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Zusammenfassung
Perowskit Solarzellen sind eine neuartige Gattung der Solarzellen, welche innerhalb
kürzester Zeit eine rasante Entwicklung zeigten. Dabei fand man exotische Effekte,
wie eine J-V Hysterese, welche andere Solarzellen nicht zeigen. Es herrscht Konsens
unter Wissenschaftlern, dass diese J-V Hysterese durch Ionenbewegung innerhalb des
Perowskitabsorber bedingt ist, welche auf Millisekunden Zeitskalen stattfinden
Um mögliche Ladungsträgerbewegungen lokal und zeitlich aufzulösen eignet sich die
Methode der Kelvin-Sondenmikroskopie (KPFM). Im ersten Teil dieser Arbeit untersuchen wir die zeitliche Auflösung unseres KPFM Aufbaus und stellen heraus welche
Zeitskalen innerhalb unserer zeitlichen Auflösung liegen.
Um KPFM auf Solarzellen zu messen benötigt man einen nanometer-flachen Querschnitt der Solarzelle. Basierend auf einer Poliermethode von Weber et al.[1], entwickeln und charakterisieren wir im zeiten Teil eine neuartige Methode, welche ein
Hitachi IM4000 Poliergerät nutzt, um schnell große Flächen solcher Querschnitte zu
präparieren.
Im dritten Teil testen wir diese Methode vergleichend an einer mesoporösen und
einer planar Perowskit Solarzellearchitektur. Diese beiden Architekturen zeigen unterschiedliche Grade der J-V Hysterese. In unserem Vergleich untersuchen wir die
Dynamik der Ladungsträger und stellen Unterschiede zwischen den Architekturen
heraus. Dabei können wir ähnliche Prozesse feststellen welche aber langsamer in den
planar Zellen ablaufen.
Aus diesem Vergleich können wir schließen, dass die schwächere Ausprägung von
langsamen Prozessen in mesoporösen Zellen ein Grund für deren geringere J-V Hysterese ist.
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Abstract
Perovskite solar cells are a novel class of solar cells that have shown a rapid progress
during their development. In the course of this development, the effect of J-V hysteresis was found which is not present in other solar cell types. There is scientific
consensus, that points out migration of mobile ions in the perovskite absorber as a
reason for this J-V hysteresis. This ion migration is linked to response on the time
scale of milliseconds.
The method of kelvin probe force microscopy (KPFM) has been shown to be able
to measure charge carrier movements, both locally and temporarily. In the first part
of this thesis we will estimate the temporal resolution of our KPFM setup and point
out which time scales are within the range of our resolution.
To be able to measure KPFM on solar cell samples, nanometre flat cross sections
of the cell are necessary. In the second part of this thesis we will develop and characterise a novel milling method, based on a method by Weber et al. [1]. This method
utilises a Hitachi IM4000 milling device. We show that we can prepare large cross
section areas with this method within hours.
In the third part of this thesis, we will comparatively test this Hitachi method on
a mesoporous and a planar perovskite solar cell architecture. These two cell types
show different degrees of J-V hysteresis. Within our comparison we investigate charge
carrier dynamics and highlight differences between the cell architectures. At the end
of this comparison we find that similar processes happen in both cells, however slower
in the planar cells.
From this comparison we can argue that the slow processes linked to hysteresis are
less pronounced in mesoporous cells. We conclude that this is one source for the lack
of hysteresis in mesoporous cells.
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1. Introduction
On earth, the most abundant and only infinite1 energy source is radiation from the
sun. All other sources, mainly fossil and nuclear, are finite and with today’s technology
could be depleted within 500 years2 . At the same time the worlds energy consumption
is ever increasing. This in itself is reason enough to push research to develop more
efficient solar cells to harness the sun’s energy.
The first modern solar cell was developed by Russel S. Ohl in 1941 at the Bell
Laboratories[3], the same laboratories that developed the first transistors. From his
experiments on p-n junctions he found, rather by accident, that when illuminated,
silicon generates a current. Still today, p-n junctions are the most common way to
separate the charges generated by absorption of photons (further details in ch.2). The
facile realisation of p-n junctions in silicon by doping has lead silicon solar cells to
become the predominantly used technology[4]. This is not to say that research into
other solar cell technologies was fruitless. The use of other elemental semiconductors like GaAs and CdTe yields efficient cells as well. These materials occur however
less abundant as silicon on earth and are more expensive. Since 2000, an emergent
technology have been organic solar cells made from organic compounds. They have
the potential to be a low cost alternative to silicon cells, but have to deal with low
stability and efficiency yet. These technologies cannot compete with the head start of
silicon solar cells and their advanced manufacturing methods though.
In 2009 however, a promising contender to silicon solar cells arose, namely perovskite
solar cells (PSC). Within a decade their conversion efficiencies went, starting from
≈3% in 2009, to 23.7% as of today and have surpassed the industrial standard, multicrystalline silicon cells. The main advantages of PSCs are their low cost production
and the tuneability of their band gap, making them ideal candidates for tandem solar
cells (further details in ch.3).
PSCs exhibit effects that have not been found in common silicon solar cell, one prominent being the hysteresis in J-V curves used for measuring the efficiency. The processes
that lead to this hysteresis are not fully explained yet. An approach to elucidate the
underlying processes involves looking at the microscopic properties of working solar
cells. The local dynamics of charge carriers such as electronic or even ionic charges
might explain what processes come together to cause hysteresis.

1
2

Considering the sun might live on longer than life on earth has existed[2]
https://www.scientificamerican.com/article/how-long-will-global-uranium-deposits-last/,
last access 26.02.2019
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1. Introduction
A method that rose quickly to significance, for measuring microscopic features is the
atomic force microscopy or AFM. AFMs work by tracking the forces (e.g. electrostatic
forces) acting on a cantilever with a nanometre fine tip. Thus, it is an ideal candidate
for measuring charge carrier dynamics as one can investigate surfaces with a nanometre
resolution. Furthermore it is possible to measure electric properties with a variant of
AFM, called KPFM. More details on these methods are explained in ch.4.
For KPFM measurements it necessary that the surface is flat. This poses a challenge
since solar cells have to be broken to expose all layers and to get a look inside the cell
with AFM. The surface of the broken cell however is usually rough on a micrometre
scale. Weber et al. developed a method to tackle this challenge. They used a focused
beam of gallium ions and polished the surface via sputtering [5]. The results are
nanometre flat cross section where KPFM measurements are feasible. It is unknown
though what effect this preparation method has on the solar cell. The milling with
gallium ions is a rather uncharted process and there is the possibility that the resulting
surface does not show all of the original properties of the cell.
We thus can identify two gaps of knowledge:
• What dynamic effects can be identified on a microscopic scale that lead to hysteresis in PSC?
• What effect has the milling preparation on the cross sections?
In this thesis we aim to investigate these two questions. For this purpose, we apply
a novel milling technique working with argon ions, for the preparation of PSC cross
setcions (see ch.7). This new method is supposed to be less damaging due to the usage
of less reactive argon ions. We will compare both milling techniques to find out what
effect they have on PSC cross sections (see sec.8.2). At the end of this comparison we
will evaluate which method is more suitable.
The method we use to analyse these cell cross sections is AFM, respectively KPFM.
We will use a time-resolved version introduced by Weber et al. [1]. For this we will
first determine the temporal resolution of our KPFM setup (see ch.6). Within the
temporal resolution of this method we will analyse the charge carrier dynamics in
PSC and give possible reason for the sources of hysteresis (see sec.8.1).

2

Part I.

Theory
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2. Concepts in Solid State Physics
The field of solid state physics is a vast field that has propelled a lot of today’s
technologies. This chapter serves the purpose to shed light on some of the concepts
used in this work. Especially those necessary to understand the working principles of
a solar cell, the contact potential present in KPFM and the mechanisms underlying
sputtering will be explained.

2.1. Electronic Band Structures
The description of electron energy levels for solids is different from that for single
atoms due to the crystal periodicity and large numbers of atoms involved. This leads
to a band structure of energy states instead of discrete levels. The most prominent
of these bands are the valence and conduction band which together are responsible
for the majority of electronic and optical properties of a material. The following
description applies to crystalline solids, but its qualitative results hold also for other
solids.
We start the description with the single electron approximation, meaning we will look
at a single independent electron that feels the potential V (r) which is generated by
all atoms of the solid. This potential thus has the periodicity of the lattice:
V (r) = V (r + R)

(2.1)

with a lattice vector R. To get the energy states of this system we have to solve the
Schrödinger equation:
h
i
~2 2
EΨ(r) = HΨ(r) = −
∇ + V (r) Ψ(r)
2m

(2.2)

where Ψ(r) is the wave function of the electron which is spread over the whole lattice.
Felix Bloch was the first (1928) to propose a solution where a plane wave is superposed
with a modulation that has the periodicity of the crystal lattice:
Ψk (r) =

X
G

1 X ik·R
Ck−G ei(k−G)·r = √
e
w(r − R)
N R

(2.3)

where G are reciprocal lattice vectors, k the momentum vector, Ci Fourier coefficients,
N the number of unit cells and w so called Wannier functions. Both terms describe the
same wave, so called bloch waves, the first in reciprocal and the latter in real space.

4
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Inserting Ψk into the Schrödinger equation we can see that the energy dispersion
relation E(k) has the same periodicity as the lattice
E(k) = E(k + G)

(2.4)

For the specific derivation of the full dispersion relation E(k) many model approaches
exist that try to approximate the components Ci and w(r − R) to get the solution
Ψk . We will qualitatively describe one of them, the tight binding model. In this
approach we go from isolated atoms together with their electrons and slowly bring
them closer until they take their lattice positions. We then can approximate Ψk as
a linear combination of the original atomic orbitals and substitute w(r − R) for an
orbital φn (r − R) where n stands for the n-th energy level. When the atoms get closer
the initial discrete energy levels will split up into N close energy levels (N being the
number of unit cells). For an infinite crystall (N → ∞) we get a continuous band
of energies, which is a good approximation for real macroscopic crystals. We thus
get a dispersion relation En (k) where n is a band index and k a momentum vector
that can be limited to the first Brillouin zone due to the periodicity of the lattice. In
this model the actual position and width of the energy bands depends on the orbitals
that constitute them and if the bands are not wide enough (as is the case for less
overlapping orbitals) they are separated by a gap of prohibited energy states. We now
see the origin of the term band structure, referring to bands of allowed and prohibited
energy states. An example is shown in fig. 2.1 for pure silicon.

Figure 2.1: Schematic of the band
structure of Silicon. On the y-axis the
zero energy point was taken to be the
upper edge of the valence band. The xaxis shows momentum space with reciprocal lattice points. Grey highlighted is
the band gap.
Source:[6], revised by [7]

To understand what makes a solid an insulator, semiconductor or conductor we have to
look at the Fermi energy and how the energy bands are filled up. If we set the lowest
possible energy level to zero and from there, fill up the energy levels with all available
crystal electrons, the highest energy we get (at abolute zero, T=0K) is defined as the
Fermi energy Ef . This means if the system is in its ground state, the Fermi energy
will divide occupied and unoccupied states. The electronic properties of a material are
dominated by those energy bands close to Ef . We distinguish between energy bands

5
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with energies below Ef which are called valence bands (although commonly the
band directly below Ef is referred to as ”the” valence band) and energy bands which
include energies En (k) ≥ Ef that are called conduction bands. This distinction
comes from the fact that electrons in valence bands cannot transport charges through
the crystal. Reason for that is for a current to flow we need to give the electrons
additional momentum δk. Since the valence bands are however completely filled there
are no energy states Ev (k) (v being an index of a valence band) the electrons could
move to without violating the Pauli principle. Materials where Ef lies in between a
conduction and valence band are thus typically isolators/semiconductors (see fig.2.2).
For an isolator/semiconductor to be conductive we would have to provide energy for
an electron to jump from the valence band to the conduction band, where plenty of
free energy states exist. The energy difference between valence and conduction band is
referred to as the band gap (energy) and electrons can be exited to the conduction
band by photons that have at least the energy of the band gap. When this happens,
the electron leaves behind a positively charged vacancy which is called a hole. Both,
electrons and holes contribute to the conductivity of semiconductors. The difference
between isolators and semiconductors is a gradual one depending on the size of the
band gap. Typically, the line is drawn at energies of short wave ultraviolet photons
(≈5eV). Semiconductors have lower band gaps where electrons can even be excited
thermally to the conduction band.
The other class of materials are semi-/metals. Here Ef lies inside an energy band.
Since this band is not fully filled electrons can easily gain momentum and change to a
higher energy state close-by via electric fields. Thus theses materials are conductors.
E

Eg

Ef

Metal

Semimetal Semiconductor

Insulator

Figure 2.2:
Energy
diagram
schemes for different types of
materials. The lower darker bands
indicate fully filled valence bands.
Paler shades indicate partial filling
in conduction bands. For semiconductors/insulators the band gap is
indicated

For a more rigorous description the reader is referred to the plethora of solid state
physics introduction books, of which especially [8] made the basis for this chapter.

2.2. P-N junctions in Solar Cells
In the previous section we learned that in semiconductors, where the band gap small
is, electrons can be excited to the conduction band through the absorption of photons
with E ≥ Eg . The energy the electrons receive can be harvested if they are given a
direction to travel to, thus yielding a current. This is the working principle of a solar
cell.
Practically this can be achieved by doping semiconductors to get a p-i-n junction.

