they could be linked to the pres-
ence of defects within the perovskite layer or at the interfaces.
Furthermore, the time resolution of tr-KPFM during SPV decay
is determined by the use of our cantilevers and is in the order of
0.-1-1 ms. This limitation makes it difficult to obtain quantitative
results from samples with shorter SPV decay times (Figure 2j).
Therefore, we introduce a new KPFM-based technique where we
locally measure the recombination behavior in the semiconduc-
tor film by measuring the nid, l of our perovskite half-cells named
nano-IFM. To use the concept of nid, l to our advantage, we used
our AFM tip as a nanoscale probe for each pixel and measured
the SPV as a function of illumination intensity. By doing so, we
are able to map the nid, l in the scan area of the sample (see Sec-
tion S10, Supporting Information).

The topography image (Figure 6a) shows the granular struc-
ture of the same reference perovskite film given in Figure 2. The
grain size varied between 100 and 400 nm. The SPV map shows
an average SPV of 110 ± 20 mV (Figure 6b). Some grains show
higher SPV values up to 200 mV compared to the rest of the sam-
ple. Furthermore, SPV values decreased between 10 and 20 mV
at the GBs. As we suggested previously, the SPV contrast could be
related to the stoichiometry or defect density distribution within
the reference perovskite film. The nid, l distribution within the
grains shows the same trend as the SPV distribution, where the
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Figure 6. a) Topography, b) SPV, and c) nid, l maps of reference perovskite film. The map contains 200x200 pixels. The nano-IFM map was 1x1 pixel
Gaussian filtered.

average nid, l value is 0.69 ± 0.11, with up to 0.3 higher nid, l values
within the grains with higher SPV in Figure 6b, suggesting that
these grains exhibit a lower defect density (Figure 6c). Thus, we
conclude that the defect density at the grain interiors is not uni-
form within the perovskite film, in agreement with the earlier in-
terpretation of the SPV decay (Figure 2a–f) and SPV distribution
(Figure 2h). Moreover, this result also suggests a direct correla-
tion between the quasi-Fermi level splitting and the nid, l, which
demonstrates the dominance of interfacial recombination in our
perovskite half-cells.[58,59] The GBs in Figure 6d show lower nid, l
values between 15 and 20 compared to the grain interiors, which
points out the higher defect density at the GBs.

On the MA80 sample, we again focused on a region with a GB
(Figure 5g). Here, we observed two GBs: the crack-like boundary
on the left and the more subtle boundary on the right (Figure 7a).
Apart from these boundaries, the topography was smooth with
36 nm RMS roughness (Figure 7a). The SPV map (Figure 7b)
shows a uniform distribution within the grains with an average
value of 370 ± 50 mV and about 20 mV lower SPV values at the
GB. However, SPV values of the grains near the GB were about
50 mV higher compared to the average SPV. The features appear-
ing in these areas in the dark CPD map (Figure S42b, Supporting
Information) suggest that this effect could be related to a stoichio-
metric change. The nid, l map, like the SPV map, shows uniform

distribution within the MA80 film with an average value of 0.92
± 0.28 (Figure 7c). Some areas within the grains show an about
0.4 lower nid, value compared to the average value. This decrease
could be related to the topographical features (Figure 7a). The
grain–GB contrast in Figure 7d exhibits a nid, l drop of around 0.1
at the GB. This shows that the GBs still possess higher defect
density, even after the methylamine treatment. Interestingly, the
SPV contrast (Figure 7b) and the nid, l contrast (Figure 7c) do not
exactly overlap. This supports our previous notion that SPV in-
creases near the GBs are caused by the chemical stoichiometry
changes. Therefore, a comparison of the SPV and the nid, l maps
can give us stoichiometry and defect contrasts within the same
film after a single nano-IFM measurement.

Comparing the overall nid, l values of the measured films, we
see that the average nid, l increased after the methylamine treat-
ment from 0.69 ± 0.18 to 0.92 ± 0.28. Therefore, our nano-IFM
results suggest that the methylamine treatment increases the
grain sizes and decreases the defect density inside the grains. The
non-conventional nid, l values below 1 could be related to the fact
that the measurements are carried out on perovskite half-cells
with ITO/ETL/perovskite structure in which there is a charge car-
rier imbalance due to the absence of an HTL layer. Previously, nid, l
values below 1 have been reported to be caused by energy mis-
alignment between the absorber layer and the HTL in organic

Figure 7. a) Topography, b) SPV, and c) nid, l maps of MA80 film. The map contains 150x150 pixels. The nid, l map was 1x1 pixel Gaussian filtered.
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solar cells.[86] Also, the effect of ion migration and the possible
space charge layers at the interfaces on nid, l is not entirely clear
in the classical diode theory.[87] The quantities obtained via nano-
IFM could be the subject of future research.

4. Conclusion

Using nano-SPV and nano-IFM, we demonstrate the effect of
GBs on the lateral defect distribution in triple-cation perovskite
films. Using pulsed and ramped laser illumination during tr-
KPFM measurements, we showed the occurring changes within
the perovskite films with small grains, large grains, and passi-
vated grains. These measurements enabled us to experimentally
demonstrate the effect of chemical processing on the nanostruc-
tures and charge carrier dynamics within the halide perovskite
devices. Fewer GBs within the perovskite film lead to longer SPV
lifetimes, which agrees with longer electron–hole lifetimes as ob-
served in tr-PL. Furthermore, the ion migrations within the per-
ovskite films were suppressed in solvent-annealed (SAPristine and
SAPass) and MA80 films due to a lower density of GBs and higher
crystallinity. The nano-SPV and SPV decay maps showed more
uniformity when defects were passivated via PEA coating. Also,
the nano-SPV map showed that the MA80 film shows a more
uniform SPV distribution compared to the reference perovskite
film. We furthermore showed the different recombination behav-
ior of reference and MA80 perovskite films by nano-IFM. Our
nid, l mapping results show that different GBs can show varying
recombination mechanisms but they are still the main locations
for trap-assisted recombination within the perovskite films. Ac-
cording to our results, the negative effects of GBs are suppressed
by surface passivation. On top of that, the grain interiors are also
positively affected by the passivation agent coating as the higher
SPV decay values measured in the grains suggest. Nevertheless,
even the optimized films still exhibited some lateral variations in
the defect density, thus guiding the way for targeted optimiza-
tion of perovskite solar cells. Our results highlight the potential
of nano-SPV and nano-IFM for the investigation of nanoscale
structure–function relationships in optoelectronic materials be-
yond perovskites.

5. Experimental Section
Preparation of Perovskite Films: The planar ETL/perovskite half solar

cells had the architecture of ITO/c-TiO2/Cs0.05FA0.8MA0.15PbI3.
The triple-cation perovskites (Cs0.05FA0.8MA0.15PbI3) used for the tr-

KPFM measurements were prepared on Ossila ITO-coated glass sub-
strates with a conductivity of 20 Ω. After being brushed with Hellmanex III
(Hellma), the ITO substrates were washed with hot tap water and milliQ
water and then dried with an air gun. Afterward, the ITO substrates were
treated with UV–ozone for 30 min freshly before the preparation of the
compact TiO2 (c-TiO2) and once more before the perovskite layer. The c-
TiO2 layer was prepared by spin coating 80 μL of a 0.75 mol L−1 aqueous
TiCl4(aq) solution on the ITO glass. The substrates were dried for 5 min
@ 100 °C and then heated for 30 min on a high-temperature hot plate
at a temperature of 500 °C. The perovskite precursor solution of 1.0:1.0,
0.9:1.1, and 0.8:1.2 A+:B2 + cation ratio were prepared each with the con-
centration of 1.3 mol L−1 for PbI2 in DMSO: N,N-dimethylformamide
(DMF) (both anhydrous, Sigma-Aldrich) in a 1:4 volume ratio (v:v). For
spin coating, 100 μL of the perovskite precursor solution was placed on
the substrate and spin coated for 10 s @ 1000 rpm followed by 20 s @

6000 rpm. 5 s before the end of the second step, 200 μL of chlorobenzene
(CB) was used as an antisolvent. The substrate was then put on a hot plate
with a temperature of 100 °C first until the substrate turned black and the
film dried completely (≈10 s) and then for 15 min in an atmosphere of
DMSO under a petri dish for solvent annealing. For each six samples, one
petri dish was used with 90 μL of DMSO. The solvent annealing step was
followed by a step of thermal annealing at 100 °C for another 15 min with-
out DMSO for drying.

The passivated films were prepared by letting the samples cool after the
thermal annealing step and then using a 10 mM solution of PEA-I solution
in dry 2-propanol (IPA). 100 μL of the passivation solution was put on the
perovskite substrates and spin-coated for 20 s @ 3000 rpm. The samples
were then dried by thermal annealing for 10 min @ 100 °C on the hot plate.
In addition, the samples were put in a dry and dark atmosphere for at least
11 days; some were left in there for 36 days.

The samples for grain size effect investigation were prepared on Lumtec
ITO-coated glass substrates. The ITO substrates were ultrasonicated for
30 min in detergent solution in deionized water, acetone, and isopropanol.
After cleaning, the ITO substrates were treated with oxygen plasma for 7
min. The SnO2 precursor was prepared by the reflux method,[88] which
involved preparing a 0.1 M solution of tin(II) chloride dihydrate (SnCl2 ·

H2O, Alfa Aesar) in a 1:19 butanol (Sigma-Aldrich)/deionized water mix-
ture and heating it at 110 °C for 4 h. Then, the solution was spin-coated at
2000 rpm for 30 s and annealed at 130 °C for 60 min to obtain the SnO2
layer. The perovskite precursor solution was prepared by dissolving 507.1
mg PbI2, 73.4 mg PbBr2 (Sigma-Aldrich), 22.4 mg methylammonium bro-
mide (Sigma-Aldrich), and 172 mg formamidinium iodide (Greatcell So-
lar) in 1:4 DMSO:DMF. Then, 53 μL of 389.7 mg mL−1 cesium iodide
(Sigma-Aldrich) in DMSO solution was added to the perovskite precur-
sor solution. The perovskite precursor solution was then spin-coated at
1000 rpm for 10 s and then at 6000 rpm for 20 s. 250 μL of CB (anhydrous,
Sigma-Aldrich) was dropped onto the sample roughly 5 s before the end
of the program. After the coating, the films were annealed at 100 °C for
60 min on a hot plate.

The perovskite films with extremely large grains were obtained via a
methylamine treatment.[85] The methylamine treatment was carried out
with 230 mbar of methylamine partial pressure. The perovskite film was
kept under this methylamine atmosphere for 10 s before the pressure was
pumped up to 600 mbar, decreasing the methylamine partial pressure to
≈170 mbar during recrystallization.

Kelvin Probe Force Microscopy Measurements: KPFM was measured on
an Oxford Instruments/Asylum Research MFP-3D Infinity AFM in a nitro-
gen glovebox (level of humidity below 0.3 %, level of oxygen below 0.1 %)
for all experiments. The Pt/Ir-coated conductive cantilevers (Bruker Model:
SCM-PIT-V2) had a typical resonance frequency of ≈75 kHz, a spring con-
stant of 2 N m−1, a tip radius of 25 nm, and a tip height of 10 to 15
μm. The topography feedback was performed with amplitude modulation
(AM) on the first eigenmode, and the oscillation amplitude was kept to
≈20–30 nm for all measurements. A Zurich Instruments HF2 Lock-In am-
plifier was used for all heterodyne KPFM experiments,[68,69] to perform
the KPFM feedback. The electric drive amplitude of the 𝜔E signal varied
between 2 and 5 V depending on the obtained signal from the sample.
The sample was grounded via the sample holder with an external wire to
the ground level of the Zürich Lock-In Amplifier. The compensating VDC
was applied to the tip, minimizing the electrostatic tip–sample interac-
tions. For SPV measurements, the sample was illuminated from below by
a pulsed laser (Cobolt 06-01 Series) at 488 nm. The laser power was con-
trolled by a custom-written code within the MFP3D’s control software by
the AFM controller (Asylum Research ARC2), which provided analog volt-
age to activate the illumination.

Optical Measurements: PL and tr-PL measurements were performed
on a PicoQuant FluoTime300 fluorescence spectrometer with an excita-
tion wavelength of 405 nm. The repetition rate was set as 40 and 1 MHz
for steady-state and time-resolved measurements, respectively. A 455 nm
longpass filter was placed between the sample and the detector to block
the stray laser light.

UV–vis absorbance spectroscopy was carried out with a CARY 5000 UV-
Vis spectrometer by Agilent Technologies.
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X-ray Diffraction Measurements: The XRD measurements were per-
formed on a Bruker D8 X-ray diffractometer with a Cu anode using the
K(alpha) emission line between 5° and 70°. The measurements were made
with a step resolution of 0.02° and a 192 s integration time per step.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Supporting Information
Nanoscale Surface Photovoltage Spectroscopy

S1 Band bending at interfaces

Figure S1: Band bending of (a) n-type and (b) p-type semiconductors.
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Figure S2: Band alignment illustration for two semiconductor heterojunction.

S2 Time limitation of the tr-KPFM method

tr-KPFM gives us the ability to map the charge carrier dynamics within the perovskite thin films and locate the defects.
This method has a time resolution limit to detect fast changes due to the intrinsic amplitude modulation (AM) detection
mode limit which is proportional to Q

f0π
[1].. Q is the damping factor (also known as Q-factor) of the oscillation of the can-

tilever, and f0 is the mechanical resonance frequency at which the cantilever oscillates.

The Q-factor of the detection of the electric signal can be calculated by Equation (S8) [2, 3]..

Q =
f ·

√
2

FWHM
(S8)

FWHM is the full width at half maximum of the resonance peak for the amplitude curve and f is the resonance frequency.
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S3 Fit of tr-KPFM data

The CPD spectra was fitted with an exponential fit of the form seen in Equation (S9).

CPD(t) = CPDeq. +A1 · exp
(
x0 − x

τ1

)
+ A2 · exp

(
x0 − x

τ2

)
(S9)

CPDeq. is the equilibrium CPD value during light state or respectively dark state CPD. A1 and A2 are the values how
much the CPD is changing with the respective time scales τ1 or τ2.
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S4 Topography comparison

Figure S3: The topography of (a) Reference, (b) SAPristine, (c) SAPass, (d) MA80 sample.
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S5 Further Analysis of the Reference sample

Figure S4: (a) Topography and (b) CPD of reference perovskite sample in dark conditions. (c-f) The profiles showing the
changes of topography and CPD at GBs. The drawn profiles enable us to locate the CPD changes accurately.
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Figure S5: (a) Topography, (b) SPV, and further CPD profiles from (c) low SPV and (d) high SPV areas in the reference
sample.
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Figure S6: Time dependant CPD evolution of the reference perovskite film after laser was switched off. The average CPD
values corresponds to the timeframes from Figure 2(g-j).
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S6 Further Analysis of the pristine solvent annealed sample SAPristine

Figure S7: (a) The topography, (b) SPV map, (c) CPD spectroscopy curves of spots marked in (a), (b) and (e) with cal-
culated slow time scale of electron extraction (τ2(ext)) in respect to turning on the laser, (d) CPD spectroscopy curves
with 30ms pre-zero data of spots marked in (a), (b) and (e) with calculated slow time scale of electron recombination
(τ2(rec)) in respect to turning off the laser and (e) SPV rise time τ2(ext) map of Cs0.05FA0.8MA0.15PbI3 perovskite film
with 0.95:1.05 A/B cation ratio (SAPristine).
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Figure S8: Whole CPD spectroscopy trajectory curves of spots marked in (a), (b) and (e) in Figure 3 with fitted slow
time scale of electron extraction (τ2(ext)) and electron recombination (τ2(rec)) in respect to turning on the laser of
Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio (SAPristine).
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Figure S9: Whole CPD spectroscopy trajectory curves of spots marked in (a), (b) and (e) in Figure S7 with fitted slow
time scale of electron extraction (τ2(ext)) and electron recombination (τ2(rec)) in respect to turning on the laser of
Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio (SAPristine).
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Figure S10: Time dependant CPD evolution of the overall SAPristine film after laser was switched on. The average CPD
values were calculated in 10ms steps away from each other compared to the switch on of the laser.
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Figure S11: Time dependant CPD evolution of the overall SAPristine film after laser was switched off. The average CPD
values were calculated in 10ms steps away from each other compared to the switch off of the laser.

(a) (b)

Figure S12: Profile analysis of the SPV picture shown in Figure 3(b). The profile lines averaged over 6 lines marked from
1 - 3 in (a) are shown in (b) with the dotted lines showing the average of SPV value of the grain interior and GB, respec-
tively.

(a) (b) (c)

Figure S13: (a) Topography, (b) SPV map and (c) profile analysis of the SPV cahnge within a grain marked in (b) of
Cs0.05FA0.8MA0.15PbI3 perovskite film with 1:1 A/B cation ratio. The profile lines averaged over 14 lines marked in (b)
are shown in (c) with the dotted lines showing the average of SPV value along the grain interior of 87 ± 2 mV and 78 ± 2
mV which leads to intragranular difference of 9 ± 2 mV.
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(a) (b)

Figure S14: Profile analysis of the τ2(ext) map shown in Figure 3(e). The profile lines averaged over 7 lines marked from
1 - 4 in (a) are shown in (b) with the dotted lines showing the average of τ2(ext) value of 122 ± 6 ms and 88 ± 6 ms the
grain interior and grain boundary, respectively. This leads to difference between grain interior and grain boundary of 32 ±
6 ms.

Figure S15: Topography map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio.

Figure S16: Dark CPD map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio.
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Figure S17: SPV rise time (τ1(ext)) map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio.

Figure S18: SPV decay time (τ1(rec)) map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio.
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Figure S19: SPV decay time (τ2(rec)) map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio.

Figure S20: SPV rise amplitude (A1(ext)) map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio.

Figure S21: SPV rise amplitude (A2(ext)) map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio.
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Figure S22: SPV decay amplitude (A1(rec)) map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ra-
tio.

Figure S23: SPV decay amplitude (A2(rec)) map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ra-
tio.
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S7 Further Analysis of the passivated solvent annealed sample SAPass
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Figure S24: Whole CPD spectroscopy trajectory curves of spots marked in (a), (b) and (e) in Figure 4 with fitted slow
time scale of electron extraction (τ2(ext)) and electron recombination (τ2(rec)) in respect to turning on the laser of
Cs0.05FA0.8MA0.15PbI3 perovskite film with surface passivation and 0.95:1.05 A/B cation ratio (SAPass).
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Figure S25: Time dependant CPD evolution of the overall SAPass film after laser was switched on. The average CPD val-
ues were calculated in 10ms steps away from each other compared to the switch on of the laser.

S15

PhD Thesis of Pascal Niko Rohrbeck 163



0.05 0.10 0.15 0.20
Total Dwell Time [s]

0.725

0.750

0.775

0.800

0.825

0.850
CP

D 
[V

]

Single exponential fitting of the photovoltage decay signal

2 of 61.92 ± 0 ms.
mean CPD after laser pulse 

Figure S26: Time dependant CPD evolution of the overall SAPass film after laser was switched off. The average CPD val-
ues were calculated in 10ms steps away from each other compared to the switch off of the laser.

Figure S27: Topography map of PEA-passivated Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio.

Figure S28: Dark CPD map of PEA-passivated Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio.
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Figure S29: SPV rise time (τ1(ext)) map of PEA-passivated Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B
cation ratio.

Figure S30: SPV decay time (τ1(rec)) map of PEA-passivated Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B
cation ratio.
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Figure S31: SPV decay time (τ2(rec)) map of PEA-passivated Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B
cation ratio.

Figure S32: SPV rise amplitude (A1(ext)) map of PEA-passivated Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05
A/B cation ratio.
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Figure S33: SPV rise amplitude (A2(ext)) map of PEA-passivated Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05
A/B cation ratio.

Figure S34: SPV decay amplitude (A1(rec)) map of PEA-passivated Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05
A/B cation ratio.
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Figure S35: SPV decay amplitude (A2(rec)) map of PEA-passivated Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05
A/B cation ratio.
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S8 Further Analysis of the MA80 sample

Figure S36: XRD patterns of reference and MA80 perovskite films.

Figure S37: Photoluminescence and absorption spectra of reference and MA80 perovskite films.
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Figure S38: Time-resolved photoluminescence spectra of reference and MA80 perovskite films.

S9 Long-time measurements

Long-time measurements of the trajectroy is shown in Figure S39.

Figure S39: Whole CPD spectroscopy trajectory curves before the respective force maps of SAPristine (red and blue curve)
and SAPass(black curve) of Cs0.05FA0.8MA0.15PbI3 perovskite films with 0.95:1.05 A/B cation ratio.