6
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Doping is the controlled process of incorporating impurities (dopants) into a semiconductor. The dopants locally modify the band structure of the semiconductor by
introducing additional energy states and two types can be differentiated: The first
is n-type doping, where the states appear near the conduction band. This leads to
an increased number of free electrons, as they can be more easily excited thermally.
The additional states go hand in hand with shifts in the respective Fermi energies as
depicted in fig.2.3. The second type is p-type doping where additional states appear
near the valence band and the Fermi energy is shifted to the valence band. Analogue,
there is an increased number of free holes.
CB

Figure 2.3: Fermi energies in doped
semiconductors. For n-type doping the
modified Fermi energy is near the conduction band edge (blue). Electrons
can be excited here with minimal energies. For p-type doping we have the
opposite case of a Fermi energy near the
valence band edge (red).

Ef,n
Ef
Ef,p

VB

p-type

n-type

A p-n junction is a transition from a p-type to a n-type doped region. At the
interface where the different regions meet is a concentration gradient of free charge
carriers. This gradient leads to a diffusion of electrons from the n-type to the p-type
region. The resulting charging of the regions near the interface leads to an electric
field opposed to the drift direction. This field is called the built-in field of the p-n
junction.
CB
Electrons
Holes

E-field

Ef
VB

p

Diffusion

Figure 2.4: Scheme of a p-n junction in
equilibrium. Fermi energies align at the
junction. Electrons diffuse from the ntype region to the p-type region and
leave behind holes. The resulting builtin field generates a drift that is in equilibrium with the charge diffusion.

n

In solar cells this built in field is what drives excited electrons in one direction, from
p- to n-type region. At the same time, the n-type region acts as a membrane that is
mostly permeable for electrons. Analogue this applies to holes in the p-type region.
For the detailed working principles of solar cells and p-n junctions the reader is referred
to [8, 9].
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2.3. Contact Potential Difference
Another effect that can be explained with the concept of Fermi energies is the contact
potential difference (CPD). It is the potential difference that arises when two conductive materials are brought into electrical contact. If the materials have different
Fermi energies, electrons will move from the material with the higher Fermi energy to
the one with the lower, and while doing so will leave surface charges of opposite signs
on the respective materials. This happens until the resulting potential between the
two materials is equal to the difference in their work functions
eφ = W1 − W2

(2.5)

The work function W is the energy it takes to remove an electron from a solid into
the vacuum nearby according to
W = Evac − Ef

(2.6)

Energy

and hence depends on the materials Fermi energy.
eф =
W1

UCP

Figure 2.5: Energy levels for separated materials in vacuum and for
materials in contact. Green dotted
is the Fermi energy of material two
when separated. The green arrow
indicates the shift of the vacuum
energy for material W2

D

W2

Ef

Position

The CPD can change when the materials are disturbed out of equilibrium. This
happens for example when a semiconductor is illuminated with photons with energy
higher than the band gap. The photons excite electrons into higher bands, disturbing
the equilibrium state. This leads to the mentioned change in CPD and the difference
between dark and illuminated CPD is defined as the photovoltage.

2.4. Sputtering
Sputtering is the process of erosion of a target material through bombardment of
high energy ions. It has found usage in the field of surface physics for the manipulation/preparation of nanometre fine surfaces. To visualise the process one can take the
analogy of a game of pool: a high energy ion impinges on the atoms at the material
surface, similar to the starting shot of the white ball. Through elastic scattering the
target atoms get in motion and the majority of the ion’s momentum is transferred
into the bulk solid. Statistically some atoms especially near the surface will recoil out
of the bulk (if their energy is higher than the binding energy) leading to a depletion.

8
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incident Ion
Sputtered
Atom

Sputtered
Atom

θinc

Surface

Figure 2.6.: Schematic of Sputtering. The incident ion(red) carries momentum that
is transferred into the bulk(blue). Colours indicate primary(cyan), secondary(green),
tertiary(yellow), quarternary(purple) scattered atoms. Arrows indicate transfer of
momentum, paler shades meaning less momentum
The latter recoiled atoms are also referred to as being sputtered.
The theoretical base was largely laid by Sigmund [10, 11]. In it one central term is
the sputtering yield Y , which is the rate of sputtered atoms per incoming ion. It
is thus a measure for the erosion efficiency. The sputtering yield depends on several
factors, mainly the ion acceleration energy Eacc , the material of ions and target atoms
(described here with a parameter Cion−atom ), as well as the incident angle of the ions
to the surface θinc [12]:
Y = Y (Eacc , Cion−atom , θinc )
To knock an atom out of a solid one has to bring up at least the binding energy.
Sputter yields however stay low even for energies orders of magnitude higher than the
binding energy [13]. This shows that most of the ion energy does not go into sputtering
but into heating of the material and generation of defects in the solid. To reduce the
impact of sputtering on samples one therefore has to either reduce the flux of energy
by decreasing the incident ion beam current or increase the sputtering yield. The first
leaves the sample time to cool down. The second way can be done by choosing an
incident angle θinc that gives maximal sputter yield. For shallow angles the ions transfer less energy as they rather ricochet off the surface, thus leading to few sputtering
events and a low sputtering yield. The other extreme of perpendicular incidence leads
to maximum energy transfer. Here however the transferred momentum is opposite to
the direction atoms need to go to be sputtered, thus reducing the sputtering yield.
Wei et al. showed that angles around 70◦ lead to maximum sputtering yield.

2.5. Lock-In Amplifier
Lock-In amplifier (short LIA) are a type of narrow bandpass filters, that can filter
out noise from periodic signals. The working principle is that the noise loaded signal
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of interest is mixed with an ac reference signal and filtered through a low pass filter.
The effect is that the LIA calculates the cross-correlation of input and reference which
is maximal when input and reference frequency are equal. For the ideal case of a
sinusoidal input and reference we can calculate the output as:
1
Uout (t) =
T

Z

t

sin(ωτ + ∆ϕ)Uin (τ ) dτ

(2.7)

t−T

So called single-phase LIA only retrieve the signal amplitude with this method. More
advanced dual-phase LIA are also able to calculate the phase of the signal with respect
to the reference. They do this by copying the signal path for a reference signal that
is phase offset by 90◦ (see fig.2.7). Through trigonometry the phase can be calculated
U
◦
as φ = arctan( Uout,90◦ ).
out,0

Input Signal

Mixer

Low Pass Filter

In Phase
Output

Mixer

Low Pass Filter

Out of Phase
Output

Δφ=0°
Reference

Δφ=+90°

Figure 2.7.: Schematic of a dual-phase LIA. After the mixer the signal has components
ωin − ωref , ωin + ωref as well as noise. The latter two are filtered out by the low pass
filter.
The temporal resolution of a LIA, i.e. how fast it reacts to amplitude changes of the
input oscillation, depends on its bandwidth which is the inverse of the integration
time BW = T1 . Thus to measure dynamic changes in the signal amplitude that happen
1
on a timescale Tsig the bandwidth has to be chosen BW ≥ Tsig
. Higher bandwidths
however go along with increased noise levels that limit the discrimination between
signal and noise. In a similar context the bandwidth is central to signal processing
theory. Here it describes the window of frequencies around a carrier that can be
analysed.
For further details on implementations and the noise characteristics of LIA see [14].

2.6. PID Feedback Control
Systems where a control variable c(t) regulates a process variable p(t) can be controlled
with a feedback loop. Feedback compare the instantaneous variable p(t) with a desired
value (or setpoint) s(t), yielding an error variable e(t) that indicates how far off p(t)
is. The error is then used to calculate a new c(t) so that the system yields the desired
output p(t) = s(t).
One class of feedbacks are PID feedbacks. Here c(t) is calculated as the sum of three
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control terms which are proportional to : e(t) itself, to the integral of e(t) and to the
time derivative of e(t) according to:
Z

t

e(τ )dτ + KD

c(t) = KP e(t) + KI
0

de(t)
dt

(2.8)

Hence the name PID feedback. The weights K, commonly called gains, have to be
adjusted to the system response.
PID Block
KPe(t)
s(t)
+

Σ

-

e(t)

t

+KI e(τ)dτ

c(t)

System

0

p(t)

Figure 2.8: Schematic of a PID
feedback

+KD de(t)
dt

For low gains (small K) the feedback response c(t) is small even if the error signal
is large which makes the feedback slow in following changes. The opposite happens
for high gains: the feedback reacts violently to even small changes and overshoots
the desired value. If gains are set to high, PID feedbacks even become unstable and
start to oscillate. A scheme is shown in fig.(A.2). Ideally the gains are set so that
they result in little overshoot until the systems reaches the set point. The overshoot
is accepted in return for a quick response to changes.
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3. Perovskite Solar Cells
Perovskite solar cells (PSC) are a group of photovoltaic devices (PV) that have a hybrid inorganic-organic absorber in common which crystallise in the perovskite crystal
structure. Perovskites as PV absorbers entered the scientific stage in 2009 [15] when
the perovskite material was first used in dye sensitized solar cells (DSSC). Interest
soared when they were used in solid state solar cells and efficiencies instantly rose
from 3% to ≈10% and above [16, 17]. Here the typical cell architecture consist of
the perovskite absorber sandwiched between two charge selective contacts which are
surrounded by conducting electrodes (fig.3.1). The charge selective contacts together
with the absorber act as a p-i-n junction and are needed to enforce a direction for
currents to flow in the working cell (compare fig.A.3).
Gold Electrode
Hole Transport Layer
Perovskite
Mesoporous Scaffold
Electron Transport Layer
Transparent Electrode
Substrate

Figure 3.1.: Two PSC architectures. Left a mesoporous device where the perovskite
penetrates an additional TiO2 scaffold, right a planar device
As of today, record efficiencies of 23.7% have been reached and PSCs have long surpassed multicrystalline silicon solar cells concerning efficiency cells1 . These top tier
efficiencies are a result of the ideal properties of hybrid inorganic-organic perovskites
for the use as solar cell absorbers. Amongst these are long diffusion lengths combined
with high absorption of light over a large spectrum, making them ideal candidates for
the use in thin film devices[18, 19]. In addition, they show highly tunable band gaps
[20]. This has two benefits: First, the band gap can be shifted to give an ideal band
gap according to the Shockley-Queisser limit [21]. Second, they can be easily incorporated in tandem solar cells structures. Furthermore, the perovskite absorber shows a
high tolerance to crystal defects[22, 23]. Usually crystal defects lead to current losses
1

https://www.nrel.gov/pv/assets/pdfs/best-reserch-cell-efficiencies.pdf ,
last access 26.02.2019
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due to non-radiative recombination processes. For further details on the absorber see
sec.3.1.
If these points are not incentive enough to manufacture PSCs, then it is the fact that
they can easily be processed from solutions under low temperatures [24], resulting in
low cost manufacturing. However the technology of PSCs is still in its infancy and
poor stability in the presence of humidity, oxygen and UV radiation [25, 26] has yet to
be overcome for PSCs to be competitive [27]. Furthermore the use of toxic lead poses
a problem for commercialisation under current RoHS rules. Lead has to be either
substituted or diluted by the use of another metal like tin [28, 29] so that PSCs do
not pose an environmental risk.
The recent focus of research is thus in overcoming these instabilities as well as understanding effects previously not seen in other PV devices. These include slow transient
responses times[30], high ionic conductivity of the absorber [31] and hysteresis in
current-voltage curves (J-V curves) [32].

3.1. Hybrid Inorganic-Organic Perovskites
In general perovskites are crystals consisting of the chemical formula ABX3 where A
and B are cations that compensate the charge of anions X. The crystal structure is that
depicted in fig.3.2 where the larger cation A is centred in a cuboid of corner sharing
octahedra of ions BX. In the PV community the term perovskite has become synonym

Figure 3.2: Crystal structure of
perovskites, taken from [33].
Shown is a cubic phase.

with mixed metal organic halide perovskites (which will further only be referred to
as perovskites). The archetype and most studied of these perovskite is methylammonium lead iodide (CH3 NH3 PbI3 , short MAPbI). Here lead and iodide take the role
of the lattice ions B and X, respectively, while methylammonium (CH3 NH+
3 , short
MA) takes the role of the central cation A. As mentioned before, the band gap of
perovskites can be tuned. This tuning is done for example by exchanging iodine for
other halides like chlorine or bromine [34, 35]. Examples for the cation A are cesium
or formamidinium (HC(NH2 )+
2 , short FA) [36, 37, 35]. The most efficient PSC today
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consist of a mixture of the above mentioned cations and halides [35, 38].
A peculiar property of perovskites is their ionic conductivity. Each constituent A,B,X
was found to be mobile through migration of crystal defects, with activation energies
below 1eV [31, 39, 22, 23]. The dominant migrating species is the halide whose mobility is increased by the formation of halide vacancies [31, 39]. In the presence of
voltages across the material, as is the case in working PV devices, the migrating ions
can travel along the electric field and accumulate at the electrodes. For instance in
PSCs it was found that halide ions move to one electrode, leaving behind positively
charged vacancies at the other electrode (or more specifically forming space seperated
Frenkel defects) [40, 1]. The accumulation of these ionic charges has been proposed as
the cause of hysteresis in PSCs. The hysteresis in J-V curves will be further explained
in the next chapter as it will be one focus of this thesis.