In Figure S39 the long-time CPD change due to the illumination according to Figure 1 shows that the CPDdark is not the
same compared to the CPD value directly after the light pulse. Interestingly, this is independent of the dwell time (see red
and blue curve in Figure S39). Moreover, the red and blue curve was measured right after each other. So, after applying
the erase pulse to the red curve the CPDdark value of the blue curve is very comparable to the CPDdark value of the red
curve. This difference of the CPD value is not visible in the SAPass sample (see black curve in Figure S39).
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S10 Nanoscale Ideality Factor Mapping

The intensity of the laser is controlled by the analog voltage that is provided by the controller of our AFM and the analog
voltage dependence of the laser intensity is measured to be linear. This relation gives us the ramp up parameters of the
laser intensity. By using this we can plot the SPV against the logarithmic light intensity and obtain the nid,l which reveals
the information about the recombination behavior of the sample. Since the recombination mechanisms are closely related
to the trap density within the perovskite films, mapping nid,l this way enables us to map the defects on a nanoscale.

Figure S40: (a) Topography, (b) SPV, (c) nid,l, and (d) 1x1 pixel Gaussian filtered nid,l maps of reference perovskite film.
The map contains 200x200 pixels.

Figure S41: (a) Topography, (b) SPV, (c) nid,l, and (d) 1x1 pixel Gaussian filtered nid,l maps of MA80 film. The map
contains 150x150 pixels.

Figure S42: (a) Topography, (b) dark CPD, and (c) SPV maps of MA80 film.
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5 Nanoscale capacitance spectroscopy
based on multi-frequency
electrostatic force microscopy

Reproduced via CC BY-NC 4.0 from Ref. ’Rohrbeck, P. N.; Cavar, L. D.; Weber, F.; Reichel,
P. G.; Niebling, M.; Weber, S. A. L. Beilstein J. Nanotechnol. 2025, 16, 637–651. DOI:
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Abstract
We present multifrequency heterodyne electrostatic force microscopy (MFH-EFM) as a novel electrostatic force microscopy
method for nanoscale capacitance characterization at arbitrary frequencies above the second cantilever resonance. Besides a high
spatial resolution, the key advantage of the multifrequency approach of MFH-EFM is that it measures the second-order capacitance
gradient at almost arbitrary frequencies, enabling the measurement of the local dielectric function over a wide range of frequencies.
We demonstrate the reliable operation of MFH-EFM using standard atomic force microscopy equipment plus an external lock-in
amplifier up to a frequency of 5 MHz, which can in principle be extended to gigahertz frequencies and beyond. Our results show a
significant reduction of signal background from long-range electrostatic interactions, resulting in highly localized measurements.
Combined with refined tip–sample capacitance models, MFH-EFM will enhance the precision of quantitative studies on dielectric
effects in nanoscale systems across materials science, biology, and nanotechnology, complementing established methods in the
field.
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Introduction
Technological progress in fields including electronics, energy
storage, photonics, and biomedical devices would not have been
possible without the development of new materials. Progress in

these areas requires a detailed understanding of material proper-
ties, particularly at the nanoscale, where phenomena such as
quantum confinement, interface effects, and defect dynamics
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play a critical role. Innovations in characterization techniques
have enabled researchers to explore these properties with
unprecedented precision, paving the way for the design of mate-
rials with tailored functionalities [1-6].

Dielectric properties are fundamental for understanding the be-
havior and performance of various material systems, as they
directly influence charge storage, polarization, and energy dissi-
pation mechanisms. For instance, in microelectronic devices,
high-κ dielectric materials such as HfO2 and ZrO2 are critical
for minimizing leakage currents and enhancing gate capaci-
tance in transistors [7-9]. In energy storage systems, the dielec-
tric constants of polymer–ceramic composites determine the
efficiency and reliability of capacitors [10]. Similarly, in next-
generation photovoltaic devices, the dielectric properties of
absorber layers, such as lead-halide perovskites, affect carrier
recombination and electric field distribution, thereby influ-
encing power conversion efficiency [11].

At the nanoscale, the importance of dielectric properties
becomes even more pronounced. Many advanced materials ex-
hibit nanoscale structural heterogeneity, where quantum
confinement, phase composition, and interfacial effects cause
significant deviations in dielectric behavior compared to bulk
materials [12,13]. These nanoscale variations influence key
properties such as charge transport, polarization dynamics, and
defect distributions, directly impacting the performance of
microelectronic and energy systems [14,15]. Understanding
these effects requires correlating nanoscale dielectric properties
with structural and morphological features.

Scanning probe techniques have revolutionized nanoscale mate-
rial characterization. Since the invention of scanning tunneling
microscopy (STM) [16] and atomic force microscopy (AFM)
[17], various electric force-based methods, called electrostatic
force microscopy (EFM) methods, have emerged to study mate-
rials such as perovskite solar cells [18-20] and Li-ion batteries
[21-23]. AFM enables simultaneous acquisition of topographic
and electronic data by applying AC or DC voltages across the
tip–sample gap, allowing for the detection of capacitive forces
[24,25] or contact potential difference (CPD) [18]. Its excep-
tional spatial resolution, ranging from sub-micrometer [24,26]
to atomic scales [27,28], makes AFM a powerful tool for nano-
scale analysis.

Scanning probe-based capacitance mapping methods can be
divided into two categories: Methods measuring the tip–sample
capacitance directly are referred to as scanning capacitance
microscopy (SCM) [29-54], whereas methods measuring the
capacitive tip–sample force are referred to as scanning capaci-
tance force microscopy (SCFM) [24,25,55-73]. Compared to

optical ellipsometry or reflectance spectroscopy, SCM and
SCFM can map surface properties such as film thickness
[35,39] and dielectric constants [35,74], with superior spatial
resolution. However, in particular, SCM techniques face limita-
tions due to nonlocal stray capacitances [40] from cantilever, tip
cone, and the electrical connection, which hamper precise mea-
surements and decrease resolution [55,61].

The advantage of SCFM methods is that capacitive forces
depend on the first- or higher-order capacitance gradients with
respect to the tip–sample distance, automatically canceling out
the background capacitance caused by electrical connections
and – to some degree – by the cantilever and the tip cone
[24,25,55-73]. For example, Cherniavskaya et al. and Crider et
al. laid the groundwork for EFM-based nanoscale dielectric
measurements such as SCFM [68,69]. Generally, EFM methods
using higher-order capacitance gradients exhibit superior lateral
resolution [75].

An interesting extension of SCM and SCFM is the possibility to
vary the electrostatic excitation frequency, enabling broadband
dielectric nanospectroscopy experiments. While it is relatively
straightforward to measure the frequency-dependent capaci-
tance in SCM [29,54,76,77], force-based SCFM measurements
are usually coupled to the cantilever resonances, limiting the
available frequency space. Single-pass second-harmonic EFM
in the attractive regime has been used to detect the cantilever
response at the second harmonic of the electrostatic force (2ω)
[68-70,72] generated when Δωe spans the range from 8 kHz to
2 MHz [70]. SCFM in the megahertz regime has been imple-
mented [70,71] as well as a heterodyne-based EFM mode
[59,72,73,78]. By using a low-frequency modulation of a high-
frequency electrostatic drive, the response can be picked up
either via a frequency shift or by an electrostatic response at one
of the cantilever’s resonance frequencies. Thus, the dielectric
response can be studied at almost arbitrary frequencies. Using
this method, Gramse et al. have demonstrated broadband spec-
troscopy of dielectric layers in air [72] and water [59].

Building on this idea, we propose a novel, multifrequency
AFM-based method for nanoscale capacitance characterization
at arbitrary frequencies above the second cantilever resonance.
Our approach measures the second capacitance gradient,
enhancing localization by minimizing stray capacitance contri-
butions [65]. This method enables high-frequency capacitance
gradient spectroscopy without requiring specialized equipment
beyond a lock-in amplifier (LIA).

The following sections introduce the theoretical framework of
multifrequency EFM, demonstrate its resolution enhancement
experimentally, and validate its spectroscopic capabilities by
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measuring nanoscale dielectric properties of microfabricated
SiO2 samples. Finally, we compare its performance with
established techniques through capacitance imaging of a
model microcapacitor system and a perfluoroalkyl-alkane
F(CF2)14(CH2)20H (F14H20) sample.

Theory
Multifrequency electrostatic force microscopy
The electrostatic force FES between tip and sample can be
understood in terms of the gradient of the energy, WC, stored in
the tip–sample capacitor C with respect to the tip–sample sepa-
ration z, as given by

(1)

where Vtip−sample specifies the electrical voltage across the
tip–sample gap. In conventional EFM with single-frequency ex-
citation, Vtip−sample is given by Equation 2 [18]:

(2)

with VDC the DC voltage offset applied to the tip, VAC the AC
voltage amplitude with the frequency ωAC at a certain time t
and VCPD the CPD, which corresponds to the difference in tip
and sample work function [18]. Inserting Equation 2 into Equa-
tion 1, we obtain the following expression:

(3)

(4)

(5)

Alongside a static component in Equation 3, the electrostatic
force has periodic time-dependent components at frequencies
ωe and 2ωe, which correspond to Equation 4 and Equation 5, re-
spectively. In the case of an oscillating AFM tip, the tip–sam-
ple distance z and, thereby, the tip–sample capacitance and its
gradients are changing periodically. This periodic fluctuation of
the capacitance gradient  adds an additional
dynamic component to Equations Equation 3–Equation 5. Using
a Fourier expansion for the capacitance gradient 
yields [18]:

(6)

By inserting Equation 6 into Equations Equation 3–Equation 5,
we find that frequency mixing between C′(t) and the electro-
static excitation leads to sidebands at frequencies ωSB,1 = (ωm ±
ωAC) and ωSB,2 = (ωm ± 2ωAC) besides the mechanical oscilla-
tion at ωm[18]. The amplitude of the first harmonic frequency
components is used in conventional amplitude modulation
(AM) and sideband or heterodyne Kelvin probe force microsco-
py (KPFM) [18,26,79]. The second harmonic signals are
proportional to the local capacitance gradients, providing infor-
mation about the local tip–sample capacitance. To ensure a
sufficient signal-to-noise ratio, the resulting frequencies should
coincide with one of the cantilever’s resonance frequencies,
limiting the choice of excitation frequencies.

We can avoid this limitation by using a multifrequency excita-
tion approach. With a double-frequency excitation, we can write
the tip–sample voltage as

(7)

In the case of two drives with identical amplitude VAC,1 =
VAC,2 = , Equation 7 can be rearranged as

(8)

Thus, the waveform can be viewed as a high-frequency oscilla-
tion at (ωe,1 + ωe,2)/2 = ωmod/2 with a low-frequency amplitude
modulation at frequency (ωe,1 − ωe,2)/2 = Δωe/2. This effect is
also known as “beating” and is utilized in the AFM context for
example in intermodulation AFM [80-83].

By inserting Equation 6 and Equation 8 in Equations
Equation 3–Equation 5, we obtain the full expression for the
electrostatic force. Here, we will focus on the DC force compo-
nent in Equation 3 and set VDC − VCPD = Δ:

(9)

(10)
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Figure 1: Schematic illustration of the excitation and detection frequencies in MFH-EFM. The lower part shows the transfer function of the cantilever,
where the amplitude is plotted as function of the logarithmic angular frequency. The upper part shows the excitation frequencies ( ) and the detection
frequencies ( ) of the applied frequencies. The red arrow corresponds to topography, and the blue arrow corresponds to the electrical signal. The
representation of Figure 1 was inspired by [18,26]. A comparison of heterodyne Kelvin probe force microscopy (H-KPFM) and MFH-EFM can be
found in Figure S1, Supporting Information File 1.

(11)

In addition to a static force term identical to Equation 3, Equa-
tion 10 contains a term proportional to C′ at frequency 2ωmod =
Δωe. This force has been used for AM-based dielectric spectros-
copy [63,69,74,84-88]. The second term, Equation 11, contains
a force component at the mechanical drive frequency ωm and at
a sideband frequency ωm ± 2ωmod. The latter one is indepen-
dent of the local CPD, making it interesting for dielectric mea-
surements. As the magnitude of this force component depends
on C″, we can expect a superior lateral resolution through a
reduction of long-range force contributions from tip cone and
cantilever. As in the case of conventional EFM, signal-to-noise
is greatly improved by choosing Δωe such that one of the in-
duced sidebands falls on one of the cantilever’s mechanical
resonances. We call this method multifrequency heterodyne
electrostatic force microscopy (MFH-EFM).

To calculate the second capacitance gradient, we need to calcu-
late the electrostatic force from the detected amplitude signal,
Adet, taking into account the cantilever’s frequency-dependent
spring constant or transfer function, k(ω):

(12)

Interestingly, the forces in Equation 11 only depend on the fre-
quency difference, Δωe, of the electrical drive frequencies.

Thus, the experiments can be performed at almost arbitrarily
high AC frequencies. The lower limit for the frequency range is
given by the second resonance of the cantilever. Towards higher
frequencies, the impedance of the electrical connection will
introduce a damping of the excitation signal that has to be
considered in Equation 12. By using appropriate means of cou-
pling the electrical excitation into the tip–sample gap, experi-
ments at microwave or even at optical frequencies are possible.
In our setup, the two excitation frequencies can be varied in fre-
quency from ≈600 kHz up to at least 50 MHz, limited by the
bandwidth of the LIA. To reach a nanoscale-sensitive measure-
ment of the dielectric constant in media besides air, a detection
at higher excitation frequencies in the megahertz regime is
strictly necessary [59].

The indirect detection of local capacitance variations by means
of an electrostatic force has the advantage that it does not
require additional devices for the measurement except for the
LIA similar to that in the work of Gramse and colleagues [56].
Nevertheless, quantifying the total tip–sample capacitance will
require varying the distance, for example, by force–distance
spectroscopy.

Methods
Multifrequency heterodyne electrostatic force
microscopy to measure the second
capacitive gradient C″
We perform MFH-EFM using a conductive AFM cantilever in
tapping mode with a mechanical drive near the fundamental
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Figure 2: Topography of the five different capacitors C1 to C5 that were produced to have specific capacitors with known capacitance. Raw C″
pictures measured in MFH-EFM mode are shown in Figure S2, Supporting Information File 1. The topography measurement was conducted with a
MikroMasch HQ:NSC18/Pt cantilever and analyzed with Gwyddion 2.61.

cantilever eigenmode ωm,1 with a mechanical amplitude Am.
Additionally, we apply two high-frequency electrical excita-
tions of identical magnitude (VAC,1 = VAC,2) at the frequencies
ωe,1 and ωe,2 (see Equation 7). A schematic of the excitation
frequencies is shown in Figure 1.

We select the excitation frequencies at the n-th and the
(n + 1)-th multiple of the frequency gap Δω = (ωm,2 − ωm,1)
(see Figure 1). Note that the use of integer multiples is a tech-
nical limitation coming from our LIA. In principle, any combi-
nation of frequencies with Δω = (ωm,2 − ωm,1) would work. We
then use lock-in detection to measure the induced mechanical
excitation exactly at the second mechanical resonance of the
cantilever (ωm,2).

Single-frequency electrostatic force
microscopy to measure the first capacitive
gradient C′
To obtain a quantitative comparison of the signal contributions
to the signals based on the first and the second capacitance
gradient, we performed single-frequency excitation EFM (SF-
EFM) measurements as comparison to the multifrequency ap-
proach described above. In the fixed-frequency configuration,
we use lock-in amplification to detect the second harmonic
force component at 2ωe induced by a single-frequency (ωE)
stimulus (see Equation 5).

To enhance the signal, we select ωE such that 2ωE coincides
with the second resonance of the cantilever (2ωE = ωm,2). We
connect the numerical value of the capacitance gradient to the
detected amplitude using the cantilever’s frequency-dependent
transfer function or spring constant k(ω) by

(13)

For the variable-frequency detection of C′, we apply two AC
voltages of the same magnitude (VAC,1 = VAC,2) at frequencies
n and (n + 1) times the second resonance frequency ωm,2. Ac-
cording to Equation 10, this will excite an oscillation at ωm,2
with an amplitude proportional to C′.

Silicon microcapacitors
To generate structures with a defined dielectric response, we
prepared a series of microcapacitors. We used these structures
to compare the C′ and C″ distance dependencies from several
force–distance curves with model calculations using tip–sam-
ple models from the literature, as well as for dielectric
nanospectroscopy experiments. The microcapacitors were pro-
duced by focused ion beam (FIB) milling on a silicon wafer
with a 300 nm layer of SiO2 and a 14 nm sputtered layer of Pt
on it (Figure 2).
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Results and Discussion
To investigate whether the C″-sensitive detection leads to an
improved spatial resolution of MFH-EFM as compared to
conventional methods, we calculate the distance dependence of
the first- and second-order capacitance gradients in an ideal
cantilever. We compare our calculations to experimentally ob-
tained force–distance curves. We then show the first practical
examples of high-frequency capacitive spectra obtained by this
method on etched SiO2 microcapacitors, along with high-reso-
lution high-frequency capacitance images obtained over self-
assembled molecular F14H20.

Tip–sample capacitance
The total capacitance between sample and cantilever consists of
contributions from tip apex, tip cone, lever, and some addition-
al stray capacitance caused by the signal cables in the AFM
head (Figure 3). In the case of a dielectric sample, the tip-,
apex- and lever-surface capacitors are connected in series with
capacitors formed by the sample dielectric layer. The exact con-
figuration for these capacitors depends strongly on the local
electric field distribution around tip apex, tip cone, and cantile-
ver. Whereas the apex capacitance contains the desired local
information, the stray capacitance from cone, lever, and cables
produces a background signal that effectively reduces the lateral
resolution of the local capacitance measurement. Practically,
these signal contributions can be discerned by their respective
distance dependence.

Figure 3: Schematic illustration of tip apex, tip cone, lever, and stray
capacitances. The contribution of the tip apex contains the most local-
ized part of the overall capacitance signal. The mesoscopic tip cone
and the macroscopic cantilever, in contrast, contribute to the long-
range stray capacitance, effectively delocalizing the signal.

To further investigate this distance dependence, we compare ex-
perimental force–distance spectra to analytical and numeric
models from the literature. In particular, we combine the
models for the apex contribution of Hudlet et al. [89] with the
cone and lever contributions from Colchero and colleagues

[90,91]. The full equations for the force together with the result-
ing capacitance used here are given in the Appendix section
(see Equations Equation 16–Equation 21 and Figure 10 below).

In Figure 4, we compare the respective contributions to the first
and second capacitance gradients together with the correspond-
ing electrostatic forces during a typical AFM experiment as
functions of tip–sample distance z. For the force calculations,
we used Equation 12 together with the parameters of a regular
EFM cantilever (NuNano SPARK 70 Pt) and an electrical drive
of V = 2 V and a mechanical amplitude of Am = 10 nm.
Comparing the graphs, we can immediately see that the total C′
signal retains a significant long-range contribution even at a
tip–sample separation of 3000 nm (Figure 4a). In contrast, the
C″ signal drops more rapidly over a short distance z (Figure 4b),
indicating a reduced influence of long-range contributions to the
force signals.

Figure 4: Contributions of the respective components to the (a) first
numeric derivative C′ and (b) second numeric derivative C″ of the ca-
pacitance as functions of the distance z between tip and sample. Addi-
tionally, the respective forces (a) F(C′) and (b) F(C″) were plotted as
functions of z. A NuNano SPARK 70 Pt cantilever (w = 30 μm,
l = 225 μm, α = 11°, h = 12 μm, θ = 25°, r = 18 nm, and δ = 3.7·10−7)
was used for the calculations with an mechanical amplitude of
Am = 10 nm, an excitation voltage of VAC = 2 V, and a total amount of
calculated points of 100,000. The blue line marks the apex, the green
line the cone, the red line the lever, and the black line marks the entire
system of the three components in parallel.
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Figure 5: Comparison of the C″ and the C′ single force curves (b) of a microcapacitor (a) while doing MFH-EFM (see Equation 11 and Equation 12)
and compared with the detection of 2ω (see Equation 5 and Equation 13). The measurement was conducted with a NuNano SPARK 70 Pt cantilever.