3.2. Hysteresis in Perovskite Solar Cells
To estimate the efficiency of solar cells one performs J-V curves, that is sweeping
through a range of voltages while recording the current output from the cell. Under
illumination one can read the power the cell can produce by multiplying the current
density with the voltage times the area that outputs this current. The efficiency of
the cell can then be calculated by dividing the maximum obtained power Pmax by the
irradiance power Pirr :
Pmax
Umax · Jmax
η=
=
· Airr
(3.1)
Pirr
Pirr

PSC with Hysteresis
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Figure 3.3: J-V curve showing hysteresis in a planar
gold/spiro/triple-cationperovskite/SnO2 /FTO PSC
device. Additionally the power
is plotted together with the
maximum power points
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Hysteresis in PV devices means the divergence between a J-V curve swept from low
voltages to high (forward curve) and one swept from high voltages to low (reverse
curve). For PSCs this hysteresis is not only dependent on the specific device structure
but also on the cell’s condition(-ing) right before recording the J-V curve [32, 41]. The
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main implication of hysteresis is that it complicates finding the real efficiency of PSCs:
cells might not be as efficient under real working conditions as lab measurements might
suggest. Hence, one early focus of research was identifying and preventing hysteresis.
A multitude of sources have been proposed for hysteresis, for instance trapping of
electronic charges at the interfaces[42, 43, 44]. There is a consensus though, that ion
migration is the main reason[40]. Models that explain hysteresis based on ion migration have in common that the separation of negative ions and their positive vacancies
due to bias voltages leads to an additional electric field [45, 46]. This field when opposed to the internal field can hinder extraction of electrons and holes, thus impairing
cell operation (see fig.3.4). Contrary, when the field is in line with the internal field,
charge extraction is alleviated.
a)

b)
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e-
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CB
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Ef
VB

VB

h+

h+
p

i

p

n

n
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E-field
Holes

i

negative Ions

Electrons

positive Ions

Figure 3.4.: a) Band structure across a p-i-n junction. Localised electronic charges
generate a built-in electric field. b) Mobile ionic charges move along thee built-in
field and partially shield it. Shown is a symmetric case with no interactions at the
interfaces.
This process is often depicted as being symmetric, that means moving anions leave
behind equally large positively charged vacancies and the resulting ionic field is point
symmetric around the perovskite absorber centre [45, 46, 40]. However, this assumption is not consistent with the fact that changing one of the charge selective contacts
can reduce or even erase hysteresis. For example it has been shown that mesoporous
devices exhibit less hysteresis than planar devices, given the HTL is the same [47].
Planar devices can also be fabricated with minimal hysteresis if the metal oxide ETL
is replaced with a fullerene based one [48, 49]. The assumption here is that in the
hysteresis free cases ion migration is either hindered or reduced. This implies that the
interfaces to the perovskite need to play a role in hysteresis that exceeds simple bulk
ion migration [1]. It is thus necessary to locally understand the interplay of ions with
the perovskite interfaces on scales of nanometre.
One promising candidate for locally investigating charging behaviours is AFM or
rather its surface potential measuring version KPFM, which will be introduced in
the following.
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The Atomic Force Microscope (AFM) is arguably the most notorious of the scanning
probe methods. Developed in 1986 by Binnig et al. [50] it has become one of the standard methods in surface sciences and helped push the limits of research in this field.
Its strengths are the resolution of various surface properties, for example topography,
hardness and potential with micrometre down to atomic resolution (under UHV [51]).

4.1. Basic Principles
As the name hints, an AFM measures forces and can do so with a resolution down to
attonewtons [50]. The base for all AFMs is a cantilever with an (ideally) atomically
sharp tip at its end. This cantilever can be in its simplest form described as a Hooke’s
spring with a corresponding spring constant
−k =

F
∆x

(4.1)

By measuring the deflection ∆x one can calculate the force F acting on the cantilever.
The first AFM setup by Binnig et al. consisted of a scanning tunneling microscope
(STM) which tracked the cantilever deflection by measuring the tunnel current between the STM tip and the cantilever backside.
A B
C D

Figure 4.1: Typical AFM setup. The
cantilever with its tip scans over the
sample. Deflection of the cantilever
results in a changed beam path (depicted transparently) from the laser to
the photodiode

Nowadays a combination of a laser LED and a four quadrant photodiode is used to
measure the deflection. The laser is directed at the backside of the cantilever and the
reflection then captured by the photodiode (see fig.4.1). This setup is calibrated so
that the reflex hits the middle of the photodiode, yielding ideally the same voltage
output U from all four quadrants. Through interaction with the sample surface the
cantilever will bend (depending on the forces acting, see further sec.4.2), causing the
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reflection to shift along the four quadrant photodiode. This shift leads to a voltage
drop in those quadrants which are less illuminated and vice versa a rise in voltage for
those that are illuminated more. These changes thus lead to a voltage difference ∆U
(for simplicity we take the 1-D case). To connect the voltage ∆U to a real deflection
of the cantilever one has to make a calibration to get the so called inverse optical lever
sensitivity (Invols). The Invols (dimension [ m
V ]) translates the measured voltages into
a real deflection according to
∆x = Invols · ∆U
This parameter can be calculated from the thermal motion of the cantilever at its
resonance frequency [52, 53]. Finally the deflection gives us with eq.(4.1) the force
acting on the cantilever.
To get an image of a surface property, like the topography, one scans in a pixel grid
over the surface while keeping a quantity, for example the force, constant. This is
achieved with the help of a feedback loop, which drives piezo actuators to change the
tip-sample distance until a predetermined force acts on the tip. The control output
of the feedback at each pixel point corresponds to the height at these pixels, resulting
in a rasterised image of the region of interest.
This working mode is also called contact mode as the tip stays in constant contact
with the surface while scanning. More sophisticated modes will be discussed in sec.4.3.

4.2. Forces in AFM
The net force acting on the tip is a superposition of several forces, each with their
own distance dependence [54, 55, 56]. To perform AFM and analyse the data it is
thus important to know the contribution of each force constituent depending on the
distance between surface and tip. Here we focus on forces primarily acting in an AFM
setup in air where at least one of the participants, tip or sample, is conductive. We
can distinguish the acting forces between the range where they are the dominant force.

4.2.1. Short Range - Pauli Repulsion
For distances below 1nm tip and sample get so close that the electron wave functions
of the closest atoms overlap. This can lead to attractive forces when the overlap is
energetically favourable similar to chemical bonds. However, increasing the overlap
beyond such a point leads to a repulsive force due to the Pauli repulsion principle. The
electrons as fermions cannot take on the same state and thus resist further approach
through a repulsive force.

4.2.2. Medium Range - Van-der-Waals Forces
Van-der-Waals forces are the forces that atoms and molecules exert onto each other
due to the presence of electric dipoles [57, 58]. They are most significant for distances
O(1 − 10nm) and can be subdivided into three categories:
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• Keesome interactions: These describes forces that molecules with permanent
dipoles (for example water) exert onto each other.
• Debye interactions: A molecule with a permanent dipole induces a dipole in an
otherwise neutral atom/molecule leading to an attractive force.
• London (dispersion) interactions: Fluctuations of the electron cloud around neutral atoms/molecules lead to temporary dipoles which then interact with each
other.
Van-der-Waals forces are mostly attractive due to the alignment of the dipoles. For
larger distances, the time it takes for a photon to travel from dipole to dipole and
mediate the interaction grows larger than the time the temporary induced dipoles
exit. This effect, also called retardation effect, adds to the decay of Van-der-Waals
forces for distances beyond O(1 − 10nm)[54].

4.2.3. Long Range - Electrostatic Forces
Electrostatic forces become significant when there is a potential U between tip and
sample. This is the case when an insulating sample is electrostatically charged. For
conductive materials the above described contact potential difference, which can take
on values in the volt range, becomes important. We can quantify electrostatic forces
by considering the tip-sample system to be a capacitor with distance dependent capacitance. For a capacitor we get the stored electric energy and the resulting electric
force as:
1
2
Eel = C(z)Utot
2
Fel =

1 ∂C(z) 2
Utot
2 ∂z

d
dz

(4.2)
(4.3)

Unlike the previous mentioned forces, electrostatic forces can be exerted by the full
cantilever not only the tip apex atoms, a consequence of the long range of the forces.
Electrostatic forces are important as they are the basis for measuring electrical properties with an AFM with the help of advanced working modes described in the next
chapters (sec.4.3.2).

4.3. Working Modes
The abilities of the AFM quickly progressed after its development. Not only was the
resolution enhanced with refined topographical imaging methods, but new imaging
techniques allowed the measurement of additional observables (e.g. magnetic, electric,
ferroic properties to mention a few). This is a result of the fact that every interaction
that mediates a force can be measured with an AFM. From these techniques, the ones
used in this work are further explained.
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4.3.1. Dynamic Modes
Although force reconstruction is straightforward in contact mode, it had a few drawbacks like fast degradation of the tip while measuring. Most of the advanced AFM
techniques work in dynamic modes. Here the motion of the cantilever is modulated,
usually with a sinusoidal at the cantilever resonance, meaning we have several parameters (amplitude,frequency,phase) we can infer tip sample interactions from.
Since the cantilever resembles a springs, it can also be excited to oscillate. Mathematically this can be described by a driven harmonic oscillator:
k
mω0
ż + Fts (z) + Fext (t)
z̈ = −kz −
2
Q
ω0

(4.4)

with Q being the quality factor of a damped oscillation, m the spring mass, ω0 the
cantilever resonance frequency, Fts the tip-sample forces and Fext the external driving force. For an oscillator, information about interactions is saved in parameters like
amplitude, frequency and phase of the oscillation. The dynamic modes aim to demodulate the interactions by looking at one of these parameters and are commonly labeled
by the parameter in focus plus ’modulation’ [59, 60, 61]. In amplitude modulation
(AM) a feedback drives the tip-sample distance to keep the oscillation amplitude to a
set point. In frequency modulation (FM) the same applies for a feedback that keeps
the resonance frequency constant. The theoretical background for both methods has
been summarised by Garcı́a, Pérez and Giessibl [62, 63], so only key results will be
mentioned.
Far from the surface the can be described as a damped harmonic oscillator and tipsample forces can be put to zero Fts = 0. If we consider a sinusoidal excitation
Fext (t) = F0 cos(ωt + φ) the solution of eq. (4.4) can be calculated as a superposition
of an exponentially decaying and a steady solution. After a settling time the steady
solution will dominate with the driving frequency ω dependent amplitude
F0 /m
Af ree (ω) = q
2
0 2
(ω0 − ω 2 )2 + ( ωω
Q )

(4.5)

and the cantilever will oscillate with a phase offset φ with respect to the driving force
according to:
ωω0 /Q
tan(φ) = 2
(4.6)
ω0 − ω 2
A high signal-to-noise ratio is thus achieved by maximising the amplitude by setting
the drive frequency equal to the cantilever resonance ω = ω0 . When we now include
tip-sample forces we can write the total acting force and the resulting effective spring
constant as:


d
dFts
F = F0 +
(z − z0 )
(4.7)
dz z0
dz


dFts
kef f = k −
(4.8)
dz z0
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With the effective spring constant we obtain a new effective resonance frequency in
the presence of tip-sample forces:
s

dFts
/m
(4.9)
k−
ωef f =
dz
Tip-sample forces thus induce a resonance frequency shift that is dependent on their
gradient. The changed effective resonance also leads to a new resonance curve when
we substitute ω0 for ωef f in eqs. (4.5) and (4.6) (see fig.4.2)
A

ω'0,a

ω0
ω'0,r

Figure 4.2: Shift of the resonance
and phase curves in the presence
of forces Fts . Orange stands for a
mean attractive interaction, blue
for a repulsive one. The horizontal bars indicate the shift in phase
and amplitude when continuing
to drive with ω0

ω

φ

From this approximation we can qualitatively see that tip-sample interactions attenuate the amplitude when we continue to drive at ω0 .
AM modes control the amplitude commonly with a lock-in amplifier (see fig.4.3), a
device that acts as a narrow bandpass detector. By setting its reference frequency to
the drive frequency ω, changes in the oscillation amplitude can be measured with a
high signal-to-noise ratio. The amplitude can then be used as the control parameter
for the height feedback.
Since AM AFM is used as the only topographical method in this work the reader is
referred to reviews by Giessibl and Garcia on details about FM AFM [63, 62].

4.3.2. EFM and KPFM
A particularly important role can be attributed to measuring electrostatic forces with
an AFM. These can be for example a result of differences in surface potentials between
tip and sample, local charge distributions or plain biases applied to the tip/sample.
Hence two methods have evolved to also be able to characterise electrical properties
of samples, the electrostatic force microscopy (EFM) and from it further developed
the Kelvin probe force microscopy (KPFM).
Both methods have in common that they work in dynamic modes and that the tipsample system is regarded as a capacitor. We thus can use eq.(4.3):
Fel =

1 ∂C 2
U
2 ∂z tot
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Figure 4.3.: A basic setup of amplitude modulation AFM
Here Utot is the total voltage between tip and sample and is the sum of applied dc and
ac biases Udc and Uac as well as the voltages that are pre-existent in the tip-sample
system Usys :
Utot = Udc − Usys + Uac sin(ωac )
To be able to apply these biases, tip and samples have to be sufficiently conductive
and in contact, or at least share a ground. For this purpose tips with conductive
coatings are typically used. On the sample side this means that EFM/KPFM can
only give qualitative not quantitative results for insulators.
The most significant of the system inherent voltages Usys is the contact potential
difference UCP D described in sec 2.3. Besides the CPD, system voltages can result from
unshielded charges. They can play a big role when for example mobile ionic charges
are present in the sample that accumulate to generate strongly charged regions. For
simplicity we now restrict the system inherent voltages to the CPD (Usys = UCP D ).
This is the case for uncharged samples. In ch.8 we will see samples where these
unshielded charges play an important role.
Inserting Utot now in the equation for the force (4.3) one yields the central equations
for all EFM and KPFM methods:
1 ∂C 
1 2
Fdc =
(Udc − UCP D )2 + Uac
(4.10)
2 ∂z
2

∂C
Fωac =
Uac Udc − UCP D sin(ωac )
(4.11)
∂z
Uac ∂C
F2ωac = −
cos(2ωac )2
(4.12)
4 ∂z
It can be seen from eq. (4.11) that information on the CPD lies in the force term
at ωac in form of the amplitude of the sinusoidal. Thus by exciting the cantilever
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electrically and recording the cantilever oscillation one can measure the CPD. EFM
methods focus on quantifying the amplitude of Fωac , whereas in KPFM one tries to
minimise the amplitude of Fωac by putting the dc bias Udc = UCP D .
An advantage of EFM is that no additional feedback loop is needed to compensate
the CPD, like it is needed in KPFM. As a drawback, the force term at ωac will be
superposed to the topography image resulting in crosstalk between the real topography
and electrostatics. To circumvent this obstacle, often EFM measurements consist of
two runs. In the first run the topography is imaged with the tip close to the sample.
In a second run the tip is lifted slightly above the surface, where near range forces like
Van-der-Waals forces can be neglected, to only map electrostatic forces. A downside
is that the larger distance leads to an averaging of electrostatic forces below the tip
and with it a loss in lateral resolution.
The main advantages of KPFM are the simultaneous imaging of topography and CPD
and that it is more quantitative than EFM. The latter is because it obtains directly
values for UCP D while minimising Fωac . EFM is only in so far quantitative in that it
gives a value for the amplitude of Fωac that is proportional to ∂C
∂z . The gradient of the
capacitance on the other hand is hard to quantify as it depends on several variables
like distance, materials as well as tip shape. It is known that the tip shape can change
whilst measuring due to abrasion or dirt that is picked up and with that changing
the tip-sample capacitance dramatically. Thus KPFM has become the predominantly
used method.
The importance of KPFM for this work is that it is able to map local potential changes
in a solar cell. Especially the change in the photo voltage (for term see section 2.3) is
focused on, as it gives insight on charge carrier dynamics inside the PSC.