A measure of how much the signal is disturbed by non-local
long-range contributions is the apex contribution to the total
signal at a given distance z. At a typical tip–sample separation
of 10 nm, the apex signal makes up more than 82% of the com-
plete C″ signal, while the apex contribution to the first capaci-
tance gradient only makes up less than 10% of the total C′
signal. In closer proximity of 1 nm distance to the sample, the
apex contribution to the C″ signal increases to 99.8%, whereas
the C′ signal still contains a significant amount of non-local
signal contributions with 62% apex vs 38% cone and lever
signal. Another way to quantify the “locality” of a force signal
is to investigate the tip–sample separation at which the tip apex
contribution surpasses the lever-plus-cone contributions within
Figure 4. This is true in Figure 4a for distances smaller than
≈3 nm, while in Figure 4b, this is the case even for distances
smaller than ≈20 nm. Comparing the absolute values of the
forces, however, we see that MFH-EFM yields much weaker
forces: At a tip–sample distance of 10 nm, the AM-based opera-
tion leads to a force of FES(C′) = 6.7 nN, as compared to
FES(C″) = 280 pN for MFH-EFM. Hence, the resulting electro-
static force and, thereby, the expected force is by more than a
factor of 24 lower for MFH-EFM. Thus, the improved lateral
resolution comes at the price of a reduced signal-to-noise ratio.

To reproduce these findings experimentally, we performed
force–distance spectroscopy on the etched microcapacitors
shown in Figure 2. The resulting curves of the C′ and C″ signals
qualitatively reproduced the simulation results (Figure 5).
Whereas the C″ signal only emerged from the noise at distances

of less than 500 nm, the C′ signal shows a monotonic decrease
over the full 3 μm of vertical travel. Compared to the simula-
tions, the experimental C′ signal shows a slower decrease, indi-
cating a stronger influence from the tip cone. The direct com-
parison of the model and the data of the second and first capaci-
tance gradients can be found in Figure S16 and Figure S17,
Supporting Information File 1, respectively. These results
clearly show that the MFH-EFM method produced an electro-
static force signal that is highly local with suppressed stray
contributions from cone and lever.

Dielectric nanospectroscopy
The advantage of the multifrequency excitation approach of
MFH-EFM is that we can choose arbitrary frequencies above
the detection frequency for the electrostatic excitation. As the
tip–sample capacitance is influenced by the dielectric proper-
ties of the material in the tip–sample gap (see Figure 3), the fre-
quency-dependent electrostatic force represents the local dielec-
tric function. To demonstrate the feasibility of dielectric
nanospectroscopy, we performed MFH-EFM frequency spec-
troscopy at three different locations on the microcapacitor sam-
ple. The first spectrum was recorded on one of the microcapaci-
tors (C3, see Figure 2). Then, we measured in one of the FIB-
etched trenches around the capacitors. Here, we assume that the
bare silicon surface is covered by a thin native oxide layer (Si).
Last, we measured on a particle of unknown origin (Dirt, visible
in Figure 2). The frequency sweeps were performed by keeping
the tip position and amplitude fixed, varying the two hetero-
dyne excitation frequencies while keeping their separation
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fixed, and recording the resulting excitation amplitude at the
second mechanical resonance. All spectra were normalized
against a reference spectrum recorded on the bare substrate far
away from the capacitors to compensate any frequency response
arising from the stray capacitance in the signal paths and canti-
lever. The electrostatic signal of the capacitor C3 showed a drop
at around 2 MHz in Figure 6. When considering the capaci-
tance of C3 of 183 ± 1 aF and the drop-off frequency ωd of the
capacitance at 1.7 MHz, we can calculate the resistance R via
the RC time (RC = 1/ωd) as R ≈ 3200 MΩ. This value is much
smaller compared to the calculated value of the resistance of
SiO2, which is 25·1021 Ω, taking into account the electrical
resistivity of silicon dioxide of  [92] and a
thickness of the SiO2 layer of 300 nm on an area of 9 μm2. The
observed discrepancy may be attributed to the increased
conductivity of the microcapacitors, which is a result of the in-
corporation of Ga+ ions into the SiO2 layer.

Figure 6: Comparison of the normalized C″ (red colors on top) and
normalized C′ (blue colors at the bottom) frequency sweep on one of
the capacitors (C3, see Figure 2, cross symbols), on milled silicon (Si,
triangle symbols), and on a particle of unknown origin (Dirt, square
symbols). This experiment was conducted with a MikroMasch
HQ:NSC18/Pt cantilever. The non-normalized data, as well as normal-
ized data over a wider frequency range, can be viewed in Figures
S3–S6 and S9–S12, Supporting Information File 1.

The C″ signal of the bare Si was stable over the whole range of
excitation frequencies and only dropped at a much higher fre-
quency around 24 MHz (see Figure S5, Supporting Information
File 1). The dielectric response of the undefined particle was
significantly lower compared to the response of the capacitor
structures. In the frequency response, we found little to no
signal response, even at low excitation frequency. A rise of the
signal at around 6 MHz could be observed in all the C″ signals
at that frequency (see Figure S3, Supporting Information
File 1), which we attribute to a capacitive singularity in the
electrical connection to the sample. We observed a similar be-

havior in the frequency range between 5 and 10 MHz and
around 17 MHz. We want to point out that we used standard
AFM equipment with no special means to control the imped-
ance of the electrical connections. To obtain more trustworthy
data in the frequency range above 5 MHz, specialized sample
and cantilever holders with coaxial electric connections will be
required.

To compare these results with the conventional AM-based EFM
approach, we repeated the spectroscopy experiments for the C′
signal based on the second term in Equation 10 (Figure 6, non-
normalized data in Figures S9–S11, Supporting Information
File 1). In comparison to the MFH-EFM data, the C′ frequency
sweep looked very similar on the different structures. We think
that this reduction in contrast is caused by the stronger influ-
ence of the long-range interactions from tip cone and cantilever
in the C′ signal. Thus, the overall impact of the local surface
dielectric properties under the tip apex is reduced as compared
to the impact of the dielectric properties probed by tip cone and
cantilever (see Figure 3).

Imaging C′ versus C″
To demonstrate the capabilities of MFH-EFM as an imaging
method, we performed experiments on self-assembled nano-
structures consisting of the amphiphilic molecule F14H20
(Figure 7). F14H20 exhibits a strong dipole moment of 3.1 D
oriented along the chains consisting of fluorinated and hydro-
genated parts [93], leading to a strong nanoscale contrast in the
dielectric signal.

On the silicon substrate, F14H20 formed groups of spherical
particles with a diameter of 40 ± 5 nm (Figure 7a) [94,95]. Si-
multaneously with the topography, we recorded the C″ ampli-
tude and phase at electrical excitation frequencies of 1.59 and
1.98 MHz. In the dielectric spectroscopy images, we see a sharp
contrast between the F14H20 particles and the silicon substrate,
both in C′ (Figure 7b,c) and C″ (Figure 7d,e). Within all images,
the particles exhibit a lower amplitude signal than the surround-
ings [95]. The latter is formed by a thin fluoroalkane layer with
molecules lying along the sample surface [95]. The contrast
within the particles correlates with variations of dielectric
permittivity, and the latter is related to averaged dipole values
[95]. Similar work [96] indicated that the response increases
with an increase of sample permittivity [95,96]. We measured a
CPD difference between Si and F14H20 of −0.72 ± 0.08 V (see
Figure S15, Supporting Information File 1), which is close to
the literature value of −0.8 V [97].

Interestingly, the image of the C′ signal (Figure 7c,e) showed a
more blurry structure (compare the insets in Figure 7b,c).
Another effect that can be observed in the C′ phase images is
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Figure 7: MFH-EFM images taken on F14H20. (a) Topography image. (b) C′ image detected at ωm,2 under excitation at 235.579 kHz. (c) Electric
phase φel of the C′ signal detected at ωm,2 under excitation at 235.579 kHz. (d) C″ image detected at ωm,2 under excitation at frequencies of 1.59 and
1.98 MHz. (e) Electric phase φel of the C″ signal detected at ωm,2 under excitation at frequencies of 1.59 and 1.98 MHz. (f) Profiles of the phase
images shown in (c) and (e) with 128 pixels width and the same resolution. The full picture can be found in Figure S15, Supporting Information File 1.
The measurements were conducted with a MikroMasch HQ:NSC18/Pt cantilever.

that the individual contrast on the particles changes when going
towards the center of the particle agglomerate (upper graph in
Figure 7f). While there is only a very shallow contrast for the
first two to five particles, both the contrast and the baseline
signals increased towards the center of the agglomerate. In the
C″ images, however, the dielectric contrast remained the same
across the particle agglomerate, demonstrating once more that
MFH-EFM provides more local information and is less affected
by long-range electrostatic effects.

Conclusion
We have presented a novel method for high-resolution nano-
scale capacitance characterization based on multifrequency
electrostatic force microscopy, complementing established
methods in the field. The key advantage of the multifrequency
approach of MFH-EFM is that it allows for measurements of
higher-order tip–sample capacitance gradients at almost arbi-
trary frequencies above the second cantilever resonance,
enabling the measurement of the local dielectric function over a
wide range of frequencies. In comparison to many existing
SCM operation modes, MFH-EFM leads to a significant reduc-
tion of signal background, which results in higher locality of the
measurements with less cross talk. This is due to the fact that
the second capacitance gradient is less affected by long-range

interactions, such as those from tip cone and lever. We demon-
strate the reliable operation using standard AFM equipment
together with an external LIA up to a frequency of 5 MHz. At
higher frequencies (up to 50 MHz in our case), the signals were
dominated by impedance effects from the signal connections.
Thus, to move towards reliable measurements at higher
frequencies, specialized high-frequency equipment with coaxial
signal connections will be required.

Our analytical simulations of the distance-dependent tip–sam-
ple capacitance showed that current models are not able to fully
simulate the experimental data. Thus, to enable quantitative
measurements of the tip–sample capacitance, further measures
such as improved tip–sample models or full numerical simula-
tions will be required. Here, the suppression of long-range elec-
trostatic interactions in MFH-EFM could simplify the simula-
tions. Thus, MFH-EFM could further improve quantitative
studies on dielectric effects in nanoscale systems across materi-
als science, biology, and nanotechnology.

Experimental
Polymer blend samples
We used F14H20 samples that we bought from SPM Labs LLC,
Tempe, AZ, USA.
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Figure 8: Schematic setup of the MFH-EFM apparatus. Additionally to a regular AFM, two different voltages with different frequencies are applied to
the cantilever.

Microcapacitors
Si wafers “CZ” were bought from “Si-Mat” with a diameter of
150 mm, ⟨100⟩ surface orientation, a thickness of 675 ± 20 μm,
a resistivity of 1.5–4.0 Ωcm, and with p-type doping with B
atoms. These wafers were thermally oxidized with 300 nm
SiO2. A compact coating unit 010/LV with the sputter head
SP010 was used to sputter 14 nm of Pt on top of the wafer. The
microcapacitors were then milled out of the surface using a FEI
Nova600 Nanolab FIB apparatus with a dual Ga+ ion beam.

Multifrequency heterodyne electrostatic force
microscopy
MFH-EFM was measured on an Oxford Instruments/Asylum
Research MFP-3D Infinity AFM in a nitrogen glovebox (level
of humidity below 0.3%, level of oxygen below 0.1%). The
typical resonance frequency of the Pt/Ir-coated conductive can-
tilevers (NuNano SPARK-150Pt and MikroMasch HQ:NSC18/
Pt) was ≈75 kHz; the levers had a spring constant of 2–3 N·m−1,
a tip radius of 18 nm, and a tip height of 10–18 μm. The topog-
raphy feedback measurements were performed with amplitude
modulation on the first eigenmode ωm,1, and the oscillation
amplitude was kept to 70–90 nm for all measurements. The
force spectroscopy measurements were done with a z rate of
0.2 Hz and a force distance of 8 μm for all samples.

We used a Zurich Instruments HF2 LIA for all experiments.
The electric drive amplitude of the VAC,1 = VAC,2 signal varied

between 3 and 5 V, depending on the obtained signal from the
sample. We grounded the sample via the sample holder with an
external wire to ground level of the LIA. The VAC was applied
to the tip directly, while the AFM head connections were
switched off. The setup of the AFM is shown in Figure 8. The
electrical connection from the LIA to the cantilever with the
two excitation voltages was realized by using a direct cable
connection.

Focused ion beam milling
FIB milling of the cantilever was conducted using a LEO
Gemini instrument from Zeiss. It was used with an acceleration
voltage of 3 kV.

Appendix
Equations to calculate the C″ and C′ signal
from the voltages
Equation 14 shows a detailed expression of Equation 12. The
detected amplitude from the LIA, Adet, contains the voltage
from the LIA (VMFH−EFM) and Ξamp,d2C, the amplification
factor of this voltage from the LIA in MFH-EFM mode. The
frequency-dependent spring constant k(ω) in Equation 12
contains the inverse optical lever sensitivity (InvOLS) of the
second harmonic (InvOLS2), the spring constant of the second
resonance (k2), and the Q-factor shown in Equation 14. It is im-
portant to note that the InvOLS and the spring constant on the
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second resonance are not the same as measured on the first
resonance by the method of Sader and colleagues [98]. It is
rather necessary to calculate the properties of the cantilever for
the respective eigenmodes [99].

(14)

Equation 15 shows a detailed expression of Equation 13. Again,
the expression Adet contains the detected voltage from the LIA
(VSF−EFM) and an amplification factor Ξamp,dC of the signal
captured with the LIA in SF-EFM mode. The frequency-de-
pendent spring constant k(ω) is the same as above and consists
of InvOLS2, k2, and the Q-factor.

(15)

Full double excitation force equations
This section gives a full overview of the electric amplitude
contributions at various frequencies while activating the MFH-
EFM mode. For simplicity, we will use the following substitu-
tions: , ωet = E, ωmodt = M, VCPD − VDC = Δ, ,
and . Table 1 shows the overview of the force compo-
nents at various frequencies for the resulting static ω and 2ω
force components acting on the cantilever.

Table 1: Overview of the components of the multifrequency electro-
static force microscopy.

Frequency Amplitude

DC 1/2 C′ [Δ2 + U2/4]
2M 1/8 C′U2

O 1/2 C″A[Δ2 + U2/4]
O ± 2M 1/16 C″AU2

E ± M 1/2 C′UΔ
O ± (E ± M) 1/4 C″AUΔ
2E 1/8 C′U2

2(M ± E) 1/16 C′U2

O ± 2E 1/16 C″AU2

O ± 2(E ± M) 1/32 C″AU2

Tip–sample capacitance model
We used the model of Hudlet et al. [89] for the tip apex and, in
addition, used the sum of cone and lever distribution of
Colchero and colleagues [90,91]. The cantilever can be modeled
as a tilted plate capacitor with a truncated cone at the end of the
cantilever and with a sharp round tip apex at the end of the tip
cone. This is shown schematically in Figure 9.

Figure 9: Sketch of the capacitance model of the truncated cone with
spherical apex. Here h is the height of the tip, r is the radius of the
sphere, ϑtip is the opening angle of the tip, δ is the truncated part of the
cone, and z is the distance between sample and tip apex with respect
to the surface normal of the sample. α is the angle between the sur-
face and the lever of the cantilever.

In this case, the electrostatic force for the lever is given by
Equation 16[90,91]:

(16)

Integration taking into account Equation 1 yields:

(17)

where ε0 is the dielectric constant of the vacuum. The dimen-
sions of the lever are given by its width w, its length l, and the
height of the tip cone h. The lever is tilted by the angle α =
ϑlever.
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The tip cone can be approximated by a truncated cone
(Figure 9). The electrostatic force as a function of the distance
between tip cone and sample is given by Equation 18[90,91]:

(18)

with the open angle of the tip cone (ϑtip) and the height of the
truncated part of the cone (δ = r/tan2(ϑtip/2)) [90,91]. Integra-
tion of this equation to obtain the capacitance yields

(19)

where  and f2 = 2z + δ.

The tip apex is approximated as a sphere over an infinite sur-
face (Figure 9). The corresponding electrostatic force between a
tip apex and the surface is given by Equation 20[89]:

(20)

Hence, the capacitance is given by

(21)

When the capacitance of the cantilever is plotted as function of
the distance between the tip and the sample, z, Figure 10 is ob-
tained. The parameters were taken from the website of the
producer of the NuNano SPARK 70 Pt cantilever: w = 30 μm,
l = 225 μm, α = 11°, h = 12 μm, ϑcone = 25°, r = 18 nm, and
VAC = 2 V.

In order to get the first, C′, and second capacitance gradient, C″,
of the relevant parts of the cantilever, we used the onward and

Figure 10: Contributions of the respective components to the numeric
capacitance C as a function of the distance z between tip and sample.
The properties of the NuNano SPARK 70 Pt cantilever (w = 30 μm,
l = 225 μm, α = 11°, h = 12 μm, θ = 25°, r = 18 nm, and δ = 3.7·10−7)
with a mechanical amplitude of Am = 10 nm, an excitation voltage of
VAC = 2 V, and a total number of 100,000 calculated points, were used
for the calculations. The blue line marks the apex, the green line the
cone, the red line the lever, and the black line marks the entire system
of the three components in parallel.

backward differentiation given in Equation 22 and the central
differential quotient of the second order given in Equation 23,
respectively. The step size was chosen to be 1·10−10 m with a
total number of 1,000,000 steps. Models of the first and the
second capacitance gradient can be found in Figure 4a and
Figure 4b, respectively.

(22)

(23)

Supporting Information
Supporting information features a comparison of the
working principles of H-KPFM and MFH-EFM, all the raw
and normalized data of the MFH-EFM frequency
spectroscopy measurements, the full comparison of the
MFH-EFM, SF-EFM, and H-KPFM images on the F14H20
structures, and finally a comparison of the model data and
the measured data on the microcapacitors.

Supporting Information File 1
Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-49-S1.pdf]
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This Supporting Information features a comparison of the working principles of heterodyne Kelvin

probe force microscopy (H-KPFM) and multi-frequency heterodyne electrostatic force microscopy

(MFH-EFM), all the raw and normalized data of the MFH-EFM frequency spectroscopy, the

full comparison of the MFH-EFM, SF-EFM, and H-KPFM images on the perfluoroalkyl-alkane

F(CF2)14(CH2)20H (F14H20) structures, and finally a comparison of the model data and the mea-

sured data on the microcapacitors.

Figure S1: Schematic comparison of the excitation and detection frequencies in H-KPFM and
MFH-EFM. The lower part shows the transfer function of the cantilever, where the amplitude is
plotted vs the logarithmic angular frequency. The upper part shows the excitation frequencies
(⇂) and the detection frequencies (↿) of the applied frequencies. The red arrow corresponds to
topography- and the blue arrow to the electrical signal. Representation of Figure S1 was inspired
by [1,2].

Table S1: Known capacitance methods from the literature 

compared to our new MFH-EFM method.

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Jaensch2006 [3],

10.1016/j.physb.2005.12.227

NO NO NO

Tran2002 [4],

10.1109/CCECE.2002.1015268

NO NO NO dC/dV

Continued on next page
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Table S1 – continued from previous page

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Raineri2001 [5],

10.4028/www.scientific.net/SSP.78-79.425

NO NO NO dC/dV

Barrett1991 [6],

10.1063/1.349388

NO NO NO

Yamamoto1996 [7],

10.1143/JJAP.35.3793

NO NO NO dC/dV

Goto1997a [8],

10.1063/1.1147749

NO NO NO dC/dV

Goto1997 [9],

10.1117/12.271216

NO NO NO C

Fumagalli2006 [10],

10.1088/0957-4484/17/18/009

NO NO NO

Fumagalli2007 [11],

10.1063/1.2821119

NO NO NO

Gomila2008 [12],

10.1063/1.2957069

NO NO NO

Fumagalli2009 [13],

10.1021/nl803851u

NO NO NO

Matey1985 [14],

10.1063/1.334506

NO NO NO C

Arakawa2001 [15],

10.1116/1.1379796

NO NO NO V

Continued on next page
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Table S1 – continued from previous page

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Lee2006 [16],

10.1088/0957-4484/17/5/054

NO NO NO dC/dV

Lee2002 [17],

10.1063/1.1505655

NO NO NO dC/dV

Isenbart2001 [18],

10.1007/s003390100793

NO NO NO dC/dV

Kopanski1998 [19],

10.1063/1.121397

NO NO NO C

Casuso2007 [20],

10.1063/1.2767979

NO NO NO C

Biberger2008 [21],

10.1016/j.microrel.2008.06.013

NO NO NO dC/dV

Smoliner2001 [22],

10.1063/1.1415044

NO NO NO dC/dV

Brezna2003 [23]