4.3.3. Amplitude vs. Frequency Modulation KPFM
Similar to the topographical dynamic modes in sec. 4.3.1 there exist several variations
of KPFM each with their own dis-/advantages which in the past have been elucidated
[64, 65, 66] and the variety is still an ongoing topic of research. Thus for best results
it is worth evaluating the most suitable method.

AM KPFM
The above in sec. 4.3.2 described form of KPFM applies the method of amplitude
modulation. According to eq. (4.11), information on the CPD is encoded in the
cantilever oscillation at frequency ωac . A lock-in amplifier measures the amplitude
of the oscillation at ωac and sends the output value to a feedback that aims to set
the amplitude to zero. The feedback does so by applying an additional dc voltage
Udc = UCP D to the sample. Thus, the feedback output is the current CPD value
which, collected over an area, gives a map of the CPD. A circuit diagram is illustrated
in fig. 4.4. Here a Kelvin controller does the job of applying the ac bias as well as
serving as the feedback.
By setting ωac = ω1 to the cantilevers second eigenmode, the KPFM setup can measure
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the topography simultaneously at the first eigenmode and still achieve signal-to-noise
ratio enhancement by measuring at resonance.
It has been reported that AM KPFM modes can operate with lower biases Uac than
comparable FM modes [67, 66]. This is an advantage for materials that are sensitive
to higher voltages.
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Figure 4.4.: KPFM setup. The inner green path illustrates the signal path for AM
KPFM, the orange one is for FM KPFM. All other lines are shared by both methods

FM KPFM
Another way to measure the CPD with KPFM was proposed by applying the technique of frequency modulation [68]. In this model the mechanical oscillation ωm of
the cantilever is seen as the carrier signal which is then modulated by an electrical
excitation of the cantilever ωac . The modulation is a consequence of the resonance
frequency change of the cantilever when it is disturbed by a tip-sample interaction:
r 

1
∂Fts 
1 ∂Fts 
ω̃0 =
k−
≈ ω0 1 −
(4.13)
m
∂z
2k ∂z
By applying an electrical ac bias the electrical force contribution eq. (4.3) will fluctuate
periodically. This gives rise to the modulated cantilever oscillation


1 ∂Fel (ωE , t)
z(t) = Am cos(θi (t)) = Am cos ω0 t −
+φ
2k
∂z

(4.14)

Where θi (t) is the instantaneous phase argument, φ a phase offset, ωm the frequency
with which the cantilever is actually driven and Am the resulting oscillation amplitude.
The oscillation z(t) can then be expanded via a Fourier series where it is obvious to
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Arb.

see that the modulated signal will consist of the carrier frequency ωm together with
infinite pairwise sidebands ω±n = ωm ± nωac . Practically only the first few order
sidebands are considered. It can be shown [65] that the contribution of the first order
ωm

ωm-ac
ωm-2ac
ωm-3ac

Figure 4.5: Rough scetch of the
sidebands in FM KPFM. The pairwise infinite sidebands get smaller
the further away from the carrier
they are. Sidebands below the
third order can be disregarded as
they do not significantly contribute
to the signal.

ωm+ac
ωm+2ac
ωm+3ac

ω

sideband has the form:
Fωm ±ωa c = −Am C 00 (Udc − UCP D )Uac ·
h

i
sin (ωac − ωm )t + sin (ωac + ωm )t

(4.15)

Similar to eq. (4.11) we can set this equation to zero by setting Udc = UCP D . In
principle FM KPFM can be realised with an AM KPFM setup that tracks the frequency at one of the sidebands. A caveat however is that the sidebands also depend
on the mechanical oscillation frequency ωm , which can due to fluctuations change the
position of the sidebands. To not loose sensitivity, FM setups need to rectify these
fluctuations with an additional PLL that tracks the instantaneous frequency ωm .
Besides this higher complexity, FM KPFM was shown to be the preferable mode for
achieving high lateral potential resolution [64, 65]. The reason is that eq.(4.15) depends on the second derivative of the capacitance instead of the first as is the case
for AM KPFM. FM KPFM is thus more sensitive for the smallest distances as can be
seen when looking at the capacitance-distance proportionality of a model plate-plate
capacitor:
1
∂C
1
∂2C
1
C∼
⇐⇒
∼ 2 ⇐⇒
∼ 3
(4.16)
2
d
∂z
d
∂z
d
Furthermore, Garrett et al. have found a way to enhance the resolution [69] even
with lower ac biases for FM KPFM. Their idea was to switch the roles of carrier and
signal formally, meaning that the electrical excitation oscillation is the carrier which
is modulated by the mechanical excitation. Technically one excites the cantilever
electrically at ωac = ω1 −ω0 and mechanically at ω0 , where ωn is the n-order eigenmode.
The result is that the sideband for FM KPFM will be at the second eigenmode ω1
where a comparably low ac voltage is needed due to resonance enhancement. The
method is called heterodyne FM KPFM. The main improvement of this technique
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was however the enhanced temporal resolution for KPFM by allowing to measure
with cantilevers of higher resonance frequencies [69]. This will be further elucidated
in the next chapter where we highlight the factors determining the temporal resolution
of AFMs.
All KPFM measurements in this thesis are performed with heterodyne FM KPFM.

4.4. Temporal Resolution with AFM/KPFM
In an AFM the signal chain from cantilever motion to a final measurement involves
multiple intermediate steps of processing. In this chapter we elucidate the key steps in
this process and highlight the bottlenecks where temporal resolution is lost and give
an estimate for the final resolution.
In principle for an AFM, the shortest measurable time is the reaction time of an
oscillator to a perturbation. For an AM setup this is determined by the speed of
amplitude changes a damped oscillator can make. In FM it is on the order of an
oscillation cycle to measure frequency shifts. This gives us a time constant after
which an interaction can be inferred from the oscillation:
(AM) τ =

Q
πf

,

(FM) τ =

1
f

This shows that cantilevers with higher resonance frequencies allow for the measurement of faster processes. State of the art cantilever can have resonance frequencies in
the 100kHz range with second eigenmodes in the MHz range (higher eigenmodes are
in principle also measurable but yield too low SNR). The minimal temporal resolution
with an AFM is thus limited to 0.1-1µs.
O(1µs)

O(1ns)

A B
C D

O(10µs)

O(100µs)

Lock-In
Amplifier

Feedback

Time
resolution
System Level

Figure 4.6.: Flowchart of temporal resolution in closed loop AFM setups. The scale
indicates where bottlenecks are where temporal resolution is lost
Next, the cantilever oscillation is tracked by the position sensitive photo diode. Typical high speed semiconductor photo diodes on the market have response times of 1 ns
second and below. This means that we can assume no temporal information is lost.
For all dynamic closed loop methods (where the feedback acts on the signal it gets
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as an input) we need additional lock-in amplifiers. Their minimal measurable time is
limited to their bandwidth. For modern LIA the upper limit bandwidth is in the MHz
range suggesting a temporal resolution similar to the minimal temporal resolution.
LIA work however most effective when their bandwidth is close to the signal bandwidth. Increasing the LIA bandwidth leads to additional intake of noise rendering
higher bandwidths unpractical. Under real conditions, there is always noise present,
which results in temporal resolutions of ≥ 1µs at this point.
The last step in the signal chains are the feedbacks. To measure short changes high
gains must be set, which in turn leads to unstable signal tracking. These Instabilities
manifest themselves in additional noise. Hence we again have to make a trade off
between temporal resolution and high SNR and due to the additional noise we can
expect a decrease of the temporal resolution.
The limiting factors for closed loop AFM setups are thus the LIA and the feedback
and temporal resolutions are between milli- and microseconds. Avoiding these two
components and directly measuring the cantilever motion would decrease this resolution and several ansatzes exist for that. Collins et al. proposed such a method, where
they digitise the signal from the photo diode and through post processing reconstruct
the CPD computationally [70, 71]. This completely avoids the need for a LIA and a
feedback loop. The temporal resolution is then only restricted by the cantilever and
the photo diode.
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5.1. Cross Section Preparation
Due to their manufacturing procedure the investigated solar cells both have the same
layout where the individual layers are deposited on a glass base substrate. Thus the
top layer is the opaque cathode (usually gold). This makes it difficult to get a look
inside the solar cell with an AFM as the top cathode is the only layer which can be
directly accessed by the AFM tip. To circumvent this problem Bergmann et al. have
developed a procedure where the cell is broken along the electrode and then irradiated
with a focused beam of high energy gallium ions (short focused ion beam or FIB) [5]
(see fig.5.1). With this technique they get nanometre flat cross sections of the cell.

FIB
Pt Au Perovskite
SnO2
Spiro
FTO

Glass

Figure 5.1:
Cross
section
preparation of a planar PSC
with the focused ion beam
method.
A 2µm thick Pt
layer is deposited on top of
the cell as a protection layer.
The focused ion beam then
polishes a flat surface into the
cross section via sputtering.

Although yielding reproducible and qualitative results, this FIB method has a few
drawbacks. For once milling times grow disproportional if one wants to investigate
larger areas, with milling processes taking more than a few days to produce a cross
section of 50 × 6 µm2 . This represents only a small excerpt of an otherwise macroscopic cell and poses a statistical limitation.
Additionally, the role of the gallium ions used in the ion beam is unclear. The Ga+
ions are speculated to alter the crystal structure [72], such as incorporating defects
and doping parts of the cell. As is known, doping a semiconductor leads to different
properties, like a modified band structure, as compared to an intrinsic semiconductor.
Bergmann et al. argued against that and showed no apparent signs of Ga contamination in the produced PSC cross sections [5] leaving yet room for further investigations.
In this thesis we introduce an advanced version for the preparation of solar cell cross
sections. Here we use a Hitachi IM4000 ion milling system (short Hitachi). This
device allows milling of larger areas within hours, thus decreasing the time it takes
to prepare a cross section. The second mentionable improvement comes from the fact
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that argon ions are used for milling. Argon is a noble gas and thus less reactive than
gallium. We can thereby assume argon ions have a lesser impact on the cells regarding
incorporation of ions into the materials.
For the cross section preparation we break the solar cell along one of its electrodes
similar to the method by Bergmann et al. The polishing step is then performed with
the Hitachi device. This device is specifically suited for milling cross sections of samples and has a sample holder for this purpose which includes a Ti mask to protect the
sample from unwanted ion bombardment. The ions for the sputtering process come
from an argon beam of 2-4mm diameter. A scheme is shown in fig.5.2 and an image
of the cross section holder is shown in fig.B.1

Ar Beam

Sample

Ion Gun
Sample
Holder

Ti Mask

Figure 5.2:
Scheme
of the Hitachi cross
section milling setup.
The broken edge is
milled away until it
is flush with the Ti
mask

To begin a milling process the mask and sample have to be aligned. For this, the
sample is set to protrude a little bit above the mask (around 50-100µm) to expose a
defined region to the argon ion beam (see fig.5.2). This protruding bit is milled away
by the beam. The mask is a Ti plate piece with highly polished flat edges. Besides
protecting the covered part of the sample from irradiation, the sharp edges of the
mask yield highly flat cross sections by throwing a sharp defined shadow. In some
instances (later described in sec.7) an additional thin glass slide of 100µm thickness
is put between mask and sample. The reason is to decrease heating of samples by the
argon ion beam.
Other parameters to optimise are the acceleration voltage for the argon ions which are
ejected from an argon plasma. Typical values are 2 - 3kV. Additionally, the sample
can be tilted while milling to give more ideal angles for higher sputtering yields, as
well as avoid unevenly irradiating the cross section.

5.2. AFM and KPFM
All AFM measurements were performed with an Asylum MFP 3D AFM. Cantilevers
used were Bruker SCM-PIT-V2 which have a n-doped (antimony) Si base that is
coated with an PtIr alloy to allow for electrical measurements. The nominal first
eigenmode of these cantilevers is at 75kHz. Test wise a stiffer Budget Sensors ElectriTap 300-G with first eigenmode at 300kHz was also used.
For KPFM measurements a Zurich instruments HF2 lock-in amplifier was used (short
Zurich). It includes a PLL and a PID feedback. Heterodyne FM KPFM is imple-
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mented by combining the MFP 3D controller with the Zurich. For this, the MFP 3D
sends two signals to the Zurich: the deflection of the cantilever and the drive signal
with which the cantilever is excited. The drive signal is used as a reference to generate the ac bias for KPFM at ω1 − ω0 . The deflection signal is sent to the PLL which
constantly tracks the momentary resonance frequency ω̃0 of the cantilever. To get the
amplitude of the oscillation according to eq.4.15 the Zurich LIA gets the deflection
of the cantilever as input and is referenced to the frequency ω1 − ω̃0 . To nullify this
amplitude the Zurich PID feedback sends the dc bias for eq.(4.15) to the MFP 3D
which applies it to the cantilever.
To avoid degradation of samples during AFM measurements, the AFM setup is placed
in a sealed glove box, which is flushed with dry nitrogen.

5.3. Time-Resolved KPFM
In this thesis we use the time resolved KPFM method developed by Weber et al. [1].
Here the area of interest is mapped via a grid of pixels. At each pixel the cantilever
approaches the sample surface and dwells there for a set time. During this dwell,
experiments can be conducted like applying. A scheme is shown in fig.5.3. Collecting
the data from all dwells gives a map of the processes taking place across the pixelated
area of interest. The data acquisition for these maps is performed through one of the
Zurich inputs. The Zurich has a sampling rate of 1MHz which is higher than the 2kHz
from the MFP 3D controller previously used. Thus, by using the Zurich for the data
aquisition we have access to the full temporal resolution which we estimate in sec.6.

CPD
t
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Figure 5.3: Scheme for a
time-resolved KPFM measurement. The cantilever
scans the surface in a
pixel grid and dwells above
the surface at each pixel.
The graph shows the CPD
measured and the reaction
to an applied during the
dwell. Image taken from
[1] and modified.

6. Time Resolution of trKPFM
As mentioned in sec.4.4 the temporal resolution of KPFM depends, apart from noise,
on the LIA and the feedback that calculates and applies Udc . The aim of this chapter is to evaluate the temporal resolution of the KPFM system used in this work.
Key role play the Zurich instruments lock-in amplifier and PID feedback (short PID)
used, whose limits were explored. For this we measured KPFM on conductive highly
oriented pyrolitic graphite (HOPG) and applied square wave signals Usq,f of different
frequencies to it. Ideally the KPFM signal follows the square wave (with a system
dependent potential offset). Due to the temporal resolution we can expect that there
will be a rise time after which the KPFM output matches the discrete steps of the
square wave. This rise time is the fastest possible reaction the KPFM setup makes
and thus corresponds to the temporal resolution.
To start, we looked at the error signal Uerr of the turned off PID. This signal is
the output of the LIA that tracks the cantilever oscillation at ω1 ± ω0 and thus is
proportional to the uncompensated amplitude of the force according to eq.(4.15):
Uerr ∼ (Udc − UCP D )

(6.1)

Since it is also dependent on external applied biases, it responds to the square wave
Usq,f we apply. By looking how fast this response is, we can estimate the temporal
resolution of our LIA. The measurements were performed with a Keysight oscilloscope
and example measurements are shown in fig.6.1. For the LIA measurements we used
a f =100Hz square wave which switches from low 0V to high 1V.

Figure 6.1.: KPFM error signal(blue) which responds to a square wave(green) analysed
with an oscilloscope. Compared were LIA bandwidths from 1kHz to 50kHZ. The
maximum and minimum explored bandwidths are shown.
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As expected, the error signal changes in time with the square wave with a delayed
exponential like slope. We thus use an exponential model to fit to the data according
to:
(t − t0 )
)+c
Uerr (t − t0 ) = N · exp(−
τ
This gives a time constant τ with which we can estimate the temporal resolution.
We fit this model to each half period, meaning t0 will be shifting together with the
amplitude N that alternates its sign. An example of such a fit is shown in fig.6.2.

Error signal @ 5kHz BW
fit
Square bias
Error signal

1.50

Error signal / [V]

1.25
1.00
0.75
0.50
0.25
0.00
0.002

0.000

0.002

Time / [s]

0.004

Figure 6.2:
Uncompensated error signal
for a LIA bandwidth
of 5kHz and an exponential fit to it.
Zero seconds mark
the change from low
to high voltage bias of
the square wave

0.006

To get a statistically more significant value we average over at least ten half periods.
The results for τ together with the noise level are shown in fig.6.3 and table B.1. The
noise level is calculated as the standard deviation from the data at the flat tails of the
exponential curves.
As the bandwidth increases, the time constant of the exponential response decreases
while noise simultaneously grows. This is in line with the notion that higher bandwidths let faster responses pass. At the same time, a higher bandwidth accepts a wider
frequency range of noise leading to an overall increased noise level. A saturation for
the measured time constants can be seen and there is almost no change from 20kHz
to 50 kHz. Thus, we measure a minimal temporal resolution from the LIA output
of ≈310µs. Striking is that the time constants are not inversely proportional to the
1
bandwidth as one could expect from τ ∼ BW
. For such a relation the time constant
should be on the order of O(10µs) for bandwidth O(10kHz).
The error for the time constants was calculated from the standard deviation of all fits
and is with ≈20% high. This is a consequence of the single responses deviating from
each other and the error we get from the single fits is an order smaller (O(1µs)). The
error thus represents the heterogeneity of the error signal which gives an uncertainty
to a single measured time constant.
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Time resolution vs Bandwidth
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Figure 6.3.: Rise times (left) and noise level (right) of the error signal plotted against
the LIA bandwidth. The rise time goes into saturation while the noise increases with
higher bandwidths.
Next we turned on the PID and measured its control output. This is the KPFM
signal corresponding to the system inherent voltage Usys which is a combination of
the CPD and the applied square wave: Usys (t) = Usq,f (t) + UCP D . An example measurement is shown in fig.6.4.
Figure 6.4: Measurement of the
KPFM response to a square wave
(green). The KPFM signal (yellow)
matches the applied square wave.
The error signal (blue) spikes at
each change of the square wave as
the PID has no time to compensate
Usys , until it falls to zero at the end
of a half period

We see that indeed, the KPFM signal almost matches the square wave signal with the
exception of a delayed response and increased noise. In the same manner as above,
we fitted an exponential to the slopes to calculate time constants for the rise times.
We did this for several frequencies f of the square wave to test the aptitude of three
different PID settings for processes on different time scales. The PID settings were
manually optimised to best reflect the square wave at frequencies 1Hz (slow setting),
100Hz (standard setting) and 1kHz (fast setting). Best means here a compromise
between accurate tracking of the square wave with minimal noise. The LIA bandwidth
was set to 5kHz for the slow and standard PID settings and 15kHz for the fast PID
settings. To calculate the noise level, we took the KPFM signal from a 1Hz square
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wave and calculated the standard deviation for a low and high voltage period from
which we took the average. The results of the fits and the noise levels are shown in
tables 6.1 and B.2. Again, the obtained time constants are an average of at least ten
half periods and the error is the standard deviation.

Time constant τ / [µs]
Noise level / [mV]

slow PID
406 ± 31
12

standard PID
81 ± 17
88

fast PID
35 ± 14
209

Table 6.1.: Mean rise times and noise level of the KPFM signal for different PID
settings
We see a decrease of the time constants τ when optimising PID settings for higher
frequencies f , indicating in fact higher temporal resolutions. Contradictory it seems
that for ’faster’ PID settings the rise times even undercut those of the error signal
above by an order of magnitude (compare tables B.1 and B.2). This would mean that
faster PID settings extract information from the LIA that is not there.
For faster PID settings not only a higher bandwidth was set but also higher P and
I gains. These higher gains cause stronger reactions to shorter error signal changes,
which can lead to overshooting. Indeed it is more probable that the tested two faster
PID settings are dominated by overshoots caused by excessive gains. This is the more
apparent when the uncompensated error signal is compared with the PID output for
the same LIA bandwidth (see fig.6.5). For slow PID settings the PID output almost
overlaps with the error signal. For faster PID settings the PID output jumps ahead
of the error signal with an overshoot after which it returns to the same base level.
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Figure 6.5.: Error signal (blue) compared with two PID settings (orange) at the same
LIA bandwidth of 5kHz. The error signal was normalised to the same base level as
the PID output for better comparison.
The exaggerated response of the faster PID settings to the voltage steps thus falsely
suggest temporal resolutions below 100µs. The noise level increases for faster settings
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for the same reason: the PID reacts abrupt to short fluctuations due to noise and thus
amplifies them (see table 6.1). While it can be beneficial to have small overshoots, as
this means a faster response to signals, it is often unwanted because it alters the real
signal and leads to increased noise.
We can conclude that the temporal resolution measured with the slowest PID settings
is the true one. The measured rise time here is on the same order as the ones obtained
from the error signal above and overlap within the error. We can thus see that the
PID retrieves the full information from the error signal, not reducing the temporal
resolution.
To sum up, for closed loop KPFM methods it is necessary to tune the feedback system
to the timescales that are in question. The way one does this is to turn up the bandwidth and PID gains as far as possible until the noise level increases without additional
decrease of the temporal resolution. The minimal temporal resolution we can achieve
with our setup is around ≈ 300µs with a noise level of around 10mV. The limitation
lies in the rise time of the error signal. We can point out that this limitation does
not come from the LIA used, neither from the noise level present. With increasing
LIA bandwidth the rise times of the error signal go into a saturation. A bandwidth of
50kHz would correspond to a minimal measurable rise time of around 20µs instead of
300µs. Thus, further investigation of the possible sources for the observed limitation
is necessary. One source could be capacitive elements in our setup that increase the
rise time according to τ = RC.
With this in mind, we expect to be able to see charge dynamics from slow processes
in the milli- to submilli-range for our PSC experiments.
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In the following, we will characterise and optimise the cross section preparation via the
Hitachi device presented in sec.5.1. We look at three aspects: the quality of produced
cross sections,the impact this method has on samples and how this impact can be
reduced. We then try to compare FIB made cross sections with ones from the Hitachi
device.
To explore the cross section preparation method we use two approaches. In the first
approach, we use the Hitachi as is with only the Ti mask as protection. In a second
approach we add a thin glass slide between mask and sample.

Argon
ions

Mask
Glass slide
Sample

tf

t1

t0

time

Figure 7.1: Progress of milling. Initially only the edge is significantly
milled at t0 . After a time t1 a
slope appears and the bulk is milled
away. Finally at tf the mask blocks
further the milling. The glass slide
protects the sample from perpendicularly incident ions

The reason is to have an additional ”custom” mask that continuously exposes more
of the sample while it is being milled away itself. Since the milling advances from the
sample edge onto the mask edge (see fig.7.1) a major portion of the sample is exposed
to the perpendicularly incident beam for a prolonged time. This kind of sputtering
is not efficient and leads to increased heating of the sample. The glass slide takes up
this heat and spreads it more evenly avoiding local overheating.
A top view of a finished cross section is shown in fig.7.2. Visible is the imprint the
beam profile left on the sample in the shape of a Gaussian function. In between the Ti
mask and the sample, the glass slide used in this case can be seen. From its thickness
of 100µm, the cross section width can be estimated to be around a millimetre wide.
We thus see the advantage of getting large cross section areas within hours.

7.1. Thermal Impact of Milling
As described in sec.2.4, a side effect of sputtering is the thermalisation of a majority
of the ions energy. Indeed, compared to the nA ion currents used in FIB milling the
Hitachi shoots with ion currents of µA which could lead to previously not seen heat
intake leading to melting. We therefore investigated the thermal impact the milling
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Glass
Slide

Figure 7.2: Result of a milling process
as viewed from the top. To the left is
the mask which also suffered wear. A
glass protection plate is visible as a thin
layer inbetween mask and sample. The
orange highlighted area is flat and suitable for AFM measurements

Ti Mask

Sample

process has on samples by milling a polyethylene glycol (PEG 8400) sample. PEG
8400 has a melting point of 52◦ C. The PEG film was deposited from a water solution
through spin coating and the resulting thin film is heterogeneous with a bubbly structure. Assuming that when heated above its melting temperature the PEG film will
change its form towards a more homogeneous equilibrium, we can estimate a bound
for the heating during milling. We therefore took images with a scanning electron microscope (SEM) of the sample before and after milling for comparison (see fig.B.2).

Figure 7.3: The lower half exposed
to the ion beam is separated by a
sharp line. Red marked is a bubble where half of it was exposed
and the other protected. The original SEM image was edited (software GIMP) so that the lower half
shows clearer contrast.

In a first run we only used the Ti mask as protection for milling. After milling, the
exposed area has been sputtered away and shows only traces of the previous PEG
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film. On a close look we can identify bubbles that were partially protected by the
mask (see fig.7.3). Beside a smoothening through the milling process there are no
evident signs that PEG melted and the film structure stayed the same.
We do however see signs of melting when we include the glass slide while milling. To
compare both we milled a PEG sample where we covered half of the sample with a
glass slide while milling. The milling time was short enough to not pierce through
the glass slide. The results are shown in fig.7.4. We can see that the uncovered left
side shows similar features as above: the majority of the film structure is milled away
and far from the beam centre (indicated by the purple dashed circle) milling progress
is slower. The right half shows no signs of abrasion as it was covered during milling.
However, inside the beam centre (purple dashed circle) we see a structural change of
the film which extends a bit into the area that was covered by the Ti mask.