10.1063/1.1628402

NO NO NO dC/dV

Giannazzo2006 [24],

10.1116/1.2151907

NO NO NO C

Brezna2006 [25],

10.1063/1.2189030

NO NO NO dC/dV

Futscher2019 [26],

10.1039/C9MH00445A

NO NO NO C

Continued on next page
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Table S1 – continued from previous page

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Kopanski1997 [27],

10.1016/S0921-5107(96)01797-7

NO NO NO dC/dV

Kopanski1996a [28],

10.1116/1.588455

NO NO NO

Goto1998 [29],

10.1063/1.368617

NO NO NO C

DeVoogd2017 [30],

10.1016/j.ultramic.2017.05.009

NO NO NO C

Hiranaga2019 [31],

10.1063/1.5097906

NO NO NO

Kobayashi2002 [32],

10.1063/1.1510582

YES NO NO dC/dV

Martin1988 [33],

10.1063/1.99224

YES NO NO

Abraham1991 [34],

10.1116/1.585536

YES NO NO

Gramse2009 [35],

10.1088/0957-4484/20/39/395702

YES NO NO

Fumagalli2010 [36],

10.1063/1.3427362

YES NO NO

Fumagalli2012 [37],

10.1038/nmat3369

YES NO NO

Continued on next page
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Table S1 – continued from previous page

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Gramse2012 [38],

10.1063/1.4768164

YES NO YES

Gramse2013 [39],

10.1016/j.bpj.2013.02.011

YES NO NO

Kimura2003 [40],

10.1016/S0169-4332(02)01486-1

YES NO NO dC/dV

Henning1996 [41],

10.1016/S0921-5107(96)01688-1

YES NO NO

Checa2021 [42],

10.1063/5.0078034

YES NO NO

Li1998 [43],

10.1103/PhysRevB.57.9225

YES NO NO

Gil2003 [44],

10.1088/0957-4484/14/2/345

YES NO NO

Fukuzawa2020 [45],

10.1063/1.5127219

YES NO NO dC/dV

Izumi2023 [46],

10.3762/bjnano.14.18

YES NO NO

Cherniavskaya2003 [47],

10.1021/jp0265438

YES NO NO

Crider2007a [48],

10.1063/1.2753539

YES YES NO low freq. sweeps

Continued on next page
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Table S1 – continued from previous page

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Cadena2016 [49],

10.1021/jp0265438

YES NO YES

Riedel2010 [50],

10.1103/PhysRevE.81.010801

YES YES NO
lift mode,

freq. tracking

Gramse2019 [51],

10.1039/C8NR05880F

YES YES YES*
*: phase

modulation

Gramse2020 [52],

10.1038/s41928-020-0450-8

YES YES YES§
§: limited to

1 MHz

Our Method:

MFH-EFM
YES YES YES

dC/dV

possible

Figure S2: Raw data taken from the microcapacitors shown in Figure 2 in MFH-EFM mode. (a)
The topography and (b) the 𝐴det from the measurement. The image is not converted into 𝐶′′ values
but the relation is the same.
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Figure S3: Non-normalized data of the comparison of the 𝐶′′ frequency sweep shown in Figure
6 on the four spots while in MFH-EFM (see Equation 12). This was conducted with the 𝜇masch’s
HQ:NSC18/Pt cantilever.
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Figure S4: Zoom of the non-normalized data from the comparison of the 𝐶′′ frequency sweep
shown in Figure 6 on the four spots while in MFH-EFM (see Equation 12). This was conducted
with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S5: Normalized data of the 𝐶′′ frequency sweep shown in Figure 6 on the three spots while
in MFH-EFM (see Equation 12). This was conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S6: Zoomed and normalized data of the 𝐶′′ frequency sweep shown in Figure 6 on
the three spots while in MFH-EFM (see Equation 12). This was conducted with the 𝜇masch’s
HQ:NSC18/Pt cantilever.
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Figure S7: Non-normalized data of the phase signal 𝜑 spectra of the comparison from the 𝐶′′ fre-
quency sweep shown in Figure 6 on the four spots while in MFH-EFM (see Equation 12). This was
conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S8: Zoom of the non-normalized data of the phase signal 𝜑 spectra of the comparison from
the 𝐶′′ frequency sweep shown in Figure 6 on the four spots while in MFH-EFM (see Equation 12).
This was conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S9: Non-normalized data of the comparison of the 𝐶′ frequency sweep shown in Figure 6
on the four spots while in SF-EFM mode (see Equation 13). This was conducted with the 𝜇masch’s
HQ:NSC18/Pt cantilever.
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Figure S10: Zoom of the non-normalized data of the comparison of the 𝐶′ frequency sweep
shown in Figure 6 on the four spots while in SF-EFM mode (see Equation 13). This was conducted
with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S11: Normalized data of the 𝐶′ frequency sweep shown in Figure 6 on the three spots
while in SF-EFM mode (see Equation 13). This was conducted with the 𝜇masch’s HQ:NSC18/Pt
cantilever.
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Figure S12: Zoomed and normalized data of the 𝐶′ frequency sweep shown in Figure 6 on the
three spots while in SF-EFM mode (see Equation 13). This was conducted with the 𝜇masch’s
HQ:NSC18/Pt cantilever.
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Figure S13: Non-normalized data of the phase signal 𝜑 spectra of the comparison of the 𝐶′ fre-
quency sweep shown in Figure 6 on the four spots while in SF-EFM mode (see Equation 13). This
was conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S14: Zoom of the non-normalized data of the phase signal 𝜑 spectra of the comparison of
the 𝐶′ frequency sweep shown in Figure 6 on the four spots while in SF-EFM mode (see Equation
13). This was conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.

S13

PhD Thesis of Pascal Niko Rohrbeck 203



Figure S15: Full version of the MFH-EFM pictures given in Figure 7. MFH-EFM pictures made
on F14H20 with (a) the topography, (b) the contact potential difference (CPD) picture, (c) the 𝐶′′

picture detected at 𝜔𝑚,2, while excitation took place at frequencies 1.59 and 1.98 MHz (d) electric
phase 𝜑el of the 𝐶′′ signal detected at 𝜔𝑚,2, while excitation took place at frequencies 1.59 and
1.98 MHz, (e) the 𝐶′′ picture detected at 𝜔𝑚,2, while excitation took place at frequencies 15.88
and 16.28 MHz, (f) electric phase 𝜑el of the 𝐶′′ signal detected at 𝜔𝑚,2, while excitation took place
at frequencies 15.88 and 16.28 MHz, (g) the 𝐶′ picture detected at 𝜔𝑚,2, while excitation took
place at 235.579 kHz, (h) electric phase 𝜑el of the 𝐶′ signal detected at 𝜔𝑚,2, while excitation took
place at frequency 235.579 kHz, (i) the picture of the mechanical amplitude at the resonance fre-
quency of 74.580 kHz, and (j) the picture of the mechanical phase at the resonance frequency of
74.580 kHz. This was conducted with the 𝜇masch’s HQ:NSC18/Pt Cantilever.
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Figure S16: A comparison of the measured 𝐶′′ values on various capacitors, as shown in Figure
2, is presented. The measurements, performed using the NuNano SPARK 70 Pt cantilever (solid
lines), are contrasted with the theoretical contributions of the respective components to the first nu-
merical derivative 𝐶′ of the capacitance (dotted lines) as a function of the tip-to-sample distance, 𝑧
For the theoretical calculations, the properties of the NuNano SPARK 70 Pt cantilever (𝑤 = 30 µm,
𝑙 = 225 µm, 𝛼 = 11 deg, ℎ = 12 µm, 𝜃 = 25 deg, 𝑟 = 18 nm, 𝛿 = 3.7 · 10−7) with an mechanical
amplitude of 𝐴m = 10 nm, an excitation voltage of 𝑉AC = 2 V, and a total amount of calculated
points of 100,000, was used for these.
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Figure S17: A comparison of the measured 𝐶′ values on various capacitors, as shown in Figure
2, is presented. The measurements, performed using the NuNano SPARK 70 Pt cantilever (solid
lines), are contrasted with the theoretical contributions of the respective components to the first nu-
merical derivative 𝐶′ of the capacitance (dotted lines) as a function of the tip-to-sample distance, 𝑧.
For the theoretical calculations, the properties of the NuNano SPARK 70 Pt cantilever (𝑤 = 30 µm,
𝑙 = 225 µm, 𝛼 = 11 deg, ℎ = 12 µm, 𝜃 = 25 deg, 𝑟 = 18 nm, 𝛿 = 3.7 · 10−7) with an mechanical
amplitude of 𝐴m = 10 nm, an excitation voltage of 𝑉AC = 2 V, and a total amount of calculated
points of 100,000, was used for these.
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6 Summary and Outlook

In this PhD Thesis, the primary objective was to develop novel Atomic Force Microscopy (AFM)
techniques and to utilize existing AFM techniques to gain a comprehensive understanding
of the impact of passivation and the structural characteristics of perovskites, including grain
boundaries (GBs) and interfaces, on the dynamics of free carriers and the migration of ions. This
approach enabled the demonstration of efficient methods for studying interfaces and identifying
device bottlenecks with new Electrostatic Force Microscopy (EFM)-based approaches.

The study in Chapter 3 addresses the critical challenge of non-radiative recombination losses
in inverted (p-i-n) perovskite solar cells (PSCs), which arise from defects at GBs and inter-
facial recombination at the perovskite/C60 interface. While defect passivation strategies for
GBs or interfaces had been explored individually, prior approaches failed to simultaneously
mitigate both recombination pathways, leaving a gap in understanding how coordinated defect
management across these distinct regions could synergistically enhance device performance and
stability.