Figure 7.4.: PEG film after milling where the right side was covered with a glass slide.
The PEG film is dark with brighter holes in it. The purple shade indicates the beam
profile and the dashed circle shows the diameter of the ion gun exit. The region that
shows signs of melting is highlighted with an orange dashed ellipses. The black dashed
line shows where the mask was. The original image and the sample before milling are
shown in B.3 and B.4
We assume the reason is that, indeed, we have excessive energy transfer to the glass
slide which leads to heating. The glass slide then conducts this heat to the sample
which is heated above the melting point of the PEG. This is especially true near the
beam centre and we see less to no change outside of the ion gun diameter (purple
dashed circle) as the beam intensity decreases here rapidly.
In the following we will make an estimation of the temperature thin films covered
by the glass slide reach after a while of milling. We assume that after a while we have
an equilibrium state where heating power dQ
dt provided by the argon ions is conducted
through the glass slide and sample into the sample holder. The sample holder represents a thermal reservoir of constant temperature T0 (set to be room temperature

38

7. Milling of samples
T0 = 23◦ C). When we assume the total power of the beam is concentrated inside
the ion gun diameter (purple dashed circle), the PEG region that melted takes up a
quarter. When we further assume the material through which the heat is conducted
is homogeneous glass we can use the stationary heat equation
dT (x)
dQ
= −λA
dt
dx
x dQ
T (x) = −
+c
λA dt

dt

(7.1)
(7.2)

to estimate the temperature at the position x. In this case λ is the thermal conductivW
), A a quarter of the area of the circle with diameter 1mm and
ity of glass (λ = 0.8 Km
c a constant given by the initial conditions we need to set when we integrate eq.(7.1).
We can estimate the heating power to be the acceleration voltage of the argon ions
times the ion current divided by four: dQ
dt = U · I = 3kV · 60µA/4. With the glass
slide and glass substrate thicknesses of 0.1mm and 1mm (∆x = 1.1mm) we get for c
c = T (∆x) +

x dQ
= 101.8◦ C
λA dt

(7.3)

Putting everything into eq.(7.2) we get the temperature at the position of the PEG
film as a rough approximation to be T (x = 0.1mm) = 94.6◦ C. This is indeed higher
than the melting point of PEG (52◦ C) and explains the sings of melting we see in
the beam centre. The thin film nature of the PEG film might lead to the PEG being
milled away before the sample heats up to its melting point, hence showing no signs
of melting at the unprotected side.
For the above approximation to hold it has to be guaranteed that the glass slide and
the sample are in firm contact, meaning there are no gaps between the two. Keeping
the Ti mask, glass slide and the sample in firm contact has an additional advantage:
The heat introduced to the sample can better be conducted to the cross section holder.
What we can conclude from these experiments is that the sample can heat up in
the beam centre up to ≈ 100◦ C. This is still lower than the manufacturing temperatures of PSCs, meaning it is unlikely that our PSCs will take damage from overheating.
As an optimal procedure for milling we propose a method where we adjust the sample
with an offset to the beam centre. In that way the sample is positioned at the low
intensity region of the beam profile and we can mill with lower effective beam currents
while maintaining the same ion energies. The energy flux through the sample is thus
reduced and heat build up is reduced. Furthermore when using the glass slide we
propose adding thermal paste between the mask and the glass slide. In this way we
achieve further ’decoupling’ of the glass slide and the sample. Heat from the glass
slide is then conducted to the cross section holder (through the mask) rather than to
the sample.
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7.2. Comparing Milling Methods
To explore which of the cross section preparation devices gives higher quality cross
sections we tested both and compared results. For this we took two mesoporous PSCs:
For the first we only milled a cross section with the Hitachi. In a second cell we milled
a cross section first with the Hitachi and then on top of that with the FIB. The resulting cross sections of the cells are shown in fig.7.5.
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Figure 7.5.: AFM topography images of milled PSC cross sections. Left a cross section
from the Hitachi, right from the FIB. For better layer contrast see the amplitude
images B.5
Both methods produce surfaces with the same order of roughness. The FIB yields
a smoother cross section with a roughness of ≈16nm compared to the Hitachi with
≈30nm. Both methods also show the layered structure of the cell, more pronounced
in the FIB cross section though. By comparing the topography, amplitude and phase
images obtained with AFM we can identify each layer by their contrasts. Helpful for
this was a pre-estimation from the collaboration group at the EPFL which provided
the cells used in this thesis. As an identifying feature, the bulk and mesoporous perovskite layers show the granular structure from the crystallisation of the perovskite.
On top of the perovskite (left side) are the HTL, which for our cells is Spiro, followed
by the gold electrode. For the FIB method there is also an additional Pt layer deposited on top. Beneath the perovskite are the TiO2 ETL, followed by the fluorine
doped tin oxide (FTO) electrode and the glass base substrate. The identified layers
are marked in fig.7.5 and precise architectures with layer thicknesses are summarised
in sec.A.1.
The ≈20-30nm thick metal oxide ETL is not actually visible. Its position is rather
determined to be at the interface between the mesoporous perovskite and the FTO
electrode. This uncertainty raises the question what the lateral resolution for our AFM
experiments is? The lateral resolution is a result of the convolution of tip and sample
topography. It is thus on the order of the tip apex radius which for the cantilevers we
use is around 25nm. Although each layer can be distinguished distinctively there are
no discrete transition points. The layers rather merge into each other. Additionally,
the interfaces are not perfectly parallel. The error for an interface (position) is thus
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higher, around 50nm.
A striking feature, that is more or less pronounced in all measured PSC cross sections
is an additional layer at the FTO-glass interface. The substrates bought for manufacturing PSCs are typically glass with a transparent electrode on it. The additional
layer we see could be adhesives used to guarantee that the transparent electrode sticks
to the glass.
A difference between the two methods is how well layers can be distinguished. In the
Hitachi made cross sections the layers are often only diffuse distinguishable. Compared
to that, in the FIB cross sections each layer is distinctively recognisable. This can be
explained with the focused nature of the FIB. The FIB sputters away material only
very selectively which gives the prepared cross sections their flat topography. With
the topography being rougher the fine lines at the interfaces are harder to identify.
This is however not to say that good cross sections are not possible with the Hitachi.
A last cross section we made, where the layers can be distinguished equally well is
shown in fig.B.6.
As a conclusion, milling with the Hitachi can be used to quickly get cross sections
that give a good overview of the cell architecture. The cross sections are comparable
in quality to the ones from the FIB. The FIB however produces flatter cross section.
As of now, the FIB method produces high quality cross sections more reliable. The
same can however be achieved with the Hitachi with further optimisation, as can be
seen from fig.B.6.
We yet have not addressed differences in the cross sections that could stem from doping
of the cells. This will be done in sec.8.2.
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In this part of the thesis we will combine the preparatory work from the previous
two chapters to compare different PSCs by preparing cross sections of them and investigating the charge carrier dynamics with time resolved KPFM. We will look at
two architectures: a cell with a mesoporous ETL that shows almost no hysteresis
and a cell with a planar ETL that shows strong hysteresis. First we will describe
the two cell cross sections and their architectures. We then investigate the potential
dynamics in both cells under the influence of an external bias. According to sec. 3.2
hysteresis is predominantly caused by ion migration in the perovskite and its adjacent
layers. We thus expect different behaviours with more pronounced slow dynamics for
the planar cell than the mesoporous cell due to their different hysteresis magnitudes.
Furthermore we will investigate the impact of the milling method on the cross sections.
To make sure the cells were still working and kept their respective hysteretic behaviour throughout the experiments we recorded J-V curves of the PSCs every time
the cells where manipulated (i.e broken in half, milled, after measuring). Besides
small losses and fluctuations in the efficiencies, the J-V curves showed no significant
changes and hysteretic behaviour persisted (see table B.3, fig.B.9 and fig.B.10). For
the mesoporous cell the mean measured efficiencies were 20.1±0.2% for forward curves
and 20.2±0.1% for reverse curves. They show little to no hysteresis within the error
(error taken as the standard deviation of at least 4 curves). The planar cell had mean
efficiencies of 5.7±0.9% for forward curves and 10.2±0.9% for reverse curves. With
this, the planar cell shows a J-V curve hysteresis with ≈50% difference between efficiencies measured in forward and reverse. We indeed reproduce the findings that
mesoporous cells show less hysteresis than planar cells with elsewise similar layers[32].
After breaking the cells we polished them with the Hitachi device according to the
steps in sec.5.1 and sec.7, using the variant with the added glass slide for better distribution of heat. The resulting cross sections are shown in fig.8.1.
We can again identify the single layers from the topography, phase and amplitude
signals. This is however not so easy for the mesoporous cell. Here are signs of a
’double tip’ visible. When a cantilever tip gets damaged or picks up dirt, two apexes
can occur. Both of these apexes then contribute to topography imaging which leads
to a loss in lateral resolution by a duplication of features. However we see a clear layer
contrast in the CPD measured with KPFM (see fig.B.8). Thus, we additionally used
the CPD to identify the layers for the mesoporous cell.
In the course of the past year that lead up to this thesis, continuous improvements
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Figure 8.1.: Cross sections of the two investigated PSC architectures prepared with
the Hitachi (left planar, right mesoporous). The dashed lines separate layers that
were identified according to the colour scheme from fig.3.1. For original images see
appendix B.3
were made not only to the cross section preparation but also to the KPFM settings
used for the time resolved experiments. This means that the measurements on the
mesoporous PSC, which were made close to the end yielded much more significant
results. The measurements of the planar cells in contrast were made at an earlier
stage. Since the KPFM data here shows stronger noise due to PID settings being not
fully optimised, results from this cell can only be discussed qualitatively.
In the next chapters we compare the dynamic responses of both PSCs when a bias
voltage is applied. Additionally, we give a quantitative analysis of the dynamics in
the mesoporous cell. We then compare the results on a qualitative basis with the
dynamics in the planar cell.

8.1. Planar vs Mesoporous PSC
To investigate the mechanisms behind J-V hysteresis, we compared time-resolved
KPFM data of a mesoporous PSC (short meso cell) cross section with a planar
one. These architectures exhibit different degrees of hysteresis[32].
As discussed in sec.2.3, the CPD depends on the work function which in turn depends
on the local Fermi energy. This is evident when we combine eqs.(2.5) and (2.6):
UCP D (x) =

Ef,sample (x) − Ef,tip
e

(8.1)

With KPFM we measure these local differences in the Fermi energies. A schematic
that explains the relation between work functions, Fermi energy alignment and the
local CPD was given by Hermes et al. [73] and is shown in fig.A.4.
The CPD distributions across the cell show the work functions of the layers after the
alignment of the Fermi energies. The static CPD distributions, in the absence
of any disturbances, are shown for both PSC cross sections shown in fig.8.2. The
position of the single layers are visualised by the background colours. We obtained all
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curves by averaging over at least 20 scan lines to reduce noise. There were no severe
differences between the scan lines used for averaging, thus justifying this step.
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Figure 8.2.: Static CPD for both cell architectures. A general downwards trend from
bottom to top electrode is visible. Both architectures show a potential well centred
at the S-P interface.
We can see in both cross sections a similar CPD trend: A downwards slope from
the glass substrate to the top gold electrode with a local minimum near the SpiroPerovskite interface (short S-P interface). In the meso cell the minimum is around
400mV lower with respect to the gold layer, whereas it is around 300mV in the planar cell. A reason for the potential difference at SP-interface for both cells could be
changes in work functions due to surface contaminations or different perovskite doping
levels. A stronger n-doping of the perovskite layer can increase its potential relative
to the electrodes.
To investigate the dynamic behaviour of the PSCs we take a look at the CPD response after applying a voltage pulse to the cells. For this we applied negative bias
pulses of -0.6V and 500ms duration to the bottom FTO electrode while the gold
electrode was grounded. Prior to this bias the cell is in an equilibrium state. Here,
perovskite solar cells are decribed as p-i-n junctions, with an intrinsic perovskite layer
surrounded by charge selective contacts, that together generate a built-in electric field
across the junction. Since perovskite is assumed to be a mixed electronic/ionic conductor due to low formation energies for mobile ions and vacancies, mobile ions would
distribute along the build-in field and screen it (compare fig.3.4). When we apply a
bias we introduce an additional electric field that drives the cell out of its equilibrium.
We expect that there are intermediate potential states that show the redistribution of
mobile ions, when turning the bias on and off.
In the next chapter we will discuss these dynamics quantitatively for the mesoporous
cell. Due to the noise present in the measurements made on the planar cell we will
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compare both cells qualitatively.

8.1.1. Short Circuit Bias On
To better visualise the dynamic processes we subtract the static CPD distribution
from the subsequent potential curves. In this way we get the relative change in potential and can focus on the processes happening inside the cell upon application of
a bias. The relative potentials of the meso cell at different times after turning on the
bias are shown in fig.8.3
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Figure 8.3.: Relative potential across the meso cell at different times after turning on
the bias voltage (at zero seconds). During the first ≈1-2ms the bias builds up at the
FTO (left). During the remaining time of the pulse a new equilibrium develops (right)
Before applying the bias at zero seconds, the relative potential ∆CPD is zero everywhere since we subtracted the static CPD. 2ms after applying the bias we can measure
the full voltage difference of -0.6V between the grounded gold and the FTO electrode.
The resulting potential gradient starts at the centre of the Spiro layer and goes to
the mesoporous layer. However, in the region of the potential gradient we see more
processes taking place. Here we observed an overshoot near the bulk-mesoporous perovskite interface (short P-M interface) to lower voltages. This overshoot relaxes
within 5ms to an equilibrium gradient. After that, a potential step appears at around
50ms in the bulk perovskite near the S-P interface. This step is fully formed within
200ms and persists for the rest of the bias pulse (fig.8.3, right side). The final potential
distribution is asymmetric and the gradient at the P-M interface is around four times
higher than the one at the S-P interface.
The potential step can be interpreted as a shielding of the external applied field
inside the bulk perovskite. The underlying processes can be explained when we assume a model of a mixed electronic/ionic conductor. The bias generates an electric
field across the cell almost instantly. This field is strongest in those layers where the
electric resistance is the highest. These are the perovskite and its surrounding charge
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selective contacts since they are semiconductors. The mobile ions rearrange along this
field until they reach an interface that acts as an obstruction. In this way the inside
of the ionic conductor is partially shielded from the imposed field. Since the external
field builds up faster than the ions can move, it takes 200ms before they can screen
the field. Thus we have an overshoot from a yet uncompensated field.
However, in this model we can not explain the asymmetry in the gradient. We need
further modification of the model concerning the role of the interfaces. It is probable
that the interfaces to the contact layers are no barriers for the ions but are permeable. Weber et al. made propositions explaining this behaviour in planar PSC [1, 73].
They suggested that iodide ions move through Frenkel defects to the S-P interface
due to the applied field. Here they form complexes with the Spiro. These iodide ions
originate from a thin region near the P-M interface. The resulting ion distribution
consists of a thin, positively charged area of iodide vacancies near the P-M interface
and a diffuse, negative space charge of iodide ions that gets stronger towards the S-P
interface, where they are bound to the Spiro. Even though this model was proposed
for a planar cell architecture, it seems to explain our results on a meso cell.
Unclear is however why the positive charges in our meso cell accumulate at the P-M
interface. Assuming that the bulk and mesoporous perovskite are ionic conductors we
would expect the positive charges to form at interface of the mesoporous TiO2 and
the compact TiO2 due to the external field. Thus further experiments are necessary
to elucidate the role of the P-M interface.
Assuming that the mobile negative iodide ions form an electrostatic double layer at
the interfaces we can fit an exponential decay to the relative potential to get the ion
concentration according to:
r
 x−x 
εr ε0 kB T
0
∆CP D = N exp −
+c
,
λd =
(8.2)
λd
2c0 e2
Here λd is the Debye screening length, εr and ε0 the relative and vacuum permittivities, respectively (as an approximation we used εr =60 for perovskite and TiO2 [1, 74]),
kB the Boltzmann constant, T room temperature and c0 the ion concentration in
question. The resulting fits are shown in fig.8.4. For the ion concentrations we get
c0,P = (2.16 ± 0.03) × 1015 cm1 3 in the bulk perovskite near the S-P interface and
c0,P −M = (3.56 ± 0.01) × 1015 cm1 3 at the P-M interface. Weber et al.[1] calculated
values in the same order of magnitude. The differences in the concentrations could be
explained by a complexation of negative iodide with positive Spiro dopants [73]. Since
this only takes place at the S-P interface we have a higher concentration of negative
iodide at the P-M interface.
To compare the both cells we made the same experiment with the planar cell and
the resulting potential dynamics are shown in fig.8.5.
The planar cell shows a similar response as the meso cell: The potential at the FTO
electrode drops to the applied voltage within 1ms and we see an overshoot of the
potential gradient. Here the gradient initially stretches from the gold-spiro interface
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Figure 8.4: Electrostatic double layer
model fitted to the potential at the
end of the 500ms bias pulse, for the
mesoporous cell. Shown is only an
excerpt of the measured cross section
from above.
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Figure 8.5: Relative potential
across the planar cell at different times after turning on
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to the FTO. After around 10ms the potential gradient relaxes to an equilibrium that
persists for the rest of the bias. In this equilibrium state the gradient is mostly localised in the perovskite layer within the error of the lateral interface positions. We do
not observe additional processes like the formation of a potential step. This however
could be attributed to the presence of noise.
Surprisingly, the timescale for the planar cell to reach its equilibrium after bias application is an order of magnitude shorter than for the meso cell. Considering the
magnitude of the hysteresis measured in both devices, this result contradicts our expectations, in which we should observe slower dynamics in the planar cell with its
stronger hysteresis. However, Weber et al. showed in planar cells timescales of several
hundred milliseconds for the potential gradient to relax. A possible explanation for
this discrepancy could be that our planar cell experienced excessive heating from the
Hitachi preparation method changing the cell. The amorphous structure of the planar
cell cross section could show signs of melting (see fig.8.1).
The potential curves found 500ms after turning on the bias represent a new equi-
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librium. When turning off the bias, the cells should from there relax back to their
initial equilibrium. We can expect that the time scales for this relaxation reflect the
processes that led to the new equilibrium in the first place.

8.1.2. Short Circuit Bias Off
Next we turned off the bias voltage and recorded the potential distribution during the
relaxation back to the initial equilibrium. We display the dynamic changes during
this relaxation via the relative potential as done above (results see fig.8.6 and 8.7).
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Figure 8.6.: Relative potential across the meso cell at different times after turning off
the bias voltage (at zero seconds). During the first 2ms the relative potential returns
back to zero at the FTO electrode. A positive potential overshoot appears in the bulk
perovskite near the P-M interface (left). This positive potential overshoot persists for
around 200ms (right).
The potential on the FTO electrode relaxes back to zero within a few milliseconds
but overshoots to positive values in the bulk perovskite near the P-M interface. The
overshoot is around 250mV high at its maximum and persists for ≈200ms.
Assuming localised charges are the reason for the measured slow processes we can use
the Poisson equation to infer charge distributions from the potential for the 1-d case
according to:
∂
∂2
ρ(x) = ε0 εr E(x) = −ε0 εr 2 Φ(x)
(8.3)
∂x
∂x
We calculated such charge distributions after turning the bias on and off and the
results are shown in secA.2. From the curvature of the potential it follows that the
overshoot resembles positive charges that remain after the bias is turned off. These
positive charges are accompanied by negative charges at both sides of the overshoot
peak. As described above, the positive charges could represent iodide vacancies. The
surplus of these vacancies persist for hundreds of milliseconds because their counterparts, the iodide ions, are bound to the Spiro and are only slowly released [1]. This
behaviour was previously observed by Weber et al. on a planar cell architecture, where
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the overshoot persisted for almost 500 ms [1]. Considering the stronger magnitude of
hysteresis measured on the planar device by Weber et al. than the meso cell characterised here, we propose that the faster decay of the overshoot contributes to the
lower hysteresis of the meso cell.
For the planar cell we measure a similarly strong potential overshoot of around 250mV
that appears within 1ms after turning off the bias (see fig.8.7). This overshoot is spread
across the perovskite layer and persists for around 4ms. With the different magnitudes

Planar SC bias off
Figure 8.7: Relative potential
across the planar cell after
turning off the bias. A positive potential overshoot appears after ≈0.5ms that is
spread across the perovskite
layer. After 5ms this overshoot has decayed and no further changes occur.
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of hysteresis detected for the planar and the meso cell, this result is again surprising.
We would expect longer durations of the overshoot, comparable to the 500ms measured by Weber et al [1].
To summarise, we see processes in the mesoporous similar to those reported by Weber
et al. for planar cells [1]. These can be interpreted as mobile iodide ions drifting to
Spiro when a negative bias is applied to the FTO electrode. The iodide ions leave
behind positively charged vacancies at the P-M interface and form charge neutral
complexes at the S-P interface. When turning off the bias the iodide ions are only
slowly released until the cell is in equilibrium again.
The lifetimes for the positive charges we observed in our meso cell are approx. twice
times faster than those measured by Weber et al. in a planar cell. We can link this
to the low degree of hysteresis present in meso cells as compared to higher degrees of
hysteresis in planar cells. The lifetimes of the overshoot in the planar cell measured
here, are unfortunately not reliable due local changes of the cell. These changes could
be induced by excessive heating from the preparation method.
In the above discussion we focused on the potential changes across cell cross sections
and gained insight on charge movements. In the next section we will further utilise
the technique of time-resolved KPFM and look at the temporal details at single points
for the mesoporous cell.
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8.1.3. Detailed Potential Dynamics
The detailed processes happening in the mesoporous cell are more apparent when
looking at the relative potential at a single position (or rather pixel). From sec.6 we
found that the temporal resolution for our setup is around 300µs. Thus it should be
possible to observe processes in the cells on this time scale. To reduce the noise, we
took pixels of the same x-position from at least 20 scan lines of an image and averaged
over them.
We start this discussion with the potential dynamics at the FTO electrode (see fig.8.8).
Since FTO is an electric conductor the potential drops almost instantly to the applied
bias. We can fit an exponential to the potential slopes and calculate rise times. From
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Figure 8.8: Potential dynamics
at the FTO electrode for the
mesoporous cell. Plotted are
exponential fits to the potential slopes after turning the
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the rise time of the potential drop we recognise the temporal resolution of our timeresolved KPFM setup to be around 300µs.
Next we investigate the layers where the ionic rearrangement processes take place.
For the mesoporous cell this is the bulk perovskite layer. Here we first look at a position near the P-M interface where we saw a negative potential overshoot after turning
on the bias. The results are shown in fig.8.9).
We can identify four processes (marked with Roman numerals) that are discernible
after turning on the bias and that are visible across a distance of around 300nm in the
bulk perovskite (compare fig.B.13). First there is a sharp drop due to the applied bias
(I) followed by an equally sharp counter response (II). Next a slow recovery to lower
potentials occurs (III) before the potential finally relaxes over the course of a few
hundreds of milliseconds (IV). Such alternating transitions have not been described
yet to our knowledge.
We suggest that step I and II correspond to a fast capacitive charging followed by
an initially fast rearrangement of ions in the bulk perovskite that shield the external
field. Step III and IV would correspond to delayed ionic responses. These could be a
result of lower ion mobilities in the mesoporous perovskite for example, or a pile up of

50

8. Dynamics of Perovskite Solar Cells

Potential dynamic @ Perovskite
200

CPD / [mV]

100
0
100
200
300
400

0.0

I

IV

II
III
0.2

fit
orig
0.4

0.6

Time/ [s]

0.8

1.0

Figure 8.9: Potential dynamics in the perovskite
layer of the Hitachi milled
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to the slow decay after
turning off the bias

1.2

negative ions in the mesoporous layer at the P-M interface. Latter can be backed up
by higher concentrations of negative ions at the P-M interface compared to the S-P
interface (compare sec.8.1.1 and fig.8.4).
There are less features distinguishable after turning off the bias. We see the positive overshoot described in the section before as a sharp spike followed by a slow
decay. We can model the slow processes via a decay reaction according to:
dN (t)
= λN (t)
dt

(8.4)

The solution of this equation is an exponential with a decay time τ = λ1 . We can thus
approximate the potential changes by a double exponential. This should represent a
fast capacitative charging combined with a slow ionic rearrangement. We thus fit the
following model to the potential curves:
 (t − t ) 
 (t − t ) 
0
0
∆CPD(t − t0 ) = A · exp −
+ B · exp
+c
(8.5)
τ1
τ2
The results for the time constants τi are shown in tables B.4 and B.5. We calculated
the decay time for the neutralisation of the positive charges after turning the bias off
to be ≈160ms. Weber et al. calculated faster decay times of around 125ms. However
they used a single exponential fit which could have lead to faster decay times by
combining the fast capacitive with the slow ionic component.