The hypothesis of this study was that phenethylammonium chloride (Ph−C2H4−NH +
3 +

Cl– ) (PEACl) used as both a GB additive and surface treatment (dual passivation) would
homogenize the perovskite surface and GBs by forming a heterogeneous 2D Ruddlesden-

Popper phase. The Kelvin Probe Force Microscopy (KPFM) data yielded substantial evidence
that dual passivation homogenizes the perovskite surface and GBs by demonstrating a more
uniform work function distribution across dual-passivated films in comparison to the control
sample. This process enables concurrent enhancements in open circuit voltage (VOC), fill factor
(FF), and operational stability. Furthermore, the heterogeneous 2D Ruddlesden-Popper

phase (PEA)2(Cs1-xFAx)n-1Pbn(I1-yCly)3n+1 with n ∼ 1 − 2 was demonstrated to prolong the
lifetime of charge carriers and mitigate the process of non-radiative recombination, as indicated
by the time-resolved photoluminescence (tr-PL) and photoluminescence quantum yield (PLQY)
measurements. Futhermore, thermal admittance spectroscopy (TAS) revealed that passivation
increased the activation energy for ion migration, thereby enhancing the device’s stability under
operational stresses such as light, heat, and humidity.
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Notwithstanding these advancements, several unresolved inquiries persist. First, the precise
mechanisms by which the PEACl-based Ruddlesden-Popper phase interacts with different
defect types at the GBs and interfaces require further elucidation. In consideration of the GBs
and the formation of the phase, a definitive localization of the passivation molecules remains
elusive. However, the advent of methodologies such as Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS) may in the future facilitate the confirmation of the unequal distri-
bution of passivation molecules and the optimization of their density, thereby further enhancing
the efficacy of passivation. Furthermore, while the strategy enhances stability, the scalability
of this dual passivation method for industrial applications remains uncertain, particularly with
regard to cost-effectiveness and reproducibility. A comprehensive investigation into the long-
term effects of potential ion migration on device performance under continuous operation is
imperative to ascertain commercial viability.

The study in Chapter 4 examined the correlation between nanoscale defect distributions
(e.g., at grain boundaries or grain interiors) and localized charge carrier dynamics (e.g., re-
combination, ion migration) on the nanoscale. This investigation utilized time-resolved Kelvin
Probe Force Microscopy (tr-KPFM) to perform nanoscale surface photovoltage spectroscopy
(nano-SPV) and nanoscale ideality factor mapping (nano-IFM) spectroscopy. Lead halide per-
ovskites have been shown to exhibit exceptional optoelectronic properties; however, they are
subject to non-radiative recombination losses at GBs and interfaces, which serve to limit de-
vice efficiency. While macroscopic techniques, such as PL and surface photovoltage (SPV)
measurements, provide averaged insights, they lack the spatial resolution to resolve nanoscale
variations in defect density and charge carrier dynamics. Optical methods, such as PL mi-
croscopy, are inherently constrained by diffraction-limited resolution, typically ranging from
∼ 200 − 300 nm. Conversely, Scanning Electron Microscopy (SEM)-based surface photovolt-
age (SPV) spectroscopy entails the potential risk of sample damage due to the application of
high-energy electron beams. Conventional KPFM lacks temporal resolution, which precludes
its use in tracking dynamic processes such as ion migration and recombination at GBs.

The hypothesis was developed that nanoscale variations in defect density directly govern
charge carrier recombination rates and ion migration kinetics, with GBs acting as hotspots for
these losses. To test this hypothesis, a methodology based on tr-KPFM was developed that
entailed the implementation of nano-SPV and nano-IFM. The utilization of these techniques
enabled the spatial resolution of SPV dynamics during and immediately after light pulses.
Additionally, a correlation was established between local ideality factors (nid) and defect density.

However, some open questions remain unsolved in this study. Initially, it should be noted
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that while the study demonstrated reduced defect densities with larger grains and passivation,
the exact formation and stability, similar to the work mentioned in Chapter 3, remains unclear.
Furthermore, the role of chemical stoichiometry variations in influencing SPV dynamics remains
unclear and warrants further investigation. The observed variations in SPV decay times across
different grain facets suggest a facet-dependence of charge carrier dynamics that requires further
elucidation. Finally, the interpretation of nanoscale ideality factor (nid) values below 1 in
half-cell configurations prompts inquiries into their association with interfacial recombination
and ion migration effects. These inquiries could be addressed in future studies to refine the
understanding of recombination mechanisms in perovskite materials.

The study presented in Chapter 5 addresses a critical limitation in the field of nanoscale di-
electric characterization. Conventional EFM methods are constrained by cantilever resonance
frequencies and long-range electrostatic interactions, which impede high-frequency measure-
ments and spatial resolution. Although Scanning Capacitance Microscopy (SCM) and single-
frequency EFM have been demonstrated to offer insights into dielectric properties, both tech-
niques are limited by non-local stray capacitances and frequency restrictions that are tied to
mechanical resonances. A novel methodology has been developed, multi-frequency heterodyne
Electrostatic Force Microscopy (MFH-EFM), that overcomes the aforementioned limitations.
This methodology utilizes the probing of the second-order capacitance gradient (C ′′), which in-
herently suppresses long-range force interactions. The result of this suppression is a reduction
in signal background and the ability to perform frequency-dependent dielectric spectroscopy
measurements. The method demonstrated a high degree of efficacy in measuring nanoscale
dielectric properties across a broad frequency range, extending up to 50MHz, by employing
standard AFM equipment in conjunction with an external lock-in amplifier (LIA). The experi-
mental findings on microfabricated SiO2 capacitors confirmed the enhanced locality of C ′′-based
measurements. According to theoretical calculations, the signal from the tip alone contributes
82% of the total signal at a distance of 10 nm. Furthermore, high-frequency capacitance imag-
ing of molecular structures yielded sharper contrasts in comparison with conventional methods,
underscoring the potential of MFH-EFM for quantitative dielectric studies in materials science,
biology, and nanotechnology.

Despite the notable advancements in the field, the existing models for tip-sample capacitance
do not fully align with the experimental data, underscoring the necessity for enhanced theoret-
ical frameworks or numerical simulations to facilitate precise extraction of capacitance values
C and εr. Furthermore, while MFH-EFM permits operation at elevated frequencies (up to
50MHz), signal quality at these ranges is diminished by impedance effects in the electrical con-
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nections. Subsequent endeavors should prioritize the optimization of the system configuration,
encompassing the incorporation of specialized high-frequency hardware equipped with coaxial
connections, with the objective of attaining reliable measurements at elevated frequencies. Fur-
thermore, the extension of the method to extract dielectric properties with greater ease and
accuracy will require advancements in calibration techniques and algorithms for analyzing com-
plex nanoscale systems. These developments will lay the foundation for the utilization of these
techniques in a more extensive manner for the characterization of dielectric heterogeneities at
the nanoscale.

In summary, this PhD Thesis pioneered advanced AFM techniques to probe interfacial dy-
namics in solar cells and energy materials, yielding critical insights and methodologies. Note-
worthy achievements include the development of MFH-EFM for nanoscale dielectric spec-
troscopy, enabling dielectric mapping and frequency-dependent analysis with high precision.
A remarkable discovery was that 82% of MFH-EFM force signal arises from the tip apex even
at 10 nm distances, thereby emphasizing the locality of the measurement. The application of en-
hanced KPFM and tr-KPFM revealed the homogenization of electron-hole separation times at
GBs by passivation, leading to a direct improvement in device efficiency. These methodologies
establish the foundation for applications involving 2D materials, including dielectric breakdown
measurements, investigations of interfaces in tandem solar cells, and (organic) light-emitting
diode (LED) optimization. The MFH-EFM principle facilitates the profiling of dopants in
semiconductors through the implementation of ∂C/∂V measurements, thereby ensuring an
unparalleled degree of resolution. The study underscored the imperative for artificial intelli-
gence (AI)-driven automation to manage large datasets from advanced AFM modes, including
conductive Atomic Force Microscopy (c-AFM), KPFM, general acquisition mode Kelvin Probe
Force Microscopy (G-mode KPFM), tr-KPFM, and MFH-EFM. This approach is expected to
expedite material discovery for photovoltaics and organic electronics. The future of this field
lies in multi-frequency approaches, such as the detection of higher-order capacitance gradients
(e.g., C ′′′), and the standardization of AFM data into machine-learning-compatible formats
to bridge the materials science and computational communities. The thesis establishes the
foundation for real-time, nanoscale diagnostics by integrating MFH-EFM with AI platforms,
thereby promising "unknown-speed" analysis from sample preparation to imaging and inter-
pretation. The integration of nanoscale metrology and intelligent automation has the potential
to transform the design of next-generation energy devices, thereby fostering interdisciplinary
innovation across various fields.1

1This chapter has been initially prepared with the help of artificial intelligence (AI) chatbot Perplexity AI,
which provided a first version of the summary and outlook chapter. The text created by an AI algorithm
has been further edited by the human author.
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2.13 Fundamental setup of an c-AFM during operation.132,292–295 . . . . . . . . . . . . 37
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2.16 Fundamental setup of an KPFM during operation.105,132,294 . . . . . . . . . . . . 41
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level Evac, and the CPD signal at a defect position like a GB.98,151 . . . . . . . . 46
2.18 Fundamental setup of an tr-KPFM during operation.98 . . . . . . . . . . . . . . 48
2.19 Schematic illustration of tip apex, tip cone, lever, and stray capacitances. The

contribution of the tip apex contains the most localized part of the overall ca-
pacitance signal. The mesoscopic tip cone and the macroscopic cantilever, in
contrast, contribute to the long- range stray capacitance, effectively delocalizing
the signal.99 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.20 The fundamental setup of a MFH-EFM during operation is demonstrated in
the presence of a schematic intermodulation signal consisting of two sinusoidal
frequencies, specifically 2Hz and 2.5Hz.99 . . . . . . . . . . . . . . . . . . . . . . 53

2.21 Comparison of the C ′′ and the C ′ single force curves of a microcapacitor while
doing MFH-EFM (see Equations (2.32b) and (2.33)) and compared with the
detection of 2ω (see Equation (2.23)).99 . . . . . . . . . . . . . . . . . . . . . . . 55

2.22 Schematic illustration of the excitation and detection frequencies in MFH-EFM.
The lower part shows the transfer function of the cantilever, where the amplitude
is plotted vs the logarithmic angular frequency. The upper part shows the exci-
tation frequencies (⇂) and the detection frequencies (↿) of the applied frequencies.
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work of Rohrbeck et al.99 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
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9 Nutzung KI-Tools

In Table 9.1 the usage of "AI Tools" that I used during the preparation of this PhD thesis is
documented.

Table 9.1: Anhang Nutzung KI-Tools:
KI-Tool Genutzt für Warum Wann

DeepL Write Neuformulierung meiner Textentwürfe bessere Lesbarkeit und Verständnis über die gesamte Arbeit hinweg

DeepL Translate Erstellung der Kurzzusammenfassung Hilfe für die erste Version Kurzzusammenfassung

Perplexity Pro Reasoning
with o3-model

Erstellung der ersten Version der Zusammen-
fassung und beim Umfang der Arbeit schnelle Erstellung einer ersten Textentwurfs Scope, Zusammenfassung
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