8.2. Milling Impact on Cells
In this section we continue the comparison of our meso cell cross sections prepared
via the FIB method or the novel Hitachi method. While we only compared the topographical quality of the cross sections in sec.7, we now look at the CPD distributions
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across the cell with KPFM. For this we take the mesoporous cell from sec.7 where we
prepared a FIB cross section and a Hitachi one on the same cell.
The penetration depth of sputtering ions is on the order of few nanometre for the
energies we use [75]. Since we mill a few micrometres into the Hitachi cross section
with the FIB, we can expect no influence of the previous milling steps.
The cross sections in question are summarised in fig.8.10.
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Figure 8.10.: Two cross sections of the same cell. The left one was prepared with the
Hitachi the right one with the FIB
We discuss the same routine as in sec.8.1: we first compare the static CPD distributions (see fig.8.11) and then plot the relative potential change during the bias pulsing.
As a CPD reference we can take the gold layers and the platinum layer for the FIB
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Figure 8.11.: Static cross section CPD for both milling methods. A general downwards
trend from bottom to top electrode is visible. The Hitachi made cross section shows
a potential well centred at the S-P interface while the FIB one has a local maximum
here.
made cross section. Since the cantilevers we use have a platinum-iridium coating, the
CPD should be around zero at the FIB platinum layer. Indeed, we see a CPD of
approx. zero at the bulk of the platinum. At the gold layer we see approx. the same
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CPD in both cross sections.
The Hitachi mesoporous cross section was already discussed in sec.8.1 so we will only
describe differences with respect to the FIB cross section. The FIB cross section also
shows a downwards trend of the CPD from the FTO to the gold layer. We see however
a difference around the bulk perovskite layer. While we have a potential well in the
Hitachi cross section in this layer, the FIB one shows a local maximum. The difference
between the minimum of the potential well in the Hitachi cross section and the local
maximum in the FIB one is around 700mV.
For a comparison of the dynamic responses in both prepared meso cell cross sections, we conducted the same bias experiment for the FIB mesoporous cross section.
The comparison for the bias on part is shown in fig.8.12 and for the bias off part in
fig.8.13. We see differences in the bias experiments between the cross sections from
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Figure 8.12.: Relative potential for both preparation methods after turning on the
bias. The potential gradient shows differences between the Hitachi (left)
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Figure 8.13.: Relative potential for both preparation methods after turning off the bias.
The positive overshoot appears in the FIB cross section in the Spiro layer (right), while
it appears in the bulk perovskite in the Hitachi one (left).
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different preparation methods. While we also see the applied voltage difference between the gold and FTO electrode in the FIB cross section, the gradient inbetween
the electrodes differs. The potential gradient is almost completely localised in the
Spiro layer. This indicates that the Spiro layer has the largest resistance in this cross
section. The FIB cross section shows a similar overshoot of the potential gradient
as in the Hitachi cross section. Thus we observe a similar shielding of the external
field in the Spiro layer. However, in the FIB cross section no potential step appears.
Without such a step, the potential gradient stays symmetric after an equilibrium is
reached. This takes around 100ms.
After turning off the bias, the relative potential relaxes back to zero and we see an
overshoot. Compared to the Hitachi cross section, the overshoot is localised in the
Spiro layer in the FIB cross section. This overshoot is 100mV high and persists for
100ms.
To sum up, we see slow processes in the FIB cross section. These slow processes
occur in the Spiro layer. This is unexpected as we assumed ionic conductivity to be
restricted to the perovskite layer. We analysed only excerpts of the cells of around
2µm2 . It could be that for the FIB cross section we measured at a defective spot of
the cell that shows a different doping, compared to the other cells presented in this
thesis. The gold layers as references show approx. the same CPD. The shift in CPD
at the S-P interface and at the perovskite, with respect to the gold, correspond to
different levels of doping (compare fig.A.4). Here an advantage of the Hitachi method
becomes apparent: since it yields larger cross section areas we can also measure over
a larger area. This gives more statistical significance.
Another reason for the difference could be an unintended damaging of the perovskite
when milling with gallium ions. Rothmann et al. reported that perovskite samples
prepared for transmission electron microscopy with a FIB, do not represent the pristine perovskite [72]. However for their preparation method, they shot directly at the
perovskite. In contrast, for our preparation method we have an additional platinum
protection layer and shoot at almost flat angles. Furthermore we see similarities between the mesoporous cell prepared with the Hitachi method and the planar cells
investigated by Weber et al. which were prepared with the FIB method.
To clarify the effect of the preparation method on PSC cross section further experiments have to be made. An approach would be preparing cross sections on the same
sample with three preparation methods: First one where the cell is only broken without any ion irradiation. Second one with the Hitachi method and a third one with
the FIB method. With this it should be clear if the milling procedures have an effect
on the PSC and if so which preparation method affects the cells more.
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In this thesis, we aimed to optimise two fundamental experimental procedures for
the visualization of carrier dynamics on the cross sections of PSCs via time-resolved
KPFM: we investigated a novel ion milling approach for the preparation of smooth
PSC cross sections. Furthermore, we characterised and improved the temporal resolution of our KPFM setup from 500 to ≈300µs. Finally, we applied these experimental
procedures to two PSCs with different architectures and degrees of hysteresis to compare their charge carrier dynamics.
To achieve the minimal time resolution of ≈300µs, the settings for the LIA and the
PID feedback have to be adjusted to the time scales in question. This is done by
increasing the LIA bandwidth and the gains of the feedback until the KPFM signal
becomes unstable due to noise. The resolution found is limited by the response rate
of the error signal. The response rate in turn, is not inversely proportional to the LIA
bandwidth as one might expect and goes into a saturation. Reason for the limited
temporal resolution could be coupling of signals to the cantilever oscillation or hidden
capacitive elements that increase the RC time of the system. Further investigations
could identify the sources that lead to the resolution limitations.
The time resolution however can be pushed beyond the limits of a closed loopd KPFM
setup. Collins and Ginger et al reported a post processing approach where the complete cantilever oscillation is recorded and digitised [70, 71, 76]. Through data analysis
quantitative values for the CPD can be obtained. This method is only limited by the
photodetector response time and ultimately by the resonance frequency of the cantilever. These limitations are on the order of micro- to nanoseconds.
For the novel solar cell cross section preparation method we utilised a Hitachi IM4000
milling device, that shoots with high energy argon ions. Early experiments with the
Hitachi device showed that samples heat up due to energy intake from the argon
beam. This is especially true in the beam centre. By using a glass slide as a heat
absorbing cover and milling at the low intensity tail of the beam we minimised the
thermal impact on samples. When the glass slide is adhered with thermal paste to
the Ti mask, the conduction of heat from the glass slide to the sample will further
be avoided. After this optimisation we showed that we can produce cross sections of
PSCs with the Hitachi method. The prepared cross sections are comparable in quality
to the ones prepared with the FIB, in that they yield nanometre flat surfaces where
single layers are distinguishable.
We could show that we can make KPFM experiments on the cross sections fabricated
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with the new preparation method. In these experiments we studied the response of
two PSCs to an external bias, with the aim of:
1.) Comparing the dynamic behaviour of PSCs with different degrees of hysteresis.
2.) Comparing the impact of the milling on the dynamic behaviour of the cells.
For these comparisons we analysed several benchmarks of the cell cross sections, including the dynamic potential changes and charge distributions over time.
The results of our mesoporous cell show that similar processes are present as compared
to the planar cell measured by Weber et al. [1]. These processes are governed by slow
ionic rearrangements. We show that these processes occur faster in our mesoporous
cells than in the planar cells reported by Weber et al. This difference could be one of
the reasons that mesoporous cells show less hysteresis than planar ones.
Surprisingly, we found faster processes in the planar cell we measured. This could
be attributed to the fact that the planar cell showed signs of melting and thus is not
representative.
Moreover, we showed the presence of additional processes in the mesoporous cell that
go beyond the model proposed by Weber et al.[1]. We did not find such processes
in our planar cell yet, which raises the question if these processes are linked to the
presence of hysteresis. However, we could have missed such processes due to the presence of noise in our planar cell measurements. Refined measurements with optimised
KPFM settings should clarify if similar processes happen in both cell types.
We saw indications that the method used for preparing the cross sections influences
the outcome of KPFM measurements, be it FIB or Hitachi. This could be from a yet
not fully controllable milling process. An advantage of the Hitachi method over the
FIB one is its ability to produce fast large scale cross section.
To determine which method is less invasive, more experiments have to be made. These
could involve comparing cross sections milled with either method with an area on the
same cell that did not experience any milling.
With this thesis, we further highlight the advantages of a fast time-resolved KPFM
for locally measuring electrostatic dynamics.

56

A. Appendix
A.1. Cell architectures
For the PSCs investigated in this thesis the top electrode was gold. As a HTL 2,2’,7,7’Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (short Spiro) was used.
For the perovskite absorber a high efficiency triple cation variant was used (Csx (MA1−
yFAy )100−x Pb(I1−z Brz )). In the case of the mesoporous cells an additional perovskite
percolated mesoporous TiO2 layer is used which lacks in the planar cells. As ETL
metal oxide layers were used; TiO2 for the mesoporous cell and SnO2 for the planar
cell. As bottom electrodes both cells have fluorine doped TiO2 . The cells use glass
as a substrate base. The layer thicknesses were measured by the collaboration group
from the EPFL Lausanne via SEM images of PSC cross sections and are summarised
in table A.1.
Mesoporous cell Planar cell
gold
Spiro
triple cat perovskite
mesoporous layer
TiO2
SnO2
FTO
glass substrate
total cell thickness

layer thickness / [nm]
100
200
500
150
15-30
500-1000
≈1500-2000

Table A.1.: Layer thicknesses of the PSCs investigated

A.2. Charge Distributions in Meso Cross Sections
To calculate charges in the mesoporous, Hitachi made cross section after turning the
bias on and off we apply the Poisson equation to the relative potential according to:
ρ(x) = ε0 εr

∂
∂2
E(x) = −ε0 εr 2 Φ(x)
∂x
∂x

We implement the Poisson equation by first smoothening the relative potential curves
via a Savitzky-Golay filter with polynomial order three and a filtering window of
25nm. We then numerically calculate the second derivative of the filtered potential to
get the charge distribution. The filtering is necessary, to suppress charges that arise
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from the second derivate in the noise. Although the charge distribution is dependent
on the local relative permittivity we omitted any local dependence of εr and set it
to one. The reason is that the permittivity is unknown close to the layer interfaces.
Here we cannot assume homogeneous bulk materials and layer interactions change the
local permittivity. However, since we only investigate the charge dynamics at a single
position, we do not need information about εr . The calculated charge distributions
are shwon in fig.A.1 Visible is the generation of two dipoles after turning on the bias:
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Figure A.1.: Charge distributions in the meso Hitachi cross section after turning the
bias on (left) and off (right)
one large one at the P-M interface and a smaller one at the S-P interface. The small
one can be identified as negative iodide ions that move to the Spiro layer. There
the negative charges induce a positive polarisation in the Spiro. The larger dipole
results from positive iodide vacancies in the bulk perovskite near the P-M interface.
As mentioned in sec.8.1.3, the negative charges in the mesoporous layer could come
from iodide ions that pile up at the P-M interface.
After turning off the bias these dipoles start to decay. The positive charges from
iodide vacancies decay after around 200ms.
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A.3. Schematics
System
output

Step change
low gain response
high gain response
ideal response

Figure A.2: PID responses
to a step change for different gains. For low gains
the PID response is insufficiently slow. For excessively high gains the PID
can start to oscillate.

t
Eelectron

Ef

Eholes

Top
HTL
Electrode

Perovskite

ETL

Bottom
Electrode

Figure A.3.: Schematic of the charge extraction in PSC. The coloured rectangles show
the simplified band diagram near the Fermi energy when the layers are in contact.
The electron (blue) is excited via a photon (yellow) to the conduction band and
moves to lower energy states in the ETL and from there is quenched at the adjacent
electrode. Since there are no close states energy states in the HTL, the excited electron
is hindered in moving in this direction. The same applies to the hole left in the valence
band (orange), except in the other direction.
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Figure A.4.: a) Fermi energies of the PSC constituents, considering different doping
levels in the perovskite absorber. b) Fermi energy alignment in a PSC. c) The resulting
CPD distribution as measured with KPFM. Since the CPD is defined with respect to
a positive charge we have to take the negative.
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B.1. Time Resolution of KPFM
Bandwidth / [kHz]
1
5
10
20
50

time constant τ / [µs]
390 ± 56
337 ± 62
327 ± 45
311 ± 57
310 ± 60

PID setting
slow

standard

fast

Noise level / [mV]
32
36
47
63
92

Square Wave f / [Hz]
100
250
500
1000
1500
2000
mean
100
250
500
1000
1500
2000
mean
100
250
500
1000
1500
2000
mean

Table B.1:
Results of the
fits to the
error signal for
different LIA
bandwidths

Time constant / [µs]
282.9 ± 13.4
330.8 ± 14.3
605.5 ± 64.7
†
†
†
406.4 ± 30.8
85.7 ± 14.5
75.2 ± 12.0
75.3 ± 16.1
80.5 ± 20.8
88.0 ± 19.5
†
81.0 ± 16.6
‡
‡
31.7 ± 12.4
42.4 ± 17.8
30.8 ± 5.3
35.4 ± 14.2
35.1 ± 14.3

Table B.2.: Results of the fits to the KPFM signal. † means fits were omitted because
the square wave changed too fast for the PID to follow. ‡ means the noise level was
too high to make a fit to the data.
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B.2. Milling of samples

Sample

Sample
Holder
Ti M a sk

Argon
ions

Figure B.1: Image of the
Hitachi device cross section
holder. The purple arrow indicates the direction from which
the argon beam irradiates the
sample. As an example sample
a piece of silicon is shown.

Figure B.2.: PEG sample before and after milling. The PEG film has a bubbly structure where the bubbles are holes in the PEG film. The black line indicates where the
mask was positioned
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Figure B.3.: PEG film after milling where the right side was covered with a glass slide.

Figure B.4: PEG film for the
glass slide comparison experiment before milling under an
optical microscope

Figure B.5.: Images of the amplitude in dynamic AFM mode of milled PSC cross
sections. Left a cross section from the Hitachi, right from the FIB.
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Figure B.6.: Cross section of a planar PSC made with the Hitachi. This was the best
achieved cross section from the Hitachi. The amplitude image shows a clear and crisp
contrast between the single layers.

Figure B.7: Another FIB
cross section of the meso
PSC studied. Here the unknown material between
at the FTO-glass interface
is more pronounced
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B.3. Dynamics of Perovskite Solar Cells

Figure B.8.: CPD image measured from the meso cell Hitachi cross section. Layers
can be differentiated by contrasts in the CPD.
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Figure B.9.: J-V curves of a mesoporous cell at the start (left) and end (right) of an
experiment cycle
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Planar PSC after milling
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Figure B.10.: J-V curves of a planar cell at the start (left) and end (right) of an
experiment cycle

step
initial
after milling
final
mean

mesoporous / [%]
forward
reverse
20.1±0.1 20.1±0.1
20.2±0.1 20.1±0.1
20.0±0.5 20.5±0.1
20.1±0.2 20.2±0.1

planar / [%]
forward
reverse
7.0±0.8 10.5±1.1
5.2±0.9 9.6±0.6
5.0±1.0 10.6±1.1
5.7±0.9 10.2±0.9

Table B.3.: Effiencies of both cells measured after each manipulation. The efficiencies
measured after each step are calculated from the average of at least four J-V curves

Figure B.11.: Cross sections of the two investigated PSC architectures (left planar,
right mesoporous). The planar cross section was prepared with the Hitachi device,
the shown meso cross section with the FIB
Figure B.12: Meso cell cross section polished with the Hitachi device. Artifacts
are visible that originate from a ’double
tip’. The double tip leads to a lateral
resolution loss in the direction the artifacts appear (horizontal).
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Figure B.13.: Potential dynamics in the bulk perovskite layer of the mesoporous cell.
The left graph is from a region near the P-M interface, the right one from a region near
the S-P interface. The graphs inbetween this 300nm region show the same features.

Bias On
Position
Spiro
S-P interface
Perovskite
P-M interface
Meso layer
FTO

τ1 / [ms]
8.7±0.4
14.5±0.5
x
x
x
0.3±0.3

τ2 / [ms]
784.4±259.5
571.9±68.1
x
x
x
-

Table B.4.: Results of the exponential fits to the relative mesoporous cell potential for
the bias-on part. Where τ2 is missing, we used single exponential fits (marked with
-). The x represents locations where more than two processes can be identified. We
cannot apply the model of a double exponential here.

Bias Off
Position
Spiro
S-P interface
Perovskite
P-M interface
Meso layer
FTO

τ1 / [ms]
5.7±0.3
1.1±0.3
21.1±0.3
4.3±1.7
1.3±0.8
1.0±0.3

τ2 / [ms]
f
329.7±14.4
166.6±2.7
55.0±0.3
53.3±0.4
-

Table B.5.: Results of the exponential fits to the bias-off part. Where τ2 is missing,
we used single exponential fits (marked with -). The f represents locations where our
fitting program could not find optimal parameters.
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